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a b s t r a c t

In this paper, the wideband propagation characteristic for an indoor multi-floor scenario
is investigated based on wideband multi-frequency channel measurements in two typical
indoor environments. Based on the measurement results, the log-distance (LD) model is
used to analyze path loss (PL) in different floors. We find that the total penetration loss
does not increase linearly in dB with the number of floors traversed, and the propagation
condition in same floor, that is line of sight (LOS) or non-LOS (NLOS), can affect the
penetration loss significantly. Besides, additional loss caused by traversing floor upwards is
1–2 dB larger than that introduced by traversing floor downwards. Then, we adopt a small
error-prediction attenuation factor (AF) model for PL prediction. The modeling process
and rationality of the AF model are presented. Finally, delay spread of wideband indoor
channel is analyzed. Statistics of time dispersion parameters are compared among floors
and frequencies. It is found that the delay spread on the middle floors is the largest, the
delay spread on higher floors is relatively small due to lack of power source, and its relation
with frequency is not obvious.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

With the increasingly demanding needs for high speed
data-rates transmission, which primarily occurs in an in-
door environment nowadays, the indoor environment
becomes critical, and the indoor radio propagation has
attracted lots of attention. The complexity of the indoor
scenario (diversity of layouts, obstruction by wall or floors
etc.) results in a difficulty when investigating the propa-
gation characteristic or predicting the path loss and delay
spread, especially in multi-floor buildings. The multi-wall-
and-floor penetration plays a critical role in total signal
attenuation. So as to improve indoor coverage, and avoid
the interference from different floors, the channel prop-
erty in a multi-floor environment should be examined for
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optimization of indoor base station location or network de-
ployment planning work of a wireless network.

In previous channel models, a typical indoor channel
has been elaborately modeled [1–3]. However, research on
the multi-floor effect is rare at present. In [4], multipath
propagation property is studied for outdoor–indoor (O–I)
penetration scenarios based onwide bandmulti-frequency
channel measurement. A simple comparison on power
attenuation and delay spread is provided at 2.4 and
4.95 GHz between different floors, which does not further
analyze the mutli-floor effect. In [5–7], the attenuation
factor (AF) model is adopted to model path loss (PL) for
indoor multi-floor scenarios. A ray tracing simulation is
used in [5] to determine the parameters in AF models.
For [6], channel measurements are carried out within
two office buildings with several floors at 900 MHz,
but the wideband characteristic is considered. Seidel and
Rappaport [7] presents penetration loss and the delay
spread inside three dissimilar office buildings. However,
the relationship between delay spread and the number of
penetrated floors is not analyzed.
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Based on the analysis above, in this paper, a channel
measurement experiment is carried out to further research
thewideband indoor propagation characteristics formulti-
floor scenarios. Two typical indoor scenarios are chosen as
our measurement scenarios including an indoor hotspot
and an indoor office building. Based on the measured data,
the following analysis is presented:

• The linear-distance (LD) model and AF model are
used to model PL for an indoor multi-floor scenario.
Based on the LD model, the propagation property
is examined for various floors, and the relationship
between the penetration loss and the number of
traversed floors is analyzed. Besides, the process
to model the multi-floor propagation using the AF
model is presented. An extensive comparison between
model parameters based on mathematical fitting and
measured penetration loss for every floor is provided to
validate the rationality of the AF model.

• As a supplement, the two cases are tested where
the signal penetrates the floor from higher floors to
lower floors and from lower floors to higher floors,
respectively, and their difference is studied.

• The wideband characteristic for an indoor multi-floor
scenario is examined, through comparing the delay
spread statistics among different floors. Moveover, the
effect of carrier frequency on delay spread is also
investigated.

The reminder of the paper is as follows. Section 2 gives
the mathematic model used in this paper, including the PL
model, the log-distance (LD)model and themodel for delay
spread. Section 3 gives a description of the measurement
campaigns. Detailed measurement results are shown in
Section 4. The paper is concluded in Section 5.

