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Abstract—With the continuous growth in connected devices
and the need for larger bandwidth channels and greater data
speeds, operating at high frequencies can be advantageous for
future mobile communications in general, and for 5G-networks
in particular. In this paper, the indoor coverage at different high
frequencies, namely 10, 30 and 60 GHz has been analyzed in the
context of a single building scenario with an outdoor deployed
base station and low load conditions. These specific frequencies
are only meant as examples to illustrate the general trends of how
coverage varies across the frequency range. A main observation,
also subject to the assumptions made on propagation, antenna
pattern and bandwidth size, is that outdoor to indoor coverage
with down link (DL) user throughput higher than 10 Mbps, and
in certain cases higher than 100 Mbps, is possible at 10 GHz
and above. The case with carrier frequencies up to 30 GHz is
more challenging however still manageable, whereas providing
outdoor to indoor coverage at 60 GHz may be quite difficult for
some building types. It has also been seen that the use of high gain
antennas is crucial at high frequencies and that the deployment
density depends on the type of building, in other words, on the
exterior wall material, interior layout, wall material and building
size.

I. INTRODUCTION

The main reason for looking into higher frequencies is
to find new spectrum to use, which will hopefully manifest
in much wider bands than what is currently used for mobile
systems.

However, there are reasons to be skeptical about the use
of higher frequency bands in some deployments due to the
challenging path loss characteristics as these waves are subject
to several loss factors, starting from the high atmospheric
attenuation, rain fade, foliage attenuation, building and wall
penetration, diffraction and body/obstruction loss.

While some of the mentioned loss aspects may be consid-
ered as minor problems for lower frequency bands, their impact
may become severe in high frequency ranges. This increased
path loss limits potential communications range, however high
frequency waves allow for smaller frequency reuse distances,
larger bandwidth and small beam width allowing for higher
gain values, which in turn can compensate to some extent for
the experienced higher path-loss.

During the last decades a number of studies on building
penetration loss (BPL) at mainly lower cellular frequency
bands but also in millimeter-wave bands has been described
in literature [1–9]. However, there is still an urgent need for
valid outdoor-to-indoor models that cover the entire spectrum
from common cellular up to millimeter-wave frequencies.

This paper presents new simple candidate models and eval-
uation results of the performance of outdoor deployed small
cells targeting single building indoor coverage at frequencies
above 6 GHz. Results are presented in terms of propagation
gain maps as well as user throughput for the different example
frequencies. The outline of the paper is as follows: Section II
introduces the propagation model used, Section III gives a
description of the single building scenario and the simulation
assumptions, Section IV presents the simulation results and
finally conclusions are given in Section V.

II. FREQUENCY-DEPENDENT PROPAGATION MODELS

The propagation model is composed of several sub-models
taking into account free space propagation in line-of-sight,
diffraction modeling in none-line-of-sight, BPL, and indoor
loss. The basis for each of these sub-models has been taken by
selecting appropriate models described in the COST 231 Final
Report [10]. These include the Ericsson micro-cell model for
outdoor propagation [10, Section 4.5.2], the general building
penetration model [10, Section 4.6], and the linear attenuation
model for indoor propagation [10, Section 4.7.2]. The models
have been further updated to include relevant frequency-
dependency as presented in this section, mainly based on
measurements and estimations performed by different sources.
It should be noted that these new models have been developed
to create an approximate qualitative match with the diverse
and limited measurements that are available.

Determination of the propagation path loss from an outdoor
node (base station) to an indoor node (terminal) consists of
evaluating four candidate paths, one through each external
wall, and selecting the path resulting in the lowest total path
loss when adding up the outdoor loss, the BPL, and the indoor
loss. In many cases this will be the path through the wall facing
the base station but for terminals on the far side of the building
a propagation path that diffracts around a building corner and
enters through a side wall may result in a lower total path loss,
particularly if the indoor loss is high, see Fig. 1.

A. Building penetration loss

In high frequency bands, the material characteristics of the
building have a major impact on defining the penetration loss
pattern, thus the BPL can be significantly different for different
buildings. The BPL is calculated based on the mean transmitted
power through different building materials.

