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Ab~·tract- Mobile data traffic has ra pidly increased in the
last few years becau se of the cont inuous dem and for higher data
rates through a rapidly growing Dumber of connected devices
and the adva ncing technntogy of smartphones. Consequently,
researc hers have focused on frequency bands great er than
6 GHz becau se of th eir ability to meet the requirements of the
upcoming fifth- generation (SG) wireless system, and oth er
mul timedia sem en th at sup port high-speeds up to several
giga bits per second, This research paper present s propagation
me asurem ent s th at ha ve been conducted in a typ ical indoor
corridor environment for both line-of-sighl (LOS) an d non-line­
of-sight (:-.ILOS) comm unication scenari os at three fre quencies
in the super high frequency (SHF) ba nd, which are 14, 18, and
22 GHz. Moreover, th is work aims pri maril y to investigate the
effect of changing th e ante nna height on th e perform ance of two
wen-known path loss prediction models. The models considered
in th is work are th e close-in (CI) free space refere nce distan ce
model and th e floating-interc ept (fI) model. Furt her more , this
st udy present s mean square error (MSE) between the sa me and
different antenn a heights . The res ults observed that th e CI
model provid es more stabili ty tha n the FI model at th e
fre quency ba nds select ed in th e LOS communica tion scena rio.
In contra st, both models have compa ra ble performa nce in the
:-.ILOS scena rio. Furthermore, the 22 GHz fr equ ency band has
atrracttve behavior since the impac t of th e antenna's height is
negligible a t this band compa re d to 14 and 18 GHz frequ ency
bands at both the CI and FI models in the LOS an d NlOS
scena rios. Finally, the results show th at both models are suita ble
for predictin g path loss in enclosed environments like corridors.

Keywords-mm Wave, path loss, propagation measurements,
antenna height, indoor corridor.

I. INT RO DUCTI ON

Th e rapid increas e in mobile data traffic accelerates
research on the frequency bands above 6 GHz (i.e., the super
high freq uency (SHF), the millimeter-wave (mmWave), and
higher frequen cy bands) [1]-[6]. The reason behind that is to
address the disability of today' s centimeter-wave (crnWave or
mi erowave) that will not meet the requiremen ts of the fifth ­
gen eration (5G) wireless network and other multimedia
services because of the scarcity of the bandwidth [1][7]-[10].

Th e SHF (3-30 GHz) and the mmWave (30-300 GHz)
frequency bands have similar behavior and propagation
characteris tics, hence both called mmWave [ I][ ll ]. Th ese
bands offer am ounts of contin uous bandwidth that can offer
high peaks of data transmission up to several gigabits per
second [1][4]. However , the jump to the mm Wave regime
poses wireless chann el characteristics and behaviors far from
the microwave bands. Accordingly, accurate und erstanding
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and modeling of the mmwave channe l in different outdoor
and indoor environments are vita l for r eliabl e deployments of
5G system and other high-speed multimed ia services
[10][12]-[141 ·

Th e mmWave frequen cy regime was used in man y high­
speed applications such as the local mu ltipoint distributi on
services (LMOS), radar, active and passive earth exploration s,
satellite communications , point-to-point communications, and
in the military applicat ions [11][15][16]. Also, the SHF band
was heavily expl oited by these applications.

