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ABSTRACTAQ:4 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 4Gwhile 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, d ′

BP. For d
′
BP ≤ 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 theM-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).

16

17

18

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. INTRODUCTION19

The exponential growth of the wireless communications20

sector has driven the research community to investigate21

future systems, such as heterogeneous networks (HetNets),22

millimeter-wave and multi-input multi-output [1], [2], [3].23

To complement the traditional macro-cell network to answer24

future service demands and the growth of wireless data25

traffic [4], [5], [6], lower power nodes are being added to the26

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 27

effectiveness of the answer to HetNets business opportunities 28

is determined by the diversity of cell sizes and network 29

architectures, in combination with the coalition of diverse 30

technologies and availability of licensed and unlicensed 31

frequency bands. 32

A. SINGLE VS. DUAL-SLOPE PATH LOSS MODELS 33

Studies on the performance analysis of cellular networks 34

usually consider single-slope (SS) path loss models (PLMs). 35
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SS are simple PLMs that fail to capture the short-distance path36

loss behavior [7]. This happens since an SS-PLM considers37

a homogeneous path loss along the cell coverage range,38

as shown in Fig. 1.39

Investigate the efficiency of resource allocation in40

LTE-Advanced and 5G New Radio (NR) networks using41

precise system-level simulations.42

In urban deployment scenarios, where there are a plethora43

of non-homogeneous obstacles, such as vehicles and urban44

obstructions and elements, attenuation increases when the45

distance between the transmitter and the receiver nodes46

increases. This may lead to inaccurate results in the perfor-47

mance evaluation of dense networks. Dual-slope (DS) PLMs48

can be a solution to overcome the limitations of SS-PLMs49

since these models more accurately represent the outdoor50

small cell link variations along the distance (represented51

by the change in the propagation exponent beyond the52

breakpoint distance), mainly due to the combination of a53

direct ray, including a ray reflected on the ground (e.g.,54

asphalt).55

DS-PLMs represent the dependence of the path loss over56

distance, which implies a DS behavior [8]. The authors57

from [9] have shown that, compared to SS-PLMs, DS-PLMs58

more closely matches empirical data while capturing the59

relationship between the path loss and the distance between60

the transmitter and the receiver. While the propagation61

exponent slope is approximately 2-2.2 for distances in the62

range close to the cell center, a value of approximately63

4 is identified for the longest distances, as shown in64

Fig. 1b. According to [10], the breakpoint distance can be65

obtained either by regression analysis or by considering the66

geometry when the Fresnel zone just touches the ground.67

The breakpoint distance can also define the turning point68

between the line-of-sight (LoS) and non-line-of-sight (NLoS)69

situations, as explained in [8] and [10]. Furthermore, PLMs70

can be generalized for any number of slopes, as in [11].71

B. RELATED WORK72

DS-PLMs have captured the attention of the research73

community for decades, and are being studied in a multitude74

of verticals. One of these areas is vehicular technology75

in applications, such as intravehicular [12], [13], vehicle-76

to-vehicle [14], [15], vehicle-to-cyclist [16], vehicle-to-77

infrastructure [17] or pedestrian-to-vehicle [18] communi-78

cations. Another area of application is unmanned aerial79

vehicles (commonly known as UAVs) operating at a low80

altitude [19]. Some deployment scenarios are also being81

considered for rural [3], [15], highway [15], suburban [3]82

or urban [20] environments, where a detailed analysis has83

been conducted to consider street canyon environments [21]84

or indoor scenarios [22], [23]. Coverage in these scenarios85

is provided by cells with a longer cell radius, R, known as86

macro-cells. However, the cell radius of indoor and urban87

small cells is shorter [11], [24], [25].88

Furthermore, millimeter wavebands are considered to 89

answer the enormous amount of information demand in 90

small cell networks [26]. However, although DS-PLMs 91

have been considered only SS-PLMs are applied, as the 92

breakpoint distance is far beyond the size of small cells. The 93

literature review contains research works on frequency bands 94

from 800 MHz up to 82.5 GHz [27], [28], [29]. Current 95

research studies are being carried out in urban areas utilizing 96

millimeter waves, as in [29]. 97

Although several propagation scenarios have been con- 98

sidered and developed for 5G [30], the underlying impact 99

of different packet scheduling algorithms is still being 100

investigated [31]. For successive generations of broadband 101

cellular networks, packet scheduling has played an important 102

role in managing radio resources. In particular, aiming at 103

providing a user quality of service (QoS) that guarantees a 104

sufficient grade of service, the choice of the packet scheduler 105

is of particular interest. 106

QoS metrics are network-centric performance variables 107

that do not directly consider the user experience. Usually, 108

QoS metrics may be based on four key quantitative parame- 109

ters: packet loss ratio (PLR), throughput (or goodput), packet 110

delay and jitter [32]. Indirectly, these QoS metrics may be 111

mapped into quality of experience [33]. 112

Packet schedulers have been developed to support real- 113

time (RT) services, such as videoconferencing, or non-real- 114

