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Abstract

This paper presents results for active and passive measurements using a novel method based
on multiple compact antenna test range (CATR) reflectors to perform simultaneous multiple
angle measurements in order to characterize the beam-forming characteristics in a real envir-
onment of the 5G devices operating in the millimeter wave frequency band: 24–44 GHz. The
over-the-air (OTA) system generates four planar wavefronts with different incidence angles,
realizing up to five pairs of angular spreads or four switched/simultaneous angles of arrival.
The initial target application is radio resource management (RRM) testing, where the execu-
tion of mobility procedures and radio link monitoring of a 5G millimeter wave device are eval-
uated. The applicability of the multi-reflector approach to RRM testing is measured with
commercial 5G handsets, through three test scenarios. The paper demonstrates that baseband
(non OTA) testing is not sufficient for RRM FR2, as the results are influenced by the direction
of arrival of the signal. It is further shown that OTA testing in a multi-reflector CATR system
and a careful selection of a representative set of test directions is critical for full characteriza-
tion of the performance of a wireless device operating in the millimeter wave bands.

Introduction

In 5G new radio millimeter wave frequency bands (5G NR FR2), there are several measure-
ment applications requiring multiple angles of arrival (AoA) for device characterization:
MIMO throughput testing (a multiple-input multiple-output technique used in both 4G
and 5G to increase data speeds) with two or more spatial layers, RF (radio frequency) fading
with multiple impinging waves, simultaneous in-band and spurious emissions threshold mon-
itoring, and radio resource management (RRM) [1]. One common example of an RRM scen-
ario is when the 5G wireless handset monitors the power levels from different base-stations
and performs a handover to another base-station when the signal from the first one goes
below a given threshold. It is assumed that these base-stations are located in the far-field
(FF) of the wireless handset.

The FF as calculated by the Fraunhofer formula of RFF = 2D2/λ where D is the quiet zone
(QZ) or device under test (DUT) size and λ is the wavelength is roughly 24 m at 40 GHz for a
typical wireless handset with a maximum diagonal of 30 cm. Although millimeter wave
antenna array modules have apertures of 1–2 cm, it is likely that several modules are placed
at different locations inside the wireless handset that can be activated simultaneously, therefore
requiring a “blackbox” approach where the minimum quiet zone (QZ) is bounded by the max-
imum DUT size. Measurement techniques for RRM and RF fading include cabled measure-
ments for wireless communications systems at frequencies below 8 GHz and wireless
over-the-air (OTA) in the far-field of the DUT at frequencies above 24 GHz. While cabled
measurements are faster and less complex, they are not as representative of real-world condi-
tions as wireless OTA measurements.

In order to simulate multiple AoA (or base-stations) in the FF of the DUT, probes (transmit-
ting antennas) are typically placed at a distance corresponding to a desired QZ size and/or max-
imum allowed measurement uncertainty (MU) [2]. In the millimeter wave frequency range, this
approach leads to large chambers with higher free-space path loss. An alternative approach uses
a multiple compact antenna test range (multi-reflector CATR) to reduce the required RRM
measurement setup footprint, while maintaining low MU inside a defined QZ encompassing
the entire wireless handset [3]. Current multiple reflector CATR state-of-the-art are the sub-
reflector systems that only generate a singular quiet-zone from one angle of arrival [4–6].
This paper uses a CATR system with multiple reflectors to generate multiple spatially overlapped
quiet-zones where each reflector is positioned at a different angle of arrival into the quiet-zone.

Previous publications have demonstrated the relevance and accuracy of the multi-reflector
CATR solution with different setups [3, 7]. The main contribution of this paper is to demonstrate
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that the setup and measurements can be extended to more realistic
test scenarios using commercially available 5G FR2 handsets.

In Section “Background,” the relevant background material for
RRM specifications and the accepted methods of measurements
are briefly presented. Section “Measurement setup” explains the
setup used for measurements. Measurement results are provided
and analyzed in Section “Results and discussion.” Conclusions
and perspectives toward future applications are finally delivered
in Section “Conclusion and perspectives.”

