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Abstract—The critical rule to achieve extremely high peaks of 

data transmission is the availability of a tremendous amount of 

bandwidth. The super high frequency (SHF) and the millimeter-

wave (mmWave) frequency bands are the candidates for the 

deployment of the 𝟏𝟏𝟓𝟓 cellular system and for satisfying future 

needs due to their massively available blocks of contiguous raw 

bandwidth that is capable of supporting additional data traffic for 

multimedia services. This research paper presents propagation 

measurements at three frequencies above 𝟔𝟔 𝟓𝟓𝑮𝑮𝑮𝑮, which are 𝟏𝟏𝟐𝟐, 𝟏𝟏𝟏𝟏, and 𝟏𝟏𝟏𝟏 𝟓𝟓𝑮𝑮𝑮𝑮 frequency bands. The measurements were 

carried out for both line-of-sight (LOS) and non-line-of-sight 

(NLOS) communication scenarios in an indoor corridor 

environment to present frequency- and distance-dependent 

wireless channel models. Moreover, this study presents, 

investigates, and compares the performance of two well-known 

path loss prediction models; the single frequency close-in (CI) free 

space reference distance model and the single frequency floating 

intercept (FI) model. The LOS comparison study shows that the 

CI and FI models provide comparable and accurate estimates that 

fit the real measured data for the frequency bands selected. 

Furthermore, the study investigates the behavior of the path loss 

exponent (PLE) and the FI model parameters as a function of the 

reception angle of arrival (AoA) in the NLOS scenario. It is 

observed from this work that the path loss models’ parameters 

exhibit symmetrical behavior around 𝟏𝟏𝟏𝟏𝟑𝟑° AoA. The FI model 

provides the same standard deviation values as the CI model in the 

LOS scenario. In contrast, the FI model offers a notable reduction 

(up to 𝟏𝟏. 𝟏𝟏𝟐𝟐 𝒅𝒅𝒅𝒅) compared to the CI model in the NLOS scenario. 

Finally, the LOS and NLOS results reveal that the CI and FI 

models can be trusted as good path loss models for corridor 

environments and exhibit stable behavior over measured distances 

and frequencies. 

 
Index Terms—SHF, mmWave, channel sounder, directional 

antennas, angle of arrival, indoor corridor environment, path loss 

models, propagation measurements, 𝟏𝟏𝟐𝟐 𝟓𝟓𝑮𝑮𝑮𝑮, 𝟏𝟏𝟏𝟏 𝟓𝟓𝑮𝑮𝑮𝑮, 𝟏𝟏𝟏𝟏 𝟓𝟓𝑮𝑮𝑮𝑮. 
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I. INTRODUCTION 

HE availability of a tremendous frequency spectrum is at 

the head of the reasons for achieving extremely high-speed 

communication services. Hence, the vital resource and the 

access factor for the fifth-generation mobile system (5𝐺𝐺) and 

any other mobile access networks are quantity, quality, and 

efficiency of using the amount of the available spectrum [1], 

[2]. 

  

The main problem in the frequency bands below 6 𝐺𝐺𝐺𝐺𝐺𝐺 is the 

scarcity in the bandwidth. Accordingly, this lack of bandwidth 

will not meet the aspirations of the upcoming 5𝐺𝐺 wireless 

system to accomplish high peak data transmission rates up to 

multi gigabits per second even with complex modulation 

schemes and multiple-input multiple-output (MIMO) systems 

[1]-[13]. Because of that and due to the rapid growth in demand 

for much higher data rates, the research on the millimeter-wave 

(mmWave) frequency spectrum (30-300 GHz) has been 

accelerated for the reason that these bands are the candidate for 

deployment of the 5𝐺𝐺 cellular network and for satisfying future 

needs [2], [4]-[7].  

 

The mmWave frequency regime has massively available 

blocks of contiguous raw bandwidth that is capable of 

supporting more data traffic for various multimedia services 

[1]-[20]. Nevertheless, the 5𝐺𝐺 system will still have access to 

the licensed spectrum in the higher centimeter wave (cmWave) 

bands. The super high frequency (SHF) spectrum (3-30 GHz) 

and the extremely high frequency (EHF) spectrum (well known 

as millimeter-wave bands) have comparable propagation 

characteristics and behavioral attributes, both accordingly 

known as mmWave [1], [12], [21]. 
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The potential frequency spectrum that will be used in the 5𝐺𝐺 

wireless system is up to 100 GHz. One of the reasons for this is 

that it is presumed that the reach of mass-market semiconductor 

technology expands up to approximately 100 GHz. However, it 

is bound to pass that limit in time [3]. 

 

The mmWave regime provides a bandwidth higher than 400 𝑀𝑀𝐺𝐺𝐺𝐺 over commercial applications, which is extremely 

large compared to today’s 4𝐺𝐺 long-term-evolution (LTE) 20 𝑀𝑀𝐺𝐺𝐺𝐺 cellular channels [16], [22]. Assuredly, the mmWave 

frequency spectrum plays an essential role in 5𝐺𝐺 wireless 

communications [1], [14]. 

 

The 5𝐺𝐺 mmWave frequency bands have the opportunity to 

support such throughput data rates for low latency content, 

high-definition (HD) video, virtual interaction between people 

and machines, and other applications that require extremely 

high data rate transfer [1], [20], [23]. 

 

Until recently, the frequency bands below 6 𝐺𝐺𝐺𝐺𝐺𝐺 have been 

considered for mobile systems due to their capability to support 

broad area coverage (up to several kilometers) and the ability to 

penetrate readily through buildings. On the other hand, 

mmWave bands support much smaller area coverage (cell 

radius is a few hundred meters) because the propagation of the 

mmWave is profoundly affected by the environment where the 

signal propagates. Furthermore, the penetration loss through 

solid materials significantly affects the mmWave frequency 

spectrum [3], [17]. Hence, accurate understanding and 

characterization of behaviors of the mmWave frequency bands 

in numerous indoor and outdoor environments and scenarios 

are fundamental for performance analysis and reliable 

deployment of the 5𝐺𝐺 cellular systems [13], [15], [18], [19]. 

 

Because mmWave signals have a severely limited range, 

hotspot cells will need to become the focus of future mobile 

applications in both urban and suburban environments. The 

small cell radius will be between 100 and 500 meters in 

outdoor urban areas at the mmWave frequency bands [16]. 

Consequently, the cell coupling range and the path loss values 

will change quickly. The characteristics of mmWave signals 

can allow for more efficient use of spectra and can increase the 

security of communication transmission [17]. 