In order to model and characterize the wireless chann el at
mmwave, a massive number of measuremcnt campaigns have
been carri ed out wor ldwide in different indoor and outdoor
environments and scenarios. Th e path loss exponent (PLE)
and the shadow fading (SF) standard deviation are calculated
at different indoor and outdoor scenarios in the Islamic
struct ured environments in the Arabian Peninsula at 28 GHz
frequency band [4][ 17]. The design of buildings in those areas
is different from other places in the world, and the outdoor
temperature is high (usually exceeding 40 DC most of the
time). Extensive measuremen ts and path loss models are
presented and compared for closed plan indoor environmen ts
at 28 and 73 GHz report ed in [18]. Accurate modification of
the free space (FS) and the Stanfo rd University Interim (SUI)
models and directional mmwave path Joss mod els at 28, 38,
60, and 73 GHz can be found in [19][20]. Zhang et aJ. [12]
presented indoor measurements and characterization of the
wireless channel for office, hall , and classroom scenarios at
27-29 GHz and examined the effect of the furniture in the
office scenario. Comparison study of path loss models at 30,
140, and 300 GHz based on measurements in an indoor
environment was reported in [10]. Th e PLE values of the line­
of-sight (LOS), non-line-of-sight (N LOS), and obstructed
LOS scenarios at the D-band (1 10-170 GHz) are presented in
[2 1]. Other studies tha t were considered in the literatur e
review for various indoor environments include corridors
[1]19][20] , dining room [7], laboratories and classrooms
[7)[12][23], hall, [7][24], office, [7][18][24J, and shopping
mall s [25].Re1ated works in outdoor environments can be
found in (3)[ II ][13J[1 8][26J-[33].

Oyie and Aful lo [I] presented path loss prediction mod els
based on real measured data coll ected in an indoor corridor
environment at 14, 18, and 22 GHz for both LOS and NLOS
scenar ios. This study main ly focused on comparing the close­
in (CI) free space referen ce distance model with the dua l-slope
(OS) CI model. Th e results of this work show that the OS
model has better performance than the CI model in terms of
fitting the real measured data and min imizing the standard
deviation ofthe SF. Th e same authors have extended this work
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B. Measurements Scenario and Experimental Procedures

level , whereas the height of the receivin g antenna was fixed at
1.6 m above the floor leveL The polarization of the antennas
is verti cal. Table I provide s a detailed summary of the
measurements setup considered in this work.

MEASUREMENTS SETUP AND CON FIGURATIONS

Fig. I : The architecture of the channe l sounder.

TA BLE I.

...._,....­--

..-.--

Parameter Conftgurattce Units
Cenler Fr ucnc 14 18 and 22 GH.

Bandwidth 100 MH.
Transmitte d Si I Continuous -

'rx and Rx Antenna T rxrec. Hom Ant. -
Transmitted Power 10 d8m
Tx Antenna Hei ht 1.6 and 2.3 m
Rx Antenna Height I.' m

Antennas Polarization Vertical -
Antennas Gain at 14GHz 19.5 dBi

Antenna s BPBW at 14 GHz Azim. 18.4°. Elev. 19.2° Do"",
Antennas Gain at 18 GHz 20 .95 dBi

Antennas HPBW al 18 GHz Azim. 15.4°, Elev. 15.60 Degree

Antennas Gain at 22 GHz 22.1 dBi

Antenna s BPBW at 22 GHz Azim. 15°, Elev. 13° Degree

The measurement environment is a typ ical indoor corridor
with dimensions equal to 3 0 m , 1.4 m, and 2.63 m for the
length , width , and height, respectively. The corridor is made
of dry conerete and bricks, and contains an elevator, a
staircase, and wooden doors for offices. The measurement s
have been carri ed by moving the Rx antenna away from the
Tx antenn a start ing from 2 m Tx- Rx separation distance until
24 m with increm ental steps of 2 m . The num ber of the Tx­
Rx separat ion distances is 13 considering the reference
distance <Lrl m. For every single step, 10 dBm tran smitted
signals from the signa l generator received by the signal
ana lyzer for both LOS and NLOS communication scenarios at
14,18, and 22 GHz frequency bands.

Th e LOS scenari o considered when both antennas aligned
on boresight with out any obstacle in the tran smitting signal
path between them. For the NLOS scenario, no obstacles were
considered in the wireless channe l between the Tx and Rx
antenn a, however, the antennas are misaligned, and the Rx
antenna was rotating in the azimuth plan e by 10° incremental
steps having 36 angle s of arrival (AoA). Th is procedure was

Th e rest of this paper is organized as follows. Th e
description of the measurement campaigns is given in Section
II. The path loss model s adopt ed in this study are presen ted
and briefly derived in Section III . The results and discussions
are provided in section IV. Finally, the conclusion ofthis work
is presented in Sect ion V.

