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Recent wireless communication 
systems, including the 5G com-
munication New Radio (NR) oper-

ating in the millimeter-wave (mm-wave) 
bands, demand performance measure-
ments using an over-the-air (OTA) test 
instead of using the traditional con-
ducted methods. This article provides 
an overview of various OTA measure-
ment systems that measure the inte-
grated antenna inside a 5G-and-beyond 
mm-wave device, including the direct 
far-field (DFF), indirect FF (IFF), near-
field (NF), and midfield measurements. 
By considering several significant param-
eters, including minimum measurement 
distance required, metrics that can be 
measured, and complexity of the elec-
trical and mechanical components of 
the system, suitable OTA measurement 
methods for integrated antennas can be 
selected. Furthermore, factors contrib-
uting to the measurement uncertainty 
of OTA systems based on the technical 
report (TR) of the 3rd Generation Part-
nership Project (3GPP) are summarized 
and discussed. By analyzing the signifi-
cant parameters of each OTA system 
and contributors of the measurement 
uncertainty, the reader can determine 
the OTA method that is most suitable 

to measure the integrated antennas for 
mm-wave communications.

INTRODUCTION
Recent wireless communication sys-
tems, including 5G NR, utilize mm-wave 
spectrums that offer wide bandwidth for 
higher data rates and spectrum efficien-
cies. The short wavelengths associated 
with mm-wave bands lead to a smaller 
antenna size, which is integrated with 
the RF transceiver system in a compact 
module [1]. The antenna connectors are 
not accessible, which makes the con-
ventional conducted performance test 
methods not applicable [2]. Therefore, 
the performance evaluation of 5G-and-
beyond mm-wave devices requires a dif-
ferent approach by using OTA testing 
methods [3].

OTA tests have been standardized 
by the 3GPP and the Cellular Telecom-
munication and Internet Association to 
evaluate the user-equipment (UE)-radi-
ated performance of 2G, 3G, and 4G 
systems [4], [5]. For OTA conformance 
testing of 5G NR Frequency Range 
2 mm-wave devices, the 3GPP released 
TR 38.810 [6]. It is specified that differ-
ent test methods such as DFF, IFF, and 
NF systems are permitted to test differ-
ent devices under test (DUTs).

An overview of various OTA test 
methods is discussed in [7]. Differ-
ent approaches are described to create 
a realistic propagation environment, 
including radiated two stages (RTSs), a 
multiprobe anechoic chamber (MPAC), 
and reverberation chamber measure-
ment. However, the discussion is only 
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intended for multiple-input/multiple-
output application of the 3G Universal 
Mobile Telecommunication System and 
4G long‐term evolution (LTE). The fea-
sibility of RTS and MPAC methods for 
5G mm-wave OTA testing is evaluated 
in [8]–[10]. In [9] and [10], the 3GPP’s 
proposed methods for mm-wave OTA 
testing, including DFF, IFF, and NF 
tests, are also examined. The challenges 
of OTA testing, along with the mea-
surement uncertainty, are introduced. 
Critical components for the uncertainty 
of OTA measurements are discussed 
in [10]. However, the analysis focus-
es on only the chamber and absorber 
designs. The 3GPP TR [6] for the pro-
posed methods of mm-wave OTA test-
ing is assessed in [11]. In addition, the 
 discussion on measurement uncertainty 
is  limited.

This article provides an overview of 
various OTA mm-wave measurement 
systems, with uncertainty contributors in 
each. The measurement for RF probe-
fed mm-wave antennas is also reviewed 
to give an overview of the integrated 
antenna measurement, for example, 
antenna-in-package (AiP) and antenna-
on-chip (AoC). This article provides 
useful considerations for the measure-
ment community when searching for an 

OTA solution for integrated antennas by 
considering relevant parameters of each 
OTA measurements system, such as the 
measurement distance, complexity of 
setup configuration, and desired mea-
sured parameters.

OTA MEASUREMENT
The term OTA was first introduced in 
2006 to describe [12] “a measurement of 
a full-production device in a practi-
cal application.”

Some of the significant figures of 
merit obtained from OTA measurements 
are [13]

 ■ total radiated power (TRP)
 ■ effective isotropic radiated power 

(EIRP)
 ■ total isotropic sensitivity
 ■ effective isotropic sensitivity (EIS)
 ■ data throughput and bit error rate.
OTA measurements may include 

other components such as a base station 
emulator to generate the communica-
tion protocol, and a channel emulator to 
emulate realistic channel propagation. 
The scope of this type of OTA mea-
surement is illustrated on the left side 
of Figure 1. In this article, we focus on 
OTA measurements that evaluate the 
performance of a device with an inte-
grated antenna, such as a phased-array 

antenna. The scope of the integrated-
antenna OTA measurement is illus-
trated on the right side of Figure 1. 
One of the differences between the 
two tests is the propagation environ-
ment. Currently, the integrated-anten-
na OTA test is mainly performed in an 
anechoic environment.

OTA measurements for mm-wave 
antennas in an anechoic environment 
have been performed using different 
methods. For example, the character-
ization of an mm-wave active phased-
array antenna is performed in an 
anechoic chamber with a planar scan-
ner, as discussed in [14]. In [15] and 
[16], an FF measurement, which is used 
to evaluate the RF parameter of an 
array antenna, is performed with mini-
mum distance inside a compact cham-
ber. In [17], an mm-wave device with 
an antenna array is measured using the 
compact antenna test range (CATR) 
technique. The CATR method is also 
applied to characterize a 28-GHz AiP 
module in [18].

