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Abstract—Outdoor to indoor penetration loss is one of the cru-
cial challenges faced at millimeter-wave frequencies. This paper
presents the results from 28 GHz channel sounding campaigns
performed to investigate the impact of this phenomenon on the
wireless propagation channel characteristics in small cell and
fixed wireless access scenarios. The measurements are performed
with a real-time channel sounder equipped with phased array
antennas that allow beam-forming and electronic beam steering
for directionally resolved measurements. Thanks to the short
measurement time and the excellent phase stability of the system,
we obtain both directional and omnidirectional channel power
delay profiles without any delay uncertainty. We compare the
measured path loss, delay spread and angular spread for indoor
and outdoor receiver locations for two different types of buildings.
We find that the penetration loss strongly depends on the angle
of incidence, and that the scatterers on the outside of the building
strongly impact how much power is coupled into the building.
Based on the results, we provide statistical models for path loss,
delay spread, and angular spread.

I. INTRODUCTION

The number of connected devices and their data require-
ments have been increasing exponentially. Especially with the
introduction of new applications such as augmented reality,
virtual reality, and Ultra-HD video streaming, monthly global
IP traffic is expected to reach 278 exabytes by 2021 [2].
While a variety of different techniques will be employed in
5G to enable this growth [3], [4], utilizing the fallow spectrum
beyond 6 GHz is among the most promising approaches [5].
Gbps broadband connections to multiple users can be realized
by exploiting the large bandwidths available at mm-wave
frequencies [6], [7].

An accurate channel model is crucial for any efficient
wireless system design. The prospect of mm-wave wireless
systems has thus fueled interest in mm-wave propagation
channel measurements, e.g., [8], [9]. Since many of the future
applications will demand connectivity between outdoor base
stations and indoor users, outdoor to indoor (O2I) penetration
is one of the most important factors affecting the performance
of mm-wave systems. Not only does the penetration loss take
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on higher values than at cm-wave frequencies, but it also
is highly sensitive to the several factors such as density or
the construction material types. Furthermore, at mm-wave
frequencies, the angular characteristics of the propagation
channel are of the utmost importance, since these systems are
highly dependent on the beam-forming gain to overcome the
higher path loss occurring at higher frequencies [10].

A. Existing Literature

Most of the current literature at 28 GHz focuses on outdoor
to outdoor (020) or indoor to indoor (I12I) measurements, e.g.,
[11]-[16] and references therein. As an exception from this
trend, [17] reported O2I measurements at 28 GHz by using
a rotating horn antenna channel sounder which can provide
an accurate absolute delay as well as angular information.
The paper observed a larger number of clusters, larger excess
delays and larger angular spreads indoor compared to the
corresponding outdoor locations. However, there was a limited
number of indoor receiver (RX) locations and a single type
of building was investigated. Ref. [18] performed narrowband
measurements at 28 GHz where the RX was in an office
building, and reported O2I penetration loss values varying
from 3 dB to 60 dB depending on the RX location and the con-
struction material types. However, the measurements were per-
formed for highly directional receivers and do not consider the
effects of scattering-rich indoor environments on the angular
spectrum. Furthermore due to the limited bandwidth, the delay
spread statistics were not considered. Similarly, [19] presents
narrowband building penetration measurements in a suburban
residential neighborhood. It proposes a common-slope cross-
comparison method and estimates building penetration losses
varying from 9 dB to 17 dB. Ref. [20] investigates the
penetration loss for external and internal walls at different
carrier frequencies ranging from 0.8 GHz to 28 GHz with
narrowband signals, and proposes a linear model for frequency
dependency of the penetration loss. In [21], the authors
present results for penetration loss and reflection coefficient
measurements for different types of building materials. For
example; the penetration loss for clear glass is measured as
3.9dB while it is 40 dB for tinted glass. However, the reported
021 measurement are resembling a device-to-device use case
rather than a cellular deployment. A summary of penetration
loss results, and a frequency-dependent model, is given in [22]
and also used in 3GPP. None of references [18]-[22] provide
any delay or angular statistics.



There are other studies investigating the O2I propagation
channel at different mm-wave frequencies. Ref. [23] provides
delay and angular statistics at 20 GHz for one office building
on different floors. For an urban micro-cellular environment,
[24] presents the penetration loss at 26 GHz and 37 GHz,
and compares it with microwave frequencies. It also reports
the effect of incident angle on penetration loss and compares
the measurement results with the 3GPP and IMT-Advanced
models, however, it does not discuss delay spread or angular
spread. [25] investigates the O2I penetration loss and delay
spreads for the O2I channels at 60 GHz with a 10 m distance
from the base-station to the building under test. Hence, both
the frequency and the measurement scenario are different than
this paper.

B. Our Contribution

In this work, we present the results from 28 GHz channel
sounding campaigns performed to investigate the effects of
O2I penetration on the wireless propagation channel character-
istics. The measurement scenarios were designed to imitate a
challenging propagation scenario where the direct path arrives
to the front facade of the target building with a quasi-grazing
angle. A real-time channel sounder equipped with phased
array antennas was used for the measurements [26], [27]. The
phased arrays form beams at the transmitter (TX) and RX and
switch between these beams in microseconds, enabling direc-
tionally resolved results while ensuring minimal variation in
the environment during the measurements. Furthermore, with
the help of beam-forming gain, the channel sounder provides
a measurable path loss of 169 dB. We compare the 020
and O2I channel characteristics and report the effects of O2I
penetration on the received power, the angular spread of the
direction of arrival (DoA) and the delay spread. Furthermore,
we compare these channel characteristics for omnidirectional
and directional RX cases. Finally, we investigate the available
beam diversity and the expected additional loss due to a
blocked sector.

