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Abstract—In the US, people spend 87% of their time indoors
and have an average of four connected devices per person (in
2020). As such, providing indoor coverage has always been a
challenge but becomes even more difficult as carrier frequencies
increase to mmWave and beyond. This paper investigates the
outdoor and outdoor-indoor coverage of an urban network
comparing globally standardized building penetration models
and implementing models to corresponding scenarios. The glass
used in windows of buildings in the grid plays a pivotal role in
determining the outdoor-to-indoor propagation loss. For 28 GHz
with 1 W/polarization transmit power in the urban street grid,
the downlink data rates for 90% of outdoor users are estimated
at over 250 Mbps. In contrast, 15% of indoor users are estimated
to be in outage, with SNR < —3 dB when base stations are 400 m
apart with one-fifth of the buildings imposing high penetration
loss (~ 35 dB). At 3.5 GHz, base stations may achieve over 250
Mbps for 90% indoor users if 400 MHz bandwidth with 100
W/polarization transmit power is available. The methods and
models presented can be used to facilitate decisions regarding
the density and transmit power required to provide high data
rates to majority users in urban centers.

Index Terms—5G, Building penetration loss,
Outdoor-to-Indoor Propagation, O2I

coverage,

I. BACKGROUND

The US Environmental Protection Agency, through the
National Human Activity Pattern Survey in 2001, determined
that in the US people spend 87% of their time indoors with
an additional 6% inside vehicles [1]]. Additionally, the Cisco
2018-2023 annual internet report for the US indicates an aver-
age of four connected devices per person in 2020 [2]]. Thus,
it becomes imperative to know how much signal coverage
and data rate can be provided to indoor users and devices,
especially for urban networks with building structures that
may not favor penetration of cellular signals from outdoors.

The outdoor-to-indoor (O2I) or building penetration loss
(BPL) has been a long standing problem for wireless commu-
nications, and significant channel measurement and modeling
work was conducted when the cellular radio industry was in
its infancy [3]]. Measurement campaigns have been conducted
to characterize wireless propagation [4]-[7] and behavior of
materials [8]], [9] for O2I coverage. The O2I measurement
campaign in [4]] observes that O2I coverage is limited by
attenuation/excess loss imposed along the signal path. Further,
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the location and type of windows are observed as impor-
tant factors that might affect cellular service deployment.
Measurements performed in [5]] note that the strongest paths
received indoors from an outdoor transmitter have normal
incidence into the building or were reflections from window
frames. [[8] records reflection and penetration measurements
for common building materials and windows and suggests O21
communications is difficult at 28 GHz. Further, [9] shows
influence of antenna polarization on penetration loss at 73
GHz as some indoor materials, such as closet doors, exhib-
ited lower loss with cross-polarized antennas. [6]] measures
penetration loss in sub-urban houses emulating a customer
premises equipment (CPE) placed outside or 1.5 m inside a
street facing window to relay signals indoors; An additional
loss of 9 dB for house with low-loss wooden exterior and
17 dB for house with foil back insulation and low-emissivity
(low-e) windows is observed when moving the CPE indoors.

In the literature, buildings are essentially categorized into
two groups: low-loss and high-loss, based on metrics relating
to the building thermal efficiency. The 3GPP recommendation
for BPL follows from the proportion of two materials, primar-
ily concrete and glass, found on the building surface area and
groups buildings as high-loss or low-loss [10]. Penetration
loss of each material is modeled as a linear function of
frequency, based on formulations in [11]]. Similarly, the ITU-R
recommendation classifies buildings as traditional (low pene-
tration loss) or thermally efficient (high penetration loss), as
per the thermal transmittance (U-value) to determine building
entry loss (BEL) [12]. The BEL model is used in addition to
path loss models provided in [13].

