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ABSTRACT 

 

Antenna 3D Radiation Pattern Estimation in a Reverberation 

Environment 

Cesar Whesly 

Dept. of Aerospace and Computer Systems Engineering 

Graduate School, Gyeongsang National University 

Advised by Professor 

Koh Jinhwan 

 

Impulse Response with 3D algorithm is a novel antenna free-space 

radiation pattern estimation technique in magnitude and phase. 

Impulse Response with 3D features deconvolution in azimuth and 

elevation angular domains to enhance quality of the antenna radiation 

pattern estimations with respect to the Impulse Response with 2D 

algorithm, a previous antenna free-space radiation pattern 

estimation technique. The antenna configuration system of Impulse 

Response technique has the following elements: Antenna Under Test 

(AUT) and probe antenna surrounded by metallic objects with finite 

conductivity. Metallic objects amplify reflections, diffractions and 

scatterings which interfere with AUT transmitted signal. A 

qualitative and quantitative comparison between Impulse Response 

with 3D and Impulse Response with 2D algorithms is established 

through contour graphs, magnitude and phase pattern graphs, and 



 

 

xi 

 

quantifiers. Benefits of the proposed 3D free-space radiation pattern 

estimation technique are single frequency characterization and reuse 

of 3D Impulse Response of the Environment. 

Time Reversal algorithm is an antenna free-space radiation pattern 

estimation technique featured in a reverberation environment facility 

defined as Time Reversal Electromagnetic Chamber (TREC). 

Elements of TREC are Antenna Under Test (AUT), Virtual Probe 

Array (VPA) and Time Reversal Mirror Antenna (TRM), all 

surrounded by metallic objects with finite conductivity. In the TREC, 

the AUT produces the excitation signal and transmits it as an 

electromagnetic wave, VPA samples the signal in each of its probe 

antennas. Next, AUT excitation signal reaches the TRM array, 

distanced to the metallic objects in half-wavelength of the excitation 

signal to reduce correlation between successive TRM probes. Finally, 

the signal reflects in the metallic walls and propagates following 

multipath propagation to the TRM. The Time Reversal algorithm is 

the solution of an electromagnetic wave inverse problem where 

divergent signals inside the TREC measured in the TRM are 

converted into a convergent signal refocused to the AUT. Time 

reversal algorithm requires measurements in the free-space time 

domain to neglect the effect of reflections from metallic objects. 

 

Key terms—Impulse Response with 2D and 3D algorithm, free-space 

radiation pattern, azimuth, elevation, AUT, Time Reversal algorithm 

and reverberation environment. 
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I. INTRODUCTION 

 

Antenna is the main factor which affects total system communication 

performance in radar, mobile and satellite communications. Free-

space radiation pattern is measured in an anechoic or semi-anechoic 

chamber where scatterings are suppressed by electromagnetic 

absorbing material in order to measure the antenna free-space 

radiation performance [1]. On the contrary, in the reverberating 

environment there are reflections, diffractions and scatterings which 

interfere with Antenna Under Test (AUT) signal free-space 

propagation [2]. Therefore, the measurements of antenna radiation 

pattern in a reverberation environment are faster to implement, 

cheaper and easier to modify than the measurements in an anechoic 

or semi-anechoic chamber. 

Antenna radiation pattern estimation techniques calculate the free-

space radiation pattern from measurements in a reverberating 

environment. In a reverberation environment the free-space signal is 

measured in the free-space time domain, this is the minimum time 

required between transmission and reception of the electromagnetic 

wave in antennas when they are facing each other. An antenna 3D 

radiation pattern estimation technique is proposed because it 

calculates the directivity with which an antenna transmits the 

excitation signal in every azimuth and elevation orientation angle. 

Free-space radiation pattern is the standardized electromagnetic 

emission for electric and electronic equipment in ideal conditions, 

for the case of this work the equipment is antenna. Equipment Under 
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Test (EUT) free-space radiation pattern measurements have the 

purpose to determine equipment characteristics such as performance 

for applications in control and quality of products and investigation. 

However, the free-space or anechoic chamber is expensive because 

the cost is proportional to the quality of the absorbing material 

required in the construction of the chamber [1]. There are optional 

facilities to the reverberation environment where in reflections, 

diffractions and scatterings interfere with Equipment Under Test 

(EUT). These are Open Area Test Sites (OATS), Anechoic Chambers 

(AC) and Transverse Electromagnetic cells (TEM) [2]. In a 

reverberation chamber unintentional and intentional electromagnetic 

emission of electronic equipment are measured. Norm IEC 61000-4-

21 establishes a common reference for using reverberation chambers 

to evaluate the performance of electronic equipment subjected to 

interference and determine equipment emission levels [3, 4].  

Fast Fourier Transform (FFT) is a traditional technique which 

analyzes excitation signal transmission from AUT in a reverberating 

environment during the free-space time domain to estimate the AUT 

free-space radiation pattern. This is the time required by an 

electromagnetic wave to reach a reception probe. However, there is 

ambiguity in the free-space time boundaries [1]. Fast Fourier 

Transform algorithm (FFT) measures AUT signal in a reverberating 

environment, then it converts the signal from frequency to time 

domain where in replicas of the same signal are noticeable and can be 

gated or filtered in the free-space time domain. Next, FFT converts 

the AUT signal to the frequency domain as last step, this is the AUT 



3 

 

free-space radiation pattern [5]. Experiments in anechoic and semi-

anechoic chamber using FFT antenna radiation pattern estimation 

techniques conclude that accuracy of FFT is dependent of frequency 

step ∆f and bandwidth BW [5]. Test Zone Field (TZF) compensation 

technique reduces effect of extraneous electromagnetic fields 

created by reflections and scatterings to obtain an accurate AUT 

radiation pattern [6]. TZF states that using the deconvolution-based 

techniques limit extraneous fields compensation, increases the 

measurement time and the required equipment [6]. On the contrary, 

this work proves that deconvolution techniques are capable of 

accurately estimating the antenna radiation pattern with minimum 

equipment, time and provide accurate extraneous field model. Test 

Zone Field technique provides channel balance calibration and 

compensation of reflections and scatterings for multi-probe antenna 

[7]. Plane wave synthesis is a technique for near-field measurement 

of microwave antennas without anechoic environments that 

incorporates the principles of planar scanning system and plane wave 

synthesis to control the extent and the direction of the plane-wave 

flow at the antenna and the production of negligible low-field regions 

in the non-anechoic environment [8]. Matrix Pencil method (MP) is 

a high-resolution technique which calculates the coefficients of the 

M exponentials expansion of the governing equation to estimate an 

antenna free-space radiation pattern [9]. MP technique accuracy 

depends on the number of exponentials M  and requires less 

bandwidth than FFT [5, 9].  The Oversampled Gabor transform (OGT) 

is a high-resolution technique which divides signals in frames to 

perform localized time-frequency and calculate the associated 
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coefficients to estimate the AUT free-space radiation pattern [10]. 

OGT technique achieves accuracy of less than 1 dB with respect to 

anechoic measurement in experiment with log-periodic antennas and 

avoids artifacts which may appear in MP method [10].  