C. Paper Organization

The rest of the paper is organized as follows. Section II
describes the measurement equipment and the details about
the measurement scenarios under investigation. Section III
presents the results and compares the propagation parameters
for O20 and O2I channels. Finally, Section IV summarizes
results and presents conclusions for system design.

II. MEASUREMENT CAMPAIGN
A. Measurement Environments

The measurements were performed at three different loca-
tions on or near the University of Southern California campus.
For all cases, the RX was on the first floor, while the TX
was on a scissor lift at the height of 5m imitating an urban
small cell scenario. To investigate the more challenging cases,
we chose buildings surrounded by foliage and made sure the
angle of the direct path is quasi-grazing with respect to the
front facade of the target building.

Fig. 1. TX and RX locations for SFU1
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Fig. 2. Layout of RX points for SFU1, the important lengths are given in
the figure in meters and sketches might not be up-to-scale.
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Fig. 4. Layout of RX points for SFU2, the important lengths are given in
the figure in meters and sketches might not be up-to-scale.

1) Single-Family Units: We performed O2I measurements
in two different single-family units (SFU). Fig. 1 shows TX
and RX locations on the campus for the first SFU which is
named SFUI. The building is a two-story, detached, single-
family unit built using wood frames and drywalls, as is typical
in California. There is also a covered, first-floor patio wrapping
around the building. Measurement points are marked in Fig. 2.
There are 5 outdoor points placed right in front of the windows
on the patio. 12 indoor measurement locations are placed
throughout the room as the furniture allows. All RX points
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Fig. 6. Layout of RX points for the BOB, the important lengths are given in
the figure in meters and sketches might not be up-to-scale.

are at 1.8 m height above the first floor. The TX is placed
on the same street as the house at a distance of 185 m at an
angle of 10° according to the given directions in Fig. 1. The
direct path from the TX to the house is blocked by foliage
from trees. Additionally, points O/ and O2 are also shadowed
by the building across the street.

The second SFU (SFU2) has a similar structure as SFU1
except the fact that SFU1 was on the corner of an intersection
while SFU?2 is not, as seen in Fig. 3. In this case, we repeated
the measurements for two TX points; TX1 and TX2. TX1 is
located 50 m away from the house and at the angle of 25°,
Fig. 4. TX2 is a more challenging location as it is placed
110 m away from the house at the angle of 12°. Furthermore,
the side window (the window facing 0°) is visible from TXI1,
while it is blocked by the neighboring house in case of TX2.
For both TX locations, the TX height is 5 m. The RX heights
for all indoor points and OI are 1.8 m above the first floor
while the points O2 and O3 are 1.8 m with respect to the street
level.

2) Brick Office Building: The second measurement scenario
is a multi-story, brick building (BOB) surrounded by heavy
foliage as shown in Fig. 5. The TX-RX distance is 114 m, and
the angle of the direct path is 16°. Three outdoor measurement
locations are just outside of the three front-facing windows.
For each window, there are three indoor locations placed on a
line along with the corresponding outdoor point. The distances
of the indoor measurement points from the window are 0.4 m,
1.4m and 2.4m, see Fig. 6.

The outdoor RX points are distributed in front of the build-
ings facades facing towards the TX. Spefically, the outdoor
RX points are chosen in front of the windows, since most
of the received power arrives through windows (see Section

TABLE I
SOUNDER SPECIFICATIONS

Hardware Specifications

Center frequency 27.85 GHz
Instantaneous bandwidth 400 MHz
Antenna array size 8 by 2
Horizontal beam steering (RX/TX) 360° / 90°
Horizontal 3dB beam width 12°
Vertical beam steering (RX/TX) —30° to 30° / 0°
Vertical 3dB beam width 22°
Horizontal/Vertical steering steps 5°/10°
Beam switching speed 2us
TX EIRP 57 dBm
RX noise figure <5dB
ADC/AWG resolution 10/15-bit
Data streaming speed 700 MBps

Sounding Waveform Specifications

Waveform duration 2 pus
Repetition per beam pair 10
Number of tones 801
Tone spacing 500 kHz
PAPR 0.4 dB

Total sweep time 101.08 ms (each 90° sector)

II-A). This placement also allows a one-to-one comparison
of the multi-path-components (MPCs) observed by the indoor
and outdoor RXs. Hence, it provides insights into the effects
of O2I propagation on different types of paths from TX to RX.
In case of SFU2, the limited area in front of the window could
accommodate only one RX point (O1), the received power for
two other locations (O2 and O3) away from the windows are
also provided for readers’ references. We finally notice that
none of the windows is of the energy-saving type. This has
important consequences for propagation, since energy-saving
windows. which are typically covered with a thin metal film,
have much higher attenuation than regular ones.