For both models, the type of glass windows used in the
building plays a defining role in determining the extent of loss
experienced by the signal. The Commercial Buildings Energy
Consumption Survey (CBECS) [14] and Residential Energy
Consumption Survey (RECS) [15] surveys list the window
types in common use as single-pane, double-pane, and triple-
pane. The glass used for the windows may be clear, tinted, or
coated for low-e. Single-pane windows are found to be clear
glass while double-pane windows may have a thin metallic
coating (typically silver) for low-e, alloys added for tinting
and infrared (IR) reflection, or use clear glass. Triple paned
windows typically have two layers of low-e coating. In [8],
authors report a penetration loss of 3.9 dB through clear glass
at 28 GHz, while tinted glass attenuated the signal by 40 dB
agreeing with observations in [4]]. Likewise, in [16] 27.4 dB



loss was measured for penetration through double-pane low-e
glass at 28 GHz. To allow wireless signals to pass through the
low-e metallic coating in windows, simulates frequency
selective structures implemented as periodically perforated
apertures on the metal coating.

Based on CBECS 2012 and RECS 2005 reports, [18]
defines single and double-pane clear glass as low-loss, double-
pane low-e glass as medium-loss, and tinted, IR reflective
(IRR), and triple-pane glass as high-loss. The market share
distribution for windows is found at 85% low-loss, 5%
medium-loss, and 10% high-loss in 2010; Thereafter, [18§]]
forecasts minor increase in percentages of medium and high
loss windows until 2025 using new window sales data (Table
5 and Figure 6 in [I8])). Thus, recommends using the
3GPP low BPL model with 80-90% probability in urban
scenarios; It justifies the low-loss BPL allocation in proportion
to the distribution of low-loss windows (i.e. >80%) stating
that street clutter is avoided on upper buildings floors and
users are more likely to find LOS paths.

The indoor coverage is described in the general building
penetration model showing signals reaching the indoor
user equipment (UE) from four surrounding walls along the
shortest path and then selecting the lowest path loss signal
for received power. extends the model by adding the
received powers from the four directions and additionally
considers a direct path from the BS to the UE for a better
description of the indoor coverage. The signal paths may
reach the exterior of the building from all four directions
due to around the corner propagation owing to diffraction,
scattering and reflection off objects at street corners such as
lampposts [20]-[22].Key findings include:

o Distribution of BPL defines the outage ratio of indoor
users: 15% outage if only 20% buildings has high loss,
and 60% outage if all buildings were high loss.

o With 400 m inter-site distance (ISD) in dense urban street
grid, 100 W transmit power per polarization results in
interference limited system, even at 28 GHz.

II. THE URBAN ENVIRONMENT SETUP

The urban environment is setup as a street-grid with blocks
of buildings and streets between them. A rectangular grid
layout of 800 m x 800 m with uniform blocks of 200 m x
50 m including buildings and streets, as shown in Fig[l} is
considered for the simulations.

Within the layout, base stations are initially placed at street
intersections with an ISD of 400 m, resulting in a BS density
of 12 BSs per sq. km. Each base station is assumed mounted
on the rooftop edge of a corner building at a street intersection
resulting a BS antenna height of 25 m. For the urban scenario,
the corner buildings with base-stations are not assumed to be
the tallest buildings on the map, but of intermediate height.

The UEs located on the same street as a BS are considered
LOS, while those on streets without a BS are considered
NLOS. The signal is assumed to reach NLOS UEs via
diffraction and scattering at corners of streets having a BS
and over the rooftops. The buildings take up 190 m x 40 m
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Fig. 1. Urban grid layout for analysis. The red diamond is a boundary
demarcation for locations that are statistically representative of any BS on
the grid. Starts represent the BSs. The red dots A, P, and Q represent arbitrary
coordinates within the boundary. Coordinate (0,0) is at the top-left corner.
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Fig. 2. (a) Building blocks on the street grid highlighted in yellow. For UE
locations indoors, the isolated blue strips at the center of building blocks are
ignored.(b) Randomly generated distribution of buildings that present a high
penetration loss (yellow) on the street grid.

