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Abstract: Sensors and sensor networks are the future of fully automated industry solutions. With 

more capability and complex machinery, the requirements for sensing in larger factories are critical, 

considering the data amount, latency, and the number of sensors in operation. Given the excellent 

time-critical operation, bandwidth and the number of devices connected, the 5G indoor femtocells 

could prove an excellent option for building industrial sensor grids. For more flexibility in control 

and reliability, operating the 5G indoor femtocell network in license-free frequency bands could be 

an alternative to commercial 5G services. The 5G networks incorporate a very dense network of 

indoor femtocells. The Femtocells also enhance data rates, indoor performance, and coverage area 

both in residential and industrial environments. Therefore, keeping in view the above-stated 

actualities, this paper addresses different indoor scenarios for radio wave propagation and 

simulates several path loss models to calculate the likely and most suitable propagation model for 

indoor signaling. Multiple models for frequencies in the unlicensed band below 6 GHz and above 6 

GHz (licensed) 5G femtocells are discussed in the paper considering the constraints of material 

types, attenuation due to obstacles, various floors, carrier frequency, and distance from the 

transmitter. The comparative analysis indicates that the ITU model and Keenan-Motley model give 

the highest path loss in residential and industrial environments, respectively, while the log-distance 

model has the lowest path loss in both environments for below 6 GHz frequencies in the unlicensed 

spectrum. For the above 6 GHz licensed bands, the Alpha Beta Gamma (ABG) model and Path Loss 

Exponent (CIF) model are observed to have the minimum path loss difference.   
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1. Introduction 

Telecommunication is one of the fastest growing industries in the world. The increased usage of 

mobile devices and the demand for higher capacity in modern networks is growing each year. 

According to a conservative estimate, the number of connected devices will be higher than 20 billion 

by the end of 2025 [1]–[3]. With the advancements in wireless technology, standards have been 

defined to overcome the issue of demand and capacity [4], [5]. Modern users require bigger and faster 

data services; therefore, requiring larger amounts of bandwidth. Due to wider bandwidth demands, 

mobile networks are struggling to compete with fixed internet connections based on data rates. All 

this is making the cornerstones for the evolution of wireless networks towards 5th generation (5G) 

mobile services [6], [7]. 
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The 5G is an upcoming technology intended to provide any type of service, anywhere and 

anytime [8], [9]. The proposed data rates of 5G are up to 50x (1 Gbps at the cell edge and 10+ Gbps in 

other areas) with 10x latency improvement and reductions in energy and cost similar to those of the 

previous generations [10]–[13]. The 5G will be an evolution of the existing Long Term Evolution (LTE) 

systems [14], [15]. Moreover, the network developer needs to make the current wireless technologies 

more spectrally efficient along with finding requirements to cover additional capacity and needs [16]–

[18]. The 5G’s cloud-based service includes not only a move towards the millimeter-wave frequency 

spectrum but also can give way to completely new bandwidth allocation and reallocation methods 

based on market data, which can become a major change in the core network [19], [20]. Therefore, a 

great number of frequency ranges that were never utilized or are underutilized in the spectrum 

available are urging mobile operators to consider different coexistence options with LTE and come 

up with new ways for mobile network communications [21], [22]. Nevertheless, the evolution of LTE 

in unlicensed bands will increase the non-regularity in several data communication technologies, 

including Wi-Fi, connectivity and disrupt operations [23]. The frequency bands selected by the 

International Telecommunication Union (ITU) for 5G deployment are shown in Table I [10], [24].  

Table I. Proposed frequency bands for 5G 

Frequency Band Comment 

2.4 GHz 20 to 100 MHz bandwidth (Unlicensed band) 

5 GHz 600 MHz bandwidth (Unlicensed band) 

24.25 – 27.5 GHz 50 to 400 MHz bandwidth 

37.5 – 43.5 GHz 50 to 400 MHz bandwidth 

45.5 – 48.2 GHz Excluding 47 – 47.2 GHz 

60 GHZ 7 GHz bandwidth (Unlicensed band)  

66-71 GHz For backhauling 

Existing allocated bands Can be exploited for further efficiency 

 

In order to provide the highest benefit for wireless sensor networks, reliable coverage and 

availability are vital. The sensors would need to have sufficient link quality, which is a challenge 

especially keeping in mind the 24 hours availability and low-latency requirements for these networks 

