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ABSTRACT The International Telecommunication Union (ITU) has recently announced the detailed 5G
specifications for International Mobile Telecommunications (IMT-2020). A number of candidate Radio
Interface Technologies (RITs) were being evaluated by the independent evaluation groups of the ITU.
Meanwhile, the roll out of fifth generation (5G) is now going on, and 5G services are offered by more
than 160 mobile network operators (MNO). This paper presents the evaluation of the proponent technolo-
gies, including the ones specified as 3rd generation partnership project (3GPP) 5G new radio (NR). The
entire 3GPP specifications were examined and evaluated through simulation using Matlab and a custom
simulator based on the Go-language. The simulator facilitated the comprehensive evaluation of the 5G NR
performance by using the IMT-2020 evaluation framework. Some of the submitted technologies displayed
certain discrepancies which were reported to ITU as well as discussed with proponents to improvise the
shortcomings. The detailed results and observations are presented in this paper.

INDEX TERMS 5G, data rate, energy efficiency, IMT-2020 evaluation, latency, mobility, new radio, spectral
efficiency.

I. INTRODUCTION
The international telecommunication union radio communi-
cation sector (ITU-R) has set the requirements for interna-
tional mobile telecommunications-2020 (IMT-2020) which
defined the emergence of the fifth generation (5G) mobile
communication standards [1]. The IMT-2020 system require-
ments for the radio access technologies (RAT) were finalized
and adopted in the ITU-R report M.2410-0 [2] way back in
2017. Following this acceptance, developers of RATs have
been developing 5G technologies to meet these requirements.

The associate editor coordinating the review of this manuscript and

approving it for publication was Young Jin Chun .

Accordingly, the 3rd generation partnership project (3GPP)
developed the 5G New radio (NR) RAT to satisfy the 5G
requirements. It also informed that along with Long term
evolution-M (LTE-M) and Narrow band-Internet of Things
(NB-IoT), they satisfy all the performance requirements
of IMT-2020 (3GPP TR 38.913) [3] as a set of RAT’s.
Additionally, proponents such as China, Korea, European
telecommunications standards institute-Digital enhanced
cordless telecommunications (ETSI-DECT) Forum, and
NuFront have also developed suitable technology and sub-
mitted to ITU-R as candidate technology for IMT-2020.

The standardization of 5G technologies for IMT-2020
typically requires the verification of these submissions.
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The submission is then evaluated by independent evaluation
groups (IEG) comprising researchers from academia and
industry and, they should be registered to ITU. 5G India
Forum (5GIF) is one of the IEGs who carried out the evalua-
tion of 3GPPNR forNuFront, enhanced ultra high throughput
(EUHT-5G) and many other proponents [4], [5]. Multiple
levels of process like, inspection, analysis, simulation, exper-
iments have been suggested by ITU. Complete guidelines,
specifications to be evaluated, etc. are found in [2].

In the standardization process, every candidate technology
is required to submit a self evaluation report to ITU-R. The
IEGs evaluate the self report and the technology for the
proposed radio interface technologies (RITs) and set of RITs
(SRITs) by following the guidelines of evaluation process as
listed by ITU-R in report M.2412 [6]. These evaluations are
then submitted to ITU-R and discussed in the working party
(WP) 5D meetings. It is expected that after a couple of such
meetings, the RITs and SRITs will be accepted as IMT-2020
(5G) standard.

The 5GIF IEG is one of the independent evaluation groups
registered with ITU-R for IMT-2020 candidate radio tech-
nology evaluation. This group was formed to evaluate the
IMT-2020 candidates from the perspective of Indian network
deployments. This is a group of operators, original equipment
manufacturers (OEM’s), universities and individual experts
participating in a collaborative manner, in the evaluation of
candidate IMT-2020 technologies of interest. This is a con-
tribution driven activity in which decision is made through a
consensus seeking approach. The technology and standards
working group of the 5GIF is involved in creating use cases
and specifications that are specifically designed for Indian
adoption. This involves the assessment of core innovations
coming from 5G standardisation bodies such as the 3GPP as
well as integration concepts and migration paths.

The remainder of the paper is organised as follows. The
technical aspects of 5GNR are briefly discussed in Section II.
Section III discusses the 5G NR simulator, Section IV
explains the evaluation process, and Section V presents and
discusses the findings and outcomes. Finally, Section VI
concludes the paper. Table 1 lists the acronyms used in the
document.

II. TECHNICAL DETAILS OF 5G NR
A. NR NUMEROLOGY
In 5GNR, the term numerology defines a combination of sub-
carrier spacing (SCS) and cyclic prefix. The specifications [7]
introduce the Greek letter µ to represent a given numerology
according to Table 2.
As can be seen from the Table 2, SCS as large as 240 kHz

is used. The reason for this is to transmit over a large band-
width without increasing the number of subcarriers. This is
important from the implementation standpoint because larger
number of subcarriers implies large fast Fourier transforms
(FFTs) that are complex/costly to implement. The SCS has

TABLE 1. List of acronyms.
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TABLE 2. Supported transmission numerologies.

a direct impact in the orthogonal frequency division multi-
plexing (OFDM) symbol duration.

B. CHANNEL BANDWIDTH
5G NR channel bandwidths [7] and resource block (RB)
assignments enable higher spectrum usage as compared to
LTE. For example: LTE 20 MHz channel vs. 5G NR 20 MHz
channel using 15 kHz SCS. LTE 20 MHz: 100RB × 12 ×
15 kHz = 18 MHz, which translates to 90% of the 20 MHz
channel being nominally occupied with OFDM subcarriers.
5G NR 20MHz: 106RB× 12× 15 kHz= 19.1 MHz, which
translates to 95% of the 20 MHz channel being nominally
occupied with OFDM subcarriers. It may be noted that 5G
NR protocol does support arbitrary channel bandwidths with
fewer RBs for applications requiring larger guard bands. For
example, an operator could easily deploy 5G NR with only
100 RBs while using 15 kHz SCS over a 20 MHz spectrum
block, resulting in an increased guard band as compared to
that of the 5G NR example above.
Resource block is defined as 12 consecutive OFDM subcar-

riers in frequency, irrespective of the numerology. Therefore,
the resource block bandwidth changes with numerology.

C. FRAME AND SUBFRAME STRUCTURE
In [7], 5G NR frame structure is defined. One radio frame
lasts 10 milliseconds and is divided into ten sub-frames of
1 millisecond each as shown in Figure 1. The normal cyclic
prefix slots have 14 OFDM symbols and the extended cyclic
prefix slots have 12 OFDM symbols (supported only for the
60 kHz SCS). The total number of slots per sub-frame are
shown in Figure 2 and Table 3. As seen from Figure 2, there
are varying length of slots to enable different applications
such as very low latency in the case of URLLC.