Background

RRM specifications

For 5G FR2 RRM specifications, 3GPP (3rd Generation Partnership
Project – a standards organization that develops protocols and spe-
cifies measurement methods for mobile communications) has
defined five sets of base-station pairs, positioned at different relative
angular separations [8]: 30, 60, 90, 120, and 150◦. The wireless
handset performance is measured for each pair of AoA that are
broadcasting on either different frequencies or in different time
slots. Figure 1 shows how the angular separations can be achieved
with four-antenna probe locations (as opposed to placing six-
antenna probes at 0, 30, 60, 90, 120, 150◦). Probes 2 and 3 are
used for the angular spread of 60◦ and probes 2 and 4 are used
for the angular spread of 120◦. The probes are arranged in a single
plane as only pairs of switched probes are considered in the 3GPP
standards specifications. If the measurement setup includes a 2-axis
positioner for the DUT, it can simulate a three-dimensional (3D)
multiple AoA system. By enabling and combining fast switching
between the pairs of probes in the four-probe system, individual
probe power control, and positioner movements, it is possible to
measure a dynamic AoA scenario simulating a moving DUT.

3GPP RRM test cases performed with such system include
neighbor cell power measurements, mobility scenarios, beam
management, and radio link monitoring. The fundamental meas-
urement parameter in RRM test cases is the Synchronization
Signal-based Reference Signal Received Power (SS-RSRP) [1].
The SS-RSRP is defined as the linear average of the power contri-
butions of the elements containing the synchronization signals. In
all RRM test scenarios, the wireless handset takes decisions based
on the measured SS-RSRP for each of the Cells.

RRM measurements

There are two approved 3GPP methods for RRM measurements
using direct far-field (DFF) and indirect far-field (IFF) [8]. The

DFF method uses a distance of 75 cm between the DUT and
with multiple measurement antennas placed at the locations in
Fig. 1, while allowing for larger MUs. The IFF CATR method
places paraboloid reflectors with rolled edges at each angular pos-
ition, thus generating much lower MU than for the DFF method.
Figure 2 illustrates a typical CATR system where the spherical
wave from the measurement feed antenna is transformed to a pla-
nar wave using the parabolic geometry of the reflector. More
details about the reflector design used in this paper are described
in [7].

Similar to a DFF system, an IFF CATR arrangement can meas-
ure RF transceiver metrics instantaneously and directly in both Tx
and Rx modes [9], where MU is then generally dependent on the
dynamic range of the setup. The dynamic range of a CATR system
can be much larger compared to the DFF approach. The improve-
ment stems from the lower free-space path loss (FSPL), which
occurs only between the limited region where the spherical
waves propagate between the feed and the reflector. RF cables
inside an IFF system are also typically shorter than a DFF system,
as the CATR feed antennas are often mounted close to the cham-
ber walls or floor.

Measurement setup

The measurement setup uses an R&STM ATS1800M multiple-
angle CATR system together with a vector network analyzer
for calibration, and communication testers for commercial 5G
handset measurements (Fig. 3). In the vertical multi-reflector
CATR system, four reflector setups are arranged inside the port-
able chamber with wheels, along a vertical arc at the specified
probe angular locations. The DUT is mounted on a dual-axis pos-
itioner. Absorber blockers are placed between all neighboring
reflectors and below the reflector at 150◦ to prevent scattering
from adjacent rolled edges into the QZ. The system footprint
is 3.25 × 1.4 m with a height of 2 m. The FSPL at 40 GHz is
62.15 dB, resulting in an improvement of almost 30 dB in
dynamic range compared to the DFF approach for an equivalent
QZ of 30 cm diameter (DFF has a range length of 24 m and there-
fore an FSPL of 92 dB).

Four dual-polarized CATR feed antennas containing eight
cables are attached to an R&S OSP320 switching platform with
cable outputs routed to the appropriate measurement instrument.
This allows the measurement instruments to connect to any single
or pair of feed antenna polarizations inside the setup with a
switching time of less than 10 ms.

Two sets of measurements are performed:

Fig. 1. Realization of AoA separations for RRM: each probe as BS1–BS4 location gen-
erates a field in order to simulate monitoring of signal levels of multiple
base-stations.