Th e wireless chann el sounder utilized in the measuremen t
campaigns consists of Rohd e and Schwarz SMF 100A Signal
Generator, Rohde and Schwarz FSIQ 40 Signal Analyzer with
a frequency range from 20 Hz to 40 GHz and a maxi mum
working bandwidth of 120 MHz, two identic al high -gain
antennas, and coaxia l cables and conn ector s. Fig. I shows the
channel soun der adopted in these measurement campaigns.

Th e type of the transmitting and receiving antennas used
is directional pyramidal horn ant ennas with a directional gain
equal to 19 .so , 20.95° , and 22 .P at 14 , 18, and 22 GHz ,
respectively. Th e antennas have a hal f-power beamwidth
(HPBW) values ranging from 13° to 19.2° and from 15° to
18.4° in the elevation and azim uth plans, respectively. Two
practical transmitting antenna he ights have been consider ed in
the measurement s, which are 1.6 m and 2.3 m abov e th e floor

in [22] by comparing the DS model with the alpha-beta ­
gamma (ABG) model considering the waveguiding effect ,
modal atten uation of signal strength , and the propagation
mechanisms such as diffraction and reflection. This study
performed at the same frequency bands in two diffe rent indoor
corridor environments, which are concrete-based corridor and
glass-based corridor. Th e outcome reveals that both the ABG
and the DS CI path loss prediction models are suitable for
indoor environments due to their accuracy of fitting the rea l
measured data with lower va lues of the SF standard deviation
in the ABG model.

In [14], LOS probability and omnidirectional path loss
models were presented for indoor corridor envir onmen ts at 18
GHz frequency band tak ing into consideration mat erials and
the structure of the indoor corridor. The proposed mod els
improved the accuracy of the existing models and offered
reliable omnidirectional mode ls for indoor wireless
communications. How ever, the previous works did not
investigate and highlight how these mod els behave when the
antenna height changes. Consequently, this paper tries to fill
this gap by presentin g the pcrfonnance of the well-kn own CI
model and the floating-Intercept (Fl] model in tCJTt1S of
changing the transmitter (Tx) ant enna height based on real
measured data that have been collected. Also, this stud y
investigates the sens itiv ity and stability of the models'
parameters according to that for both LOS and NLOS
communication scenarios at 14, 18, and 22 GHz in an indoor
corridor env ironment.

II. MEASUREMENT CAMPAIGNS DESCRIJYfION

Th is section describe s the measurement campaigns that
have been con ducted on the 5'" floor of the Electrical ,
Electronic, and Computer Engineering (EECE) Department,
Univers ity of KwaZulu-Na tal, Howard College Campus,
Durban, South Afiica. Th ese measurements have been
carri ed out, aiming to mod el and investigate the path loss for
both LOS and NLOS communication scen arios at three
frequency bands above 6 GHz, which are 14, 18, and 22 GHz .

A. Channel Sounder and Measurements Setup
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repea ted for two typical Tx antenna height s, which are 1.6 m
and 2.3 m above the floor level. The Receiver relied mainly
on reflections and diffractions to catch the signal , as shown in
Fig. 2 that represents the floor plan of the indoor corridor
adop ted in this study. More details about the measuremen ts
can be found in [1][14J[22].

Fig. 2: Floor plan of the indoor corridor environment.

III. PATH LOSS PREDICTION 1\l O DE LS

Designing and analyzing reliable communication systems
in terms of th e prediction of signal strength and link budget
need to have accurate path loss prediction model s covering
all potential communication scenarios in all indoor and
outdoor environments.