2. Indoor channel model

2.1. Channel impulse response and power delay profile

Channel impulse response (CIR) reflects the character-
istics of the small-scale propagation of a wireless fading
channel. It is the foundation of calculating other channel
parameters and plays an important role in channel charac-
teristics analysis. Usually the CIR can be simplified as [8]

h(t, τ ) =

N
i=1

ai(t, τ ) exp[j(2π fcτi(t) + Φi(t, τ ))]

× δ(τ − τi(t)) (1)

where ai(t, τ ) and τi(t) are the real amplitude and excess
delay, respectively, of the multipath component at time t .
The phase term 2π fcτi(t) + Φi(t, τ ) represents the phase
shift due to free space propagation of the ith multipath
component, plus additional phase shifts caused by channel.
N is the total number ofmultipath components. δ(τ−τi(t))
is the unit impulse function at time t and delay τ .

The power delay profile (PDP) of the channel is the
spatial average of |h(t, τ )|2 over a local area, which is the
largest volume of free-space about a specified position
where the CIR can bemodeled as the sum of homogeneous
plane waves accurately in [9]. In [3], 25 wavelengths are
used to denote the volume of free-space for a local area.
PDP can be expressed as [8]

P(τ ) ≈ k|h(t, τ )|2 (2)

where the bar represents the average over a local area and
many snapshots of |h(t, τ )|2 are typically averaged over a
local area to provide a single time-invariantmultipath PDP.
k is the ratio of transmitted power to the received power.

2.2. Path loss model

PL here is used to denote the local average received
signal power relative to the transmit power. Usually,
received power is measured as a local spatial average
rather than an instantaneous value. In realistic mobile
radio channels, PL is modeled through measurements.
There are many PL models for indoor propagation, such
as the LD model, linear-distance model [10] and AF model
[11,12]. The LD and AF models adopted in this paper are
given as follows.

2.2.1. LD model
The LD model can be expressed as

PLLD = A + 10n lg(d), (3)

where n and A indicates the PL exponent and the inter-
cept. The LD model expresses that PL is increasing with
the distance in a fixed rate, which is mostly used for
modeling PL in a certain simple environment with similar
propagation mechanisms at different spots, such as a huge
lobby or a spacious hall. Due to this reason, the LD model
is widely used in indoor measurement analysis.

2.2.2. AF model
The AF model is proposed by Lott in 2001 [5], it can be

expressed as

PL = PLbase + AF , (4)

where PLbase can be PLLD in (3) etc.. AF is the attenuation
factor, which indicates the additional loss caused by
obstacles like walls and floors. If only the penetration loss
caused by floors is considered, AF can be expressed as

AF = FAKK =

K
k=1

Lfk, (5)

where K is the number of floors; Lfk is the attenuation of
the kth floor, FAKK is the total loss caused by K floors.

As literatures [13,14] suggests, the AF model provides
a more reliable, less error prone prediction. The AF model
will be used to model for indoor multi-floor propagation
later.

Shadow fading (SF) indicates the fluctuation of PL.
Generally, the modeling of SF is based on the PL
model adopted. The completed large scale model can be
expressed as

L = PL + Xσ , (6)

where PL is the PL model. Xσ denotes the SF, which obeys
approximately Gaussian distribution in logarithmic scale
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Fig. 1. The multi-patch antenna used in the measurement.

with zero mean and σ 2 variance, validated in [15], by
introducing the theory for the general sum-of-sinusoids
model. However, the goodness of Gaussian distribution
fitting depends on the number of homogeneous plane
waves in a local area and their power distributions.
The parameter σ can be calculated statistically by the
measured PL value subtracting the estimated PL value of
the model used.

