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Abstract—Multipath fields with ascribed Rician distribution
parameters have been simulated in a novel hybrid chamber for
over the air characterization of antenna systems and wireless
devices. Simulations are based on waveguide mode summations
representing a combination of the half-space rich isotropic
multipath component and the on-axis line-of-sight component.
It has been shown that the Rician distributed channels can be
emulated without the use of additional static or moving scatterers.

Index Terms—OTA, half-space RIMP, PWG, 5G and beyond.

I. INTRODUCTION

Over-the-air (OTA) testing and characterization of antenna
systems and wireless devices is of fundamental importance for
the deployment of the latest wireless networks and services.
This has now become more apparent with the introduction of
massive multiple-input multiple-output (MIMO) antenna tech-
nologies for 5G and beyond wireless systems. Indeed, since
these systems will be comprised by tens, or even hundreds,
of antenna elements it is not feasible to perform traditional
conducted measurements. Also, many devices already lack a
testing port by design requirements.

Antenna systems are deployed in diverse wireless prop-
agation environments. Therefore, similar conditions need to
be generated in the laboratory in order to test meaningful
over-the-air (OTA) performance. In turn, emulating the desired
wireless propagation channels in an OTA measurement cham-
ber depends on the capability of the system to reproduce a
wave field with ascribed statistical properties [1]. Depending
on the application, and the performance target, e.g., figures
of merit, and directional distribution of fields, various types
of OTA techniques and chambers can be enumerated. For
example, the Multi-Probe Anechoic Chambers (MPAC) can
be used for testing wireless devices in (mostly 2D) multipath
channels. The user-defined field distribution statistics are syn-
thesized in the test zone (TZ) where the device under test
(DUT) is ought to be placed [2], [3]. The multipath fading
is emulated by the proper excitation of the probes where
scattering is a non-desired effect [4]. Another approach is
the reverberation chamber (RC), i.e., an overmoded metallic
cavity. The rich isotropic multipath (RIMP) channel can be
dynamically generated by introducing additional moving scat-
terers like stirring paddles and rotating platforms [5], [6]. On

the opposite end to the multipath channels is the random line-
of-sight (Random-LOS) channel which emulates the far-field
conditions away from the base station (BS), or in general when
only a single wave is impinging at the user equipment (UE)
antenna. The method assumes that at most two orthogonally
polarized plane waves are generated for polarization diversity
measurements [7], [8]. Emulating randomness can be achieved
by a rotating platform and it can be generated in semi- or
anechoic chambers, where scatterers are eluded [11], [10],
[9]. The Random-LOS technique is a generalization of the
plane wave generator (PWG) approach [15], [14], [12], [13]
and the more complex compact antenna test range (CATR)
measurement technique [16].

In terms of signal envelope variations induced by the
propagation channel (and in general the antenna too), the
RIMP and the and the Random-LOS channels can be con-
sidered two special limiting cases of the Rician multipath
channel (It is worthwhile to note that the pure-LOS chan-
nel can be considered as a special case of the Random-
LOS channel). The Rician channel inherited its name from
the homonomous statistical probability distribution used to
describe the measured signal envelope statistics. The Rician,
or Rice, distribution is characterized by the Rician K−factor
parameter, allowing for a quantification of the power of a
deterministic path wave (e.g., the LOS component) to the
power of the scattered (often diffusely) multipath waves, e.g.,
as in RIMP, components. A well calibrated RC measurement
setup produces Rayleigh distributed signals with K = 0.
While in the Random-LOS measurement setup, or other plane
wave generator (PWG) setups, a single plane wave is generated
which can be described by K → ∞. Recently, a novel
hybrid antenna measurement chamber has been proposed. In
the idealized case, it consists of an overmoded truncated
waveguide with perfectly conducting walls that is terminated at
its both ends with perfectly absorbing walls as shown in Fig. 1
[17]. The main idea is to offer further flexibility in terms of
the 3D spatial distribution of waves impinging at the device
under test (DUT). The user can choose to generating a single
plane wave or a set of discrete plane waves incoming from
pre-defined directions on the hemisphere (or half-space) [17],
[19], [18] by means of beamforming and perhaps the assitance
of scatterers too. Generating spatial-directional channels with
various Rician statistics for OTA testing of massive MIMO
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Fig. 1. Schematic representation of the hybrid OTA chamber setup.

(a) (b)

Fig. 2. (a) Shows the positions of the antenna elements of the chamber array 
located on the chamber array plane (wall), (b) shows the sampling points on 
the DUT plane and a patch representing the target test zone.

performance in reverberation chambers was first p resented in 
[20].