 

Path loss is a significant problem in the design and analysis 

of the link budget and signal strength prediction of any 

communication system. It represents the reduction of the signal 

power as it propagates from the transmitter to the receiver 

through the transmission channel. Path loss immensely affects 

the data rate and signal-to-noise plus interference ratio (SNIR); 

therefore, the network coverage area will be affected. Hence, 

mmWave system simulations require reliable path loss models 

for the reason that it is the primary parameter in wireless 

propagation channel modeling [1]. 

 

Path loss models can be classified into two types; the first 

one depends on a physical anchor that catches path loss near the 

transmitter (Tx), e.g., the CI model and CI model with 

frequency-dependent path loss exponent (CIF). The second one 

mainly depends on the mathematical curve or surface that fits 

the measured data, e.g., the FI and Alpha-Beta-Gamma (ABG) 

models [13]. 

 

Large scale path loss models are essential to characterize and 

model the propagation channel over distance and frequency for 

reliable system design. In order to achieve that, many 

measurement campaigns have been conducted to present and 

develop path loss models based on the real measured data 

collected at various environments and scenarios at different 

mmWave frequency bands [24]-[73]. 

 

A large-scale path loss prediction model based on 

measurements for both LOS and NLOS conditions were 

detailed in [1] at 14 and 22 𝐺𝐺𝐺𝐺𝐺𝐺 frequency bands in an indoor 

corridor scenario. In this paper, based on real measured data 

collected, a simple and reliable single-frequency DS large-scale 

path loss model is presented. The outcome shows that the DS 

path loss model outperforms the CI model in all the scenarios 

and frequency bands. Furthermore, the standard deviation 

values of the shadow fading for the presented DS large-scale 

path loss model were smaller than the values recorded for the 

CI model; consequently, more precise in predicting the path 

loss. Additionally, the presented model studied modal 

attenuation as a result of multipath and propagating 

waveguiding effect in indoor corridors. These corridors are 

considered as oversized dielectric waveguides with transversal 

dimensions much more abundant than the wavelength of the 

signal transmitted; hence several modes are heavily involved in 

the propagation process. The study examined two essential 

aspects of a corridor typical model propagation phenomenon, 

which are waveguiding effects in a corridor and breakpoint. 

Accurate path loss models are essential for indoor corridor 

environments in the candidate mmWave regime for 

applications in future generation communication systems [20]. 

The 5𝐺𝐺 networks will rely on the LOS probability in terms of 

the coverage capability in indoor corridor environments [19]. 

 

Omnidirectional path loss models and LOS probability based 

on real measured data were presented in [19] for an indoor 

corridor environment at 18 𝐺𝐺𝐺𝐺𝐺𝐺 frequency band where the 

transmitting and receiving antennas had no obstacle between 

them and pointed toward each other with alignment on 

boresight (i.e., LOS scenario). The study compared two 

empirical path loss models, i.e., the CI and DS models. The 

proposed models address the deficiencies of the existing models 

in terms of reliability and accuracy. The study covered the 

effect of the building’s structure and material used on the 

proposed omnidirectional path loss and LOS probability in the 

corridor environment since they are essential aspects for indoor 

propagation characteristics as they determine the overall 

network coverage capacity. Moreover, the proposed models 

take into account the propagation mechanisms such as 

diffraction and reflection in an indoor corridor, resulting in 

modal propagation. The CI model was determined by 
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determination of the PLE while the DS model determination 

was based on two PLEs, one of them before the break-point and 

other after the break-point. Both models found the PLEs based 

on the minimum mean square error (MMSE) method to 

minimize the standard deviation [70]. Also, the MMSE 

technique was adopted for the optimal parameterization of LOS 

probability models. The results showed that the DS 

omnidirectional path loss model outperforms the well-known 

CI model and presents a better path loss prediction model for 5𝐺𝐺 network deployment in indoor corridor environments. 

Besides, the presented DS path loss model considers whether 

the modal attenuation factor (MAF) value was determined 

following the structural design of the indoor corridor 

environment. The study also showed that the PLE drops by 4 𝑑𝑑𝑑𝑑 per decade of distance for the DS model after the break-

point while remains constant at 6 𝑑𝑑𝑑𝑑 for the CI model. 

Furthermore, the proposed LOS probability model outperforms 

the existing WINNER II (A1) models and the ITU 

Recommendation (ITU-R) model. For corridor environments, 

the error margin of the proposed model was 0.81%, while it 

equals to 1.21% and 1.76% in WINNER II (A1) and ITU-R 

models, respectively. The LOS probability is crucial for 

establishing system coverage ability. Characterizing and 

modeling the propagation of mmWave signals in indoor 

corridor environments are essential steps in developing mobile 

access networks for 5𝐺𝐺 systems. 

 

A performance study of multi-frequency path loss prediction 

models at 14 to 22 𝐺𝐺𝐺𝐺𝐺𝐺 bands based on the DS and ABG was 

performed [20]. The models take into consideration the modal 

attenuation of signal strength as it is guided along the indoor 

corridors. The environments were two indoor corridors with 

different materials; one of them is a glass-based corridor, and 

the other one is a concrete corridor. The LOS scenario in this 

effort was established when there was no obstacle between the 

Tx and Rx, and both antennas were aligned toward each other. 

The NLOS scenario was created when the antennas had no 

barrier between them. However, they were out of alignment on 

boresight so that the receiver had to rely primarily on the 

reflected paths since diffraction plays a lesser role in the 

mmWave spectrum [72], [73]. The path loss models used in this 

effort considered the propagation mechanisms such as 

reflection and diffraction. It is observed in this effort that the 

DS model is accurate and straightforward, hence suitable for 

systems design for indoor environments. Also, the study results 

seemed to give a more reliable prediction of path loss over the 

ABG model as matched to the real measurement data and have 

lower standard deviation values for LOS and NLOS in all 

indoor environments. The effort also showed that when the 

transmitting and receiving antenna heights are equal, the PLE 

values before the break-point is approximately the same (1.7 to 1.8 for the LOS scenario, and 2.5 to 2.7 for the NLOS scenario) 

for the concrete and glass corridors. The PLE value after the 

break-point was equal for both the DS and ABG models in the 

LOS scenario. Besides, the standard deviation for the DS and 

ABG models for the same antennas height in the LOS scenario 

was 1.7 and 1.3, respectively. For different transmit antenna 

heights, the PLE value was −0.9 and −0.2 the DS model before 

the break-point in the LOS and NLOS scenarios, respectively. 

The reason behind this is that the signal level decreases 

gradually as it is guided along the corridor up to break-point. 

The work also showed that the maximum observable values of 

the PLE are 1.8 and 2.7 for LOS and NLOS in the indoor 

corridors, respectively, these values being compatible with 

other work [70]. Besides all the works mentioned above and 

references therein, many additional communication scenarios 

should be investigated by propagation measurements covering 

all the candidate mmWave bands to achieve reliable models for 

the 5𝐺𝐺 wireless networks. 