2.3. Delay spread

Due to the fact that reflections and scattering occur
in indoor propagation, multiple echoes (MPCs) of the
original signal arriving at the RXmay have different delays,
directions, and frequency (Doppler) shifts, which leads
to dispersion in the delay domain [16]. Besides, delay
dispersion is dependent upon transmission scenarios,
height of antenna and carriers frequency, so statistical
models of time dispersion parameters are concerned.

On the basis of PDP obtained by measurement, the
statistical characteristics of delay dispersion can be
calculated. The main parameters characterizing delay
dispersion are the mean excess delay τmean, rms delay
spread τrms and maximal excess delay τmax. Assume that
p(r) indicates the power of the rth sample of the PDP
(r = 1, 2, . . . ,N). So the parameters mentioned above are
defined as in the following.

2.3.1. Mean excess delay τmean
τmean is defined as the first moment of PDP, expressed

as

τmean =

N
r=1

τrp(r)

N
r=1

p(r)
(7)

where τr is delay of the rth sample of the PDP.

2.3.2. Root-mean-square delay spread τrms
τrms is defined as the square root of the second central

moment of PDP

τrms =


N

r=1
(τr − τmean)2p(r)

N
r=1

p(r)
. (8)
Fig. 2. Measurement environment and routes in site 1.

2.3.3. Max excess delay τmax
τmax is defined to be the time delay duringwhichmulti-

path energy falls to X dB below the maximum (usually X is
from 15 to 20).

The values of the parameters above are all measured at
the moment τ = 0 when the signal reaches the receiver.
They are unrelated to the absolute signal delay in radio
propagation.

3. Measurement equipment and environment

3.1. Site 1

Extensive measurements have been carried out to in-
vestigate the effect of multi-floor under indoor environ-
ment, utilizing the Elektrobit Propsound Channel Sounder.
Refer to [17] for more details about the equipment. One
of the campaigns was performed inside one building of
the Beijing University of Posts and Telecommunications
(BUPT). Results at three different center frequencies which
are 580 MHz, 2.35, and 4.9 GHz are acquired in this cam-
paign. The bandwidth at 580 MHz is 50 MHz, and the
bandwidth at 2.35 GH and 4.9 GHz is 200 MHz (see
Table 1). A pseudo-random sequence of length 511 was
continuously generated at the transmitter (TX) with a chip
rate of 100 MHz. At the receiver (RX), CIR were obtained
by slide correlating the received signal with a synchro-
nized copy of the sequence. Fig. 1 shows the receiving an-
tenna (left) and the transmitting antenna (right). A single
vertical-polarized dipole (VPD) was employed at TX, the
receiver was configured with 16, 32, and 56 antennas in
themeasurement at each frequency. The channel sounding
equipment works in a time-division multiplexing (TDM)
mode. One high speed antenna switching unit is used at
RX to guarantee the channels between each antenna pairs
are sounded in a very short time. And the transmit power
at the antenna input was 40 dBm.

The skeleton map of the campaign inside the building
in BUPT is shown in Fig. 2. The transmitter is located in the
center of the first floor, with a height of about 3 m. And
the receiver, with a height of about 1.5 m, moves along the
routes denoted in Fig. 2. Among all the measured routes,
routes 1 and 2 on the 1st floor can be categorized as line of
sight (LOS) transmission and routes 3 and 4 on the same
floor belong to non-LOS (NLOS) transmission due to the
block ofwalls and the stairway. The floors and thewalls are
made of concrete. During the measurements, there are no
people moving around the building’s floors. Here, route 1#

is defined as the combination of five routes with the same
relative location as route 1 on each floor, and routes2#–4#
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Table 1
Measurement parameters in both sites.

Items BUPT Office building

Carrier frequency (GHz) 0.58/2.35/4.9 2.35
Bandwidth (MHz) 50/200 50
Code length (chips) 511 255
Transmitting power (dBm) 40 23
Types of antennas VPD and ODA VPD
Number of BS antenna NBS 1 4
Number of MS antenna NMS 16/32/56 1
Height of BS antenna (m) 3 3
Height of MS antenna (m) 1.5 1.5

have the same meaning. To be noted, the measurement
routes from the 1st floor to the 4th floor are all acquired,
and only the layout map of the first floor is given because
the routes on different floors are exactly the same to their
surrounding environment. Therefore, the comparison of
multi-floor path loss can be obtained by using the data of
the same route on different floors.