In our simulations we refer to two different building wall
configuration examples, namely ”old house” and ”new house”.
The ”old house” assumption corresponds to a composite model



Fig. 1. Illustration of propagation paths.

with 30% ”standard” glass windows and 70% concrete wall.
Whereas, the ”new house” composite model corresponds to
70% Infrared Reflective Glass (IRR) glass windows, common
in modern energy saving houses, and 30% concrete wall. To
model the frequency dependency penetration loss (including
reflection loss) for single materials a simple model structure
has been used to approximately match the results that is found
in [9, 11–14].

The transmission loss of a single standard window glass is
here modeled as

Lglass,dB = 0.1fGHz + 1, (1)

and for the concrete wall as

Lconc,dB = 4fGHz + 5, (2)

where Lglass,dB is the effective glass transmission loss in
dB and fGHz is the frequency expressed in GHz. The to-
tal transmission loss through a ”standard” window is then
modeled by 2Lglass,dB , and by 3Lglass,dB + 20, for standard
two-glass windows, and the more modern three-glass IRR
windows, respectively. Here the loss of the IRR layer was set
to 20 dB which represent an effective additional loss of the
window due to the IRR layer (the transmission loss of such
glass, specifically, may be well above 30 dB). The models are
illustrated in Fig. 2.

In addition to the loss illustrated above, the angular wall
loss model from [10, Section 4.6.2] is used in the simulator to
count for the additional loss that can be experienced depending
on the incident angle. This is modeled as

Lang,dB = 20(1− cos θ)2, (3)

where θ is the angle of incidence. For NLOS propagation this
angle is set to π/3, i.e. the angle of incidence corresponding
to an average angular loss. The maximum angular loss is here
maximized to 20 dB.

Fig. 2. Building penetration loss – combined models.

B. Indoor wall loss

The indoor environment is assumed to be open, with
standard glass, alternatively plaster, indoor walls. Hence, the
loss model per wall is calculated as a function of the carrier
frequency and with an average wall distance of 4 m. Two
different indoor loss models are considered; model 1, and
model 2. Model 1 assumes a wall loss equal to that of a single
standard glass layer and follows (1), as

L
(1)
iwall,dB = Lglass,dB , (4)

Whereas indoor loss model 2 is mainly based on measurements
performed in [9]. The indoor wall loss in the latter case is
estimated as

L
(2)
iwall,dB = 0.2fGHz + 1.7, (5)

Indoor wall loss model 1 may tend to underestimate the
indoor loss at high frequencies. For instance, it can be observed
from the measurements performed in [9] that after passing
the first distance reaching interior walls inside the building,
the signal tends to find a relatively better path to the receiver
(e.g. through open doors, corridors, etc.) than in the case of a
receiver standing right behind the exterior wall (or within the
first few meters).

On the other hand, model 2 may tend to overestimate
the dB/m indoor loss as we interpolate it to provide an
estimated loss deep inside a large building, especially as the
measurements in [9] provide an indication of the indoor loss
for up to 10 m. As it will be shown in Section IV, the
assumptions on the indoor loss model will have a significant
impact on the results. Thus, both models are considered in this
study, which in turn provides an insight into the sensitivity
of the results towards the assumptions made on indoor loss
models.

It should be noted that inner walls may be the
glass/plasterboard ones as we consider, but also the thick
concrete load-bearing ones which have a loss in the order of
an outer wall. The latter case would result in a totally different
indoor loss pattern. In addition, other obstructions such as



Fig. 3. Indoor loss models for different frequencies.

metal white boards could be mounted on the walls causing
a higher loss.

C. Body loss

The body loss, mainly caused by the user being in a
position that blocks the strongest signal from a transmitter may
be severe in some cases. For instance, at high frequencies, it
may happen that the mobile terminal or user equipment (UE)
gets completely blocked by the user (i.e. absence of strong
multipath signals), which may result in high loss values, which
in turn leads to a high variance (shadow fading) in received
signal [15, 16]. Hence, we assume in this study that there are
always some reflections in the room.

The second factor that adds to the total body loss is
the loss arising due to the UE antenna being blocked by
the hand. This loss highly depends on the way the user is
holding the UE as well as on the antenna placement. Existing
measurements have shown values between 3 and 15 dB for
different holding positions and antenna placements [16]. In
this study, we assume that the UE is used in browse mode
(e.g. high data rate use case) and that the antenna placement
is clever, possibly more than one antenna element is available
such that at least one antenna element is not affected much by
the hand (selection diversity).