In this paper we present simulations demonstrating that 
Rician channels with arbitrary K−factors can be successfully 
generated in the same hybrid waveguide OTA measurement 
chamber without the need of additional, fixed o r moving, 
scatterers. We do so by modelling the field i mpinging o n the 
DUT by an on-axis LOS single path component and a half-
space RIMP (HS-RIMP) multipath component.

II. SIMULATION SETUP

A sketch of the hybrid OTA chamber model is shown in 
Fig. 1. The simulated chamber has width a = 1 m, height 
b = 1.25 m and length c = 2 m. The side walls are assumed 
to be made of a perfectly conducting metal while walls at 
both ends are assumed to be perfectly absorbing. In an OTA 
testing scenario, the chamber antenna and the Device Under 
Test (DUT) are placed on opposite walls facing each other, 
defining two planes, the chamber array antenna plane and the 
DUT plane, respectively.

We specialize our simulations to the uniform planar array 
(UPA) for the chamber comprising 16 × 16 elements with 
inter-element spacing d = λ/2 at the CW frequency of 
operation f = 2.5 GHz. The antenna elements are assumed 
to be vertically oriented Hertzian-dipoles. Fig. 2a) shows 
the positions of the antenna elements by the red dots. The 
statistical distribution of the amplitude and phase of the Ez 
field c omponent i s c omputed a t t he D UT p lane. T he fi eld is

sampled on a 66×82 (vertical × horizontal) grid of equidistant 
points at λ/8. Fig. 2b) shows the location of the sampling 
points at the DUT denoted by the blue dots.

The field a t e ach p oint o n t he D UT p lane i s computed 
according to the summation method of the waveguide (WG) 
modes presented in [19]. A multiple-input multiple-output 
(MIMO) matrix is produced connecting each transmit element 
of the chamber array with a sampling point on the DUT 
plane. Then, various weights are applied to the input-output 
covariance matrix of the MIMO channel to emulate the desired 
statistical Rician distribution. Each entry of the Ez field com-
puted over the 82×66×16×16 virtual MIMO channel matrix 
is generated 1000 times. The channel generation involves the 
use of the covariance matrix of the statistically distributed 
LOS and HS-RIMP field c omponents. T he s ingular value 
decomposition method is used to generate each entry MIMO 
channel. The covariance matrix models the user-defined field 
distribution in the test zone (TZ) of the DUT plane shown 
by the smaller (green) patch on Fig. 2b). A spatial window 
was used to constraint the field b eamformed i nto t he T Z. It 
was empirically found that the RIMP component requires a 
weighting coefficient roughly proportional to ratio of the area 
of the whole DUT plane to the area of the TZ. This and a 
more detailed description, investigation and analysis of the 
simulation method will follow in future publications.

III. RESULTS AND ANALYSIS

Fig. 3 shows the amplitude |Ez| and phase arg{Ez} dis-
tributions on the whole DUT plane corresponding the Rician 
distributions with different K-factors, i.e., K = {0, 1, 10, ∞}. 
The shown results illustrate one of the 1000 realizations of the 
modelled channels. As can be seen from Fig. 3 the field nicely 
concentrate in the testing zone (TZ) with a visual distinction 
corresponding to the different statistics. Fig. 3a) shows the 
expected interference pattern in the TZ usually observed in 
Rayleigh channels (K = 0), while Fig. 3g) has a distinct 
uniform amplitude distribution over a square patch of roughly 
the same size as the TZ. By comparing the plots in Figs. 3a), 
c), e) and g) it can be seen that the interference pattern 
goes over to a more uniform variation of the field amplitude 
distribution as the K-factor increases, as expected. A similar 
behaviour is observed for the phase variation in the TZ seen 
by comparing the plots in Figs. 3b), d), f) and h).

In order to illustrate the quality of the simulated field 
distributions in the TZ, the empirical cumulative distribution 
functions (CDF) of the amplitude and phases obtained at a 
single point in the TZ are shown in Fig. 4a) and b), respec-
tively. For the amplitudes, the empirical CDFs (continuous 
line) were compared to the corresponding theoretical Rician 
CDFs (dashed lines). As can be seen from Fig. 4a) there is a 
good agreement between simulated and theoretical amplitudes 
distributions of the vertically polarized fields i n t he hybrid 
OTA chamber. The empirical CDFs of the phase angles are 
only compared to the theoretical CDFs in the two limiting 
cases. That’s it for K = 0, in which case the distribution is 
uniform over the unit circle, and K → ∞ for which the CDF is
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(c) (d)

(e) (f)

(g) (h)

Fig. 3. Amplitude distributions (left column) and phase angles distribu-
tions(right column) of the Ez field component computed on the whole DUT 
plane for different emulated K−factors, (a)&(b) K = 0, (c)&(d) K = 1,
(e)&(f) K = 10, and (g)&(h) K = ∞.

a Heaviside step function with transition at the observed phase 
angle. CDFs of phase angles corresponding to the intermediate 
cases are known from the literature, but they are more complex 
and will be presented elsewhere.

