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INTRODUCTION

During recent years, the 3GPP ecosystem has developed a fifth
generation of wireless technology known as new radio (NR).
The next generation specification aims to both improve the
performance of mobile broadband and to expand the scope of
mobile communications to encompass new so-called verticals
(i.e., use cases related to specific industries). Examples of poten-
tial new areas include industry and automation, the evolving
automobile industry, environmental technologies, the medical
industry, and harnessing the potential of artificial intelligence
systems (more details in [1] for interested readers).

In the mobile broadband sphere, the emergence of applica-
tions such as virtual reality and augmented reality drive continu-
ing growth in both traffic and subscribers, and network quality
demands such as latency performance. To enable 5G growth, it
is thus essential to be able to exploit newly available spectrum
resources in addition to currently used spectrum under 4G
systems. In this column, we refer to 2.6-7.125 GHz as “mid
band” and above 24 GHz as “high band.” Providing mobile
broadband services in this spectrum has presented new chal-
lenges that needed to be solved both in specifications and in
implementation, as described herein.

Although the core waveform in 5G NR specification is cyclic
prefix orthogonal frequency-division multiplexing (CP-OFDM)-
based like LTE, the design of NR allows for a very high degree
of flexibility in allocating different bandwidth and different
numerologies, including decoupling of the total bandwidth sup-
ported by the BS and the bandwidths used for communication
toward and from different user equipments (UEs). This, com-
bined with advanced carrier aggregation and dual connectivity
features, enables tailored support for complex and fragmented
spectrum allocations.

At medium and high bands, path loss is greater than low
bands, which is compensated by beamforming using advanced
antenna array technologies. The NR specification includes a
large number of features intended to support beamforming
processing, ranging from support of a diverse set of MIMO
schemes to the development of over-the-air (OTA)-based con-
formance requirements, which enables tight integration of radio
and antennas in large advanced antenna arrays.

Even with array processing, uplink coverage with reasonable
data rates may be restricted in medium and high bands. To
enable flexible utilization of the available spectrum, the 3rd
Generation Partnership Project (3GPP) has standardized solu-
tions for sharing the same carriers in regular bands between
LTE and NR, while operating CA between regular and mid/
high bands for NR. With such solutions, the high bands can
be used close to the base station (BS), while further from the
BS the uplink (UL) is provided mainly by the low band part of
the NR CA pair, and the downlink (DL) is provided in the high
band. The sharing solutions also provide a very effective path
for migration from LTE to NR.

Studies are ongoing into the usage scenarios and potential
for further spectrum between 7 and 24 GHz and above 52
GHz in future 3GPP Releases. The existing LTE spectrum is also
being refarmed for NR operation in low and mid bands (450
MHz-3.8 GHz). The status of the NR spectrum in the Release
15 specifications is shown in Fig. 1.

Once the standardization aspects were settled, harnessing
the new spectrum with the 5G standard presented new chal-
lenges in network and UE implementation and testing. The
success in both standardization and implementation means that
deployment of both mid band and high band has commenced
in some markets and can be expected to grow significantly.

In the remainder of the column, we summarize the challeng-
es relating to implementing 5G in new spectrum and demon-
strating compliance with radio and radio resource management
(RRM) specifications in a satisfactory manner, which has been
of crucial importance in getting to commercial grade hardware.

BASE STATION ASPECTS

The introduction of new spectrum for 5G requires innovative
solutions to some challenging technical problems for BS design.
In this column, a flavor of some key implementation and testing
issues is presented.

The need for beamforming to combat the propagation con-
ditions gave rise to a new design approach for BS technology
based on active antenna systems (AASs). AAS BSs comprise
a large number of transceivers, each operating at low power.
Compared to traditional BS designs that have a low number
of transmitters and do not integrate antenna and radio, the
large number of transceivers imply challenges in relation to,
among other things, processing power, interfaces, selection of
beamforming and multi-antenna transmission schemes, radio
algorithms, and additional new functionality within the radio
subsystem such as advanced antenna calibration.