As a result, the average body loss, considering randomly
oriented users, was here modeled according to Lbody,dB =
fGHz/60+3, assuming a loss of 3 dB due to the hand/finger.
Thus, the frequency dependency of the average body (shadow-
ing) loss will have negligible impact on these simulations.

III. SINGLE BUILDING SCENARIO

A single building deployment is considered in order to give
an indication on the deployment density that is needed to be
able to provide indoor coverage in the entire building given a
minimum achievable user throughput threshold. As depicted in
Fig. 4, an outdoor deployed base station is placed at a certain
height and distance from the targeted building, which may
correspond to the case where a base station is mounted on the

Fig. 4. Single building deployment (not to scale).

TABLE I. DEPLOYMENT AND SIMULATION PARAMETERS

Deployment/simulation parameters Parameter value

Number of buildings 1
Building size [m] 40x40x63
Number of floors 21

Number of base stations 1
Distance between BS and building [m] 35

BS height [m] 31.5
BS output power [dBm] 33

Bandwidth [MHz] 100
BS antenna Wall-mounted HV antenna

BS antenna gain [dBi] (8, 16.3)
UE location Indoor
UE antenna Isotropic

Carrier frequencies [GHz] 10, 30, 60
Average packet size [Mbyte] 1

Average Poisson arrival intensity [Packets/100 s] 8

exterior wall of another building. The main deployment and
simulation parameters are available in Table I.

IV. SIMULATION RESULTS

Results based on simulations performed in a static LTE
system level simulator, implementing the afore-mentioned
propagation models, are presented in terms of propagation gain
maps (Section IV-A) and throughput (Section IV-B).

A. Propagation gain maps

In order to show the impact of the two different indoor
loss models on the indoor coverage, 3D indoor gain maps are
presented for the two studied building types. A base station
gain of 8 dBi is assumed in this case. Fig. 5 to Fig. 7 illustrates
the gain map in the target building at 10, 30 and 60 GHz
respectively. It can be noticed that the different indoor models



Fig. 5. Gain map for old building type at 10 GHz with indoor model 1 (left)
and model 2 (right).

Fig. 6. Gain map for old building type at 30 GHz with indoor model 1 (left)
and model 2 (right).

have a significant impact on the coverage especially as the user
moves deep inside the building.

In general, gain levels allowing for data rates in the order
of 100 Mbps (i.e. −118 dB total gain) can be observed at
10 GHz while more challenging levels, yet still allowing for a
data rate of 10 Mbps (i.e. −129.4 dB total gain) in large parts
of the building, can be seen in case of frequencies around
30 GHz. On the other hand, the indoor coverage tends to get
extremely poor at 60 GHz with a total gain below −130 dB in
the majority of the building making providing the required
coverage exceedingly difficult even with a denser outdoor
deployment as the high indoor loss would remain a challenging
factor.

Fig. 7. Gain map for old building type at 60 GHz with indoor model 1 (left)
and model 2 (right).

Fig. 8. Gain map for new building type at 10 GHz with indoor model 1
(left) and model 2 (right).

Fig. 9. Gain map for new building type at 30 GHz with indoor model 1
(left) and model 2 (right).

Gain maps for the new building type are presented in Fig. 8
to Fig. 10. It can be seen that outdoor-to-indoor coverage in the
entire building can still be conceivable at 10 GHz assuming a
slightly denser deployment. If compared to the old building
type, the propagation conditions in this case become quite
challenging already at 30 GHz as the propagation gain map is
to some extent comparable to that in the former case, however
at 60 GHz. As a result, outdoor deployments targeting indoor
users become in this case a questionable solution at 30 GHz
and above due to the observed extreme coverage degradation.

B. User throughput

Providing a capacity of 10 Mbps and 100 Mbps in the
entire building assuming a bandwidth of 100 MHz, would

Fig. 10. Gain map for new building type at 60 GHz with indoor model 1
(left) and model 2 (right).



Fig. 11. DL user throughput map at 10 GHz for old building type (left) and
new building type (right).

require at least -11.4 dB and 0 dB signal to noise ratio (SNR),
respectively, according to Shannon-Hartley theorem:

C = B log2(1 + S/N), (6)

where C is the channel capacity (bps), B is the bandwidth
of the channel (Hz), and S/N is the SNR. Given an output
power of 33 dBm and assuming a noise figure (NF ) in the
order of 9 dB, the minimum required total gain Gmin can be
calculated as

Gmin,dB = −PTx,dBm + SNRdB + kTBdBm +NFdB (7)

Thus, the resulting total gain for a capacity of 10 Mbps and
100 Mbps in the entire building become −129.4 dB and
−118 dB, respectively.

