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Abstract
In this paper, a technique that allows to discriminate the unique line-of-sight (LOS) component among all other non- line-of-sight (NLOS) multipath components inside a Reverberation Chamber (RC) is presented. This pushes RCs to be a real alternative to anechoic chambers as facilities for performing antenna radiation pattern measurements, and eventually, to accurately characterize an UE beam peak direction. In order to demonstrate the technique validity, the radiation pattern for both E- and H- planes of a horn antenna has been measured in an RC at 10 GHz, in X band, and compared to the ones obtained in anechoic chamber, being the results in good agreement.
Introduction
A Reverberation Chambers (RC) is an electrically large, highly conductive resonant enclosure used as test facility for radiated emissions and immunity measurements on electronic devices. RC’s are typically equipped with mechanical stirrers which dynamically modify the electromagnetic field boundary conditions when moved. When a sufficient number of modes are excited in an RC (e.g., when its multimode electromagnetic environment is well stirred), the electric and magnetic fields are essentially uniformly distributed and isotropic (i.e., the energy having arrived from all aspect angles and at all polarizations) with independence of location [1], except for those observations points in close proximity to walls [2] and nearby objects. In addition, the real and imaginary parts of the rectangular components of these fields result to be Gaussian distributed, independent, with identical variances [1], [3], which resembles the multipath fading of indoor-urban channels in wireless communication systems [4].
This field distribution behavior can be explained as the result of the superposition of incoming plane waves over all real angles [5]–[7], provided the RC is large enough, [8]. Furthermore, each resonant mode excited in an RC can also be expanded in a certain number of plane waves incident from different angles, their actual number depending on the geometry of the cavity (e.g., eight plane waves for an empty rectangular cavity, but a potentially infinite number of plane waves is conjectured in chaotic geometries), except when the loading of the RC is so heavy that the actual resonances vanish [6]. Thus, the complex induced voltage at a port of a receiving antenna located inside an RC can be written as a linear combination of such plane waves weighted by the far field function of the antenna [7], and therefore it will be complex Gaussian distributed, as a result of the central limit theory [3], except if there are not enough excited modes or plane waves independent in amplitude, polarization and phase. In addition, if we assume that every power spectral density measurement is performed with the same antennas present within the RC, the average power received by an antenna will be independent of its gain, directivity or equivalent area [9].
All the above, along with the asymptotically identical statistics of the fields emulated in an RC makes it an ideal candidate to evaluate antenna radiated power and other related parameters such as Total Radiated Power (TRP) and Total Isotropic Sensitivity (TIS), both being standardized figures of merit for wireless communications systems [4]. RC’s were therefore proposed to 3GPP in Technical Report 37.976 [10] as one of the candidate methodologies for conformance testing of Multiple-Input-Multiple-Output (MIMO) Over-The-Air (OTA) performance. Nevertheless, based on currently available information, the same Technical Report states that an antenna pattern measurement is not available, if needed, with this candidate methodology based on RC. This is mainly because an RC emulates a rich isotropic multipath (RIMP) environment, and thus their angles-of-arrival (AoA) follow a uniform distribution over all directions in space, causing any measured figure of merit to be statistically independent of the orientation of the antenna under test (AUT) [8]. This is the opposite extreme of the pure line-of-sight (LOS) environment emulated in anechoic chamber (AC), being therefore difficult to distinguish a unique LOS component among all other non-line-of-sight (NLOS) multipath components inside an RC, in order to evaluate the radiation pattern of an AUT. Thus, it would be apparently impossible to search for a UE beam peak direction using an RC, and then, the inclusion of the Reverberation Chamber test method as a permitted one in 3GPP Technical Report 38.810 [11].
However, in this paper, a technique that allows to discriminate the unique LOS component among all other NLOS multipath components inside a reverberation environment such an RC is presented. The technique makes use of plane wave decomposition and a spatial Doppler analysis, moving a measurement antenna in order to obtain the Doppler power spectral density and, eventually, the AUT radiation pattern. This pushes RCs to be a real alternative to anechoic chambers as facilities for performing actual antenna radiation pattern measurements in RC, and thus, making possible to accurately characterize UE beam peak directions eventually. In order to support the validity of this technique, the radiation pattern of a horn antenna has been measured at 10 GHz, in X band, for both E- and H- planes, and compared to the ones obtained in AC, being the results in good agreement [12].
