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ABSTRACT This paper compares the service quality between 4G and 5G New Radio (NR) among different
sub-6 GHz frequency bands in an urban micro-cellular outdoor setting. An updated version of LTE-Sim is
considered to obtain the exponential effective signal-to-interference-plus-noise ratio in 4G while determining
the modulation and coding scheme. System capacity is obtained by considering a video application at
3.1 Mb/s and the proportional fair (PF) scheduler while comparing 4G and 5G NR through system-level
simulations (the 5G-air-simulator is considered for 5G NR). The modified largest weighted delay first (M-
LWDF) scheduler is compared with the PF, though only in 4G. Optimal system performance is reached
both in 4G and 5G NR for cell radii longer than two times the breakpoint distance (or beyond), which are
preferable compared to the shortest values for the cell radius. We have learned that the packet loss ratio
(PLR) is higher for the cell radii, R, shorter than breakpoint distance, dz/s p- For d 1’3 p < R <1000 m, the PLR
first decreases and then increases. For a target PLR < 2%, in 4G, the highest maximum average goodput is
obtained with the M-LWDF scheduler (10-25% increase). This maximum occurs at the 2.6 GHz and 3.5 GHz
frequency bands for 300 < R < 500 m, while at 5.62 GHz the highest goodput occurs for the longest Rs.
With 5G NR and the PF, the maximum average goodput increases, in our simulations, from ~ 14.1 (in 4G)
to 26.1 Mb/s (20 MHz bandwidth).

INDEX TERMS 5G-air-simulator, exponential effective SINR mapping, ITU-R M.2135-1, LTE-Sim,
modulation and coding scheme, small cell networks, sub-6 GHz frequency bands, two-slope model, urban
micro cell scenario.

I. INTRODUCTION

The exponential growth of the wireless communications
sector has driven the research community to investigate
future systems, such as heterogeneous networks (HetNets),
millimeter-wave and multi-input multi-output [1], [2], [3].
To complement the traditional macro-cell network to answer
future service demands and the growth of wireless data
traffic [4], [5], [6], lower power nodes are being added to the

The associate editor coordinating the review of this manuscript and

approving it for publication was Yafei Hou

existing networks, creating what is known as HetNets. The
effectiveness of the answer to HetNets business opportunities
is determined by the diversity of cell sizes and network
architectures, in combination with the coalition of diverse
technologies and availability of licensed and unlicensed
frequency bands.

A. SINGLE VS. DUAL-SLOPE PATH LOSS MODELS
Studies on the performance analysis of cellular networks
usually consider single-slope (SS) path loss models (PLMs).

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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SS are simple PLMs that fail to capture the short-distance path
loss behavior [7]. This happens since an SS-PLM considers
a homogeneous path loss along the cell coverage range,
as shown in Fig. 1.

Investigate the efficiency of resource allocation in
LTE-Advanced and 5G New Radio (NR) networks using
precise system-level simulations.

In urban deployment scenarios, where there are a plethora
of non-homogeneous obstacles, such as vehicles and urban
obstructions and elements, attenuation increases when the
distance between the transmitter and the receiver nodes
increases. This may lead to inaccurate results in the perfor-
mance evaluation of dense networks. Dual-slope (DS) PLMs
can be a solution to overcome the limitations of SS-PLMs
since these models more accurately represent the outdoor
small cell link variations along the distance (represented
by the change in the propagation exponent beyond the
breakpoint distance), mainly due to the combination of a
direct ray, including a ray reflected on the ground (e.g.,
asphalt).

DS-PLMs represent the dependence of the path loss over
distance, which implies a DS behavior [8]. The authors
from [9] have shown that, compared to SS-PLMs, DS-PLMs
more closely matches empirical data while capturing the
relationship between the path loss and the distance between
the transmitter and the receiver. While the propagation
exponent slope is approximately 2-2.2 for distances in the
range close to the cell center, a value of approximately
4 is identified for the longest distances, as shown in
Fig. 1b. According to [10], the breakpoint distance can be
obtained either by regression analysis or by considering the
geometry when the Fresnel zone just touches the ground.
The breakpoint distance can also define the turning point
between the line-of-sight (LoS) and non-line-of-sight (NLoS)
situations, as explained in [8] and [10]. Furthermore, PLMs
can be generalized for any number of slopes, as in [11].

B. RELATED WORK

DS-PLMs have captured the attention of the research
community for decades, and are being studied in a multitude
of verticals. One of these areas is vehicular technology
in applications, such as intravehicular [12], [13], vehicle-
to-vehicle [14], [15], vehicle-to-cyclist [16], vehicle-to-
infrastructure [17] or pedestrian-to-vehicle [18] communi-
cations. Another area of application is unmanned aerial
vehicles (commonly known as UAVs) operating at a low
altitude [19]. Some deployment scenarios are also being
considered for rural [3], [15], highway [15], suburban [3]
or urban [20] environments, where a detailed analysis has
been conducted to consider street canyon environments [21]
or indoor scenarios [22], [23]. Coverage in these scenarios
is provided by cells with a longer cell radius, R, known as
macro-cells. However, the cell radius of indoor and urban
small cells is shorter [11], [24], [25].

2

Furthermore, millimeter wavebands are considered to
answer the enormous amount of information demand in
small cell networks [26]. However, although DS-PLMs
have been considered only SS-PLMs are applied, as the
breakpoint distance is far beyond the size of small cells. The
literature review contains research works on frequency bands
from 800 MHz up to 82.5 GHz [27], [28], [29]. Current
research studies are being carried out in urban areas utilizing
millimeter waves, as in [29].

Although several propagation scenarios have been con-
sidered and developed for 5G [30], the underlying impact
of different packet scheduling algorithms is still being
investigated [31]. For successive generations of broadband
cellular networks, packet scheduling has played an important
role in managing radio resources. In particular, aiming at
providing a user quality of service (QoS) that guarantees a
sufficient grade of service, the choice of the packet scheduler
is of particular interest.