The dimensioning of the number of transceivers in an AAS
BS differs depending on frequency. For mid band AAS, the
number of transceivers could vary between 16 to 64, while
for high bands, the array size could be very large (e.g., 8 x
16, 16 x 16, or even larger). For mid band, support for many
simultaneous users with smaller numbers of transmit antennas is
typical. For high bands, due to coverage, relatively fewer users
per cell with larger data rates supporting applications, such as
fixed wireless access and integrated access and backhaul (IAB),
are expected in initial rollouts, although it may be expected that
user numbers will increase with time.

The approach to implementation of beamforming, at least
initially, differs between mid and high band. For mid band
deployments and associated array sizes, full-blown digital
beam forming (i.e., one transceiver per antenna element) is
feasible. For the first generation of millimeter-wave (mmWave)
BSs, considering the extremely large number of transceivers,
implementing full digital beamforming risks excessive cost
and complexity, in particular due to a need for huge inter-
face bandwidths. Currently, so-called analog beamforming is
adopted by the industry as mainstream for high band. Analog
beamforming is an implementation with fewer transceivers
than antenna elements, such that part of the beam steering is
performed in the analog domain after the radio. Analog beam-
forming reduces the number of transceivers (and associated
thermal management issues etc.) and the interface bandwidths
within the BS. An overview of BS architecture for a system
implementing digital beamforming is depicted in Fig. 2. For
BS architectures adapted for analog beamforming, much of
the processing such as inverse fast Fourier transform (IFFT),
CP addition, channel filtering, CFR, DPD, and digital-to-analog
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FIGURE 1. NR spectrum availability in low, medium, and high
bands in Release 15.
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FIGURE 2. Overview of BS architecture for a system implement-
ing digital beamforming.
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FIGURE 3. Visualization of achievable peak power over frequency.

(D/A) conversion can be performed per multiple-input mul-
tiple-output (MIMO) transmission layer instead of per trans-
mitter. The number of layers is significantly lower than the
number of transceiver chains, and hence the total amount
of processing and interface bandwidth is correspondingly
reduced.

The high-performance RF parts of a BS, including the radi-
ating elements, have in many cases dimensions and tolerances
on the order of wavelengths. This implies that for higher fre-
quencies, at which the size of radio components decreases, the
tolerances scale down to extremes. Furthermore, the perfor-
mance of the RF components and subsystems decreases over
frequency for both transmitter and receiver. In the following
paragraphs, we outline four examples of RF challenges that
were solved during 5G development: power amplifier perfor-
mance and efficiency, receiver performance, phase noise, and
filtering.

For power amplifiers, as a rule of thumb the output power
degrades by around 20 dB per decade over frequency. This
implies that the achievable saturated output power at 30 GHz
is 20 dB lower compared to the power amplifies operating at 3
GHz, as depicted in Fig. 3. Thus, at higher frequencies a large
number of transceivers are required to achieve sufficient output
power, which is challenging for layout and thermal manage-
ment [2].

In addition, the power added efficiency (PAE) also gradu-
ally becomes lower when the operating frequency increases.

INDUSTRY PERSPECTIVES

This exacerbates the thermal challenge and increases the effort
needed to achieve good energy efficiency.

Considering the receiver performance, the noise figure (NF)
of the whole receiver chain, including the losses in switches,
filter and routing losses, and so on, degrades for higher oper-
ating frequencies. As an example, in 3GPP standards, the BS
assumed noise figure for frequency bands below 5 GHz is 5 dB
when setting requirements, while the corresponding BS noise
figure assumption for bands around 28 GHz is ~10 dB. With
reduced sensitivity performance, the array aperture needs to be
increased. This need for an increased aperture exists regardless
of whether the architecture consists of a small number of trans-
ceivers mapped to sub-arrays or transceivers are each mapped
to an individual element. This is due to the fact that it is the
total array aperture that determines the OTA sensitivity, not the
number of individual transceivers.

