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1. Summary
TR37.977 [1] includes a simplified comparison of features for the various MIMO OTA test methodologies (Table 12.4-1). The content of the Table 12.4-1 was based on what had been validated as well as available state-of-the-art information at the time at which it was inserted into the TR, November 2014. Within Table 12.4-1, and under Other Considerations”, the “DUT Antenna radiation pattern adaptation, performance discrimination” feature was considered to be “Feasibility study not yet performed” for Reverberation Chamber-based methods. TR37.977 also states that Table 12.4-1 “may be reconsidered when the state of the art technology progresses”.

The capability of reverberation chambers to be able to measure radiation patterns of antennas and beamforming performance is shown in this contribution.
This contribution has been made with research works from Miguel Á. García-Fernández, David Carsenat and Cyril Decroze from XLIM research institute (University of Limoges) and in co-operation with EMITE, a manufacturer of MIMO OTA test equipment.
2. Introduction
3GPP Technical Report 37.976 [1] selected Reverberation Chambers (RCs) and Reverberation Chamber plus Channel Emulator (RC+CE) as candidate methodologies for conformance testing of Multiple-Input-Multiple-Output (MIMO) Over-The-Air (OTA) devices. The TR also states that antenna radiation patterns cannot be measured with RCs. This is mainly because in a conventional way the angle-of-arrival (AoA) distribution on an RC follows that of a uniform distribution one, providing any measured figure of merit to be statistically independent of the orientation of the antenna under test (AUT). In a recent paper [2], however, it has been claimed that RCs can be used for accurately characterizing the radiation pattern of an Antenna Under Test (AUT). Unfortunately, data provided in [2] is limited to some simulations using an array of ideal elementary dipoles as electric field probes distributed at the center of a scalar two-dimensional RC.
In this contribution, a novel technique that allows for the first time to perform actual antenna radiation pattern measurements using an RC is presented. The technique makes use of plane wave decomposition and a spatial Doppler analysis, moving the AUT in order to obtain the Doppler power spectral density and the AUT radiation pattern. The novel technique is validated by measuring the radiation pattern of a horn antenna at 10 GHz in both an RC and an AC. Results show that RC measured values are in very good agreement to AC-measured results. This paves the way for directional MIMO OTA measurements using Reverberation Chambers.

The CR adding editorial updates and corrections to the Table of Features for the RC and RC+CE methodologies is provided in [3].
3. Measurement technique

In order to measure the Antenna Under Test (AUT) radiation pattern G(θ, φ), it is essential to distinguish the LOS component of the channel transfer function H(f, t) from all other Non-Line-of-Sight (NLOS) multipath components. This is what conventionally has been assumed to be impossible with reverberation chambers. 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 [4-5]. In order to distinguish the corresponding LOS component of the S‑parameter S21(f, t) for certain rotation angles (∆θ, ∆φ), stationary measurements can be repeated locating the transmitting AUT at the different fixed positions pn points along a LOS between both the transmitting AUT and the fixed receiving antenna, while maintaining the same rotation angles (∆θ, ∆φ). 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 relationship, 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 eqn. (5). Since the collected S‑parameter S21(f, tn) constitutes a discrete function, the Doppler power spectral density can then be expressed as
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To clarify the independency of the method to the ∆t elapsed time 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 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 upon the direction under which it is evaluated, and since the receiving antenna is fixed in position and 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 transmitting AUT and the fixed receiving antenna. 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.


[image: image2]
Figure 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 pn position, and also for each rotation angles (∆θ, ∆φ), they can be rewritten as S21(f, pn, θ, φ) by linking directly each measurement time tn with its corresponding transmitting AUT 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 rewritten as a function of the spatial frequency ν by,
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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 transmitting AUT radiation pattern G(θ, φ) is in direct variation to the transmitted power LOS component, and also the spatial frequency ν is maximized for the power received in the LOS direction, G(θ, φ) can therefore be calculated for a certain frequency f by,
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(8)
Regarding beamforming, the feasibility of using a 1xN ports demultiplexer inside a Reverberation Chamber in order to achieve antenna beamforming performance evaluation was studied. Using time reversal (TR), the idea was to focus a signal to the desired output port. This would then lead to the design of a passive beamformer, in which the control signals (weightings) are contained in the input signal. The simple choice of the input waveform will indeed focus the signal (with the appropriate weightings) on each output port simultaneously. This operation would then be performed without any further modification of the system, and without the need of active components or an external control signal.
A Reverberation Chamber was chosen to demonstrate beamforming capabilities as it provides rich multipath channel [6] and is well suited for time reversal operations. Each transfer function (transmission parameter between one output port and the input port) has to be measured with the use of a Vector Network Analyser.  The received signal pk(t) on the output port k is,


[image: image5.wmf])

(

)

(

)

(

t

h

t

x

t

p

k

k

Ä

=

 