 Impulse Response with 3D is an antenna 3D radiation pattern 

estimation algorithm for measurements in a reverberating 

environment and it is an extension from Impulse Response with 2D 

algorithm. The Impulse Response with 2D algorithm characterizes 

the reverberation environment with respect to every AUT azimuth 

angle orientation to obtain the impulse response in time and azimuth 

domain [1]. The Impulse Response with 2D requirements are several 

AUT measurements in azimuth domain and an advantage is that just a 

single frequency measurement is necessary to estimate the antenna 

free-space radiation pattern at that frequency. The Impulse 

Response with 2D algorithm limitation to estimate an accurate 

antenna free-space radiation pattern in a reverberation environment 

where in horizontal plane metallic objects are present is due to the 

poor characterization in the elevation domain as AUT measurement 

fixes the elevation and rotates only in azimuth angular orientation. 

Therefore, the Impulse Response with 3D algorithm proposes an 

antenna 3D radiation pattern estimation technique by using several 

measurements in azimuth and elevation domain at a single frequency. 

The elements of the antenna configuration system are Antenna Under 

Test (AUT) and probe antenna surrounded by metallic objects with 

finite conductivity 0 < 𝜌 < ∞ . Impulse Response with 3D features 

deconvolution in azimuth and elevation angular domain. 
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The traditional applications of Time Reversal algorithm have been in 

ultrasonic fields using impulse diffraction theory to obtain the 

impulse response of the cavity in inhomogeneous medium [11]. In 

acoustics, the Device Under Test (DUT) produces waves which are 

transmitted inside a cavity where presence of echoes are strongly 

amplified. These echo signals are recorded in microphones. 

Afterwards, the Time Reversal algorithm employs the Time Reversal 

technique to reverse echo signals in time domain to reconstruct the 

initial acoustic wave. Source localization of acoustics waves based on 

Finite Difference Time Domain (FDTD) method using Time Reversal 

algorithm produces reversed signals in time domain focused to the 

location of the source [12]. Time Reversal algorithm applications in 

electromagnetics are generation of directive wave-fronts inside 

Time Reversal Electromagnetic Chamber (TREC) [13], Time 

Reversal Multiple Signal Classification (TR-MUSIC) imaging [14], 

single-antenna Time Reversal imaging based on Independent 

Component Analysis (ICA) [15], electromagnetic source synthesis by 

Reversed Transmission Line Matrix method (TLM) [16] and enforcing 

deterministic polarization in a reverberating environment where 

coherently polarized pulse fields are generated [17]. Synthetic 

Impulse Microwave Imaging System (SIMIS) is an array of Ultra Wide 

Band (UWB) antennas which image targets in a reverberation 

environment using the Time Reversal algorithm [18]. Time Reversal 

Mirror (TRM) provides imaging in the UWB using Through Wall Radar 

(TWR) technique [19]. Radar experiments using the Time Reversal 

algorithm in the microwave range report Decomposition of the Time 

Reversal Operator (DORT) for antenna free-space radiation pattern 
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estimation as the first experiment in the frequency range from 2 GHz 

to 4 GHz [20].  

Time Reversal theory for electromagnetics has been developed since 

year 1999 and was oriented to acoustics or ultrasonic wave problems. 

Applications and experiments of Time Reversal theory [11-20] have 

led to the creation of the Time Reversal Electromagnetic Chamber 

(TREC). TREC elements are Antenna Under Test (AUT), Virtual 

Probe Array (VPA) and Time Reversal Mirror Antenna (TRM), all 

surrounded by four metallic objects with the form of walls [21]. Time 

Reversal algorithm is employed in a complex reverberating 

environment where electromagnetic reflections, diffractions and 

scatterings as specular or mirror-like reflection, edge or multiple 

diffraction, coupling and creeping waves interfere with AUT signal 

[22]. AUT transmits a signal which is sampled by VPA circular array 

of half-wavelength dipole antennas which are highly correlated 

because distance between VPA element is less than AUT wavelength 

when it operates in the frequencies from 2 to 3 GHz. Measurement of 

each dipole antenna can be omitted because Shannon sampling 

distance decimates VPA measurement, therefore, the harmonic 

filtering procedure features a spatial average which approximates 

VPA measurement to the antenna free-space radiation pattern [21]. 

Next, the AUT signal reaches Time Reversal Mirror linear array 

(TRM), a second array of half-wavelength dipole antennas 

uncorrelated between its elements because successive TRM dipoles 

are spaced in more than AUT excitation signal wavelength. 

Afterwards, reflections, diffractions and scatterings are produced in 
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TREC when AUT signal reaches metallic objects with the form of 

walls. Time Reversal principle is to reverse in time or conjugate in 

frequency the signal measured in TRM in free-space conditions, this 

happens before excitation signal reaches cavity walls, the time is 

tfree−space = 𝑙/2𝑐 where l is the minimum distance between AUT and 

metallic objects, and c is speed of light. TRM retransmits conjugated 

signal in frequency or reversed signal in time to VPA circular array 

by means of the Channel Matrix function (CM) as medium of 

transmission. Next, original signal converges in the AUT as if AUT 

would have initially transmitted signal in time or frequency. Key 

factor to achieve convergence of different signal components and 

convert them in AUT signal in a reverberating environment is the 

calculation of an accurate Channel Matrix. Pyramidal Horn, Yagi Uda, 

Helical or other antenna can be employed as AUT to calculate the 

Channel Matrix because CM does not change as long as the rest of the 

TREC elements are not modified by exception of the AUT. 

To estimate the antenna free-space radiation pattern in the 

reverberating environment the Impulse Response with 3D algorithm 

is proposed, a second technique, the Time Reversal algorithm is 

implemented from the references of this work. Modelling and 

simulation of Horn, Yagi Uda and Helical antennas in the software 

WIP-L, a Method of Moments (MoM) based electromagnetic solver for 

metallic and dielectric structures. The design of the reverberation 

environment will have implications in its frequency range of analysis 

and number of modes [3]. Chamber dimensions are inversely 

proportional to the excitation signal lowest frequency, (e.g. at 80 



8 

 

MHz it is required a chamber volume of 10,000λ
3
, where λ = c/f, λ 

is wavelength, c is speed of light in free-space, f is excitation signal 

lowest frequency) [3]. Reverberating environments possess metallic 

objects with finite conductivity 0 < 𝜌 < ∞, where 𝜌 is conductivity in 

order to provide reliable and physically meaningful results not only 

in the reverberation chamber enclosure, but also in AUT and probe 

antennas should have finite conductivity because in a reverberating 

environment with Perfect Electric Conductors (PEC) (i.e. 

conductivity tends to infinite ρ → ∞) the quality factor bandwidth is 

zero which would result in inaccurate antenna radiation pattern 

estimations [3]. Reverberating environments can be entirely closed 

surface (3D cavity), metallic objects in different planes with common 

junctions (2D cavity) or metallic objects in the same plane (1D). Next 

step is the processing of simulation data with MATLAB where 

antenna free-space radiation pattern algorithms have been 

implemented. 

The objective for this work is to propose an antenna 3D radiation 

pattern estimation algorithm with higher accuracy than the Impulse 

Response with 2D algorithm in reverberating conditions. The antenna 

3D radiation pattern estimation algorithm should be capable of 

characterizing vertical, horizontal and oblique metallic objects 

accurately. Finally, establish a qualitative and quantitative 

comparison between Impulse Response with 2D and the proposed 

antenna 3D radiation pattern estimation technique. The objective for 

Time Reversal technique is to prove that Time Reversal algorithm is 

capable to estimate the antenna free-space radiation pattern. Next, 
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describe the factors which affect an accurate calculation of the free-

space radiation pattern estimation with Time Reversal algorithm. 