3.2. Site 2

Another campaign was carried out in the office build-
ing of a company in Beijing using the same measurement
equipment. The center frequency is 2.35 GHz, which has
been allocated to the International Mobile Telecommu-
nications Advanced (IMT-Advanced) systems. The band-
width is 50 MHz (see Table 1). 4 VPDs are deployed at TX
and1 singleVPDwas configured at RX.Here, the high speed
antenna switching unit is used at the transmitter to shift
between different transmit antennas. In order to expand
the range limit of the signals, the transmitting antennas are
leading by phase compensated cable to different positions.
4 antennas are categorized into two groups with 2 anten-
nas in each group. The distance between the two antennas
in each group is 4 wavelengths. Fig. 3 gives a more intu-
itive image of the transmitting antenna. RX moves along
the route denoted in Fig. 4 on different floors. To be noted,
the material of the building are also concrete.

4. Results and analysis

4.1. PL

4.1.1. Penetration loss on different floors
In order to investigate the relationship between pene-

tration loss and the number of floors traversed, the data
at 2.35 GHz in site 1 are employed. As described in mea-
surement site 1, TX is on the first floor, and RX routes dis-
tributed from the 1st floor to the 5th floor. When RX is on
the first floor, the signal can be received without travers-
ing floors. When RX moves on the second or higher floors,
the signals arrives and RX is attenuated by floors.When RX
moves on a different floor, the number of floors it needs to
penetrate varies. In Fig. 5, the path loss is modeled for the
1st–5th floor of each route (4 routes in total) at 2.35 GHz,
respectively.

In routes 1 and 2, when RXmoves on the first floor, it is
LOS propagation. In the route 1#, themean penetration loss
between two floors is 33.7 dB (between the 1st floor and
the 2nd floor), 9.3 dB (between the 2nd floor and the 3rd
floor), 9.9 dB (between the 3rd floor and the 4th floor) and
8.1 dB (between the 4th floor and the 5th floor). Besides,
Fig. 3. Transmitting units configuration in site 1 (the 3rd floor of the
building).

it can be observed that the measured path loss at some
fixedpositions fluctuates rapidly on the 3rd floor–5th floor,
which also leads to a large shadow depth. The reasonsmay
be that the received signals at some fixed positions mainly
come from the reflection on the adjacent stairway, which
leads to far less attenuation compared with penetrating
several floors. But this phenomenon is not so obvious
on the 2nd floor. That is because the penetrating signals
have absolute advantage compared with other signals. It is
easy to understand that, on the lower floors, the receiving
signals are mainly from penetration, whereas it is not the
case on the higher floors. The transmission mechanisms
are different between lower floors and higher floors.

From Fig. 5, it can be seen that since route 2# is
close and parallel to route 1#, they share lots of similar
characteristics on PL. It can also be found that the
characteristics of PL in routes 3# and 4# are different from
that of routes 1# and 2#, especially in higher floors (above
the 3rd floor). Unlike in route 1, the received signals for
high floors in routes 3 and 4 must traverse several floors,
without reflected signals from the stairway etc.. Thus,
the fluctuation of PL is mild with distance, resulting in a
smaller shadow depth for high floors in routes 3# and 4#

than that in route 1#.
Besides, the SF ismodeled for 1st–5th floor (4 routes are

considered together in total) in Fig. 6. In some cases (e.g. in
Fig. 6(b), (c) and (e)), log-normal distribution can provide
a good fitting for SF. While in the first floor and the fourth
floor in Fig. 6(a) and (d), log-normal distribution just can
just roughly approximate to the SF. As illustrated in [15],
the number of homogeneous plane waves in the local area
may affect the goodness of log-normal distribution fitting.