[25]. Link budget assessment is critical, and all sensors connected should have a healthy overhead for 

unwanted or unforeseen aspects that might disrupt the sensor data link quality [26]. The propagation 

characteristics of such networks, especially link loss, would need to be considered and reviewed 

carefully. Loss of sight, walls in between and the location of nodes on different floors all create 

additional complexity in establishing sensor network layout planning, selection of equipment, and 

components [27]. This paper will focus on different models for the assessment of 5G femtocell 

propagation losses in different industrial and commercial environments, to aid in the planning, 

placement, and selection of the proper equipment required.  

Femtocells offer a completely easy and simple solution to the problem of high bandwidth 

demand and better coverage [23]. Since femtocells are installed indoors, they are proposed to improve 

the 5G mobile services coverage in indoor proximity. Furthermore, using unlicensed band femtocells 

could not only reduce the load on macrocells in urban areas but provide potentially additional 

network capacity [28], [29]. While they use different radio resources than macrocells; therefore, no 

interference is seen. It is a very compressed device referred to as Femto access points (FAPs) or home-

enhanced eNodeB, the same as used in the 4th Generation (4G). FAPs are installed inside shopping 

malls, dense towns, plazas, and faraway rural areas [30], [31]. Femtocells are operative on all 

frequency spectrum ranges covered by 3GPP. However, different service providers can use specific 

frequency ranges that are distinctively available or more convenient for them [32]. The main control 

of power for femtocells is discussed in [23], the decentralized methods of femtocells and their pros 

and cons are discussed in [27], and different techniques regarding the coverage area of femtocells and 
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their optimization are addressed in [26]. In [33], the authors report that there might be some signal 

losses based on the strength of nearby macrocell users in the base station and femtocells. In [34], 

another effective technique used for partitioning is introduced that restricts the FAP to receive 

anything on the downlink level assigned to the macrocells users.  

Numerous studies have focused solely on modifying or creating new indoor propagation 

models using picocells and femtocells to increase the data rates for indoor users. For instance, in [35], 

[36], the authors show the experience of the evolution of 3rd Generation Partnership project (3GPP) in 

the long term at a high level. The Heterogeneous Networks (HetNets) also used several intersymbol 

interference methods that are crucial. Moreover, in [37], several similar methods are discussed that 

allow the shifting from macrocells to femtocells, such shifting can also result in increased interference 

and enhanced coverage of the network. Major efforts were made in enhancing the intercell 

coordination associated with 3GPP using different research methods and their applications along 

with the merits [38].  

Studies have been done for the path loss estimation of different models concerning 5G networks 

and test its accuracy and other parameters for large-scale networks [39]–[41]. Radio propagation 

models are being designed nowadays based on actual mathematical observations [42], [43] as a 

function of antenna height, frequency, distance, and different factors to obtain the maximum outcome 

[44]. For mmwave 5G spectrum, Alpha-Beta-Gamma (ABG) model, Close in (CI) free space reference 

distance and CI model with a weighted frequency called path loss exponent (CIF) model, provide 

comparable prediction accuracy with indoor propagation models by using large datasets of 

experimental results [45], [46]. At the same time, according to [47], the Log-Normal Shadowing path 

loss model shows that a negative cross-correlation exists between channels’ ms delay spread and 

shadow fading. A comparison between CI and the Floating Intercept (FI) method revealed that the 

standard deviation is similar for all environments and layouts [48]–[50]. The total path loss is 

calculated by adding up all elevation pointing angle combinations and the received power of each 

unique azimuth [49]. Whereas for the same omnidirectional path, the model can be minimized to 1.1 

– 1.3 in a 1 m closed free space within the referencing area [50], indicating great improvements for 

the propagation through the free space. The frequency of propagation and antenna height [51], [52] 

also plays a vital role in indoor modeling for path loss. Different multifrequency and single frequency 

path loss models for indoor environments are discussed in [51]. 