Finally, state the benefits and applications of free-space radiation 

pattern estimation with Time Reversal technique. 

In Chapter II, Theory and Exam, explanation of Impulse Response 

with 3D and Time Reversal algorithms, and description of its antenna 

configuration system components. In Chapter III, Numerical Method, 

modelling and simulation of numerical examples in WIP-L 3D 

electromagnetic solver, then, processing of simulation data with 

MATLAB where in the Impulse Response with 3D and Time Reversal 

algorithms are tested. Next, in Chapter IV, Results, analysis of 

results from Impulse Response with 3D and Time Reversal techniques 

through contour graphs of the antenna radiation patter power, 

antenna radiation magnitude and phase pattern, error of estimation 

graphs and quantifiers to measure the performance of the techniques. 

Finally, in Chapter V, Conclusions, announce of results and 

contribution of the thesis.  

 

II. THEORY AND EXAM 

 

Antenna radiation pattern is the directivity with which an antenna 

transmits an electromagnetic wave to the environment. The antenna 

radiation pattern formula is  

                          GD(𝜃, 𝜑) =
4𝜋𝑊(𝜃, 𝜑)

𝑃𝑡
,                         (1) 
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where 𝜃 and 𝜑 stand for azimuth and elevation, respectively, 𝑊(𝜃, 𝜑) 

is the maximum radiated power per solid angle (𝜃, 𝜑) and 𝑃𝑡 is the 

total radiated power [23]. 

Antenna far-field mathematical model can be described with [24]  

                     E(θ,φ) =  lim
𝐿→∞

∑ ∑ 𝑎𝑙𝑚𝑌𝑙
𝑚(𝜃, 𝜑)

𝑙

𝑚=−𝑙

𝐿

𝐿=0

,                (2) 

where 𝜃 and 𝜑 stand for azimuth and elevation, respectively, 𝑌𝑙
𝑚(𝜃, 𝜑) 

is the scalar spheric harmonics function with level l and mode m, 𝑎𝑙𝑚 

are the electric field coefficients and E(θ,φ)  is electric field 

function. Scattering parameter interrelate incident and reflected 

waves of energy at input and output ports of a linear two-port network. 

Scattering parameters or S-parameters are obtained by the 

mathematical model of a two-port network. Linear two-port 

networks in Fig. 1 represents any electrical and electronic equipment, 

an antenna for the purpose of this work. 

 

 

Fig. 1. Two port network representation and mathematical model. 
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The scattering parameters represent the antenna radiation pattern 

because the correlation of measured scattering or S-parameters 

equals the correlation of radiation pattern [25, 26], thus we have 

                              R(𝜃, 𝜑) =  𝑅𝑠(𝜃, 𝜑),                        (3) 

where (𝜃, 𝜑)  are azimuth and elevation angular domains, R  is 

correlation of radiation pattern and 𝑅𝑠  is correlation of scattering 

parameters. The system auto-correlation is the convolution of the 

channel matrix function hmn(𝑡) with its time reversed version hmn(−𝑡). 

System auto-correlation in Time Reversal algorithm is [27]  

                     Rm,n(𝑡) =  ∑ ℎ
𝑚,𝑛

(−𝑡) ⊗ ℎ
𝑚,𝑛

(𝑡)

𝑁

𝑛=1

,                   (4) 

where ⊗  denotes convolution, ℎ
𝑚,𝑛

(𝑡)  is channel matrix, m  is the 

index corresponding to the number of VPA probes, n is the index 

corresponding to the number of TRM probes and Rm,n(𝑡) is the auto-

correlation. From Eq. 3 and Eq. 4 is stated that ℎ
𝑚,𝑛

(𝑡) function can be 

a measurement from the scattering parameters or radiation patterns 

where both will result in the auto-correlation function Rm,n(𝑡).  

 

A. Impulse Response with 3D  

 

It is a free-space radiation pattern reconstruction technique in 

magnitude and phase from a radiation pattern measured in a 

reverberating environment at a single frequency and varying the 
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orientation of the AUT in the azimuth and elevation planes. The AUT 

rotates in azimuth 𝜃  and elevation 𝜑  angular domains to the 

orientation (𝜃0, 𝜑0). The rotation point is AUT excitation point where 

electrons flow from metallic wire to its tip and convert in 

electromagnetic waves. AUT geometry and frequency of the 

excitation signal determine directivity gain, electric field and 

electric aperture characteristics of the antenna. Depending on 

previous characteristics an antenna may have two types of radiation 

pattern. The first type is the AUT with pencil-beam radiation pattern, 

a highly directive antenna with applications on radar. The second 

AUT type does not possess sharp-pencil radiation pattern and is 

disadvantageous on radar applications. The reverberation 

environment response when AUT does not possess pencil beam 

radiation pattern at frequency f0 is 

                 Â(𝜃, 𝜑)|𝑓=𝑓0
=

𝑃𝑟𝑒𝑣𝑒𝑟𝑏𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝜃, 𝜑)|𝑓=𝑓0

𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)|𝑓=𝑓0

 ,                   (5) 

where 𝑃𝑟𝑒𝑣𝑒𝑟𝑏𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝜃, 𝜑)|𝑓=𝑓0
 is AUT radiation pattern measurement in 

reverberating environment at frequency f0 and 𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)|𝑓=𝑓0
 is 

AUT radiation pattern measurement in free-space conditions at 

frequency f0. Impulse Response with 3D technique formulas make use 

of discrete convolution in azimuth θ  and elevation φ  angular 

domains in  

             𝑃[𝜃, 𝜑] ⊗ 𝐴[𝜃, 𝜑] =  ∑ ∑ 𝑃[𝑛1,𝑛2]. 𝐴[𝜃−𝑛1,𝜑−𝑛2]

∞

𝑛2=−∞

∞

𝑛1=−∞

,          (6) 

where 𝑃[𝜃, 𝜑] and 𝐴[𝜃, 𝜑] are discrete functions, n1 and n2 represent 
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the indices of the measurements in the azimuth and elevation domain, 

respectively. When the AUT possesses pencil beam radiation pattern 

the reverberating environment measurement is 

 

          Preverberation(𝜃, 𝜑)𝑡=𝑡0
= A(𝜃, 𝜑)𝑡=𝑡0

 ⊗ 𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)𝑡=𝑡0
,       (7) 

 

where 𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)|𝑡=𝑡0
 is the AUT free-space measurement at time 

t0 , Preververation(𝜃, 𝜑)𝑡=𝑡0
 is AUT measurement in the reverberation 

environment at time t0 and A(𝜃, 𝜑)|𝑡=𝑡0
 is the environment response at 

time t0  which can be extracted from deconvolution, these three 

functions are in time domain. The calculation of the environment 

response when AUT has pencil-beam radiation pattern requires the 

environment response when the AUT does not possess a pencil-beam 

radiation pattern Equation (5). Environment response when AUT has 

pencil-beam radiation pattern formula is  

 

A(𝜃, 𝜑)𝑡=𝑡0 ⊗ 𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)𝑡=𝑡0 =  F−1{�̂�(𝜃, 𝜑)𝑓=𝑓0. Pfree−space(𝜃, 𝜑)𝑓=𝑓0}, (8) 

 

where �̂�(𝜃, 𝜑)𝑓=𝑓0
 is the reverberation environment response when 

AUT does not possess pencil- beam radiation pattern at frequency f0, 

A(𝜃, 𝜑)𝑡=𝑡0 is the environment response when AUT possesses pencil 

beam radiation pattern in time t0 , 𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)𝑡=𝑡0
 and 

