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Introduction

In recent years, with the rapid development of the mobile Internet and popularization of the
Internet of Things, the demands of communication services have grown explosively. Wireless
sensor networks, as one of the core technologies of the Internet of Things, can be used in the
fields of precision agriculture, logistics, smart grids, security, surveillance, habitat monitoring,
health, etc. [1]. The path-loss model is an important theoretical basis for power control, link
analysis, and tracking orientation in wireless sensor networks [2].

Studies on the path-loss model mainly concentrate on model parameter estimation and
specific environmental modeling. In general, the path-loss types are divided into indoor mod-
els and outdoor models [3]. The indoor models include the International Telecommunications
Union (ITU) model [4, 5], chan model, attenuation factor model [6, 7], one-slope model [8, 9],
etc. The outdoor models include the Egli model [10, 11], Okumura model [12, 13], Hata
model [14, 15], etc. In indoor rooms and corridors, there are a large number of walls; thus,
the wireless signal transmission will result in reflections. Although the floor penetration loss
factor is taken into account, the ITU model is not accurate enough because of neglecting
the multipath effect. The chan model considers both the frequency factor and the distance fac-
tor; however, it does not consider the multipath and shadow effects. When low accuracy of
indoor field strength prediction value is required, the chan model is a good choice. The attenu-
ation factor model is very simple, and can only provide a very rough estimate of the indoor
path-loss. The one-slope model is the general model that is used to compute the average path-
loss without detailed knowledge of the surrounding environment. The one-slope model only
takes into account the distance between the transmitting and receiving antennas. The one-
slope model is applicable to free spaces or unimpeded spaces; however, its prediction error
is large under complex indoor environmental conditions [16, 17]. In this paper, a new indoor
path-loss model is established considering matching coefficient, polarization matching factor,
normalized field intensity direction function, and wall reflection effect.

The structure of this paper is as follows. In section “Theoretical derivation”, the theory of
the Friis-extension (Friis-EXT) model is introduced. In section “Measurement”, the measure-
ment method of the wireless channel is described. In section “Result”, the proposed method is
compared with traditional methods, such as the ITU model, chan model, one-slope model,
and the attenuation factor model. In section “Conclusion”, the conclusion is stated.

© Cambridge University Press and the Theoretical derivation

European Microwave Association 2019 In the indoor multipath environment, the antenna that receives the electromagnetic wave sig-
nal can be described as follows [18].
In Fig. 1(a), the antenna receives incident electromagnetic waves from different directions
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Fig. 1. Receiving antenna and equivalent circuit. (a) Receiving antenna, and (b) equivalent circuit.

electromagnetic waves on the antenna oscillator, Z, is the internal
resistance of the electromotive force, and Z; is the load impedance
of the receiving antenna.

From the equivalent circuit of the receiving antenna, we can
obtain the receiving power that is transferred from the receiving
antenna to the load [18].

| . ef{
Pr==|I]*R; = - . -
2 2Ry + R+ (Xa +X1)

R;. (1)

In formula (1), R4 and X, are the input resistance and reactance
of the receiving antenna, respectively, and R; and X; are the load
resistance and reactance, respectively.

When the load and receiving antenna are conjugate matched
(Z, = Z,), the load obtains the maximum output power, which
is called the maximum receiving power Pgy,.

e
Pry = ——. 2
RM =GR ©))

The relationship between the receiving power and maximum
receiving power is

PR= ’TPRM, (3)

where 7 is called the matching coefficient, which represents the
matching degree of the load and receiving antenna.

4RAR;
T= )
(Ra + Rp)* + (X4 + X1)?

“4)

When the load and receiving antenna are conjugate matched,
=1, otherwise 7< 1.

If the receiving antenna undergoes a loss, Ry = Rsa + Rpa (Rsa
and Ry, are the radiation resistance and loss resistance, respect-
ively). Then, the maximum receiving power is

Pry = ‘ = PropiMy» ©)

where 77, is the antenna efficiency, whose physical meaning is the
ratio of radiation resistance to the total resistance of antenna, and
Propt= €#/8Rx, is the optimum receiving power.

https://doi.org/10.1017/51759078719000084 Published online by Cambridge University Press

Za
Z
€p |
(b)
According to the reciprocal theory [18],
—
ex = E (60, ¢) CLEO, ). (6)

In formula (6), E (6, @) is an incident electric field, ¢ is a unit
vector of antenna oscillator direction, I, is the effective length of
the receiving antenna, and F(6, @) is the normalized field inten-
sity direction function of the receiving antenna, where