OTA MM-WAVE  
MEASUREMENT SYSTEMS
Measurement of the electromagnetic 
field radiated by an antenna can be clas-
sified into three regions: reactive NF, 
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FIGURE 1. The scope of the OTA test and integrated-antenna OTA test. EVM: error vector magnitude. 
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radiating NF, and FF, as illustrated in 
Figure 2 [19]. In the reactive NF region, 
the amplitude fields decay with distance 
(r) as / .r1 3  The measurement cannot 
be performed due to strong coupling. 
Meanwhile, in the radiating NF region, 
the radiating NF amplitudes fall off as 

/ .r1 2  The angular field distribution is 
dependent on the distance, and the wave 
shows a strong deviation from plane 
waves. In this region, by precisely mea-
suring the magnitude and the phase of 
the electromagnetic field, the obtained 
measurement results can be transformed 
afterward into an FF pattern.

In the FF region (often called the 
Fraunhofer region), amplitudes of the 
FF components decay as / .r1  The angu-
lar field distribution is independent of 
the distance, and the electromagnetic 
field can be considered approaching a 
plane wave. In the following sections, the 
feasibility, advantages, and disadvantages 
of several antenna measurement systems 
related to the field regions in Figure 2 
are discussed for integrated-antenna 
OTA measurements.

DFF MEASUREMENT SYSTEM
In the FF region, an infinite distance is 
assumed to achieve a plane wave con-
sisting of parallel waves with a constant 
phase. However, it is not possible due 
to limited available space and energy. 
Therefore, to estimate the minimum FF 
distance, the equation in Figure 2 is fre-
quently used [19]. The following assump-
tions are made:

 ■ The antenna is a point source.
 ■ The maximum phase deviation is 

22.5°.
 ■ D is the largest antenna dimension.
However, determining D is not 

always straightforward. As an exam-
ple, for a microstrip patch antenna 
array, D could be the diagonal diam-
eter of the patch or of the printed cir-
cuit board (PCB), which would make 
an enormous difference depending on 
the size of the PCB. In another case, 
if multiple antenna arrays are embed-
ded in one device, the determination 
of D is more complicated. According to 
the black-box approach of the 3GPP, the 
largest dimension of the device is taken 
[6]. This approach would also support 

the measurement of an antenna with the 
chassis-excitation mode.

Figure 3 shows the typical OTA 
measurement setup of an FF system 
in an anechoic chamber. It compris-
es a probe or measurement antenna, 
the DUT, positioning system, vector 
network analyzer (VNA) or spectrum 
analyzer, and data processing system. 
The DUT is mounted on a position-
ing system where measurement results 
for both azimuth and elevation angles 
can be obtained. An important condi-
tion for this measurement method is 
that the DUT is placed in the center 
of the quiet zone and aligned to the 
probe antenna. The quiet zone is the 
area in which the uniform planar wave 
is assumed with minimum distortion 
from the environment and should be 
covering the radiating elements of the 
DUT [6]. If multiple antenna elements 

are measured, or the position of the 
antenna element is unknown (black 
box), an error due to the misalignment 
could arise [20].

By using the DFF method, the 
EIRP, TRP, EIS, and error vector mag-
nitude (EVM) can be evaluated. How-
ever, it is often impractical to measure 
a large DUT operating at mm-wave 
frequencies in the DFF measurement 
system. The minimum FF distance 
becomes too large, making the needed 
size of the anechoic chamber not feasi-
ble. For example, a 5G mm-wave smart-
phone with the largest dimension of  
15 cm would require a minimum distance  
of 4.2 m at 28 GHz. Additionally, such a 
long measurement distance would gen-
erate a large free-space path loss (FSPL) 
of approximately 73.9 dB, which would 
be problematic for a system with a lim-
ited dynamic range [6]. The DFF OTA 
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FIGURE 3. A typical OTA measurement setup of the FF system in an anechoic 
chamber. VNA: vector network analyzer.
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measurement is more suitable for mm-
wave devices with a small radiating 
aperture of fewer than 5 cm for opera-
tion at 28 GHz [6]. The advantages and 
disadvantages of the DFF method are 
summarized in Table 1.

IFF MEASUREMENT SYSTEM
We define the IFF measurement sys-
tem as an FF measurement system 
using collimating component to reduce 
the minimum distance between anten-
nas. This method is suitable for DUTs 
with a large radiating aperture for mm-
wave operation, unlike a DFF [6]. One 
type of IFF approach is the CATR, 
which uses a parabolic reflector as 
the collimating element [21]. Figure 4 
depicts the measurement configuration 

of the CATR. The feed antenna is in 
the focus point of the parabolic reflec-
tor and transmits the spherical wave, 
which is transformed by the parabolic 
reflector to a plane wave. The area in 
which the uniform plane waves are cre-
ated is the quiet zone of the CATR. 
The size of the quiet zone is typically 
50–60% of the reflector size [22]. A 
CATR with a larger quiet zone at 70% 
of the reflector size is designed in [23] 
with the support of feeding mirrors as 
subreflectors. The measurement dis-
tance in the CATR system is roughly 
3.5 times the reflector size [6].

Characterization of the quiet zone 
of the CATR for mm-wave application 
is described in [24] with the following 
specifications:

 ■ amplitude ripple: 1 dB
 ■ amplitude taper: 0.5 dB
 ■ phase variation: 10°.
This makes the CATR suitable for 

black-box measurements as it is rela-
tively unaffected by misalignment of 
the antenna.

The parabolic reflector is an essential 
component in a CATR system, which 
requires meticulous design, production, 
and maintenance. The surface accuracy 
of the reflector determines the highest 
operating frequency of the CATR, and 
the edges of the reflector determine 
the lowest operating frequency [25]. At 
high frequencies, the reflector’s surface 
determines the phase distortion. The low 
frequency limit is usually encountered 
when the serrated reflector is approxi-
mately 25–30 m  in diameter [26]. The 
serrated parabolic reflector has over-
come the traditional low frequency limit 
to 16 m  by utilizing some of the tech-
niques in [27].