time (NRT) services, such as internet browsing [34], [35]. In 115

4G, there are two key strategies for downlink (DL) packet 116

scheduling: the QoS-aware and QoS-unaware strategies [36]. 117

Prior to this classification, DL scheduling strategies have also 118

been divided into channel-dependent and channel-sensitive 119

strategies [35]. 120

The authors from [25] and [37] evaluated the impact of the 121

different path loss models on the capacity of 4G networks 122

composed of small cells considering a carrier frequency of 123

2.6 GHz. They compared four urban path loss models, two 124

SS-PLMs, one DS-PLM in LoS, and another DS-PLM, for 125

NLoS. They concluded that for values of R longer than 126

the breakpoint, the supported cell physical throughput is 127

steady or decreases with R when using the traditional SS 128

propagation models. In addition, for values of R shorter than 129

the breakpoint, the two-slope propagation model leads to 130

values of the throughput lower than those obtained with the 131

SS-PLMs. 132

The 2.6 GHz, 3.5 GHz and 5.62 GHz sub-6 GHz frequency 133

bands were studied in [38]. With mathematical modeling, the 134

authors from [38] concluded that, in terms of a supported 135

throughput, for R when shorter than ≈ 550 m, the 2.6 GHz 136

frequency band presents the highest throughput. For cell radii 137

of 550 ≲ R ≲ 690 m, the 3.5 GHz frequency band presents 138

the highest throughput. For cell radii longer than ≈ 690 m, 139

the 5.62 GHz frequency band is the best one. 140

C. URBAN MICRO CELLULAR SCENARIO 141

In this study, differently from [39], where only a modeling 142

approach was followed, the small cell performance is 143
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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-144

ing an improved version of LTE-Sim [40]. LTE-Sim is145

an open-source framework that simulates LTE-Advanced146

networks, which was improved earlier to produce the results147

presented in [33] and [41]. Then, in an effort to replicate148

the results for 5G, the expected differences of the presented149

study considering LTE-Sim in relation to those using the 5G150

New Radio (5G NR) simulator (the 5G-air-simulator), from151

the University of Bari, are identified [42]. Similarities and152

improvements in the frequency reuse trade-off and its impact153

on service quality and underlying system capacity boundaries154

are analyzed.155

In this work, the urban micro cellular (UMi) scenario156

for LoS, defined by ITU, in [43], and a given reuse157

pattern have been included in LTE-Sim. In addition, the158

supported throughput is also analytically studied based on the159

average signal-to-interference-plus-noise ratio (SINR), while160

comparing analytical and simulation results for the system161

capacity achieved when PLR < 2% in deployments either162

with video application only or with video plus best effort163

usage. Fig. 2 presents the frequency reuse for the considered164

small cell deployment, where D is the reuse distance.165

An outdoor environment is considered where the antennas166

of the BS and the user equipment (UE) are well below the167

tops of the surrounding buildings. Nineteen small cells are168

deployed with frequency reuse pattern three. The impact of169

varying the cell radius is analyzed.170

This UMi cell deployment scenario is presented in [43], 171

with a focus on pedestrian and slow vehicular users. We have 172

considered that the radio link between the cell nodes and 173

the UEs is in LoS. The DS-PLM is considered to determine 174

coverage and cochannel interference. 175

D. CONTRIBUTIONS 176

The first contribution of this work consists of investigating 177

the relation between physical throughput and the size of the 178

cells. This analysis is achieved using an implicit function 179

formulation. We explore how the supported throughput 180

varies on average among different frequency bands within 181

the sub-6 GHz range concerning the coverage distance R, 182

as elaborated in [39] 183

As the average SINR and the average exponential effective 184

SINR mapping (EESM) present a trend similar to the 185

supported throughput curve, we aim at identifying optimal 186

values for R where these parameters are simultaneously 187

maximized through system level simulations for different 188

frequency bands. Particularly, we have extracted average 189

EESM results and their cumulative distribution function 190

(CDF) at the UE for different values of the cell radius. 191

One explores the MCS supported by different users 192

inside the cell, whose results are expressed in terms of 193

the CDF of the MCS and their performance characteristics. 194

We examine the performance of resource management 195

in LTE-Advanced and 5G NR networks through accurate 196

system-level simulations. 197

Whilst comparing the performance differences between 4G 198

and 5G NR networks, assuming the Proportional Fair (PF) 199

packet scheduler, we consider the 3rd Generation Partnership 200

Project (3GPP) technical specification (TS) 22.105 [44]. This 201

specification defines performance targets for the PLR of 202

video streams when users employ continuous video commu- 203

nication in the downlink direction. One compares the impact 204

of using the PF and M-LWDF schedulers. As a novelty, 205

the M-LWDF scheduler is a QoS-aware scheduler capable 206

of distinguishing different service types. Our evaluation 207

encompasses to determine several performance metrics, such 208

as average PLR, goodput and delay. Furthermore, we also 209

evaluate the maximum average goodput and the number of 210

supported users in the air interface, taking into account video 211

VOLUME 12, 2024 3
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and best effort (BE) applications. Particularly, BE packets212

