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Experimental Characterization of the Propagation Channel along a
Very Large Virtual Array in a Reverberation Chamber

Andrés Alayén Glazunov! *, Sathyaveer Prasad?, and Peter Handel®

Abstract—We show that the combined use of radio frequency absorbers and directive antennas can
produce significant changes of the radio propagation channel properties along the positions of a virtual
array inside a reverberation chamber. A multidimensional characterization of the channel was performed
at 40 antenna positions with spacing of 0.233A at 1 GHz. The average power, the Ricean K-factor, the
coherence bandwidth, the r.m.s. delay spread, the mean delay, the beamforming power angle spectrum
and array antenna correlation have been studied for different arrangements in the reverberation chamber.
The analysis shows that the joint average over time and frequency channel behavior is, as expected,
rather homogeneous along the very large array. However, individual realizations of the channel present a
pronounced selective behavior in space, time and frequency with parameters varying along the positions
of the virtual array suggesting that a heterogeneous behavior of the radio channels can be emulated in
reverberation chambers. An important application of the presented study comprises testing of antenna
array designs and algorithms in multipath environments. Further development may lead to Over The
Air testing of Multiple Input Multiple Output antenna systems of various sizes, i.e., from small to very
large arrays.

1. INTRODUCTION

Multiple Input Multiple Output (MIMO) antenna systems provide improved data throughput to users
by increasing the number of antennas at the base station and at the user device. The standardized
implementation of this technology has been available for a time now [1]. Recently, it has been proposed
to extend the number of antennas on the base station side to “massive” proportions in multi-user
scenarios known as Very Large Multiple Input Multiple Output (VLM) systems [2,3]. In VLM, a
large number of antennas (e.g., 40-400) are employed at the base stations for serving simultaneously
several user devices. One of the main advantages of this technique is that it is not necessary to have
multi-antenna user devices, thus potentially reducing cost and complexity.

The behavior of the VLM radio propagation channel has been scarcely investigated as opposed
to conventional MIMO channels. The propagation channel measurements can be performed by means
of virtual Uniform Linear Array (ULA) simulating the VLM base station. Virtual arrays assume that
no coupling exists between the antenna elements. In practice there is always coupling; however, this
idealization can serve as a first order approximation of practical array antennas. This assumption can
be practically sound for the large spatial separation on VLM antennas, e.g., 0.233\. Indeed, though
coupling may not be negligible, it has a major impact on MIMO capacity only when the separation
distance is less than 0.2\ as shown in [4]. In [5, 6], the channel characteristics were studied in terms of
the average receive power, the Ricean K-factor, the singular value distribution, the antenna correlation,
the angular power spectrum and the near field effects. These first studies suggest, as expected, that the
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channel characteristics vary along the very large ULA. However, more experimental data is needed to
really understand the properties of these channels.

In addition, though field measurements give a real time estimate of the performance of a device in
a real propagation channel they are not repeatable. Thus, they cannot be used as a standard reference
method for measuring the radiated performance of a wireless device, whether it is a mobile terminal
or a base station. Here, Over The Air (OTA) testing techniques become an indispensable tool for
performance evaluation of MIMO antenna systems. The main purposes with OTA testing is to evaluate
the performance of MIMO devices under laboratory conditions that emulate realistic propagation
channel characteristics. OTA testing techniques are often divided into two main groups depending
on the type of measurement chamber used [7]. On one hand, we have the anechoic chamber techniques
where the walls of the chambers absorb the radiated energy allowing to generate a propagation channel
with the desired distribution of directional channel parameters, e.g., the Angle of Arrival (AoA). While,
on the other hand we have the reverberation chamber (RC) techniques where the walls are highly
reflective (metallic) and the resulting field is more isotropically distributed. In this paper, we focus our
attention on the latter technique and we look at ways to use relatively large RCs to emulate various
channels.