of the 200 m x 50 m block and may exhibit either low or high
penetration loss. The final simulations are conducted with
80% low BPL and 20% high BPL considering typical concrete
multistory buildings with good insulation [I8]. A building, in
this simulation, is defined as 19 m x 20 m rectangle within the
190 m x 40 m building-block in the grid. Additionally, the
center of city blocks are observed to be generally unoccupied
and filled with vegetation, or have alleyways and gaps left
for windows. When considering indoor UE locations for
statistical analysis, the locations within a 150 m x 10 m
area at the center of the block of buildings are ignored, as
illustrated in Fig. [2(a). The low-loss and high-loss buildings
are randomly distributed throughout the grid for simulation.
A resulting distribution may appear as shown in Fig. 2[b).

The locations within the bounded region shown in Fig. [T]
are considered for statistical analysis as the bound includes
interference effects uniformly from all directions. As a con-
trary example, if the BS at the top-right corner is considered,
three-fourths of the influence from neighboring BSs would be
overlooked due to the limited grid size and statistical results
could vary. The diamond shape assures replicability of results
across a grid with any number of BSs and same BS density
as the bound would not overlap with bounds for other BSs.



III. PROPAGATION LOSS MODELS
A. Outdoor Propagation Models

1) Same Street path gain: The propagation along streets
having a BS is defined using models in [22]] for same-street
coverage with the antenna mounted on the rooftop edge of
a corner building at a street intersection. The models are
based on measurements conducted from buildings to streets in
Manhattan, New York, USA and Valparaiso, Chile. The path
gain (PG) model based on distance (d [m]) is formulated with
a 1-m intercept (A [dB]), distance exponent (n), and RMS
error (o [dB]) as follows:

PGsame—street [dB] = A —10nlog;y(d) + N(0,0), (1)
A=-35,n=23.56,0 ="7.1dB

2) Around the corner: The signal from a BS can pro-
vide coverage into perpendicular streets through diffraction
around corner buildings, scattering, and/or reflection at street
intersections. The model for around-the-corner propagation,
formulated in [22]], employs an empirical corner loss obtained
from real world measurements.

P, —10nlogo(z), 1<z <d,

2
Pi—A—-b5nlogo(de(x—dc)x), v>d, @

PGq4(x) [dB] :{

where d, is the distance from the BS to the street corner,
P is the 1-m distance intercept, n is the distance exponent
and A > 0 is the empirical “corner loss”.

B. O2I penetration loss

3GPP TR 38.901 specifies the O2I penetration loss as the
sum of four constituents as presented in (3)).

PL [dB] = PLy,+ PLy, + PL;,, + N(0,05)  (3)

Here, PL; [dB] is the basic path loss from BS to UE
governed by scenario of implementation and obtained from
the models provided in [10]. For analysis, the Urban macrocell
(UMa) scenario is chosen, owing to the 25 m BS height and
400 m ISD. PL;,, [dB] in represents BPL and is obtained
as the weighted average of the loss from different materials on
the building exterior, as in @]) The weights, p;, are obtained
as the proportion of the surface area occupied by the material
on the building wall and PL;, [dB] is the depth-dependent
indoor path loss (PL;, = 0.5dsp—_in). dop_sin [m] is the
shortest distance from the surrounding wall to the indoor
location and o, is the RMS error in the BPL.

N
material i

L
PLyy[dB] = PLyp; — 10log,g Y p; x 1077550 (4)
i=1
Here, PL,,; = 5 dB is the loss from non-perpendicular
incidence [10]. For general use across different propagation
scenarios, 3GPP gives two variants of the model in as:
Low loss model:- material_1: glass with p; = 30% &
material_2: concrete with py = 70%
High loss model:- material_1: IRR glass with p; = 70% &
material_2: concrete with py = 30%

The materials showcase a frequency dependent loss as
described below (Here f is in GHz):

o Standard multi-pane glass: Lglass [dB] =24 0.2f
¢ IRR glass: LIRRgIass [dB] =23+ 03f
o Concrete: Leoncrete [dB]=5 4+ 4f