Ideal plane waves can be generated in 
the quiet zone of the CATR if the para-
bolic reflector has a perfect surface and 
an infinite size. Also, the feed antenna 
must be in the focus point of the reflec-
tor. However, such perfect conditions are 
impractical to achieve. Even the smallest 
deviation could cause amplitude taper and 
phase variation in the quiet zone. In addi-
tion, the parabolic reflector also contrib-
utes a degree of cross polarization into the 
system [28]. A proper design is required to 
improve cross-polarization isolation.

With the CATR system, measure-
ments of EIRP, TRP, EIS, and EVM can 
be obtained [6]. The main advantage of 
this system is the lower FSPL due to the 
smaller FF distance compared to the 
DFF measurement system. However, 
obtaining a low uncertainty with an IFF 
OTA measurement system is challenging 
[15]. For some cases, several factors may 
lead to reduced performance of the quiet 
zone in the IFF compared to a well-
calibrated DFF system. The advantages 
and disadvantages of the CATR system 
are listed in Table 2.

Besides parabolic reflectors, lenses 
can be used as elements to create plane 
waves by diffraction. The operating fre-
quency of the system depends on the 
dimension and weight of the lens.

Feed Antenna

DUT

PC
VNA Positioning

Controller

Reflector

FIGURE 4. The configuration of the compact antenna test range measurement 
system with a parabolic reflector as the collimating element.

TABLE 1. THE ADVANTAGES AND DISADVANTAGES  
OF A DFF OTA MEASUREMENT.

Advantages Disadvantages

 • measurement setup is easy to 
configure

 • measures continuous-wave 
and modulated signals.

 • large measurement  distance for 
mm-wave DUT measurement with black-
box approach

 • high path loss for long measurement 
distance.

TABLE 2. THE ADVANTAGES AND DISADVANTAGES  
OF A CATR SYSTEM.

Advantages Disadvantages

 • smaller distance than DFF
 • measures continuous-wave and 

modulated signals.

 • requires a high-quality parabolic reflector and 
precise alignment.
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The lens-type IFF OTA measure-
ment system is used for the mm-wave 
applications in [29]. In addition, the use 
of a hologram-based CATR is studied 
in [30]. The planar hologram is used as 
a collimating element with low cost and 
relatively easy manufacturing. In [31], a 
hologram CATR is used for wideband 
operation. However, the strong fre-
quency and polarization dependence of a 
hologram CATR is still a challenge [32].

A printed reflectarray or transmitar-
ray is also used in the CATR system to 
create plane waves with a low profile, low 
cost, and easy manufacturing [33]. The 
quiet zone is evaluated from the NF of 
the reflectarray. In [34], the quiet-zone 
performance of a reflectarray CATR is 
improved by controlling the aperture 
disturbance field, including the specular 
reflection and edge diffraction.

Another technique for IFF measure-
ments is to create plane waves using a 
plane-wave convertor (PWC) [35]. This 
method has been simulated to mea-
sure 5G mm-wave devices [36]. Instead 
of employing a parabolic reflector, an 
active antenna array system is used 
for a PWC. Multiple elements of the 
antenna array transmit the spheri-
cal wave signals simultaneously. The 
amplitude and phase weights of each 
element are adjusted to create plane 
waves in the quiet zone. Therefore, the 
efficiency and quality of calculating 
the amplitude and phase weights of 
each element have a major influence 
on the performance of the quiet zone. 
A fast synthesis approach to handling 

system complexity is described in [37]. 
Although a PWC has similar measure-
ment capabilities as a CATR, the com-
plex design of an active-array antenna 
system is a major challenge.

NF MEASUREMENT SYSTEMS
NF measurements are another solution 
for measurements in a spatially limited 
range [38]. It is performed in the radiat-
ing NF region (see Figure 2). A separa-
tion between the probe and the DUT is 
typically roughly 3–5 m  of the measur-
ing frequency [39]. The configuration of 
an NF measurement system is shown 
in Figure 5. The probe scans over the 
surface surrounding the DUT to sample 
the magnitude and phase of the field at 
discrete points in space. An NF-to-FF 
transformation must be applied to the 
measurement data.

The time required to perform an 
NF scan depends on the type of scan-
ning (see Figure 6), spatial resolution, 
DUT size, and frequency. Three scan-
ning types, with their unique sampling 
points, are used: planar, cylindrical, and 
spherical, as displayed in Figure 6. The 
selection of scanning depends on the 
type and directivity of the DUT. Dif-
ferent scanning approaches lead to dif-
ferent complexities in the mechanical 
system and the analytical or numerical 
transformations. In addition, the mea-
sured NF results are influenced by the 
probes. Therefore, a probe correction 
must be applied, and the position of the 
DUT must be known. This requires an 
exceedingly small positioning error from 
the scanner or positioner [40].

Measuring with modulated signals 
using an NF measurement technique is 
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FIGURE 5. The configuration of an NF measurement system.
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FIGURE 6. Three scanning coordinates with the sampling grids for NF measurement system. (a) The planar, (b) cylindrical, and 
(c) spherical scanning systems. 
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challenging, especially when consider-
ing how to apply the NF transformation 
method to derive the FF result of a mod-
ulated signal as the theory is based on a 
continuous-wave signal. Based on 3GPP 
TR 38.810 [6], the NF measurement 
system is acceptable for DUTs having 
a small aperture of the radiating ele-
ments to measure the EIRP and TRP for 
operation at mm-wave. The advantages 
and disadvantages of an NF system are 
detailed in Table 3, and we now discuss 
the three different NF scanning meth-
ods in more detail.