 

This submission expands further on the work by Oyie and 

Afullo [1], which focuses on presenting a dual-slope (DS) path 

loss model and compares its performance with the close-in (CI) 

free space reference distance model in an indoor corridor 

environment at 14 and 22 𝐺𝐺𝐺𝐺𝐺𝐺. This paper presents a 

performance study to investigate the behavior and propagation 

characteristics of the floating-intercept (FI) and the CI path loss 

prediction models. The study is based on real measured data 

taken from line-of-sight (LOS) and non-line-of-sight (NLOS) 

propagation measurements that have been conducted at 14, 18, 

and 22 𝐺𝐺𝐺𝐺𝐺𝐺 frequency bands in an indoor corridor 

environment. Moreover, the path loss exponent of the CI model 

and the FI model’s parameters are presented as a function of the 

angle of arrival (AoA) for the NLOS communication scenario 

in an indoor corridor environment at 14, 18, and 22 𝐺𝐺𝐺𝐺𝐺𝐺 

frequency bands. Also, a comparative study between the path 

loss models at these bands is presented for the LOS scenario. 

This study is performed based on real measured data collected 

in the Discipline of Electrical, Electronic, and Computer 

Engineering Department, Howard College Campus, University 

of KwaZulu-Natal, Durban, South Africa. 

 

The rest of this paper is organized as follows. In section II, 

related works in this field of study for indoor and outdoor 

wireless channel measurements and modeling are introduced 

and discussed. The measurements setup and environment are 

given in section III. Section IV presents and describes the path 

loss prediction models adopted. The results and discussions of 

the LOS comparative study between the path loss models and 

NLOS performance study of the models’ parameters are 

presented in Section V. Finally, Section VI draws the main 

conclusions of this research. 

 

II. MEASUREMENTS SETUP AND ENVIRONMENT 

 

This section presents a detailed description of measurement 

campaigns that were carried out on the 5𝑡𝑡ℎ floor of the 

Discipline of Electrical, Electronic, and Computer Engineering 
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Department, Howard College Campus, University of KwaZulu-

Natal, Durban, South Africa. 

 

A. Channel Sounder and Measurements Setup 

 

    The channel sounder used in the measurements was based on 

Rohde and Schwarz SMF 100A for Radio Frequency Signal 

Generator for generating continuous-wave (CW) radio signals 

at the transmitter (Tx) side and transmitting them through the 

wireless channel. This signal generator has a working frequency 

range between 100 𝐾𝐾𝐺𝐺𝐺𝐺 and 22 𝐺𝐺𝐺𝐺𝐺𝐺. The receiving equipment 

utilized was Rohde and Schwarz FSIQ 40 Signal Analyzer at 

the receiver (Rx) side to receive the continuous signals 

transmitted by the signal generator. This receiving equipment 

has a working frequency range of 20 𝐺𝐺𝐺𝐺 to 40 𝐺𝐺𝐺𝐺𝐺𝐺 and a 

maximum analysis bandwidth of 120 𝑀𝑀𝐺𝐺𝐺𝐺. Fig. 2 represents 

the channel sounder used in the measurement campaign [1]. 

 

    The transmitting and receiving of the wireless radio 

frequency signals were done by two identical wideband high-

gain directional steerable pyramidal horn antennas. The 

antennas have a directional gain with respect to the isotropic 

antenna (dBi) at 14, 18, and 22 𝐺𝐺𝐺𝐺𝐺𝐺 of 19.5, 20.95, 22.1 𝑑𝑑𝑑𝑑𝑑𝑑, 
respectively. The half-power beam width (HPBW or 3 𝑑𝑑𝑑𝑑 

beamwidth) at 14 𝐺𝐺𝐺𝐺𝐺𝐺 band is 19.2° in the elevation plane and 18.4° in the azimuth plane; while in the 18 𝐺𝐺𝐺𝐺𝐺𝐺 band, these are 15.6° and 15.4°, respectively. In the 22 𝐺𝐺𝐺𝐺𝐺𝐺 band, the HPBW 

values of the horn antennas were 13° in the elevation plane and 15° in the azimuth plane. The measurements have been carried 

out when the transmitting antenna has heights of 1.6 and 2.3 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑠𝑠 above floor level, whereas the receiving antenna 

has a height of 1.6 𝑚𝑚. This paper considered the data when the 

antennas are at the same height (1.6 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑠𝑠 above the floor 

level) for both LOS and NLOS measurements. Table I provides 

a detailed description of the equipment specifications and 

parameter configurations for the measurement campaigns. Fig. 3 and Fig. 4 represent the transmitter and receiver adopted, 

respectively. 

  

 
 

Fig. 2. The channel sounder architecture [1]. 

 
 

 
 

Fig. 3. The transmitter system [1]. 
 

 

B. Measurements Scenario and Experimental Procedures 

 

The measurement environment for both the LOS and NLOS 

scenarios of this study was an indoor corridor, like an oversized 

air-filled rectangular waveguide with dimensions much greater 

than the wavelength of the transmitted signals. This corridor is 

made of dry concrete and bricks and includes a staircase, 

elevator, and wooden doors to offices. The corridor adopted has 

a size of 30 𝑚𝑚 (length) × 1.4 𝑚𝑚 (width) × 2.63 𝑚𝑚 (height). Fig. 5 represents the indoor corridor environment used in this study. 

The measurement campaigns have been carried out in this 

indoor corridor environment for both LOS and NLOS 

measurement scenarios. 

 