QoS metrics are network-centric performance variables
that do not directly consider the user experience. Usually,
QoS metrics may be based on four key quantitative parame-
ters: packet loss ratio (PLR), throughput (or goodput), packet
delay and jitter [32]. Indirectly, these QoS metrics may be
mapped into quality of experience [33].

Packet schedulers have been developed to support real-
time (RT) services, such as videoconferencing, or non-real-
time (NRT) services, such as internet browsing [34], [35]. In
4G, there are two key strategies for downlink (DL) packet
scheduling: the QoS-aware and QoS-unaware strategies [36].
Prior to this classification, DL scheduling strategies have also
been divided into channel-dependent and channel-sensitive
strategies [35].

The authors from [25] and [37] evaluated the impact of the
different path loss models on the capacity of 4G networks
composed of small cells considering a carrier frequency of
2.6 GHz. They compared four urban path loss models, two
SS-PLMs, one DS-PLM in LoS, and another DS-PLM, for
NLoS. They concluded that for values of R longer than
the breakpoint, the supported cell physical throughput is
steady or decreases with R when using the traditional SS
propagation models. In addition, for values of R shorter than
the breakpoint, the two-slope propagation model leads to
values of the throughput lower than those obtained with the
SS-PLMs.

The 2.6 GHz, 3.5 GHz and 5.62 GHz sub-6 GHz frequency
bands were studied in [38]. With mathematical modeling, the
authors from [38] concluded that, in terms of a supported
throughput, for R when shorter than ~ 550 m, the 2.6 GHz
frequency band presents the highest throughput. For cell radii
of 550 < R < 690 m, the 3.5 GHz frequency band presents
the highest throughput. For cell radii longer than ~ 690 m,
the 5.62 GHz frequency band is the best one.

C. URBAN MICRO CELLULAR SCENARIO

In this study, differently from [39], where only a modeling
approach was followed, the small cell performance is
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(a) Single-Slope PLM
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(b) Dual-Slope PLM

FIGURE 1. Different slope behaviors in the path loss models of the cellular system.

FIGURE 2. Simulation scenario for the UMi LoS small cell network with
reuse pattern three. There is a tier of interference with the same number
of subchannels in each node.

evaluated through system level simulations by first apply-
ing an improved version of LTE-Sim [40]. LTE-Sim is
an open-source framework that simulates LTE-Advanced
networks, which was improved earlier to produce the results
presented in [33] and [41]. Then, in an effort to replicate
the results for 5G, the expected differences of the presented
study considering LTE-Sim in relation to those using the 5G
New Radio (5G NR) simulator (the 5G-air-simulator), from
the University of Bari, are identified [42]. Similarities and
improvements in the frequency reuse trade-off and its impact
on service quality and underlying system capacity boundaries
are analyzed.

In this work, the urban micro cellular (UMi) scenario
for LoS, defined by ITU, in [43], and a given reuse
pattern have been included in LTE-Sim. In addition, the
supported throughput is also analytically studied based on the
average signal-to-interference-plus-noise ratio (SINR), while
comparing analytical and simulation results for the system
capacity achieved when PLR < 2% in deployments either
with video application only or with video plus best effort
usage. Fig. 2 presents the frequency reuse for the considered
small cell deployment, where D is the reuse distance.

An outdoor environment is considered where the antennas
of the BS and the user equipment (UE) are well below the
tops of the surrounding buildings. Nineteen small cells are
deployed with frequency reuse pattern three. The impact of
varying the cell radius is analyzed.

VOLUME 12, 2024

This UMi cell deployment scenario is presented in [43],
with a focus on pedestrian and slow vehicular users. We have
considered that the radio link between the cell nodes and
the UEs is in LoS. The DS-PLM is considered to determine
coverage and cochannel interference.

D. CONTRIBUTIONS

The first contribution of this work consists of investigating
the relation between physical throughput and the size of the
cells. This analysis is achieved using an implicit function
formulation. We explore how the supported throughput
varies on average among different frequency bands within
the sub-6 GHz range concerning the coverage distance R,
as elaborated in [39]

As the average SINR and the average exponential effective
SINR mapping (EESM) present a trend similar to the
supported throughput curve, we aim at identifying optimal
values for R where these parameters are simultaneously
maximized through system level simulations for different
frequency bands. Particularly, we have extracted average
EESM results and their cumulative distribution function
(CDF) at the UE for different values of the cell radius.

One explores the MCS supported by different users
inside the cell, whose results are expressed in terms of
the CDF of the MCS and their performance characteristics.
We examine the performance of resource management
in LTE-Advanced and 5G NR networks through accurate
system-level simulations.

Whilst comparing the performance differences between 4G
and 5G NR networks, assuming the Proportional Fair (PF)
packet scheduler, we consider the 3rd Generation Partnership
Project (3GPP) technical specification (TS) 22.105 [44]. This
specification defines performance targets for the PLR of
video streams when users employ continuous video commu-
nication in the downlink direction. One compares the impact
of using the PF and M-LWDF schedulers. As a novelty,
the M-LWDF scheduler is a QoS-aware scheduler capable
of distinguishing different service types. Our evaluation
encompasses to determine several performance metrics, such
as average PLR, goodput and delay. Furthermore, we also
evaluate the maximum average goodput and the number of
supported users in the air interface, taking into account video
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and best effort (BE) applications. Particularly, BE packets
are transmitted only when sufficient resources are available,
as in [33].

In summary, the main contributions of this work can be
summarized as follows:

1) Verification of the system capacity (goodput, number
of supported users) through an event-driven simulation
approach and system quality evaluation (PLR, delay) of
small cells modeled by the UMi DS path loss models
in 4G and 5G networks;

2) Detailed analysis of the impact of considering different
packet schedulers for video applications;

3) Update of the LTE-Sim and 5G-air-simulators with
truly uniform distributions of users, and obtaining
surface charts of the spatial behavior of EESM and
MCS.