PLANAR NF SCANNING
In the planar NF scanning technique, 
the amplitude and phase are retrieved by 
moving the probe or the DUT in the x-y 
plane, as shown in Figure 6(a). The area 
of the scanning aperture should be large 
enough to receive significant energy 
from the DUT and minimize the trunca-
tion error. If the scanning range is insuf-
ficient, the computed radiation pattern 
could deviate from the FF result [41]. 
Additionally, the choice of window type 
for the Fourier transform affects the FF 
result. The postprocessing of the planar 
NF method is the least complex of the 
three methods. However, for measure-
ments using a black-box approach, NF 
scanning is less accurate than a CATR 
[17]. Therefore, prior information about 
antenna position is preferable.

CYLINDRICAL NF SCANNING
In the cylindrical NF scanning tech-
nique, the probe is moved at different 
heights of the cylindrical surface, while 
the DUT is rotated, as shown in Fig-
ure  6(b). By scanning in a cylindrical 
surface, the exact azimuth pattern can 
be obtained, but the elevation pattern is 
limited due to truncation of the scanning 

aperture. The measurement of mm-wave 
antennas using cylindrical NF scanning 
is performed in [42]. Additional mode-
filtering techniques can be employed to 
suppress the reflection from surround-
ing equipment.

It should be noted that the scanning 
surface of the planar and cylindrical NF 
measurements is limited. An estima-
tion of the pattern using an equivalent 
magnetic current approach to obtain the 
pattern outside of the limited region is 
studied in [43]. However, large computa-
tional resources are required to solve the 
integral equations, especially for an elec-
trically large DUT. Another approach 
is to rotate and measure the DUT in 
different planes and combine them to 
increase the valid region [44]. Howev-
er, it requires additional measurements 
by moving the probe orthogonal to the 
conventional scan plane. Extending the 
region is also done by using an iterative 
algorithm to extrapolate the valid region 
of the FF pattern [45].

SPHERICAL NF SCANNING
In the spherical NF scanning technique, 
several scanning configurations can 
be applied. One of them is to have the 
probe fixed while the DUT is moved in 
spherical coordinates to collect data, as 
presented in Figure 6(c). If there is no 
mechanical obstruction, this method can 
be used to measure the full 3D radia-
tion pattern of the DUT. A multiprobe 
spherical scanning approach is used in 
[46] to reduce scanning time. However, 
with the increased number of probes, 
the complexity of the design, manufac-
ture, and calibration are challenging.

Another challenge in the NF system 
is the phase measurement. To reduce 
the effect of probe-positioning errors 
on the phase measurement, a phaseless 

mm-wave measurement is performed 
in [40] and [47] by using the iterative 
Fourier technique of two sampling sur-
faces at different distances from the 
DUT. However, scanning more surfaces 
increases the time needed for testing and 
postprocessing. Modified holographic 
and time-filtering methods are improved 
upon for the antenna phaseless measure-
ment in [48]. A phaseless measurement 
approach based on a digital holographic 
reconstruction algorithm is proposed in 
[49] to increase efficiency by having one 
measurement surface.

MIDFIELD MEASUREMENT SYSTEM
To reduce the measurement distance 
of the DFF system, the principle of 
Fraunhofer distance is revisited in [16] 
and [50]. A different criterion of the FF 
region, that of observing the antenna’s 
directivity, is used, rather than the 
device’s dimension. By implementing 
this criterion, DFF measurements are 
conducted in a much shorter distance if 
only the peak beam region is analyzed, 
rather than the full radiation pattern. 
For a 15-cm DUT at 43 GHz, the mea-
surement distance can be reduced from 
6.5 (Fraunhofer distance) to 1.74 m [16].

Another way to measure the phased-
array antenna in a short distance is pro-
posed in [15] and [51]. In this method, 
the midfield is defined as the range 
where the probe antenna is in the FF of 
the individual antenna element but the 
NF of the phased-array antenna module. 
It is observed that within a reasonable 
distance, the beam pattern of the main 
lobe has the same direction as the FF, 
but the EIRP and EIS have an offset 
depending on the distance, array size, 
and beam direction.

The offset in the midfield is corrected 
by a correction factor to obtain the FF 
result. The correction factor is calculated 
from the ratio of linear superposition 
of individual antenna elements in the 
midfield and FF distances. The correc-
tion factor depends on the individual 
element’s position, beamforming coef-
ficient, and probe antenna pattern. The 
midfield to FF correction can derive 
results for the main lobe and sidelobes, 
but not the nulls. Besides, a midfield 
measurement cannot obtain the depth 

TABLE 3. THE ADVANTAGES AND DISADVANTAGES  
OF AN NF SYSTEM.

Advantages Disadvantages

 • smallest measurement distance
 • planar scan: suitable for high-gain antennas 

and is least complex for postprocessing
 • cylindrical scan: suitable for fan-beam 

antennas
 • spherical scan: suitable for any antennas. 

 • long scanning time
 • requires high precision of electrical 

and mechanical components
 • measures only continuous-wave 

signals.
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of the nulls accurately [15]. The advan-
tages and disadvantages of the midfield 
method are summarized in Table 4.

OTA MEASUREMENTS USING  
AN RF PROBE
Due to the use of higher frequencies, 
integrated antennas such as AoC and 
AiP are increasingly utilized for 5G 
mm-wave applications. A measurement 
to evaluate integrated circuit design is 
commonly performed during the devel-
opment phase of the product. In this 
application, the antenna measurement 
cannot be conducted in the usual man-
ner with an RF connector, but instead, 
an RF probe is applied to evaluate the 
performance of integrated antennas [52].

The RF probe-fed measurement is 
typically done in a specially designed 
measurement setup [53]. At the Eind-
hoven University of Technology, this 
measurement is conducted in a compact 
portable mm-wave anechoic chamber 
[54]–[56], as shown in Figure 7. The 
chamber has the following properties:

 ■ performs FF, planar, and spherical 
NF measurements  

 ■ provides modular probe holder 
and probe station for RF probe-fed 
antenna measurements

 ■ equipped with a camera for align-
ment validation

 ■ supports movements in the spherical 
coordinate system.