B. Measurement Setup

In this campaign, we used a switched-beam, real-time, wide-
band mm-wave sounder with 400 MHz bandwidth [26], [27].
The sounding signal is a multi-tone signal which consists of
equally spaced 801 tones covering 400 MHz. A low peak
to average power ratio (PAPR) of 0.4 dB is achieved by
adjusting the phases of individual tones as suggested in [28].
This allows to transmit with power as close as possible to
the 1 dB compression point of the power amplifiers without
driving them into saturation.

Both the TX and the RX are equipped with 2 by 8 rect-
angular phased array antennas capable of forming beams that
can be electronically steered with 5° resolution in the range of
[—45°,45°] in azimuth and [-30°,30°] in elevation. During
this measurement campaign we utilize a single elevation angle,
0°, with 19 azimuth angles for the TX, and 7 elevation angles
along with 19 azimuth angles for the RX. With an averaging
factor of 10, the total sweep time is 101.08 ms for 2527
total beam pairs. Since phased arrays cover 90° sectors, we
rotated the RX to {0°,90°,180°,270°} to cover 360° while
using a single orientation at the TX. Consequently, for each



measurement location, we obtain a frequency response matrix
of size 7 by 72 by 19 by 801.

Moreover, thanks to the beam-forming gain, the TX equiv-
alent isotropically radiated power (EIRP) is 57 dBm, and
the measurable path loss is 159 dB without considering any
averaging or spreading gain. Including the averaging ratio
used in this campaign, the measurable path loss is 169 dB.
By using GPS-disciplined Rubidium frequency references, we
were able to achieve both short-time and long-time phase
stability. Combined with the short measurement time this
limits the phase drift between TX and RX, enabling phase-
coherent sounding of all beam pairs even when TX and RX
are physically separated and have no cabled connection for
synchronization.

Consequently, the directional power delay profiles (PDP)
can be combined easily to acquire the omnidirectional PDP.
Table I summarizes the detailed specification of the sounder
and the sounding waveform. References [26] and [27] discuss
further details of the sounder setup, the validation measure-
ments, and the data processing.

C. Data Processing

In the following, we describe the post processing of the mea-
sured data using Fourier-resolution techniques. The directional
power delay profile (PADP) for the TX and RX beams with
the azimuth angles ¢tx, ¢rx, respectively and RX elevation
angle Orx is estimated as

PADP(orx, s dwxs7) = [ (W (7) B s (7) 10 (1)}
1

where ¢rx € [—180, 175], o1X € [—45,45], Orx € [—30,30],
F~1 denotes inverse Fourier transform, Hp gex,énx 1S the
frequency response for the TX beam direction ¢x and the
RX beam direction (frx, ¢rx) and Hy( f) is the calibration
response; W ( f) is the normalized Hanning Window, f is the
vector of frequency tones, and ./ is element-wise division.
Since all beam pairs are measured without a significant phase
drift or trigger jitter, all directional PDPs are already aligned
in the delay domain and require no further correction. To
extract MPCs, we perform peak detection in 4-D space in
PADP(¢rx, 0rx, drx, 7). Then, for each delay bin we filter
the ghost MPCs caused by side-lobes in the beam pattern as
follows: The strongest peak detected at each delay is accepted
as MPC since it can not be due to a side-lobe. Any other peaks
with the same delay and within 10 dB of the strongest MPC in
the same delay bin are also accepted as valid MPCs, since the
sidelobes are always less than -10 dB with respect to the main
lobe. Furthermore, the peaks with powers within 20 dB of the
strongest MPC and where both direction of departure and the
direction of arrival are different than the strongest MPC in
the same delay bin are also accepted as valid MPCs. Further
details of the MPC extraction are described in [27].

After the MPC extraction, the extracted MPCs are used
to calculate the path loss, delay spread and angular spread
statistics. The resulting delay resolution is 2.5ns and the
angular resolutions are 5° and 10° for azimuth and eleva-
tion, respectively. The 5° increment in the beam direction is

identical to the achievable resolution of the sounder in the
angular domain The RX elevation resolution of 10° is not
sufficient to study angular statistics in elevation. However,
the elevation steering ensures estimating true power reflected
from nearby objects at different heights including the window
frames and furniture. Further details of the post-processing
are described in [26], [27]. To reduce the effects of noise, we
remove the MPCs whose power are below the noise threshold
which is set to be 6 dB above the noise floor. The noise floor is
computed from the noise-only region of the PADP (samples
before the first MPC). The root mean square delay spread
(RMS-DS) trms is computed as the second central moment
of the PDP [29].

Sk, (e = 7)° P
21121 Pk
where NN, is the number of MPCs, 7, and P} are delay and

power of k’th MPC and 7T is the mean delay, which is given
by
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The angular spread Sy for RX azimuth is calculated as follows
[30].
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where ¢ € [—m,m), APS(¢) is the angular power spectrum.
Furthermore the mean angle is given by the angle of ji4.

III. RESULTS
A. Multi-path Components

In this section, we discuss deterministic results to under-
stand the effects of different scenarios on the propagation
channel. We study the distribution of the extracted MPCs and
compare them with the photos taken from the RX point of
view! and the floor plans.

First, we compare the indoor and outdoor locations for the
BOB. Fig. 7 shows the MPCs observed outside at BOB-O1.
Fig. 9 shows the PADP for the same location. The strongest
MPC is at 15° and it is the line-of-sight (LOS) path propagat-
ing through the foliage with smallest delay. Additionally, the
second cluster of MPCs with ¢rx € [-50°, —5°] and slightly
more delay compared to the first path are due to reflections
from the building under investigation. The MPCs that have
¢rx € [20°,180°] are caused by reflections some further-away
objects (e.g., buildings and poles), they have larger delays and
less path gain due to the larger propagation distance.