Fig. 2. Typical CATR setup where the parabolic section is offset from its center.
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(1) Non-signaling with continuous wave (CW): a four-port R&S
ZVA67 Vector Network Analyzer (VNA) is utilized for meas-
urement of the S-parameters and antenna gain patterns. The
goal of this measurement setup is to evaluate the influence of
scattering from adjacent CATR systems on the DUT radiation
performance.

(2) Signaling with active wireless handset: a non-standalone (NSA)
5G wireless handset is used to monitor signal levels between dif-
ferent pairs of base-stations at a single position. In NSA mode,
the 5G wireless handset uses an LTE base-station for signaling
and control of the device. The LTE link antenna in the proposed
multi-reflector CATR systems is a single-polarized Vivaldi
antenna R&S TS-F24V3 connected to an R&S CMW500 com-
munication tester for LTE signaling. An R&S CMX500 5G radio
communications tester sends and receives the 5G NR-FR2 base-
station cell signal to the 5G wireless handset.

The performance of the multi-reflector CATR vertical system
is measured using a 20 dBi standard gain horn antenna as the
DUT for the CW measurements. A commercially available 5G
handset with an unknown number of 5G FR2 antenna modules
(black-box device) is used in the signaling test scenarios and con-
nected in NSA mode to the base-station simulator.

Results and discussion

Non-signaling with CW signals

In the interest of brevity, gain pattern results are graphically
presented in Fig. 4 for the E-plane of a 20 dBi standard gain
horn antenna operated at 40 GHz, for each reflector angle,

where the antenna is placed at the far edge of the QZ. The
complete results for the MU (standard deviation of the results)
are tabulated and presented in [7] for: (1) all relevant frequen-
cies, (2) both the peak realized gain and TRP (Total Radiated
Power), (3) different reflector sizes, and (4) different locations
inside the QZ. Close agreement is observed for the different
reflector angles, demonstrating the accuracy of the multi-
reflector CATR system for a full 30 cm QZ.

Signaling with active wireless handset

The second set of measurements focuses on evaluating different
RRM scenarios. The accuracy of the SS-RSRP measurements in
the multi-CATR arrangement is compared with a state-of-the-art
single-CATR system. Typical RRM scenarios for SS-RSRP meas-
urement accuracy and event-triggered measurements with two
5G NR FR2 cells are defined and evaluated. A commercial wire-
less handheld UE (user equipment) supporting 5G NR FR2 is
used for the tests where the UE fulfilled transmission power
requirements of Power Class 3 for band n261 [10] (Table 1).
Frequency band n261 is specified as: uplink and downlink
bands from 27.5 to 28.35 GHz using TDD (time division duplex).

The measurements are repeated 33 times for statistical signifi-
cance, following the recommendations of 3GPP TS 38.533 Annex
G [8]. The measurement results for the test setups for one active
cell are presented in [7]. This paper focuses on three different
cases using a handheld UE:

(1) Two active cells: two active cells generate two AoAs at the
wireless handset. The Tx power level is changed by ±10 dB
for every 20 iterations, in order to determine if the wireless

Fig. 3. Vertical multi-reflector CATR system with four sets of CATR components representing four base-stations inside the shielded anechoic chamber.

Fig. 4. Two-dimensional gain pattern measurement
results for the 20 dBi standard gain horn antenna at
40 GHz (CW signal) measured at the border of the 30
cm QZ in the R&S ATS1800M multi-reflector CATR system.
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handset can accurately monitor both base-stations simultan-
eously. The CATR setups at 0 and 90◦ are used for this meas-
urement scenario. The wireless handset is placed such that its
rear portion faces the 45◦ elevation direction (between the
two CATR setups).

(2) Antenna beam analysis: based on the SS-RSRP measurement
report, different antenna beam configurations of the wireless
handset are analyzed in this scenario. The CATR setup at 30◦

is used for NR cell 1 and the CATR setup at 90◦ is used for
NR cell 2.