Table 2 gives the fitting parameters of PL in measure-
ment site 1. It is found that the exponent of path loss and
shadow fading in routes 1# and 2# increaseswith the num-
ber of floors it penetrates. But for routes 3# and 4#, the
changes for both parameters are mild. This is because they
have quite different propagationmechanisms as explained
before. For routes 1# and 2#, it is an enclosed corridor for
each floor, so wall-penetration signals dominate, and simi-
lar results are reported in [11,18] andmeasurement results
are subsequently discussed in this paper. But for routes 3#

and 4#, the transmission environment is an open indoor
courtyard. So the received powers are mainly from reflec-
tion.
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(a) Measurement routes on the 1st floor. (b) Measurement routes on the 2nd floor.

(c) Measurement routes on the 4th floor. (d) Measurement routes on the 5th floor.

Fig. 4. Measurement routes on different floors in the office building.
Table 2
Parameters of PL for all the routes at 2.35 GHz in site 1.

1st floor 2nd floor 3rd floor 4th floor 5th floor

Route #1 n 1.83 2.87 2.33 2.33 7.66
σ 2 1.9 3.4 4.8 4.9

Route #2 n 2.97 2.49 3.0 4.63 6.4
σ 1.6 1.2 2.4 3.2 2.8

Route #3 n 4.42 5.08 4.64 2.98 2.79
σ 1.0 1.5 1.8 1.8 1.1

Route #4 n 6.11 6.67 6.69 6.89 6.78
σ 2.8 2.3 3.1 3.2 2.6
As shown in Table 3 the loss between floors or walls
does not increase linearly in dBwith the increasing number
of floors. The attenuation caused by the first traversed floor
is greater than the incremental attenuation caused by each
additional floor (especially in routes 1# and2#). In addition,
if LOS transmission exists in the same floor (routes 1 and 2
on the 1st floor), it will experience more penetration loss
caused per floor than NLOS (for the 1st floor in routes 3 and
4) transmission on the same floor.

4.1.2. Difference between traversing the floors upwards and
downwards

In measurement site 2 described in Figs. 3 and 4, TX is
on the 3rd floor, and RX moves from the 1st floor to the
5th floor. TheMulti-floor effect can be categorized into two
Table 3
Penetration loss for all measured routes 2.35 GHz in site 1.

Penetration
loss

Route 1#

(dB)
Route 2#

(dB)
Route 3#

(dB)
Route 4#

(dB)

Lf 1 33.7 34.7 23.7 13.0
Lf 2 9.3 8.2 6.5 7.0
Lf 3 9.9 11.7 11.8 9.7
Lf 4 8.1 9.0 10.1 12.8

forms, i.e., the signals transmit from higher floors to lower
floors and the signals transmit from lower floors to higher
floors. The differences between the above two cases are
analyzed based on the measured data in site 2.

In Fig. 4, routes 22, 19, 16, 24, and 27 (on the 1st floor
to the 5th floor, respectively) belong to a group in which
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(a) Route 1# . (b) Route 2# .

(c) Route 3# . (d) Route 4# .

Fig. 5. Path loss from the 1st to 5th floor in all the measured routes at 2.35 GHz in site 1.
Table 4
PL models for the 1st–5th floor in route-group 1 in site 2.

Case Route no. PL (in dB) (PL(d)) SF (in dB) (σ )

Same floor LOS 16 37.6+27.2 lg(d) 2.1
Cross one Upwards 24 37.8+38.6 lg(d) 4.7
Floor Downwards 19 46.4+27.4 lg(d) 3.2
Cross two Upwards 22 47.6+41.9 lg(d) 1.4
Floor Downwards 27 46.6+41.2 lg(d) 1.2
Table 5
PL models for the 1st–5th floor in route-group 2 in site 2.

