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Abstract

In light of the present and future 5G and 6G multi-band
communications, achieving seamless indoor wireless cov-
erage appears to be an important challenge. Within this
context, continuous wave measurements were conducted in
this work to estimate floor-penetration loss in the FR3 band
(7-15 GHz) and the penetration loss of other indoor struc-
tures, such as walls and doors, at 25, 77 and 153 GHz. In
the FR3 band, through-floor losses varied between 44 and
64 dB for frequencies from 7 GHz to 15 GHz, with an in-
crease of about 18-20 dB for each of the considered cases.
Similarly, other losses increase with frequency by 22 dB
(glass door) and by 33 dB (indoor partition walls) across
the three measured frequency bands.

1 Introduction

Indoor communications are of particular interest since the
majority of the data traffic nowadays is generated within
indoor environments [1]. The introduction of higher fre-
quency bands for various applications in the wireless com-
munication field poses challenges to indoor propagation,
especially at mm-wave and sub-THz frequencies where
walls, doors, and floors are recognized to heavily hinder
the propagation. The strong attenuation due to indoor struc-
tures is undesirable when seamless indoor coverage is the
primary goal, yet it can have a positive outcome when in-
terference suppression is the main interest.

In order to comprehensively study the signal propagation
indoor, an evaluation of how different frequencies inter-
act with various indoor structures should be made [2] [3].
Among common indoor structures, walls and doors play
crucial roles. A characterization of frequency-dependent
losses exhibited by these structures is fundamental for ef-
fective coverage planning. Various measurement cam-
paigns have been reported in the literature regarding the
wall and door penetration losses: in [2] for 28 and 140
GHz, in [4] for 73 and 81 GHz, in [5] for 28 and 72 GHz.
Nonetheless, a noticeable gap remains in the literature re-
garding comprehensive studies that consider penetration
losses of indoor structures across a wide frequency spec-
trum encompassing mm-waves to sub-THz frequencies.
Another key mechanism of indoor propagation that is
scarcely investigated is the floor penetration loss that heav-

ily depends on the operating frequency and the type of floor
under consideration. Notably, the only existing studies be-
long to low frequency bands as in [6] for 2.4 GHz and [7]
for 2.4 and 5.8 GHz. The lack of floor penetration loss
knowledge above 5.8 GHz is reflected in the gap in stan-
dardisation models such as the ITU-R P.1238-12 recom-
mendation [8], where mean values of floor penetration loss
calculated across various buildings are only provided up to
5.8 GHz. Moreover, despite the ongoing research focus
on mm-waves and sub-THz frequencies, also the mid-band
within 7-24 GHz (known as FR3 band) has gained impor-
tance as it has emerged as a possible candidate for early
6G applications. Consequently, a characterisation of floor
penetration loss within the FR3 band becomes of great im-
portance, thus contributing to international standards.
Therefore, this work addresses the aforementioned gaps in
the literature by conducting a measurement campaign to an-
alyze the penetration loss of indoor structures at 25, 77 and
153 GHz and a measurement campaign focused on charac-
terizing floor penetration losses in the FR3 band, specifi-
cally within the frequency range from 7.5 to 14.5 GHz.

2 Measurement Campaigns

The measurements were conducted in the Department of
Engineering at Durham University, UK, built in the 1980s
and reconstructed in the 2010s using two different setups as
outlined below.

2.1 Floor measurements setup

As for floor penetration measurements, three different en-
vironments with different floor type inside the Department
of Engineering were chosen as can be seen from Figure 1.
The first environment is the floor of an office area with a
thickness of 58 cm where apart from the floor thickness, a
20 cm empty lowered ceiling is present. The second envi-
ronment is the hall close to stairs with a thickness of 26 cm,
while the last environment corresponds to a workshop area
with a thickness of 50 cm. Both antennas were installed
on tripods designed for measurements and were perfectly
aligned vertically on both floors as seen from the schematic
representation in Figure 2a. The floor penetration losses
were measured using a continuous wave (CW) Gigatron-
ics function generator at the transmitter side and a high-