Pfree−space(𝜃, 𝜑)𝑓=𝑓0
 are AUT free-space measurements in time t0  and 

frequency f0, respectively. Using deconvolution in Equation (8) the 
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environment response when AUT possesses pencil-beam radiation 

pattern is 

          A(𝜃, 𝜑)|f=f0
= 𝐹 {

𝐹−1[ �̂�(𝜃, 𝜑)|𝑓=𝑓0
 . 𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)|𝑓=𝑓0

]

 𝐹−1[𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)|𝑓=𝑓0
]

},        (9) 

where �̂�(𝜃, 𝜑)𝑓=𝑓0
 is the reverberating environment response when 

AUT does not possess pencil-beam radiation pattern at frequency f0 

and 𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)|f=f0
is AUT measurement in free-space conditions at 

frequency f0 . Using deconvolution in Equation (7) the AUT free-

space 3D radiation pattern is expressed as 

        𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)|𝑓=𝑓0  = 𝐹 {
𝐹−1[𝑃𝑟𝑒𝑣𝑒𝑟𝑏𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝜃, 𝜑)|𝑓=𝑓0]

𝐹−1[𝐴(𝜃, 𝜑)|𝑓=𝑓0]
},         (10)  

where 𝑃𝑟𝑒𝑣𝑒𝑟𝑏𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝜃, 𝜑)|𝑓=𝑓0  is AUT measurement in reverberation 

environment at frequency f0, 𝐴(𝜃, 𝜑)|𝑓=𝑓0 is the environment response 

when AUT possesses pencil-beam radiation pattern at frequency f0 

and 𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)|𝑓=𝑓0  is the AUT free-space radiation pattern 

estimation at frequency f0.  

The procedure to estimate the antenna 3D free-space radiation 

estimation has the following steps: 

1. Obtain AUT free-pace reference and reverberating reference 

measurements in the azimuth θ  and elevation φ  angular 

domains. These are 𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑)  and 𝑃𝑟𝑒𝑣𝑒𝑟𝑏𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝜃, 𝜑) , 

respectively. 

2. Calculate environment response when AUT possesses pencil-

beam radiation pattern using Equation (5) and Equation (9) or 

Equation (7). 
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3. Switching AUT to other type of antenna obtain reverberation 

environment measurement Preverberation(𝜃, 𝜑)  in the azimuth θ 

and elevation φ angular domains at frequency f0.  

4. Estimate AUT free-space 3D radiation pattern 𝑃𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒(𝜃, 𝜑) 

using Equation (10). 

 

B. Time Reversal  

 

The Time Reversal technique is an antenna radiation pattern 

estimation algorithm featured In the Time Reversal Electromagnetic 

Chamber (TREC). The elements of Time Reversal antenna 

configuration system or TREC are Antenna Under Test (AUT), Virtual 

Probe Array (VPA) and Time Reversal Mirror antennas (TRM) 

surrounded by metallic objects. Scattering or S-parameters represent 

radiation pattern measurements in TREC chamber where testing of 

antennas is carried on. The Channel Matrix function characterizes 

the interaction between Time Reversal Mirror antennas (TRM) with 

the Virtual Probe Array antennas (VPA) in the TREC. The Channel 

Matrix transfer function is expressed as 

                   Hmn(𝑓) =
ℎ

𝑎
. (1 +Γ

𝐿
)(1 −Γ

𝑆
)

(1 − ℎ
𝑏

.Γ
𝐿

)(1 −Γ
𝐼𝑁
Γ

𝑆
)𝑍𝐿

,                (11) 

where ℎ
𝑎
 is the Channel Matrix forward transmission measured with 

scattering parameter, ℎ
𝑏
 is the Channel Matrix reverse reflection, 

Γ
L
 is load reflection, Γ

𝑆
 is source reflection, Γ

𝐼𝑁
 is input reflection 

and Hmn(𝑡) is the Channel Matrix transfer function. The time reversal 
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algorithm in electromagnetics is the solution of a wave inverse 

problem in complex reverberating environments where reflections, 

diffractions and scatterings are amplified due to the characteristics 

of the two-dimensional cavity. The time reversal algorithm formula 

to estimate the AUT free-space radiation pattern in time domain is 

[21]  

                       �̂�𝑛(𝑡) =  ∑ 𝑦𝑚(−𝑡)

𝑀

𝑚=1

 ⨂ ℎ
𝑚𝑛

(𝑡),                   (12) 

where 𝑦𝑚(−𝑡) is a time-reversed signal measured at TRM in time 

domain, ℎ
𝑚𝑛

(𝑡) is the Channel Matrix in time domain, m is the index 

of the number of elements of TRM array from m = {1; . . ;  M}, n is the 

index of the number of elements of VPA and �̂�𝑛(𝑡) is the estimated 

AUT free-space radiation pattern measured in VPA in time domain. 

The time reversal algorithm formula to estimate the AUT free-space 

radiation pattern in frequency domain is [21] 

                         �̂�𝑛(𝑓) =  ∑ 𝑌𝑚
∗ (𝑓)

𝑀

𝑚=1

. 𝐻𝑚𝑛(𝑓),                    (13) 

where 𝑌𝑚
∗ (𝑓) is a AUT conjugated signal of 𝑌𝑚(𝑓) measured at TRM in 

frequency domain, 𝐻𝑚𝑛(𝑓) is the system Channel Matrix in frequency 

domain, m is the index of the number of elements of TRM array from 

m = {1; . . ;  M}, n is the index of the number of elements of VPA and 

�̂�𝑛(𝑓) is the AUT free-space radiation pattern estimation in VPA in 

frequency domain. AUT signal estimation in the VPA with higher 

accuracy calculates the coefficients for each transmission from TRM 

and is expressed as 
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                     Sn(𝑓) =  ∑ 𝑌𝑚(𝑓). 𝛼𝑚. 𝐻′
𝑚𝑛

(𝑓)

𝑀

𝑚=1

,                  (14) 

where m is the index of the number of elements of TRM array where 

m = {1; . . ;  M}, n is the index of the number of elements of VPA, 𝑌𝑚(𝑓) 

is the free-space measurement in TRM, the role of vector 𝛼𝑚 is that 

of weight for the Channel Matrix and is computed independently by 

means of free-space array design techniques, 𝐻′
𝑚𝑛

(𝑓) is the Channel 

Matrix before processing and Sn(𝑓) is the AUT signal estimation in 

the VPA. Hyugen’s principle estimates the AUT measurement in 

TRM as validation of the Channel Matrix calculation. Hyugen’s 

principle is [21] 

                          Ym(𝑓) =  ∑ 𝑆𝑛(𝑓). 𝐻𝑚𝑛(𝑓)

𝑁

𝑛=1

,                   (15) 

where n is the index of the number of elements of VPA from n =

{1; . . ;  N}, m is the index of the number of elements of TRM array, 

𝑆𝑛(𝑓)  is the AUT measurement in the VPA in frequency domain, 

𝐻𝑚𝑛(𝑓) is the Channel Matrix and Ym(𝑓) is the AUT estimated signal 

in the TRM in frequency domain.  

 

C. Physics of the software 

 

Impulse Response with 3D and Time Reversal algorithms can 

estimate antenna radiation pattern and have different features and 

constraints for their implementations. WIPL-D is an electromagnetic 

solver which provides fast and accurate simulation and analysis in the 
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frequency domain of metallic and dielectric/magnetic structures such 

as antenna, scatterings and passive microwave circuits. WIPL-D 

solves current distribution, radiation pattern, near field, admittance, 

impedance at predefined points from metallic and dielectric 

structures [28].  

