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Abstract—This paper investigates the characterization and cal-
ibration procedure of the hybrid over-the-air (OTA) measurement
chamber. We present a prototype of the hybrid chamber and
analyze its capabilities to generate a plane wave spectrum in
practice. A planar field scanner is used to acquire the embedded
element fields of the chamber array for test zone (TZ) synthesis
in post-processing. The repeatability of the field acquisition is
evaluated. It is shown that the synthesized TZ meets the 3GPP
specifications for TZ field variations for plane wave generators
(PWG) in the presence of acquisition imperfections.

Index Terms—5G, OTA, test zone, plane wave generator,
simulation, hybrid chamber.

I. INTRODUCTION

Recently, the rapid growth of 5G-enabled radio access

networks and user equipment has revealed a critical need

for increased production and conformance testing capabilities.

Different types of anechoic chambers (AC), such as direct

far-field, compact antenna test range (CATR) and PWG-

based chambers, as well as reverberation chambers (RC), are

commonly used for mass testing purposes [1], [2]. Although

AC allows all sets of OTA tests (directional, TRP-based and

modulated signals analysis), it is usually time-consuming, and

cost of the chamber grows fast with the size of TZ. CATR

and PWG-based chambers can reduce measurement distances

and, therefore, costs while keeping measurement time at the

same level. So far, the most time and cost-effective solution are

RCs. Even though estimation of the antenna radiation pattern

in RC was reported [3], in practice, they are mainly limited to

TRP-based measurements and do not scale well for higher fre-

quencies [4]. A new alternative approach – a hybrid chamber

– has been developed [5], [6] that allows for rapid directional

testing covering almost a hemisphere, without mechanical

moving parts or moving the device under test (DUT) [7].

Field scanners are often used for the characterization and

calibration of measurement environments. In AC, they can be

used, e.g., for the investigation of unwanted reflections [8],

for the characterization of TZ quality and calibration of the

individual PWG channels [9], and for the evaluation and

optimization of the TZ in CATR systems [10]. In RCs, field

scanners can be used to experimentally estimate the plane-

wave spectrum under different loading conditions [11].

This paper presents a prototype of the hybrid chamber

and its baseline characterization and calibration procedure.

The remainder of the paper is organized as follows. Sec. II

describes a hybrid chamber prototype for OTA characterization

of RF equipment at the sub-6 GHz band, where the operation

has been demonstrated at the 3.0 GHz. A numerical analysis

approach for the evaluation of the TZ quality dependence on

the calibration procedure uncertainties along with the hybrid

chamber characterization and calibration procedure is given

in Sec. III. Finally, the key numerical results are presented in

Sec. IV, and conclusions are summarized in Sec. V.

II. HYBRID CHAMBER PROTOTYPE

A sketch of the considered measurement chamber is shown

in Fig. 1.

Fig. 1. The proposed chamber configuration consisting of the metal waveguide
with dimensions (W,H,L)= (1, 1.25, 1.75) m, and the PWG array antenna
located at the left end of the WG. The test zone of size 0.15 × 0.15 m2 is
denoted by a rectangle at the opposite WG end.

It consists of an oversized waveguide with the cross-section

area of 1 × 1.25 m2. The PWG is integrated into one of

the waveguide end-walls and the DUT test zone is located

at the opposite end. It has been shown in [6] that the chamber

array should occupy the whole cross-section of a waveguide to

maximize the coverage of plane wave angles of arrivals (AoA)

for an as large as possible volumetric TZ with good quality

of the synthesized field.

For demonstration purposes, a single-polarized antenna ar-

ray with 7×7 antenna elements is used as a chamber array

This paper's copyright is held by the author(s). It is published in these proceedings and included in any archive such as IEEE 
Xplore under the license granted by the "Agreement Granting EurAAP Rights Related to Publication of Scholarly Work."



Fig. 2. Block-diagram of the hybrid chamber prototype.

in the proposed prototype design. A bow-tie dipole antenna is

chosen as the radiating element of the array, with the inter-

element distance 0.4λ [12]. The relatively small size of the

array reduces the TZ size in the considered waveguide to

approximately 0.15×0.15 m2. However, since the purpose is to

demonstrate the working principle of the hybrid chamber, this

size was considered to be enough since significantly shorter

evaluation times were achieved. The length of the chamber is

1.75 m, which is equivalent to ∼ 17λ at the chosen frequency

of operation, i.e., at 3.0 GHz. Both end-walls of the WG are

covered with absorbers to suppress unwanted reflections. The

AoA (θ, φ) are measured in the coordinate system displayed in

Fig. 1, where the planar array boresight direction corresponds

to the (θ, φ) = (0◦, 0◦).