As depicted in Figure 7, the DUT is 
positioned in the middle of the chamber 
in a mechanically stable area where the 
scan arm is moving around the DUT. 
In contrast to the RF connector, an RF 
probe is not fixedly positioned on, for 
example, a PCB. The construction of 
an RF probe requires a probe holder to 
allow the RF probe to be placed on the 
PCB, creating an RF connection. It is 
the probe holder that prevents the RF 
cable from exerting mechanical stress on 
the RF connection.

Generally, measuring the full 3D 
radiation pattern of the RF probe-fed 
mm-wave antenna is challenging due 
to obstruction of the probe and the 
probe station [57], [58]. The probe 
blocks a part of the measured radia-
tion pattern and limits the dynamic 
range due to its unwanted radiation 

[59]–[61]. The unwanted radiation 
can occur at the transition from the 
RF probe to the transmission line, 
and on the edge of the PCB due to 
diffraction and reflections from, for 
example, the housing of the RF probe 
or the connector. In all cases, this 
unwanted radiation will inf luence 
the radiation pattern and the antenna 
gain. Additionally, the metal surface 
of the probe station could cause a 
reflection that results in a ripple on 
the radiation pattern.

To mitigate the undesired inter-
ference and improve measurement 
uncertainty, RF probe-fed measure-
ment techniques can be broadly 
characterized into two categories, 
that is, error compensation through 
postprocessing approaches, and a 
modified measurement setup [53]. 
The former can be estimated using 
superposition and S-parameter tech-
niques to de-embed parasitic probe 
radiation [53]. It can also be esti-
mated by using load subtraction and 
modal filtering to separate the probe 
radiation. For the latter, modification 

of the measurement setup is com-
monly done by displacing the probe 
positioner out of the anechoic cham-
ber, or by covering it with an absorb-
er [62]. However, it should be done 
with caution so that the absorber 
does not influence the antenna. In 
[57], the measurement is done qua-
si-in-the-air to avoid metal ref lec-
tions. Meanwhile, in [59] and [63], 
the unwanted radiation of the probe 
is reflected out of the probe station 
by putting a metal plate behind the 
probe, but the measurement aperture 
is narrowed.

Addit ional ly, a specia l holder 
is used to hold the DUT. To avoid 
unwanted reflection from the metallic 
surface and dielectric materials are 
used as the DUT holder [64], [65]. 
Custom probes with extended and 
bent probe tips are proposed to avoid 
blockage from the fixture [58]. How-
ever, custom probes can have a higher 
insertion loss, making calibration espe-
cially challenging for terahertz (THz) 
frequencies. The insertion loss of the 
probe cannot always be neglected, and 

TABLE 4. THE ADVANTAGES AND  
DISADVANTAGES OF A MIDFIELD SYSTEM.

Advantages Disadvantages

 • smaller distance than a DFF
 • measures continuous-wave and modulated 

signals.

 • requires error-correction process
 • accurate only for beam peaks.

Scan Arm Elevation Axis

z-Axis

x-Axis y-Axis

Rotation Axis

Metal Cover
Reference
Antenna

Probe
Holder

DUT

Translation Table

Probe Station,
Computer,
Motor Control

Waveguide
Holder

Touchscreen

VNA

FIGURE 7. The compact portable mm-wave anechoic chamber at Eindhoven 
University of Technology. 
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it can be analyzed using a back-to-back 
probe test [66].

Systematic errors of the cable and 
the probe itself can be de-embed-
ded using a planar calibration sub-
strate [67]. However, the calibration 
procedure is not so straightforward. 
One of the challenges is to correctly 
land all probe pins on the calibration 
substrate. An incorrect connection 
between the probe and the calibration 
substrate leads to undesired radiation 
from the probe due to the coupling 
between the probe tip and the sub-
strate. In [68], an automatic prob-
ing algorithm is applied to improve 
repeatability of the probe position.

The NF scan for a probe-fed antenna 
is performed in [58] and [69]. However, 
the NF scanning range is also limited 
by the size of the probe. This makes the 
measurement of an antenna with a wide 
beamwidth not possible. In [70], a robotic 
positioning system with a laser tracker fea-
ture is used to improve the flexibility of a 
spherical NF measurement system. How-
ever, the robot movement is still limited 
to measure the lower hemisphere. The 
estimated measurement result in this area 
is calculated by mirroring the measured 
field in the upper hemisphere, increas-
ing the uncertainty of the result [70]. 
Moreover, use of the robotic arm for the 
probe-fed antenna measurement cannot 
largely improve the overall uncertainty 
as the largest error contributor is from 
the probe effects. Recently, the probe-fed 
antenna measurement technique using 
the IFF method was applied to mea-
sure the beamforming capabilities of a 
5G mm-wave AiP [18]. The advantages 
and disadvantages of the RF probe-fed 
measurement system are summarized 
in Table 5.

3GPP UNCERTAINTY ASSESSMENT  
OF OTA SYSTEMS
Any measurement, including an OTA 
one, is subject to errors that affect mea-
surement results. To determine measure-
ment uncertainty, an uncertainty budget 
containing the factors and their contribu-
tions should be defined [71]. The uncer-
tainty assessments for 5G mm-wave UE 
and base station measurements using 
different OTA methods have been pub-
lished by the 3GPP [6], [72]. This section 
gives a practical interpretation of what 
the 3GPP defines.