Another important radio performance metric is phase noise,
which relates to signal quality at both transmitter and receiver
and also degrades substantially over frequency. Phase noise
consists of a predictable component, known as common phase
error (CPE), and random components. The 5G physical layer
(PHY) standard specifies special reference symbols to enable
compensation of the CPE by baseband receiver processing at
the UE receiver, reducing the impact of increased phase noise
for mmWave bands.

For non-AAS BSs operating in lower frequency bands with
few transceivers, separate antennas, and enough mechanical
space, high-performance low loss filters based on high-Q filter
technologies are feasible. Such filters enable the BS to meet
strict out-of-band emissions requirements while transmitting at
high power in band. AAS BSs comprise many transceivers, each
of which needs to be equipped with an RF filter. Mechanical
size is very restricted due to the need for integration of RF and
antennas. More compact filters with lower Q-value are the only
feasible option for AAS implementations. Sufficient attenuation
can only be achieved at the cost of increased in-band losses
and/or increased guard bands. These factors make the design
of filters for suppressing out-of-band emissions especially chal-
lenging for mmWave. The challenges are compounded by the
fact that the performance of the filters degrades over frequen-
cy. The requirements for attenuation outside of the wanted
band must be met, while attenuation in the wanted band risks
a significant performance loss (due to high insertion loss) for
mmWave band AAS BSs if not properly managed.

Apart from the technical challenges involved in designing
BSs, the application of 5G in new spectrum also leads to sig-
nificant work in developing RF conformance testing. This was
needed because AAS, in particular for high band, requires
extremely close integration of the radio transceiver and antenna
to the point at which it is not cost effective or in some cases
even feasible to provide connectors to the transceivers in order
to perform conducted RF conformance testing. To enable close
integration, an over-the-air (OTA) requirements specification
was developed in 3GPP comprising relevant new metrics taking
into account array behavior, beamforming, and OTA testing. In
most cases OTA testing is far more complex than conducted
measurements and involves more sources of uncertainty. 3GPP
has carefully developed test methods, procedures, and mea-
surement uncertainties for all OTA requirements such that OTA
facilities can be realistically used with reasonable uncertainties.

USER EQUIPMENT ASPECTS
Figure 4 presents a market survey on the availability of termi-
nals in the near future (this is obtained from [1]). In 3GPP Rel-
15 NR, the network carrier bandwidth may be very large (e.g.,
max. 100 MHz in case of midband and a maximum of 400
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FIGURE 4. 5G device availability for different spectrum bands (obtained from [1]).
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FIGURE 5. Non-overlapping and overlapping BWPs within a carrier.
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FIGURE 6. NR deployment options: a) NE-DC; b) EN-DC; c) stand-
alone NR.

MHz in case of high-band), thus providing much higher carrier
bandwidth compared to legacy 4G systems. For a UE, such a
large bandwidth may be difficult to handle efficiently (consider-
ing power efficiency in particular). To be able to utilize the full
network bandwidth flexibly, a new concept of “bandwidth part
(BWP)” has been defined for NR, described in Fig. 5. The BWP
concept provides essential flexibility to UE design to manage
power usage dependent on throughput needs, such that the
benefits of 5G can be obtained without a power cost. The net-
work can configure a UE with a maximum of four BWPs in both
UL and DL; however, only one BWP may be activated at any
time. By managing the bandwidth of the active BWPs appro-
priately, the network can provide opportunities for UE power
saving when possible while still exploiting larger bandwidths
when needed.

The very first deployments of 5G systems have been based
on the non-standalone mode, meaning that although a UE
will be served using 5G core (5GC), the PCell will be based
on LTE, such that the control, mobility, and so on are based

on existing LTE protocols. Typically, in such a deployment,
coverage will be obtained using an LTE system on a lower
band, and additional capacity will be provided using the NR
system on a higher band. This is also known as EUTRA-NR
dual connectivity (EN-DC). Standardization of so-called stand-
alone is now complete, and deployments are emerging. For
standalone deployments, LTE is not the PCell or maybe LTE is
not even configured at all to the NR UEs. Thus, there are three
different variations of NR and LTE carrier configurations for
deployments, as shown in Fig. 6.