The findings of the study [52] show that a greater range of locations can be covered by increasing 

the transmitter height of the base station in densely populated urban areas, but the improvements 

still lack coverage in large regions past 300m [53]. In [54], characteristics for the propagation of 

mmwave of 5G channels are discussed. The time-dispersion parameters and PL for an outdoor 

environment are estimated at frequencies ranging from 10 to 40 GHz [55], [56]. Multi-frequency 

analysis in [57], [58] shows that based on its simplicity, physical stability, and low path loss for 

outdoor environments, the CI model is more suitable. These models are further compared for future 

5G systems in [59]. According to [60], the CI model is far more reliable and robust in outdoor 

environments than the ABG model. Researchers have concluded that around 60 GHz it is possible to 

establish a good communication link that can hold up to 77 m in a hilly area outdoors and 134 m in 

an indoor environment [61]. It has also been reported that CI model path losses are far lower than 

those of other models [62]. 

The shadow factors in the models proposed in [63] show more advantageous results as 

compared with path loss models that use close-in reference. Especially, the different models 

presented in the research dictate that the shadow factor is reduced in different cities, approximately 

by 1 – 6 dB. While covering larger areas, the results in [64] show that ABG and CI models do not 

differ much in performance outcomes when real-life data is used. While the ABG model requires 

three virtually established parameters and offers a fraction of a dB smaller shadow factor, the CI 

model offers one physically-based parameter and simplicity along with providing a more 

conservative path loss estimate at long distances. In [65], the characteristics of the channel 

propagation are analyzed at 28 GHz using a 3D-ray-tracing simulation. Furthermore, for street-

canyon environments, path loss models with dual slopes are proposed. According to different 
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measurements conducted at 28 GHz, the effective cell coverage area for the simulation was 

considered 220 m [66], which also agrees closely with further measurements conducted in [33]. Based 

on these results, it is concluded that roughly for the same coverage area, the deployed sites with 

random beamforming will be increased three times for 5G networks. The preliminary findings 

presented in [67] can help revise the channel models designed for frequencies below 6 GHz to extend 

their capabilities extensively. Table II further summarizes the comparison between different models 

in indoor environments and what type of antenna has been used for testing. It gives an overview of 

the different models that are suggested to be used in different environments for specific frequency 

ranges for 5G. 

The main issue in the next-generation network (5G) is to ensure high-speed data to the users all 

the time. Many solutions will be required to achieve this goal, e.g., extreme densification of networks 

(small cells), heterogeneous networks, increased bandwidth and spectral efficiency of massive 

Multiple Input Multiple Output (MIMO) systems, interference management, and optimized resource 

allocation.                                                

Table II. Proposed radio propagation model for indoor 5G 

Path Loss Model 
Frequency 

(GHz) 
Antenna 

Range 

(m) 

Test 

Environment 

Location 

ABG model, 

CIF model [40] 
2 – 73 

Directional 

Steerable Horn 

Antenna 

4 – 1238 

Indoor office and 

shopping mall 

scenarios 

USA and 

Denmark 

Log-Normal 

Shadow Loss 

model [47]  

40 
High Directional 

Horn Antenna  
52 

Corridor (LOS) 

and Hall with both 

LOS and NOS 

measurement 

Malaysia  

CI model, 

FI model [68] 
60 

Highly Directional 

Antenna 
27 

Corridor and 

Classrooms on the 

9th floor 

USA 

Omnidirectional 

CF model, FI 

model [68] 

28 and 73 

High Directional 27 

dBi and 24.5 dBi 

gain horn antennas 

30 – 200 
Downtown 

Manhattan 
USA 

Directional and 

Omnidirectional 

CI model [50] 

14 and 22 

Highly Directional 

15 dBi horn 

antennas 

3.9 – 

45.9 

Modern office 

building with 

cubicles 

South 

Africa 

Large scale path 

loss model with 

dual-slope [69] 

28 and 73 

Wideband 

directional 

pyramidal horn 

antennas 

2 – 24 

Indoor Corridor 

environment on 5th 

floor 

USA 

Single Frequency 

CI, FI model, and 

Multi-frequency 

CI, ABG, CIF 

model [51] 

28 and 73 

Widebeam TX and 

RX antennas 

indoor 

3.9 – 

45.9 

Indoor office 

environment  
USA 

 

This paper focuses on the utilization of wideband unlicensed frequency ranges for femtocells 

below 6 GHz and licensed bands above 6 GHz in femtocells to increase the data rates. However, a 

highly accurate analysis related to the path loss is needed for the resolution of this problem. In indoor 

environments, finding out the exact path loss is a very complex task as indoor surroundings vary 

from building to building. The main highlights of this study are as follows:  