Table 6 lists the 3GPP uncertainty 
assessment for an EIRP measurement 
using DFF, IFF (CATR), and NF mea-
surement systems at 28 GHz [6]. The 
standard uncertainty in Table 6 is gen-
erally based on the measurement per-
formed by the 3GPP for assessment of 
the uncertainty. The assessment for DFF 
and NF are performed with the 5-cm 
DUT, while for IFF with a 15-cm DUT.

An analysis is done for two stages 
of measurement (a gain-comparison 
method), as illustrated in Figure 8. The 
uncertainty contributors of each stage 
are added in the figure. At the first 
stage, a calibration of the absolute level 
of the DUT measurement results is per-
formed using a reference antenna, whose 
absolute gain is known. The reference 
antenna is measured in the same place as 

the DUT to calibrate the path 
loss. At the second stage, the 
actual measurement with the 
DUT as either the transmitter 
or receiver is performed.

Table 6 shows that DFF 
has the largest overall uncer-
tainty, whereas NF has the 
smallest of all the methods. 
The expanded uncertainties 

are obtained by calculating the root 
sum of squares of the combined stan-
dard uncertainties with a 95% confi-
dence (k = 2). The largest uncertainty 
is from the quality of the quiet zone 
that quantifies the effect of reflec-
tions within the anechoic chamber 
(see numbers 1 and 10 in Table 6). To 
evaluate the quality of the quiet zone, 
an antenna pattern comparison and 
free-space voltage standing-wave ratio 
field probe techniques are frequently 
used [73]. They can predict the varia-
tion of measurement results when the 
DUT is placed anywhere within the 
quiet zone, and with the beam formed 
in any direction. The evaluated area 
mainly depends on the size and the 
minimum FF distance of the DUT. 
However, the result of the procedures 
is greatly affected by directivity of the 
probe antenna itself [73].

The second-largest uncertainty is 
caused by a mismatch from the noni-
deal matching of the connected instru-
ments, as shown in number 11 in Table 6. 
This term can be calculated from the 
reflection coefficients at the generator 
and the receiving device. This term can 
be largely calibrated out, for example, 
by using a two-port VNA calibration. 
Moreover, any components added to 
the measurement setup can contribute 
to measurement uncertainty, thus, the 
uncertainty contributed from that com-
ponent should be identified. For the 
case of an external amplifier, an uncer-
tainty of 1 dB is contributed due to its 
instability and nonlinearity, as shown in 
number 13 in Table 6.

The absolute antenna gain uncer-
tainty of the calibration antenna (see 
number 2 in Table 6) originates from 
the calibration measurement in “Stage 1: 
 Calibration.” The uncertainty can be 
obtained using Type B uncertainty 

TABLE 5. THE ADVANTAGES AND DISADVANTAGES  
OF AN RF PROBE-FED MEASUREMENT.

Advantages Disadvantages

 • possible to measure integrated 
antennas

 • flexible probing and placement
 • no mechanical stress due to RF cable
 • simple interface design on the PCB 
for interconnection setting.

 • unwanted radiation at probe-
antenna transition

 • probe-tip damage
 • repeatability of calibration
 • increased uncertainty of calibration.

The phase center is the  
specific reference point in the 
antenna (assumed point source) 
from which the radiation  
may originate.
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analysis from the calibration report with 
traceability to a national metrology insti-
tute. The uncertainty of the network 
analyzer and RF power measurement 
equipment (see numbers 3 and 12 in 
Table 6) could also be obtained using 
Type B uncertainty analysis from the 
manufacturer’s data sheet. It needs to 
be ensured that appropriate uncertainty 
contributions are specified for the set-
tings used, such as bandwidth and abso-
lute level.

The random uncerta inty (see 
number 14 in Table 6) is due to the 

unknown and unquantifiable uncertain-
ties associated with the measurements 
that cannot be measured and reduced 
completely. The random uncertainty 
of the 4G LTE OTA measurements is 
defined to be approximately 0.2 dB [6]. 
This value is increased for an mm-wave 
system (see  number 14 in Table 6) due to 
increased sensitivity to random effects 
in more complex, higher-frequency NR 
test  systems.

In the following section, the uncer-
tainties specific to each measurement 
system are described.

MEASUREMENT UNCERTAINTY OF  
DFF METHODS
For measurements using the DFF 
method, the uncertainty contributors 
in two stages of the 3GPP uncertainty 
assessment are illustrated in Figure 8. 
The measurement distance uncertainty 
is one of the largest uncertainty con-
tributors for the DFF (see number 17 in 
Table 6) [6]. This is shown in “Stage 2—
DUT Measurement” in  Figure 8. For 
radiation pattern measurement, the 
finite measurement distance affects 
characterization of the sidelobe and 

TABLE 6. THE 3GPP UNCERTAINTY ASSESSMENT FOR AN EIRP MEASUREMENT  
USING DFF, IFF, AND NF MEASUREMENT SYSTEMS.

No. Uncertainty Source

Standard Uncertainty

DFF (dB) IFF (dB) NF (dB)