The standardized type of channel often recreated in RC is known as the rich scattering isotropic
environment [8]. This environment presents an isotropic AoA distribution, a Rayleigh distributed field
magnitude and an exponential decay of the power delay profile (see [9,10] and references therein).
However, the first available studies performed with a virtual ULA has suggested that the rich isotropic
channel may not be, as expected, a typical VLM channel [5,6]. A few studies, like the ones
presented in [11,12] investigate ways to generate Rice and nonisotropic channels in relatively small-
size RC. However, the propagation channel inside relatively large reverberation chambers has not been
investigated previously for evaluating array antennas of any size. There is a lack of knowledge pertaining
the simulation of VLM channels in such environments. Hence, there is a need to fill this gap of knowledge.

Our main goal is to show that by means of a combined use of radio frequency absorbers and
directive antennas, different characteristics of the propagation channel can be emulated along a very
large virtual ULA. We provide an experimental multi-dimensional characterization of the propagation
channel in a relatively large reverberation chamber. We illustrate our results on the basis of the analysis
of what we call global statistics and local statistics. The standardization of VLM OTA tests and the
standardized use of relatively large RC to emulate various channel conditions for OTA testing might well
be in a relatively distant future. However, it is highly relevant to study the propagation environment in
relatively large RCs and the means of adapting them to our needs at an early stage. Moreover, findings
of this paper can be used to assess the performance of antenna designs and algorithms in the broad
sense too, i.e., not only for VLM.

2. RADIO PROPAGATION CHANNEL PARAMETERS

The variation of the wave field inside a reverberation chamber can be modeled as a multidimensional
stochastic process in the frequency, in the space and in the time domains [13,14]. It is this spatio-
temporal frequency response that interests us in order to evaluate the properties of the VLM channel
inside the chamber [15]. We present next some well-known functions used for this characterization for
the sake of completeness.

Let’s assume now that the transmit antenna is at a fixed position, but the receive antenna is moved
along a line at discrete positions inside the chamber emulating a very large virtual ULA. Hence, we can
denote the position-dependent and time-variant radio propagation channel (includes the antennas and
the propagation channel) transfer function as follows

H(f,x,t) = 521. (1)

where the Soi-parameter, i.e., the transmission scattering parameter, is the measured quantity, f the
frequency, x the different positions inside the chamber (in our case they correspond to different positions
along a very large virtual ULA), and ¢ the time. The corresponding channel impulse response is often
used to characterize the radio propagation channel, but also to quantify the losses in the reverberation
chamber [10] and is obtained as h(r,z,t) = FEI{H(f,:U,t)}, where F;l{} denotes the inverse Fourier
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transform operator. Furthermore, as far as we are concerned with the statistics of (1), we can assume
the well-established two-term model for the variation of the channel

H(f7 :I/‘, t) = Hd(f’ I’ t) +‘H8(f7 ‘/L‘? t)’ (2)
where Hy = S914 and Hg = So1 ¢ are the deterministic and stochastic components, respectively. We
use = to denote a defining relationship. The deterministic term models the unstirred component
of the coupling between the transmit and receive antennas, i.e., the dominating LOS (line-of-sight)
component or a strong reflection. The stochastic term characterizes the NLOS (none-LOS) component,
i.e., the stirred wave components resulting from the continuous movement of the stirrers. Hence, the
corresponding impulse response can be represented as

hT,z,t) = ha(7, 2,t) + hs(T, 3, 1). (3)
A well-established approach to studying the properties of a propagation channel is to extract a set
of condensed parameters from H(f,x,t) and h(r,x,t) as we proceed next [17].

2.1. Mean Power and K-Factor

The field distributions inside a reverberation chamber can be modeled by the complex Gaussian
probability distribution functions [16]. Therefore, to characterize the field magnitude distribution
statistics of various multipath components arriving at the receive antenna we use the Rice probability
distribution function (pdf) [13, 14, 18;. The Ricean pdf is characterized by two parameters: the average
power which is given by P = E{|S21|°} and the Ricean K-factor defined as the power ratio of the fixed
and fluctuating components, i.e., the power of the dominant path P; and the power of all other paths
Py, ie., K = P;/Ps, where Py = |521,d\2, P, = Et{|5217512}, P = P;+ P, and E;{.} denotes mathematical
expectation or average operator acting across the time dimension ¢. In all the calculations, E,{a(q)} is
replaced by the arithmetic mean, i.e., the sample mean based on the samples of variable « at instances
q, where ¢ can be time, position, frequency or time delay.