are transmitted only when sufficient resources are available,213

as in [33].214

In summary, the main contributions of this work can be215

summarized as follows:216

1) Verification of the system capacity (goodput, number217

of supported users) through an event-driven simulation218

approach and system quality evaluation (PLR, delay) of219

small cells modeled by the UMi DS path loss models220

in 4G and 5G networks;221

2) Detailed analysis of the impact of considering different222

packet schedulers for video applications;223

3) Update of the LTE-Sim and 5G-air-simulators with224

truly uniform distributions of users, and obtaining225

surface charts of the spatial behavior of EESM and226

MCS.227

The remainder of the paper is organized as follows.228

Section II presents the generalized single and the ITU-R229

M.2135-1 dual slope path loss model. In Section III, the230

considered schedulers are addressed. Section IV describes231

the simulation scenario. The cellular planning trade-off232

is presented in Section V, where results for the EESM,233

the achieved MCS and the supported cell throughput are234

presented. The achievable system performance for PLR <235

2% (and maximum delay less than the 150 ms target) is236

studied in Section VI. From the results of the PLR, the237

goodput, and the delay as a function of the maximum number238

of users, the system capacity is determined in terms of239

the supported goodput considering the PF in 4G and 5G240

NR. The performance improvement of considering the M-241

LWDF scheduler is studied in Section VII, though only for242

4G. Finally, conclusions are drawn in Section VIII, where243

suggestions for further research are also presented. Table 1244

provides the mathematical notations used throughout the245

paper.246

II. PATH LOSS MODELS247

Signal transmission is subject to propagation loss or path248

loss. The diversity and the types of obstacles between the249

transmitter and the receiver (such as buildings, trees, vehicles,250

and lampposts) have a substantial contribution to the account-251

ing of the total propagation losses. Cellular optimization252

trade-offs result from the co-channel interference imposed by253

nodes in the same heterogeneous network layer or by nodes254

in other sub-layers operating with the same sub-channels.255

The cellular planning process allows the prediction of the256

cell range, cell coverage and throughput trade-offs [7], [20],257

[45], [46]. In the cellular optimization and planning process,258

propagation losses are expressed through SS-PLMs and DS-259

PLMs.260

A. SINGLE SLOPE MODELING261

For the sake of simplicity, let us consider the PLMs presented262

in [2], [8], and [47], a generalization of other SS-PLMs263

studied in [25] and [28]. Apart from the constant parameters,264

TABLE 1. Mathematical notation.

the path loss, PL, only depends on the distance between the 265

BS and the receiver, d . The generalized equation for a SS- 266

PLM, PL1, is defined as follows: 267

PL1 = α0dγ , (1) 268

α0 is the reference loss, at one meter, and γ is the propagation 269

exponent (which, in this case, is constant for any value of 270

d), while d takes any value between one meter and R. The 271

propagation exponent could be determined experimentally by 272

using an interpolation procedure [22]. 273

SS-PLMs are the simplest way tomodel propagation losses 274

since they have simple mathematical expressions and may 275

lead to a large error between the PLM and the local path 276

loss values [7]. Because of their ‘‘single’’ mathematical 277

expression, SS-PLMs do not capture the impact of different 278

topographic environments, the difference in the behavior 279

after the distance that separates the zone where the first 280

Fresnel zone just touches the ground, or even the impact 281

of irregular cell patterns [7]. In HetNets, SS-PLMs also 282

fail to estimate losses since the laws of physics applied to 283

urban environments where there is a reflection on the ground, 284

4 VOLUME 12, 2024
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which shows that a dual slope (DS) behavior is observed.285

This behavior is more evident in small cell networks for the286

sub-6 GHz bands [48]. To overcome the above limitations287

of the SS-PLM, the DS-PLM can be used since they can288

appropriately describe the channel propagation behavior in289

the UMi scenario.290

B. URBAN MICRO LINE-OF-SIGHT DUAL SLOPE291

MODELING292

We considered the UMi scenario in LoS and the deterministic293

DS-PLM from [43]. Eq. 2 presents the path loss, between the294

BS, at the cell center, and UEs located up to the breakpoint295

distance, PLa, as shown in Fig. 1b.296

PLa = 22.0 log10(d) + 28.0 + 20 log10(fc), (2)297

where d is in meters and fc is the frequency given in298

GHz. For distances longer than the breakpoint distance, PLb,299

is calculated by Eq. 3 as follows:300

PLb = 40.0 log10(d) + 7.8 − 18 log10(hBS − 1.0)301

− 18 log10(hUE − 1.0) + 2 log10(fc), (3)302

where hBS and hUE are the antenna heights for the BSs and303

UEs, respectively. The BS and UE antennas are outdoors and304

located below the rooftops of the surrounding buildings.305

The breakpoint distance, d ′
BP, is computed as follows:306

d ′
BP =

4(hBS − 1.0)(hUE − 1.0)fc
c

, (4)307

where c is the velocity of the RF signal in free space (equal308

to the speed of light), generally accepted to be approximately309

3 × 108 m/s. d ′
BP is either determined when the first Fresnel310

zone just touches the ground or by the turning point between311

the LoS and NLoS zones [4], [10].312

The authors from [25], [39], [48], and [49] compare math-313

ematical modeling approaches between SS-PLMs and DS-314

PLMs. They show that the use of DS-PLMs implies higher315

supported throughput for the longest cell radii in small-cell316

outdoor environments. The authors from [4], [11], and [48]317

highlight that DS-PLMs present more accurate performance318

results for coverage probability and user association than319

SS-PLMs. In fact, DS-PLMs are gaining importance in the320

characterization of propagation environments of successive321

generations of mobile communications systems in earlier322

3GPP releases [30] and in 5GNR scenarios [31], [50]. In [50],323

the 2D distance is replaced by the 3D distance inPLa andPLb.324

While the PLa equation remains the same, PLb is different,325

as presented in [51].326

III. PACKET SCHEDULING327

Packet scheduling occurs at the BS, as shown in Fig. 3.328

In its simple form, the scheduler receives the information329

about the desired QoS and system configuration, as well as330

the channel quality indicator (CQI) determined by the UE.331

After gathering this information, the eNB, responsible for332

FIGURE 3. Simplified view of the scheduler operation.