FIGURE 1. Frame and sub-frame.

The subframes in the case of 15 kHz can be aligned with
the LTE subframe. Mini-slots with 2, 4, or 7 OFDM symbols

FIGURE 2. Slot.

TABLE 3. Number of slots per sub-frame.

are also supported by the subframe structure which can start
at any symbol relative to the symbol 0 of each subframe.
One of the motivations for a mini-slot is to support very
low latency URLLC traffic. The mini-slots may transmit
overlapping slots while carrying eMBB data which can cause
errors in the eMBB data reception. However, this can be
appropriately resolved with hybrid automatic repeat request
(HARQ) retransmission [7]. Even though slots and mini-
slots are the basic scheduling units, 5G NR also supports
scheduling of a partial slot.

IMT-2020 is intended to extend and enable a variety of
usage scenarios and applications that will proceed beyond
IMT-Advanced, as specified in recommendation ITU-R
M.2083 [8]. The following are three possible applications for
IMT-2020 [6]:

• EnhancedMobile Broadband (eMBB): In comparison to
current mobile broadband applications, this usage sce-
nario would introduce additional application areas and
standards for better functionality and amore streamlined
user interface. This usage scenario includes a variety of
scenarios, such as wide-area coverage and hotspot, each
of which has its own set of specifications.

• Massive Machine Type Communications (mMTC): This
use case is defined by a large number of linked machines
exchanging a small amount of non-delay-sensitive
data.

• Ultra-Reliable and Low-Latency Communications
(URLLC): This use case has precise specifications for
throughput, latency, and availability. Wireless manage-
ment of industrial processing or development systems,
remote medical surgery, delivery automation in a smart
grid, transportation protection, and so on.
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Standard is developed to work in different environment.
IMT-2020 [6] is expected to work in different scenario and
therefore, tested in the following environments:

1) IndoorHotspot-eMBB:An indoor isolated area focused
on stationary and pedestrian users with a very large
traffic level at offices and/or shopping malls.

2) Dense Urban-eMBB: A dense urban area with large
user intensity and traffic loads, with an emphasis on
pedestrians and vehicular users.

3) Rural-eMBB: A rural community that supports pedes-
trian, vehicular, and high-speed vehicular users by pro-
viding a wider and consistent broad area coverage.

4) Urban Macro–mMTC:An urban macro ecosystem that
focuses on a large range of wired computer style
devices and aims to have continuous coverage.

5) Urban Macro–URLLC: An urban macro environment
aimed at providing ultra-reliable and low-latency com-
munications.

InH_x (Indoor Hotspot), UMa_x (Urban Macro), UMi_x
(Urban Micro), and RMa_x (Rural Micro) are the channel
models in each setting. The test environment and correspond-
ing channel model is given in Table 4. When a channel
type is applied with _x suffix, in this paper, we refer to all
versions of the model, e.g., InH_x means both, InH_A and
InH_B. Similarly, if a version is referred to as ‘‘model A’’
or ‘‘model B,’’ it refers to all instances of that variant,
e.g., ‘‘model A’’ refers to all InH_A, UMa_A, UMi_A, and
RMa_A variants.

TABLE 4. Mapping of channel models (reproduced from [6]).

III. 5G NR SIMULATOR
5GIF has developed a simulator for analyzing, interpreting
and visualizing the performance of the major key perfor-
mance indexes of 5G NR. The simulator is based on an
abstract modeling approach which separates the simulation
into both system level and link level. The system level sim-
ulations involve network evaluations, the generated statistics
of which is used by link level simulation to obtain statistics
for individual BS-UE pair.

Simulator modules include configuration setting, network
layout, pathloss, fading effect, channel model and frame
generation. Figure 3 shows the configuration settings, pro-
cessing and output arrangement for the 5GIF simulator. The
configuration settings are categorized into those given by the
proponent technology, customizable simulation parameters,
and those specified by ITU-R for M.2412 [6] evaluation
purposes. Processing involves randomly sampled realizations

FIGURE 3. 5G new radio simulator setup.

of a scenario that is generated according to the parameters
specified by the configuration setting. The individual link
quality is determined as per the network layout, pathloss
and fading effects. The generate statistics are then utilized
to infer performance. 5GIF simulator is calibrated based on
the SINR and coupling loss CDF for 19 cell cluster. The
input simulation configuration files can be found at GitHub
repository.1

A. KEY FEATURES
1) The simulator is capable to simulate various

environments and scenarios such as indoor hotspot
environment, dense urban environment, rural macro
environment, urban macro environment: URLLC sce-
nario, urban macro environment: mMTC environment.
Other environments and scenarios can also be simu-
lated by setting the relevant parameters in the con-
figuration files. Two network layouts are supported:
Indoor hotspot - Rectangular network layout with 3
Sectors (Transmission and reception point (TRxP))
each; Macro - Hexagon network layout with 3 sectors
(TRxP) each.

2) The simulator is capable to provide visual represen-
tation of the coverage of gain provided by a number
of transceiver units (TxRU) on each TRxP of a base
station in horizontal and vertical direction. For any
required configuration, both 2D and 3D antenna radi-
ation patterns can be obtained and analysed provid-
ing gain for all the azimuth and zenith combinations.
Figure 4 shows a 2D plot of antenna array radiation
pattern and Figure 5 shows a 3D plot of antenna array
radiation pattern for rural eMBB configurationA show-
ing that the beam is narrow along vertical direction and
wide along horizontal direction which is required in
rural environment. The plots demonstrate the benefit
when the angle of azimuth is 0◦ and the height angle

1https://github.com/5gif
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FIGURE 4. 2D Antenna array radiation pattern for rural eMBB config. A.

FIGURE 5. Antenna array radiation pattern for 8× 1 elements with scan
angle = 0◦ and etilt angle = 100◦.

is 100◦, which corresponds to the electric tilt and hori-
zontal scan used for beamforming.

3) The simulator provides the primary metrics like cou-
pling gain cumulative distribution function (CDF)
plots, SINR CDF plots, BLER vs SINR plots, etc.

4) Inside a cell, a visual representation of the SINR dis-
tribution and antenna gains distribution can be created.
The beamforming capacity to expand the propagation
range is visualised in Figure 6. Figure 6 shows positive
results in areas outside of the base station with adequate
coverage for nearby consumers and negative gains in
locations farther from the base station with no coverage
within the cell.