Case Route no. PL (in dB) (PL(d)) SF (in dB) (σ )

Same floor LOS 6 35.3+34.3 lg(d) 1.9
Cross one Upwards 23 44.7+36.6 lg(d) 2.1
Floor Downwards 17 9.7 + 59.7 lg(d) 2.4
Cross two Upwards 26 65.4+30.7 lg(d) 0.7
Floor Downwards 21 51.6+38.9 lg(d) 1.5
all routes are located at the same position on each floor,
i.e., route-group 1. Routes 21, 17, 6, 23, and 26 (on the
1st floor to the 5th floor, respectively) is another group
of routes, route-group 2, which has the same features
as route-group 1. The path loss of the above routes is
investigated, and the results are shown in Fig. 7.

As shown in Tables 4 and 5, the penetration loss for one
floor is approximately 13–14 dB. Besides, the penetration
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Fig. 6. SF from the 1st to 5th floor in site 1.
loss upwards is 1–2 dB larger than the downwards, which
provides a guideline for the optimization of an indoor base
station location that the interference from the upstairs and
downstairs should be chiefly considered.
4.1.3. Modeling for indoor multi-floor building using AF
model

The AF model is one of the classic path loss models for
indoor multi-floor buildings. In the AF model, the PL can
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Fig. 7. PL from the 1st to 5th floor in site 2.
Table 6
FAF for different floors at 2.35 GHz in site 1.

Case (dB) Comprehensive case LOS case NLOS case

FAF1 23.8 33.7 14.7
FAF2 30.0 31.9 21.0
FAF3 38.3 39.4 30.2
FAF4 46.9 46.9 40.2

Table 7
Lfk for different floors at 2.35 GHz in site 1.

Case (dB) Comprehensive case LOS case NLOS case

Lf 1 23.8 33.7 14.7
Lf 2 6.2 8.2 6.3
Lf 3 8.3 7.5 9.2
Lf 4 8.6 7.5 10.0

be divided into two parts: transmission loss on the same
floor and penetration loss. From Table 2, it can be seen that
difference in transmission environment causes different
penetration loss. 3 sets of attenuation factor models are
proposed to model path loss, that is for the LOS case, NLOS
case and comprehensive case on the same floor.

Firstly, the PL on the same floor ismodeled by using log-
distancemodel. The PLmodels for LOS case, NLOS case and
comprehensive case are as follows

PL1F_LOS(d) = 15.6 + 22.0 lg(d), σ = 2.3 (9)

PL1F_NLOS(d) = −35.8 + 60.8 lg(d), σ = 2.7 (10)

PL1F (d) = −4.7 + 40.0 lg(d), σ = 4.5. (11)

Using Eqs. (5) and (9)–(11), the optimal FAKK (K = 1, 2,
3, 4) can be found to minimize the predicted mean square
error.

In order to investigate the relationship of the optimal AF
model parameters based on minimum mean square error
and measured penetration loss, the standard deviation σp
between Lfk and measured penetration loss in Table 2 is
calculated. Fig. 8 and Tables 6–8 show the predicted result.

Through the comparative analysis, the optimal param-
eters Lfk (k = 1, 2, 3, 4) obtainedmathematically in the AF
model well approximates the measured penetration loss
Table 8
Standard deviation σp between Lfk and measured penetration loss at
2.35 GHz in site 1.

Case (dB) Comprehensive case LOS case NLOS case

σp 0.6 1.4 3.4

of every floor in Table 3 in both LOS and NLOS cases, which
can well reflect physical propagation mechanisms to some
extent. Thus, the PL in the higher floor, can be treated as the
summation of the PL in the lower floor and additional loss
brought about by the floors traversed, which is nonlinear
to the number of penetrated floors.

4.2. Delay spread

The measured data in site 1 are used to examine
wideband characteristic of radio channel in a multi-floor
environment at different frequencies. TX is on the 1st floor
with transmitted power 10 w, and RX moves from the 1st
to the 5th floor at pedestrian speed. The height of every
floor is 4.8 m. The statistics of delay spread on different
floors at 2.35 GHz are listed in Table 9.