distributing the available radio resources among UEs decides 333

on the assignment of resource blocks (RBs) for the UEs and 334

how many RBs should be assigned to transport the data [52]. 335

In recent years, DL packet schedulers have been studied to 336

maximize the end-user QoS [36]. As mentioned before, QoS 337

considers a network centric approach and evaluates several 338

performance parameters of broadband cellular networks, 339

such as PLR, goodput and delay. The choice of the most 340

efficient packet scheduling algorithm was studied in [31] and 341

[36]. 342

As a QoS-unaware scheduler, PF does not consider any 343

QoS parameter [35], [52], [53]. It only schedules the traffic 344

from a user when its instantaneous channel quality is high 345

compared to its own average channel conditions over time. 346

The priority metric is defined as follows: 347

wij =
rij
R̄i

, (5) 348

where wij is the priority metric for the ith user on the jth 349

subchannel, rij is the throughput achieved by the ith user on 350

the jth subchannel and R̄i is the average throughput achieved 351

by the ith user [32]. 352

As a QoS-aware scheduler [35], [52], M-LWDF extends 353

the metric considered in PF by taking factors, such as delay 354

and PLR, into consideration as follows: 355

wij = αiDHOL,i
rij
R̄i

, (6) 356

where αi is a factor computed from the QoS and DHOL,i is 357

the head of line (HOL) delay for the ith user. The factor αi is 358

determined as follows: 359

αi = −
log(δi)

τi
, (7) 360

where δi is the acceptable PLR for the ith user and τi is the 361

delay threshold for the ith user [32]. 362

While the strength of the PF is the good trade-off 363

between the system throughput and the data rate fairness 364

among users, its weakness is the low achieved spectral 365

efficiency. In turn, M-LDWF is an inefficient scheduler at 366

overloaded considerations but allows supporting considerable 367

system throughput while enabling an acceptable level of 368

fairness [35]. 369

VOLUME 12, 2024 5
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TABLE 2. Radio Parameters for the 4G and 5G NR Networks.

IV. UMI TEST SCENARIO370

A. PHYSICAL REUSE SCENARIO371

According to [43], the UMi test scenario is composed of372

nineteen small cells with frequency reuse pattern three (k = 3),373

as presented in Fig. 2. This scenario deployment is an outdoor374

environment with a high density of users and traffic loads,375

where the antennas of the BSs and UEs are well below the376

rooftops.377

The results have been extracted at the central hexagonal-378

shaped cell, while interference is imposed by the six379

cochannel cells in the first tier of interference, as shown in380

Fig. 2. When users move to another cell, they struggle with381

handover and start using the subchannels from the frequency382

band available in the new cell. The inter-site distance,D, is the383

distance between two cells operating with the same set of384

subchannels and is equal to D =
√
3kR, where R is the cell385

radius [37].386

B. RADIO AND SIMULATION PARAMETERS387

This work compares the 4G and 5G NR radio coverage and388

frequency reuse trade-off for the 2.6 GHz, 3.5 GHz, and389

5.62 GHz frequency bands, the operative bands n7, n78,390

n46, respectively. As n7 and n46 bands are being used by391

mobile operators, performance is compared as presented in392

[54] and [55]. The PF and the M-LWDF are then compared393

considering only 4G. The bandwidth available per tier is 394

20 MHz, i.e., 60 MHz bandwidth in total, as reuse pattern 395

three is considered. In Fig. 2 the cell of interest is the center 396

cell, and the six cells from the first tier of interference, filled 397

in the blue color. Different frequencies are represented by 398

different colors in Fig. 2. The height of the small cell BS is 399

10 meters, while the height of the UE is 1.5 meters. R varies 400

from 20 m up to 1000 m. Table 2 presents the values of the 401

radio parameters. 402

Improvements in the LTE-Sim and 5G-air-simulator were 403

made to account for the UMi scenario. The versions of 404

the LTE-Sim simulator and 5G-air-simulator considered in 405

this work includes not only the improvements specifically 406

implemented for this work, e.g., facilitating to obtain surface 407

charts for EESM and MCS, but also previous improvements, 408

which are freely available under the GPLv3 license in [56] 409

and [57]. Although the 5G-air simulator already considers 410

fast fading, the 4G LTE-Sim did not consider it. In both 411

simulators, the LoS scenario is addressed. 412

For comparison purposes, while the LTE-Sim has been 413

used to simulate the 4G network, its successor (the 5G-air- 414

simulator) has been considered for 5G NR (with numerology 415

0 and 20 MHz bandwidth). Numerology 0 is considered for 416

5G non-stand alone, as it compares to 4G. The improvements 417

from LTE-Sim to 5G-air-simulator have involved upgrading 418

the bandwidth manager class in the code of the simulator (to 419

accommodate the 3.5 GHz and 5.62 GHz frequency bands for 420

the DL and uplink). The class that defines the location of the 421

cells has also been updated to consider a frequency reuse of 422

three, as shown in Fig. 2. 423

V. CELLULAR PLANNING TRADE-OFF 424

The carrier-to-interference ratio (C/I ) and SINR are con- 425

sidered in the cellular planning in the DL while assuming 426

orthogonal frequency division multiplexing with a static 427

allocation scheme. The adoption of dynamic MCSs entails 428

that each MCS corresponds to a minimum value of the SINR. 429

Coverage and frequency reuse optimization is required to 430

optimize the radio and network planning trade-off. 431

A. CARRIER-TO-INTERFERENCE RATIO FORMULATION 432

C/I is composed of a formulation with exact values of the 433

interference from the BS of the first, second, and third tiers 434

of cochannel cells (interfering nodes) into the UEs placed at 435

the edge of the cell, which can be expressed Eqs. 8, 9, 10, as 436

shown at the bottom of the next page, [25]. In these equations, 437

the exact position of each interferer is considered in each tier 438

of interference. In the DL,C/I is given by the Eqs. 8, 9 and 10 439

for the 1st, 2nd and 3rd rings of interference of the small cell 440

network, while the reuse pattern is k = 3 [25], [39]. 441

Considering the first tier of interference is a valid approx- 442

imation for propagation exponent 4, since the interference 443

obtained from the second and third tiers is minimal compared 444

to the preceding tiers. However, for propagation exponent 2, 445

at least the second tier of interference needs to be considered 446

in the simulations, N.B.: in Eqs. 8, 9, 10, one does not 447
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TABLE 3. Values of the breakpoint distance for different frequency bands.