Due to height difference between camera and actual antenna, and the fish-
eye lens effect the observed elevation angles in the photos are distorted.
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Fig. 7. Detected MPCs vs DoA - outdoor BOB-O1, the color and the size of the point indicate the path gain of the MPC

Elevation (degree)

-145

-150

-155

-160

-165

-170

Azimuth (degree)

Fig. 8. Detected MPCs vs DoA - indoor BOB-I2, the color and the size of the point indicate the path gain of the MPC
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Fig. 9. MPCs vs delay and DoA - outdoor BOB-0O1I, the color and the size
of the point indicate the path gain of the MPC
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Fig. 10. MPCs vs delay and DoA - indoor BOB-12, the color and the size of

the point indicate the path gain of the MPC

For the indoor location in Fig. 8, we see that almost all of
the MPCs are entering the building via the windows, as the
brick walls do not allow any significant penetration. Fig. 10
shows the PADP for the same environment. The MPCs with
the smallest delay also have the same DoA of 15° as the
direct path outdoors, indicating that this is the path through
the brick wall. However, this path is attenuated by more than
45 dB. After the first MPCs, there is the first cluster of
MPCs with delays less than 400 ns, which are caused by the
interactions of the direct path with the window frames. When
we compare the path gains of these MPCs with the direct
path observed outdoor, we see that the excess loss is more
than 30 dB, caused by the large incident angle. However, the
other MPCs, which are reflected by surrounding structures,
have more favourable angles of incidence. Consequently, their
path gain only decreases by 5 dB to 15 dB compared to the
outside locations. This indicates the effects of O2I penetration
loss does not only depend on the structure under investigation
but it also depends on the surrounding structures. Furthermore,
this weighting of MPCs increases the indoor RMS-DS. The
effects of these phenomena on the O2I penetration loss, RMS-
DS and angular spread will be further discussed in Sections
HI-C and III-D.

Figs. 11 and 13 show the DoAs and the PADP for the
outdoor location SFUI-O3, respectively. For this location,
there is a dominant first cluster that consists of the direct
path (¢ = 10°) and some additional paths (¢ € [—50°,50°])
due to the interaction of the direct path with the building
under investigation. In addition, there are reflections from the
surrounding structures with relatively larger delay. Next, we
compare the MPCs observed outdoor with an indoor location
SFUI-17 as shown in Figs. 12 and 14. SFUI is a corner house
with large windows on two sides, which are both illuminated
by the TX (compare Fig. 2). In addition to the MPCs through
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Fig. 11. Detected MPCs vs DoA - outdoor SFUI-O3, the color and the size of the point indicate the path gain of the MPC
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windows, there are several additional MPCs entering the house
through the walls, which were built by wooden frames and
drywalls. The MPCs with a DoA between —50° and 0°
have similar delays to the first paths observed at the outdoor
location. This indicates that these MPCs arrive to the RX after
penetrating the wall as seen in Fig. 12. Additionally, there are
other MPCs that are reflected by the window frames or the
back wall. Consequently, we see a larger range of azimuth
angles indoors, compared to the BOB.

Figs. 15, 16 and 17 visualize the direction of the dominant
paths for all RX locations. Due to demonstration purposes
for each location only the strongest 5 paths are shown along
with the mean angle or arrival.2 As seen in Fig. 15, for
every RX point, the observed set of paths varies depending
on the exact location within the house. As a result of this, the
angular spread values and the mean angles change significantly
depending on the RX location within the room.

Although SFU2’s building materials are similar to those
of SFUI, as seen in Fig. 16, the observed MPCs are mostly
arriving from the front side of the building since the neigh-
boring structures block the side wall. Hence, most of the
dominant paths enter the buildings via the front side. The
resulting angular distribution of the MPCs in SFU2 is thus
more similar to that of the BOB shown in Fig. 17. Furthermore,
the mean angles for indoor RX locations are always towards
the windows.

In summary, in a realistic environment, there will be
multiple paths arriving from the BS to the building under
consideration. Since these paths might have a varying range
of azimuth angles, they will experience different levels of O21

2Note that Fig. 15 shows only the mean angle and the strongest 5 paths
for representation purposes; as can be observed from Fig. 12, the number
of actual MPCs is much larger. The arrow lengths indicate the order of the
magnitude but are not scaled according to the path gains.
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the mean direction of arrivals, black arrows indicate the RX beam directions
for the five strongest MPCs.

attenuation depending on their incident angles. Hence the O21
penetration will filter out some of the MPCs and favour others.
The distribution of the angles incident on the building depends
on the outside environment, while the filtering is a function
of the building material and window layout. Consequently,
observed propagation channel statistics and their differences
for outdoor and indoor location will depend on site-specific
details. Thus, it is crucial to design measurement campaigns
that can consider the composite effect of these variables. It also
becomes clear that a model that simply attenuates all MPCs
by a “bulk™ attenuation is not reflecting physical reality.