5) Pathloss and shadow fading (large-scale fading) met-
rics can be generated. Figure 7 shows pathloss vs.
distance for rural channel model A for LOS, NLOS and

FIGURE 6. Antenna sector plot for RMa configuration A.

FIGURE 7. Pathloss vs. distance for channel model A.

FIGURE 8. Pathloss vs. distance at 0.7 GHz, 7.0 GHz and 27.0 GHz.

LMLC-NLOS scenario at 0.7 GHz frequency. Figure 8
shows pathloss vs. distance for rural channel model A
for LOS and NLOS at 0.7 GHz, 7.0 GHz and 27.0 GHz
frequency.

6) The simulator supports wrap around capability that is
to have virtual base stations apart from the 19 base
stations to remove the edge cell effect.
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TABLE 5. Summary of evaluation methodologies (reproduced from [6]).

IV. EVALUATION METHODOLOGY
According to the guidelines described inM.2412 [6], the eval-
uation of candidate technologies consists of multiple steps
such as, inspection, analytical evaluation and experimental
verification of their self-evaluation submissions. The system
performance is evaluated by considering the following key
parameters as per the specified evaluation methodology is
given in Table 5.

V. RESULTS AND OBSERVATIONS
Our team has evaluated most of these parameters following
the guideline as described above. In this section, we discuss
them briefly including the results.

A. PEAK SPECTRAL EFFICIENCY
Peak spectral efficiency is an important parameter in any
wireless standard. It defines howmany number of bits per sec-
ond is sent in a given one Hz of bandwidth. It depends on
many factors, such as, channel bandwidth, sub-carrier spac-
ing, total number of subcarrier available in OFDM symbol,
physical resource block (PRB) and so on [10]. Table 6 shows
the maximum number of PRBs usable for a given SCS and
the channel bandwidth as defined in 3GPP RAN4.

TABLE 6. Max. number of PRBs for FR1 and FR2.

Each PRB can have 12 subcarriers and will span a band-
width of 12 × SCS. For example in Table 6, for FR1 fre-
quency range, row 2 has 273 PRBs. Each resource block

has 12 carriers and each carrier in turn is 30 kHz, yielding
a carrier bandwidth of 273 × 12 × 30 kHz = 98.28 MHz.
Similarly, row 3 yields a carrier bandwidth of 135 × 12 ×
60 kHz = 97.20 MHz.
In addition, NR can aggregate up to 16 such component

carriers. The peak spectral efficiency for a particular compo-
nent carrier (jth CC) can be obtained from equation based on
the specification and discussion in 3GPP [11].

SEpj =
(1− OH (j))
BW (j)

×

(
v(j)Layers · Q

(j)
m · f

(j)
· Rmax ·

NBW(j),µ·12

Tµs

)
(1)

where Rmax =
948
1024 . For the j

th CC, v(j)Layers represents the

maximum number of layers,Q(j)
m is the maximummodulation

order, f (j) is the scaling factor which takes values 1 and 0.75
at least. f (j) is signalled per band combination as per User
equipment (UE) capability signalling,µ is the numerology as
defined in TS 38.211 [7], Tµs is the average OFDM symbol
duration in a subframe for µ, i.e. Tµs = 10−3

14·2µ where the
normal cyclic prefix is assumed.NBW(j)

PRB is the maximum PRB
allocation in bandwidth with µ, as given in section 4.5.1 of
(TR 38.817 − 01) [12], where BW(j) is the UE supported
maximum bandwidth in the given band combination. OH(j)

is the overhead calculated as the average ratio of the number
of resource elements (REs) occupied by L1/L2 control, syn-
chronization signal, physical broadcast channel (PBCH) and
reference signals, etc. with respect to the total number of REs
in effective bandwidth time product α(j) · BW(j)

· (14× Tµs ),
α(j) is the normalized scalar considering the downlink/uplink
(DL/UL) ratio; for FDD α(j) = 1 for DL andUL; and for TDD
and other duplexing α(j) for DL and UL is calculated based on
the frame structure. 50 percent of guard period (GP) symbols
are called DL overhead, and 50 percent of GP symbols are
considered UL overhead for GP. Given the maximum number
of Tx/Rx elements in ITU-R configurations, the maximum
number of TXRU allowed is upto 8 layers. Spectral efficiency
is calculated for both, DL and UL.

1) DOWNLINK
For frequencies in FR1, e.g. the 3.5 GHz band is considered
for early IMT-2020 deployments. This band is TDD band.
In FR2, 26 GHz, 28 GHz and 39 GHz bands are supported
in 3GPP NR specifications. 3GPP NR candidate supports
various TDD slot patterns. Table 7 shows parameters for a DL
centric configuration DDDSU (where D, S, and U stand for
downlink, special, and uplink slots) (i.e. Five slots – 3 slots
with all DL-only symbols, special slot and one slot with all
UL-only symbols). The special slot (S) – has 11 DL symbols,
1 GP (Guard), 2 UL symbols.

Different SCS and bandwidth parameters for NR TDD
DL peak spectral efficiency is shown in Table 8 where the
DL dominant frame structure ‘‘DDDSU’’ (DL:UL = 4:1) is
chosen and the results are summarized.
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TABLE 7. Assumptions for TDD DL peak spectral efficiency (DDDSU).

TABLE 8. Peak spectral efficiency (bits/s/Hz) for NR TDD DL (Frame
structure: DDDSU, DL:UL = 4 : 1).

2) UPLINK
Similarly, different SCS and bandwidth parameters for NR
TDDUL peak spectral efficiency were evaluated for the same
dominant frame structure ‘‘DDDSU’’ shown in Table 9.

The achievable peak spectral efficiency is shown Table 10
and, peak spectral efficiency is shown in Table 11.

B. PEAK DATA RATE
5G specification defines peak data rate for DL and UL. Again
it depends on various factors, such as bandwidth, number

of resource elements, overhead, etc. Our evaluation for this
parameters for both DL and UL is presented.

1) DOWNLINK
For DL peak data-rate, the overheads due to synchroniza-
tion signal block (SSB), tracking reference signal (TRS),
physical downlink control channel (PDCCH), phase tracking
reference signal (PT-RS), channel state information reference
signal (CSI-RS), are considered. Typical values for these are
shown in Table 12.
Bandwidths of the order of 400 MHz are required to

achieve peak data rates of 20 Gbits/s. The peak data rate is
evaluated as [16], [17] :

DRdl = (repmat(Nslots/s,Nrows, size(BWSC, 2)))

×
(
NRE/slot ∗ (1− OHdl) ∗ Nlayers ∗Modformat ∗ CR

)
(2)
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TABLE 9. Parameter assumptions of NR TDD UL peak spectral efficiency.

