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Abstract—Over-the-air (OTA) measurements are the standardized methods to evaluate radio performance in wireless systems.
EMC issues such as interference and receiver desensitization
are important factors. In this paper, OTA measurement challenges in the upcoming fiftth generation (5G) wireless systems are
overviewed. Several key technologies that could be widely used in
the 5G OTA measurements are discussed, including near-field to
far-field transformation, anechoic chamber absorbers, and sampling antennas. The most important devices under test (DUT) for
5G OTA are chip sets, user equipment, and active array systems.
The OTA test challenges for certification, research and development, and mass production for these DUTs are introduced.
Index Terms—Absorber, active array system (AAS), chip set, envelope correlation coefficient, horn antennas, multiple input multiple output (MIMO), over-the-air (OTA), radiated two stage (RTS),
user equipment (UE).

I. INTRODUCTION
ITH the scheduled launch of the fifth generation (5G)
wireless communication systems in 2020, chipset manufacturers and active array system (AAS) developers are accelerating their research and development (R&D) effort to meet
the deployment need. The proposed 5G systems have significant
improvements over the current ones in terms of coverage performance and user experience. High performance, cost-effective
chipsets, AASs, and user equipment (UE) are critically important for the success of 5G deployment. Although the frequency
band lower than 6 GHz may be used in the initial deployment
stage, the 5G technologies will mainly operate in the 28 GHz
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frequency band or above, with channel bandwidth around or
above 1 GHz. The reduced wavelength will make the antenna
on chip (AOC) and antenna in package (AIP) configurations
possible. For the antenna array, it is estimated that 64–256 or
more antenna elements will be used for compensation of path
loss, improvement of air interface efficiency with parallel multiple data streams, and close integration of antennas. Industry
has reached a consensus that the combined millimeter wave and
large-scale antenna array technologies are the most promising
ones to achieve the large bandwidth in the 5G scenarios.
5G presents new challenges and opportunities for the EMC
community. EMC and radio-frequency (RF) performance evaluations are critical for the 5G systems. Over-the-air (OTA) tests
the performance of the radio’s RF transmitter and receiver in
an integrated application, with real-usage method and the radio
signal applied over the air. EMC issues in system design such
as interference, modulation, and receiver desensitization [1]–[3]
could significantly affect the radio performance, and thus need
to be carefully addressed in the OTA measurement methods for
accurate evaluations. On the other side, it is also critically valuable if the OTA methods can provide intermediate results for
debugging and identifying these EMC issues.
OTA has been widely used for UE radiated performance
evaluations [4]–[9]. The Cellular Telecommunication and Internet Association (CTIA) and the Third Generation Partnership
Project (3GPP) have adopted OTA test for UE total radiated
power (TRP) and total isotropic sensitivity (TIS) tests. Before
5G, OTA was also used to evaluate 2G, 3G, 4G, and GPS UEs,
but the base station systems, antenna, and radio functionalities
are generally evaluated separately. For example, base station antenna is usually measured by vector network analyzer (VNA),
which is a passive measurement method where the antenna is
connected to VNA through an RF connector and sometimes
with cable attached to the antenna.
The new features of the 5G technology, however, will change
the picture. In many cases, for the 5G communication systems,
OTA is the only way for practical and objective RF system
evaluations. Here are the reasons.
First, for transmitter chain testing, the antenna impedance for
the power amplifier (PA) is usually not a textbook 50-Ω system.
If the conventional conducted measurement is performed, the PA
is directly connected to a 50-Ω system, resulting in a different PA
output power level in the testing compared to the actual case.
This then introduces errors in the effective isotropic radiated
power (EIRP) and TRP [10]. The antenna load condition also
affects the PA efficiency, harmonics, etc.
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Second, the receiver path evaluation is not overly sensitive to
the antenna impedance, due to the nature of the bandpass filter.
However, in the 5G systems, the antenna is tightly coupled to
the radio, such as AOC and AIP. Thus, the radio noise might
change the antenna temperature, which may affect the effective
isotropic sensitivity (EIS) and the total radiated sensitivity (TIS)
[11]. This type of influence can be correctly accounted for only
in the radiated OTA test [12].
Last, in practicality, millimeter wave system is so compact
that there is no room for a standard connector. In the millimeter
waveband, it is possible to accommodate an antenna array on
AOC or on AIP, but it is not possible to fit in an RF connector between the antenna and the radio systems. Even if there is
room, the massive multiple-input multiple-output (MIMO) systems or multiple antenna systems will have many antennas and
they are cost ineffective if the RF connectors are used. In other
words, passive antenna measurements by VNA are not possible
anymore.
RF and antenna evaluations using OTA have been investigated
by many chipset vendors. In 2011, 3GPP RAN4 launched a
feasibility study on the AAS base station architecture standards,
which was the first study on the feasibility of OTA testing for
the AAS base station. In 2016, RAN4 completed the TS 37.105
REL-13 version with two new OTA test parameters, EIRP and
EIS. The OTA testing methods of EIRP and EIS are standard
in TS 37.145-2, which is a significant milestone for the OTA
testing standardization [13]–[16].
Millimeter wave has greater propagation loss compared to
the current 3G or 4G systems. In order to have good coverage, many AAS systems need to be deployed in the overall 5G
systems. It is critical to make the AAS OTA test system compact and affordable to save real estate space and reduce OTA
system size. Although the compact antenna test range (CATR)
has been recommended for system performance evaluations,
but more cost-effective solutions are still in high demand. The
near-field OTA system is attracting more attention than the traditional space-demanding far-field measurement system. The
near-field to far-field (NF–FF) transformation techniques play
a critical role and enable the near-field OTA measurements.
The absorbers are a fundamental building block in the anechoic chambers. On top of the good absorption rate, the chip
set needs to be tested in the temperature range from –55° to
125°. Further, the 5G systems require low passive intermodulation (PIM) to achieve high frequency efficiency, throughput, and system capacity. Both the environmental and the low
PIM requirements demand breakthroughs in absorber technology. The MIMO measurement is all about channel modeling,
and with this weighted function, the sampling antenna needs to
have very low cross polarization to make accurate throughput
evaluations.
The anechoic chamber technologies, including absorber and
sampling antenna design challenges, are addressed in Section II.
NF–FF transformations are discussed in Section III. Chip set,
AAS, and UE measurements are discussed from the certification,
R&D, and mass production points of view in Sections IV–VI,
followed by the conclusion.