The transmitting antenna was fixed at one end of the corridor 

at 0° at both azimuth and elevation plans, and the receiving 

antenna was moved away from the Tx with 2 𝑚𝑚 incremental 

steps per measurement location from 2 to 24 𝑚𝑚 as a separation 

distance between the Tx and Rx (13 locations for the LOS and 

NLOS). For the LOS scenario, the transmit and receive 

antennas were aligned on boresight with no obstacles between 

them, whereas in the NLOS scenario still no obstacles in the 

propagation path between the Tx and Rx, but the antennas had 

no alignment on boresight and receiving antenna was rotated 

mechanically in the azimuth plane by 10° steps for the NLOS 

scenario at each separation distance between the Tx and Rx 

enabled 36 different AoAs over the 360° azimuth plane while 

in the elevation plane the AoA was fixed at 0°. In the NLOS 

measurements, the receiver relying mainly on the reflection and 

diffraction mechanisms to detect the wireless signals. For all 

frequency bands used in these measurement campaigns (14, 18, 



Vol.112 (1) March 2021SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS36

and 22 𝐺𝐺𝐺𝐺𝐺𝐺), vertically polarized identical horn antenna have 

been utilized. The CW signals transmitted by the Tx at 10 𝑑𝑑𝑑𝑑𝑚𝑚 

signal level through the corridor environment (wireless 

channel) via LOS (direct) and NLOS (through reflection, 

refraction, and/or diffraction), and the reception of these signals 

was done by the Rx recording 500 data sets of power levels per 

every Tx-Rx separation distance and every AoA. These signal 

levels were averaged to have one reliable received power for 

every single Rx location and every AoA for both LOS and 

NLOS communication scenarios. The Received power was 

converted to real measured data of path loss considering the 

value of Tx power, transmitting and receiving antenna gains, 

and losses of the connectors such as coaxial cables connecting 

the equipment to the antenna at both Tx and Rx sides. Note that 

the NLOS communication scenario in this work was established 

when the Tx and Rx antennas not aligned on boresight, but there 

were no obstacles between them. Fig. 6 represents the floor plan 

of the indoor corridor environment adopted. More information 

about these measurement campaigns can be found in [1], [19], 

[20]. 
 

III. PATH LOSS PREDICTION MODELS 

 

Path loss is an important component of any communication 

system’s design and analysis of the path budget and signal 

strength prediction. The path loss reflects a decrease in signal 

power as it travels through the transmission channel from the 

transmitter to the receiver. The SNIR and data rates are greatly 

affected by the path loss; thus, the area of network coverage will 

be affected. However, mmWave system simulations need 

accurate models of path loss because this is the primary 

parameter in the modeling of wireless propagation channels [1]. 

 

There are various types of large-scale path loss models 

(stochastic, deterministic, and empirical models). Nevertheless, 

the wireless channel’s propagation characteristics are reliably 

calculated by the measurement-based path loss models [12], 

[70], [74]. 

 

The free space path loss between two LOS aligned isotropic 

antennas depends on the Tx-Rx separation distance and the 

operating frequency as expressed in absolute numbers by the 

following equation [75] 

 

                            𝐹𝐹𝐹𝐹𝑃𝑃𝐿𝐿(𝑓𝑓, 𝑑𝑑) = (4𝜋𝜋𝜋𝜋𝜋𝜋𝑐𝑐 )2
,                              (1) 

where FSPL is the free space path loss expressed in 𝑑𝑑𝑑𝑑, 𝑑𝑑 is the 

separation distance between the Tx and Rx in meters, 𝑓𝑓 is the 

operating frequency in hertz, and 𝑐𝑐 is the speed of light at free 

space, which is approximately 3 × 108 𝑚𝑚/𝑠𝑠. After converting 

the previous equation to decibel units, the free space path loss 

is given by [75] 

 𝐹𝐹𝐹𝐹𝑃𝑃𝐿𝐿(𝑓𝑓, 𝑑𝑑) [𝑑𝑑𝑑𝑑] = 32.4 + 20 log10(𝑓𝑓) + 20 log10(𝑑𝑑).  (2) 

 

The units of operating frequency and Tx-Rx separation 

distance in Eq. 2 are 𝐺𝐺𝐺𝐺𝐺𝐺 and 𝑚𝑚, respectively. For a single 

frequency path loss models when taking into account the type 

of antennas used and the propagation mechanisms that affect 

the wireless signal, the path loss is not exactly proportional to 

the square of Tx-Rx separation distance. However, the path loss 

can be assumed to have a linear dependence with logarithmic 

distance as in the following equation [75] 

 𝑃𝑃𝐿𝐿(𝑑𝑑) = 𝑘𝑘1 + 𝑘𝑘2 × 10 log10(𝑑𝑑),                (3) 

 

where 𝑃𝑃𝐿𝐿(𝑑𝑑) denotes the path loss value as a function of the 

link distance (𝑑𝑑), 𝑘𝑘1and 𝑘𝑘2 are coefficients in 𝑑𝑑𝑑𝑑 and unitless, 

respectively. These coefficients describe the path loss behavior 

with the frequency and Tx-Rx separation distance. Depending 

on several techniques and ideas to find the values of the 

coefficients 𝑘𝑘1and 𝑘𝑘2 to fit the real measured data for such 

environments and scenarios. In general, the relative path loss in 

the NLOS case is greater than the LOS, and the path loss slope 

is also increased. The path loss prediction models defined and 

studied in this section are single-frequency models, which are 

the CI model, and the FI model. The values of path loss can be 

calculated theoretically by knowing the transmitted power, 

transmitting and receiving antenna gains, and the real received 

signal levels at the Rx side according to the following equation 
 𝑃𝑃𝐿𝐿(𝑑𝑑) [𝑑𝑑𝑑𝑑] = 𝑃𝑃𝑡𝑡 − 𝑃𝑃𝑟𝑟(𝑑𝑑) + 𝐺𝐺𝑡𝑡 + 𝐺𝐺𝑟𝑟 ,            (4) 

here 𝑃𝑃𝑡𝑡 is the transmitted power in 𝑑𝑑𝑑𝑑𝑚𝑚, 𝑃𝑃𝑟𝑟  is the received 

signal level in 𝑑𝑑𝑑𝑑𝑚𝑚, and 𝐺𝐺𝑡𝑡 and 𝐺𝐺𝑟𝑟  are the transmit and receive 

antennas gain in 𝑑𝑑𝑑𝑑𝑑𝑑, respectively. The values of 𝑃𝑃𝑟𝑟  are taken 

from the average of several received signal levels detected by 

the signal analyzer adopted in the measurement campaigns. The 

following two subsections introduce in some detail of the CI 

and FI large-scale path loss prediction models. 

 

 
 

Fig. 4. The receiver system [1]. 
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TABLE I  

CHANNEL SOUNDER SPECIFICATIONS AND PARAMETERS CONFIGURATION. 

 

 

 
 

Fig. 5. The indoor corridor environment [1]. 

 

A. The CI Path Loss Prediction Model 

 

The CI path loss prediction model is a model that depends on 

only one parameter that characterizes the dependence of the 

path loss on the 3𝐷𝐷 separation distance between the transmitter 

and the receiver. This parameter is called Path Loss Exponent 

(PLE), usually denoted by 𝑛𝑛. The value of this parameter 

changes with the environments and scenarios where the signal 

propagates. The CI model utilizes a physically-based reference 

distance. The value adopted for this work is 1 𝑚𝑚. Standardizing 

the CI model’s reference distance makes it easy to compare 

different frequency bands and other researchers’ measurements 

and allows for closed-form computing in the analysis [12]. 