The remainder of the paper is organized as follows.
Section II presents the generalized single and the ITU-R
M.2135-1 dual slope path loss model. In Section III, the
considered schedulers are addressed. Section IV describes
the simulation scenario. The cellular planning trade-off
is presented in Section V, where results for the EESM,
the achieved MCS and the supported cell throughput are
presented. The achievable system performance for PLR <
2% (and maximum delay less than the 150 ms target) is
studied in Section VI. From the results of the PLR, the
goodput, and the delay as a function of the maximum number
of users, the system capacity is determined in terms of
the supported goodput considering the PF in 4G and 5G
NR. The performance improvement of considering the M-
LWDF scheduler is studied in Section VII, though only for
4G. Finally, conclusions are drawn in Section VIII, where
suggestions for further research are also presented. Table 1
provides the mathematical notations used throughout the

paper.

Il. PATH LOSS MODELS
Signal transmission is subject to propagation loss or path
loss. The diversity and the types of obstacles between the
transmitter and the receiver (such as buildings, trees, vehicles,
and lampposts) have a substantial contribution to the account-
ing of the total propagation losses. Cellular optimization
trade-offs result from the co-channel interference imposed by
nodes in the same heterogeneous network layer or by nodes
in other sub-layers operating with the same sub-channels.
The cellular planning process allows the prediction of the
cell range, cell coverage and throughput trade-offs [7], [20],
[45], [46]. In the cellular optimization and planning process,
propagation losses are expressed through SS-PLMs and DS-
PLMs.

A. SINGLE SLOPE MODELING

For the sake of simplicity, let us consider the PLMs presented
in [2], [8], and [47], a generalization of other SS-PLMs
studied in [25] and [28]. Apart from the constant parameters,

4

TABLE 1. Mathematical notation.

‘ Symbol H Description
fo} reference loss, at one meter
Q; factor computed from the QoS for the iy, user
I5) estimated parameter that results from link-level
simulations

5 propagation exponent

0; acceptable PLR for the 4., user

T delay threshold for the 7, user

c velocity of the RF signal in free space
C

d

carrier
distance between the BS and the receiver

breakpoint distance

D distance between two cells operating with the
same set of subchannels

head of line (HOL) delay for the i, user

fe frequency

hps antenna heights for the BSs
hyr || antenna heights for the UEs
I interference
k frequency reuse pattern
o vector of the individual values of the SINR for

each subcarrier

T4j throughput achieved by the i** user on the ;%"
subchannel

Tee reuse factor

R cell radius

Ry throughput (bit rate)

R; average throughput for the 7" ring

Ry _sup || supported cell throughput
w;; || priority metric for the i*" user on the 5" subchan-
nel

the path loss, PL, only depends on the distance between the
BS and the receiver, d. The generalized equation for a SS-
PLM, PL,, is defined as follows:

PLy = apd?, (nH

o is the reference loss, at one meter, and y is the propagation
exponent (which, in this case, is constant for any value of
d), while d takes any value between one meter and R. The
propagation exponent could be determined experimentally by
using an interpolation procedure [22].

SS-PLMs are the simplest way to model propagation losses
since they have simple mathematical expressions and may
lead to a large error between the PLM and the local path
loss values [7]. Because of their “‘single” mathematical
expression, SS-PLMs do not capture the impact of different
topographic environments, the difference in the behavior
after the distance that separates the zone where the first
Fresnel zone just touches the ground, or even the impact
of irregular cell patterns [7]. In HetNets, SS-PLMs also
fail to estimate losses since the laws of physics applied to
urban environments where there is a reflection on the ground,
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which shows that a dual slope (DS) behavior is observed.
This behavior is more evident in small cell networks for the
sub-6 GHz bands [48]. To overcome the above limitations
of the SS-PLM, the DS-PLM can be used since they can
appropriately describe the channel propagation behavior in
the UMi scenario.

B. URBAN MICRO LINE-OF-SIGHT DUAL SLOPE
MODELING

We considered the UMi scenario in LoS and the deterministic
DS-PLM from [43]. Eq. 2 presents the path loss, between the
BS, at the cell center, and UEs located up to the breakpoint
distance, PL,, as shown in Fig. 1b.

PL, = 22.0log,(d) + 28.0 + 201og (1), 2)

where d is in meters and f, is the frequency given in
GHz. For distances longer than the breakpoint distance, PL,
is calculated by Eq. 3 as follows:

PLy, = 40.01og,o(d) + 7.8 — 181ogo(hgs — 1.0)
- 18 loglo(hUE - 10) + 210g10(fc), (3)

where hps and hyg are the antenna heights for the BSs and

UEs, respectively. The BS and UE antennas are outdoors and

located below the rooftops of the surrounding buildings.
The breakpoint distance, d 1/3 p» is computed as follows:

4(hps — 1.0)(hye — 1.0)f.
C 9

djyp = @)
where c is the velocity of the RF signal in free space (equal
to the speed of light), generally accepted to be approximately
3 x 108 m/s. d »p is either determined when the first Fresnel
zone just touches the ground or by the turning point between
the LoS and NLoS zones [4], [10].

The authors from [25], [39], [48], and [49] compare math-
ematical modeling approaches between SS-PLMs and DS-
PLMs. They show that the use of DS-PLMs implies higher
supported throughput for the longest cell radii in small-cell
outdoor environments. The authors from [4], [11], and [48]
highlight that DS-PLMs present more accurate performance
results for coverage probability and user association than
SS-PLMs. In fact, DS-PLMs are gaining importance in the
characterization of propagation environments of successive
generations of mobile communications systems in earlier
3GPPreleases [30] and in 5G NR scenarios [31], [50]. In [50],
the 2D distance is replaced by the 3D distance in PL, and PLj.
While the PL, equation remains the same, PLy, is different,
as presented in [51].

Ill. PACKET SCHEDULING

Packet scheduling occurs at the BS, as shown in Fig. 3.
In its simple form, the scheduler receives the information
about the desired QoS and system configuration, as well as
the channel quality indicator (CQI) determined by the UE.
After gathering this information, the eNB, responsible for
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QoS

Scheduler

System Configuration

FIGURE 3. Simplified view of the scheduler operation.

distributing the available radio resources among UEs decides
on the assignment of resource blocks (RBs) for the UEs and
how many RBs should be assigned to transport the data [52].