 In-depth literature review of radio propagation models for indoor femtocells  

 Identification of problems in currently available propagation models 

 Numerical analysis of radio propagation models for below 6 GHz frequency band 

 Numerical analysis of radio propagation models for above 6 GHz frequency band 
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The remainder of the paper is organized as: Section 2 discusses the radio propagation models 

below 6 GHz that are proposed for usage in unlicensed bands, while Section 3 describes radio 

propagation models above 6 GHz and in the mmwave spectrum of 5G. The results and comparative 

analysis are presented in Section 4. The paper is concluded in Section 5 along with future directions.   

2. Radio Propagation Models below 6 GHz  

2.1 Log-Distance Path Loss Model  

This path loss model is a very simple and basic type of model for radio power loss estimation in 

different environments, which can be further expressed as the following equation [64], [70]:  

 

PL (dB) =  PL (do) + 10n. log (
�

��
)  + ��                                 (1)      

 

In equation (1), ‘n’ represents the path loss exponent that describes the increasing rate of path 

loss distance and is dependent on surrounding, �� represents the reference distance; the distance 

between the receiver and transmitter is ‘d’ and �� is the normal random variable with zero mean 

describing the attenuation factor in dB. The detailed parameter values for this model are shown in 

Table III [70], while Figure 1 illustrates the different path losses for the log-distance path loss model 

for a distance of 20 m for 5.5 GHz. The analysis has been done in Matlab 2020b, running on an Intel 

Core i7-9700 CPU with 64 GB Ram.  

Table III. Parameters for calculation of log-distance model 

Environment 
Path loss 

exponent (n) 

Standard 

Deviation (��) 

Distance Tx-Rx 

‘d’ (m) 

Reference 

Distance (��) 

Free space 2 

3.2 dB 

for single floor 
20 

2 

Urban Area 3.5 2 

Shadowed urban 4.5 2 

In-building LOS 1.7 2 

In-building 

Obstruction 
5 2 

In-factory 

Obstruction 
2.5 2 

 

 
Figure 1.  Path loss for log-distance model  
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2.2 Attenuation factor model 

The attenuation factor model (AF) is a very compact model for the accurate calculation of 

propagation variations due to obstacles or the material type of the building. This indoor model 

provides path loss deviation and predicted values with a nearly 4 dB accuracy margin [71], while 

with the previous log-distance model the result is close to 13 dB for multiple buildings. Different 

parameters for a single floor for the AF model with a frequency of 5.5 GHz are shown in Table IV 

[70]. 

Table IV. Single floor parameters for the AF model at 5.5 GHz 

Environment 
��� 

(dB) 

Distance 

(m) 

Reference 

Distance (��), 

(m) 

FAF 

(dB) 

PAF 

(dB) 

Grocery store 1.8 

20 2 13 

Foil insulation + ceiling duct 

3.9+7=10.9 

Office soft 

partition 
2.4 

Concrete wall + light textile 

13+4=17 

Office hard 

partition 
3.0 

Fade of 90�+ Machinery 

11+10=21 

Metalworking 3.3 
Cardboard+ Aluminum sheet 

5+47=52 

 

The AF model is given by the following Eqn. (2) [70]: 

PL(d) [dB]  =  PL (��) [dB]  +  10���log (
�

��
)  +  FAF [dB]  + ∑ ��� [dB]              (2)  

In equation (2), the specific floor attenuation factor is known as FAF,  ���  is the path loss 

exponent for the AF model for the same floor. Whereas, for the floor with partitions presented with 

some obstacles or materials in the same way is expressed by PAF. Adding up all these losses due to 

partition and other obstacles results in a measured value that makes it more accurate. Figure 2 shows 

the path loss for the AF model for a single floor based on different values of the insulation material 

used. 