The introduction of EN-DC (and NE-DC and NR-NR DC) will
result in typical UE implementations in the first wave of devices
having two different radios in the same device, which enables
re-farming scenarios in which the LTE carrier can continue to
serve existing pre-5G users, using one of the approaches in
Fig. 6. Further innovation in so-called dynamic spectrum shar-
ing (DSS) provides an opportunity for both LTE and NR to be
operated in the same spectrum, where a new NR operation
operating exclusively NR carriers for NR UEs can be established
on top of an existing LTE network without shutting off the lega-
cy LTE network such that legacy LTE UEs can be served on the
same carrier as the standalone NR. With DSS, from the NR UE
perspective, scenario c of Fig. 6 is operated.

Many of the RF implementation challenges w.r.t. high band
front-end design remain the same for BS and UE, including
front-end nonlinearity behavior, power amplifier design, phase
noise issues, filter design, receiver noise figure, and so on. The
UE transmitters need to avoid interfering with one another and
provide acceptable performance; however, the technology con-
straints for UEs differ. As an example, the power amplifier of a
high-band-capable UE may be designed based on complemen-
tary metal oxide semiconductor (CMOS) or other advanced
solutions such as GaN [2]. A GaN architecture may provide
higher performance but cause increased device power con-
sumption and cost as well.

One of the prime benefits of 5G NR is achieved from beam-
forming. This essentially means that, compared to previous
2G/3G/4G systems, the UEs in the 5G era will have to sup-
port higher numbers of antennas for both spatial diversity and
spatial multiplexing benefits. Note that low bands will be used
mainly for coverage, while mid and high bands will be used for
capacity; thus, multiple antennas at mid-band and high-band
are an essential part of 5G UE design. For mid-band, a small
number of antennas are needed to achieve RX diversity and
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TX/RX MIMO capacity enhancements. In high-band, due to
higher path loss, the coverage is limited compared to mid-band
and low-band. Beamforming is one of the ways to enhance the
link connectivity in high-band. Supporting a greater number of
antennas at high-band UE will most probably use distributed PA
architecture, meaning that the PA will be closer to the antenna
to reduce the feeder loss compared to a single common PA
architecture.

Since antenna dimension is proportional to effective wave-
length, the current form factor allows more possibilities for
higher numbers of antennas at high-band compared to mid-
band UEs. As with the BS, there are two different possibilities
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for BF implementation in high-band, namely digital and analog
beamforming. While increasing the cost, power consumption,
and complexity, digital beamforming provides a high degree
of flexibility in terms of beam shaping in high-band. A fully dig-
ital BF architecture is unlikely at high-band UE at this stage.
Alternatively, an analog BF architecture is more cost effective
and consumes lower power since it has fewer RF chains than
antenna elements. One pragmatic approach could be hybrid
BF architecture that consists of a limited number of RF chains
but employs digital precoding to achieve digital BF like perfor-
mance. Digital and hybrid beamforming can provide oppor-
tunities for spatial multiplexing in high-band, since potentially
multiple beams can be created, whereas spatial multiplexing
possibilities to the same UE are difficult with analog UE beam-
forming.

All UE RF requirements are defined as OTA requirements
(similar to BS requirements). Unlike a BS, a UE may be oriented
in any direction, and thus it is important that the performance
of the beamforming is to some extent uniform in all directions.
At high-band, spherical coverage requirements are defined to
characterize UE beamforming performance. Spherical coverage
ensures that beamforming can be achieved consistently regard-
less of instantaneous required direction [6].

In the latest 5G specification [5], the UL spherical coverage
is evaluated by the cumulative distribution function (CDF) of
effective isotropic radiated power (EIRP) over the sphere in
high-band. For mobile handset type UE, the peak EIRP value
and the spherical coverage performance are both essential. The
peak EIRP is measured at CDF = 100 percent, which actually
shows the beamforming capability of the UE, and the spherical
coverage performance is measured at CDF = 50%.