Fig. 1.

Schematic map of millimeter-wave chamber.

II. CHAMBER TECHNOLOGIES AND CRITICAL COMPONENTS
FOR 5G OTA MEASUREMENT
OTA measurements need to be performed in anechoic chambers that provide controlled environment.
Since the wavelength of 5G frequency is about a few millimeters, the size of the sampling antenna could be smaller as
compared to that used in testing the previous generations of
communication networks. The mechanic structures and the fixtures need to be carefully designed to ensure the test system
accuracy. In order to meet the classic far-field test conditions,
the sampling antenna needs to be located sufficiently far away
from the devices under test (DUT). Due to the reduced wavelength and large amount test chamber requirement, the size of
a 5G millimeter chamber can be only about 1–2 m or even
smaller, compared to a few to tens of meters for 4G OTA chamber with working frequency from 700 to 6 GHz. More or less
like any other chamber design, the main challenges of 5G chamber include the overall arrangement of the sampling antenna and
turntable, shielding effectiveness (SE), size of the quite zone,
and noise level in the quite zone, etc. In addition, the path loss
and attenuation of millimeter-wave cables need to be considered in the chamber design. A millimeter-wave chamber with
a size of around 1.5 m is illustrated in Fig. 1. In this design,
the azimuth angle (φ) can be adjusted through the turntable and
the polarizing angle (θ) can be controlled by the polarizer. The
far-field condition can be fulfilled for relative small DUTs. The
quite zone can be up to 0.4 m in diameter, and the noise power
level needs to be lower than –40 dB within the quit zone to meet
the RF related performance tests. The SE needs to be better than
80 dB. Except for SE that is mostly determined by the spec of
the shielding door, the size and noise level of the quite zone can
be calculated from the performance of wave absorber and the
radiation pattern of the sampling antenna.
In 5G, it is anticipated that base station with AAS systems
will be tested using the OTA measurements in a chamber. When
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Fig. 3.
Fig. 2.