Also, the motivation for using 1 𝑚𝑚 as a reference distance for 

both LOS and NLOS scenarios in the measurement campaigns 

is the fact that the mmWave bands exhibit a substantial variety 

in the path loss values in the first meter of propagation away 

from the transmitter [12]. The equation of the well-known CI 

path loss model is given by Eq. 5 [75] 

 𝑃𝑃𝐿𝐿𝐶𝐶𝐹𝐹(𝑑𝑑) [𝑑𝑑𝑑𝑑] = 𝐹𝐹𝐹𝐹𝑃𝑃𝐿𝐿(𝑓𝑓, 1𝑚𝑚) + 10𝑛𝑛𝑎𝑎𝛽𝛽𝑔𝑔10(𝑑𝑑) +  𝑋𝑋𝜎𝜎𝐶𝐶𝐹𝐹 , (5) 

 

where 𝑃𝑃𝐿𝐿𝐶𝐶𝐹𝐹(𝑑𝑑) is the path loss in 𝑑𝑑𝑑𝑑 at frequency f as a function 

of the separation distance (𝑑𝑑) between the transmitter and 

receiver, 𝑑𝑑 is the 3D Tx-Rx separation distance (have to be 

greater than 1 𝑚𝑚), 𝑛𝑛 is the PLE which is a coefficient that 

characterizes the dependency of the path loss on the distance,  𝑋𝑋𝜎𝜎𝐶𝐶𝐹𝐹 is a Gaussian distributed random variable with zero mean 

and standard deviation 𝜎𝜎 in 𝑑𝑑𝑑𝑑 that represents the SF [76], [78]. 

Shadowing defines the large-scale signal fluctuations of the 

models of large-scale path loss over the propagation distance 

caused by obstructions and other random propagation effects 

[77]. For researchers and engineers, the importance of the 

shadow fading lies in the fact that it can develop standards that 

provide large-scale fading statistical models without in-depth 

knowledge of the details of a site-specific environment [10]. 

The term  in the previous equation represents the free space path 

loss expressed in 𝑑𝑑𝑑𝑑; this value can be found at the operating 

frequency 𝑓𝑓 and 1 𝑚𝑚 separation distance, the values of 𝐹𝐹𝐹𝐹𝑃𝑃𝐿𝐿(𝑓𝑓, 1𝑚𝑚) are calculated by Eq. 6 

  𝐹𝐹𝐹𝐹𝑃𝑃𝐿𝐿(𝑓𝑓, 1𝑚𝑚) = 10 log10 (4𝜋𝜋𝜋𝜋𝑐𝑐 )2 .                (6) 

 

The value of the 𝐹𝐹𝐹𝐹𝑃𝑃𝐿𝐿(𝑓𝑓, 1𝑚𝑚) ranges from 32 to 72 𝑑𝑑𝑑𝑑 

when the operating frequency ranges between 1 and 100 𝐺𝐺𝐺𝐺𝐺𝐺, 

respectively. The CI model has an intrinsic dependency on the 

carrier frequency in the FSPL term. This model has a suitability 

for both single- and multi-frequency cases. Moreover, the CI 

path loss model can be used to estimate path losses from either 

co-polarization or cross-polarization or measurements, for a 

generalized data set that incorporates both cross-polarized and 

co-polarized (combined polarized) measurements (as in a 

functional cellular network with random device orientations) 

[70]. Note that the CI model is one of path loss models that 

depends on a physical anchor that catches path loss near the 

transmitter. 

 

 

 

 

Parameter Configuration Units 

Center Frequencies 14, 18, and 22 𝐺𝐺𝐺𝐺𝐺𝐺 

Bandwidth 100 𝑀𝑀𝐺𝐺𝐺𝐺 

Transmission Signal Continuous Wave − 

Tx and Rx Antennas Direc. Horn Ant. − 

Tx Antenna Power 10 𝑑𝑑𝑑𝑑𝑚𝑚 

Tx Antenna Height 1.6 𝑚𝑚 

Rx Antenna Height 1.6 𝑚𝑚 

Tx and Rx Ant. Gain at 14 GHz 19.5 𝑑𝑑𝑑𝑑𝑑𝑑 
Tx and Rx Ant. Gain at 18 GHz 20.95 𝑑𝑑𝑑𝑑𝑑𝑑 
Tx and Rx Ant. Gain at 22 GHz 22.1 𝑑𝑑𝑑𝑑𝑑𝑑 

Tx and Rx Elev. HPBW at 14 GHz 19.2 Degrees 

Tx and Rx Azim. HPBW at 14 GHz 18.4 Degrees 

Tx and Rx Elev. HPBW at 18 GHz 15.6 Degrees 

Tx and Rx Azim. HPBW at 18 GHz 15.4 Degrees 

Tx and Rx Elev. HPBW at 22 GHz 13 Degrees 

Tx and Rx Azim. HPBW at 22 GHz 15 Degrees 

Tx and Rx Ant. Polarization Vertical − 
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Fig. 6. Floor plan of the indoor corridor environment [1]. 

 

As mentioned above, the CI model has one parameter (PLE) 

that characterizes the losses at distances greater than the 

reference distance. This parameter needs to be optimized. The 

estimation of this parameter’s value was done using the MMSE 

technique. The MMSE approach fits the real measured data 

with the least error (by minimizing the value of 𝜎𝜎) utilizing the 

actual physical anchor point representing the power transmitted 

from the Tx antenna to the close-in reference distance [70]. To 

have the closed-form solutions for the PLE and the minimum  

 

 

SF standard deviation of the CI path loss prediction model in 

Eq. 5, assume that 

 𝑑𝑑 = 𝑃𝑃𝐿𝐿𝐶𝐶𝐹𝐹(𝑑𝑑),  𝐾𝐾 = 𝐹𝐹𝐹𝐹𝑃𝑃𝐿𝐿(𝑓𝑓, 1𝑚𝑚), and 𝐷𝐷 = 10 log10(𝑑𝑑) 

 

Then, the SF in Eq. 5 can be expressed as 

 𝑋𝑋𝜎𝜎𝐶𝐶𝐹𝐹 = 𝑑𝑑 − 𝐾𝐾 − 𝑛𝑛𝐷𝐷.                          (7) 

 

Using the MMSE approach, the standard deviation of the 

SF is given by 

 𝜎𝜎𝐶𝐶𝐹𝐹 = √∑(𝑋𝑋𝜎𝜎𝐶𝐶𝐹𝐹)2 𝑁𝑁 = √∑(𝐵𝐵−𝐾𝐾−𝑛𝑛𝛽𝛽)2 𝑁𝑁 ,               (8) 