To meet the spherical coverage requirements, the UE needs
suitable antenna topologies (e.g. multiple antenna panels), effi-
cient device integration (including materials used in the cover,
placing of the components, etc), reasonably fast switching
between antenna panels, beam correspondence between DL
and UL so that the beam is transmitted in the right direction,
and so on. The actual spherical coverage of a UE will depend
on many factors (e.g., device integration, device form fac-
tor, antenna topologies, body loss caused by actual usage).
Depending on the materials used for UE device integration, the
diffractions of the surface current will cause sidelobes. These
sidelobes can cause interference to other systems. Moreover,
strong sidelobes may also decrease the power in the wanted
direction [6].

The data rate for 5G will be much higher compared to pre-
vious systems, and battery consumption continues to be an
important consideration. This will especially be an issue in high-
band due to high carrier bandwidth and reduced PA efficiency.
As mentioned earlier, BWP is one way of increasing energy
efficiency of the UE. Above and beyond this tool, there is a
need for further exploration on the energy efficiency of UE for
ensuring longer battery life of 5G UEs.

RADIO RESOURCE MANAGEMENT ASPECTS

Robust RRM techniques are required for efficient utilization of
radio resources and for ensuring reliable mobility procedures
such as handovers. For example, several algorithms in the BS
rely on the UE behavior and measurement reports, whose per-
formance can only be guaranteed by means of standardized
RRM measurement requirements [7]. The 5 GHz spectrum
ranging from low band to high band puts additional constraints
on the RRM techniques required in 5G as described later. The
wide range of use cases for 5G (enhanced mobile broadband
[eMBB], fixed wireless, etc.) also brings additional challenges
for RRM algorithms. One of the key 5G features is the ability of
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the UE to regularly track beams in serving and neighbor cells.
Therefore, in 5G, both intra-cell and inter-cell procedures are of
paramount importance.

For intra-cell RRM procedures the UE is configured to moni-
tor a periodic pattern of downlink reference signals (synchroni-
zation signal block [SSB] or channel state information-reference
signals [CSI-RS]) in the serving cell, as shown in Fig. 8. For inter-
cell RRM procedures the UE is also configured to monitor a
periodic pattern of SSB bursts per carrier frequency by means
of SSB Measurement Timing Configuration (SMTC) in serving
as well as neighbor cells as shown in Fig. 9. The SMTC config-
uration comprises SMTC duration containing SSB burst, SMTC
periodicity, and time offset. An example of SSB resources com-
prising periodic SSB burst is shown in Fig. 10. The number of
SSBs within one SSB burst and the SSB burst periodicity (Tssp)
are configurable. Each SSB is enumerated by an SSB index,
which is an integer starting from 0.

To avoid coverage limitation in high band, each SSB is beam-
formed by the BS. To adequately cover the entire cell in high
band, a larger number of finer SSB-based beams are transmitted
compared to the beams typically transmitted in low band or
mid band. For example, in each cell the BS can configure up to
4, 8, and 64 SSB based beams in low band, mid band, and high
band, respectively. To track several beams in the serving and
neighbor cells, the UE has to employ efficient beam manage-
ment procedures, especially at high band. In order to reduce
UE cost and complexity, the UE employs analog beamforming

implying that the UE, while tracking beams, is not required to
receive or transmit control or data channels. The analog beam-
forming in conjunction with the TDM-based SSB design enables
the UE to sweep a large number of beams in the serving and
neighbor cells in order to find the most appropriate beams for
the relevant operation and ensures robust RRM performance.