SEM microscopy of an EPP particle.

the DUT is much larger in size, the conventional chamber design
by simply increasing the chamber size will not meet the requirements of 5G systems. Simply speaking, the overall cost of such
kind of chambers will prohibit them from being acquired in a
sufficient quantity to meet the testing needs for an exploding
number of 5G DUTs. Thus, innovative chamber-shape design
may be used to address this challenge.
Wave absorber is one of the most important components of
anechoic chambers for various purposes, such as antenna pattern, radar cross section (RCS), as well as EMC/EMI measurements. Pyramidal, cone-shaped or spine-like foam absorbers
have been commonly used in various measurement facilities
for more than a half century. Polymer foam absorber is a kind
of low-density and porous structure containing conductive carbon filler, such as carbon black, carbon fiber, multiwall carbon
nanotubes. Traditionally, polyurethane (PU) soft foam has been
employed as the holding matrix, owing to their relative low
cost, as well as simple wire-cutting process. However, PU absorber faces certain challenges, such as contamination of carbon
dust, poor mechanical properties as well as low-power handling
capability.
Hard foam absorbers were introduced in anechoic chambers
in recent years. They are made of polyolefin plastics, such
as polyethylene, polypropylene (PP), or polystyrene, mixed
with conductive carbon black. Clean, uniform, environmental
friendly, and long-lifespan absorbing materials can be obtained
through foaming and molding process. Expanded PP (EPP) has
the superior mechanical properties as compared with other types
of polyolefin plastics. Fig. 2 shows the microscopy of an EPP
particle. It can be seen from the image taken by a scanning
electron microscope (SEM) that the cells are isolated from each
other. This close-cell foam can avoid dropping of carbon dust
from inside to pollute the DUT, and avoid penetration of moisture from outside.
The permittivity and dielectric loss of the EPP materials can
be measured using the waveguide method, for example, from 18
to 40 GHz. Thus, the absorbing property of the wave absorber
can be optimized by adjusting the design parameters of the cone

Structure of EPP absorber.

array, such as height, thickness of the base, and the periodicity using commercial computational electromagnetic simulation
tools. Fig. 3 shows the structure of an EPP absorber that has 15
by 15 units with an optimized contour.
Reflectivity of such an absorber design was measured using
a free space setup with two horn antennas hanging on a pair of
arms from 20 to 40 GHz. The reflectivity within the frequency
range was below –45 dB. The measurement result was quite
close to the simulation with small deviations near the resonance
frequency. With better mechanical and environmental properties, as well as superior wave absorption capability, the EPP
absorber could be a very promising candidate for 5G millimeterwave chamber, in which the size, weight, and cleanliness of the
materials play more important roles. Even though EPP has a
relatively poor thermal conductivity, a kind of EPP pyramid absorber with a certain amount of vent holes and heat sinks to help
the transfer of heat was developed to raise the power handling
capability from around 1.5 to 7 kw/m2 [17], [18].
Sampling antenna is another element that plays an important
role in OTA measurements. The requirements for the antenna
vary in different measurement applications. In very near-field
measurement systems, such as the case for multiple chip set
measurement for mass production, the sampling antenna has
to have a small size in order to increase the resolution of the
sampling. In this case, the sampling antenna could be in the
form of a loop or a dipole.
Another popular sampling antenna that has been widely used
for anechoic chambers is the Vivaldi type of antennas [19]. In
typical implementations, two Vivaldi antennas are orthogonally
positioned to form a set for horizontal and vertical polarizations or right-hand and left-hand circular polarizations. Fig. 4
shows such a millimeter-wave sampling antenna with working
frequency from 20 to 40 GHz.
Test area ripple is the source of measurement uncertainty. The
wide-angle H plane beam results in higher reflection when the
electromagnetic wave is reflected or refracted from the absorber.
Narrowing the sampling antenna beam width can reduce the
unwanted ripple contribution due to the reflection or refraction.
The RCS of the sampling antenna in a multiprobe anechoic
system is another contributor to the test area ripple. The low RCS
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(2)
of order n, Hn (Λρ), where Λ is defined as Λ = k02 − h2 ).
This is a cylindrical wave traveling in the positive ρ direction,
one of the many solutions of (1).

Fig. 4.