 

where 𝑁𝑁 is the number of the Tx-Rx separation distances (from 

the measurement campaign, 𝑁𝑁 =  13). To have the optimum 

value of the PLE and 𝜎𝜎𝐶𝐶𝐹𝐹 , the partial derivative of the numerator 

of Eq. 8 with respect to the PLE should be equal to zero. Then 

 𝜕𝜕𝜕𝜕𝑛𝑛 (∑(𝑑𝑑 − 𝐾𝐾 − 𝑛𝑛𝐷𝐷)2) = 0,                  (9) 

after the derivative and simplification, the closed-form of the 

PLE can be written as 

 𝑛𝑛 = ∑(𝐵𝐵𝛽𝛽)−𝐾𝐾 ∑ 𝛽𝛽∑ 𝛽𝛽2 .                                 (10) 

 

Finally, the best fit minimum value of the SF standard 

deviation is given by 

 

𝜎𝜎𝑚𝑚𝑚𝑚𝑛𝑛𝐶𝐶𝐹𝐹 = √∑(𝐵𝐵−𝐾𝐾−∑(𝐵𝐵𝐵𝐵)−𝐾𝐾 ∑ 𝐵𝐵∑ 𝐵𝐵2 𝛽𝛽)2
𝑁𝑁  .                    (11) 

 

B. The FI Path Loss Prediction Model 

 

The FI path loss prediction model is a common model that 

depends on two parameters (𝛼𝛼 and 𝛽𝛽) and does not depend on a 

physical anchor that catches path loss near the transmitter. It 

depends mainly on the mathematical curve or surface that fits 

the real measured data. The values of the parameters of this 

model change with the environments and scenarios where the 

signal propagates. This model has been widely used in 3GPP 

and WINNER II standards [48], [70], [78]. The equation of the 

FI path loss model is given by Eq. 7 [75] 

 𝑃𝑃𝐿𝐿𝐹𝐹𝐹𝐹(𝑑𝑑) = 𝛼𝛼 + 10𝛽𝛽𝑎𝑎𝛽𝛽𝑔𝑔10(𝑑𝑑) +  𝑋𝑋𝜎𝜎𝐹𝐹𝐹𝐹  , 𝑑𝑑 > 1𝑚𝑚 ,  (12) 

where 𝑃𝑃𝐿𝐿𝐹𝐹𝐹𝐹(𝑑𝑑) is the path loss in 𝑑𝑑𝑑𝑑 at frequency 𝑓𝑓 as a 

function of the separation distance between the transmitter and 

receiver, 𝑑𝑑 is the 3𝐷𝐷 Tx-Rx separation distance, 𝛼𝛼 is the floating 

intercept (unlike the FSPL) in 𝑑𝑑𝑑𝑑, 𝛽𝛽 is the slope of the line 

(unlike the PLE) that characterizes the dependency of the path 

loss on the distance, and 𝑋𝑋𝜎𝜎𝐹𝐹𝐹𝐹 is a Gaussian distributed random 

variable with zero mean and standard deviation 𝜎𝜎𝐹𝐹𝐹𝐹  in 𝑑𝑑𝑑𝑑 that 

represents the SF large-scale signal fluctuations over the 

propagation distance. The parameter 𝛽𝛽 is equal to the PLE if 

and only if 𝛼𝛼 equal to the value of FSPL at the reference 

distance (𝑑𝑑0). Note that the Eq. 7 requires two parameters (𝛼𝛼 

and 𝛽𝛽) to be optimized. The estimation of these parameters’ 

values has been done using the MMSE technique to fit the real 

measured data with the least error (by minimizing the value of 𝜎𝜎). To have the closed-form solutions for 𝛼𝛼, 𝛽𝛽, and the 

minimum SF standard deviation of the FI path loss prediction 

model in Eq. 12, assume that 

 𝑑𝑑 = 𝑃𝑃𝐿𝐿𝐶𝐶𝐹𝐹(𝑑𝑑)[𝑑𝑑𝑑𝑑] and 𝐷𝐷 = 10 log10(𝑑𝑑), 
then, the SF in Eq. 12 can be expressed as 

 𝑋𝑋𝜎𝜎𝐹𝐹𝐹𝐹 = 𝑑𝑑 − 𝛼𝛼 − 𝛽𝛽𝐷𝐷.                             (13) 
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Using the MMSE approach, the standard deviation of the SF 

is given by 

 𝜎𝜎𝐹𝐹𝐹𝐹 = √∑(𝑋𝑋𝜎𝜎𝐹𝐹𝐹𝐹)2𝑁𝑁 = √∑(𝐵𝐵−𝛼𝛼−𝛽𝛽𝛽𝛽)2𝑁𝑁  .                    (14) 

 

To have the optimum value of the parameters 𝛼𝛼, 𝛽𝛽, and 𝜎𝜎𝐹𝐹𝐹𝐹  , 
the partial derivative of the numerator of the Eq. 14 with respect 

to both 𝛼𝛼 and 𝛽𝛽 should be equal to zero. Then 

 𝜕𝜕𝜕𝜕𝛼𝛼 (∑(𝐴𝐴 − 𝛼𝛼 − 𝛽𝛽𝑑𝑑)2) = 0,                      (15) 

 𝜕𝜕𝜕𝜕𝛽𝛽 (∑(𝐴𝐴 − 𝛼𝛼 − 𝛽𝛽𝑑𝑑)2) = 0,                      (16) 

 

after the derivative and simplification, the closed form of 𝛼𝛼 and 𝛽𝛽 can be written as 

 𝛼𝛼 = (∑ 𝛽𝛽2)(∑ 𝐵𝐵)−(∑ 𝐵𝐵)(∑(𝐵𝐵𝛽𝛽))𝑁𝑁 ∑ 𝛽𝛽2−(𝛽𝛽)2 ,                       (17) 

 𝛽𝛽 = 𝑁𝑁(∑(𝐵𝐵𝛽𝛽))−(∑ 𝐵𝐵)(∑ 𝛽𝛽)𝑁𝑁 ∑ 𝛽𝛽2−(𝛽𝛽)2 .                          (18) 

 

Finally, the best fit minimum value of the SF standard 

deviation can be found by substituting the value of 𝛼𝛼 and 𝛽𝛽 in 

Eq. 14. 

IV. RESULTS AND DISCUSSIONS 

 

The results and discussions of the LOS comparison study 

between the path loss models, and NLOS performance study of 

the models’ parameters will be outlined in this section. 

 

A. LOS Comparison Study Results and Discussions 

 

The measured (both LOS and NLOS) data were collected 

from the Rohde and Schwarz FSIQ 40 Spectrum Analyzer 

connected to a mechanically steerable directional horn antenna. 

The collected data was analyzed (using Excel and MATLAB) 

in order to present suitable large-scale path loss prediction 

models that describe indoor corridor environments at 14, 18, 

and 22 𝐺𝐺𝐺𝐺𝐺𝐺 frequency bands.  