E (6, d)- € = Ecos(d). %

In formula (7), E is the electric field strength value, ¢ is the angle
of the incoming wave electric field vector and receiving antenna
oscillator. cos(&) is the polarization matching factor. Therefore,
formula (6) can be expressed as

er = EI.F(6, ¢) cos(§). (8)

The physical meaning of formula (8) is that the induced electro-
motive force of the receiving antenna is equal to the product of
the normalized field intensity direction function of the antenna
and the projection of incoming wave electric field on the effective
length of the antenna oscillator. Substituting formulas (8) and (5)
into formula (3), Py can be written as

2122
Pp = EileF ©, ¢)~ Ny - T+ cos?(&). 9)

8Ry~ 4

Using the relationship between the effective length and direction
coefficient [19]: D =30 k*2/Rs4, Pg can be expressed by

_E’F(6, ¢)

Pr = SI0R -D-my - T-cos*(d),

(10)

where k is the wave number, which is equal to 27/4, A is the wave-
length of the transmitting electromagnetic wave. The power dens-
ity p and the electric field strength have the relationship [19]:

EZ
2407

p (11)

At the distance of d from the transmitting antenna, p can also be


https://doi.org/10.1017/S1759078719000084

International Journal of Microwave and Wireless Technologies

expressed as the power of the unit sphere area with radius d.

. PrGr
T 4md?’

12)

In formula (12), Py is the transmitting power, Gr is the gain of
transmitting antenna, d is the distance to transmitting
antenna.From formulas (11) and (12), it can be obtained as

60P;G
B = dTZ Ll (13)
By substituting formula (13) into (10), Pr can be written by
PrGrA’F(6,
pp = DIGINEO. D) ok, (14)

(47d)?

Generally, the antenna gain is equal to the antenna efficiency
multiplied by the directional coefficient

Gr=D-my, (15)
where Gy is the gain of the receiving antenna, by substituting for-

mula (15) into formula (14), the relationship between Pr and Gy
can be obtained as

_ PrGrXF (6, §)

@nd)? -Gp-T- cosz(f).

Pr (16)

When the matching coefficient 7 is equal to 1, the polarization
matching factor cos(¢) is equal to 1 and the normalized field
intensity direction function F(6, @) is equal to 1. Formula (16)
can be expressed as

_ PrGrGe)?

p
K (47d)?

17)

Formula (17) is the Friis formula [1], and thus, we call formula
(16) as Friis-EXT method. Finally, the path-loss is

Pr (47d)*
PL=—= > , (18)
Pr GrGrA*1cos2(§F(0, ¢)
which is expressed in dB as
PL =10[log((47d)*) — log(Gr) — log(Gg) — log(A%)
(19)

— log(7) — log(cos’(§)) — log(F*(6, $))].

Measurement

In this section, the indoor corridor environment is configured to
conduct the measurement. The corridor is 35 m long and 3 m
wide. The relative permittivity of the wall is equal to 6. The experi-
ment scene is shown in Fig. 2(a). At the experiment site, one
transmitting point and 10 receiving points are arranged to trans-
mit and receive signals, respectively. The distance between every
two adjacent points is 3 m, and the layout diagram is shown in
Fig. 2(b), where the transmitting antenna is placed at the triangu-
lar point, which is 1 m above the ground. The receiving antenna is
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Fig. 2. Measurement layout. (a) Experiment scene, and (b) layout diagram.

placed at the circular point, of which the height is set to 0.5 and
1 m, respectively. The radio frequency signal source AV1441A
produced by Ceyear and a dipole antenna TQJ-2400AT10 pro-
duced by KenBoTong are chosen as the transmitting devices,
and the spectrum analyzer N1996A produced by Keysight and a
dipole antenna TQJ-2400E produced by KenBoTong are chosen
as the receiving devices. The radiation patterns of transmitting
and receiving antennas are shown in Fig. 3. The 2.4 GHz signal
is generated by the signal source with a transmitting power of
0 dBm. In the experiment, the transmitting antenna maintains
vertical polarization during measurement, and the receiving
antenna is set at three angles opposite the transmitting antenna,
which are 0, 30, and 60°, and while the receiving antenna mea-
sures three sets of data at each height. The measurement data
are shown in Tables 1-3.