represent different propagation exponents, although different448

distances are considered for R andD, and different exponents449

may then be applied in the real computations.450

B. SIGNAL-TO-INTERFERENCE-PLUS-NOISE RATIO ALONG451

THE CELL452

Figs. 4a and 4b present the variation in the SINR along453

with the distance from the cell center to the UE d for the454

cell coverage radii of R = 100 m and R = 500 m, where455

0 ≤ d ≤ R. The behavior of the SINR curve is similar for456

the curves of all frequency bands. The noise power is added457

to the interference power. Eq. 8, is considered to compute458

the distances of the six interference BSs (at the first ring459

of interference) to the UE at the edge of the central cell,460

in the worst case. A minor inflection point is observed at461

corresponding to the breakpoint distance. The breakpoint462

distance is calculated by considering Eq. 4. Values of the463

breakpoint distance are presented in Table 3.464

The 2.6 GHz frequency band shows the highest SINR.465

Due to the highest path loss between the small eNB and the466

UEs when the C/I is lower, the resulting SINR is lower.467

In practice, this effect is more evident near the cell edge468

because, overall, the chance of having NLoS at long distances469

is higher. The propagation exponent is γ = 2.2 for the470

shortest ds, which corresponds to a considerably lower SINR,471

as shown in Fig. 4a and Fig. 4b.472

C. SUPPORTED CELL THROUGHPUT473

The supported cell throughput can be used as a measure474

to predict the system capacity. By considering the implicit475

function formulation from [39], the supported cell throughput476

is computed by weighting the physical throughput at each477

coverage ring according to the size of the crown as follows:478

Rb_sup =

n∑
i=1

Rbi (d
2
i − d2i−1)

R2
, (11)479

where Rbi is the physical throughput for the MCS that 480

corresponds to the ith ring, di is the distance associated with 481

the ith ring/crown [39]. The mapping between SINR and the 482

throughput (Rb) considered in the LTE-Sim and the 5G-air- 483

simulator is presented in Table 4. 484

Theoretical results for the supported throughput are 485

presented in Fig. 5, where the mapping with the average 486

SINR [39] is also presented. For the considered frequency 487

bands, for cell radii shorter than 1000 m, the values of the 488

supported throughput per cell, Rb_sup, are similar among the 489

bands for Rs up to circa d ′
BP/rcc, where rcc is the reuse factor 490

(for example, at 2.6 GHz, d ′
BP = 156 m, then R = 52 m for 491

k = 3, and rcc =
√
3k = 3). For Rs shorter than this value, 492

the propagation exponent for interference is γ = 2.2. Only 493

for D = rcc × R beyond d ′
BP does the propagation exponent 494

become γ = 4, and the system capacity benefits from the 495

highest power decay. Then, it increases faster for the lowest 496

frequency bands but achieves a similar maximum value. For 497

Rs up to approximately 877 m, even though lower values of 498

the supported throughput occur at 5.62 GHz, one can perceive 499

that when the system becomes noise limited (not interference 500

limited anymore), the supported throughput at 5.62 GHz 501

becomes higher than those at 2.6 GHz and 3.5 GHz (for 502

Rs of approximately 960 m and 877 m, respectively). After 503

achieving its maximum values of 38.7 Mb/s, 38.5 Mb/s and 504

38.2 Mb/s for the 2.6 GHz, 3.5 GHz and 5.62 GHz frequency 505

bands, the supported throughput decreases at 610 m, 815 m 506

or 1040 m (although the latter results are not shown in the 507

viewed graph) for 2.6 GHz, 3.5 GHz and 5.62 GHz. 508

D. EXPONENTIAL EFFECTIVE SINR MAPPING 509

In its simplified way, the SINRmeasured by the UE in the DL 510

is a ratio between the desired signal and the unwanted sum 511

of noise and interference. The SINR of a subcarrier can be 512

calculated as a function of the subcarrier power [44]. At the 513

system level, exponential effective SINR mapping (EESM) 514

combines multiple SINR values from multiple subcarriers 515

into an effective SINR function [44], [58], [59]. EESM is 516

mapped to a value of CQI and is a method that maps all 517

subcarriers of a user that uses the same MCS. The main 518

overall idea of EESM is to compress the SINR values from 519

each subcarrier into a single value that represents channel 520

conditions. 521

For LTE-Advanced, in this work, we consider a bandwidth 522

of 20 MHz, yielding the availability of 100 sub-channels, 523

C
I 1st

=
R−γ

2(D+ 0.66394R)−γ
+ 2(D− 0.31395R)−γ

+ (D+ R)−γ
+ (D− R)−γ

, (8)

C
I 2nd

=
R−γ

2
(√

3D+ 0.88915R
)−γ

+ 2
(√

3D+ 0.8591R
)−γ

+ 2
(√

3D− 0.84799R
)−γ

, (9)

C
I 3rd

=
R−γ

2(2D+ 0.55802R)−γ
+ 2(2D+ 0.47727R)−γ

+ (2D+ R)−γ
+ (2D− R)−γ

. (10)
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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.