 

Figures 7, 8, and 9 show the CI and FI models with the real 

measured data and the FSPL curves at 14, 18, and 22 𝐺𝐺𝐺𝐺𝐺𝐺, 

respectively. It is clear from these figures that both the CI and 

FI LOS path loss models fit the real measured data in all 

frequency bands used in this study (14, 18, and 22 GHz) and 

has comparable performance (the path loss curves for both CI 

and FI models are overlapped). For the CI model, the PLE 

values for the LOS scenario in this indoor corridor environment 

were 1.3720, 1.5843, and 1.6584 at 14, 18, and 22 GHz, 

respectively. It is worth noting that the PLE increased 

logarithmically and not linearly with the operating frequency. 

However, all these values are much lower than the value of the 

theoretical free space path loss exponent (FSPLE=2) as shown 

in Figures 7, 8, and 9. This is due to the richness of reflections, 

diffractions, and the waveguiding effects in this environment so 

that the multipath components at the receiver side will result in 

constructive interference. The values of the minimum standard 

deviation for the Gaussian random variable that represents the 

SF were between 2.1897 and 1.3120 dB at 14 and 22 GHz. It is 

clear that the standard deviation values decreasing with the 

frequency. For the FI model, the parameter values of a (floating-

intercept) were 55.4430, 57.4784, and 61.0364 dB at 14, 18, and 

22 GHz, respectively; and b (slope of the path loss curve) values 

were between 1.3650 and 1.5026, these values are 

approximately the same as the PLE values which make the 

same behavior in this environment. Moreover, it can be seen 

that the FI model provides the same standard deviation values 

as the CI model in the LOS scenario. Table II summarises the 

LOS parameters of the CI and FI path loss models at all 

frequencies. Figures 10 and 11 show the CI and FI path loss 

models curves at the frequency bands adopted in this work. 

 
TABLE II 

THE LOS COMPARATIVE STUDY RESULTS. 

 14 𝐺𝐺𝐺𝐺𝐺𝐺 18 𝐺𝐺𝐺𝐺𝐺𝐺 22 𝐺𝐺𝐺𝐺𝐺𝐺 
PLE (n) 1.3720 1.5843 1.6584 𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎𝑪𝑪𝑪𝑪  [dB] 2.1897 1.5337 1.3120 𝜶𝜶𝑭𝑭𝑪𝑪 [dB] 55.4430 57.4784 61.0364 𝜷𝜷𝑭𝑭𝑪𝑪 1.3650 1.5904 1.5026 𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎𝑭𝑭𝑪𝑪 [dB] 2.1895 1.5335 1.1168 

 

 

 
Fig. 7. 14 𝐺𝐺𝐺𝐺𝐺𝐺 LOS directional large-scale path loss prediction models. 
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Fig. 8. 18 𝐺𝐺𝐺𝐺𝐺𝐺 LOS directional large-scale path loss prediction models 
 

B. NLOS Performance Study Results and Discussions 

 

This section represents the NLOS performance study of the 

CI and FI path loss models in terms of the AoA. It is clear and 

known that NLOS communications have higher path loss 

values than the LOS. However, we need to see how the behavior 

of these path loss models when taking into account the AoA for 

enclosed environments such as corridors. The collected NLOS 

data is analyzed (using Excel and MATLAB) in order to 

calculate the parameters of the CI and FI models. The value of 

the AoA has increased by 30 (approximately 130 to 230% of 

the HPBW of the horn antennas used) at each Tx-Rx separation 

distance in the measurement campaigns. Fig. 12 represents the 

performance of the PLE as a function of the AoA at 14, 18, and 

22 GHz bands. It is observed that the PLE exhibits symmetrical 

behavior around 180 AoA, which is due to the symmetric nature 

of these indoor corridor environments and the waveguiding 

effects. The PLE values change within a small band and have a 

better performance at 30 and 330 AoA (near the LOS path) and 

180 AoA (total symmetrical reflection from the back wall and 

side walls). Also, it is worth knowing that when the antennas 

are aligned on boresight or 180 misalignment, the effect of the 

main lobe and back lobe results in the gain (path loss exponent 

reduction). Furthermore, it is notable that the 18 GHz band has 

the highest PLE values in the NLOS scenario, which means the 

reflections from the dry concrete and bricks become difficult at 

this band compared to the other frequency bands used (14 and 22 𝐺𝐺𝐺𝐺𝐺𝐺). Figures 13 and 14 show the behavior of the 

parameters, 𝛼𝛼 and 𝛽𝛽 of the FI model, respectively. The values 

of 𝛼𝛼 increased with the frequency since this coefficient 

represent the floating-intercept. It is observed that the 

performance of 𝛽𝛽 is comparable to the performance of the PLE, 

and both have worst values at the 18 𝐺𝐺𝐺𝐺𝐺𝐺 band. Tables III, IV, 

and V summarize the performance of the CI and FI path loss 

models as a function of the AoA. It can be seen that the FI 

model provides lower values of the minimum standard 

deviation (from 1.8 to 2.9 𝑑𝑑𝑑𝑑) compared to the CI model in the 

NLOS scenario at all the selected frequency bands.  

 

 
. 

 
 

 
Fig. 9. 22 𝐺𝐺𝐺𝐺𝐺𝐺 LOS directional large-scale path loss prediction models. 

 

 

 
Fig. 10.  LOS directional large-scale CI path loss prediction models at 14, 18, 

and 22 𝐺𝐺𝐺𝐺𝐺𝐺. 

 

 
Fig. 11.  LOS directional large-scale FI path loss prediction models at 14, 18, 

and 22 𝐺𝐺𝐺𝐺𝐺𝐺. 
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V. CONCLUSION 

 

This paper presents results of measurement campaigns that 

have been carried out in an indoor corridor environment at 14, 18, and 22 𝐺𝐺𝐺𝐺𝐺𝐺 frequency bands. The measurements were 

performed using channel sounder based on Rohde and Schwarz 

SMF 100A for Radio Frequency Signal Generator as the 

transmitter, and Rohde and Schwarz FSIQ 40 Signal Analyzer 

as the receiver for all the frequency bands considered. Two path 

loss prediction models are presented, investigated, and 

compared for both the LOS and NLOS communication 

scenarios of this environment using two vertically polarized 

high-gain directional steerable antennas. The path loss models 

adopted in this work are the single-frequency CI model and the 

single-frequency FI model. The LOS performance study 

showed that both CI and FI models have very similar 

performance at all frequencies and fit the real measured data. 

The PLE of the CI model has a notable increase with the 

frequency since the LOS range of its value was 1.37 and 1.66 

at 14 and 22 𝐺𝐺𝐺𝐺𝐺𝐺, respectively. However, all the LOS values 

of the PLE were less than the value of the FSPLE. Moreover, 

the performance study considered an investigation of the 

behavior of the CI and FI models’ parameters as a function of 

the AoA in the NLOS communication scenario. 