 
Figure 2. Attenuation Factor Model for the single floor scenario. 
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For multiple floors, the total path loss is obtained by considering the partition loss and 

integrating it with FAF. The exponent already having the effect of separating multiple floors may 

replace the attenuation factor for the floor. The path loss equation will be now as follows [70]:  

 

PL (d)[dB] =  PL (��) +  10���log �
�

��
� + FAF [dB] + ∑ ��� [dB]          (3)                                     

In equation (3), the multiple floors path loss exponent is ���. Table IV shows the values of ��� 

(path loss exponent) for different buildings that are at multiple locations. It also shows that as the 

distance becomes larger, the path loss also increases. Table V [70] shows the value of parameters for 

the AF model for multiple floors at 5.5 GHz, whereas Figure 3 shows the value of the AF model for a 

different number of floors based on different parameters. 

 

Table V. Parameters for the AF model considering multiple floors at 5.5 GHz 

Environment 
��� 
(dB) 

Distance 

(m) 

Reference 

Distance (��), 

(m) 

FAF 

(dB) 

PAF 

(dB) 

Same floor 2.76 

100 20 

13 
13+5=18 

(concrete + cardboard) 

One floor 4.19 14.6 14.6+5=19.6 

Two floors 5.04 18.7 18.7+5=23.7 

Three floors 5.22 24.4 24.4+5=29.4 

  
Figure 3.  AF model path loss for different floor scenarios  

 

3.3 ITU Model 

ITU model is used to predict a signal loss for any enclosed area including partitions or walls. 

This model is best for frequencies in the range of 900 MHz to 5.5 GHz, but the model can also be used 

for frequencies falling in the broader range [72]. This model can cover up to three floors efficiently. 

The path loss for this model is defined as [72]:   

 

�� =  20 ��� (�) +  � ��� (�) +  �� (�) –  28                                (4)  

 

In Eqn. (4), the frequency is represented by f (MHz), distance is ‘d’, Pf(n) is the path loss factor. 

In Eqn. (4), � describes the attenuation of signal strength based on the distance between the 
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destination and source and the number of floors or obstacles. Table VI gives the different path loss 

coefficient values of � [73]. In addition, the path loss of the ITU model for different values of � and 

frequency is presented graphically in Figure 4. 

 

Table VI. Path loss factor coefficient value for the ITU model 

Frequency Residential (N) 
Office 

(N) 
Reference Distance (��) Commercial (N) 

2.4 GHz 28 30 22 2.4 GHz 

5.5 GHz N/A 31 N/A 5.5 GHz 

 

 
Figure 4. Path loss for ITU model for a single floor  

 

The value of N for 2.4 GHz is 27 dB for the first, 35 dB for the second, and 40 dB for the third 

floor. The value of floor attenuation loss is empirical, depending on the number of floors present in 

the building or the environment; the different values are listed in Table VII [73].  

 

Table VII. Floor attenuation loss factor pf(n) for the ITU model 

Frequency No of floors Residential Office Commercial 

2.4 GHz 1-3 4n 15+4(n-1) 6+3(n-1) 

5.2 GHz 1 N/A 16 N/A 

 

3.4 Keenan Motely Model 

The Keenan Motley (KM) model presents one of the most precise, modified, and realistic 

calculations for radio propagation in an indoor environment. The path loss calculated using the KM 

model can be shown in the equation as [74]: 

 

����=   ��(�) + (�� . W) + ��. ��                          (5)                                      

 

In Eqn. (5), ‘f’ is the frequency (MHz), ‘d’ is the distance, the wall loss factor is ‘W’, where the 

number of walls in between the coverage area is represented by �� , �� is the number of floors and 

��is the corresponding attenuation factor. The attenuation values for concrete and plasterboard with 

the wall loss factor of 14 and 5 dB, respectively, for 2.4 GHz, but these values vary with the carrier 

frequency [71]. Table VIII shows the parameters for the KM model taking into account the distance 
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to be 30 m [71]; whereas Figure 5 describes the different path losses for the KM model concerning the 

distance for different frequencies. 

 

Table VIII. Wall loss due to concrete for Keenan-Motley model  

Carrier Frequency (GHz) Number of walls (�� ) Wall loss factor (W) 

2.4 
2 

5 

5.5 7 

 

 
Figure 5.  Keenan Motley model of path loss. 