For chamber characterization and calibration purposes, a

field scanner was designed and fabricated. It was used to

sample the field in the cross-section of the waveguide. The

block diagram of the prototype for acquiring hmn elements of

the H matrix is presented in Fig. 2 and its photo is in Fig. 3.

The mechanical elements of the chamber and scanner were

fabricated using an aluminum profile system. The control and

acquisition electronics with cabling were mounted outside

the chamber to eliminate the increase of the noise level and

unwanted radiation inside. Python scripts were used to control

the scanner and the acquisition procedure.

A dual-polarized dipole probe (see Fig. 4) was used for ac-

curate sampling of the EM field incident at the plane of the TZ.

Measurements of two polarizations of the E-field are required

for cross-polarization suppression during the beamforming

step. To reduce the influence of scattering from scanner frame

structure, additional absorbers were placed around the probe

to shape its radiation pattern to have a beamwidth of about

±130◦ in the H-plane. Both dipoles were tuned to have similar

reflection coefficients and radiation patterns.

Fig. 3. Photo of the hybrid chamber prototype. From left to right: the 7× 7
element PWSG surrounded by RF absorbing material, overmoded waveguide
section, DUT section having a planar scanner for the chamber calibration and
characterization.

(a) (b)

Fig. 4. The field probe of the scanner: (a) photo of the dual-polarized dipole
(b) measured 3D pattern of the horizontal dipole.

III. NUMERICAL MODELING APPROACH.

CHARACTERIZATION AND CALIBRATION PROCEDURE

Dedicated in-house simulation software was used for

computationally efficient chamber simulations and analysis.

Monte-Carlo simulations were performed to investigate the

impact of the acquisition uncertainty on the quality of the

TZ. The software is implemented in C++ and MATLAB and

is based on the standard Method-of-Moments method and

the waveguide Green’s function that are used to compute the

reaction integrals (MoM matrix elements) and fields inside

the WG [6]. The mutual coupling is accounted for by using

the full-wave 3D model of the source array. The developed

software is computationally efficient and adopted to run in

parallel. Simulation of the chamber takes around 5 minutes

on a 64-core Threadripper workstation and uses about 42 GB

of RAM. The computation includes the embedded element

fields H and 500 Monte-Carlo simulations of the beamformer

coefficients with corresponding fields at the DUT plane.

To generate a plane wave incident on the TZ from the

desired AoA, the linearly constrained minimum variance

(LCMV) beamforming algorithm [13] was also implemented

in the in-house software. The weight computations are based

on the H measured from each chamber antenna element

sampled with the desired spatial resolution λ/4.

The quality of the synthesized field can be characterized

by the peak-to-peak magnitude variation of the field in the

TZ, and the corresponding phase variation Rmag and Rarg,
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respectively [14]. Also, the standard deviations of the field

magnitude σmag and the phase σarg in the TZ are commonly

used [9] as performance metrics of synthesized field quality.

To achieve a good quality of the far-field approximation, i.e.,

to be as close as possible to a perfect plane wave within

the TZ, Rmag and Rarg are usually assumed to be less than

1 dB and 10◦, respectively. On the other hand, 3GPP standard

specifications [15] define the maximum standard uncertainty of

the TZ ripples experienced by the DUT as 0.25 dB. Taking into

account that it can be described by the Gaussian probability

distribution [16], the maximum ripples are 1.28 dB at 99%

confidence level. In this paper, we use the σmag metric to

present our results according to the 3GPP specifications.

The procedure for analysis of the acquisition uncertainty

impact on the quality of TZ consists of the following steps:

1) Simulate or measure H for each element in the chamber

array.

2) Disturb each component of H at each spatial point

by the complex Gaussian noise N (0, σ2) to emulate

measurement uncertainty of field acquisition.

3) Compute the PWG excitation coefficients WLCMW for a

desired AoA (θ, φ) = (θscan, 90
◦).

4) Compute the total field in observation plane and the

standard deviation σmag in the TZ.

5) Do Monte-Carlo simulation (steps 1–4) for each θscan.

6) Compute σmag at the 90% cumulative distribution func-

tion (CDF) level for each θscan.

Employing the field scanner during the chamber calibration

and characterization gives a high degree of flexibility at the

expense of a significant increase of the measurement time.