B. O2I Penetration Loss

In this section, we discuss O2I penetration loss for omni-
directional and directional RX antennas. The omnidirectional
path loss is calculated by combining all the TX-RX beams,
while the directional RX simply chooses the best available
beam in terms of RX power. As discussed above, this path
loss is meaningful when assessing coverage, but should not
be interpreted as constant loss for each MPC. Figs. 18, 19, 20
and 21 show the path loss for all RX points in all measurement
locations. The points are ordered according to their distance
from the windows (i.e., the outdoor points on the left are
further away from the window and indoor points on the right
are further away from the windows).

In the case of SFUI, the free space path loss for 185 m
TX-RX distance at 28 GHz is 106.7 dB. However, due to
shadowing from foliage, the path loss for the outdoor RX
locations varies between 117 dB to 135 dB with a mean of
127.8 dB. According to the path loss model in [31], based on
measurements in a similar environment, the anticipated path
loss is 127.4 dB for the distance of 185 m which shows a
good agreement with our results. In the case of SFU2, the two
outdoor RX locations; SFU2-0O2 and SFU2-0O3 have almost
line-of-sight LOS channels, hence the observed path loss
values are similar to the LOS path loss for both TX1 and TX2.
However, OI’s view to the TX is blocked by the neighboring
structure and foliage resulting in a relatively higher path loss.
Especially in the case of TX2, SFU2-O1 has 13 dB higher path
loss than other outdoor points, although they all have similar
TX-RX distances. Due to foliage attenuation, the outdoor path
loss values observed in the BOB vary from 111 dB to 122 dB
with a mean of 117 dB, which indicates a loss due to foliage
around 15 dB. Further investigations into foliage effects on
path loss and delay spread at 28 GHz can be found in [32].

We first consider the impact of building material on the
penetration loss by comparing points directly outside of the
house and directly inside for three different scenarios SFUI,
SFU2-TX2, and BOB that have similar incident angles. For
SFU1 and SFU2-TX2 the excess losses are 10.0 dB and
8.1 dB, respectively. Care must be taken in the interpretation
of the penetration loss in SFU2, in particular when using
location Ol as a reference. The patio structure obstructs the
propagation of quasi-line-of sight components, so that the
outdoor attenuation is higher. Thus, outdoor locations SFU2-
02 and SFU2-O3 provide better estimates of the overall
outdoor arriving power. If we take the other outdoor points



into account as well, the excess loss for SFU2-TX2 is as
high as 16.6 dB, which is significantly higher than SFUI;
this is due to the fact that only one facade has windows, as
discussed in III-A. It is noteworthy that the BOB structure has
a considerably higher pathloss than the SFU locations, namely
more than 22 dB. As discussed earlier, in this location, the only
viable paths from TX to RX are through the windows, which
decreases the indoor RX power significantly, see Fig. 8 and
Section III-A.

As seen in Figs. 18, 19, 20 and 21, we did not observe any
significant increase in the path loss at the RX locations far
away from the windows. Except at SFU1 (where the existence
of the side windows leads to significant variations of the
path loss within the room), all other measurements observed
standard deviations of path loss within the room of only
1-2 dB without a significant dependency on the distance from
the window. For BOB and SFU2, in parallel to the discussions
in Section III-A, we see that for the indoor locations the MPCs
with the highest power are either reflections from the window
frames or the MPCs that are reflected/diffracted from outdoor
objects near the RX and propagate almost perpendicularly
into the building. Neither of these two propagation paths are
significantly affected by the additional distance for the RX
points deeper in the rooms.

The means and standard deviations of path loss values for
all indoor and outdoor RX points are summarized in Table
II. To investigate the mean O2I penetration loss, we subtract
the mean outdoor path loss from indoor path loss values.?
The corresponding means and standard deviations are given
in Table II as well.

We first discuss the O2I penetration loss for omnidirectional
RX. In case of SFUIL, the O2I penetration loss has a mean of
10.6 dB and a standard deviation of 5.2 dB. Even though
the two buildings are similar in terms of construction, the
penetration loss for SFU2 is higher than SFU1. In SFU2, the
mean penetration losses are 14.4 dB and 18.2 dB for TX1
and TX2, respectively. In case of SFU2-TX2 which has a
similar incident angle with SFU1, the penetration loss is 8 dB
higher than SFU1. As described in Section III-A, a likely cause
is that the SFUI is a corner house and has less blockage
from the surrounding buildings. Furthermore, the standard
deviations of the penetration losses are lower than SFUI,
namely 1.8 dB and 2.3 dB for TX1 and TX2, respectively.
When we compare TX1 and TX2 results for SFU2, we also
see that the penetration loss is 4 dB higher for TX2, as the
more grazing angle of incidence presents a more challenging
situation for radio-waves’ penetration. Similar to SFU2 for
all BOB indoor locations, MPCs undergo similar propagation
paths, the observed path losses do not vary significantly. The
mean path losses for outdoor and indoor locations are 117 dB
and 139.7 dB, respectively. Hence the mean excess loss due
to O2I penetration is 22.7 dB and the standard deviation is
1.2 dB.

