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ABSTRACT 
 

Antenna gain can be measured in a multipath site by moving the antenna under test away from the probe antenna at 

different distances, and by assessing a normalized transfer function as an average figure over the entire data set. In an 

earlier work, we provided a statistical explanation to the reduction of the multipath effects. Another possible explanation 

is based on the synthetic aperture principle, by assimilating the positions of the probe antenna to an antenna array. In this 

paper, we compare linear scanning to matrix scanning in order to draw optimal choice criteria for the grid of measuring 

positions. Measurements were performed on a Vivaldi antenna. 
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1. INTRODUCTION 

 

In a previous work [1], we proposed a method for antenna gain evaluation in a multipath site. Basically, our method aims 

to reduce the effects of the indirect paths including reflection and diffraction on environing objects by measuring 

normalized transfer functions at different distances between the antenna under test (AUT) and the probe antenna and 

eventually, by calculating an average over that data set. The transfer functions are normalized by compensating the effect 

of the propagation as it would be in the free space, in terms of attenuation and delay. 

Further work was focused on assessing the accuracy of our approach by comparing the results to those measured inside an 

anechoic chamber [2]. We showed that averaging can also relax the field zone constraints by properly defining a set of 

weighting functions [3], [4].  

The theory of the method as presented in our previous work [1] shows how continuously distance-averaged data converges 

asymptotically to a free space result for a set of basic cases of reflection and diffraction. Although multipath transmission 

in a real measuring system is more complex it can imaginary be expanded in a series of such basic cases. It is 

straightforward that by moving away one of the antennas the effect of the indirect paths statistically cancels out and only 

the direct path has a constant, deterministic contribution regardless the distance.  

In practice, the distance increment between two measuring positions cannot be set infinitely small, as considered in our 

early theoretical work; even a discrete, oversampled approach might not be practical as it yields a large data volume, 

especially when more than one direction of radiation is concerned. That is, the distance increment should be kept reasonable 

but carefully correlated to the effectiveness of the multipath effect cancelation.  

In this paper, we provide a new insight on the distance averaging method by exploiting the similarity to the concept of 

synthetic aperture [5], mainly applied in radar signal processing [6]. The synthetic aperture approach not only provides an 

alternative, physical explanation to the reduction of the multipath effect, but it also provides one with an effective model 

for optimizing the spacing between the measuring positions. Broadside directive linear scanning has been previously used 

in compact range measuring systems in order to remove multipath effects [5]. In this work, we propose an end-fire directive 

scanning approach and we compare linear scanning to matrix scanning. 
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2. THEORY 

 
Let us consider a set of two antennas, one of them in transmission mode and the other one in receiving mode (Fig. 1). 

 

 
Fig. 1Distance averaging method: 1D approach. 

An average transfer function can be derived from the scattering parameters S21,n measured for a set of N distances, {dn} 

between antennas by compensating the propagation effects i.e., attenuation and delay, 
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where d0 is the reference distance (usually set at 1 m). 

In the analysis of an antenna gain, we have to take into account the dissipated losses as heat and provided from the system 

mismatch (Fig.2).  

 
Fig. 2 Transmission between two antennas: calibrated - antenna under test (AUT). 

Considering the system setup (Fig.2) we define an output voltage on the receiving antenna in terms of the transfer 

impedance 𝑍21 and the mutual impedance on the receiving antenna 𝑍22. 

V2 = 𝑍21𝐼1 + 𝑍22𝐼2 ⇒ 𝑍21 =
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The transfer parameters, S21 are found from ratio between the receiving antenna voltage and transmitted voltage 
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The maximum power of transmission antenna (Fig.3) 
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where (1 − |𝑆11|2)  is represented the mismatch impedance at the input terminals of the transmitting antenna. 
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Ratio between reflected power and injected power is given in term of the power waves. 
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2

            (5) 

 
Fig. 3 The equivalent circuit for the transmitting antenna. 

If antenna radiation resistance is adapted to an internal generator resistance (𝑍𝑎1 = 𝑅0), we find the transmitted voltage 

at the antenna terminals (Fig.4)     
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and the power (fig. 4) delivered for radiation  
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Fig. 4 The equivalent circuit of the transmission matched antenna. 

Figure 5 shows the antenna under test equivalent circuit   

 
Fig. 5  The AUT equivalent circuit. 

The antenna under test voltage is described 
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where 𝑍𝑎2 is the antenna under test radiation impedance, and the power in this case is  
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The reflection coefficient, 𝑆22 yield the form  
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and 
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By substituting (8) and (11) the power is written 
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and the power provided from the head delivered on the 𝑅0 resistance is defined 
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The power reflected in respect with the power transmitted defined from Friis transmission formula  
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Fig. 6 Transmission between two antennas considering Friis transmission equation. 