TABLE 10. Peak spectral efficiency for NR TDD UL (bit/s/Hz) (Frame
structure: DDDSU).

TABLE 11. Peak spectral efficiency observations.

TABLE 12. Peak data rate evaluation assumptions (FR2).

where DRdl = data rate on the DL, B = repmat(A,m,n)
produces a large matrix B with m-by-n tiling of copies of A,
s= size(A) returns a row vector with elements containing the

length of the corresponding dimension of A, NRE = Number
of resource elements, OHdl = overhead on the DL.

For a 400 MHz wide component carrier, the peak data rate
is 17.49 Gbits/s. Aggregating two such component carriers
consume a bandwidth of 800 MHz and gives a peak data-
rate of about 35 Gbits/s, well beyond the passing criterion of
20 Gbits/s shown in Table 13.

TABLE 13. Downlink peak data-rate in Gbps (1 CC).

The NR capability of maximum aggregated system band-
width is presented in Table 8.1.1 − 1. of (TR 37.910) [18].
It is observed that the maximum aggregated bandwidth for
FR1 is 800 MHz to 1600 MHz and that of FR2 is 3200 MHz
to 6400 MHz.

2) UPLINK
The UL evaluation parameters are listed in Table 14. The
overheads due to demodulation reference signal (DM-RS),
PT-RS, sounding reference symbol (SRS), and physical UL
control channel (PUCCH) are considered. The ITU peak data
rate targets are fulfilled with a carrier aggregation of two
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TABLE 14. Evaluation assumptions for peak data-rate for uplink.

TABLE 15. Uplink peak data-rate in Gbps (per CC).

TABLE 16. Peak data rate observations.

400 MHz wide carrier component, (Table 15). Also, the peak
data rate observations shown in Table 16.

C. USER EXPERIENCED DATA RATE
User experience data rate is another important service. It is
evaluated in dense urban eMBB test environment for con-
fig. A (4 GHz). Table 17 lists the DL 5% spectral efficiency
evaluated for config. A for different bandwidth and antenna
configurations and, the corresponding user experienced data
rate for both UL and DL.

TABLE 17. Spectral efficiency evaluation of TDD DL for different system
bandwidths (FR1).

The user-experienced data-rate in the case of one frequency
band and one layer of transmission reception points (TRxP)
[2], [6], is computed as in (3)

Ruser = W · SE5% (3)

where SE5% is the 5th percentile user spectral efficiency and
W denotes the channel bandwidth. In the case bandwidth is
aggregated across multiple bands (one or more TRxP lay-
ers), the user-experienced data-rate will be summed over the

bands. Similar case when using carrier aggregation to derive
user-experienced data-rate.

3GPP self-evaluation report provides support for up
to 16 CC aggregation and the user experienced data
rate for maximum available bandwidth. This is provided
in Table 18. User experienced data rate observations shown
in Table 19.

TABLE 18. Downlink maximum user experienced data rate for different
possible aggregated bandwidth.

TABLE 19. User experienced data rate observations.

Based on assessment of user experienced data rate, the fol-
lowing points can be observed:

1) Multiple carrier aggregation configurations are sup-
ported and can be used to improve spectrum utilization
and hence user experienced data rate by using higher
bandwidth carriers to reduce guard bands and over-
heads.

2) The maximum possible user experienced data rate for
3GPP for 16 CC configuration is 998.2Mbps in DL and
686.4 Mbps in UL in FR1, for the given dense urban
IMT-2020 evaluation configuration.

3) By employing carrier aggregation, it can be seen that
the minimum bandwidth required in case of DL can be
approximated to 180 MHz (100 × 0.624 + 2 × 40 ×
0.568 = 107.84 Mbps) when using 64T4R with one
100 MHz carrier and two 40 MHz carrier which are
available for use in the n77 band (3300− 4200 MHz).

4) In case of UL user experienced data rate, by using
carrier aggregation it can be seen that the minimum
bandwidth required can be approximated to 120 MHz
(100× 0.429+ 20× 0.386 = 50.62Mbps) when using
4T64R* with one 100 MHz carrier and one 20 MHz
carrier which are available for use in the n77 band
(3300− 4200 MHz).

This assures that Indian operators are well positioned
to address the national digital communications policy
NDCP [19] requirement using this candidate technology
(IMT-2020/14), using a minimum bandwidth of 180 MHz in
n77 Band.
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D. AREA TRAFFIC CAPACITY
Area traffic capacity is evaluated based on achievable average
spectral efficiency, TRxP density and the bandwidth. Let
W denote the channel bandwidth and ρ the TRxP density
(TRxP/m2). The area traffic capacity Carea is related to aver-
age spectral efficiency SEavg as in (4)

Carea = ρ ×W× SEavg (4)

In the case multiple bands are aggregated, the area traffic
capacity will be summed over the bands.

Area traffic capacity in indoor hotspot eMBB for config. A,
based on the average spectral efficiency is evaluated.

FIGURE 9. Indoor hotspot site layout (reproduced from [6]).

TABLE 20. TRxP density.

Indoor hotspot site layout is shown in Figure 9 as defined
in [6], The TRxP density is calculated using (5) and the
values: for 12 TRxP is 0.02 and 36 TRxP is 0.06 (Table 20),
where the total area of the network layout is 120 × 50 =
6, 000m2.

ρ(TRxP/m2) =
Number of TRxP

Total Area of the network layout
(5)

For config. A Indoor hotspot-eMBB, the DL area traffic
capacity (Mbit/s/m2) is shown in Table 21. Area traffic capac-
ity observations shown in Table 22.

Based on area traffic capacity assessment following points
can be observed:

1) Three component carriers of 100MHz are needed to be
aggregated in n77 from the Indian perspective to satisfy
the dense indoor area traffic capacity requirement.

2) The available bandwidth in the sub-6 GHz mid band
(3300− 3600 MHz) is less than the minimum required
300MHz threshold, but the requirements can be met by
employing a higher density of TRxP per Cell.

E. MOBILITY INTERRUPTION TIME
Mobility interruption time is defined according to [2], [6] as
‘‘The procedure of exchanging user plane packets with base
stations during transitions shall be described based on the

TABLE 21. Downlink area traffic capacity (Mbit/s/m2) in indoor
hotspot-eMBB at 4 GHz, Ch.Model-A.