For indoor RX points in SFUs the directional path loss is
approximately 2.5 dB higher than the omnidirectional path

3Note the observed distribution is affected by both the varying O2I
penetration losses and the indoor propagation channel.
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Fig. 18. Omnidirectional path loss vs the RX locations in SFUI, the indoor
locations ordered according to the distance from the window, the RX locations
with the same distance from the windows are grouped together.
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Fig. 19. Omnidirectional path loss vs the RX locations in SFU2-TXI1, the
indoor locations ordered according to the distance from the window, the RX
locations with the same distance from the windows are grouped together.
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Fig. 20. Omnidirectional path loss vs the RX locations in SFU2-TX2 the
indoor locations ordered according to the distance from the window, the RX
locations with the same distance from the windows are grouped together.
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Fig. 21. Omnidirectional path loss vs the RX locations in BOB, the indoor
locations ordered according to the distance from the window, the RX locations
with the same distance from the windows are grouped together.

loss. However, the differences between directional and omni-
directional path losses for outdoor RX points are around 1 dB.
Consequently, the directional path loss is approximately 1.5 dB
more than the omnidirectional case for all SFU measurements.
The difference is more prominent in the case of BOB and
the directional penetration losses are 2.5 dB more than the
omnidirectional case. Note that this excludes the antenna gain,
which needs to be considered for a realistic link budget.



TABLE I
MEAN PATH LOSS AND PENETRATION LOSS VALUES
Location Outdoor Indoor Penetration Loss
n o o o o o
§ SFU1 127.8dB | 74dB | 1384dB | 52dB | 106 dB | 52 dB
é SFU2 - TX1 | 1020dB | 44dB | 1164dB | 1.8dB | 144dB | 1.8 dB
S | SFU2-TX2 | 1083dB | 74dB | 1265dB | 23dB | 182dB | 2.3 dB
% BOB 1170dB | 49dB | 139.7dB | 1.2dB | 22.7dB | 1.2 dB
_ | SFU1 12866 dB | 64dB | 1409dB | 75dB | 123dB | 7.5 dB
_g SFU2 - TX1 1028 dB | 55dB | 119.0dB | 1.8dB | 16.1dB | 1.8 dB
_g SFU2 - TX2 | 1099dB | 9.7dB | 128.8dB | 3.0dB | 19.0dB | 3.0 dB
FU BOB 1179dB | 56dB | 143.1dB | 1.3dB | 252dB | 1.3 dB
C. Root Mean Square Delay Spread :
Similar to the penetration loss, we investigate the RMS-DS EE']ZO i fﬁﬁfg’r"“
for the cases where the RX has an omnidirectional view or %_1 20
if it selects the RX beam with the highest power (i.e., the g
directional RX). < 160
Fig. 22 shows a comparison between outdoor and indoor &
PDPs from SFU2-TX2. In this case, the outdoor and indoor -180 ‘ ‘ ‘ ‘ ‘ ‘
RMS-DS are 35 ns and 75 ns RMS-DS, respectively. Although 300400500 ?)Oglay (31(3;) 800900 1000

the indoor environments adds additional MPCs due to reflec-
tions from the surrounding walls and furniture, relative delays
of these MPCs are not high enough to affect the RMS-DS
significantly. Rather, in the scenarios investigated in the paper,
although the O2I propagation does not introduce new MPCs
with large excess delays, the varying amount of penetration
loss affecting MPCs causes significant changes in RMS-DS.
In line with the discussion of Section III-A, we see that
early MPCs, which have grazing incidence, have stronger
attenuation than later arriving components; this explains the
increase in the delay spread. In addition, we observed that
the variation of the indoor RMS-DS values is not significantly
higher or lower compared to the outdoor reference points. This
indicates that the variation is not caused by indoor reflections,
but it is actually caused by the different subset of MPCs (with
large excess delay and varying incident angles) arriving to the
different RX locations.

Following our earlier discussions in Section III-A, O2I
penetration forces all paths into a relatively limited angular
range. Especially, in BOB and SFU2 this process is more
prominent, and results in directional RMS-DS values similar
to the omnidirectional ones for indoor locations even though
the outdoor directional RMS-DS values are significantly less
than the omnidirectional ones for these locations.

The mean and the median RMS-DS values are listed in
Table III. As the RMS-DS is generally modelled with a
Log-normal distribution, we provide the corresponding mean
and standard deviation for each measurement environment for
readers’ reference. If we compare our findings with the O2I
channel model parameters suggested in Table 7.5-6 in the most
recent 3GPP standard for mm-wave frequency channels [33].
In terms of base-station height and the environment type, the
urban micro (UMi) scenario presented in the report is the
closest one to our measurements. However, the UMi channel

Fig. 22. Sample omnidirectional PDPs for outdoor and indoor RX location
for SFU2

TABLE III
RMS-DS STATISTICS

Location Mean | Median | Logarithmic Scale
) | (s) u o
SFU1-Indoor 26.15 27.36 -7.61 0.19
'S | SFU1-Outdoor | 23.89 23.32 -7.66 0.23
% SFU2-Indoor 36.74 25.73 -71.51 0.28
T | SFU2-Outdoor | 18.26 14.18 -1.79 0.24
§ BOB-Indoor 51.99 47.86 -7.32 0.06
BOB-Outdoor | 37.88 28.01 -7.46 0.22
SFU1-Indoor 18.09 16.11 -1.79 0.21
_. | SFU1-Outdoor | 9.66 12.37 -8.09 0.33
é SFU2-Indoor 26.80 17.64 -7.70 0.38
_g SFU2-Outdoor | 7.55 6.51 -8.19 0.29
© | BOB-Indoor | 4618 | 4318 | 741 | 034
BOB-Outdoor 14.37 14.26 -7.84 0.05

model parameters are only given for a street canyon scenario.
As discussed in Section III-A, the relative locations of the
surrounding buildings not only have an effect on the absolute
values of the channel parameters, but they also affect how the
channel parameters change during the O2I penetration. For
28 GHz UMi, the 3GPP standard reports the means of the
logarithm of the RMS-DS ups as -7.49 for LOS, -7.18 for
NLOS and -6.62 for O2I. Since these values are given for
a street canyon scenario, as one would expect that they are
significantly higher than our observations. Especially in the