 

3.5 Joint Technical Committee (JTC) Model 

The JTC model takes into account the signals passing through the windows of multiple floors as 

well for the calculation of the path loss. Thus, the JTC model can be described in the equation as [73]:  

 

�� =  � +  ��(�) +  � ��� (�) +  �                                          (6)                                                     

 

In Eqn. (6), the ��(n) is the signal attenuation due to multiple floors and X is the log-normal 

distribution which describes the shadow fading for the signal, the gradient distance is ‘B’ and the 

attenuation distance is ‘A’. Table IX lists the different values of parameters that are suggested for the 

JTC model in a given environment [75]. The only assumption taken for these parameters is that the 

receiver and transmitter are in the same building. Figure 6 illustrates the path loss for a single floor 

using the JTC model for different distances and Figure 7 describes the same for a two-floor building. 

 

Table IX. Parameters for JTC Model 

Environment Residential Office Commercial 

A (dB) 38 38 38 

B 28 30 22 

��(n) (dB) 4n 15+4 (n-1) 6+3 (n-1) 

X 8 10 10 
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Figure 6. JTC model path loss for a single floor for 5.5 GHz 

 

 
Figure 7. JTC model path loss for two floors for 5.5 GHz 

 

3.6 Modified Keenan-Motely Model   

This model considers building material as the most important factor for indoor path loss 

calculation [75]. The construction material attenuation model in equation form is 

 

PL =  ��  +  20Log (d) + ∑ ����� ����� .                                      (7)                                                            

 

We note that Eqn. (7) involves two new factors, ����� shows the number of partitions/walls and 

����� is the loss in dB for that particular partition/wall. Table X shows the partition-dependent losses 

of the signal when fading on different wall types [71]. Figure 8 describes the path loss of different 

wall materials for this model. 
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Table X. Partition dependent losses for the modified Keenan-Motley model 

The signal loss at 2.4 GHz dB 

Window in the brick wall 2 

Metal frame, glass wall in the building 6 

Wall of office 6 

Metal door in office wall 6 

Cinder wall 4 

Metal door in the brick wall 12.4 

The brick wall next to the metal door 3 

 
Figure 8. Modified Keenan-Motley model path loss  

3. Radio Propagation Models above 6 GHz 

3.1 Alpha Beta Gamma model  

Alpha Beta Gamma (ABG) model contains distance and frequency factors to calculate path loss 

over a range of frequencies and can be used for both residential and industrial environments. The 

mathematical equation of the ABG model is given below in Eqn. (8) [27]: 

PLABG(�, �)[dB] = 10αlog10 (� 1 �) + � + 10γlog10 (� 1 ���) + X��� ,        (8) 

 

where PLABG (f, d) is indicating the path loss present in the propagation waves and can be measured 

in dB, the coefficient, which explains that with the increase in the distance between the receiver and 

transmitter the path loss will also increase is represented by � and γ shows that the path loss varies 

along with the variations in frequency. The distance between the receiver and transmitter is 

represented by d and is measured in meters, whereas the path loss floating offset is represented as � 

and the frequency used for carrying the radio waves is given by � and is measured in GHz and ����, 

� is the standard deviation explaining fluctuations of signals across the mean path loss over distance. 

Path loss analysis for ABG model by varying coefficients α, β, and γ, where α, γ are path loss 

coefficients that depend on the distance and frequency while β is the optimization factor. Figures 9 

and 10 show the path losses with distance for different values of α, β, and γ.  
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Figure 9.  Path loss for ABG Model (α=2.1, β=31.4, γ=2.1) 

 
Figure 10.  Path loss for ABG Model (α=4.4, β=2.4., γ=1.9) 

 

3.2 Close in free space reference distance model (CIF)  

The CIF reference distance model is an extension to the CI model and uses fewer parameters 

than ABG to calculate the path loss. The CIF model is also more efficient than the CI model; both 

models will be considered here.. The CIF model in Eqn. (10) further shows the details regarding the 

CIF model [48]. In Eqn. (10), n is the path loss exponent (PLE), b is the optimizing parameter, d is the 

3D separation between transmitter and receiver, and FSPL indicates the free space path loss in dB at 

a separation distance of 1 m between transmitter and receiver. The equations for FSPL are given 

below in Eqn. 11 and Eqn. 12. Also, the path loss with respect to distance for the CIF model for 

different values of path loss exponents is given in Figure 11 and Figure 12. 
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�����(�, �)[��] = ���(�, 1�)[��]  + 10� �1 + � �
� ��

��
�� �����(�)��

���        (9)  

���� (�, 1 �)[��] =  20���10 (4���)                             (10)                        

  

�� =
∑ �����

���

∑ ���
���

                                                      (11) 
 

  
Figure 11.  Path loss for CIF model (n=1.9, b=4.7). 