However, it allows to fully characterize chamber performance

which is essential at the early stages of research.

IV. MEASUREMENT RESULTS

To characterize the chamber performance, a set of 49 scans

were performed, one for each element of the 7 × 7 chamber

array. A total of 51 frequency points were considered within

the frequency band of interest 2.0–4.0 GHz, which was chosen

to cover the 5G n78 band. The scan region was limited

by the absorber configurations of the probe and the scanner

sections, resulting in an area equal to 0.81 × 1.02 m2. The

sampling spacing of 2 cm (λ/5@3.0 GHz) allows capturing

fast variations of the field due to the interfering waves in the

highly scattering environment. In total, 49×2132×51 elements

of the chamber channel matrix H (m = 49, n = 2132) were

collected during the measurement campaign.

The span of AoAs [7], i.e., the angular coverage, that can

be produced with the presented chamber prototype is shown in

Fig. 5. The measurement results show that the field variation

in the TZ did not exceed the required level for a wide set

of AoAs. The AoAs for which the TZ quality requirements

(σmag ≤ 0.25 dB) are not satisfied are colored in black. As

can be seen from Fig. 5, the generated TZ meets the 3GPP

standard requirements only when the φ AoA is close to 0◦

and 90◦. This is due to the fact that single-polarized elements

were employed in the chamber array.

Fig. 5. The angular coverage that can be realized in chamber prototype
assuming TZ 15× 15 cm2 and 7×7 chamber array antenna with 0.4λ inter-
element spacing at 3.0 GHz

In order to investigate the field acquisition repeatability, an

element of H with m = 1, n = 2132 (we denote it h1n)

belonging to the central chamber antenna array element was

measured in the DUT plane 21 times in a row. The obtained

data was post-processed offline to compute the standard de-

viation for each spatial sampling point at each frequency,

which was further used in Monte-Carlo analysis. The field

acquisition repeatability was investigated in ”continuous” and

”step” modes of the scanner with the same set of parameters

as in the characterization procedure.

(a)

(b)

Fig. 6. σ|h1n| vs |h1n| at 3.0 GHz: (a) amplitude and phase distribution (b)
CDF of σ|h1n|
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The study shows that σh1n depends on the signal level

Fig. 6a. The computed scanner acquisition uncertainties at

90% CDF level for chosen frequency 3 GHz are σ|h1n| =
0.13 dB in ”step” mode Fig. 6b and σ|h1n| = 0.2 dB
in ”continuous” mode. The standard deviation values can

be improved by reducing VNA IF bandwidth in a cost of

increased acquisition time.
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Fig. 7. (Dashed lines) simulated σmag as a function of AoA. (Solid lines)
measured σmag at 90% CDF level for several standard deviations σ|h1n| of
the introduced measurement errors.

A Monte-Carlo analysis was performed using the ob-

tained levels of uncertainty. As can be seen from Fig. 7,

σ|h1n| = 0.2 dB leads to the relative degradation of σmag

by 0.04− 0.1 dB depending on the AoA. Moreover, σmag is

more sensitive to the acquisition errors at large values of θscan
due to the limited size of the chamber array compared to the

size of the overmoded waveguide. Therefore, the measured

acquisition uncertainty value σ|h1n| = 0.13 dB is acceptable

for achieving the TZ quality requirement σmag < 0.25 dB.

V. CONCLUSIONS

This paper presents a hybrid chamber prototype and the

analysis of a measurement campaign that demonstrates a

characterization and calibration technique of the chamber.

A planar field scanner with the dual-polarized probe has

been designed, manufactured, and characterized to measure

the fields in the waveguide cross-section of the hybrid OTA

chamber representing the test zone (TZ) where the DUT

shall be placed. It is shown that the presented hybrid OTA

chamber meets the 3GPP standard requirements for plane wave

generated fields.

A set of field scans from each element of the chamber

antenna array was acquired by the scanner for synthesizing

a desired field distribution in the TZ in post-processing. It has

been shown that broad coverage of AoAs in the 15× 15 cm2

TZ with σmag < 0.25 dB field magnitude variation can be

realized in the chamber prototype using 7×7-element chamber

array with 0.4λ inter-element spacing at 3.0 GHz.

The repeatability of the field acquisition by the scanner

has been investigated by performing multiple scans. The

acquisition uncertainty level σ|h1n| = 0.13 dB is acceptable

for chamber characterization and calibration.

In future work, we are going to optimize the calibration

procedure using obtained data as a baseline to reduce execution

time.
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