Doppler Power Spectral Density
The radio propagation channel inside an RC can be described from its channel impulse response h(τ, t), or its associated channel transfer function [13]:
		(1)
If this multipath channel in the RC is considered to be a wide-sense stationary uncorrelated scattering (WSSUS) channel, described in [14], the autocorrelation function of the of the channel transfer function H(f, t) is then given by
		(2)
where  represents cross-correlation, l  is the lag (a.k.a. displacement or time difference), and the superscript * represents complex conjugation [13], [15]. Applying the Wiener–Khinchin–Einstein theorem [16], the Doppler power spectral density can be defined as the Fourier transform from lag domain to Doppler frequency shift domain of the autocorrelation function RH(f, l), as
		(3)
where ξ is the Doppler frequency shift [17], [18]. Furthermore, according to the autocorrelation theorem, the autocorrelation function RH(f, l) in equation (2) can be expressed as
		(4)
where  represents convolution. Applying the convolution theorem, the Fourier transform of the autocorrelation function RH(f, l) in equation (3) can also be obtained through the multiplication of the Fourier transform of the channel transfer function H(f, t) and the complex conjugate of the Fourier transform of the channel transfer function H(f, t), being both Fourier transforms from time domain to Doppler frequency shift domain. The Doppler power spectral density can therefore be expressed as
		(5)
where  is the Fourier transform of H(f, t) with respect to time t [12], [15], [19]. The Doppler effect occurs when a transmitting antenna is moving toward or away from a receiving antenna, or vice versa, and thus, the frequency of the transmitted signal is shifted, due to the relative difference in velocity between both antennas [13].
Measurement Methodology
Let us consider a measurement antenna and the AUT in LOS inside an RC. Let us also define a set of N points along this LOS as pn, with n = 1, …, N, and the AUT initial orientation (θ0, φ0) in spherical coordinates. When the orientation of the measurement antenna is fixed and the AUT is rotated through angles (∆θ, ∆φ) with respect to its initial orientation, the power LOS component is in direct variation to the AUT radiation pattern G(f, θ, φ), with θ = θ0‑∆θ, φ = φ0‑∆φ. Thus, in order to measure this AUT radiation pattern G(f, θ, φ), it is essential to distinguish the LOS component of the channel transfer function H(f, t) from all other NLOS multipath components. Likewise, this channel transfer function H(f, t) is equivalent to the S‑parameter S21(f, t) measured with a vector network analyzer (VNA) under stationary conditions, i.e., when no object is moving inside the RC, at a constant time t with respect to the fading time-scale, as shown in [15], [20], [21]. Then, in order to distinguish the corresponding LOS component of the S‑parameter S21(f, t) for certain AUT rotation angles (∆θ, ∆φ), stationary measurements can be repeated locating the measurement antenna at the different fixed positions pn (i.e, the above-mentioned points along the original LOS between both the measurement antenna and the AUT), with n = 1, …, N, while maintaining the same AUT rotation angles (∆θ, ∆φ).
Although each of these S‑parameters are measured under stationary conditions without Doppler frequency shift, we can readily obtain the time varying S‑parameter S21(f, t) by linking the discrete samples S21(f, tn) using tn = tn‑1 + ∆t, where ∆t not only accounts for the time needed to displace the transmitting AUT between two consecutive positions, pn‑1 and pn, at the corresponding speed, but also for the time needed to stabilize the AUT after each movement and the time needed by the VNA to acquire the S‑parameter data. Using this relation, the discrete Fourier transform of the samples H(f, tn) = S21(f, tn) can be evaluated, and thus the Doppler power spectral density can finally be obtained using (5) [12], [15]. Since the collected S‑parameter S21(f, tn) constitutes a discrete function, the Doppler power spectral density can then be expressed as
	.	(6)
For clarity purposes, and in order to be independent of the time ∆t elapsed between two consecutive stationary measurements, let us consider the plane wave decomposition of the modes excited in the RC for a certain frequency f. The spatial frequency ν of a plane wave can then be defined as how often two points with the same phase are found per unit of distance. As illustrated in Fig. 1, the value of the spatial frequency ν will be different depending on the direction it is evaluated, and since the AUT is fixed in position and stationary in angle, this value will depend on the AoA of the plane wave. Thus, the spatial frequency ν will reach its maximum possible value νmax = 1 / λ when the plane wave is propagating along the LOS between the measurement antenna and the AUT. However, when the AoA of the plane wave differs from the LOS direction in an angle α, it is easy to see that the spatial frequency ν will then result in a lower value, that is, ν = cos(α) / λ = cos(α) νmax < νmax
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Fig. 1.  Different spatial frequencies ν for different plane wave AoA’s.