 
Figure 12.  Path loss for CIF model (n=3.1, b=8.1). 

 

Figure 13 depicts the path loss comparison for the NR-U 60 GHz unlicensed band in mmwave 

spectrum. The analysis of both ABG model and CIF model is shown here for two different set of 

parameters for both the models. This band in the mmwave is unlicensed and it has a proposed 

bandwidth of 7 GHz. It can also be utilized for very high data rates, applications like industrial 

control, monitoring and prognosis.    
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Figure 13. Path loss comparison for the 60 GHz unlicensed band 

4. Results and Discussions  

The main issue in the next-generation network (5G) is to ensure high-speed data to the users all 

the time. Many solutions will be required to achieve this goal, e.g., extreme densification of networks 

(small cells), heterogeneous networks, increased bandwidth and spectral efficiency of massive MIMO 

systems, interference management and optimized resource allocation. Therefore, femtocells will play 

a large role in 5G. Femtocell design is one of the most critical elements in providing high data rates 

and it is highly dependent on accurate path loss estimation.      

The path loss depends on many variable factors, such as building material, the number of floors, 

attenuation, and shadowing. To calculate path losses for single and multiple buildings, several path 

loss models have been proposed. Each model has its unique characteristics and is designed for a 

specific environment. Some of the models need partition attenuation, whereas some need floor 

attenuation for measuring the exact values of path loss. For a specific building, the losses not only 

depend on the distance from the antenna but also the materials used inside the building, the floors in 

between the receiver and the transmitter, and the number of walls in between also plays a big role in 

the calculation of the path loss exponent ‘n’. Some of the models can be extended to calculate the path 

loss in the same building with multiple floors, such an example of these models is the attenuation 

factor model and the JTC model.  

5G will be using frequency in mmwave spectrum to provide higher data rates. It will also 

incorporate some unlicensed frequency bands that are shared by Wi-Fi technology for indoor 

femtocells. These 5G free unlicensed femtocells can be a good option for many industrial applications. 

The comparison of radio propagation models for below 6 GHz frequency is shown in Table XI. The 

log-distance path loss model discussed is usually good for a single floor, whereas the attenuation 

factor model is suitable for both multiple and single floors inside a building. Different models were 

discussed, and simulations were run in the indoor environment to calculate their respective path 

losses. The results shown and compared here are for a reference distance of 20 meters, but these 

results can be extended and calculated for 100 meters as well. The results indicate that the ITU model 

and Keenan-Motley model give the highest path loss in residential and industrial environments, 

respectively, while log-distance has the lowest path loss in both environments. These models are 

more suitable for low-frequency ranges (under 5 GHz).  
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Table XI. Comparison between path losses of different models under 6 GHz 

Model name 
Frequency 

(GHz) 

Distance 

(m) 

Path Loss 

PL (dB) 

Environment  No. of Floors 

Log – Distance 5.5 20 20 ─ 58 Residential/Industrial 1 

Attenuation 

Factor       

(single floor) 

5.5 20 43 ─ 98 Residential/Industrial 1 

Attenuation 

Factor (multiple 

floors) 

5.5 20 55 ─ 92 Residential/Industrial 3 

ITU model 2.4 – 5.5 20 93 ─ 103 Residential 3 

Keenan Motley 

model 
2.4 – 5.5 20 105 - 121  Industrial 3 

JTC model 5.5 20 83 ─ 96 Residential/Industrial 1 

JTC model 

(Multi-floor) 
5.5 20 88 ─ 110 Residential/Industrial 3 

Modified 

Keenan Motely 

model 

5.5 20 70 ── 91 Industrial 3 

 

As 5G will be using mmwave spectrum as well, therefore, the frequencies will be higher than 6 

GHz and simply an extension of these models will not give significant results. The proposed models 

for frequencies higher than 6 GHz are compared in Table XII. The CIF model offers simplicity in the 

calculation of path loss as it only uses one parameter for calculation, whereas the ABG model uses 

three parameters. The path loss in the ABG model is directly dependent on α if its value is high, then 

path loss is also higher. Similarly, it is higher if the value of γ is equal to or larger than 2. In case of 

CIF model, the path loss is directly dependent on both the values of n and b. The value of n has a 

slightly greater effect on the overall path loss. The difference in path loss is very small in both models, 

but the ABG model shows more improved accuracy as compared with the CIF model based on its 

three parameters. Table 12 also shows the comparison of 60 GHz NR-U band. The path loss varies 

from 30 to 79 dBs for the ABG model and 82 to 118 form CIF model depending on the values of the 

parameters.    