TABLE 22. Area traffic capacity observations.

TABLE 23. Mobility interruption time observations.

proposed technology including the functions and the timing
involved’’. Mobility interruption time can be evaluated using
two schemes supported by 3GPP NR: Beam mobility and
Carrier aggregation (CA).

1) BEAM MOBILITY [2], [6]
In the beam mobility scenario, when moving within the same
cell, the transmit-receive beam pair of the user equipment
needs to be changed. gNB configures different beams for the
UE at different slots duringUEmobility for DL data transmis-
sion. UE and gNB allocate different beams between them for
continuous DL transmission. Since there are different beams,
even if one link fails, the other link maintains a connection as
beam pair switching happens at different slots. For UL data
transmission, physical UL shared channel (PUSCH) is sent
using the beam configured by SRI (SRS resource indicator)
by gNB. The UL communication is done by selecting a side
beam for data transmission by selecting different slots.

2) CA MOBILITY [2], [6]
When moving within the same Primary Cell (PCell) with
CA enabled, the set of configured Secondary Cells (SCells)
of the UE may change. The SCell addition procedure and
SCell release procedures can occur. During these procedures,
UE can always exchange user plane packets with the gNB
during transitions. The data transmission between the UE and
the PCell is kept during the transition. Based on the above
analysis and procedures supported by 3GPP NR, the UE can
always exchange user plane packets with gNB during the
mobility transitions. Therefore, 0 ms mobility interruption
time is achieved by NR for this scenario. Mobility interrup-
tion time observations shown in Table 23.
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F. SPECTRAL EFFICIENCY
1) 5th PERCENTILE USER SPECTRAL EFFICIENCY
The 5th percentile user spectral efficiency is evaluated by
system level simulation using the evaluation configuration
parameters of Indoor Hotspot-eMBB, Dense Urban-eMBB,
and Rural-eMBB test environments.

Let user i in drop j correctly decode R(j)i (T ) accumulated
bits in [0, T]. For non-scheduled duration of user i zero
bits are accumulated. During this total time user i receives
accumulated service time of Ti ≤ T , where the service time
is the time duration between the first packet arrival and when
the last packet of the burst is correctly decoded. In case of full
buffer, Ti ≤ T . Hence the rate normalised by service time Ti
and channel bandwidthW of user i in drop j, r (j)i is given in (6)

r (j)i =
R(j)i (T )

Ti ·W
(6)

Running N drops simulations leads to N drops× N values
of r (j)i which the lowest 5th percentile point of the CDF is used
to estimate the 5th percentile user spectral efficiency.

2) AVERAGE SPECTRAL EFFICIENCY
Let Ri(T ) denote the number of correctly received bits by
user i (i = 1, · · · ,N ) (downlink) or from user i (uplink)
in a system comprising a user population of N users and
M Transmission Reception Points (TRxPs). Further, let W
denote the channel bandwidth and T the time over which the
data bits are received. The average spectral efficiency may be
estimated by running system-level simulations over number
of drops N drops. Each drop gives a value of

∑N
i=1 R

i(T )
denoted as: R1(T ), · · · ,RNdrops(T ) and the estimated average
spectral efficiency resulting is given by (7)

ŜEavg =

∑Ndrops
j=1 Rj(T )

NdropsT ·W ·M

=

∑Ndrops
j=1

∑N
i=1 R

i(T )

NdropsT ·W ·M
(7)

where ŜEavg is the estimated average spectral efficiency and
will approach the actual average with an increasing number
ofNdrops andR

(j)
i (T ) is the simulated total number of correctly

received bits for user i in drop j.

3) DUPLEXING SCHEME
In NR design, the flexible duplexing scheme is available, e.g.,

• Different transmission directions in either part of a
paired spectrum,

• TDD operation on an unpaired spectrum where the
transmission direction of most time resources can be
dynamically changing.

In this document, the FDD is considered for evaluation con-
figurations with 700MHz and TDD is used for configurations
with 4 GHz, 30 GHz

4) SPECTRAL EFFICIENCY CALCULATION (TDD/FDD)
The spectral efficiency of different duplexing schemes can be
calculated according to Report ITU-R M.2412 [6].

For DL average spectral efficiency and 5th percentile spec-
tral efficiency,

In case of FDD, the simulation bandwidth is 10 MHz for
DL and 10 MHz for UL. The DL average spectral efficiency
is given by

SEavg =

∑N
i=1 Ri(T )

T ·W ·M
(8)

whereW is the DL bandwidth of 10 MHz; Ri(T ) denotes the
number of correctly received bits of user i, and the overhead
of DL control and DL reference signals on the DL bandwidth
of 10 MHz is taken into account when deriving Ri(T ); and
T is the simulation time. Similar notations are applied to
5th percentile user spectral efficiency.
For TDD, the simulation bandwidth is 20 MHz for DL and

UL. The DL average spectral efficiency is given by (8), where
W is the effective DL bandwidth that accounts for the time
frequency resource used for DL transmission (including GP
symbols); Ri(T ) denotes the number of correctly received bits
of user i, and the overhead of DL control, DL reference signal
on the DL effective bandwidth is taken into account; and
T is the simulation time. Similar notations are applied to
5th percentile user spectral efficiency.
For UL average spectral efficiency and 5th percentile spec-

tral efficiency, similar way is employed to derive the evalua-
tion results for these two metrics.

5) SPECTRAL EFFICIENCY CALCULATION
(OH & GUARD-BAND)
To reflect the benefit of reduced guard band ratio and over-
head for larger bandwidth in NR, i.e. when the system band-
width is larger than simulation bandwidth (10 MHz in FDD
and 20 MHz in TDD), the spectral efficiency can be derived
from (9)

SE′ = SEavg ×
(1− gb(NRB))
(1− gb(NRB0))

×
(1− OH(NRB))
(1− OH(NRB0))

(9)

where gb(N ) and OH (N ) is the guard band ratio and the
overhead at given number of RB-N , respectively, and SEavg is
calculated by (8) For FDD,NRB0 = 52 for 10MHz simulation
bandwidth and 15 kHz subcarrier spacing. For TDD, NRB0 =

51 for 20 MHz simulation bandwidth and 30 kHz subcarrier
spacing. The overhead reduction for the larger bandwidth
mainly comes from the PDCCH. In addition, SSB and TRS
overhead will be reduced slightly. By assuming M0 OFDM
symbols for PDCCH at the bandwidth BW0, the number of
OFDM symbol for PDCCH at bandwidth BW could be

M = BW0/BW ×M0 (10)

For example, if we assumeM0 = 2 for 20 MHz bandwidth
system, then M = 1 for 40 MHz bandwidth system. The
value ofM could be a non-integer since NR supports PDCCH
sharing with PDSCH. The guard band ratio and PDCCH
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overhead reduction model for larger bandwidth based on (9)
is considered in DL.