In recent years, DL packet schedulers have been studied to
maximize the end-user QoS [36]. As mentioned before, QoS
considers a network centric approach and evaluates several
performance parameters of broadband cellular networks,
such as PLR, goodput and delay. The choice of the most
efficient packet scheduling algorithm was studied in [31] and
[36].

As a QoS-unaware scheduler, PF does not consider any
QoS parameter [35], [52], [53]. It only schedules the traffic
from a user when its instantaneous channel quality is high
compared to its own average channel conditions over time.
The priority metric is defined as follows:

Tij
wij = Ri s (5)
where wj; is the priority metric for the i user on the j”
subchannel, r;; is the throughput achieved by the i user on
the j subchannel and R; is the average throughput achieved
by the i”* user [32].

As a QoS-aware scheduler [35], [52], M-LWDF extends
the metric considered in PF by taking factors, such as delay
and PLR, into consideration as follows:

r,-j
wij = a;iDyor,i=, (6)
R;
where «; is a factor computed from the QoS and Dyop,; is
the head of line (HOL) delay for the iy, user. The factor «; is
determined as follows:

i =

log(;)

Ti

N

where §; is the acceptable PLR for the iy, user and 7; is the
delay threshold for the iy, user [32].

While the strength of the PF is the good trade-off
between the system throughput and the data rate fairness
among users, its weakness is the low achieved spectral
efficiency. In turn, M-LDWF is an inefficient scheduler at
overloaded considerations but allows supporting considerable
system throughput while enabling an acceptable level of
fairness [35].
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TABLE 2. Radio Parameters for the 4G and 5G NR Networks.

Frequency Bands
Parameters 2.6 GHz | 3.5 GHz | 5.62 GHz
n7 n78 n46
Transmitter power of small 40 42.2478 | 46.6953
cells [dBm]
Transmitter power of UT 23
[dBm]
Number of BS 19
Reuse pattern 3
Bandwidth per tier [MHz] 20
Effective BS height [m] 10
Effective UT height [m] 1.5
Cell radius [m] [20, 1000]
Packet scheduler PE, M-LWDF
TTI [ms] 1
5G NR numerology p 0
5G NR subcarrier spacing 15
[kHz]
5G NR no. of subframes 10
per radio frame
5G NR no. of slots per sub- 1
frame
5G NR no. of slots 10
5G NR no. of symbols per 14
slot
5G NR radio frame dura- 10
tion [ms]

IV. UMI TEST SCENARIO

A. PHYSICAL REUSE SCENARIO

According to [43], the UMi test scenario is composed of
nineteen small cells with frequency reuse pattern three (k =3),
as presented in Fig. 2. This scenario deployment is an outdoor
environment with a high density of users and traffic loads,
where the antennas of the BSs and UEs are well below the
rooftops.

The results have been extracted at the central hexagonal-
shaped cell, while interference is imposed by the six
cochannel cells in the first tier of interference, as shown in
Fig. 2. When users move to another cell, they struggle with
handover and start using the subchannels from the frequency
band available in the new cell. The inter-site distance, D, is the
distance between two cells operating with the same set of
subchannels and is equal to D = @R, where R is the cell
radius [37].

B. RADIO AND SIMULATION PARAMETERS

This work compares the 4G and 5G NR radio coverage and
frequency reuse trade-off for the 2.6 GHz, 3.5 GHz, and
5.62 GHz frequency bands, the operative bands n7, n78,
n46, respectively. As n7 and n46 bands are being used by
mobile operators, performance is compared as presented in
[54] and [55]. The PF and the M-LWDF are then compared

6

considering only 4G. The bandwidth available per tier is
20 MHz, i.e., 60 MHz bandwidth in total, as reuse pattern
three is considered. In Fig. 2 the cell of interest is the center
cell, and the six cells from the first tier of interference, filled
in the blue color. Different frequencies are represented by
different colors in Fig. 2. The height of the small cell BS is
10 meters, while the height of the UE is 1.5 meters. R varies
from 20 m up to 1000 m. Table 2 presents the values of the
radio parameters.

Improvements in the LTE-Sim and 5G-air-simulator were
made to account for the UMi scenario. The versions of
the LTE-Sim simulator and 5G-air-simulator considered in
this work includes not only the improvements specifically
implemented for this work, e.g., facilitating to obtain surface
charts for EESM and MCS, but also previous improvements,
which are freely available under the GPLv3 license in [56]
and [57]. Although the 5G-air simulator already considers
fast fading, the 4G LTE-Sim did not consider it. In both
simulators, the LoS scenario is addressed.

For comparison purposes, while the LTE-Sim has been
used to simulate the 4G network, its successor (the 5G-air-
simulator) has been considered for 5G NR (with numerology
0 and 20 MHz bandwidth). Numerology 0 is considered for
5G non-stand alone, as it compares to 4G. The improvements
from LTE-Sim to 5G-air-simulator have involved upgrading
the bandwidth manager class in the code of the simulator (to
accommodate the 3.5 GHz and 5.62 GHz frequency bands for
the DL and uplink). The class that defines the location of the
cells has also been updated to consider a frequency reuse of
three, as shown in Fig. 2.

V. CELLULAR PLANNING TRADE-OFF

The carrier-to-interference ratio (C/I) and SINR are con-
sidered in the cellular planning in the DL while assuming
orthogonal frequency division multiplexing with a static
allocation scheme. The adoption of dynamic MCSs entails
that each MCS corresponds to a minimum value of the SINR.
Coverage and frequency reuse optimization is required to
optimize the radio and network planning trade-off.

A. CARRIER-TO-INTERFERENCE RATIO FORMULATION
C/I is composed of a formulation with exact values of the
interference from the BS of the first, second, and third tiers
of cochannel cells (interfering nodes) into the UEs placed at
the edge of the cell, which can be expressed Egs. 8, 9, 10, as
shown at the bottom of the next page, [25]. In these equations,
the exact position of each interferer is considered in each tier
of interference. In the DL, C/I is given by the Egs. 8,9 and 10
for the 15, 214 gpd 3d rings of interference of the small cell
network, while the reuse pattern is k = 3 [25], [39].
Considering the first tier of interference is a valid approx-
imation for propagation exponent 4, since the interference
obtained from the second and third tiers is minimal compared
to the preceding tiers. However, for propagation exponent 2,
at least the second tier of interference needs to be considered
in the simulations, N.B.: in Egs. 8, 9, 10, one does not
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TABLE 3. Values of the breakpoint distance for different frequency bands.