Schematic map of a dual-pol sampling antenna.

sampling antenna and optimized placement of the antennas in
multiprobe anechoic systems are critical to achieve a low rippletest-zone design.
MIMO OTA test for 5G is going to be performed in the
chipset, AAS and UE levels. Channel models in the MIMO test
make the MIMO OTA test different from the single-input and
single-output (SISO) OTA test. The polarization is an important
information in channel models. Thus, the cross polarization
requirement for sampling antenna at all angles in the MIMO
OTA test should be lower than that in the SISO OTA test.
III. NF–FF TRANSFORMATION
As mentioned earlier, OTA measurements of 5G base station
may include bulky AAS systems. Innovative near-field measurements, together with nonconventional chamber-shaped design
taking advantage of the specific geometry of the antenna arrays,
may significantly reduce the chamber size and the overall cost
associated with these OTA evaluations. Thus, in addition to the
physical chamber design, the NF–FF transformation techniques
become critical to address the 5G challenges. These techniques
in general can be categorized into three kinds: modal/wave expansions, equivalent sources, and equivalent dipole moments.
A. NF–FF Transformation Based on Modal/Wave Expansions
The modal/wave expansion based techniques can be easily understood by taking a classic cylindrical-wave expansion based
method as an example. Assuming measurements are conducted
on a near-field cylindrical surface enclosing the DUT, the measured fields are then expanded into cylindrical waves. After the
coefficients of the cylindrical waves are obtained, the farfields
arepresent anywhere and thus the NF–FF transformation can be
easily obtained by taking into account the NF–FF transformation
of each cylindrical wave, which is simple and straightforward
based on the wave theories.
Let us assume the tangential E-fields Ez (ϕ, z) and Eϕ (ϕ, z)
on the scanning cylindrical surface are known. The cylindrical
waves, the spectral basis or modal functions in mathematics,
can be obtained from the Helmholtz equation in the cylindrical
coordinate system by solving the derived scalar wave (1) using
the method of separation of variables. The solution (2) consists
of three functions along the ϕ direction (in the form of ej n ϕ ),
along the z direction (in the form of e−j hz ), and along the radial
direction ρ (in the form of Hankel functions of the second kind

∇2 ψ + k 2 ψ = 0

(1)

ψn h (ρ, ϕ, z) = Hn(2) (Λρ) ej n ϕ e−j hz .

(2)

Then, the tangential field on the cylindrical surface at a distance ρ from the origin can be expressed as a combination of
the functions in (2). For example, Ez is expanded in (3) with
the unknown expansion coefficients bn (h) as
∞  ∞

Λ2
bn (h) Hn(2) (Λρ) ej n ϕ e−j hz dh.
Ez (ϕ, z) =
k0
n =−∞ −∞
(3)
Since Ez is in the form of a Fourier integral in z and a Fourier
series in ϕ, its inverse transform can be computed as in (4),
which is actually the method to obtain bn (h) if Ez on the entire
cylindrical surface is known.
 ∞ π
Λ2 (2)
1
bn (h) Hn (Λρ) =
Ez (ϕ, z)e−j n ϕ ej hz dϕdz.
k0
4π 2 −∞ −π
(4)
The other field component Eϕ can be similarly expanded
using the cylindrical waves with coefficients, say an (h), which
can be similarly calculated as bn (h) in (4).
Once an (h) and bn (h) are computed, the asymptotic evaluation of the Ez and Eϕ expansions based on the stationary-phase
method allows the derivation of the far-field components given
in (5) at the far-field distance R
Eθ =

∞
−j2 sin θ −j k 0 R  n
e
j bn (k0 cos θ)ej n ϕ
R
n =−∞

(5a)

Eϕ =

∞
−2 sin θ −j k 0 R  n
e
j an (k0 cos θ)ej n ϕ .
R
n =−∞

(5b)