Stage 1: Calibration

1 Quality of the quiet zone 1.5 1.5 1.5 

2 Uncertainty of an absolute gain of the calibration antenna 0.8 0.8 0.8 

3 Uncertainty of the network analyzer 0.2 0.2 0.21 

4 Positioning and pointing misalignment between the reference and receiving 
antennas

0.2 0.05 —

5 Phase-center offset of the calibration antenna 0.36 — —

6 Reference antenna feed cable loss measurement uncertainty 0.17 — —

7 Reference antenna positioning misalignment 0.17 — —

8 Mismatch in the connection of the calibration antenna — 0.05 0.07 

9 RF leakage (from the measurement antenna to the receiver) — 0.1 —

Stage 2: DUT Measurement

10 Quality of the quiet zone 1.5 1.5 1.5 

11 Mismatch 1.3 1.3 1.3 

12 Uncertainty of the RF power measurement equipment 1.08 1.08 1.08 

13 Amplifier uncertainty 1 1 1 

14 Random uncertainty 0.23 0.23 0.23 

15 Influence of the XPD 0.48 0.48 —

16 Positioning misalignment 0.29 0.05 —

17 Measurement distance uncertainty 0.58 — —

18 RF leakage (from the measurement antenna to the receiver) — 0.1 —

19 Insertion-loss variation of the receiver chain — 0.06 —

20 Phase drift and noise — — 0.02 

21 NF-to-FF truncation — — 0.003 

22 Probe-polarization amplitude and phase — — 0.055 

Expanded uncertainty (95% confidence interval) 6.2 5.99 5.19 

XPD: cross-polar discrimination.
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nulls. The distance should be large 
enough to avoid any mutual coupling 
between the antennas and errors from 
the phase taper [64]. However, expand-
ing the distance increases the FSPL and 
cable losses, which reduces the signal-
to-noise ratio. Uncertainty of the dis-
tance-measuring tool also needs to be 
determined and accounted for.

Addit ional ly, the result could 
vary with changes in the distance if 
the phase center of the antenna is 
unknown [74]. The phase center is the 
specific reference point in the antenna 
(assumed point source) from which 
the radiation may originate. Howev-
er, the distance is usually incorrectly 

defined from the antenna aperture, 
which is easier to be measured. If the 
phase center of the antenna is not 
aligned with the center coordinate of 
measurement, there is an additional 
uncertainty related to the measure-
ment distance, which decreases as 

the measurement distance 
increases. Therefore, the 
uncertainty of this point 
should be analyzed by con-
sidering the area between 
the feed and aperture of 
antennas [75]. This contrib-
utes to roughly 0.36 dB of 
the uncertainty budget (see 
number 5 in Table 6) [6]. To 

reduce uncertainty due to the phase 
center, a simulation and a prior calcu-
lation are proposed to find the phase 
center of the antenna [76]. Moreover, 
instead of using a phase center, van 
den Biggelaar [14] uses an amplitude 
center to confirm that the FF condi-
tion is met. Another approach is to 
implement an extrapolation measure-
ment technique [77] or a gain-cor-
rection factor [78]. The former uses 
Wacker’s equation to model the inter-
action between two antennas, while 
the latter is estimated by taking the 
ratio between the finite-range and 
FF gain.

The positioning misalignment con-
tributes to the measurement in both 
stages (see numbers 4 and 16 in Table 6). 
In the measurement in “Stage 1: Calibra-
tion,” it originates from the reference 
antenna alignment and pointing errors 
(see Figure 8). In this measurement, if 
the maximum gain directions of the ref-
erence antenna and the receiving anten-
na are aligned, the contribution can be 
considered negligible. In “Stage 2—
DUT Measurement,” it originates from 
misalignment of the transmitting and 
receiving antennas (see Figure 8). The 
uncertainty is caused by misalignment of 
the testing and the beam-peak direction 
of the receiving antenna due to rotation 
system errors. The effect of the misalign-
ment depends highly on the beamwidth 
of the beam under test. For devices with 
a narrow beamwidth, this uncertainty 
leads to a larger measurement error.

To validate the alignment and position 
of the antennas, an alignment camera can 
be used for tracking by adding a marking 
on the antennas [79]. Another approach is 
to use a laser tracker [80]. A laser genera-
tor is positioned between both antennas, 
and the horizontal and vertical position 
of the antenna can be adjusted using the 
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Positioning Misalignment
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Uncertainty of the Absolute Gain
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Mismatch

Measurement Distance Uncertainty

XPD Influence
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Random Uncertainty
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FIGURE 8. The two stages of 3GPP uncertainty assessments for a DFF measurement 
with the uncertainty contributors. Stage 1—path loss calibration. Stage 2—the 
DUT measurement. XPD: cross-polar discrimination. 

For IFF measurements using 
the CATR system, quality of the 
quiet zone is also the largest 
uncertainty contributor  
in the system.
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mark from the laser beam. In addition, 
to ensure that the cable’s position and 
bendablility are repeatable, cable sup-
ports can be added to the antenna carrier 
to avoid phase deviations among various 
 measurements [81].

To increase flexibility of the move-
ment, the use of a robotic arm has 
been proposed in [60] and [82]. The 
antenna alignment and positioning are 
dynamically monitored for the uncer-
tainty analysis; however, the positioning 
depends on the speed and accelera-
tion of the robot. It also has uncertainty 
due to cable movement and noise of the 
robot [60].

If the measurement is performed 
using a dual-polarized probe, as it was 
done for the DFF and IFF assessments 
in Table 6 [6], the uncertainty caused 
due to the finite cross-polar discrimina-
tion (XPD) between the two polariza-
tion ports should be accounted for (see 
number 15 in Table 6). A typical probe 
antenna can have an XPD of 30 dB [6].

MEASUREMENT UNCERTAINTY  
OF IFF METHODS
For IFF measurements using the CATR 
system, quality of the quiet zone is also 
the largest uncertainty contributor in 
the system (see numbers 1 and 10 in 
Table 6). This could be improved by 
implementing an edge treatment on the 
parabolic reflector. If the reflector has a 
simple parabolic shape with sharp edges, 
the diffraction could result in a ripple in 
the quiet zone. The edges can be ser-
rated and rolled to scatter energy away 
from the quiet zone. This reflector is 
used for an OTA measurement of the 
mm-wave base station in [83].

The pointing and positioning mis-
alignment uncertainty of IFF is smaller 
than that of DFF (see numbers 4 and 16 
in Table 6). The contribution of pointing 
misalignment of IFF originates from 
uncertainty in the sliding position and 
the turntable angle. If the calibration 
antenna is aligned to its beam peak, this 
contribution can be considered negli-
gible and therefore set to zero.