O2I case the prescribed ppg corresponds to 240 ns which is
almost an order of magnitude larger than our measurements.
Furthermore the difference between outdoor and indoor RMS-
DS is much higher than our observation. Consequently, these
values are not applicable to the residential small cell environ-
ments. From our observations, for a given house location, if
the ppsoue Of the outdoor RMS-DS is known, the indoor can
be estimated by ppsin = ps.ou + 0.2 for an omnidirectional
RX, and by ppsin = 1psout +0.45 for a directional RX, when
the building under study has a single illuminated wall. If the
structure and environment allow MPCs to penetrate into the
building from more than one side, then the indoor RMS-DS
only increases slightly i.e., upsin = Wpsou + 0.05 for the
omnidirectional RX and pipsin = pps,ount + 0.3 for directional
RX.

D. Angular Spread

In this section, we study the DoA angular spread of the
MPCs shown in Section III-A and Figs. 15, 16 and 17. In
parallel to our earlier observations, for the indoor RX points
SFUI1, the observed subset of paths varies depends on the
exact location within the house. Consequently, the angular
spread values vary from 21° to 55° although all outdoor
points have angular spreads in the range of 38.5° to 47°.
This variation within the room has important implications for
system design. Deployment of antennas indoors might require
higher adaptivity of the antenna pattern, and the angular spread
could change drastically when relocating the antenna within
a room. The wide range of mean angle of arrivals shown in
Fig. 15 supports this observation as well. Additionally, the
mean angular spread for indoor is 43.5°, which is quite similar
to the outdoor angular spread of 41°.

For both SFU2 and BOB, the main path of propagation
is via the front side of the house, due to blockage by the
neighboring structure for SFU2 and lack of side windows
for BOB. Table IV summarizes the statistics of the angular
spreads for all SFU and BOB angular spread values. Angular
spread is commonly modelled with a Log-normal distribution.
Although the number of measurement points is limited for
some cases, we provide means and standard deviations of the
(logarithmic) angular spreads of the measured data in Table
IV as well. The observed mean angular spreads are slightly
smaller for the indoor compared to the outdoor RX points for
both cases, see Table IV. However, in the case of BOB, due
to the limited number of outdoor locations, it is not certain
that the results can be generalized. Furthermore, the observed
means and deviations for indoor are quite similar for these
two structures even though they are built with significantly
different types of materials. This indicates that the effects of
the floor plan (i.e., number and dimensions of windows) are
prominent compared to the effects of the building material.

Similar to the RMS-DS, we compare our findings with
the O2I channel model parameters suggested for the UMi
scenario in Table 7.5-6 in [33]. The 3GPP standard also
reports the mean of the logarithms of the angular spread of
azimuth DoA for LOS, NLOS, and O2I as 1.61, 1.69 and
1.76, respectively. In linear scale the angular spreads for LOS

TABLE IV
ANGULAR SPREAD STATISTICS

Location Mean Median Logarithmic Scale
I o
SFU1-Indoor 43.51° 46.31° 1.62 0.13
SFU1-Outdoor | 41.00° 39.77° 1.61 0.04
SFU2-Indoor 36.46° 34.49° 1.56 0.07
SFU2-Outdoor | 38.12° 37.25° 1.54 0.18
BOB-Indoor 37.53° 37.60° 1.57 0.06
BOB-Outdoor 39.21° 36.32° 1.59 0.07

and NLOS are 40.7° and 49°, respectively. In addition, the
O2I angular spread specified is 57.5°, which is significantly
higher than our observation. Furthermore, the average indoor
angular spreads are approximately 20% and 40% higher than
the outdoor NLOS and LOS points. We observed this increase
in only around 5% for the SFU cases. Furthermore, in case
of BOB, which is a brick building (i.e., penetration is only
possible via windows), the mean indoor angular spread was
5% smaller than the outdoor values.

E. Receiver Angular Diversity

We next analyze the available beam diversity in the various
measured environments. This is important in case that the
strongest MPC is blocked, e.g., by a human person walking
through the propagation path. We define the available diversity
as follows: we divide the 360° azimuth into 8 sectors (of 45°
each - we assume that a human can block one such sector -
an assumption that of course depends on the distance between
the human and the RX). The RX sector centers are chosen as
[0°, 45°, 90°,..., 315°] and all BS sectors are active. The RX
power for each sector is calculated by adding up all detected
MPCs within the same sector. We then determine the sector
with the highest RX power and the number of other sectors in
which the arriving power is within 10 dB of the best sector. We
name these sectors as selectable sectors and note the number of
selectable sectors as IN,. This measure thus indicates whether
switching to a different direction can maintain the connection.
We also quantify the RX power difference between the best
and second best sectors as A,,.