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 the524

UE, a value of SINR is calculated for each subcarrier for each525

TTI (= 1 ms). To combine N = 100 different values of SINR526

into a single value that expresses the channel conditions, the 527

following EESM equation is considered [44], [58]: 528

EESM (σ, β) = −β ln

(
1
N

N∑
i=1

e
−σi
β

)
, (12) 529

σ is the vector of the individual values of the SINR for 530

each subcarrier, with individual components σi. The values 531

of β are an estimated parameter that results from link-level 532

simulations and are determined case-by-case for different 533

MCSs [60]. These values of β are obtained from curves 534

generated by considering additive white Gaussian noise for 535

each value of MCS [58]. LTE-Sim is used to determine the 536

EESM, whilst considering β = 1, and Eq. 12 becomes an 537

exponential weight of all SINR values. 538

Fig. 6 presents high-resolution results for the EESM 539

considering cell radii of 100 m and 500 m. Figs. 6a, 6b and 6c 540

present the results for the cell radius of 100 m for the three 541
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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 for542

the EESM, especially near the cell edge. This occurs since543

the interference imposed by the interfering neighboring cells544

is too high.545

Fig. 6a presents the results for the lowest considered fre-546

quency, i.e., 2.6 GHz, where there is a slight advantage com-547

pared to the other two frequency bands. In the 2.6 GHz band,548

the highest values of EESM occur for a broader zone of the549

total area of the cell compared to the other two bands, and then550

in the 3.5 GHz frequency band, compared to the 5.62 GHz551

band, as shown in Fig. 6b. When the cell radius varies from552

100 m to 500 m (Figs. 6d, 6e and 6f), there is a clear553

enhancement in the EESM, which achieves the highest values554

in a broader central zone of the cell. The increase in frequency555

leads to a similar behavior in comparison with cells of 100 m.556

The 5G-air-simulator considers the mutual information557

effective SINR mapping (MIESM) method [42] instead of558

ESSM, whose basis is the formulation presented in [61].559

Fig. 7 presents the results for the cumulative distribution560

function (CDF) of EESM for radii of 100 m and 500 m and a561

bandwidth of 20 MHz. For R = 100 m and an EESM up 8 dB,562

the 2.6 GHz frequency band achieves 93%, for 3.5 GHz the563

frequency band achieves 95% and for 5.62GHz the frequency564

band achieves 97%. By considering R = 500 m, EESM equal565

to 8 is used in 72% of the cell area for the 2.6 GHz and566

3.5 GHz frequency bands, while the corresponding area is567

76% for cells operating at the 5.62 GHz band.568

E. ACHIEVABLE MODULATION AND CODING SCHEME569

UEs determine the CQI from the value of EESM from the570

received transmission. After the determination of the CQI,571

the UE sends its value to the cell node via a feedback572

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 573

quality information, the cell node can determine theMCS and 574

translate it to the transport block size (TBS) with an adequate 575

procedure [52]. The MAC sublayer determines the payload 576

for the physical layer. This payload is the TBS and quantifies 577

the number of bits to be transferred in the ongoing TTI (1ms). 578

The TBS table available from [62] provides the amount of 579

data to be transmitted to the UE. 580

Fig. 8 presents the results of the CDF as a function of 581

the MCS (a discrete variable) for R = 100 m and 500 m. At 582

2.6 GHz for R = 100m, 86% of the packets achieved anMCSs 583

lower than 10, while in the 3.5 GHz and 5.62 GHz frequency 584

bands MCSs lower than 10 are achieved by 90% and 95% of 585

the packets, respectively. 586

When R = 500 m, the values of the MCSs are identical for 587

the 2.6 GHz and 3.5 GHz frequency bands. In these bands, 588

69% of the packets achieved an MCS lower than 12, whereas 589

VOLUME 12, 2024 9



IE
EE P

ro
of

R. R. Paulo et al.: Service Quality of the Urban Microcellular Scenario

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 achieve590

an MCS lower than 12.591

VI. SIMULATION RESULTS FOR THE PF SCHEDULER AT592

THE SATURATION LEVEL593

The results for system capacity are determined at a saturation594

level corresponding to PLR < 2% (and maximum delay less595

than the 150 ms target), according to 3GPP TS 22.105 [44].596

The PLR is the ratio between the total number of packets597

that do not reach their destination and the total transmitted598

packets. Above this 2% threshold, the user’s service quality599

(mapped into the quality of experience) decays. The network600

topology considered in this work and presented in Fig. 2601

is composed of a set of small cell nodes and UEs. UEs602

are uniformly assumed to be distributed in the central cell,603

according to the assumptions from [33]. Results for PLR,604

goodput, delay, and number of supported users for 4G were605

obtained with LTE-Sim and for 5G with 5G-air-simulator.606

A. SIMULATION METHODOLOGY607

For 4G and 5G NR, simulations ran for different values608

of R and frequency bands by initially considering only one609

user. To obtain the statistical significance of the results, each610

combination of the parameters was simulated 100 times. First,611

we extracted values for the average PLR. If the average PLR612

did not surpass the 2% threshold (for video flows), we would613

add one more user and perform 100 new simulation runs for614

each R (represented in kilometers) and the frequency band.615

Then, users kept being added up to the PLR and surpassed the616

2% threshold. For the sake of readability, not all the simulated617

number of users are presented in the view charts. A 95%618

confidence interval has also been considered.619

More simulation parameters need to be considered to620

evaluate the radio network performance, as presented in621

Table 5. The considered application is a video with a bit622

rate of 3.1 Mb/s [63], one of the video traces made available623

in the simulators by us [56], [57] to represent higher bit624

rate applications, as before only video traces up to 440 kb/s625

bit rate were available. Other video traces can be added by626

the researcher community in a tailored way. The simulated627

time is 46 seconds, and video flows have a duration of628

40 seconds.629

TABLE 5. Simulation Parameters for the 4G and the 5G NR Networks.