“Flexible current modeling is based on polynomial approximation in 

conjunction with the Galerkin method applied to surface integral 

equations, resulting in extreme accurate method”[28]. The Galerkin 

Mehod is solved by using the Method of Moments by an approximation 

of the finite sum. The Method of Moments (MoM) is briefly described 

as  

                              f(r) ≅ ∑ 𝑎𝑖𝑓𝑖(𝑟)

𝑁

𝑖=1

,                         (16) 

where N  is the order of approximation, ai, i = 1, . . , N , are unknown 

coefficients to be determined, fi(r), i = 1, . . , N , are known basis 

functions and f(r) is an unknown function approximated by a sum [28].  

As stated in Theory and Exam, scattering network parameters are 

proportional to those of radiation pattern coefficients. WIP-L 

calculates scattering parameter using a characteristic impedance of 

50 Ω. To measure the scattering parameters the procedure is the 

following: when an N-port is analyzed in antenna operation mode, the 

analysis is performed N-times because there are N-ports or 

excitation sources. In each excitation source a 1 volt generator is 

connected to a single port, while the rest remain in short circuit. Next, 

WIP-L calculates the complex currents in the port as these represent 
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the admittance parameters Y. Finally, the scattering parameters S, 

and also impedance parameters Z can be calculated with the matrix 

equation and characteristic impedance of 50 Ω . Scattering or S-

parameters matrix is [28] 

                    [𝑆] = ([𝑍] + [50Ω])
−1

([𝑍] − [50Ω]),                  (17) 

where [Z] is impedance matrix, [50Ω] is a diagonal matrix whose all 

diagonal elements are equal to the characteristic impedance of 50 Ω 

and [𝑆] is scattering matrix. WIP-L simulation data is processed in 

MATLAB, a mathematic matrix based software for engineers and 

scientists, where in the proposed algorithms Impulse Response with 

3D and Time Reversal have been a-priori implemented. Functions 

from Signal Processing toolbox in MATLAB are used as part of the 

main program which estimates the free-space antenna radiation 

pattern through Impulse Response with 3D and Time Reversal 

algorithms. 
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III. NUMERICAL METHOD 

 

The antenna system configuration refers to the elements required to 

estimate the free-space radiation pattern and they are stationary as 

the elements do not change in time with AUT as only exception. Horn 

pyramidal, Yagi Uda and Helical antennas are modelled and simulated 

as AUT or probing antenna at the frequency of 9 GHz in Fig. 2, Fig. 3 

and Fig. 4, respectively. 

 

Fig. 2. Horn pyramidal antenna with center frequency at 9 GHz. 

 

Fig. 3. Yagi Uda antenna with center frequency at 9 GHz. 



21 

 

 

Fig. 4. Helical antenna with center frequency at 9 GHz. 

 

A. Antenna configuration system for Impulse Response with 3D  

 

Antenna configuration system for Impulse Response with 3D has the 

following elements: AUT and probe antenna, both surrounded by 

metallic objects with finite conductivity 0 < ρ < ∞.  

AUT has wide radiation pattern in terms of power gain and bandwidth. 

The distance between the excitation ports of AUT and probe antenna 

is 2 m. AUT rotates in azimuth and elevation from -90°to 90°with 

the angle step of 5°to obtain an array of 37x37 data elements for each 

of the three AUT’s: Pyramidal Horn, Yagi Uda and Helical antennas. 

Frequency analysis is performed at the fixed frequency of 9 GHz (SHF) 

which has applications in satellite TV, radiolinks and radar. The 

antenna system configuration for a free-space antenna radiation 

pattern measurement is presented in Fig. 5. 
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Fig 5. Antenna configuration system using Helical antenna as AUT 

and paraboloid antenna as probe in free-space conditions.  

 

For the reverberation measurements there are two antenna system 

configurations with the only difference in the number of metallic 

objects. First reverberation measurement possesses one horizontal 

plane metallic object, a rectangle of 0.2 m x 0.5 m, equidistantly from 

AUT and probe with a height of 0.5m in Fig. 6. The probe is the Horn 

pyramidal antenna and AUT is switched between Horn pyramidal, 

Yagi Uda and Helical antenna. The AUT transmits electromagnetic 

waves which reflect, diffract and produce scatterings when they 

interact with the metallic objects of the reverberation environment. 

The response of Horn antenna as AUT is set as reference in order to 

estimate Yagi and Helical antennas free-space radiation pattern in 

Fig. 6. First reverberation measurement configuration system is 

described in Fig. 6. 
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Fig. 6. Antenna configuration system using Helical as AUT and 

pyramidal Horn as probe surrounded by horizontal metallic object. 

 

Second antenna system configuration possesses one vertical plane 

and one horizontal plane metallic objects, a rectangle of 0.5 m x 0.2 m 

and rectangle of 0.5 m x 0.187 m, respectively, equidistantly from the 

excitation ports of AUT and probe antenna with a distance of 0.5m 

from the XZ plane in Fig. 7. After that, the measurements follow the 

same fashion as in the first reverberation measurement antenna 

configuration system. The probe is the pyramidal Horn antenna and 

AUT is switched from pyramidal Horn, Yagi Uda and Helical antennas. 

The response of Horn antenna as AUT is set as reference in order to 

estimate Yagi antenna free-space radiation pattern in Fig. 7. Antenna 

configuration system for the second reverberation measurement is 

described in Fig. 7. 
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Fig. 7. Antenna configuration system using Yagi Uda as AUT Horn as 

probe surrounded by two metallic vertical and horizontal plates. 

 

B. Antenna configuration system for Time Reversal 

 

It is featured in the Time Reversal Electromagnetic Chamber (TREC) 

which has the following elements: AUT, Time Reversal Mirror 

antennas (TRM) and Virtual Probe Array (VPA) surrounded by four 

metallic plates with finite conductivity 0 < ρ < ∞ forming a metallic 

two-dimensional cavity of 8 m x 6.4 m which provides highly 

reflective properties to the cavity. AUT excitation port is in the 

center of the reverberating environment, VPA is a circular array of 

half-wavelength dipole antennas with radius of 2 m and distance of 

0.2 m between successive dipoles which are highly correlated at 1 

GHz and lower frequencies. Measurement of each dipole antenna can 



25 

 

be omitted because Shannon sampling distance decimates VPA 

measurement, therefore, the harmonic filtering procedure features a 

spatial average which approximates VPA measurement to the antenna 

free-space radiation pattern [21]. TRM is a linear array of half-

wavelength dipole antennas located at 0.3 m of the 2-D metallic 

cavity and the distance between successive TRM dipoles is 1.0 m to 

provide uncorrelated measurement to each TRM dipole. Antenna 

system frequency response from 1 GHz to 3 GHz is analyzed (UHF) 

with a frequency step which varies from 10 MHz to 50 MHz. UHF is a 

frequency band with applications in TV broadcasting, GPS, mobile 

and satellite communications. Pyramidal Horn antenna is AUT in the 

Time Reversal configuration system and is the only element possible 

to modify. The antenna free-space radiation pattern measurement in 

Time Reversal technique simulation in Fig. 8. 

 

 

Fig. 8. Antenna configuration system using pyramidal Horn as AUT, 

64 half-wavelength dipole antennas in a circular array (VPA) and 12 

half-wavelength dipole antennas in linear array (TRM). 