 

In receiving mode, the antenna has a reactance 𝑋𝑎2. Then the power delivered to the receiver is maximum when the 

antenna reactance is the complex conjugate of the receiver’s input reactance  𝑋𝑎2
∗. 
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Then the power ratio is 
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By substituting (16) and (17) we rewrite in terms of power, 
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The gain of the receiving antenna is then found from the Friis transmission formula after elementary manipulations by 

taking into account possible impedance mismatches at both antennas, provided that all distances between antennas are in 

far-field zone [4]. 
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In (20), R0 stands for the normalizing impedance (usually set at 50 ohms) and Ra is the radiation resistance of the antenna 

under test. 

Moving one antenna away from the other is actually equivalent to using a linear, highly directive probe array instead of a 

single probe (usually omnidirectional). It comes out from relation (1) that the equivalent array is an endfire one [6] with 

an array factor  
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where φ is the azimuth angle, provided that the AUT is moved away along the Ox axis. In our case, In=1 and ψn= k0dn. 

In order to reduce the effect of indirect paths on antenna measurements formation of large side lobes should be avoided. 

For 1D, endfire arrays large side lobes usually occur when the spacing between two radiating elements exceeds /2. As an 

example, with a spacing of 10 cm one should expect side lobes at above 1.5 GHz.   
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We calculated and compared the antenna factors for two arrays: a 1D, endfire array of 6 elements with a 10 cm spacing in-

between along the Ox axis, and a 2D array of 6 by 3 elements with a 10 cm spacing in-between both along the Ox and Oy 

axis, respectively. The array factor can then be derived as 
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where the distances along the Ox axis and the Oy axis between the field point and the measuring position indexed by (m, 

n) were denoted by dx,n and dy,m, respectively. In order to provide a main lobe along the Ox axis we chose      

Ix,n= Iy,m=1, 

ψx,n= k0 dx,n, 

and ψy,n=0. 

Fig. 7 shows the array factor as a function of the azimuth angle for both arrays, at frequencies between 800 MHz and 

2GHz.  

As expected, large side lobes occur at above 1.5 GHz for the 1D array with a 10 cm spacing between measuring positions. 

Conversely, the 2D array not only provides a narrower main lobe, but it also exhibits much smaller side lobes, even at 2 

GHz. 

 

 
Fig. 7 Array factor for a 1D configuration: row with 6 measuring positions, distance increment of 10 cm along Ox. Array factor for a 

2D configuration: matrix of 6 by 3 positions, distance increment of 10 cm both along Ox and Oy. 
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3. RESULTS 

 
 

We consider a setup consisting of an antenna under test, a probe antenna, and a vector network analyzer. Measurements 

were performed in a multipath environment i.e., a regular room inside an office building. The antenna under test was a 

Vivaldi dipole (Fig. 8a) that operates at frequencies of above 500 MHz. A calibrated, biconical dipole was employed as a 

probe antenna (Fig. 8b). 

 

                       
a)                                                     b) 

      Fig.8 Experimental setup: antenna under test (a), and probe antenna (b). 

  

We measured the AUT gain by placing it into two configurations. The first configuration consisted of a row of 6 measuring 

positions with a distance increment along Ox of 10 cm and a minimal distance of 1 m between the probe and the AUT. 

The second configuration (Fig. 9) consisted of a matrix of 6 by 3 positions with a distance increment of 10 cm both along 

Ox and Oy axis, and a minimal distance of 1 m between the probe and the AUT. 

 

 
Fig. 9 Distance averaging method: 2D approach. 

 

Figure 10 shows the gain of the AUT as a function of frequency for θ=90º and φ=0, extracted both with matrix and row 

configuration; simulated and measured gain are also given on the same diagram. 

 

 
Fig. 10 Gain of the antenna under test for θ=90º and φ=0. 
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4. CONCLUSION 

 
We compared gain results issued from measurements performed in a row configuration of 6 positions, and in a matrix 

configuration of 6 by 3 positions, respectively. The matrix configuration provides a ripple reduction by up to 1 dB, since 

the directivity of the virtual array improves and the multipath effect is therefore reduced. No field-zone correction was 

performed on the measured data, as the aim was to only investigate the effect of the multipath transmission; that explains 

discrepancies (other than ripples) between the results of our method and the gain measured in anechoic chamber with a 

multiprobe, professional system and near-field to far-field transformations.    

It should be emphasized that even for matrix and row configurations with the same number of measuring positions and for 

a given range of AUT displacement the matrix arrangement would provide a narrower main lobe, as the beamwidth is 

mainly a function of the array size and not of the number of positions. The matrix configuration takes further advantage 

over the row configuration as it does not yield large side lobes when the spacing between two measuring positions exceeds 

half-wavelength.  

Further work will focus on designing a platform for automatic, optimal positioning of the probe antenna for antenna gain 

measurements inside a multipath site. 
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