Result

According to formula (19), the input parameters are set as follows.
The transmitting power Pr is set as 0 dBm, the transmitting
antenna gain Gr is 10 dBi, and the receiving antenna gain Gg is
3 dBi. 4 is the wavelength that corresponds to the 2.4 GHz electro-
magnetic wave, and the impedance parameters of the receiving
antenna are R, =38.92 Q and X, = —3.64 Q. The matching coeffi-
cient 7 can be calculated according to formula (4). The normalized
field intensity direction function F(6, @) of the receiving antenna is
equal to sin(6). The polarization matching factor cos(¢) can be con-
figured by different angles. Additionally, the reflection factors are
considered during the calculation. Since the field strength is weak
along the axis direction of the antenna oscillator, the top and the
bottom of reflective surfaces are ignored, and four reflective surfaces
are considered (except the ceiling and ground). Subsequently, path-
loss is obtained by superposing one direct wave and four reflected
waves. The relative dielectric constant of cement is applied to cal-
culate the reflectivity of the wall according to the formula (20):

2
_ (cos(a) — V&g — sinz(a)>
L= ,

cos(a) +

(20)
&5/, — sin’(a)

where o is the incident angle, €, is the relative permittivity of air,
which is equal to 1, and €, is the relative permittivity of the wall,
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Fig. 3. Radiation patterns. (a) Transmitting antenna, and (b) receiving antenna.
Table 1. 0° angle measurement data
0° angle receiving power/dBm
Distance/m 0.5 m high 1 m high
3 —46.66 —44.03 —54.89 —45.38 —45.7 —52.45
6 —54.73 —50.66 —52.56 —48.72 —46.69 —49.44
9 -52.23 —49.39 —60.33 —49.49 —54.63 —57.41
12 —56.63 —55.78 —63.22 —51.22 —58.23 —54.59
15 —58.38 —62.16 —60.75 —50.08 —57.45 —56.23
18 —63.73 —64.97 —53.91 —51.03 —59.52 —52.25
21 —62.3 —62.47 —58.78 -52.14 -57.2 -56
24 —61.55 —65.88 —64.31 —55.48 —62.88 —62.09
27 —58.17 —65.09 —67.13 —56.8 —59.16 —63.7
30 —63.31 —68.44 —63.84 —57.88 —63.02 —59.75
Table 2. 30° angle measurement data
30° angle receiving power/dBm
Distance/m 0.5 m high 1 m high
3 —47.58 —56.8 —59.55 —52.34 —47.02 —50.31
6 —55.08 —-59.63 —54.2 —49.13 —46.23 —50.22
9 —54.42 —67.88 —58.42 —47.64 =B —62.16
12 —58.33 —62.89 —53.97 —49.41 -52.63 -57.31
15 —60.5 —67.56 —57.13 —54.13 —59.5 —63.84
18 —64.34 —73.63 —49.84 —48.31 —60.38 —62.38
21 —63.05 —61.66 —56.41 —52.41 —60.95 —68.88
24 —62.77 —66.06 —59.78 —54.22 —59.14 —63
27 —60.69 —66.44 —61.47 —55.61 —61.61 —65.84
30 —64.47 —66.09 —62.44 —56.14 —61.89 —69.75
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Table 3. 60° angle measurement data
60° angle receiving power/dBm
Distance/m 0.5 m high 1m high

3 —50.61 -57.3 -62.7 -58.48 -52.17 —54.41
6 —56.61 —54.38 —51.08 —66.53 —47.52 —47.8
9 -58.2 —59.99 —74.66 —81.72 -54.13 —59.48
12 —61.61 —55.13 —63.45 —58.11 —47.97 —54.61
15 —69.97 —57.14 —66.25 —70.09 —-56.02 —61.89
18 —69.22 —50.38 —61.98 —51.41 —54.91 —58.51
21 —64.31 —55.08 —72.5 —61.05 -51.94 —66.78
24 —66.94 —58.19 —63.78 —65.13 —53.69 —60.03
27 —65.59 —60.63 —79.13 —86.75 -59.11 —64.28
30 —63.06 —60.54 —74.84 —63.91 -58.94 —64.56

< u( > r at 21 m, and the maximum error between the total average and

- the predicted value is 2.5 dB at 21 m. Figure 5(b) shows the com-

- 122 parison of the measured value and the predicted value of 30°

i p i 7 A polarization angle. The maximum error of 0.5 m high of receiving

T o : .. antenna is 6.5 dB at 3 m, and the maximum error of 1 m high of

ra"immmg ectewmg receiving antenna is 4 dB at 12m, and the maximum error

antenna antenna . .
between the total average and the predicted value is 4.5 dB at
< 3 m. Figure 5(c) shows the comparison of the measured value