(9)
where hk(t) is the impulse response between the output port k, and the input port, x(t) is the input signal, and 
[image: image6.wmf]Ä

denotes convolution product operation. Let us consider that the impulse responses are known, and that the input signal x(t) can be written as,
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where 
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corresponds to the time reversed complex conjugate of the kth channel impulse response, and ak(t) is a magnitude and delay operator used to apply weightings on each output port. If ek(t,) denotes the radiated field of antenna k in the plane of the antennas array, then the radiated field s(t,) of the overall array is,
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where gk(t,) denotes the radiation pattern of the kth antenna, d the separation distance between each antenna, and c is the speed of light. By replacing the expression of pk(t):


[image: image10.wmf]å

=

Ä

Ä

=

N

k

k

k

t

e

t

h

t

x

t

s

1

)

,

(

)

(

)

(

)

,

(

j

j






(12)
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Equation (12) was first computed in the frequency domain, using the measured transfer functions Hk(f),

[image: image13.wmf]å

=

×

×

×

×

-

×

ú

û

ù

ê

ë

é

×

×

×

=

N

k

c

d

f

k

j

k

k

e

f

G

f

H

f

X

f

S

1

)

sin(

2

)

1

(

)

,

(

)

(

)

(

)

,

(

j

p

j

j

 



(13)
Where
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The weighting operator Al(f) was then calculated as a phase ramp for each frequency, in order to fit with the appropriate time delay. S(f,) was computed by considering four antennas, separated by a distance of 4.2 cm (corresponding to a half wavelength at the centre frequency). In a second step the signal s(t,) is obtained by an inverse Fourier transform operation. 
4. Test setup

To validate the methodology, the radiation pattern of a horn antenna as transmitting Antenna Under Test (AUT) was evaluated inside an RC at a frequency of 10 GHz. Likewise, an identical antenna was used as a receiving antenna inside the RC. 
In order to perform the stationary measurements required at N different points pn along the LOS between the transmitting AUT and the fixed receiving antenna, a rail with a linear axis to displace the AUT as deployed, which included a rotating axis for changing the AUT orientation in azimuth. The S‑parameter S21(f, pn, θ, φ) were acquired with a VNA while moving the AUT through the linear axis of the rail along a distance of L = 1.8 m, which corresponds to 60 λ at 10 GHz, approximately. To obtain a correct estimate of the Doppler power spectral density, the distance between two consecutive AUT positions pn must be small enough to satisfy Nyquist theorem, that is, smaller than λ / 2. Thus, N = 163 equally-spaced different pn positions were selected for simplicity. This provided an approximate separation between two consecutive positions of 0.37 λ. 
For beamforming measurements, a 1x4 beamformer was setup in the Reverberation Chamber. Each port was connected to a compact ultra wide band probe located inside the reverberation chamber, as depicted on figure 2. For chambers with source-stirring, like EMITE Test Systems, the source antennas can act as the probes when properly configured.
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Figure 2.  Experimental 1x4 beamformer using a reverberation chamber
5. Measured results

The RC-measured radiation patterns are illustrated in figures 3 and 4 for the E- and H-plane, respectively. For comparison, measured results for the same antenna using an Anechoic Chamber (AC) are also included in these figures.


[image: image16]



Figure 3. AUT E-plane radiation pattern measured in RC and in AC.


[image: image17]
Figure 4. AUT H-plane radiation pattern measured in RC and in AC.
It can be clearly observed from these figures that the radiation patterns retrieved from the measurements in an RC are extremely similar at the main and secondary lobes to the radiation patterns measured in an AC. The maximum error made resulted to be lower than 3 dB for a dynamic range of 30 dB, except when the AUT is rotated ±90º. It is important to note here that the accuracy of the methodology degrades considerably when the radiation pattern is calculated 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.
Regarding beamforming measurements, figure 5 shows the normalized radiated signal s(t,) for a desired steering angle 0=0°. As expected, it can be noticed that the radiated field is focused into a narrow time instant, and with a maximum centred at 0=0°. The angular beam width at -3dB is 34°, and depends on the number of antennas.

[image: image18.png]time radiation pattern in dB





Figure 5. Calculated time response versus angle in the RC.
A more intuitive representation of the same results can be observed from figure 6. Fiure 6 depicts the RC-measured radiation patterns at focalisation time, for the desired steering angles of 0° and -20°. These results show that the RC test system provides the expected angles, with sidelobes below -13 dB.
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Figure 6.  Radiation patterns at t=0s, for two steering angles, measured at the RC
In order to evaluate the capability of the RC to perform beamsteering operation on a 180° angular range, figure 7 illustrates the RC-measured radiation patterns at focalisation time for each desired steering angle. It can be seen that the radiation pattern always reaches its maximum at the specified angle in abscissa. The angular beamwidth increase at high angles values is only due to the array factor.

[image: image20.png]time radiation pattern (dB), at t=0 us

-80 -60 40 -20 0 20 40 60 80
desired steering angle (°)




Figure 7.  RC-measured Radiation patterns versus desired steering angles

6. Conclusions

It has been shown that Reverberation Chambers can now measure radiation patterns of antennas and beamforming. This is interesting when deciding on the methodology or methodologies to be used for measuring the radiated performance of multiple antenna reception and MIMO receivers, whose standardization is underway [1]. The expanded capabilities of RCs to measure directional properties paves the way for future MIMO OTA directional measurements using Reverberation Chamber-based methods.
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