The key step in the numerical evaluation of (4)–(5) relies on
the use of the fast Fourier transform (FFT), in particular a twodimensional (2-D) FFT in (4). The field in (4) is evaluated at
discrete locations, thus the correct implementation of the FFT
should ensure sufficient sampling to avoid aliasing.
For real-world engineering applications, more sophisticated
handling is necessary. First, in the conventional modal/wave expansion based method as described above, the sampling points
are compulsory to be uniformly distributed along both the z
and ϕ axes on the cylindrical surface. However, this is not only
time consuming in measurements, but also may be not possible in some real cases. In [20], a matrix linking the measured
electric fields on arbitrary surfaces and the modal expansion
coefficients (MECs) was constructed. The number of the measurement samples required to reconstruct the fields of the DUT
was determined by the number of modes in the cylindrical wave
expansion of the DUT. Then, an inverse problem was solved to
obtain the MECs. Once the MECs were computed, the farfields
of the DUT were readily evaluated.
Second, ideal probes are assumed in the above-mentioned discussions. In practical applications, probe correction/calibration
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should be taken into consideration. A rigorous probe correction
technique was presented in [21]. The derivation in [21] started
by replacing the DUT with an equivalent electric current distribution, which further generated the radiated field toward the
probe. Next, a probe output voltage was obtained by weighting the incoming waves using the far-field receiving pattern of
the probe, through which the probe correction was conducted.
Eventually, a linear equation system was set up between the measured probe output voltage and the plane wave spectrum of the
DUT. An inverse problem was then solved to obtain the plane
wave spectrum of the DUT. The field values at any arbitrary
point were computed using the obtained plane wave spectrum.
The method in [20] works well for electrically small or medium
sized antennas. To efficiently handle electrically large antennas,
an extended method was presented in [21]. Though the methods
in [21] and [22] were developed for spherical near-field measurements, similar idea can be adopted for probe correction in
cylindrical near-field measurements.
Last, but not the least, the errors in the predicted farfields
should be quantified. In [23], without prior knowledge of the
reference far-field data, expressions were derived to estimate
the far-field uncertainty based on the known errors in instrumentation, probe parameters, and probe positions. It was shown
that the proposed error model was applicable for any kind of
antennas and any scanning geometries.
B. NF–FF Transformation Based on Equivalent Sources
Quite different from the modal/wave expansion based methods, the equivalent-source based methods essentially characterize the DUT using a set of equivalent Huygens’ currents on either
the surface of the actual radiating structures of the DUT or a
fictitious surface partly or completely enclosing the DUT. These
currents can be inversely determined based on the complex nearfield measurement data. Once these currents are obtained, the radiated field from the DUT at any location outside the equivalent
source region can be evaluated. Compared to the modal/wave
expansion based methods, the equivalent-source based method
are suitable for irregular or nonclosed scanning surfaces, and
it is applicable even when the measurement points are close to
the DUT. In [24] and [25], an equivalent-source based method
was applied to extrapolate the full sphere pattern of an antenna
based on the truncated spherical near-field measurements. This
method can overcome the difficulty that measurement data are
not available or less reliable for certain spherical areas during
practical measurements. Another similar NF–FF transformation
method based on the measured near-field data on a cylindrical
scanning surface was presented in [26]. Since solving an inverse
problem from field to source is needed in this kind of methods,
they cannot always guarantee a true solution and noise amplification tends to be an issue that cannot be neglected.
C. NF–FF Transformation Based on Equivalent Dipole
Moments
The equivalent-dipole-moment based methods use a set
of electrical and magnetic dipole moments to represent the
DUT. Such methods have been extensively studied in the RF
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interference and the IC EMC applications where the dipole moments are extracted based on the measured near-field data on
a plane or a closed rectangular surface. The extracted dipole
moments are further used in either full-wave simulations or direct calculations to evaluate the radiated fields away from the
measurement surface [27]–[33]. Theoretically, the equivalentdipole-moment based methods are not much different from the
equivalent-source based methods since both methods require
solving an inverse problem from field to source (either current
sources or dipole moments). One difference between the two
methods lies in the fact that the equivalent sources are continuously defined on the exterior surface of a region enclosing the
DUT, while the equivalent dipole moments are discretely defined within that region. More importantly, the dipole moments
can be placed according to the known radiating mechanisms
or antenna structures [34]. This physical relationship greatly
reduces the potential errors generated in the solving of the inverse problem. In other words, the equivalent-dipole-moment
based methods possess all the advantages of the equivalentsource based methods. Besides, the dipole moments reveal the
intrinsic radiation physics of any radiator. This is particularly
useful in the evaluation of the 5G AAS systems. Innovative improvements can be developed to simplify the dipole moment
extraction for a complex antenna array and significantly reduce
the overall testing time. And the gained understanding of the
radiation physics can be used to debug any potential issues in
array manufacturing and installation.
The mathematical foundation of the equivalent-dipolemoment methods is actually quite simple. The tangential field F
is a column vector containing all the measured tangential fields
at the sampling locations, which can be either E- or H-fields
or both E- and H-fields. Let us assume the DUT is measured
on a cylindrical surface and only the tangential E-fields at the
sampling points are measured. Then, for a total of N sampling
points