We use in our analysis the following definitions of the average power P and the corresponding
definitions of K-factors along the different signal dimensions, i.e., frequency, delay and position

P(f) = E:E{Et{’H(fvxat)P}}7
P(r) = Ex{Et{|h(’7',l‘,t)|2}},
P(x) = ET{Et{‘h(T,JJ,t”Q}}, 4c)

K(f) = BEa {Ke{H(f, 2, 1)}}, ba)

K(1) = Ex {Ke {h(7,2,1)}}, 5b)

K(z) = E- {K¢{h(7,2,1)}}, (5¢)
where the pairs (P(f),K(f)), (P(r),K(r)) and (P(z),K(z)) denote global statistics of Rician
distribution parameters studied as a function of frequency, delay and positions along the virtual linear
array (or in general a position within the chamber), respectively. K¢{H (¢)} shall be understood as an
operator acting on the function H(¢) along dimension ¢ and giving a K-factor estimate for which we
use [20].

In addition to the expected value of the average power and the K-factor, we compute their
Coefficient of Variation denoted by C'V with a subscript for the corresponding quantity. The Coefficient
of Variation is defined as the ratio of the standard deviation to the expected value of a random variable.
The obtained measure of dispersion is in this way independent from the variable’s measurement unit.
The higher the Coefficient of Variation, the greater the dispersion in the studied variable. This is an
important parameter to evaluate the impact of different arrangements on the channel behavior.

. \/V3rm{Et{|H(f7xat)’2}}

4a)
4b)
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CVp(f) = EAEAIH(f,z,t)]2}} 7 o
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Ve {K{H(f, 2, t)}}

VD) = K H 0,01 (72)
Ori(r) - Y ™)
ity — Y Vore KR, 1] -

E{K¢{h(r,2,t)}}

It is worthwhile mentioning that in the rich scattering isotropic environment obtained in a
reverberation chamber with perfect mode stirring P(7, ) is given by an exponentially decaying function
as a function of the delay 7 at any position x within the chamber [10]. This parameter is especially
important in the analysis and design of OFDMA MIMO that produces orthogonal flat fading subchannels
in the frequency domain.

2.2. Coherence Bandwidth, Delay Spread and Mean Delay

Another fundamental parameter of the radio propagation channel is the coherence bandwidth [10].
Now, we assume that the channels measured in RC are WSSUS (Wide Sense Stationary Uncorrelated
Scattering) stochastic process, i.e., WSS means that the first two moments of the distribution (i.e., mean
and variance) are independent of time and US means that the path gains corresponding to different
delays are uncorrelated. We can compute the instantaneous position-dependent frequency correlation
function defined as Ry (Af,x,t) = F.{|h(7,z,t)|*}, where F,{} denotes the direct Fourier transform
operator. Hence, the instantaneous position-dependent coherence bandwidth By(z,t) is obtained at a
user defined level k as the smallest Af satisfying |[Ry(Af, z,t)| < k|Ru(0,z,1)|.
Information about local (small-scale) channel dispersion can be obtained from

/ 72|h(7',x,t)|2d7'
0

59 - :U“%
(7, @, t)]* dr
0

/ T]h(T,x,t)|2dT

0

|tz ar
0

where o (x,t) and p-(z,t) are the instantaneous position-dependent r.m.s. (root mean squared) delay
spread and the instantaneous position-dependent mean delay, respectively. In a similar way as above
we also define global statistics for the coherence bandwidth, r.m.s. delay spread and mean delay. The
integrals in (8) and (9) are replaced by sums in the discrete case. The expected values By(z), o, (z)
and - (z) are computed as follows

(z,1), (8)

or(z,t) =

MT($7 t) = (9)

Bos(xz) = Ei{Bos(z,1)}, (10)
or(x) = E{or(x,t)}, (11)
pr(z) = E{pr(z,t)}, (12)

and the corresponding Coefficient of Variations are given by

B v/ Var{Bos(z,t)}

CVBO5($) = Et{Boﬁ(.T, t)} ) (13)
o) = Yere @
C%T($) _ Vart{:uﬂ'(xat)} (15)

Eefpr(z, )}
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All of the above parameters depend on the position along the very large virtual ULA. These parameters
will be used to characterize the variability of the coherence bandwidth and delay spread at the different
positions inside a reverberation chamber.