Frequency Bands
Parameters | 2-0 OHZ |35 GHz [5.62 GHz
AAMEER |l 07 n78 n46
| dgplm] [[ 156 [ 210 | 3372

represent different propagation exponents, although different
distances are considered for R and D, and different exponents
may then be applied in the real computations.

B. SIGNAL-TO-INTERFERENCE-PLUS-NOISE RATIO ALONG
THE CELL

Figs. 4a and 4b present the variation in the SINR along
with the distance from the cell center to the UE d for the
cell coverage radii of R = 100 m and R = 500 m, where
0 < d < R. The behavior of the SINR curve is similar for
the curves of all frequency bands. The noise power is added
to the interference power. Eq. 8, is considered to compute
the distances of the six interference BSs (at the first ring
of interference) to the UE at the edge of the central cell,
in the worst case. A minor inflection point is observed at
corresponding to the breakpoint distance. The breakpoint
distance is calculated by considering Eq. 4. Values of the
breakpoint distance are presented in Table 3.

The 2.6 GHz frequency band shows the highest SINR.
Due to the highest path loss between the small eNB and the
UEs when the C/I is lower, the resulting SINR is lower.
In practice, this effect is more evident near the cell edge
because, overall, the chance of having NLoS at long distances
is higher. The propagation exponent is y = 2.2 for the
shortest ds, which corresponds to a considerably lower SINR,
as shown in Fig. 4a and Fig. 4b.

C. SUPPORTED CELL THROUGHPUT

The supported cell throughput can be used as a measure
to predict the system capacity. By considering the implicit
function formulation from [39], the supported cell throughput
is computed by weighting the physical throughput at each
coverage ring according to the size of the crown as follows:

- Rbi(diz — diz—l)

where Ry, is the physical throughput for the MCS that
corresponds to the i ring, d; is the distance associated with
the i ring/crown [39]. The mapping between SINR and the
throughput (Rp) considered in the LTE-Sim and the 5G-air-
simulator is presented in Table 4.

Theoretical results for the supported throughput are
presented in Fig. 5, where the mapping with the average
SINR [39] is also presented. For the considered frequency
bands, for cell radii shorter than 1000 m, the values of the
supported throughput per cell, Rj_g,p, are similar among the
bands for Rs up to circa dl/iP /7cc, Where re. is the reuse factor
(for example, at 2.6 GHz, dgp = 156 m, then R = 52 m for
k=3,and r,, = V3k = 3). For Rs shorter than this value,
the propagation exponent for interference is y = 2.2. Only
for D = rc. x R beyond dj,, does the propagation exponent
become y = 4, and the system capacity benefits from the
highest power decay. Then, it increases faster for the lowest
frequency bands but achieves a similar maximum value. For
Rs up to approximately 877 m, even though lower values of
the supported throughput occur at 5.62 GHz, one can perceive
that when the system becomes noise limited (not interference
limited anymore), the supported throughput at 5.62 GHz
becomes higher than those at 2.6 GHz and 3.5 GHz (for
Rs of approximately 960 m and 877 m, respectively). After
achieving its maximum values of 38.7 Mb/s, 38.5 Mb/s and
38.2 Mb/s for the 2.6 GHz, 3.5 GHz and 5.62 GHz frequency
bands, the supported throughput decreases at 610 m, 815 m
or 1040 m (although the latter results are not shown in the
viewed graph) for 2.6 GHz, 3.5 GHz and 5.62 GHz.

D. EXPONENTIAL EFFECTIVE SINR MAPPING

In its simplified way, the SINR measured by the UE in the DL
is a ratio between the desired signal and the unwanted sum
of noise and interference. The SINR of a subcarrier can be
calculated as a function of the subcarrier power [44]. At the
system level, exponential effective SINR mapping (EESM)
combines multiple SINR values from multiple subcarriers
into an effective SINR function [44], [58], [59]. EESM is
mapped to a value of CQI and is a method that maps all
subcarriers of a user that uses the same MCS. The main
overall idea of EESM is to compress the SINR values from
each subcarrier into a single value that represents channel
conditions.

Rp_sup = Z R ) (11) For LTE-Advanced, in this work, we consider a bandwidth
i=1 of 20 MHz, yielding the availability of 100 sub-channels,
c R~ ®)
L1t~ 2(D+0.66394R)™7 +2(D —0.31395R) Y + (D+R) ¥V + (D —R)7’

c R™7 ©)

Iond 2(ﬁD + 0.88915R)7y + 2(«/§D n 0.8591R)7V + 2(¢§D — 0.84799R)7V
c R™7 (10)

I3d 22D+ 0.55802R) ™Y +2(2D 4+ 0.47727R) Y + 2D+ R) Y + 2D —R)~"’
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—2.6 GHz Analytical
35F —3.5 GHz Analytical |
5.62 GHz Analytical

0 26 4‘0 66 X‘O 100
d[m]
(a) R=100m

——2.6 GHz Analytical
60 ——3.5 GHz Analytical | |
5.62 GHz Analytical

SINR [dB]

0 100 200 300 400 500
d[m]

(b) R=500m

FIGURE 4. Comparison of the SINR among 2.6, 3.5 and 5.62 GHz frequency bands.

TABLE 4. LTE-Sim and 5G-air-simulator Mappings into the Physical throughput for 20 MHz bandwidth.