Scenario Office area Hall Stairs area Workshop area
Frequency | Mean loss [dB] | Std. [dB] | Spec.loss [dB/cm] | Mean loss [dB] | Std. [dB] Spec.loss [dB/cm] | Mean loss [dB] Std. [dB] Spec.loss [dB/cm]
7.5 4431 0223 0.76 4037 0.161 | 1.55 4473 ] 0785 | 0.89
8 46.96 0.301 0.81 42.89 0.352 1.65 48.47 0.943 0.97
9 48.97 0.566 0.84 45.92 0429 | 1.77 5015 ] 0733 ] 1
105 53.33 0.343 0.92 47.43 0.332 1.82 54.48 1.152 1.09
12 56.22 0.542 0.97 52.71 0507 | 2.03 57.65 | 1222 | 1.15
13 60.88 0.537 1.05 56.21 0.577 2.16 62.20 0.695 1.24
14.5 63.89 0.227 11 58.57 0415 | 225 6450 | 0942 | 1.29

Table 1. Floor penetration losses at different environments

end Keysight spectrum analyser at the receiver side. The
transmit power was 15 dBm. Wideband antennas were used
for the measurements with the frequency varying from 7.5
to 14.5 GHz : log-periodic antennas were used from 7.5
GHz up to 9 GHz and horn antennas from 10.5 GHz up
to 14.5 GHz. The gain of the log-periodic and horn an-
tennas were 6 dBi and 20 dBi respectively. Cable losses
of this setup are equal to 6 dB. The floor penetration loss
was estimated as the difference between the measured re-
ceived power and the free space received power, computed
through the Friis equation. Generally, floors can be hetero-
geneous due to construction or pipes passing through them.
In order to have a representative figure of the whole floor
attenuation, for each environment measurements were re-
peated 3 times by changing simultaneously the transmitter
and receiver along a 1 meter straight line. Furthermore, at
each location 8 samples of measurements were recorded,
minimizing in this way random fluctuations due to the en-
vironment. The mean value and the standard deviation of
the floor penetration loss for each environment and for each
frequency was then calculated.

Figure 1. Measurement environment: Hall office area (first), Hall work-
shop area (second), Hall stairs area (third)
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Figure 2. Schematic setup of measurement campaigns

2.2 Walls and doors measurements setup

In order to study the impact of indoor structures on signal
propagation, a 1.27 cm glass door, a 4.4 cm wooden door,
a 16 cm main partition wall between two offices (labelled
as wall partition 1) and a 26 cm partitioning wall between
two halls (labelled as wall partition 2) were considered as
seen from Figure 3. In the measurements for the wall pene-
tration loss a custom designed measurement setup to study
the impact of precipitation at Durham University was used.
The setup uses a programmable phase locked loop (PLL) to
generate a CW signal at an intermediate frequency which
is then multiplied by 2, 6 and 12 to generate the frequen-
cies at 25.6 GHz, 77 GHz and 153 GHz, respectively. At
the receiver side, a similar PLL but with a frequency off-
set is used to mix with the incoming signals in order to
generate a low frequency beat note at 4 MHz, 12 MHz
and 24 MHz respectively. For the present measurements
the transmitter and receiver units were set up facing each
other, at the same height, and the received signal from the
three bands was measured on the Keysight spectrum anal-
yser first without the doors/walls (free space) and then with
the walls/doors between the Tx and the Rx, as shown in
Figure 2b. To minimize the measurement error, 4 measure-
ments were recorded for each scenario and the mean value
was used to estimate the difference between wall/door and
free space.