As shown in Section IV-A, a higher base station antenna
gain is needed for some frequency ranges and building types.
Hence, in this section, performance results are presented in
terms of DL user throughput assuming a base station antenna
gain of 16.3 dBi. As we are primarily interested in coverage,
the focus has been on simulating low-load cases.

The DL user throughput map at 10 GHz is shown in
Fig. 11 for the old and new building models, using indoor
model 1 and assuming an output power of 33 dBm and a
100 MHz bandwidth. The higher BPL in the new building type

Fig. 12. Old building type - cumulative distribution of the DL user throughput.

translates here into lower user throughput and worse coverage.
The complete set of results for 10, 30 and 60 GHz, different
building types and indoor models are presented in a more
concise manner as cumulative distributions.

Fig. 12 shows the cumulative distribution of the DL user
throughput that can be expected in an old building at three
different frequency ranges and assuming two different indoor
models, i.e. IM1 and IM2. Even though indoor model 2 makes
reaching high data rates more challenging, a user throughput
above 100 Mbps can still be reached for approximately 92%
of the users at 10 GHz. At 30 GHz, 65% and 41% of the users
have a DL user throughput higher than 10 Mbps, respectively
for indoor model 1 and indoor model 2 assumptions. Thus,
more than one base station would be needed in this case to
provide coverage in the entire building with a at least 10 Mbps
DL user throughput. At 60 GHz, providing at least 10 Mbps
throughput in the entire building would require a quite dense
base station deployment; as shown in Fig. 12, only 19%,
respectively 9% of all users (basically the ones located within
a very short distance from the outer wall) could reach a DL
throughput of 10 Mbps using indoor model 1 and 2.

Fig. 13 shows the cumulative distribution of the DL user
throughput in the new building model. As it was the case
with the old building model, reaching at least 100 Mbps at
10 GHz is possible, however in this case a denser base station
deployment is needed as only 53% and 32% of the users,
respectively for IM1 and IM2, can reach up to 100 Mbps with
the current setup. Frequencies in the 30 GHz range are more
challenging for this type of buildings as the coverage here
is comparable to that of the old building model at 60 GHz
(i.e. 17% and 9% of the users reaching at least 10 Mbps
DL throughput). For frequencies in the 60 GHz range and
above, providing outdoor to indoor coverage may be extremely
difficult, given that not even users with the most favorable
locations could be served. Hence, a denser outdoor deployment
and higher antenna gains may not be a solution in this case.
It should be noted that EIRP considerations may place a limit
on the antenna gain.



Fig. 13. New building type - cumulative distribution of the DL user
throughput.

V. CONCLUSIONS

The indoor DL coverage at a range of frequencies above
6 GHz (up to 60 GHz) has been analyzed in the context of a
single-building scenario with an outdoor deployed base station
and low load conditions. The specific frequencies used in the
simulations (10, 30, and 60 GHz) are arbitrarily selected and
intended as examples to illustrate the general trends of how
coverage varies across the frequency range.

In general, outdoor-to-indoor coverage with DL user
throughput higher than 100 Mbps can be achievable at 10 GHz
with a low deployment density. The case with carrier fre-
quencies in the range of 30 GHz may be considered as more
challenging, especially for the new building model. However,
providing DL user throughput of at least 10 Mbps in the entire
building is still conceivable in old building models with a
relatively low base station density. On the other hand, outdoor-
to-indoor coverage at 30 GHz in new building models and at
60 GHz in old building models have shown similar patterns,
thus a larger number of base stations is required to meet the
throughput threshold. A less promising scenario is seen at
60 GHz and above in the new building model where outdoor-
to-indoor coverage may be extremely difficult. In addition, the
significance of using high gain antennas at high frequencies
(i.e. 30 GHz and above) has been highlighted. Moreover, it
has been shown that factors such as building type, exterior
wall material, interior layout, etc., are of crucial importance at
high frequencies.

Further studies should cover scenarios with multiple build-
ings, or complete cities, enabling modeling the effects of
diffractions and reflections.
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