4G 5G NR
SINR | MCS | Modulation Ry, |SINR| MCS |Modulation Ry
cQl [dB] |Index Order ITRS [Mbps]| [dB] | Index Order ITBS [Mbps]
1 | -4.63 0 2 0 2.797 | -6.75 0 2 0 3.589
2 -2.6 2 2 2 | 4584 |-4.96 1 2 2 5.773
3 ] -0.12 4 2 4 7.224 | -2.96 3 2 5 |11.337
4 | -2.26 6 2 6 ]10.296|-1.01 5 2 7 |15.734
5 4.73 8 2 8 |14.112| 0.96 7 2 8 118.007
6 7.53 10 2 9 15.84 | 2.88 9 2 9 120.310
7 8.67 12 4 11 [19.848 | 4.92 11 4 11 |25.964
8 | 1132 | 14 4 13 |25.456| 6.7 13 4 14 |36.851
9 | 1424 | 16 4 15 [30.576| 8.72 15 4 15 |39.364
10 | 15.21 | 18 4 16 |32.856|10.51| 18 6 17 ]46.393
11 | 18.63 | 20 6 18 [39.232|12.45| 20 6 18 |50.880
12 | 21.32 | 22 6 20 [46.888 |14.35| 22 6 21 |64.520
13 | 2347 | 24 6 22 [55.056|16.07| 24 6 23 [73.763
14 | 28.49 | 26 6 24 [61.664|17.88| 26 6 25 |81.659
15 | 34.6 28 6 26 [75.376|19.97| 28 6 26 |85.069
401 - into a single value that expresses the channel conditions, the
351 .- —_‘_‘_',',’— -7 15 following EESM equation is considered [44], [58]:
g 301 130 7 ( 1Y _“z‘)
= e EESM (o, B) = —BIn| — Ze 7, (12)
é 25 — 2.6 GHz Analytical Rb_:up 25 H% N i=1
[5) ——3.5 GHz Analytical Rb_mp < . o
%"20* 562 GHz Analytical R, 20 < o is the vector of the individual values of the SINR for
Z 15l ---26 GHz Average SINR ||| ¢ each subcarrier, with individual components o;. The values
, R o ﬁz:zgz BN of B are an estimated parameter that results from link-level
10, 200 200 600 s00 1ol simulations and are determined case-by-case for different
Radius [m] MCSs [60]. These values of 8 are obtained from curves

FIGURE 5. Mapping between the average SINR and the equivalent
supported throughput for the 2.6, 3.5 and 5.62 GHz frequency bands for
values with a cell radius of up to 1000 m.

which then results in 100 different values of SINR. At the
UE, a value of SINR is calculated for each subcarrier for each
TTI (= 1 ms). To combine N = 100 different values of SINR

8

generated by considering additive white Gaussian noise for
each value of MCS [58]. LTE-Sim is used to determine the
EESM, whilst considering 8 = 1, and Eq. 12 becomes an
exponential weight of all SINR values.

Fig. 6 presents high-resolution results for the EESM
considering cell radii of 100 m and 500 m. Figs. 6a, 6b and 6¢
present the results for the cell radius of 100 m for the three
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FIGURE 6. EESM for cell radii of 100 m and 500 m.
frequency bands. A short cell radius implies low values for !
the EESM, especially near the cell edge. This occurs since o
the interference imposed by the interfering neighboring cells '
is too high. =06
Fig. 6a presents the results for the lowest considered fre- &
quency, i.e., 2.6 GHz, where there is a slight advantage com- o4 —26Gllz, R=100m
pared to the other two frequency bands. In the 2.6 GHz band, & oo, Relom
the highest values of EESM occur for a broader zone of the " (235 Gty zesoom
total area of the cell compared to the other two bands, and then o e ——
-10 0 10 20 30 40

in the 3.5 GHz frequency band, compared to the 5.62 GHz
band, as shown in Fig. 6b. When the cell radius varies from
100 m to 500 m (Figs. 6d, 6e and 6f), there is a clear
enhancement in the EESM, which achieves the highest values
in a broader central zone of the cell. The increase in frequency
leads to a similar behavior in comparison with cells of 100 m.
The 5G-air-simulator considers the mutual information
effective SINR mapping (MIESM) method [42] instead of
ESSM, whose basis is the formulation presented in [61].

Fig. 7 presents the results for the cumulative distribution
function (CDF) of EESM for radii of 100 m and 500 m and a
bandwidth of 20 MHz. For R = 100 m and an EESM up 8 dB,
the 2.6 GHz frequency band achieves 93%, for 3.5 GHz the
frequency band achieves 95% and for 5.62 GHz the frequency
band achieves 97%. By considering R = 500 m, EESM equal
to 8 is used in 72% of the cell area for the 2.6 GHz and
3.5 GHz frequency bands, while the corresponding area is
76% for cells operating at the 5.62 GHz band.

E. ACHIEVABLE MODULATION AND CODING SCHEME

UEs determine the CQI from the value of EESM from the
received transmission. After the determination of the CQI,
the UE sends its value to the cell node via a feedback

VOLUME 12, 2024

EESM [dB]

FIGURE 7. Comparison of the CDF of the EESM between different
frequency bands for the cell radii of 100 m and 500 m.

channel with the adjustable delay. With this received channel
quality information, the cell node can determine the MCS and
translate it to the transport block size (TBS) with an adequate
procedure [52]. The MAC sublayer determines the payload
for the physical layer. This payload is the TBS and quantifies
the number of bits to be transferred in the ongoing TTI (1 ms).
The TBS table available from [62] provides the amount of
data to be transmitted to the UE.

Fig. 8 presents the results of the CDF as a function of
the MCS (a discrete variable) for R = 100 m and 500 m. At
2.6 GHz for R =100 m, 86% of the packets achieved an MCSs
lower than 10, while in the 3.5 GHz and 5.62 GHz frequency
bands MCSs lower than 10 are achieved by 90% and 95% of
the packets, respectively.

When R = 500 m, the values of the MCSs are identical for
the 2.6 GHz and 3.5 GHz frequency bands. In these bands,
69% of the packets achieved an MCS lower than 12, whereas
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FIGURE 8. Comparison of the CDF of the MCSs among different frequency
bands for the cell radii of 100 m and 500 m.

for the 5.62 GHz frequency band, 73% of the packets achieve
an MCS lower than 12.