For frequencies in FR1, the 4 GHz band is considered for
early IMT-2020 deployments, this band is a TDD band. In the
FR2, 30 GHz bands are considered for deployment.

6) DOWNLINK SE
TheDL spectral efficiency evaluation results for NR are given
in Tables 24-25.

TABLE 24. Channel model A downlink spectral efficiency evaluation for
different bandwidths (FR1).

TABLE 25. Channel model B downlink spectral efficiency
evaluation (FR2).

7) UPLINK SE
TheUL spectral efficiency evaluation results for NR are given
in Tables 26-27.

TABLE 26. Channel model A uplink spectral efficiency evaluation (FR1).

From Tables 24-27 and assessment of spectral efficiency
following points can be observed:

1) 5G NR meets the requirements of IMT-2020 since
InH-eMBB Config. A, Config. B, DU-eMBB Config.
A satisfy the Spectral Efficiency requirements.

TABLE 27. Channel model B uplink spectral efficiency evaluation (FR2).

2) InH Config. B (30 GHz) UL Avg Spectral Efficiency
meets requirements in case where the minimum num-
ber of TxRU at UE are 8 and that of BS are 32.

3) It has being observed from the SER of 3GPP that DU
config. B DL & UL both do not meet the 5th Per-
centile Spectral Efficiency requirements due to higher
losses in the mmWave (30 GHz) which not being able
to cover the cell edge users at ISD 200 m (3GPP
TR 37.910) [18].

Summary of spectral efficiency observations are given
in Table 28.

TABLE 28. Spectral efficiency observations.

G. SPECTRAL EFFICIENCY- SUPPLEMENTARY EVALUATION
1) FIXED WIRELESS ACCESS (FWA)
5G FWA can be used to offer an easy and affordable alter-
native to wired broadband in the lower bands of the wire-
less spectrum. FWA allows service companies to provide
high-speed connectivity to suburban and remote areas where
the expense of laying fibre is a limiting factor. It provides
ultra-high-speed broadband services to both home and enter-
prise customers using standardised 3GPP technologies and
Evolved packet core (EPC) networks. Option 3x gNBs that
help FWA and other early 5G implementations run in NSA
mode alongside the current 4G eNodeB. When applying 5G
FWA for the first time, option 3 eliminates rollout uncertain-
ties and variables.

5G FWA will have operation frequency capacities that
are comparable to fibre optics at mmWave. 5G FWA will
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FIGURE 10. 3GPP gNodeB used for FWA applications.

be a cost-effective alternative to fixed-line DSL, wire, and
fibre in all markets with NR in the mmWave. They have
thin beams, which allows for a higher user density without
competing and interfering with other users. This satisfies the
last-mile requirement by supplying the bandwidth needed to
accommodate high-definition television networks and high-
speed Internet access for suburban and rural residents. This
increases prospects for both emerging countries with poor
broadband penetration and industrialised countries with slow
DSL lines.

At millimetre wavelengths, 5G FWA would be able to
have data bandwidth equal to fibre optics (mmWave). In all
markets with NR in the mmWave, 5G FWA would provide a
cost-effective option to fixed-line DSL, wire, and fibre.

It’s worth mentioning that the IMT-2020 KPI are geared
for wireless applications. The KPIs for wireline and wireless
networks are vastly different. Fixed line networks aim for
fixed data speeds, while wireless systems aim for spectral
quality values. This puts an unfair pressure on the wireless
scheduler to service if an FWA targets those use cases. WP5D
was given a performance comparison using a Wireless DSL
(WDSL [20]) scheduler attributed to telecom centres of excel-
lence (TCoE) India during the IMT-Advanced standardisation
process. It used a rather basic modification to the proportion-
ally fair (PF) scheduler, changing the fairness exponent (β)
from 1 to 5. Since, there are no follow-up research about
whether this has to be a comparative method, this method
gives little insight into how the wireless device performs
as timing limits are placed on the same IMT assessment
process. The relation with various fairness coefficients (β)
is shown in Figure 11. While the PF scheduler strives for
a balance between fairness and overall system throughput,
the WDSL scheduler strives to provide a minimum rate
guarantee to the users admitted into the system as shown
in Figure 11.

a: SCHEDULER DESCRIPTION
In this segment, we include a quick overview of the scheduler
so that interested readers can catch up on our explanation. The
MAC employs the following scheduling algorithm:

1) The gNodeB obtains input on the instantaneous Chan-
nel quality indicator (CQI) for each UE-k in time slot t
in terms of a requested data rate Rk,n(t) for any PRB-n.

FIGURE 11. Throughput comparison of PF and WDSL.

2) The gNodeB monitors the moving average throughput
Tk,n(t) for UE-k .

3) UE-k∗ and PRB-n that fulfil the optimal relative chan-
nel quality condition are prioritised in the t th time slot
by the scheduling process:

k∗ = argmax
k=1,2,...,K

[
Rk,n(t)

]α[
Tk,n(t)

]β (11)

4) The choice of values for α and β decide the nature of
the scheduler.
• α = 1 and β = 0, represents a max-rate scheduler.
• α = 0 and β = 1, represents a round-robin
scheduler.

• α = 1 and β = 1, represents a proportionally fair
scheduler.

5) For the WDSL scheduler, we employ α = 1 and β = 5.
6) The gNodeB updates Tk,n(t) of the k th- UE in the

t th slot using the exponential moving average filter:

Tk,n(t + 1) =



(
1− 1

tc

)
Tk,n(t)

+
1
tc
Rk,n(t), k∗ = k(

1− 1
tc

)
Tk,n(t)

· · · , k∗ 6= k

(12)

7) Individual PRBs are treated as separate entities by the
scheduling algorithms, which update the system after
each time slot.

While the PF scheduler aims for a combination of fairness
and total device throughput, theWDSL scheduler aims to give
users admitted to the system a minimum rate guarantee.

b: PERFORMANCE COMPARISON
The simulation setup follows the rural config. C scenario
in V-F. The only tweak to the analysis is in rerunning the
simulation with the new value for β for the PF scheduler. The
cell capacity with different values of β is listed in Table 29.
If the simulation were a real deployment scenario, then

with the WDSL scheduler about 8 Mbps data rate per user
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TABLE 29. Cell capacity (Mbps) with different β values.

can be guaranteed. However, from the operator perspective,
it only achieved about half of the call capacity.