Figs. 23, 24, 25 and 26 show the relative received power in
each sector (in descending order) with respect to the best sector
for that RX location for all measurement environments. The
dashed line indicates where the received power drops 10 dB
below the best sector, so the number of sectors below the
dashed line indicates the number of selectable sectors (i.e.,
N,) for a given RX location®.

In line with the large range of angular spread values for
the SFU1 indoor RX locations, the NN, also varies from 1 to
6 with a mean of 3.9, see Fig. 23. The A,’s are 4 dB and
3.2 dB for indoor and outdoor, respectively. In case of SFU2
for both TX1 and TX2, SFU2-O1, which is the point right
outside of the window, suffers from foliage and neighboring

4The 10 dB threshold is chosen arbitrarily, similar investigations can be
performed for other threshold levels by investigating Figs. 23, 24, 25 and 26.
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structure. Consequently at this point, there are several indirect
paths with varying DoAs. In addition, the RX also receives
several reflections from the house itself, consequently, unlike
other outdoor RX locations, 6 out of 8 sectors are within 10 dB
of the best sector for both TX locations, as seen in Figs. 24
and 25. At the other two outdoor RX locations, the N,’s are 0
to 3. In case of indoors, the mean N,’s are 3.2 and 2.3 for TX1
and TX2, respectively. Furthermore, the expected loss in the
received power when the best sector is blocked (i.e., A,) are
5.1 dB for outdoor and 3.5 dB for indoor. Another interesting
observation is that the second-best sector is a neighboring
sector to the best one for 10 out of 11 indoor RX locations for
the SFU2, while this ratio is only 6 out of 12 for the SFUI.
Hence the availability of a side window affects the correlation
of the received power for neighboring sectors.

In case of BOB, the mean N,’s are 2.7 and all indoor RX
locations have a N, between 2 to 4. The mean A,’s are 6.3 dB
for outdoor and 4.3 dB for indoor which is slightly higher than
in the other measurement locations. Similar to SFU2, for most
of the cases (7 out of 9), the second best sector is a neighboring
sector of the best one. This is anticipated as both structures
only allow MPCs from a limited azimuth range.

Table V compares Ny and A, values for 45° sectors with
ones for 30° and 60° sectors. For all environments, the mean
A, is almost always smaller for indoor RXs compared to
the outdoor RXs. In summary, we observed that for most
the indoor locations, there is at least one more sector within
10 dB of the main sector, regardless of the sector width.
Additionally, the mean RX power difference between the best
and the second-best section varies from 3 to 5 dB. Considering
the excess losses due to body blockage at 28 GHz are shown
to be as high as 15 dB [34], [35], it is clearly beneficial to
employ a structure with adaptive beam-forming for the indoor
environments.

IV. CONCLUSIONS

In this paper, we presented measurements at 28 GHz
investigating effects of outdoor to indoor penetration. The
measurements performed in a challenging scenario where
the direct path from the TX has a quasi-grazing angle to
the building under investigation. We observed that the O2I
penetration losses vary from 10 dB to 18 dB for a single family
unit depending on the site-specific details such as place of the
house on the street or the incident angle from the base station
to the house. In the case of a brick building, the penetration
loss is as high as 23 dB. Furthermore, the penetration loss
is 2-3 dB higher when the RX is forced to choose a single
directional beam with 12° half power beam width for all
cases. For buildings with a single visible front from the TX
that would allow O2I penetration, we have not observed any
significant change in the indoor RX power with on the indoor
location or the distance from the window. However, the RX
power fluctuates more than 10 dB in the presence of a second
side offering an alternative path of propagation. Perhaps most
importantly, we find that the common approach of adding a
“bulk” penetration loss to an outdoor model is not a viable way
to model outdoor-to-indoor mm-wave channels. Neither is a



TABLE V

DIVERSITY STATISTICS, N IS THE NUMBER OF SELECTABLE SECTORS AND A IS THE

Location 30° Sector 45° Sector 60° Sector
Nsoutof 11 | A(dB) | Nsoutof 7 | A(dB) | Nsoutof 5 | A (dB)

SFU1-Indoor 5.08 4.45 39 3.2 3.25 3.89
SFU1-Outdoor 3.80 3.59 2.8 4 2.4 3.63
SFU2-TX1-Indoor 4 2.94 32 3.47 22 3.16
SFU2-TX1-Outdoor 4.67 3.78 3 4.48 2.67 4.74
SFU2-TX2-Indoor 35 1.43 2.33 3.38 22 1.80
SFU2-TX2-Outdoor 433 5.42 3.67 5.64 2.67 5.10
BOB-Indoor 3.78 2.63 2.7 4.3 2 2.33
BOB-Outdoor 2.33 6.35 2 6.3 2 6.09

concatenation of an outdoor channel with an indoor channel;
rather the environment-specific interaction has to be accounted
for. Thus, effects of O2I propagation on the DoA and delay
spread statistics are more affected by the floor plan and
the relative location of the building under investigation with
respect to the surrounding structures rather than its building
materials.

Further investigations into the available beam-diversity
showed that an adaptive beam-forming could improve the
mean RX SNR by 5 to 7 dB in case the best sector is
blocked by a human body. Finally, we compare our findings
about RMS-DS and angular spread with the most recent 3GPP
standard and find that the type of environment we measured in
is not represented by an existing model; we therefore provided
model parameters for a “suburban O2I” environment, which
will be important for 5G deployment.
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