2.3. Antenna Correlation

The analysis of MIMO antenna systems depends on the correlation between the signals received by
different antenna elements. In our specific case, the correlation will depend only upon the field
distribution in the chamber, but not on the antenna coupling since we consider a virtual linear array.
Even, though the process along the array can not be regarded as WSS in general we can still analyze
product-moment correlation coefficient or rather its average. The frequency-dependent correlation
coefficient between the signals received at positions z; and z; is defined as

pii(f) = E{(H(f, zist) — pi(F))(H (S, 25, 1) = i ()"}
! oi(f)oi(f) ’
where i,j = 1,2,...,40 are indices indicating the antenna position within the array and p;; =

Ei{(H(f,7),t)}, and af(j) = E{(H(f, i(j),t) — () (f))?} denote the mean and variance, respectively.

Hence, we can compute the average of the absolute value of the correlation coefficient p;; = E¢{|ps;(f)|},
where the average is taken over the measurement bandwidth. For a correlation coefficient we have that
ngij<1ifi7éjandpii:1.

(16)

2.4. Average Power, K-Factor and Beamforming AoA Spectrum

In addition to the above defined global statistics we also evaluate functions that present the behavior of
the channel along the virtual array at the single frequency f = fo. This is done to investigate the channel
behavior along the virtual array for an individual or local channel realization in contrast to the averaged
behavior. We define the instantaneous position-dependent power at a single frequency (narrowband)
as P(fo,z,t) = |H(fo,x,t)|?, the position dependent K-factor is defined as K (fo,z) = Ke{H (fo,z,t)}.
The Power Angle Spectrum (PAS) is computed based on the Bartlett beamforming AoA Spectrum [21].

3. MEASUREMENT SETUP
The schematic representation of the measurement setup is shown in Fig. 1. The reverberation chamber

used in the measurement campaign is a customized EOLE Siepel chamber available in-house at the
Electromagnetic Engineering Department, KTH Royal Institute of Technology, Stockholm. An inside
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Figure 1. Block-diagram showing measurement Figure 2. Inside view of RC: showing LPA,
setup for propagation measurements in RC. bowtie antenna on horizontal slider and stirrers.
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view of the chamber is shown in Fig. 2. The internal dimensions of the reverberation chamber are
approximately 4.34 x 3.69 x 4.06 m3. Two Personal Computers (PCs) were used during the measurements
as shown in Fig. 1. PC1 was used to control the stirring paddles, which were rotated at the angular
speed wgir = 35°/s. PC2 was used to control a Vector Network Analyzer (VNA) and a stepper motor
driving a load on a horizontal slider placed inside the reverberation chamber.

The measurements were performed at 1 GHz with a Log Periodic Array (LPA) as transmit antenna
and a bowtie antenna as receive antenna. A very large virtual ULA was emulated by mounting the
bowtie antenna on the horizontally moving slider. The slider was moved stepwise to 40 positions
separated 0.233)\ apart, i.e., 6.99cm at 1 GHz, covering a total array length of 9.087A or 2.73m. In
order to produce channels with different K-factors, according to [14], the LPA antenna was kept at
a fixed position, but measurements were performed at two different orientations. First, the LPA was
directed towards a point at the slider (i.e., towards the bowtie antenna as shown in Fig. 2, secondly, it
was directed towards the wall and away from the bowtie antenna, which hereafter we refer to as Direct
and Indirect (measurements), respectively. Furthermore, in order to emulate different r.m.s. delay
spread values as devised in [14], measurements were performed in an empty chamber and the chamber
loaded with six 6 x 6 pyramidal absorbers piled one on top of each other, which we denote NA and
A, respectively. Thus, we can further categorize our measurements as follows: a Line Of Sight (LOS)
channel for the Direct measurements without absorbers, but three different Non Line Of Sight (NLOS)
channels for the combinations Direct measurements with absorbers, and Indirect measurements with
and without absorbers.