 
Eϕ
.
(6)
F̄ =
Ez N ×1
The dipole moments to be determined can be represented
by another column vectorx̄. These dipole moments are placed
inside a region enclosing the DUT. They can be either evenly
distributed on fixed grids or distributed in a rambling manner
based on optimization algorithms [34]. Notice that for each
dipole moment location, there could exist up to six kinds of
dipole moments, i.e., the magnetic dipole moments Mx , My , and
Mz , and the electric dipole moments Px , Py , and Pz . Therefore,
for a total of M dipole moment locations
⎤
⎡⎡ ⎤
Mx
⎥
⎢⎢My ⎥
⎥
⎢⎢ ⎥
⎥
⎢⎢Mz ⎥
⎢
⎥
⎥.
⎢
(7)
x̄ = ⎢⎢ ⎥
⎥
⎥
⎢⎢ Px ⎥
⎦
⎣⎣ Py ⎦
Pz M ×1
The transfer matrix T linking the dipole moments to the
measured tangential fields is derived according to [36]. Finally,
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8 × 8 5G millimeter-wave array made by IBM and Erickson [17].

the following equation is obtained:
T · x̄ = F̄ .

(8)

Equation (8) is usually an overdetermined equation, i.e., T
has more rows than columns. The unknown dipole moments can
be determined using the least-square method, i.e.,
−1 ∗
∗
(9)
x̄ = T T
T F̄
where ∗ refers to the conjugate transpose operation. Once the
equivalent dipole moments are obtained, the radiated fields at
any point away from the sampling points can be computed.
The abovementioned dipole moment extraction method is
based on complex measurement data. In some cases if the phase
information of the measured near-field data cannot be obtained,
it is possible to use the magnitude-only information to retrieve
the phase and eventually to reconstruct the dipole moments
using nonlinear optimization algorithms [37]. An example was
given in [38].
IV. CHIPSET MEASUREMENT CHALLENGES
Due to the shorter wavelength of 5G wireless communication
systems, it is practical and desirable to design antenna array
within chip or package, which leads to AIP or AOC, as shown
in Fig. 5. On the other hand, this presents a challenge to chipset
development in terms of measurement of the RF performance.
The chipset RF measurement of AIP or AOC may have to be
carried out using the OTA method, which is different from the
traditional conducted measurement.
Chipset OTA measurement can be defined as the test that provides the chipset RF performance evaluation in the real standalone environment. For chipset R&D, the chipset RF parameters,
such as error vector magnitude (EVM), packet error rate (PER),

adjacent channel leakage rate (ACLR) and spurious free dynamic range (SFDR), have to meet the specifications in order to
harmonize the communication systems. The chipsets usually do
not have RF connector to support any conducted measurement.
Furthermore, even if conducted measurements are possible, they
cannot reflect the actual chipset RF performance when there is
noise coupled through the antenna to the radio [12], [39], [40].
Therefore, the OTA chipset evaluation needs to be performed in
an anechoic chamber with low noise power level below –40 dB.
The accuracy of the four RF performance parameters can only
be guaranteed by properly designing the chamber. For example,
for the RF performance evaluation such as EVM, the reflected
signal in the test area has to be less than a certain number to
ensure the measurement uncertainty to meet the predefined percentage, for example 0.5%.
EVM, PER, ACLR, and SFDR may be sensitive to the environment temperature as well. Hence, OTA testing with temperature varying from –55 to 125 °C is required in chipset R&D
stage. Precisely controlling temperature cycling within an RF
chamber is not a trivial task. The wave absorber plays the most
important role in this aspect. The EPP absorber has the unique
close-cell microstructure that can effectively isolate the moisture
from the outside. On the contrary, the PU absorber is an opencell soft foam that is not moisture proof. Thus, performance may
deteriorate after a few cycles.
Phase and amplitude adjustment may be needed for array on
the chipset based on the rotating-element electric-field vector
method. Other measurements that are related to the full antenna
radiated pattern such as EIS and EIRP have to be performed in
a full anechoic chamber, which is also necessary for spurious
signal measurements.
For product-line testing in mass production, chipsets may
need to be measured in the form of panels. Each panel has a lot
of similar type of chipsets. Again, any conducted test method
used in the previous generation chip tests is not applicable for
5G AOC- or AIP-type with millimeter-wave antennas. Therefore, 5G chipset OTA measurement for mass production is a
very challenging task, which may have to be addressed through
revolutionary chamber and wave absorber designs as well as test
methodologies.
V. AAS OTA MEASUREMENT CHALLENGES
AAS system is a key technology used in 5G base station to
achieve higher data rate and capacity. It provides better capability to support spatially distributed multiusers by using the same
time and frequency results via 3-D narrow beams for those users.
The benefit due to AAS to the network design and planning has
been summarized in [41]. To achieve good performance, the
baseband, RF transceivers, and the antenna array of the AAS
system need to be designed well and worked well together. The
performance of the antenna array itself and the connection between the antenna array and the RF transceivers are critical
for the AAS performance. The performance evaluation of AAS
thus needs to have the antenna array included, which demands
the OTA test methodologies. The millimeter-wave AAS system
does not have the RF antenna connector available, which again
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Fig. 6. RF performance measurement results of a beam formed by a 32channel antenna array.