FSPL{f,d) =k, + 2 x l Olog,, (d) , (3)

where k1 is a coefficient in dB. The path loss dependency on
the operating frequency is included in k1 . Note that from Eq.
(3), the value 2 is the PLE of the free space . However, this
value will be changed because of the wireless channel
characteristics (reflections, diffractions, scattering, etc.) and
the communication scenario (i.e., LOS or NLOS). In general,
the value of the PLE in the LOS scenario is smaller than the
values in the NLOS scenario. Also . the value of this critical
parameter is less than 2 for indoor environments and greater
than 2 for outdoor environmen ts. Eq. (3) can be gen eralized
to represent the path loss for every climate and
communica tion scenario from the following formula

PLed) = k 1 +k 2 X 10 10gl O(d ) , (4)

where k2 is the PLE (also called power decay index) , which
is a un it less coefficient that describes the path loss behavior
with the Tx -Rx separation distance . Depending on the
princ iple used to calculate the value of coefficients k1 and
k2 • There are many path loss model s. We adopted the CI and
FI models in this work . The path loss from the link budget as
a function of the transmitted power (Pt ), received power (Pr ).
transmitting antenna gain (Gt ), and receiving antenna gain
(Gr ) is given by

wher e d is the Tx-Rx separation distance in meters, f is the
opera ting frequency, and c is the speed of light in the free
space whi ch is approximately equal to 3 x lOBm] s. Eq. (1)
can be expressed in decibel' s units considering d and f as
variables, as shown in Eq. (2)

FSPL([. d) =k + 2 x 10 10g l O(d) + 2 x 1010g10 ([) , (2)

where k is a constant considering the value of 4 11" after
c

converting it to the decibel's scale. For single-frequency path
loss modeling, the term 2 x 10 10gl O(f) is a constant, then

All the existing path loss models can be derived starting
from the Friis equation, which represents the free space path
loss betw een two isotropic anten nas aligned on boresight
(i .e., LOS path between the antennas without any obstacle in
between). The free space path loss (FSPL) depends mainly on
the operating frequency and the Tx-Rx separa tion distance,
as expressed in Eq. (1)

The path loss represents the reduction of the signals '
power as it travel s through the wireless comm unication
channel between the transmitting and receivi ng antennas.
Thus, this primary parameter causes the contraction of the
cell coverage area and affects the signal-to-noise plus
interference ratio (SNIR) and the data transmission rates [1].
Mode ling the large-scale path loss can be achieved
determin istically, stochastically, or empirically. However,
the characterization of the wireless propagation channels
based on measurements is more comfortable and reliable
[3][30]. Th is section presen ts a full description and deri vation
oftwo well-known path loss prediction models, which are the
CI and FI models.

PLed) =P, - P, (d) +G, - G, . (5)

Note that the received power in Eq. (5) depen ds on the Tx-Rx
separation distance . Also, the previous equation is used to
have the measured path loss values by knowing the Rx signal
levels detected by the signal analyzer .

The CI model can be expressed from Eq. (4) by rep lacing
k1 and k2 by the FSPL at a parti cular reference distance do
and the PLE (n), respectively. The reference distance of the
Cl model adopted in this study is 1 m . Standardizing the
reference distance of the CI model makes it easier to compare
various freq uency bands and works of other researchers, and
enables closed-form computation in the ana lysis [I I] . The
reason for using 1 m as a reference distance for both LOS and
NLOS scenarios in the measurement campaigns is that the
SHF and mmWave bands present a significant variety of path
loss values within the first meter of propagation away from
the transmitter [11). After considerin g the SF that descr ibes
the signal fluctuations because ofshadowing and other effects
that affect the propagatio n signals traveling through the
transmission chann el, the CI model can be expressed by the
followin g equation

wher e FSPL(f. 1m ) is the value ofthe FSPL at the opera ting
frequency and reference distan ce do =1m, n represents the
PLE, and X&' is the SF Gaussian random variable with zero
mean and standard deviation o , The minimum mean square
erro r (MMS E) technique is used to find the parameters ofthe
CI model (i.e., n and a).