 

The Time Reversal Electromagnetic Chamber (TREC) is an 

environment where reflections, diffractions and scatterings interfere 
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with the AUT main signal. In the Time Reversal antenna 

configuration system or TREC the reverberation signals of AUT are 

recorded in VPA and TRM. The TREC radiation pattern measurement 

in Fig. 9. 

 

 

Fig. 9. Time Reversal Antenna configuration system or TREC using 

pyramidal Horn as AUT, 64 dipole antennas in a circular array (VPA) 

and 20 dipole antennas in linear arrays (TRM). 

 

Modelling Time Reversal antenna configuration system (TREC) has 

to follow the next requirements: AUT with a wide radiation pattern 

in terms of power gain and bandwidth. VPA has highly correlated 

elements and as it has a circular form such that electromagnetic 

waves from AUT reach VPA at the same time permitting to sample 

the free-space AUT with minimum amount of interference in the 

near-range. On the other hand, the TRM located at short distance 

with the walls of the chamber, receives AUT radiated signals and 

reflection from the reverberation cavity is uncorrelated. Each TRM 

of the half-wavelength dipole antenna samples frequency 
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components of the initially transmitted signal, when they are 

uncorrelated each TRM provides additional information of the 

original signal. TRM and VPA antenna arrays are all composed of 

half-wavelength dipoles with length λ/2 , where λ  is the 

wavelength obtained from the division of light-speed in free-space 

and central frequency of AUT excitation signal in order to achieve 

resonance in the antenna system. Considerations to analyze are the 

frequency range of analysis considering the number of modes are 

proportional to frequency and increase the interference, resolution 

or measurement test points, number of TRM’s given that each TRM 

provides more information; however, they should be distanced a 

certain space to be uncorrelated to each other in a space limited by 

the reverberation environment. 

 

C. Quantifiers  

 

Quantitative comparison of results uses averaged normalized error, 

maximum standard deviation and Euclidean distance metrics to 

provide indicators for the performance of the antenna free-space 

radiation pattern estimation using Impulse Response with 3D and 

Time Reversal techniques.  

i. Averaged Normalized Error:  

 

Computation of averaged normalized error for the Impulse 

Response results. The averaged in elevation domain normalized 
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error formula is  

                   E(θ) = 𝑚𝑒𝑎𝑛𝜑 [
|S(𝜃, 𝜑) − �̂�(𝜃, 𝜑)|

max
𝜑

|S(𝜃, 𝜑)|
],                   (18) 

where (θ,φ)  are the azimuth and elevation angular domains, 

respectively, S(𝜃, 𝜑) is the antenna free-space radiation pattern 

measurement and �̂�(𝜃, 𝜑)  is the antenna free-space radiation 

pattern estimation. Computation of averaged normalized error for 

the Time Reversal results. The averaged in VPA measurement 

normalized error formula is  

               E(𝑓) = 𝑚𝑒𝑎𝑛𝑉𝑃𝐴 [
|𝑆(𝑓, 𝑉𝑃𝐴) −  �̂�(𝑓, 𝑉𝑃𝐴)|

max
𝑉𝑃𝐴

|𝑆(𝑓, 𝑉𝑃𝐴)|
],                (19) 

where (𝑓, 𝑉𝑃𝐴)  represents the frequency 𝑓  and VPA  dipole 

antennas, respectively,  S (𝑓, 𝑉𝑃𝐴)  is the antenna free-space 

radiation pattern measured in frequency f  and VPA  dipole 

antennas and �̂�(𝑓, 𝑉𝑃𝐴) is the antenna free-space radiation pattern 

estimation in frequency f and VPA dipole antennas. 

 

ii. Maximum Standard Deviation: 

 

                   max(σ) = max (√𝐸[(𝑋 − 𝜇)2]),                (20) 

where  𝑋 is the difference of the free-space radiation pattern 

measurement S  and the antenna free-space radiation pattern 

estimation �̂�, max is the maximum value of the vector and 𝜇 is the 

mean of 𝑋. 
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iii. Euclidean Distance: 

 

                         ‖E‖ =  √∑ 𝑋𝑖
2

𝑁

𝑖=1

,                        (21) 

where Xi is the difference of the free-space radiation pattern 

measurement S and the antenna free-space radiation pattern 

estimation �̂�𝑖, and N, i = 1; 2; 3; . . ; N, is the number of elements of 

the matrix Xi. 

 

IV. RESULTS 

 

A. Impulse Response with 3D  

 

In Impulse Response with 3D algorithm, modelling and simulation has 

been carried in WIP-L at frequency of 9 GHz (SHF). Contour graphs 

have as axes the azimuth domain θ from -90°to 90°and elevation 

domain φ from -90°to 90°, the level at every position (θ
0

,φ
0

) is 

the radiation pattern power in decibels.  

Contour graphs provide a qualitative comparison between Yagi 

antenna radiation pattern estimation with 2D, with 3D and free-space 

radiation pattern in Fig. 10 and Fig. 11. In Fig. 10 the antenna 

radiation pattern estimation from Fig. 6 using Impulse Response with 

3D algorithm obtain shapes and power levels at azimuth and elevation 

that resemble more to the free-space space radiation pattern than the 
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Impulse Response with 2D algorithm. 

 

Fig. 10. Yagi Uda antenna contour graph comparison between 

Impulse Response estimation with 2D, with 3D and free-space 

radiation pattern at 9 GHz from Fig. 6. 

 

In Fig. 11 the Yagi antenna free-space radiation pattern from Fig. 7 

is estimated using Impulse Response with 3D. In the same fashion as 
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Fig. 10 the shape of the estimation for Impulse Response with 3D 

follows a similar pattern to that of the free-space measurement. 

Meanwhile, for Impulse Response with 2D the pattern has changed 

and areas have mixed with respect to the free-space measurement. 

 

Fig. 11 Yagi Uda antenna contour graph comparison between 

Impulse Response estimation with 2D, with 3D, and free-space 

radiation pattern from Fig. 7. 



32 

 

Next, fixing the elevation in the contour graph results of antenna 

radiation pattern. The first type of graph is an amplitude pattern, 

which shows magnitude in decibels versus azimuth range from -90° 

to 90°at a fixed elevation. The second type is a phase pattern graph, 

which shows phase in radians versus azimuth range from -90°to 90° 

at a fixed elevation. All graphs are normalized with respect to the 

maximum value located at azimuth of 0°in the center of the azimuth 

axis. 

Employing antenna configuration system from Fig. 6 with pyramidal 

Horn AUT as reference the Yagi and Helical free-space antenna 

radiation patterns in magnitude and phase are estimated using the 

Impulse response with 2D and 3D techniques, and fixing the elevation. 

Yagi antenna impulse response estimations with 2D and 3D, along 

with free-space and reverberation measurements fixing elevation at 

15°, 20°and 25°are presented in the graphs of Fig. 12, Fig. 13 and 

Fig. 14. Helical antenna impulse response estimations with 2D and 

3D, along with free-space and reverberation measurements fixing the 

elevation at 0°, 5°and 10°degrees are presented in the graphs of 

Fig. 15, Fig. 16 and Fig. 17. 

Fig. 12(a) represents Yagi antenna estimation in magnitude of dB at 

9 GHz and 15°of elevation. Impulse Response with 3D estimation 

resembles to free-space radiation pattern more than Impulse 

response with 2D estimation. Fig. 12(b) represents the comparison of 

the corresponding phases in radians.  