Figure 3. Setup of measurements: Glass door (first), Wooden door (sec-
ond), Wall partition 1 (third), Wall partition 2 (fourth)

3 Results and discussions

3.1 Floor penetration loss results

Table 1 summarises the results of the evaluated losses as
described in Section II.A. It can be noticed that the pene-
tration losses of the "Office area" and the "Workshop area"
are quite similar, even though the specific attenuation (eval-
uated as the mean floor loss divided by the thickness of the



Glass door Wooden door

Fr q Y [GHZ]

Indoor partition wall (1) Indoor partition wall (2)

Mean loss [dB] | Specific loss [dB/cm] | Mean loss [dB]‘Speciﬁc loss [dB/cm] | Mean loss [dB]‘Speciﬁc loss [dB/cm] | Mean loss [dB] | Specific loss [dB/cm]

25 4.12 3.24 10.17 231 17.39 1.08 26.64 1.02
77 14.08 11.08 21.21 ‘ 4.82 27.53 ‘ 1.72 38.40 1.48
153 26.28 20.69 41.97 9.54 53.63 3.35 59.17 2.28

Table 2. Mean penetration and specific attenuation through walls/doors

floor in cm) is slightly higher for the "Workshop area". As
seen from Table 1, through-floor losses vary between 44
and 64 dB for the "Office area" and the "Workshop area",
for frequencies ranging from 7.5 GHz to 14.5 GHz, while
the "Hall Stairs area" exhibits slightly lower losses across
all frequencies (from 40 to 58 dB). However, the highest
specific attenuation value (1.55 dB/cm at 7.5 GHz and 2.25
dB/cm at 14.5 GHz) is found in the "Hall Stairs area" and
this is in agreement with the fact that the stairs are the most
solid structure in a building, thus, exhibiting a higher atten-
uation. In all cases a constant increase of the mean atten-
uation value with frequency increase is observed (2-3 dB
for each 1 GHz increase in frequency). Considering this
current trend in mean floor attenuation values, it indicates
that in the building under consideration, it is not possible
for the signal to propagate through two floors nor for the
signal to propagate at mm-wave frequencies, as the value
of the corresponding loss would be too high. Furthermore,
as it can be seen from Figure 4 (different points for one sin-
gle frequency value) for the "Workshop area" where a 1m
scan is performed, the different values for each frequency
highlight the presence of small variations in the floor struc-
ture. This observation is furthered confirmed by the second
location (red dots) which always shows the highest attenua-
tion value while the third location (ciano stars) exhibits the
smallest attenuation. However, as frequency approaches 12
GHz, these differences become less evident. For this rea-
son, to account for possible floor unevenness it is advised
to take measurement samples in several different locations
within the considered environment.
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Figure 4. Scanning of Hall Workshop area floor along 3 different locations

3.2 Indoor partition losses

The results of the losses across the walls and the doors are
summarised in Table 2 for the glass door, the wooden door
and two partition walls, with wall 1 being the wall between
two offices and wall 2 being the wall between two halls.
The glass door exhibits smaller mean losses compared to
the wooden door and the difference between the two be-
comes more significant as the frequency increases from 77
to 153 GHz. Yet, the specific attenuation (see Section IIL.A.
for definition) of the glass door is significantly higher than
the wooden door. When considering the partition walls, the
specific attenuation shows similar values. This character-
istic explains the smaller mean loss value of wall 1 which,
being thinner than wall 2, exhibits, on average, 8 dB smaller
loss than wall 2. Partition wall 1 has a penetration loss of
17.39 dB at 25 GHz which is in good agreement with other
measurements such as in [9].

4 Concluding remarks

In this study two continuous wave (CW) measurements
were carried out aimed at assessing floor penetration loss
within the frequency range of 7-15 GHz (FR3 band) and
penetration loss through indoor structures at 25, 77, and 153
GHz. Within the FR3 band, losses through floors ranged
from 44 to 64 dB across frequencies from 7 GHz to 15
GHz, exhibiting an increase of approximately 18-20 dB
for each considered case. The findings in the considered
buildings indicate that signal propagation across two floors
at millimeter-wave frequencies is impractical, primarily at-
tributed to the significantly high losses. Similarly, indoor
partition loss showed a frequency-dependent rise of 22 dB
for glass doors and 33 dB for indoor partition walls across
the three measured frequency bands. These outcomes un-
derscore the challenge of attaining uninterrupted wireless
coverage within indoor spaces, especially at mm-wave fre-
quencies.
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