makes the OTA test the only choice. The AAS OTA test is being
actively discussed in 3GPP [42], [43].
For AAS system, to achieve good beam-forming performance, OTA phase coherency calibration is needed for every
antenna element. To evaluate the beam-forming performance,
a lot of OTA measurements are needed, for example, the beam
pattern, beam direction, beam RF parametric, beam TRP and
EIS, beam dynamics measurements, etc. The multiple user performance with AAS is also needed to evaluate the overall system
performance.
To support those measurements, the first challenge is the OTA
environment to be used. There are different kinds of OTA environments available for different kinds of tests, namely true
far-field OTA test chamber system, CATR system, near-field
OTA test chamber system, and very near-field OTA test chamber system [44]. The true far-field OTA test system is not feasible
due to the space and cost requirements and also the large link
budget. The CATR and the near-field OTA test systems are being
actively studied in industry to enable them, supporting all the
measurement needs in a reasonable cost and space. The challenge facing the CATR system is how to reduce the cost and
space requirements for large AAS OTA test. The challenge facing the near-field OTA test system is how to derive the far-field
measurement results from the near-field OTA test results. So far,
deriving the near-field RF parametric measurement results such
as EVM, ACLR, etc., to farfield are open problems for further
research.
For the AAS system, the RF parametric metrics defined at
the RF connector is not applicable in the OTA test because the
RF parametric metrics such as EVM, ACLR, EIRP, etc., are all
now spatially dependent. In Fig. 6, the measured results of the
normalized pattern, EVM and ACLR of a beam formed by a
32-channel antenna array are shown. The spatial dependence of
the RF parametric metrics is clearly visible.
Significant effort in 3GPP is actively put on defining the AAS
OTA RF measurements. Further studies are needed to properly
redefine all the RF measurements previously required in the
conventional conducted tests in the new over the air format,
including the definitions of the OTA parametric metrics.
Besides the challenges mentioned above, there are specific
measurement challenges related to each required measurement.
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First, for the phase coherency calibration, the calibration test
time is a big concern due to the huge number of channels. The
calibration method for hybrid beam-forming AAS is a challenge
as well for the antenna elements connected to the same RF
transceiver. Second, for the beam performance measurements,
the high directivity of the beam results in huge challenges in
test time. Much finer sampling grid is needed to get the accurate
results. Third, to test the beam dynamics OTA, setups inside
the chamber are needed to emulate the dynamic beam-forming
process such as beam searching, beam matching, beam tracking
while the UE is moving dynamically. Fourth, the AAS multiuser
OTA test is an unsolved challenge where multiuser bi-directional
spatial channel emulation is necessary in this test. The large size
of the AAS antenna array and the far-field requirements make
it an even bigger challenge to emulate the different user spatial
channels over the air. Fifth, the AAS OTA system link budget
is another challenge to be solved. The propagation loss inside
the chamber and the in-band and out-band signals, which typically have more than several tens of dB difference in power,
need to be accurately measured over the air. Last but not the
least, the OTA system integration and calibration to achieve low
measurement uncertainty is another challenge. For the measurements with broadband modulated signal over the air, the OTA
flatness calibration can easily result in measurement variations
in the order of several dBs if not done correctly.
VI. UE OTA MEASUREMENT CHALLENGES
OTA test of 2G/3G/4G UE has been a normal practice for
quite a long time, following the OTA test standards specified by
3GPP and CTIA. Since standardization is an on-going process,
it is reasonable to anticipate that there will be extensive research
activities on the 5G UE OTA test and it may take some time to
reach recognized test plans widely. Right now there are limited
papers published on this topic.
Beside the conventional test items, the RF performance of
5G UE should also be measured over the air rather than conductively, since there are no RF connectors between antennas
and RF transceivers. The 5G chipsets are fully verified before
being integrated into the UEs, but the performance of the 5G
antenna, PA, and receiver can be affected after being mounted in
the UE devices. The noise from the display, camera, processor,
etc., might degrade the chipset sensitivity. The power supply to
the chipset is different from the ideal one on the demo boards,
which might drive the PA to perform differently. The housing
and other objects around the AIP or AOC might load and detune the antenna. Therefore, the UE OTA test is an inevitable or
mandatory step in the process of development, mass production,
and compliance of the 5G mobile terminals.
Even though the size of UE may be relatively large, the embedded antenna is small and the frequency under test is so high
that the radiation current is localized. Therefore, antenna under
test is small and the far-field OTA test chamber can be of a reasonable size. So the UE OTA test method and facility can share
many common features as those for the 5G chipset OTA test.
For the throughput test under wireless channel models, the
5G UE OTA test faces more challenges compared to the 4G
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Feeding the stimulus signals over the air inside an anechoic chamber.