The intra-cell beam management (BM) procedure is trig-
gered by the UE based on the configured sets of BM radio
resources (BM-RS) to monitor the beams and detect candidate
new beams upon UE experiencing beam failures. To realize
efficient beam management, the UE regularly monitors the qual-
ity of the configured beams by comparing each beam’s signal
quality with a threshold corresponding to pre-defined hypothet-
ical physical downlink control channel (PDCCH) block error
rate (BLER) of 10 percent [7]. Upon beam failure detection
(BFD) for all the configured beams, which occurs when the sig-
nal quality of all the beams falls below the threshold, the UE ini-
tiates candidate beam detection (CBD) procedures, as shown in
Fig. 11. During the CBD procedure, the UE determines one or
more candidate beams whose signal strength is above certain
configurable threshold and reports the candidate beam results
to the serving BS. In high band, the BFD and CBD evaluation
periods are extended for allowing the UE to track all potential
beams in accordance with the configured radio resources. The
extended evaluation periods lead to acceptable beam manage-
ment performance at lower UE speed than typically expected in
a high band deployment scenario.
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For inter-cell RRM, the UE is typically configured with one
SMTC configuration per NR carrier frequency. In high band,
the major challenge in the UE has been to track SSB-based
beams on multiple cells on multiple carriers. To limit the UE
complexity in RRC idle, inactive, or connected states, the UE
is not required to measure on more than seven NR carriers in
parallel [7]. The term “measurement” on a carrier broadly com-
prises UE identifying a physical layer identity (PCl) of a neighbor
cell based on SSB within a specified cell identification period
(T1) and performing one or more physical layer (L1) measure-
ments also based on SSB on the already identified cell within a
specified physical layer (L1) measurement period (T2). In RRC
connected state, the UE may optionally be requested to identify
SSB indices within a specified SSB index identification period
(T3). In RRC idle state or inactive state, the UE further evaluates
the identified neighbor cell over an evaluation period (T4) for
cell reselection by measuring the cell once every discontinu-
ous reception (DRX) cycle. An example of UE performing and
reporting neighbor cell measurements with and without acquir-
ing SSB index is illustrated in Fig.12.

In high band, the UE performs beam sweeping to detect
appropriate beams on each cell whose signal quality is above
the pre-defined level and continue doing the measurements
only on the detected beams. The inter-cell measurement
requirements for measurements on high band or TDD bands
in low or mid band are specified assuming that the SSBs of
the same SSB indices are used in all cells on a carrier. This
assumption, being realistic from the deployment perspective,
also reduces UE complexity as it has to identify SSB indices of
beams only of a cell on non-serving carriers.

In high band, the measurement period, comprising multiple
samples, for each type of measurement is adequately specified
to enable the UE to detect the relevant beams in all cells with
acceptable signal quality without compromising the UE mobility
performance.

CONCLUSIONS

5G provides new opportunities to exploit both existing and new
spectrum in a flexible manner. Challenges range from degraded
component performance at higher frequencies to the need for
advanced beamforming architectures in order to achieve link
budgets to new procedures for managing radio resources tak-
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ing into account the beamforming. Over the past years, these
challenges have been addressed in the context of providing
appropriate tools within standardization, defining radio perfor-
mance requirements in a manner that facilitates new designs
(e.g., OTA performance requirements for AAS systems) and in
creating new and novel implementation solutions. With first net-
works being deployed and devices emerging onto the market,
5G is taking the first steps in demonstrating the tremendous
potential that exists to solve these challenges and move forward
to the next generation of cellular mobile experience in both the
traditional mobile broadband and new vertical domains.

Looking ahead, new spectrum is being considered for future
wireless systems. There are extensive efforts in the 7-24 GHz
range, which was not covered by 3GPP Release 15 specifica-
tion (i.e., first 5G specification) and in extending the boundaries
of technology to beyond 52 GHz spectrum. The 7-24 GHz
spectrum lies between the mid and high bands. It is not yet
clear how the challenges in this spectrum relate to those of the
spectrum below and above, so further research is needed to
understand which technology solutions are reusable and what is
required that is new. In particular, beamforming solutions may
differ, and the performance of different types of PA, receiver,
and filter technologies differs from either of the two existing
ranges. For the higher spectrum, a concerted standardization
effort will be needed at the right time to determine appropriate
waveforms and radio performance requirements considering
the likely spectrum environment, technology, and test solutions.
As 5G grows in stature and success, research in these topics will
be needed to further exploit the benefits and opportunities of
newly available spectrum.
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