B. PACKET LOSS RATIO 630

In this Section, we go beyond the performance results for 631

4G networks, with the PF scheduler, by considering the 5G- 632

air-simulator (for 5G NR). Our contribution to the 5G-air- 633

simulator was including the UMi_A LoS path loss model 634

(with 3D distance [51]). Figs. 9 and 10 present results for the 635

average PLR as a function of R, with the number of users 636

as a parameter, (varying from one up to fifteen, for 4G, and 637

from one to twenty-seven, for 5G NR), by considering the 638

above mentioned approach (only results for more than six 639

users are shown for 4G, and for more than seventeen for 5G). 640

The impact of the variation of the results after the breakpoint 641

distance can be observed for all frequency bands. For values 642

of R that are shorter than the breakpoint distance, the PLR is 643

considerably higher (with increasing values for the shortest 644

Rs) and presents the worst results. 645

In Fig. 10, the results for the PF scheduler and the 5G NR 646

are shown. The results show the same behavior as for 4G 647

(Fig. 10). For cell radii shorter than d ′
BP, the PLR increases 648

when Rs become shorter. For the longest Rs, the PLR also 649

increases. Lower values for the PLR are obtained for cell 650

radii slightly longer than d ′
BP. In 5G NR, as PLR decreases 651

compared to 4GNR, the number of supported users increases. 652

C. SYSTEM CAPACITY 653

The maximum average goodput is also determined con- 654

sidering the PLR threshold of 2% by using the results 655

achieved with the LTE-Sim (4G) and the 5G-air-simulator 656

while considering a video (VID) application. The maximum 657

average goodput is extracted for all the considered frequency 658

bands, as shown in Fig. 11 (where the analytically supported 659

throughput is determined by considering Eq. 11, and 660

represented as a solid line). For 4G, considering the PF 661

scheduler (in dotted line), the maximum average goodput is 662

14.11 Mb/s, 14.07 Mb/s and 12.64 Mb/s for the frequency 663

bands of 2.6 GHz, 3.5 GHz and 5.62 GHz and for R of 664

300 m, R = 400 m and R = 300 m, respectively. Because the 665

system becomes noise limited for the longest cell radii, for all 666

frequency bands, there is a decrease in the average goodput 667

after its maximum is achieved. 668
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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.

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 of669

5G networks that use the same frequencies and assume670

the same bandwidth (20 MHz), a cellular network with the671

same topology and similar radio system parameters was672

considered in system level simulations performed with the673

5G-air-simulator while assuming numerology 0, and only674

considering the PF scheduler. Assumptions for the 5G NR675

simulation parameters are presented in Table 2 and Table 5.676

When 5G NR is considered, for the PF scheduler and the677

video application, the maximum average goodput increases678

up to 26.1 Mb/s starting in values of R from 300 m, 400 m679

and 500 m for the 2.6 GHz, 3.5 GHz and 5.62 GHz bands,680

respectively, as shown in Fig. 11b. In these simulation results,681

the 95% confidence interval does not exceed 0.2% of the682

represented value.683

Fig. 11b presents the maximum analytical supported 684

throughput for 5G NR. The maximum analytically supported 685

throughput increases for values ≈ 38.5 Mb/s (in 4G) of up 686

to values of approximately 76 Mb/s for the three considered 687

frequency bands. By only considering the video application, 688

with an average bit rate of 3.1 Mb/s, it can be observed that 689

values much lower than the maximum analytically supported 690

throughput are achieved. 691

To make use of the resources that may still be available, 692

it can be considered that, apart from watching video, 693

users also consume BE applications. The BE application is 694

modeled as an ideal greedy source that always has packets 695

to send; it only transmits packets when there are available 696

resources to send them [33]. The lines identified with 697

‘‘VID+BE’’ in the view chart from Fig. 11 present the sum 698
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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 the699