2) UPLINK PERFORMANCE WITH HIGH POWER UE
Higher frequency signals can’t travel far, so cellular carriers
like Sprint worked within 3GPP as means to achieve higher
output power, specifically in the uplink (uplink defines the
cell range). Devices supporting a new power class, Power
class 2 (PC2) were chosen. PC2 was originally developed
to improve high-performance user equipment (HPUE) and
improve the 2.5 GHz LTE TDD coverage. With 3GPP NR
standardization, this functionality is being extended to several
more frequency bands in Rel-15 specifications. PC2 allows
for output power levels of 26 dBmwhich is twice the previous
maximum output power of PC3 (23 dBm). The higher output
power to PC2, compensates for higher propagation losses at
higher TDD frequencies, allowing carriers to retain cell cov-
erage without investing in costly infrastructure. PC2 devices
could use the same architecture as PC3 UEs, but with differ-
ent PAs and filters. Due to the additional power headroom
available with the higher uplink transmit power, such devices
help increase cell-edge spectral efficiency by using higher
order modulation and transport block size (Figure 12, 13).
It can also help improve overall cell-edge efficiency, espe-
cially where downlink performance is constrained by uplink
acknowledgement speed. Given that there will be some con-
nection imbalance during 5GNSAdeployments, PC2 for dual
connectivity UE (one LTE band+ oneNR band) would be the
most realistic and suitable choice for improving uplink cover-
age for 5G NR NSA deployments. When compared to legacy
systems, HPUE improves out of service (OoS) and radio link
failures (RLF) dramatically with expanded coverage.

FIGURE 12. Extended coverage of PC2 devices over PC3.

a: SCHEDULER DESCRIPTION
To understand the value proposition of HPUE to devices,
we devise a simple modification to the existing IMT-2020
rural low-mobility large-cell (LMLC) test scenario.

FIGURE 13. A typical cell coverage using PC3 and PC2 devices.

FIGURE 14. UE’s reporting below MCS8 employing PC2 mode.

FIGURE 15. CDF of user SE with and without HPUE.

We assume that the UE’s are capable of PC2 and allow
the UE’s reporting below a certain Modulation and coding
scheme (MCS) value to employ PC2 (Figure 14).

b: PERFORMANCE COMPARISON
The simulation setup follows the same rural config. C sce-
nario in V-F. The only tweak to the analysis is in rerunning
the simulation with the link adaptation, where UE’s reporting
below a certain MCS index were changed from PC3 (without
HPUE) capability to PC2 (with HPUE). The CDF of spectral
efficiency values seen under these scenarios is plotted below
for reference.
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It can be inferred from the plots that the SE of those UE’s
with very lowMCS increase, whereas those with higher rates
did not change significantly. This is one move in the right
direction by 3GPP whereby the operators now have a chance
to deploy PC2 (HPUE) devices in their network to improve
cell edge or outage issues, without focusing on the need for
additional infrastructure.

Out of some supplementary studies on features supported
by the 3GPP technologies and their application to networks,
two of the studies sound promising.

1) The WDSL scheduler provided an insight into under-
standing a KPI not currently covered in IMT-2020.
If the operator were to trade off individual user perfor-
mance for cell capacity, then there is a huge trade off.

2) Similarly, a feature called HPUE defined in 3GPP
allows for UEs deployed in certain TDD configurations
to employ 26 dBm power amplifiers (PC2). HPUE
becomes an additional tool in the hands of operators in
addressing the coverage problem, without adding new
infrastructure.

H. MOBILITY
Mobility is defined as ‘‘The maximum mobile station speed
at which a defined Quality-of-service (QoS) can be achieved
(in km/h)’’ [2], [6].

1) MEAN VALUE OF ZOD SPREAD
Themean value of Zenith angle Of Departure (ZoD) in degree
is shown is Table 30, The CDF of mean value of ZoD spread
for line-of-sight (LOS) and non-line-of-sight (NLOS) for
Rural and Dense Urban test environment are plotted from
Figure 16 to Figure 18, respectively.

TABLE 30. Mean value of ZoD spread.

2) SINR DISTRIBUTION
The pre-processing SINR CDFs for eMBB test environment
are shown in Figures 19-22. From the Figures 19-22, different
test environments 50 percentile point of the CDF are listed
in Table 31.

3) LINK PROPERTIES
The results and observations of NR’s link-level mobil-
ity assessment for various test environments are shown
in Table 32 and Table 33 depending on the evaluation.

I. RELIABILITY
1) SYSTEM LEVEL SIMULATIONS
The system-level simulations (SLS) assumptions given
in Table 34 are the results for the two test-
configurations A and B (4 GHz and 700 MHz) respectively;

FIGURE 16. Rural (4 GHz) ZoD (degree) mean value.

FIGURE 17. Rural (700 MHz) ZoD (degree) mean value.

FIGURE 18. Dense urban (4 GHz) ZoD (degree) mean value.

detailed specifications of these test configurations can be
found in [6].

For config. A, the total gain (including antenna gain) is
presented in Figure 23 for UMa channel models A and B. The
resulting SINR (cell utilization 1) illustrated in Figure 24 is at
full load. The cell-edge (5th percentile) SINR is found to be
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FIGURE 19. Rural-eMBB (700 MHz) UL SINR distribution test environment.

FIGURE 20. Rural- eMBB (4 GHz) UL SINR distribution test environment.

FIGURE 21. Dense urban-eMBB (4 GHz) UL SINR distribution test
environment.

1.98 dB (on the DL) and 0.81 dB (on the UL) for channel
model UMa A, and 1.98 dB (DL) and 1.77 dB (UL) for
channel model UMa B as shown in Figure 25.
For config. B, the total gain (including antenna gain) is

given in Figure 26. for UMa models A and B. The resulting

FIGURE 22. Indoor hotspot- eMBB (4 GHz) UL SINR distribution test
environment.

TABLE 31. The 50%-tile point of SINR CDF for different test environments.

TABLE 32. The uplink link level evaluation results for different test
environments for NR.

TABLE 33. Mobility observations.

SINR at full load (cell utilization 1) is given in Figure 27.
The cell-edge (5th percentile) SINR is found to be 0.16 dB
(on the DL) and 0.83 dB (on the UL) for channel model UMa
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TABLE 34. Assumptions of the system-level simulations.

FIGURE 23. URLLC configuration A total gain.

FIGURE 24. URLLC configuration A SINR distribution.