(3) Event-triggered measurements: an event-triggered measure-
ment is a typical RRM test case in which the wireless handset
needs to send a measurement report when a certain condition
is fulfilled. For this measurement scenario, the CATR setup at
30◦ is used for NR cell 1 and the mirrors at 0 and 90◦ are used
for NR cell 2 at different runs of the test.

An LTE antenna attached to a base-station simulator, acting as
the link antenna for NSA mode, is placed nearby the wireless
handset in the positioner so as to maintain a stable link. The
detailed configurations for all conditions are described in Table 2.

Test case: two active cells
In the first RRM test scenario of two active base-station cells, it is
seen that the wireless handset is able to simultaneously receive
signals from base-station cells located in multiple directions,
even when one of them has significantly higher power than the
other (Fig. 5). The measurements show that both cells are report-
ing within 1 dB of expected SS-RSRP for higher Tx power (higher
signal to noise ratio) and within 1–3 dB of expected SS-RSRP for
lower Tx power (lower signal to noise ratio). Although the com-
mercial wireless handset has unknown specific gain values for dif-
ferent orientations and polarizations, the expected values are
based on the assumption that 3GPP requirements are met by
the commercial wireless handset.

Table 1. Transmission power of different devices for 5G FR2 [10]

Classes Max TRP (dBm) Max EiRP (dBm) Min EiRP Application

Power class 1 35 55 40, 38 Fixed wireless access

Power class 2 23 43 29 Vehicular

Power class 3 23 43 22.4, 20.6 Handheld UEs

Power class 4 23 43 34, 31 High power non-handheld UEs

Table 2. Test parameters for realized RRM measurement scenarios (Scn)

Parameter Scn 1 Scn 2 and 3

Method SS-RSRP periodic reporting

Iterations 80 33

NR-FR2 cell 1 n261

NR-FR2 cell 2 n261 n261

NR-FR2 bandwidth 100 MHz

Expected SS-RSRP See Fig. 5 −105 dBm/120 kHz

Angular spread(s) 90◦ −30◦, 60◦

Fig. 5. RRM scenario no. 1: inter-frequency SS-RSRP reporting for two cells in multi-AoA setup.
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As illustrated in Fig. 5, the switch between different Tx powers of
10 dB is correctly reported without any delay. The lowest expected
SS-RSRP level (−124 dBm) is below the reference sensitivity limit
defined by 3GPP and the internal noise of the commercial wireless
handset results in the higher measurement error for the lower Tx
power. The reported SS-RSRP for cell 1 is in general higher than
for cell 2, matching the outcome from the first RRM test scenario,
where the SS-RSRP reports for the reflector at 30◦ are also higher
than for the reflector at 150◦. From these results, it can be deduced
that the commercial wireless handset has higher antenna gain when
the signal is received from the top area of wireless handset, consist-
ent with the known antenna module placement.

Test case: antenna beam analysis
The 3GPP in [1] considers that a wireless handset for 5G FR2 will
have at least two different antenna beam configurations. While

scanning for neighbor cells, the device will typically use a beam
configuration with wider beamwidth in order to speed up the
scan. For the active cell, however, the device will use an optimized
antenna beam with higher gain and therefore a narrower beam-
width. The 3GPP refers to these two beam configurations as
“rough beam” and “fine beam” respectively.

3GPP defines the test procedures to characterize the antenna
pattern of the fine beam configuration (e.g. the 3D equivalent
isotropic sensitivity (EIS) scan for the fine beam peak search)
[11]. There is no procedure, however, defined for the character-
ization of the antenna pattern of the rough beam. In this paper,
the characterization of both antenna beam configurations are
based on the SS-RSRP reports from the wireless handset.
Although this method is less accurate than the 3D EIS scan
(due to the measurement accuracy of SS-RSRP), the SS-RSRP
reports can also be obtained for cells without an active

Fig. 6. RRM scenario no. 2 (top): comparison of the fine
beam and rough beam antenna configurations of the
wireless handset and RRM scenario no. 3 (bottom):
AoA selected for the event triggered measurement
scenario.
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connection, allowing the measurement of both the fine and
rough beam antenna patterns.