PLc,(d ) = FSPL(f, 1m ) + 10nloBlO(d) + X&l , (6)

A. The CI Path Loss Prediction Model

( I)FSPL(f. d) =e:dff,
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B. The Fl Path Loss Prediction Model

Fig. 3: The Cl LOS path loss predictionmodelat three frequency
bandsand two antenna heights.

The FI model can be expressed from Eq. (4) by replacing
k t and k 2 by the parameters a and p, respectively. The full
equation of the FI model is given by

PLI'l (d) =a + 10plo9 to(d) + X!', (7)

where a and p are the floating-intercept and the slope of the
path loss line. These parameters, unlike the CI model' s
parameter that depends on the physical anchor that catches
the path loss value near Tx, the FI model depends on the
mathematical curve that fits the real measured data. The
parameter p is equal to the PLE if and only if a equal to the
value of FSPL at the reference distance (do). The MMSE
approach is used to find the parameters of the Fl model (i.e.,
a , e.and X! I) .
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IV. RESULTS AND DISCUSSIONS

This section presents the results and discussions of
investigating the effect of changing antenna height on the
parameters of the path loss prediction models considered at
14, 18, and 22 GHz for both LOS and NWS communication
scenarios. This study has been motivated by knowing that the
behavior of the wireless channel after 6 GHz (i.e., SHF and
mmwave frequency regime) is different from today s 4G
microwave frequency bands. Considering and investigating
two practical heights provides reliable path loss models and a
vision of how the wireless channel in enclosed environments
such as corridors behaves in tenns of their stability and
dependency. Figures 3 and 4 represent the CI and FI path loss
models for the LOS scenario at 14 . 18 . and 22 GHz,
respectively. It reveals thai from figures 3 and 4, the CI model
provides more stability than the FI model, and the effect of
antenna height is minimum at 22 GHz frequency band It can
be seen in figures 5 and 6 that Ute mean square error (MSE)
between the same and different antennas height ranging
between 10-4 and 10- 2 for the CI model and from 10-2 to
10- 1 for the FI model. The MSE curves reveal that the CI
model parameters are less sensitive than the FI model
parameters in terms of changing the antenna heights. The
increasing range of the PLE due to changing the Tx antenna
height is from 3.32% to 7.27 % of its value when both
antennas have the same height. Table II shows the parameters'
values of the path loss models at 14, 18, and 22 GHz for the
LOS scenario. It is notable from Table II that the standard
deviation of the SF has a rapid increase because of antennas'
height mismatching.
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Fig. 4 : The FI LOS path loss prediction model al three frequency
bands andtwo antenna heights.

Fig. 5: The MSE between two CI LOS path loss prediction
models with different antenna heights at three frequency bands.
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LOS COM.\WNICATION SCENARIO RESULTSTABLE II.

Frequency Band , aDd T:I ADleDDaHeights
14GHz 18 (;Hz 22 GH:

1.6", 1.J", 1.6 ", 1.Jm 1.6 ", 1.J",

PU: (D) 1.372 1.4 16 1.584 1.699 1.658 1.714

CI 2.190 5.369 1.534 1.997 1.312 4.801Umln IdBI
aFlldBJ 55 .44 61.83 57.48 59.07 61.04 67.6 3

P FI 1.365 0.823 1.590 1.563 1.503 0 .970

FI 2.190 4.359 1.534 1.904 1.117 3.489(TmlnldBI
~,~~

Figures 7 and 8 show the CI and Fl path loss models for
the NLOS scenario at 14 , 18 , and 22 GHz , respectively. It
can be noted that for the NLOS scenario, the PLE value
changes by 7.35% to 0.69% at 14 and 22 GHz . Also, it is
clear from figures 7 and 8 that the 18 GHz band has the worst
performance in both CI and FI models since their curves move
away from each other at this frequency band as the Tx-Rx
separation distance increased. Moreover, from both of the
figures, it can be seen that the 22 GHz frequency band has the
highest path loss value. The MSE plots at the three frequency
bands for the NLOS communication scenario are represented
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Fig. 8: The FI NLOS path loss prediction model at three
frequency bands and two antenna heights.