At each position along the virtual array, the coupling between the antennas, i.e., the calibrated So;-
parameter was measured at 401 frequency points over a bandwidth of 120 MHz giving a delay resolution
of 8.33ns and a maximum delay of 3.34 us. While remaining at the same position on the slider this
measurement was repeated 100 times under continuous rotation of the stirring paddles. Moreover,
before moving to the next position the stirring paddles were returned to their initial position. In this
way, we tried to emulate simultaneous measurements along the very large virtual ULA. Clearly, each
time instance t corresponds to a new position of the stirring paddles. Thus, at each transmit-receive
antenna configuration, i.e., fixed LPA orientation and fixed bowtie antenna position a total of 401 x 100
samples (frequency samples x time samples) could be measured. The total number of samples is
2 x 2 x 40 x 401 x 100 (presence of absorber x LPA antenna orientation x bowtie antenna position X
frequency samples x time samples) allowing a multidimensional analysis of the chamber response.

4. MEASUREMENT RESULTS AND ANALYSIS

In this section, we present a characterization of measured radio propagation channel properties in a
reverberation chamber with focus on MIMO antenna systems including VLM systems too. The analysis
is based on global and local statistics extracted according to Section 2.

The average power transfer function P(f), the average power delay profile P(7), and the average
power along the very large virtual ULA base station P(z) are shown in dB-scale in Figs. 3(a), (b) and
(c), respectively. The corresponding coefficients of variation are shown dB-scale in Figs. 4(a), (b) and
(c), respectively. As expected, the introduction of the absorbers implies a reduction of the total receive
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Figure 3. Expected value of the average power as a function (a) frequency, (b) time delay and
(c) position along the virtual linear array. See 4(a)-4(c) for a definition.
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Figure 4. Coefficient of variation of the average power as a function (a) frequency, (b) time delay and
(c) position along the virtual linear array. See 5(a)-5(c) for a definition.

power, in our case, it is 7.2-8.5dB in average. Moreover, for the measurements with absorbers, the
power corresponding to Direct measurements is 1dB lower in average than the power corresponding to
Indirect measurements. This is explained by the fact that the direct or LOS path of the directive LPA
is absent and less power reaches the walls of the chamber and is not reflected back. It is worthwhile
to note that this effect would have been less significant if an antenna with omnidirectional radiation
pattern was used instead of the LPA. The average power transfer function P(f) is fairly constant over the
bandwidth, which is a result of the joint time and spatial averaging, i.e., averaging over different stirring
paddle positions and different positions inside the chamber, respectively. The power delay profile P(T)
is not only affected by a power level reduction but also the shape is affected since the chamber decay
time decreases in the presence of absorbers increasing the loading of the chamber [10]. The average
power variation along the very large virtual ULA is also small; however, when the absorbers are present
a larger variation is observed as compared to the case when they are absent. A decrease of power by
1dB is observed when the position of the bowtie antenna is just behind the absorbers (z/\ =6 — 8 in
Fig. 3(c)). Hence, in principle, this variation can be made larger by proper arrangement of absorbers.