For the analysis of the two different antenna beam configura-
tions, a scenario with two 5G NR cells is used. The wireless handset
has an active connection to the 5G NR cell 1 (PSCell). 5G NR cell 2
is a neighbor cell with an angular offset of 60◦ with respect to the
5G NR cell 1. The SS-RSRP reports are collected in an azimuth cut
at elevation 0◦. The antenna power (normalized with the maximum
received power) is shown in Fig. 6. In general, it can be seen that
the fine beam has a higher received power than the rough beam
in most directions. The area where both antenna configurations
have a normalized received power of −10 dB corresponds with
the bottom portion of the wireless handset and therefore is consist-
ent with the 5G millimeter wave antenna module placement.
Understanding the difference between the rough and fine antenna
beam configurations is critical in order to design meaningful RRM
test scenarios, as illustrated in the next RRM test case.

Test case: event-triggered measurements
The third test is an event-triggered measurement scenario where
the wireless handset needs to send a measurement report when a
certain condition is fulfilled. The different events are defined in
[12]. In this scenario, Event A3 is used, which occurs when the
received power for the neighbor cell compared to the received
power of the PSCell satisfies the following simplified condition:
SS− RSRPneighbor > SS− RSRPPSCell +Offset where the Offset is
defined by a combination of multiple radio resource control sig-
naling parameters in [12].

Event A3 requires the PSCell with an active connection to the
wireless handset and a second cell (the neighbor) which the
device needs to find and report. The difference between both
beam configurations shown in Fig. 6-left plays a relevant role in
fulfilling the Event A3 condition.

Taking into account the results in Fig. 6-left, the event trig-
gered measurement has been configured to transmit the PSCell
from the reflector at 30◦, with the positioning system rotated
such that the wireless handset sees the signal from an azimuth
of 55◦. The neighbor cell is transmitted alternatively from two dif-
ferent reflectors, the one at 0◦ and the one at 90◦.

When the neighbor cell is transmitted from the reflector at 0◦,
the difference between the fine beam and the rough beam is 1 dB.
That means, if both cells are transmitted using the same downlink
power, the wireless handset will receive 1 dB higher power for the
PSCell than for the neighbor cell. If the offset of event-triggered
condition is kept as 0, the power measurements may not satisfy
the A3 condition. During the event triggered scenario with this
configuration, the measurement report has only been received
in 10% of the iterations. As a second step, the offset has been con-
figured as −2 dB. In this case, Event A3 is easily satisfied and the
measurement report has been received in 98% of the iterations.
For the final step, the neighbor cell is transmitted from the
reflector at 90◦, with an antenna gain difference between the
fine beam and the rough beam of 4 dB. With this configuration,
the wireless handset has not sent the event-triggered measure-
ment report in any iteration.

The summary of the event-triggered measurement results is
shown in Table 3, where ΔG is defined as the difference between
the rough beam and the fine beam antenna gain from the config-
ured azimuth of arrival of the signal. This clearly demonstrates that
baseband testing is not sufficient for RRM testing in the millimeter
wave frequency bands (5G FR2), as the results are influenced by the
direction of arrival of the signal. OTA testing in a multi-reflector

CATR system and a careful selection of a representative set of
test directions is crucial to fully characterize the performance of a
wireless handset for 5G FR2 certification.

Conclusion and perspectives

In summary, the proposed multi-reflector CATR system is able to
perform accurate measurements for different types of DUTs oper-
ating in either passive non-signaling or active signaling modes for
both a single angle of arrival and multiple simultaneous AoA. It is
demonstrated that the proposed measurement system has low QZ
measurement error for all reflectors, and different types of mea-
surements, using a variety of measurement instruments and signals.
Due to the minimum disturbance of the adjacent reflectors, it is
possible to perform combined RF conformance and multiple angu-
lar measurements in a single measurement system.

During the measurements with the active wireless handset, it
has been demonstrated that the multi-reflector CATR system
enables new measurement scenarios where the impact of the
antenna characteristics in the wireless handset performance can
be analyzed. The results have shown the influence of the different
antenna beam configurations in the overall wireless handset per-
formance, conclusively demonstrating why testing from multiple
AoA is necessary for a complete evaluation of a 5G FR2 wireless
handset.
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