Fig. 4. Reflection path.

which is equal to 6. Formula (16) shows that the receiving power is
inversely proportional to the square of the distance. The paths of
the second and multiple reflections are relatively longer, and the
reflectivity of the wall is calculated for each reflection, so we ignore
the reflection power of the second and multiple reflections since
their power is low enough to be negligible. After the electromag-
netic wave is reflected by each wall, only one path can reach the
receiving antenna. So the reflection point on each surface can be
determined. Take one surface as an example, as shown in Fig. 4.
The reflection angle is equal to the incident angle, and the test
path is parallel to the corridor, so the calculation of the path dis-
tance of the reflected wave is

=2(8) + (2 an

where [ is the path distance of the reflected wave, w is the corridor
wide, and d is the distance between the transmitting and receiving
antennas.

As shown in Fig. 5, the path-loss graph is obtained according
to Friis-EXT method expressed in formula (19).

For observation, the average of three sets of the measured data
is calculated at each height, respectively, and the total average of
six sets of the measured data of two heights is calculated too.
Figure 5(a) shows the comparison of the measured value and
the predicted value of 0° polarization angle. The maximum
error of 0.5 m high of receiving antenna is 2.5 dB at 15 m, and
the maximum error of 1 m high of receiving antenna is 5.5 dB
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and the predicted value of 60° polarization angle. The maximum
error of 0.5 m high of receiving antenna is 5 dB at 18 m, and the
maximum error of 1 m high of receiving antenna is 10 dB at
18 m, and the maximum error between the total average and
the predicted value is 7.5 dB at 18 m. Since the receiving antenna
is artificially adjusted, the angle is not very accurate, resulting in a
large deviation between the measured value of 60° and the theor-
etical value. In general, the theoretical values match the measured
values closely. As is observed in Fig. 5, the path-loss is attenuated
in accordance with the logarithmic law.

To validate the effectiveness of the proposed model, Friis-EXT
method is compared with traditional methods, such as the ITU
model, chan model, one-slope model, and the attenuation factor
model. Since the traditional methods do not consider the polar-
ization matching of the antennas, we use the 0° angle in the
Friis-EXT model to compare with other methods. Due to the lim-
ited space, the height difference of the receiving antenna cannot
be made too large, so the influence of the antenna height on
the path-loss can be ignored. The average of six sets of measured
data is taken for comparison. The results are shown in Fig. 6.

From Fig. 6, we observe that the differences between the trad-
itional methods and measured data are very clear. The errors of
the one-slope model, the attenuation factor model, and the ITU
model are larger, and the errors of the three models between
the measurement values are >10 dB at the most of measurement
points. The detailed knowledge of the surrounding environment
is not considered in the traditional models. The expressions are
very simple, and only a rough estimate of the indoor path-loss
can be provided. The Friis-EXT model takes the multipath effect
into account and considers both the environmental factor and the
equipment factor. The measured data are distributed on the upper
and lower sides of the curve of the Friis-EXT model.
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The standard deviation is used to judge which model can bet-
ter predict the path-loss. The result is shown in Figure 7.

At each measurement point, the degree of deviation between the
predicted value and the measured data is determined by solving the
standard deviations of each model and measured data. Smaller
standard deviation means less error, which reflects the accuracy
of the model. From Figure 7, it can be realized that the standard
deviation of Friis-EXT is the smallest, the Friis-EXT model is the
best of these models and is a 5 dB improvement over the chan
model at the most of measurement points except 3 m one.

Conclusion

A new path-loss model for an indoor multipath environment was
proposed in this paper. The matching coefficient, polarization
matching factor, and normalized field intensity direction function
were considered in the modeling. When the matching coefficient
7, polarization matching factor cos(§), and normalized field inten-
sity direction function F(6, @) are equal to 1, the formula is con-
sistent with Friis formula. In addition, reflective surfaces were
added in the calculation process, and the specific environment
and form of the antenna were considered. Furthermore, the
data in the indoor corridor environment were measured, with
antenna set at 0, 30, and 60° angles between the transmitting
and receiving antennas. The errors were <7.5 dB. Finally, the
Friis-EXT was compared with other traditional models. The
results show that the Friis-EXT model matched the measured
data best.
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