From the 3GPP assessment depict-
ed in Table 6, other uncertainty con-
tributors are from the RF equipment 
(see number 18 in Table 6), such as 

insertion-loss variation of the receiver 
chain and RF leakage [6]. Uncertainty 
from the insertion-loss variation of the 
receiver chain is the residual uncer-
tainty contribution coming from intro-
ducing an antenna at the end of the 
cable. If this cable does not change 
or move between the two stages, the 
uncertainty is assumed to be system-
atic and negligible during the measure-
ment stage.

RF leakage from the measure-
ment antenna to the receiver or the 
transmitter denotes noise leaking into 
the connector and cables between the 
measurement antenna and the receiving 
or transmitting equipment. This con-
tribution also includes the noise leak-
age between the connector and cables 
between the reference antenna and 
transmitting equipment for the calibra-
tion phase.

MEASUREMENT UNCERTAINTY  
OF NF METHODS
For NF measurements, the measured 
NF is expanded using a finite set of 
spherical modes linked to the number 
of samples. The filtering effect gener-
ated by the finite number of modes 
can improve measurement results by 
removing signals from outside the phys-
ical area of the DUT. However, care 
must be taken to make sure that the 
removed signals are not from the DUT 
itself or it will cause truncation of NF 
to FF. The uncertainty of NF-to-FF 
truncation (see number 21 in Table 6) 
includes the uncertainty related to the 
scan-area truncation.

The uncertainty of the phase drift 
and noise is due to the noise level and 
drift of the test range and should be 
determined at the DUT location. The 
noise level is usually measured with a 

spectrum analyzer. The 
amplitude and phase of the 
probe-polarization coeffi-
cients should be measured. If 
the probe-polarization ampli-
tude and phase are measured 
and corrected for, then the 
probe XPD uncertainty term 
can be negligible.

For spherical NF scan-
ning, the error terms and 

measurement uncertainty are analyzed 
in [84]–[87]. The method of estimating 
uncertainties due to multiple reflections 
between the probe and test antennas in 
NF measurements is presented in [85]. 
In [86], the antenna pattern comparison 
approach is used to estimate error terms 
from the multiple reflections, probe 
alignment, and probe-position error. 
In [87], the measurement error due to 
mechanical uncertainties for planar and 
spherical scanning in THz frequencies is 
observed. It is found that the error levels 
converge to increasing measurement dis-
tances for those of spherical systems.

Recently, the effect of probe imper-
fection on measurement uncertainty 
was investigated by modeling the 
spherical NF system configuration in a 
full-wave simulation [88]. Simulations 
of chambers and NF systems are per-
formed to approximate the error from 
the chamber’s stray signals and mis-
alignment of the probe and DUT move-
ments. In the future, measurement 
uncertainty can be estimated based on 
not only measurement data but also on 
simulation ones due to improvements 
in simulation computations of antenna 
system modeling.

MEASUREMENT UNCERTAINTY OF 
MIDFIELD METHODS
Kong et al. [15] claimed that the mea-
surement uncertainty of midfield mea-
surements is the same as that for DFF 
for some metrics, such as for TRP. 
Therefore, the 3GPP assessment of 
DFF measurement uncertainty can be 
referred directly for midfield uncertainty 
analysis. However, for beam-peak direc-
tion metrics such as EIRP and EIS, a 
correction factor is applied to the mid-
field measurement results to get the 
FF result [15]. The correction factor 

The filtering effect generated by 
the finite number of modes can 
improve measurement results 
by removing signals from 
outside the physical area  
of the DUT.
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introduces a new contributor to the mea-
surement uncertainty, which makes the 
uncertainty of the midfield measurement 
system slightly larger than the DFF.

Additionally, as the distance between 
the probe and the DUT is shorter, the 
uncertainty of the phase-center off-
set and the longitudinal taper error is 
increased. This contributes to addi-
tional uncertainty for the radiation pat-
tern measurement of the main beam 
(EIRP and EIS). For example, for a 
72-mm DUT operating at 43.5 GHz  
measured with 50-cm distances, an 
error of approximately 1.25 dB is added, 
which mostly affects the second lobes [16].  
The measurement of TRP with this 
method also deviates in roughly the same  
order [16].

CONCLUSIONS
In this article, an overview of inte-
grated-antenna OTA test systems for 

5G-and-beyond mm-wave applications 
was given. A comparison of each mea-
surement system is shown in Table 7, 
and the specific uncertainty contribu-
tors based on the 3GPP assessment are 
presented in Figure 9. By considering 
the significant parameters, including the 
measurement distance, complexity of the 
setup configuration, desired metrics, and 
uncertainty contributors of each system, 
a framework was provided to select the 
most suitable OTA measurement meth-
od for a particular integrated antenna. 
Tradeoffs between the complexity of the 
electrical and mechanical components, 
the desired metrics that need to be eval-
uated, and the uncertainty of the mea-
surement may be necessary. As a result, a 
single OTA solution may not be the most 
practical and ideal option for all inte-
grated antenna measurements for mm-
wave applications. Therefore, the reader 
should decide which measurement 

methods are suitable for their measure-
ment facility based on the described 
factors in this article. Furthermore, the 
techniques that reduce the uncertainty 
of an OTA measurement for mm-wave or 
even THz communication for 5G-and-
beyond applications are an ongoing chal-
lenge for the measurement community.
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MidfieldPlanar Cylindrical Spherical
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m

3.5 × reflector size 3λ . D0 5 2
)

m

Setup complexity Simple Complex Medium Complex Simple

Measured signals Continuous wave, 
modulated

Continuous wave, 
modulated

Continuous wave Continuous wave, 
modulated

*Based on the calculation for a 15-cm device at 43 GHz [30].
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