It can be seen from Table 9 that delay spread in the
3rd floor is the largest, followed by the 2nd floor, 4th
and 5th floor, and the delay spread of the 1st floor is
the smallest. On the 1st floor, the LOS probability is
larger which means the LOS path dominates the received
power to make the delay spread smaller. On the 2nd
floor, the LOS path is significantly attenuated by the floor,
and there exist rich scatterers between floors. So delay
spread on the 2nd floor is larger than the 1st floor. From
Table 9, the delay spread increases from 17 ns on the 1st
floor to 79 ns on the 2nd floor at 50% of its cumulative
distribution. On higher floors (the 4th and 5th floor), the
received signal becomes very weak (some even below
noise level). Therefore, except for some signals reflected
from the stairway or by multi-reflection, the multipath
components of the other mechanisms can be neglected,
and thus the delay spread on higher floors is small. For
middle floors (the 3rd floor), two factors should be taken
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(a) Comprehensive case. (b) LOS case.

(c) NLOS case.

Fig. 8. Comparison between the AF model and measured mean penetration loss in different cases.
Table 9
Standard deviation σp between Lfk and measured penetration loss at
2.35 GHz in site 1.

Parameters [ns] 10% 50% 90%

Mean delay spread

Floor1 15 22 41
Floor2 52 86 139
Floor3 169 226 268
Floor4 170 224 265
Floor5 162 206 244

Root mean square (rms) delay spread

Floor1 7 17 46
Floor2 46 79 110
Floor3 78 109 132
Floor4 38 81 113
Floor5 40 75 102

Max exceed delay spread

Floor1 50 110 295
Floor2 285 375 585
Floor3 385 540 670
Floor4 280 480 670
Floor5 270 455 595
into consideration. Firstly, compared to higher floors, the
dynamic range of signal level on the middle floor is
larger; and secondly, compared to lower floors, it has a
more complicated transmission environment and richer
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Fig. 9. Comparison of RMS delay spread for different frequencies for a
multi-floor building.

scatterers. So if the transmission power is large enough,
delay spread inmiddle floor should be the largest. It is to be
noted that the actual statistical results of delay parameters
often depend on the transmitted signal power, building
height, materials, the carrier frequency, and other factors.

Fig. 9 makes a comparison of rms delay spread (50% of
its cumulative distribution) at different carrier frequencies
in the same building with the same transmitted power. It
is observed that the trend of delay spread at 4.90 GHz is
similar with that at 2.35 GHz. Besides, it also can be found
that at 580 MHz, the delay spread on the 2nd floor and
above tends to be a constant value of 80–84 ns.

5. Conclusion

In this paper, the typical scenario measurements for an
indoormulti-floor environment are conducted. Statistics of
PL models and time dispersion parameters are abstracted
to characterize indoor radio propagation. All of those
results are for the indoor network deployment and
optimization.

5.1. PL

Due to obstruction by floors, the received signals are
greatly attenuated by penetrated floors. But the total
penetration loss does not increase linearly in dB with
the increasing number of floors. Usually, the loss caused
by the first floor is larger than the others. Besides, the
difference between the path loss across floors upwards and
downwards is not obvious. The former is only 1–2 dB larger
than the latter.

The transmission is complex for an indoor multi-floor
building. In order to increase the accuracy of PL prediction,
the AF model is a good choice.

5.2. Delay spread

With diversity of reflection and scattering, the delay
dispersion parameters vary on different floors. As the
measurement result shows, delay spread on the middle
floor is the largest, as a compromise between the dynamic
range of the received signal and degree of attenuation, if
the transmitted power is enough. Besides, the difference
of delay spread for 580 MHz, 2.35 and 4.9 GHz is not
obvious. The delay spread does not have a direct relation
to frequency.
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