Fig. 9.

Fig. 8.

Block diagram of the RTS method.

MIMO throughput test. Multiprobe Anechoic Chamber (MPAC)
method is recognized as one of the standard 4G MIMO OTA
test methods in CTIA and 3GPP. In this method, either 8 or 16
dual-polarization probe antennas are arranged in a ring around
the UE under test to emulate the 2-D channel models. 3-D
channel model emulation with the MPAC method is impractical,
considering the increasing complexity and much higher cost.
Radiated two-stage (RTS) method takes a different approach to
measure the MIMO throughput [11]. It measures the antennas
first, merges the antenna information and the so-called inverse
matrix of the propagation channels inside the anechoic chamber
with the wireless channel models, then injects the compound
test signal into the DUT over the air. Figs. 7 and 8 show the
original ideas of the RTS method.
While examining the feasibility of MPAC for 5G UE throughput test working at the millimeter waveband, there are a few
issues that are difficult to resolve. Apparently, the 2-D probe
arrangement is insufficient to emulate the 5G channel models,
but 3-D multiprobe arrangement costs too much, considering
the expensive millimeter-wave components and the increasing
complexity in design, installation, and calibration. A sectored
MPAC solution was proposed for base-station antenna measurement, in which a number of dual-polarized probes in a sector
configuration, a fading emulator, and a number of UEs were
set up in an anechoic chamber [45]. If similar sectored MPAC
test configuration is applied for UE test, the cost as well as the
complexity of setup and calibration is still very high.
The RTS method does not have the issue of high complexity
and high cost of the MPAC test system, and is more favorable
for the 5G UE OTA test. An RTS OTA test system with multiple
probe antennas, as illustrated in Fig. 9, is very flexible to measure
2 × 2 and M × N MIMO throughput under 3-D channel models
with almost the same complexity. Multiple probe antennas in the
RTS system accelerate the test process and provide flexibility to

RTS system with multiple probe antennas.

determine the inverse matrix. The RTS methodologies need to
be further developed to meet the evolving 5G revolution by utilizing a few design techniques, such as system level simulations,
custom-designed high-performance absorbers, narrow-beam
probe antennas, and 3-D distributed multiprobe antennas; the reflection within the quiet zone of the chamber could reach as low
as –40 dB, which is critical for accurate MIMO throughput test.
There are still lots of open questions for 5G MIMO OTA, such
as OTA throughput test with beam steering (or beam switching),
carrier aggregation, etc., which need more effort in research and
investigations.
VII. CONCLUSION
With the rapid development of 5G wireless technologies, significant challenges emerge in RF performance evaluations. OTA
test is becoming a vital solution for meeting various testing needs
in compliance, R&D, and mass production. EMC issues can significantly affect the OTA measurements. This paper provides an
overview of the current status, progress, and future directions of
the 5G OTA test, so the EMC community can be well prepared
to address the challenges and seize the opportunities. Some enabling technologies in chamber and absorber designs as well as
the NF–FF transformation techniques are discussed. The specific progress and challenges in the OTA test for 5G chipsets,
AAS, and UE are also introduced and summarized.
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