VI. SIMULATION RESULTS FOR THE PF SCHEDULER AT
THE SATURATION LEVEL

The results for system capacity are determined at a saturation
level corresponding to PLR < 2% (and maximum delay less
than the 150 ms target), according to 3GPP TS 22.105 [44].
The PLR is the ratio between the total number of packets
that do not reach their destination and the total transmitted
packets. Above this 2% threshold, the user’s service quality
(mapped into the quality of experience) decays. The network
topology considered in this work and presented in Fig. 2
is composed of a set of small cell nodes and UEs. UEs
are uniformly assumed to be distributed in the central cell,
according to the assumptions from [33]. Results for PLR,
goodput, delay, and number of supported users for 4G were
obtained with LTE-Sim and for 5G with 5G-air-simulator.

A. SIMULATION METHODOLOGY

For 4G and 5G NR, simulations ran for different values
of R and frequency bands by initially considering only one
user. To obtain the statistical significance of the results, each
combination of the parameters was simulated 100 times. First,
we extracted values for the average PLR. If the average PLR
did not surpass the 2% threshold (for video flows), we would
add one more user and perform 100 new simulation runs for
each R (represented in kilometers) and the frequency band.
Then, users kept being added up to the PLR and surpassed the
2% threshold. For the sake of readability, not all the simulated
number of users are presented in the view charts. A 95%
confidence interval has also been considered.

More simulation parameters need to be considered to
evaluate the radio network performance, as presented in
Table 5. The considered application is a video with a bit
rate of 3.1 Mb/s [63], one of the video traces made available
in the simulators by us [56], [57] to represent higher bit
rate applications, as before only video traces up to 440 kb/s
bit rate were available. Other video traces can be added by
the researcher community in a tailored way. The simulated
time is 46 seconds, and video flows have a duration of
40 seconds.
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TABLE 5. Simulation Parameters for the 4G and the 5G NR Networks.

Frequency Bands
Parameters 2.6 GHz | 3.5 GHz | 5.62 GHz
n7 n78 n46
Application Video
Bit rate [Mb/s] 3.1
Simulation duration 46
[s]
Flows duration [s] 40
Number of simula- 100
tions

B. PACKET LOSS RATIO

In this Section, we go beyond the performance results for
4G networks, with the PF scheduler, by considering the 5G-
air-simulator (for 5G NR). Our contribution to the 5G-air-
simulator was including the UMi_A LoS path loss model
(with 3D distance [51]). Figs. 9 and 10 present results for the
average PLR as a function of R, with the number of users
as a parameter, (varying from one up to fifteen, for 4G, and
from one to twenty-seven, for 5G NR), by considering the
above mentioned approach (only results for more than six
users are shown for 4G, and for more than seventeen for 5G).
The impact of the variation of the results after the breakpoint
distance can be observed for all frequency bands. For values
of R that are shorter than the breakpoint distance, the PLR is
considerably higher (with increasing values for the shortest
Rs) and presents the worst results.

In Fig. 10, the results for the PF scheduler and the 5G NR
are shown. The results show the same behavior as for 4G
(Fig. 10). For cell radii shorter than d 1/3 p» the PLR increases
when Rs become shorter. For the longest Rs, the PLR also
increases. Lower values for the PLR are obtained for cell
radii slightly longer than djp. In 5G NR, as PLR decreases
compared to 4G NR, the number of supported users increases.

C. SYSTEM CAPACITY

The maximum average goodput is also determined con-
sidering the PLR threshold of 2% by using the results
achieved with the LTE-Sim (4G) and the 5G-air-simulator
while considering a video (VID) application. The maximum
average goodput is extracted for all the considered frequency
bands, as shown in Fig. 11 (where the analytically supported
throughput is determined by considering Eq. 11, and
represented as a solid line). For 4G, considering the PF
scheduler (in dotted line), the maximum average goodput is
14.11 Mb/s, 14.07 Mb/s and 12.64 Mb/s for the frequency
bands of 2.6 GHz, 3.5 GHz and 5.62 GHz and for R of
300 m, R =400 m and R = 300 m, respectively. Because the
system becomes noise limited for the longest cell radii, for all
frequency bands, there is a decrease in the average goodput
after its maximum is achieved.
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FIGURE 9. 4G results for the average PLR as a function of the cell radius with the number of users as a parameter for the different frequency bands for

the PF scheduler and 3.1 Mb/s video trace.
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FIGURE 10. 5G NR results for the average PLR as a function of the cell radius with the number of users as a parameter for the different frequency bands

for the PF scheduler and 3.1 Mb/s video trace.

As it is important to compare the quality of service of
5G networks that use the same frequencies and assume
the same bandwidth (20 MHz), a cellular network with the
same topology and similar radio system parameters was
considered in system level simulations performed with the
5G-air-simulator while assuming numerology 0, and only
considering the PF scheduler. Assumptions for the 5G NR
simulation parameters are presented in Table 2 and Table 5.

When 5G NR is considered, for the PF scheduler and the
video application, the maximum average goodput increases
up to 26.1 Mb/s starting in values of R from 300 m, 400 m
and 500 m for the 2.6 GHz, 3.5 GHz and 5.62 GHz bands,
respectively, as shown in Fig. 11b. In these simulation results,
the 95% confidence interval does not exceed 0.2% of the
represented value.

VOLUME 12, 2024

Fig. 11b presents the maximum analytical supported
throughput for 5G NR. The maximum analytically supported
throughput increases for values ~ 38.5 Mb/s (in 4G) of up
to values of approximately 76 Mb/s for the three considered
frequency bands. By only considering the video application,
with an average bit rate of 3.1 Mb/s, it can be observed that
values much lower than the maximum analytically supported
throughput are achieved.