As shown in Fig. 4(a) the variability of the average power as a function of frequency is rather small
for all the four considered scenarios with a low dispersion (negative dB values, i.e., CVp(f) < 1) for
all frequencies. The smallest variation is observed for the scenario with no absorber and LPA oriented
towards the wall. This scenario would be the closest scenario to the typical rich isotropic scattering
channel generated in reverberation chambers with well-stirred modes. This scenario, as we are going
to see, shows consistently the most stable parameters as compared to the other three scenarios. The
variability of the average power decays as a function of delay but much slower than the exponential decay
of the average power as shown in Fig. 4(b). For reflections arriving at short delays, let’s say 7 < 0.2 us
the variability is larger than for later delays and reaches a low-level plateau. For a few short delays the
variability of the average power becomes positive in dB-scale for the scenario with absorbers and LPA
directed towards the virtual array. In this case the transmitted signals seem to undergo more scattering
and reflections due to the presence of absorbers depending on the bowtie antenna positions. Fig. 4(c)
shows that the variability of the average power as a function of position along the array is considerably
larger as compared to the variability of the average power as a function of frequency or delay. However,
here also the scenario with no absorber and LPA oriented towards the wall shows the least variability
which not depends on the position along the array. The largest variability, though rather homogenous
along the array positions, is observed for both scenarios with absorbers. Hence, we can conclude that
the introduction of absorbers decrease the decay time of the impulse response increasing the variability
of the average power along the virtual array positions. We also see that the variability of the power is
rather heterogenous in the scenario with no absorbers and LPA pointing towards the virtual array as
compared with the other three scenarios.

Figure 5 shows the average K-factor in dB-scale as a function of frequency, delay and position. As
we can see from Fig. 5(a), the variation of K (f) across the bandwidth is relatively small; it stays below
0dB (i.e., K < 1) for all the considered scenarios. Hence, in average, the fading of different frequency
components is fairly close to Rayleigh (i.e., K = 0). On the opposite, as shown in Fig. 5(b), the resolved
paths fade rather differently. Here, we see that K (7) peaks for paths coming with short delays (not
at the shortest delay though) and thereafter decreases with oscillations as the delay increase. We can
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Figure 5. Expected value of the Ricean K-factor as a function (a) frequency, (b) time delay and
(c) position along the virtual linear array. See 6(a)-6(c) for a definition.
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Figure 6. Coefficient of variation of the Ricean K-factor as a function (a) frequency, (b) time delay
and (c) position along the virtual linear array. See 7(a)-7(c) for a definition.

roughly say that K > 0dB is observed within the first 0.8 us. This can be understood by realizing
that the likelihood of observing unstirred components or paths incoming with short delays must be
larger than for later paths. Indeed, at later delays, the waves incoming at the receive antennas are due
to multiple reflections and are of fairly the same amplitudes but random phases, resulting in a more
Rayleigh like fading. The largest K-factors are observed for Direct measurements independently of the
presence of absorbers, which is 10 dB higher than the peak corresponding to the Indirect measurements.
Fig. 5(c) reveals that the average K-factor can be made vary along the very large virtual ULA in Direct
measurements; especially, when no absorber is present the average K-factor increases as the distance
between the LPA and the bowtie antenna decreases [14]. For Indirect measurements, the average K-
factor with and without absorbers are of the same order of magnitude (i.e., below 0dB) and fairly
constant over the whole array range.

Figure 6 shows the variability of the K-factor in dB-scale corresponding to Fig. 5. As can be
seen from Fig. 6(a) the K-factor variability is larger as compared to the average power variability as
function of frequency. A similar behavior is observed for the K-factor variability as compared to the
average power variability as function of delay. Moreover, the K-factor variability is rather homogeneous
by comparing different frequencies. On the other hand, the behavior of the K-factor variability as
a function of delay does not present the decay shape observed for the average power variability as a
function of delay. However, also here the variability the K-factor is much larger for a few shorter delays
for the scenario with absorbers and LPA directed towards the virtual array (compare Figs. 4(b) and
Figs. 6(b)). The largest K-factor variability is a function of position as shown in Fig. 6(c). As can be
seen from this figure, the variability changes in a complex way along the different positions. The largest
K-factor variability is observed for the scenario with no absorbers and LPA antenna directed towards
the virtual array which also shows the largest dynamic range of the average K-factor as a function of
delay.