Frequency Bands and Tx Auten na Heigbt s
14 GHt l I GHt 22GHt

J.6 ", 1.3 ", J.6 ", 1.3 ", J.6", 1.3 m

PLE (n) 2.013 1.921 2.377 2.109 2.259 2.274

CI 5.984 6.022 6.866 6.593 6.858 7.150~mi~ ldB I

a FlldBI 67.27 6652 71.02 10. 16 73.24 73.78

PFI 1.010 0.926 1.172 0.964 1.0\ 4 0.982

O~in ldBI 3.693 4.09\ 4.3 \8 4.194 4.075 4.279
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NLOSCO~UNICATION SCENARIO RESULTS

"
•

TABLE III.in figures 9 and 10. For the NLOS scenario, the variation of
the standard deviat ion is quite small compared to the LOS
scenario. This is due to the waveguiding effect, and the
richness of reflections and diffraction, makin g constructive
interferen ce of the multiple signal components reached the Rx
side in both cases (i.e., same and different antenna heights).
For both the LOS and NLOS scenarios, the 22 GHz frequenc y
band has attractive behavior in terms of it being less sensitive
to changes in antenna height in both the CI and FI models.
Variation of antenna height changes the angle of incidence of
the transmitted signals on the obstacles in the proximit y ofthe
receiver antenna. At higher frequency (22 GHz), or smaller
wavelengths, the results suggest that the changes in angles of
the incident have insignificant effects on the reflected signals.
Future generation networks will bedeployed in small cells due
to high path loss at frequencies above 6GHz. The expected
points of fixing the transmitter antenna are ceiling and lamp
posts in indoor s and outdoors, respectively. The heights of tbe
transmitter antennas are likely to varydepending on the nature
oftbe deployment scenario. Table III summarizes the NLOS
parameters of the CI and Fl path loss models at three
frequ encies with two different Tx antenna heights .

This work will be extended to cover higher frequency
bands in differen t communication scenarios. This technique
will open the scope for having improved path loss prediction
models that lake into account the hight of the Tx and Rx
antenn as. Hence, providing more precision in predicting the
path loss for systems' design and link budget calculat ions.
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Fig. 9: The MSE between two CI NLOS path loss prediction
models with different antenna heights at three frequency bands .
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Fig. 6: The MSE between two FI LOS path loss prediction
models with different antenna heights at three frequency bands.
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Fig. 7: The CI NLOS path loss prediction model at three
frequency bands and two antenna heights.

Fig. 10: The MSE between two FI NLOS path loss prediction
models with different antenna heights at three frequency bands .
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v. CONCLUSION

In this paper, measurement campaigns have been carried
out to investigate the effect of the antenna height on the
performance ofthe CI and FI path loss prediction models. The
measurements' environment was an indoor corridor on the 5th
floor of the Electrical, Electronic, and Computer Engineering
(EECE) Department, University of KwaZulu-Natal, Howard
College Campus, South Africa. The measurements were
performed for both the LOS and NLOS communication
scenarios at three frequency bands above 6 GHz, which are
14, 18, and 22 GHz. The LOS results reveal that the CI model
offers more stability than the FI model at the frequency bands
selected. For the NLOS scenario, both models have the same
sensitivity to the change of antenna height. Moreover, the
results show that both models have a notable increase in the
SF standard deviation when compared with the NLOS. In
addition, it is clear from the results that the effect of antenna
height is negligible at 22 GHz frequency band for both the CI
and FI models in the LOS and NLOS scenarios. Finally, the
CI model can be trusted as an accurate and stable path loss
model for enclosed environments such as corridors. Further
studies that investigate the impact of the angle of arrival and
the antennas' height on the performance of improved path loss
models based on measurements will be carried out in future
works.
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