It is worthwhile mentioning again that in this paper, the 
deterministic field c omponent p ropagates o n-axis, w hile the 
scattered field c omponents a rrive f rom t he h emisphere facing 
the chamber array following the given geometry and wave 
propagation of the modes within the chamber. The hybrid 
OTA chamber can be clearly extended to handle oblique

(a) (b)

Fig. 4. Empirical cumulative distribution functions (CDF) (solid lines)
and theoretical Rician CDFs (dashed lines) for different K−factors, K =
{0, 1, 10,∞} for (a) the field amplitudes and (b) the field phase angles at a
single point within the test zone.

(a) (b)

(c) (d)

Fig. 5. Root mean sqaure error (RMSE) computed for the empirical
cumulative distribution functions (CDF) relative the theoretical Rician CDFs
computed over a test zone with size 39 × 39 cm2 for emulated fields with
different emulated K−factors, (a) K = 0, (b) K = 1, (c) K = 10, and (d)
K =∞.

(a) (b)

Fig. 6. Maximum difference relative reference (MDRR) of the field amplitude 
(right axis) and field phase angle (left axis) as function of test zone (TZ) size 
for K → ∞, i.e., a single on-axis plane wave impinging at the DUT. Plot 
(a) shows the case when the TZ coincides with the area in which the target 
field h as b een g enerated, a nd ( b) s hows t he c ase i n w hich t he t argeted field 
has been generated over a larger area, in this case a 39 × 39 cm2 patch, but 
the assumed TZ is smaller.

incidence of a plane wave as shown in [18]. Hence, in general,
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beamforming generation of arbitrary field distributions seems
feasible as can be inferred from [21] too.

To further evaluate the goodness of the generated Rician
distributed signals we compute the root mean squared error
(RMSE) between the empirical and theoretical amplitude
CDFs at all point of a TZ as shown in Fig. 5. A rather good
agreement is observed except for the limiting case when a
single plane wave is generated (K →∞). It is worthwhile to
note that the RMSE is large even if the standard deviation is
practically null as inferred by the vertical line CDF (Heaviside
step function). This is a result of the generated values not being
uniformly distributed due to the employed modeling approach.
However, for all practical purposes, the negligible variation of
the field amplitude will be good enough.

We have looked closer into the case K →∞ corresponding
to the plane wave generation in the hybrid OTA chamber.
We quantify the field variation within the TZ in terms of the
maximum difference relative reference (MDRR) defined as

MDRR{x} = max{x} −min{x}, (1)

where max{x} and min{x} are the maximum and minimum
values of the variable x that can be either the field amplitude
|Ez| in dB, or its argument arg{Ez} in degrees.

Fig. 6a) shows the MDRR{|Ez|} and MDRR{arg{Ez}}
computed over the TZ as function of its size. The size of
the TZ coincide with the targeted area in the field emulations
(see the smaller patch in Fig. 2)b). Fig. 6b) shows the
MDRR{|Ez|} and MDRR{arg{Ez}} computed over the TZ
as function of its size. However in this case the fields were
initially generated for a fixed area equal to 39× 39 cm2, then
smaller TZ were chosen to compute the field variations. As
can be seen from Fig. 6b), rather small variations of the field
can be obtained, e.g., for a target TZ are of 25× 25 cm2 the
amplitude variation will be < ±1 dB and the phase variation
will be < ±5 deg. The TZ with corresponding field variations
has a smaller than the one presented in [18], or conversely, the
plane wave field variations presented here are larger for a TZ
of similar size as presented there. It is worthwhile to mention
that the eamformer emplyed here differs from the one in [18].
Further investigations will look into the optimal beamforming
approach to generate the desired field distribution in either a
single point, a line, a plane or a volume of specified shape
and extension for single or multiple measurements. This can
be used for multi-user channel emulation as initially conceived
in [20].

IV. CONCLUSION

We have shown that Rician distributed fading channels can
be emulated in a hybrid over-the-air chamber without the
need of additional fixed or additional scatterers. The method
uses an adaptive beamformer to excite the waveguide modes
resulting in a field is proportional to the combined contribution
of the half-space rich isotropic multipath and the single wave
components. We also show that a good plane wave can be
generated in the same environment. This work opens up a new
field of investigations within the over the air characterization

of wireless devices and antenna systems characterizations in
various types of channels.
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