 



33 

 

 

 

Fig. 12. (a) Amplitude pattern of Yagi antenna in dB at 9 GHz and 

15°elevation. (b) Phase pattern rad at 9 GHz and 15°elevation. 
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Fig. 13(a) represents Yagi antenna magnitude of the reconstruction at 

9 GHz and 20°elevation and Impulse Response with 3D estimation is 

closer to free-space measurement than Impulse Response with 2D 

estimation. Fig 13(b) provides the corresponding phase comparison. 

Fig. 14. (a) represents Yagi antenna magnitude of the reconstruction 

at 9 GHz and 25°elevation and in the main lobe the Impulse Response 

with 3D estimation follows the free-space radiation pattern 

measurement with higher accuracy than the Impulse Response with 

2D. The Impulse Response with 2D shows poor performance as it 

remains closer to the reverberation measurement. Fig. 14(b) shows 

corresponding phase comparison. Fig. 15(a) represents Helical 

antenna magnitude of the reconstruction at 9 GHz and 0°elevation 

and in the main lobe the Impulse Response with 3D estimation follows 

the free-space radiation pattern measurement with higher accuracy 

than the Impulse Response with 2D estimation which shows poor 

performance as it remains closer to the reverberation measurement. 

Fig. 15(b) shows corresponding phase comparison. Fig. 16(a) 

represents Helical antenna estimation of magnitude at 9 GHz and 

5°elevation and Impulse Response with 3D estimation is closer to 

free-space measurement than Impulse Response with 2D estimation. 

Fig. 16(b) provides corresponding phase comparison. Fig. 17(a) 

represents Helical antenna estimation of the magnitude at 9 GHz and 

10°elevation. Impulse Response with 3D estimation follows the 

trajectory of the free-space measurement with higher accuracy than 

the Impulse Response with 2D estimation. Fig. 17(b) represents the 

comparison of the corresponding phases in radians.  
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Fig. 13. (a) Amplitude Pattern of Yagi Antenna in dB at 9 GHz and 

20°elevation. (b) Phase pattern rad at 9 GHz and 20°elevation. 
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Fig. 14. (a) Amplitude pattern of Yagi Antenna in dB at 9 GHz and 

25°elevation. (b) Phase pattern rad at 9 GHz and 25°elevation. 
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Fig. 15. (a) Amplitude pattern of Helical antenna in dB at 9 GHz and 

0°elevation. (b) Phase pattern in rad at 9 GHz and 0°elevation. 
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Fig. 16. (a) Amplitude Pattern of Helical antenna in dB at 9 GHz and 

5°elevation. (b) Phase Pattern in rad at 9 GHz and 5°elevation. 
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Fig. 17. (a) Amplitude Pattern of Helical antenna in dB at 9 GHz and 

10°elevation. (b) Phase Pattern in rad at 9 GHz and 10°elevation. 
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Fig. 18. (a) Amplitude pattern of Yagi antenna in dB at 9 GHz and 

25°elevation. (b) Phase pattern in rad at 9 GHz and 25°elevation. 
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Employing antenna configuration system in Fig. 7 with Horn AUT as 

reference, the Yagi antenna free-space radiation pattern is estimated 

using the Impulse response with 2D and 3D algorithm, the Free-space 

and reverberation measurements are included in the graph. Yagi 

antenna magnitude and phase patterns fixing the elevation at 25° 

and 30°are presented in Fig. 18 and Fig. 19. 

Fig. 18(a) represents the Yagi antenna estimation of the magnitude at 

9 GHz and 25°elevation. Impulse Response with 3D estimation 

resembles to the free-space radiation pattern more than the Impulse 

Response with 2D estimation. Fig. 18(b) represents the comparison 

of the corresponding phase in radians. 

Fig. 19(a) represents Yagi antenna estimation of the magnitude at 9 

GHz and 30°elevation and Impulse Response with 3D estimation is 

closer to the free-space measurement than Impulse Response with 

2D estimation. Fig. 19(b) provides corresponding phase comparison. 

Afterwards, comparison is established using the average normalized 

error for antenna radiation pattern estimations with 2D and with 3D 

techniques in antenna configuration system in Fig. 6 and Fig. 7. 

Representation of Yagi and Helical antennas averaged in elevation 

normalized error in decibels versus azimuth range from -90°to 90° 

are shown in Fig. 20 and Fig. 21. 
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Fig. 19. (a) Amplitude pattern of Yagi antenna in dB at 9 GHz and 

30°elevation. (b) Phase pattern in rad at 9 GHz and 30°elevation. 
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In Fig. 20 Yagi averaged in elevation normalized error in decibels 

versus azimuth from -90°to 90°represents the error in the 

estimation of Impulse Response with 2D, 3D and error of 

reverberation measurement with respect to the azimuth. Impulse 

Response with 3D normalized error is lower than the rest of errors in 

most if not all of the azimuth range orientations.  

 

 

Fig. 20. Yagi antenna averaged normalized error of estimation at 9 

GHz from Fig. 6. 

 

In the same fashion, for Fig. 21, Helical antenna Impulse Response 
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with 3D normalized error is the lowest in all azimuth orientations.  

 

 

Fig. 21. Helical antenna averaged normalized error of estimation at 

9 GHz from Fig. 6. 

 

For the second reverberation environment in Fig. 7 where in vertical 

and horizontal metallic objects are present the comparison of the 

average normalized error for antenna radiation pattern estimation 

with 2D, with 3D and error of reverberation measurement in Yagi 

antenna is presented in Fig. 22. Fig. 22 the Impulse Response with 

3D technique outperforms the Impulse Response with 2D technique 
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at all of the azimuth orientations. 

 

 

Fig. 22. Yagi antenna averaged normalized error of estimation at 9 

GHz from Fig. 7. 

 

Quantitative comparison of results uses average of the averaged 

normalized error, maximum standard deviation and Euclidean 

distance metrics to provide indicators of the antenna radiation 

pattern estimation performance of the Impulse Response with 2D and 

3D in Table I and Table II.  

In Table I. and Table II. there are summary of the results of antenna 
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configuration system in Fig. 6 using three metrics: the average of the 

averaged normalized error, maximum standard deviation and 

Euclidean distance. In Table I, Yagi antenna radiation pattern 

reconstruction with 3D performance is superior than reconstruction 

with 2D according to the three metrics. In Table II. Helical antenna 

radiation pattern reconstruction with 3D outperforms the 

reconstruction with 2D in the same fashion as Yagi antenna. 

 

Table I. Yagi antenna radiation pattern error metrics in Fig. 6. 

 

Antenna 

Measurement/ 

Error 

 

Reverberation 

Impulse 

Response 

with 2D 

Impulse 

Response 

with 3D 

 

Yagi 

𝐸𝑎𝑣𝑔(%) 18.79 27.66 7.97 

σ
max

 0.0028 0.006 0.00085945 

𝑁𝑜𝑟𝑚 0.072 0.106 0.0227 

 

Table II. Helical antenna radiation pattern error metrics in Fig. 6. 

 

Antenna 

Measurement/ 

Error 

 

Reverberation 

Impulse 

Response 

with 2D 

Impulse 

Response 

with 3D 

 

Helical 

𝐸𝑎𝑣𝑔(%) 34.6 34.68 26.47 

σ
max

 0.0025 0.0029 0.0014 

𝑁𝑜𝑟𝑚 0.0768 0.07 0.06 
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In table III, a summary of Yagi radiation pattern error in Fig. 7 shows 

performance of reconstruction with 3D is approximately 50% superior 

than reconstruction with 2D for three metrics and 3D 𝐸𝑎𝑣𝑔 6.53% is 

lower than 1dB. 