A and −0.06 dB (DL) and 0.65 dB (UL) for channel model
UMa B as shown in Figure 28.

2) LINK LEVEL SIMULATIONS
The assumptions for link-level simulations (LLS) are
described in Table 35. For the data and control channels,

FIGURE 25. 5th percentile SINR distribution for URLLC configuration A.

FIGURE 26. URLLC configuration B total gain.

FIGURE 27. URLLC configuration B SINR distribution.

two separate datasets are used. For PDCCH, a DCI of
40 bits is presumed, without the CRC. PUCCH format 0 car-
ries a 1-bit UCI with a length of 2 OFDM symbols (OS)
and frequency hopping for PUCCH. Figure 29 shows the
BLER for the control channels as a function of SNR, while
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FIGURE 28. 5th percentile SINR distribution for URLLC configuration B.

TABLE 35. Assumptions on the link-level simulations.

FIGURE 29. Short PDCCH and PUCCH sequence selection BLER as a
function of SNR.

Figure 30 and Figure 31 displays the BLER for the data chan-
nels as a function of SNR.

J. TOTAL RELIABILITY
The success probabilities are written on the channel level
according to Table 36, and expressions found for the total

FIGURE 30. LDPC BLER 4 OS-data for QPSK (1st attempt).

FIGURE 31. LDPC BLER 7 OS-data for QPSK (1st attempt).

TABLE 36. Success probabilities for calculating total reliability.

TABLE 37. Required number of PRBs for 32B packet and 1 OFDM symbol
overhead, at different coding rates.

success rate pt = 1 − ε, where ε is the residual error rate.
With some exceptions, it is assumed that the retransmissions
are uncorrelated, which is reasonable to assume if they are
done on a different frequency allocation.
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TABLE 38. Maximum number of transmissions including re-transmissions in FDD within 1 ms.

1) DL DATA, HARQ-BASED
The total reliability after N transmissions on the DL can be
described as in (13)

pt =
N∑
n=1

n∑
i=1

{(
n− 1
n− i

)
[(1− p1)p4]n−i

× p1p2,i
i−1∏
j=1

p1p3(1− p2,j)
}

(13)

where for any positive integer p2,k , k is the probability of a
data block being correctly received after exactly k transmis-
sions are soft-combined. In this expression, the DL control
transmissions are seen as uncorrelated with each other and
with data. This is an approximation, but can be motivated by,
for example, moving the DL control between attempts. The
data attempts are correlated with each other.

2) UL DATA, CONFIGURED GRANT
With configured grant-based UL scheduling, the SR step and
the first DL control can be removed, and the total reliability
can be described as in (14)

pt = p2,1 + (1− p2,1)
N∑
n=2

p1p2,n
n−1∏
i=2

(1− p1p2,i) (14)

Here, the PDCCH reliability starts from the first retrans-
mission, assuming perfect energy detection performance on
the PUSCH resource.

3) RELIABILITY ESTIMATE URLLC CONFIGURATION B, UMA B
By observing at the lower percentiles of the SINR distribu-
tions for URLLC config. B, UMa B, the channel BLER can
be found at the corresponding DL and UL SINR points. The
total error rates for DL and UL data respectively can then be
computed. The results are shown in Figure 32-34.

AL16 is assumed for PDCCH and 1% D2A level for
PUCCH. On the UL, SPS is assumed with a configured
resource every TTI. For both DL and UL, 1− 3 transmission
attempts (including HARQ retransmissions) are considered.
The data transmissions are assumed to be correlated and are
soft-combined.

a: PACKET SIZE
The ITU specifies a packet size of 32 bytes tomeet the latency
and reliability targets. With QPSK modulation and a coding
rate from MCS1 to MCS5, along with one OFDM symbol
overhead, the required number of PRBs is given in Table 37.
Here, the CRC is not considered and TBS is 32B.

FIGURE 32. 4 OS – DL data total reliability with 1−3 HARQ transmissions.

FIGURE 33. 7 OS – DL data total reliability with 1−3 HARQ transmissions.

FIGURE 34. 4 OS UL data total reliability with 1− 2 HARQ transmissions.

b: TOTAL LATENCY
UP latency was evaluated in [9] for a sequence of trans-
missions. It was found that DL and configured-grant UL

112308 VOLUME 9, 2021



A. P. K. Reddy et al.: 5G New Radio Key Performance Indicators Evaluation

FIGURE 35. 7 OS UL data total reliability with 1− 2 HARQ transmissions.

TABLE 39. Reliability observations.

TABLE 40. Bandwidth.

TABLE 41. Bandwidth observations.

transmissions with 7 OS and 30 kHz SCS are possible within
the latency bound of 1 ms, as shown in Table 38. Thus,
the ITU reliability of 10−5 error within 1 ms can be met.

Reliability observations are shown in Table 39. Based
on the assessment of Reliability following points can be
observed.

1) The cell-edge SINR for URLLC config. A is approx-
imately 1.98 dB (DL) and 0.81 dB (UL) for channel
model UMa A and 1.93 dB (DL) and 1.77 dB (UL) for
channel model UMa B.

2) The cell-edge SINR for URLLC config. B is approx-
imately 0.16 dB (DL) and 0.83 dB (UL) for channel
model UMa A and −0.06 dB (DL) and 0.65 dB (UL)
for channel model UMa B.

TABLE 42. Summary of all KPI’s.

3) With 1 transmission using MCS1, the reliability target
of 10−5 error can be met on the DL and the UL (with a
configured grant).
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4) WithMCS1 and a 7 OSmini-slot, 46 PRBs are required
for a 32B packet.

5) With 30 kHz SCS and 7 OS mini-slot, 1 transmission
can be made in FDD mode within 1 ms.

K. BANDWIDTH
Based on the (Section 5.3.2) [15] bandwidth evaluation and
observations were tabulated in Tables 40-41.

VI. CONCLUSION
Key performance metrics corresponding to the evaluation of
the 3GPP 5G NR IMT-2020 radio interface technology as
well as their related findings are discussed in this paper. The
core criteria for IMT-2020 technological efficiency specifi-
cations were fulfilled by the 5G NR technology, according to
our findings. However, certain small variations are found in
few situations such as, peak spectral efficiency, peak data rate,
user experienced data rate, and area traffic capacity, though
still meeting the requirements. This is most certainly due to
such biases or the lack of adequate information in the pro-
ponents self-evaluation report. We were able to recommend
that the 3GPP 5G NR technology be accepted as a valid IMT-
2020 technology based on these assessments. Summary of all
KPI’s with requirement met status is given in Table 42.
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