Figure 7(a) shows the coherence bandwidth obtained at level k = 0.5 of the autocorrelation function
(defined in Section 2) as a function of the position along the very large virtual ULA. As can be
seen, introducing absorbers increases the coherence bandwidth which is approximately 6 times higher
than without absorbers. Moreover, the use of absorbers results in a greater variation of the emulated
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Figure 7. Expected value of (a) coherence bandwidth, (b) r.m.s. delay spread and (c) mean delay as a
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Figure 8. Coefficient of variation of (a) coherence bandwidth, (b) r.m.s. delay spread and (c) mean
delay as a function of position along the virtual linear array. See Fig. 3(a) for legend and (13)—(15) for
parameter definition.

coherence bandwidth as opposed to the case of no absorbers that emulates the same coherence along the
array. Exactly the opposite behavior is observed for the r.m.s. delay spread as shown in Fig. 7(b), in
this case, the use of absorbers decrease the r.m.s. delay spread by a factor approximately equal 2.5. This
can be understood from the fact that for an ideal reverberation chamber with a perfect exponentially
decaying power delay profile Byso, = v/3/m. However, in the general case, the product is governed
by an uncertainty relationship. The average coherence bandwidth is rather homogeneous for all the
considered scenarios. The mean delay is shown in Fig. 7(c). In the ideal case explained above, the mean
delay and r.m.s. delay spread would have been equal.

Figures 8(a), (b) and (c) show the coherence bandwidth variability, the r.m.s. delay spread
variability and the mean delay variability, respectively, all in percent ([%]) as a function of position
along the virtual array. As we can see from the figures, the largest variability of all the considered
variables is observed for the scenarios with absorbers as compared to the scenarios without absorbers.
On one hand, it is just a few percents larger for the r.m.s. delay spread variability and the mean delay
variability, while on the other it can be as much as 100% larger for the coherence bandwidth variability.
This is an interesting result since we can conclude that despite the fact that the r.m.s. delay spread
doesn’t vary much along the virtual positions in the considered scenarios, the coherence bandwidth, on
the other hand, could be varied to emulated different MIMO OFDMA channels.

Figure 9 shows the average correlation coefficient (defined in Section 2) for the four considered
scenarios. The correlation coefficient p;; is a matrix that depends on the positions 7 and j indicating the
position of the (virtual) antennas in the array. The horizontal lines in Fig. 9 show the correlation level.
For example, the continuous thick dark lines correspond to antenna ¢ = 7, so the correlation coefficient
is p7; that reach its peak for ¢ = j = 7 and decreases on both sides as we go further away. Hence, as
expected, the correlation decreases as the separation distance between the antennas increases. As can be
seen, the correlation for Direct measurements is higher than for Indirect measurements. This is expected
since in Direct measurements the likelihood of observing a strong LOS component (i.e., higher K-factors)
is larger than in Indirect measurements (see Fig. 5). An interesting observation is that the correlation
is slightly higher for Direct measurements with absorbers than without absorbers. This behavior is in
good agreement with the slightly higher K-factors obtained from Direct measurements with absorbers
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Figure 9. Frequency averaged antenna cross-correlation coefficient.
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Figure 10. (a) CDF of instantaneous position-dependent power (the colorbar shows the probability
level), (b) instantaneous position-dependent K-factor and (c) position-dependent beamforming AoA
spectrum (normalized) as a function of the position along the virtual linear array. The considered
frequency is fo = 1 GHz. The color bar in (a) applies to (c) too.

as compared to similar measurements without absorbers as shown in Fig. 5(a). These results are
consistent with each other; a further understanding requires an AoA analysis which is presented further
on in Figs. 10 to 13. We can also see, that even if the introduction of absorbers has an impact on
correlation, it is the pointing direction of the LPA antenna than plays the more fundamental role as in
the case of the K-factor. However, the opposite is observed for the delay spread/coherence bandwidth,
on which the absorbers have the major impact. These are essential factors that need to be taken into
account in designing the propagation environment for testing VLM antenna designs and algorithms.

Above we presented a characterization of the propagation channel from a “global” perspective.
We have seen that even if the global averages may seem rather constant (especially as a function of
frequency), the variability of these parameters along the position of the very large virtual array may be
changed by the user combining radio frequency absorbers with directive antennas. If we now change
focus to the “local” perspective, we can see that the channel parameters really are different for the four
considered scenarios. We are aware however of the fact that even if the changes are significant more
variability could be achieved by finding some optimal arrangements of absorbers in conjunction with
directive antennas. This, however, is outside the scope of the present work and might be addressed
elsewhere in the future.