PF scheduler, the maximum achievable average goodput was700

26.3Mb/s, 25.6Mb/s and 25.5Mb/s for the 2.6 GHz, 3.5 GHz701

and 5.62 GHz frequency bands and for R = 500 m, R =702

500 m and R = 800 m, respectively. For the 5G NR, the703

maximum average goodput with the video plus the BE has704

been 53.4 Mb/s, 52.5 Mb/s and 52.2 Mb/s for the 2.6 GHz705

3.5 GHz and 5.62 GHz frequency bands respectively. With706

VID+BE (compared to VID only), with the PF scheduler, the707

system capacity is circa 100% higher, after the breakpoint.708

As the video application is unable to use all the resources709

for the PLR < 2% service quality goal, with the addition710

of the BE flows, results closer to the analytically supported711

throughput are achieved for 4G and 5GNR. The considerable712

difference between the simulated and the analytical results713

is justified by the use of SINR (instead of EESM) in the714

analytical modeling.715

In 4G, the achieved maximum delay for the PF scheduler,716

while considering 2.6, 3.5 and 5.62 GHz frequency bands,717

and PLR < 2%, is 25.7 ms (as shown in Fig. 12), far below718

the ITU-T limit of 150 ms for the maximum delay [64]. 719

Although the obtained curves for 5G NR delay are also not 720

presented here, with the PF scheduler, the obtained delay is 721

approximately 15 ms (a decrease of circa 42%). 722

VII. PERFORMANCE IMPROVEMENT BY USING THE 723

M-LWDF SCHEDULER 724

This Section presents the comparison between the PF 725

and M-LWDF schedulers through simulation. Only 4G is 726

assumed. The M-LWDF scheduler simultaneously considers 727

delay and QoS and is suitable for RT traffic. 728

A. PACKET LOSS RATIO 729

Fig. 13 presents the results for 4G by considering the 730

M-LWDF scheduler. The change in the behavior around the 731

breakpoint distance is similar (compared to the PF). For Rs 732

shorter than d ′
BP/rcc (rcc = 3), in the present study, the average 733

PLR is considerably higher than for Rs longer than the 734

breakpoint distance. It is worthwhile to note that for 4G and 735

the same number of supported users, the M-LWDF clearly 736

presents lower values for the average PLR. As introduced 737

in Section II, the behavior of having much larger values of 738

the PLR for R ≤ d ′
BP/rcc is expected since, somehow, the 739

two-slope behavior penalizes the shortest cell radius. 740

B. SYSTEM CAPACITY AND DELAY 741

We have obtained the maximum average goodput and the 742

number of supported users in 4G for the M-LWDF scheduler 743

for a PLR threshold of 2%, as shown in Figs. 11a and 14. 744

The maximum obtained average goodput was ≈ 15.7 Mb/s. 745

The maximum average goodput for the 2.6 GHz frequency 746

band occurs for cell radii in the range from 300 m up to 747

500 m. At the 3.5 GHz frequency band, the same behavior is 748

observed, but the approximate maximum is obtained between 749

300 m and 700 m. At 5.62 GHz, the maximum average 750

goodput occurs forRs between 600m and 700m. The average 751

goodput results for the M-LWDF scheduler from Fig. 11a 752

(dashed line) are higher than those obtained with the PF 753

scheduler. For Rs beyond the breakpoint, the resulting system 754

capacity gain compared to PF yields 10-25% and 20-25%, for 755

VID and VID+BE respectively. 756

The maximum number of supported users is presented 757

in Fig. 14. For both schedulers, the maximum number of 758

supported users has been obtained for values of R longer 759

than the breakpoint distance. For Rs between 20 m and 80 m, 760

the 2.6 GHz and 3.5 GHz frequency bands support the same 761

number of users. For 80 ≤ R ≤ 250 m, the best performance 762

occurs for the 2.6 GHz frequency band. Between 250 ≤ R ≤ 763

500 m, the 2.6 GHz and 3.5 GHz frequency bands support the 764

same number of users. Rs beyond 500 m, the 5.62 GHz band 765

presents the best performance. In some cases, the maximum 766

number of users is supported for a larger range of Rs. For 767

the 3.5 GHz frequency band, this behavior occurred for four 768

values of R and three or two times for the 2.6 and 5.62 GHz 769

frequency bands, respectively. 770
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FIGURE 12. 4G PF scheduler maximum average delay with a video trace of 3.1 Mb/s.

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 are771

not presented here, from the achieved results, a maximum772

average delay of 32 ms occurred for the 3.5 GHz frequency773

band for R = 300 m and ten supported users. With the M-774

LWDF scheduler, although there is an increase in the average775

delay, these values are still much lower than the 150 ms776

threshold.777

VIII. CONCLUSION778

This paper investigated the radio resource management779

performance of the outdoor sub-6 GHz urban micro cellular780

(UMi) scenario considering a dual-slope path loss model781

(DS-PLM). The advantages of DS-PLMs in comparison to782

single-slope path loss models (SS-PLM) are discussed.783

The efficiency of 4G and 5G networks in urban outdoor784

environments is evaluated using analytical and simulation785

results, through the use of the LTE-Sim and 5G-air-simulator786

environments. The study reveals that, as in the sub-6 GHz 787

bands, system capacity and performance are constrained 788

for cell radii shorter than the breakpoint distance, whereas 789

optimal performance is attained for cell radii longer than 790

twice the breakpoint distance. It is worthwhile to note that, 791

by considering various packet schedulers and applications, 792

the results demonstrate that, even for the same bandwidth, 5G 793

networks can support more users and attain a higher average 794

throughput than 4G networks whilst considerably decreasing 795

the achieved maximum delay, resulting from considering 796

cyclic prefix orthogonal frequency division multiplexing. 797

In addition, the inclusion of best effort (BE) flows (modeled 798

with the infinite-buffer application [40]) can increase the 799

average goodput of the system. 800

Suggestions for future work include to: i) consider the 801

EESM/MIESM (not only SINR) in the analysis of the 802

supported throughput, ii) to include the second ring of 803
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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, and804

iii) further explore the 5G-air-simulator to investigate the805

M-LWDF in 5G NR and new original packet scheduling806

schemes or user policies and enhancements in their applica-807

tion to 5GNR, e.g., through the use of reinforcement learning,808

where exponents of the multiplying factors of the scheduler809

metric are sought [65].810
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