 

Table III. Yagi antenna radiation pattern error metrics in Fig. 7. 

 

Antenna 

Measurement/ 

Error 

 

Reverberation 

Impulse 

Response 

with 2D 

Impulse 

Response 

with 3D 

 

Yagi 

𝐸𝑎𝑣𝑔(%) 23.83 10.34 6.53 

σ
max

 0.0032 0.0014 0.0008 

𝑁𝑜𝑟𝑚 0.0911 0.0361 0.0205 

 

B. Time Reversal  

 

In Time Reversal algorithm modelling and simulation has been 

carried in WIP-L at the frequency range from 1 GHz to 3.0 GHz (SHF). 

Contour graphs axes are VPA measurement for 64 half-wavelength 

dipole antennas and frequency from 1 GHz to 3 GHz, the level at every 

position (𝑓, 𝑣𝑝𝑎)  is the AUT radiation pattern power in decibels. 

Contour graphs provide a qualitative comparison between Horn 

antenna free-space radiation pattern estimation with Time Reversal 

algorithm, free-space and reverberation pattern measurement in Fig. 

23 and 24. In Fig. 23 Pyramidal Horn antenna as AUT, VPA array of 
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64 half-wavelength dipoles antennas, TRM linear array of 20 half-

wavelength dipoles, frequency range of analysis is from 1 GHz to 3.0 

GHz and frequency step is 25 MHz. The Time Reversal algorithm 

estimates the AUT radiation pattern in the Virtual Probe Array (VPA) 

because VPA samples the AUT radiation pattern in each of its 

elements as a multi-probe antenna. 

 

Fig. 23. Horn AUT radiation pattern comparison in dB with axes of 

VPA measurement and frequency range of [1; 2.9] GHz. 
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In Fig. 23 the AUT radiation pattern estimation with Time Reversal 

technique form resembles more to the free-space measurement than 

the reverberation environment measurement in form of the lobes and 

power levels. On the contrary, in the reverberation measurement the 

form is spread and power increases in VPA dipoles measurement from 

number 40 to 64.  

 

Fig. 24. Horn AUT radiation pattern in dB comparison with axes of 

VPA measurement and frequency range of [1; 2.9] GHz. 
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Next, in Fig. 24 modelling and simulation of Time Reversal with Horn 

as AUT, VPA of 64 half-wavelength dipoles, TRM of 20 half-

wavelength dipoles and frequency range of analysis is from 1.25 GHz 

to 2.875 GHz with frequency step of 44 MHz. 

Fig. 24 represent, in order, the AUT radiation pattern measurement 

in TREC, Time Reversal technique estimation and free-space 

measurement. Quality of the estimation with Time Reversal 

technique has a similar appearance in form and power with the 

reverberation environment measurement as resolution of the 

measurement has decreased due to the increase in the frequency step 

(from 25 MHz to 44 MHz) with respect to first simulation.  

 

Fig. 25. Horn averaged normalized error (dB) versus frequency (Hz) 
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Afterwards, comparison is established using the average normalized 

error between antenna free-space radiation pattern estimation with 

Time Reversal technique and measurement in reverberation 

environment. Fig. 25 is averaged in VPA normalized error for Time 

Reversal technique first simulation. Fig. 25 is Horn AUT averaged 

normalized error where in the Time Reversal estimation error is 

lower than reverberation measurement in the frequency range from 

1.7 GHz to 2.3 GHz.  

 

 

Fig. 26. Horn AUT Averaged normalized error in dB versus 

frequency for second simulation. 
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Fig. 26 is averaged normalized error for Time Reversal technique in 

second simulation. In Fig. 26, AUT Time Reversal estimation 

technique error is also lower than the reverberation measurement in 

the frequency range from 1.7 to 2.3 GHz.  

Table IV provides indicators values or metrics to show performance 

of the antenna radiation pattern estimation using the Time Reversal 

algorithm for two simulations. Quantitative comparison of results 

uses average of the averaged normalized error, maximum standard 

deviation and Euclidean distance metrics to provide indicators of the 

accuracy of the antenna radiation pattern estimation performance for 

the Time Reversal technique in Table IV and Table V.  

 

Table IV. Horn antenna radiation pattern Error of Estimation for 

first simulation. 

𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

∖ 𝐸𝑟𝑟𝑜𝑟 

𝐸𝑎𝑣𝑔 σ
max

 Euclidean 

Horn 1 

VPA =  64,

TRM =  20,  

∆f = 25 MHz 

Reverberation 

measurement 

 

5.0% 

 

0.041 

 

0.015 

Time 

Reversal 

estimation 

 

3.16% 

 

0.042 

 

0.0072 

 

In Table IV. Horn antenna free-space radiation pattern estimation 

from 1.7 GHz to 2.3 GHz with Time Reversal technique performance 

is superior than the reverberation measurement according to 



53 

 

averaged normalized error and Euclidean distance, for maximum 

standard deviation the values are close. 

 

Table V. Horn antenna radiation pattern Error of Estimation for 

second simulation. 

𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

∖ 𝐸𝑟𝑟𝑜𝑟 

𝐸𝑎𝑣𝑔 σ
max

 𝐸𝑢𝑐𝑙𝑖𝑑𝑒𝑎𝑛 

Horn 2 

VPA =  64,

TRM =  20,  

∆f = 44 MHz 

Reverberation 

measurement 

 

5.47% 

 

0.041 

 

0.086 

Time 

Reversal 

estimation 

 

3.92% 

 

0.055 

 

0.0787 

 

In Table V. Pyramidal Horn antenna free-space radiation pattern 

estimation from 1.7 GHz to 2.3 GHz with Time Reversal technique 

performance is superior than reverberation measurement in the same 

fashion as in the first simulation. 
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V. CONCLUSIONS 

 

Proposed Impulse Response method estimates the antenna 3D free-

space radiation pattern fixing measurement in a single frequency and 

rotating the AUT orientation and elevation angular domain. Through 

qualitative and quantitative comparison the Impulse Response with 

3D technique is a better option than Impulse Response with 2D 

technique. According to quantifiers the Impulse Response with 3D 

estimation provides higher accuracy, lower maximum standard 

deviation and shorter distance to the antenna free-space radiation 

pattern than the Impulse response with 2D estimation. Main 

contribution of this work is a robust reconstruction technique which 

may be employed as a tool in a multipath reflection environment 

because of the accurate characterization of vertically and horizontally 

oriented metallic objects disposition. Impulse Response with 3D 

technique can work in a reverberating environment where the 

metallic objects have combinations of azimuth and elevation 

orientations. 

Time Reversal estimation quantifiers represent higher accuracy and 

shorter distance to the free-space radiation pattern than the 

reverberation measurements. Time Reversal accurate radiation 

pattern estimation depends of the adequate characterization of the 

Channel Matrix (CM). The CM depends of the number and orientation 

of half-wavelength dipoles in VPA, TRM and size of reflectors and 

can be used for different type of AUT measurements as long as all the 

remaining TREC conditions are not modified. Time Reversal 
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technique does not require the rotation of AUT and estimates the 

free-space radiation pattern in a frequency range up to 3 GHz. The 

Time Reversal technique should be used in complex reverberating 

environments 
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