As the discrete samples H(f, tn) = S21(f, tn) are measured for each corresponding measurement antenna pn position, and also for each AUT rotation angles (∆θ, ∆φ), they can be rewritten as S21(f, pn, θ, φ) by linking directly each measurement time tn with its corresponding measurement antenna position pn, and adding a dependence on the AUT orientation in θ = θ0‑∆θ and φ = φ0‑∆φ. Therefore, the Doppler power spectral density can be written in function of the spatial frequency ν as
	,	(7)
that is, as the squared absolute value of the discrete Fourier transform of the S‑parameter S21(f, pn, θ, φ) with respect to the position pn. Finally, since the AUT radiation pattern G(f, θ, φ) is in direct variation to the power LOS component, and also the spatial frequency ν is maximized in the LOS direction, G(f, θ, φ) can therefore be calculated for a certain frequency f as
	.	(8)
Measured Results
In order to support the validity of the measurement methodology presented in the previous section, a horn antenna has been employed as AUT, and its radiation pattern has been evaluated inside an RC at a frequency of 10 GHz, in X band, for simplicity and without loss of generality. Likewise, an identical antenna is used as measurement antenna.
In order to perform the stationary measurements required at N different points pn along the LOS between the measurement antenna and the AUT, a rail has been deployed inside the RC, and the measurement antenna has been mounted on it. This rail counts with a linear axis to displace the measurement antenna, and so the rail has been aligned with the mentioned LOS. In order to change the AUT orientation in azimuth, a turntable has also been deployed inside the RC, and the AUT it has been fixed.to it. This methodology permits to calculate as many planes of the AUT radiation pattern as desired. For simplicity, the AUT radiation pattern has been measured for both the E- and H- planes.
Eventually, the S‑parameter S21(f, pn, θ, φ) has been acquired with a VNA, moving the linear axis of the rail, and so the measurement antenna, along a distance of L = 0.5 m, which correspond to 16.7 λ at 10 GHz, approximately. In order to get a correct estimate of the Doppler power spectral density, the distance between two consecutive measurement antenna positions pn must be small enough to satisfy Nyquist theorem, that is, smaller than λ / 2. In order to do so, N = 46 different pn positions has been selected, equally spaced for simplicity, giving a separation between two consecutive positions of 0.37 λ approximately. The AUT has been rotated 180º with an angular step of 1º.
The resulting radiation patterns are depicted in Fig. 2 for both E‑ and H‑ planes and compared with the ones obtained in AC.
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Fig. 2.  AUT E‑plane (left) and H‑plane (right) radiation patterns measured in RC and in AC.
As we can see, the radiation patterns retrieved from the measurements in RC through this methodology are almost coincident at the main and secondary lobes when compared to the radiation patterns measured in AC, while the maximum error made at third lobes resulted to be lower than 2.33 dB for a dynamic range of 30 dB, for all -90º < φ < 90º azimuth angles.
The accuracy of the presented methodology results to be much better than the one achieved when the radiation pattern is calculated by averaging the squared absolute value of the S‑parameter S21(f, pn, θ, φ) measured at each measurement antenna position pn, without any Doppler analysis, that is, using
		(9)
instead of (8) for the same frequency f. In this way, the RMSE made when comparing the AUT radiation pattern measured in RC with the one measured in AC resulted to be approximately 20 dB higher than using the methodology presented in this paper, and the maximum error made reached more than 12 dB for the E‑plane case, and about 40 dB for the H‑plane case, as depicted in Fig. 3.
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Fig. 3.  AUT E‑plane (left) and H‑plane (right) radiation patterns measured in RC by averaging the squared absolute value of the S–parameter S21(f, pn, θ, φ) measured at each AUT position pn, without any Doppler analysis, and the one measured in AC.
However, the radiation patterns retrieved from the measurements in RC through this last method (i.e., through traditional antenna stirring and power averaging instead of Doppler analysis) are still almost coincident at the main lobe when compared to the radiation patterns measured in AC for a dynamic range of 10 dB.
Conclusion
A methodology to perform antenna radiation pattern measurements in RC has been presented. Using this technique, a maximum error made lower than 2.33 dB has been achieved for a dynamic range of 30 dB inside an RC. The performance of the technique is dependent on the total distance L swept by the measurement antenna, obtaining the aforementioned accuracy for a total distance L = 16.7 λ, approximately, that is, 0.5 m at 10 GHz. Thus, in order to improve the obtained results, it would be necessary to deploy a larger rail or to work at a higher frequency. The simultaneous use of traditional mechanical stirrer and power averaging may also improve the Doppler analysis technique.
However, even the obtained results could be improved in order to achieve accuracy comparable to the one attained in AC, this methodology presents, up to our knowledge, one of the best current options to perform this kind of measurements in RC [12], [22]. It could therefore be of special interest to define a methodology for measuring the radiated performance of 3GPP New Radio (NR) User Equipment (UE) multiple antenna reception and MIMO receivers, whose standardization is underway [11], [23]. In this sense, the technique can be employed to search for the beam peak of an Active Antenna System (AAS), and thus, to obtain an UE beam peak direction using an RC, eventually permitting the inclusion of the Reverberation Chamber test method as a permitted one in 3GPP Technical Report 38.810 [11].
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