 

5. Conclusions and Future Work 

 This paper presents a comparison of different radio propagation models for indoor femtocells in 

view of the upcoming 5G technology. As 5G will incorporate many real-time services that require 

higher data rates and low latency. Therefore, 5G has the capability to provide feasible solutions for 

indoor users and capabilities for industrial monitoring and diagnostics using sensor-based networks 

and industrial IoT. Path loss analysis is mandatory for planning the cell size and it directly impacts 

the data rates. The large value of Signal to Noise Ratio (SNR) results in higher availability of data rate 

and vice versa. Due to this fact, the path loss analysis of the 5G femtocells is essential and discussed 

in detail in the paper.   

Recently. The demand for higher data rates and good spectral efficiency has made indoor 

coverage more essential as the user is mostly located indoors. To overcome such challenges, 

femtocells are installed inside the indoor environment. The femtocell can cover the gaps and blank 

spots left by macrocells and increase the available bandwidth for the users. It is easier to handle FAPs 

transmission due to operation under a licensed spectrum or can share an unlicensed spectrum. 

Moreover, femtocells have auto-configuration and auto-optimization parameters. To adjust the 

transmission power of an internal device and for precision design, the most important factor is to 

measure the loss factor accurately.  
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Table XII. Comparison between path losses of different models above 6 GHz at 20 m.  

Frequency 

(GHz) 

α  

(dB) 

β  

(dB) 

γ   

(dB) 

CIF model 

n (dB)  

CIF model 

b (dB) 

Path Loss 

(dB) 

5.5 – 70 2 31.4 2.1 1.9 4.7 
AGB = 73 -94         

CIF = 82 - 104 

5.5 – 70 2.6 24 1.6 2 2.9 
AGB = 24 - 42         

CIF = 84 - 105 

5.5 – 70 2.8 11.4 2.3 2 4.6 
AGB = 82 - 107         

CIF = 84 - 106 

5.5 – 70 3.3 17.6 2.0 2.7 1.0 
AGB = 66 - 88         

CIF = 93 – 115  

5.5 – 70 3.5 24.4 1.9 2.8 8.3 
AGB = 65 - 85       

CIF = 94 - 116 

5.5 – 70 4.4 2.4 1.9 3.1 8.1 
AGB = 54 -75              

CIF = 55 - 75 

60 2 31.4 2.1 1.9 4.7 
AGB = 30 -75              

CIF = 82 - 103 

60 4.4 2.4 1.9 3.1 8.1 
AGB = 74 -95              

CIF = 88 - 118 

 

The analysis of the numerical results shows that the 5G femtocells are a viable solution for 

providing high data rates in 5G for both licensed and unlicensed bands. The accurate path loss 

estimation will help in designing better femtocells to solve the issue of coverage and quality of 

service. The comparative analysis of different indoor radio propagation models showed that the log-

distance model has the lowest path loss between 20 to 58 dB which seems quite low, but the JTC and 

ITU models gives more realistic path loss around 90 and 100 dB, respectively, as they incorporate 

more parameters for unlicensed bands below 6 GHz.  The ABG model and the CIF model give more 

or less the same values for path loss for frequencies above 6 GHz.  

For future work, these models can be practically implemented and tested for accurate path loss 

analysis and some adjustments can be made in their mathematical models, if needed. The free band 

below 6 GHz unlicensed spectrum for the 5G network holds a good option for industrial sensor-based 

monitoring and diagnostic systems due to their high data rate and low latency potential. The 

possibility of unlicensed band of 60 GHz in the mmwave spectrum can also be explored. This range 

can be quite useful for high data rate indoor applications. The feasibility and path loss estimation of 

this network can also be verified. Another potential direction for future work could be the application 

of emerging machine learning techniques [76], [77] for enhanced analysis and prediction.  
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