 

The results showed that the parameters of the path loss 

models exhibit symmetrical behavior around 180° AoA; this is 

because of the symmetry of the environment used and the 

abundance of reflection, diffraction, and waveguiding effects in 

enclosed environments such as corridors. Also, it is clear that 

the models’ parameters change within a small band and have a 

better performance at the AoA of 30° and 330° (near the LOS 

path) and 180° (total symmetrical reflection from the back wall 

and side walls). Besides, the MMSE technique was adopted to 

optimize the parameters of the path loss models. This technique 

fits the real measured data with the least error (by minimizing 

the value of the standard deviation 𝜎𝜎). It was notable that the FI 

model provides the same standard deviation values as the CI 

model in the LOS scenario. On the other hand, the FI model 

provides a notable reduction (from 1.8 to 2.9 𝑑𝑑𝑑𝑑) compared to 

the CI model in the NLOS scenario at all frequency bands. Also, 

the LOS and NLOS results reveal that the CI and FI models can 

be trusted as good path loss models for corridor environments 

and exhibit stable behavior over distances and frequencies. 

Finally, it can be seen that because of the frequency jump from 

the cmWave to the mmWave regime, future millimeter-wave 

communications need to use higher gain antennas even in 

indoor environments to compensate for the extra path loss. 

 
Fig. 12. PLE as a function of the AoA at 14, 18, and 22 𝐺𝐺𝐺𝐺𝐺𝐺. 

 
Fig. 13. Alpha FI as a function of the AoA at 14, 18, and 22 𝐺𝐺𝐺𝐺𝐺𝐺. 

 

 

 
Fig. 14. Beta FI as a function of the AoA at 14, 18, and 22 𝐺𝐺𝐺𝐺𝐺𝐺. 

 

 

 
 



Vol.112 (1) March 2021SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS42

TABLE III 
THE NLOS RESULTS AT 14 GHz FREQUENCY BAND.

 𝟑𝟑𝟑𝟑° 𝟔𝟔𝟑𝟑° 𝟗𝟗𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟐𝟐𝟑𝟑° 𝟏𝟏𝟐𝟐𝟑𝟑° 𝟑𝟑𝟑𝟑𝟑𝟑° 𝟑𝟑𝟑𝟑𝟑𝟑° 

PLE (n) 2.0026 2.0950 2.0965 2.0954 2.1006 2.0604 2.1049 2.0968 2.0952 2.0832 1.9707 𝝈𝝈_𝒎𝒎𝒎𝒎𝒎𝒎^𝑪𝑪𝑪𝑪 [dB] 4.7321 6.1836 6.2510 6.1975 6.3989 6.3677 6.6259 6.3709 6.3048 5.8007 4.5872 𝜶𝜶_𝑭𝑭𝑪𝑪 [dB] 64.907 67.663 67.766 67.683 68.051 67.981 68.470 68.003 67.879 66.954 64.638 𝜷𝜷_𝑭𝑭𝑪𝑪 1.1512 0.9977 0.9900 0.9962 0.9687 0.9347 0.9356 0.9691 0.9786 1.0492 1.1433 𝝈𝝈_𝒎𝒎𝒎𝒎𝒎𝒎^𝑭𝑭𝑪𝑪[dB] 2.8563 3.8198 3.8772 3.8320 3.9731 3.9574 4.1294 3.9516 3.9071 3.5566 2.7565 
TABLE IV 

THE NLOS RESULTS AT 18 GHz FREQUENCY BAND.

 𝟑𝟑𝟑𝟑° 𝟔𝟔𝟑𝟑° 𝟗𝟗𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟐𝟐𝟑𝟑° 𝟏𝟏𝟐𝟐𝟑𝟑° 𝟑𝟑𝟑𝟑𝟑𝟑° 𝟑𝟑𝟑𝟑𝟑𝟑° 

PLE (n) 2.3784 2.3478 2.4074 2.4114 2.4166 2.3503 2.4205 2.4110 2.4048 2.4198 2.3712 𝝈𝝈_𝒎𝒎𝒎𝒎𝒎𝒎^𝑪𝑪𝑪𝑪 [dB] 5.1256 6.1998 7.0995 7.3051 7.3583 7.2440 7.5195 7.1811 6.9884 7.6524 6.5631 𝜶𝜶_𝑭𝑭𝑪𝑪 [dB] 66.368 69.824 71.492 71.878 71.977 71.749 71.974 71.653 71.301 72.513 70.507 𝜷𝜷_𝑭𝑭𝑪𝑪 1.3966 1.2525 1.1633 1.1328 1.1292 1.0832 1.1068 1.1525 1.1777 1.0845 1.2149 𝝈𝝈_𝒎𝒎𝒎𝒎𝒎𝒎^𝑭𝑭𝑪𝑪[dB] 2.7100 3.8568 4.4726 4.6108 4.6470 4.5767 4.7594 4.5234 4.3891 4.8522 4.1007 
TABLE V 

THE NLOS RESULTS AT 22 GHz FREQUENCY BAND.

 𝟑𝟑𝟑𝟑° 𝟔𝟔𝟑𝟑° 𝟗𝟗𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟏𝟏𝟑𝟑° 𝟏𝟏𝟐𝟐𝟑𝟑° 𝟏𝟏𝟐𝟐𝟑𝟑° 𝟑𝟑𝟑𝟑𝟑𝟑° 𝟑𝟑𝟑𝟑𝟑𝟑° 

PLE (n) 2.2099 2.2585 2.2752 2.2747 2.2751 2.2523 2.2738 2.2775 2.2754 2.2542 2.2192 𝝈𝝈_𝒎𝒎𝒎𝒎𝒎𝒎^𝑪𝑪𝑪𝑪 [dB] 5.9301 6.5796 7.0322 7.1340 7.2209 7.2314 7.1801 7.2062 7.1997 6.6957 6.0301 𝜶𝜶_𝑭𝑭𝑪𝑪 [dB] 71.531 72.732 73.565 73.751 73.910 73.927 73.836 73.883 73.871 72.949 71.703 𝜷𝜷_𝑭𝑭𝑪𝑪 1.1178 1.0592 1.0016 0.9845 0.9707 0.9464 0.9761 0.9755 0.9745 1.0355 1.1118 𝝈𝝈_𝒎𝒎𝒎𝒎𝒎𝒎^𝑭𝑭𝑪𝑪[dB] 3.4265 3.8787 4.1946 4.2664 4.3277 4.3360 4.2988 4.3173 4.3128 3.9580 3.5037 
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