Figures 10(a), (b) and (c) show the Cumulative Distribution Function (CDF) of the instantaneous
power P(fo,x,t), the corresponding K-factor K (fy,t), and the beamforming AoA spectrum as a function
of the bowtie antenna along the virtual ULA for the “Direct, Absorber” scenario at the central frequency
fo =1. Figs. 11, 12 and 13 (with subfigures) show similar results for the “Direct, No Absorber” scenario,
the “Indirect, Absorber” scenario and the “Indirect, No Absorber” scenario, respectively. As we can see,
the “Direct, Absorber” scenario shows the largest variation of both power as well as K-factor, while the
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Figure 11. (a) CDF of instantaneous position-dependent power (the colorbar shows the probability
level), (b) instantaneous position-dependent K-factor and (c) position-dependent beamforming AoA
spectrum (normalized) as a function of the position along the virtual linear array. The considered
frequency is fo = 1 GHz. The color bar in (a) applies to (c) too.
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Figure 12. (a) CDF of instantaneous position-dependent power (the colorbar shows the probability
level), (b) instantaneous position-dependent K-factor and (c) position-dependent beamforming AoA
spectrum (normalized) as a function of the position along the virtual linear array. The considered
frequency is fo = 1 GHz. The color bar in (a) applies to (c) too.
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Figure 13. (a) CDF of instantaneous position-dependent power (the colorbar shows the probability
level), (b) instantaneous position-dependent K-factor and (c) position-dependent beamforming AoA
spectrum (normalized) as a function of the position along the virtual linear array. The considered
frequency is fo = 1 GHz. The color bar in (a) applies to (c) too.

“Indirect, No Absorber” shows the least variation (compare Figs. 10(a) and 10(b) with Figs. 13(a) and
7(b), respectively). The “Indirect, No Absorber” scenario is indeed a rich scattering isotropic scenario,
as corroborated by the AoA spectrum shown in Fig. 13(c). A similar spectrum, however, slightly
less isotropic is observed for the “Indirect, Absorber” scenario in Fig. 12(c). Clearly, the “Direct, No
Absorber” scenario gives a spatially selective channel but less than the “Direct, Absorber” scenario.
Comparing Fig. 10(c) and Fig. 11(c) explains the fact that the absorbers here have two functions: 1)
they prevent part of the radiated signal to arrive at the receiver, especially in the direction of maximum
gain of the LPA in the LOS direction and 2) splits part of the signal by diffraction on the edge of the
stapled absorbers. These observations are consistent with our previous analysis of global statistics.
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5. SUMMARY AND CONCLUSIONS

In this paper, we presented an experimental characterization of the radio propagation channel along a
very large virtual array in a relatively large reverberation chamber mainly for use in Over The Air testing
of MIMO antenna systems of various sizes, potentially including very large MIMO systems too. We have
shown that the combined use of radio frequency absorbers and directive antennas can be used to produce
different statistical environments in reverberation chambers. Hence, in addition to the well-known rich
isotropic radio propagation channel intrinsically related to reverberation chambers operation, also other
channels can be emulated with varying characteristics along the array, i.e, with non-isotropic angle of
arrival distributions, varying coherence bandwidth and Rician fading statistics at different positions
within the reverberation chamber. We found that absorbers, in addition to the well-known effect of
increasing the rate of the power decay of the impulse response, also produce a change of the spatial
statistics of the field magnitude distribution, i.e., fading statistics. Moreover, the frequency selectivity
is also increased significantly at different positions in the chamber. However, a full understanding and
control of the environment according to the user’s needs requires further experimental and theoretical
work. A fundamental goal would be to be able to tune, e.g., coherence bandwidth and r.m.s. delay
spread, Ricean fading statistics antenna correlation, etc. given the system requirements. Future work
should address a more specific way to incorporate the presented analysis to more standardized antenna
testing methods.
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