To make use of the resources that may still be available,
it can be considered that, apart from watching video,
users also consume BE applications. The BE application is
modeled as an ideal greedy source that always has packets
to send; it only transmits packets when there are available
resources to send them [33]. The lines identified with
“VID+BE” in the view chart from Fig. 11 present the sum
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FIGURE 11. 4G and 5G NR maximum average goodput, with either a
video (VID) trace 3.1 Mb/s or VID+BE multi-service. The limits of yy axis
are different in (a) and (b).

of the goodput of the video and BE flows. For 4G and the
PF scheduler, the maximum achievable average goodput was
26.3 Mb/s, 25.6 Mb/s and 25.5 Mb/s for the 2.6 GHz, 3.5 GHz
and 5.62 GHz frequency bands and for R = 500 m, R =
500 m and R = 800 m, respectively. For the 5G NR, the
maximum average goodput with the video plus the BE has
been 53.4 Mb/s, 52.5 Mb/s and 52.2 Mb/s for the 2.6 GHz
3.5 GHz and 5.62 GHz frequency bands respectively. With
VID+BE (compared to VID only), with the PF scheduler, the
system capacity is circa 100% higher, after the breakpoint.

As the video application is unable to use all the resources
for the PLR < 2% service quality goal, with the addition
of the BE flows, results closer to the analytically supported
throughput are achieved for 4G and 5G NR. The considerable
difference between the simulated and the analytical results
is justified by the use of SINR (instead of EESM) in the
analytical modeling.

In 4G, the achieved maximum delay for the PF scheduler,
while considering 2.6, 3.5 and 5.62 GHz frequency bands,
and PLR < 2%, is 25.7 ms (as shown in Fig. 12), far below
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the ITU-T limit of 150 ms for the maximum delay [64].
Although the obtained curves for 5G NR delay are also not
presented here, with the PF scheduler, the obtained delay is
approximately 15 ms (a decrease of circa 42%).

VII. PERFORMANCE IMPROVEMENT BY USING THE
M-LWDF SCHEDULER

This Section presents the comparison between the PF
and M-LWDF schedulers through simulation. Only 4G is
assumed. The M-LWDF scheduler simultaneously considers
delay and QoS and is suitable for RT traffic.

A. PACKET LOSS RATIO

Fig. 13 presents the results for 4G by considering the
M-LWDF scheduler. The change in the behavior around the
breakpoint distance is similar (compared to the PF). For Rs
shorter than d 1_{3 p/Tee (ree =3), in the present study, the average
PLR is considerably higher than for Rs longer than the
breakpoint distance. It is worthwhile to note that for 4G and
the same number of supported users, the M-LWDF clearly
presents lower values for the average PLR. As introduced
in Section II, the behavior of having much larger values of
the PLR for R < ng /7cc 1s expected since, somehow, the
two-slope behavior penalizes the shortest cell radius.

B. SYSTEM CAPACITY AND DELAY

We have obtained the maximum average goodput and the
number of supported users in 4G for the M-LWDF scheduler
for a PLR threshold of 2%, as shown in Figs. 11a and 14.
The maximum obtained average goodput was & 15.7 Mb/s.
The maximum average goodput for the 2.6 GHz frequency
band occurs for cell radii in the range from 300 m up to
500 m. At the 3.5 GHz frequency band, the same behavior is
observed, but the approximate maximum is obtained between
300 m and 700 m. At 5.62 GHz, the maximum average
goodput occurs for Rs between 600 m and 700 m. The average
goodput results for the M-LWDF scheduler from Fig. 11a
(dashed line) are higher than those obtained with the PF
scheduler. For Rs beyond the breakpoint, the resulting system
capacity gain compared to PF yields 10-25% and 20-25%, for
VID and VID+BE respectively.

The maximum number of supported users is presented
in Fig. 14. For both schedulers, the maximum number of
supported users has been obtained for values of R longer
than the breakpoint distance. For Rs between 20 m and 80 m,
the 2.6 GHz and 3.5 GHz frequency bands support the same
number of users. For 80 < R < 250 m, the best performance
occurs for the 2.6 GHz frequency band. Between 250 < R <
500 m, the 2.6 GHz and 3.5 GHz frequency bands support the
same number of users. Rs beyond 500 m, the 5.62 GHz band
presents the best performance. In some cases, the maximum
number of users is supported for a larger range of Rs. For
the 3.5 GHz frequency band, this behavior occurred for four
values of R and three or two times for the 2.6 and 5.62 GHz
frequency bands, respectively.
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FIGURE 13. 4G results for the average PLR as a function of the cell radius with the number of users as a parameter for the different frequency bands for

the M-LWDF scheduler and 3.1 Mb/s video trace.

Although view charts for the maximum average delay are
not presented here, from the achieved results, a maximum
average delay of 32 ms occurred for the 3.5 GHz frequency
band for R = 300 m and ten supported users. With the M-
LWDF scheduler, although there is an increase in the average
delay, these values are still much lower than the 150 ms
threshold.

VIIl. CONCLUSION
This paper investigated the radio resource management
performance of the outdoor sub-6 GHz urban micro cellular
(UMi) scenario considering a dual-slope path loss model
(DS-PLM). The advantages of DS-PLMs in comparison to
single-slope path loss models (SS-PLM) are discussed.

The efficiency of 4G and 5G networks in urban outdoor
environments is evaluated using analytical and simulation
results, through the use of the LTE-Sim and 5G-air-simulator
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environments. The study reveals that, as in the sub-6 GHz
bands, system capacity and performance are constrained
for cell radii shorter than the breakpoint distance, whereas
optimal performance is attained for cell radii longer than
twice the breakpoint distance. It is worthwhile to note that,
by considering various packet schedulers and applications,
the results demonstrate that, even for the same bandwidth, 5G
networks can support more users and attain a higher average
throughput than 4G networks whilst considerably decreasing
the achieved maximum delay, resulting from considering
cyclic prefix orthogonal frequency division multiplexing.
In addition, the inclusion of best effort (BE) flows (modeled
with the infinite-buffer application [40]) can increase the
average goodput of the system.

Suggestions for future work include to: i) consider the
EESM/MIESM (not only SINR) in the analysis of the
supported throughput, ii) to include the second ring of
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FIGURE 14. 4G maximum number of supported users as a function of the
cell radius for different frequency bands.

interference in the system level simulation computations, and
iii) further explore the 5G-air-simulator to investigate the
M-LWDF in 5G NR and new original packet scheduling
schemes or user policies and enhancements in their applica-
tion to SGNR, e.g., through the use of reinforcement learning,
where exponents of the multiplying factors of the scheduler
metric are sought [65].
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