Comparison of 3GPP, 5GCM, ITU-R, and mmMagic
models: The 5GCM, ITU-R, and mmMagic also provide
recommendations for BPL up to 100 GHz [12], [23]], [24].
The results of the penetration loss models are plotted in Fig[3]
and essentially classify BPL as high-loss or low-loss. The
5GCM model provides an alternative two-parameter model
with simpler parameter variations that closely fits the 3GPP
model results for perpendicular incidence [23], [24],

BPL[dB] = 10log;o(A + Bf?),

where f is carrier frequency in GHz, (A=5, 3=0.03)
for low-loss building types and (A=10,B=5) for high-
loss. The ITU-R models, represented by the dash-dot lines,
are generated from a model with nine parameters based
on building type and have specific parameter values for
“thermally-efficient” (high-loss) and “traditional” (low-loss)
building types, derived from measurements collated in [7].
Monte-Carlo simulations may then be performed taking the
mean of the results as the BEL at each frequency [12].
The mmMagic provides a single model for O2I penetration
without classification, resulting in values typically higher than
the other low-loss models [24], [25]. Among the models, The
5GCM model may be easily tuned to measured data, and more
data will be needed for the industry to use the most accurate
model for future deployments and analyses.
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Fig. 3. Building penetration loss models up to 100 GHz. Each recommen-
dation effectively has a high and low loss classification based on materials
used in the building construction.

The 3GPP O2I penetration loss agrees with the trend of the
5GCM and ITU-R models. It considers the non-perpendicular
incidence and losses from individual materials on the building
exterior, while fitting closely with measured data. Hence,
considering the selectivity in window types for this work,
the 3GPP O2I penetration loss model is employed.



C. Spatial Correlation for Shadow Fading

The drop-based modeling implemented in this project re-
quires independent shadow fading for each UE point simu-
lated. However, when generating the coverage map of signal-
to-noise ratio (SNR) in the entire urban street grid at one
time-instant, the shadow fading between nearby points in
space would be correlated by virtue of existing in the same
environment. 3GPP [10] and ITU-R [26] recommend using an
exponential function to describe the autocorrelation of shadow
fading. The spatial filter is applied over iid random values of
shadow fading for propagation in LOS, NLOS, or indoors and
is implemented as a 2D spatial filter described in [27]], [28]].

D. Sector Interference

The interference between sectors is simulated using a
key-hole radiation pattern, as described in [29], for the BS
antenna. The main lobe is assigned a gain equal to transmit
antenna gain, G, [dB], and half-power beamwidth (HPBW)
of 10 degrees [22]. Using the HPBW and G,, the side-lobe
gain (Gg) can be calculated using Equation (13) in [29].
Assuming a frequency reuse of 1, the interference from the
other sectors is calculated as the sum of powers received at
the UE location with a Gy, equal to Gg. Thus, for four sectors
implemented at the BS, three other sectors would interfere in
equal amounts with an antenna gain of Gg.

IV. SIMULATION PARAMETERS

The path gain for signal propagation on the streets of the
grid is calculated for each BS in multiple steps. Considering
the center BS in the 800 m x 800 m grid, first, the path
gains along the same street as the BS in East-West (E-W)
and North-South (N-S) directions are calculated using ().
Thereafter, from the street with the BS, path gains along
perpendicular streets are determined considering propagation
around-the corner and along a direct path reaching the NLOS
UE over rooftops and through buildings, using (Z)) and NLOS
UMa models in [10], respectively. The same process is
repeated for every BS with coverage at each street provided
by a one-turn propagation into the perpendicular street from
the street with the BS. Finally, considering all the BSs, the
maximum path gain at each location is selected for the signal
reaching the user. The signals reaching the location from
all other BSs are considered as interference to the strongest
signal.

With the path-gain at each street location obtained, the
indoor propagation is modeled considering paths penetrating
indoors from the streets through all four surrounding walls,
as illustrated in FigH] In addition to paths 1-4, a NLOS over-
clutter-tops path from the rooftop mounted BS to the indoor
user is indicated as path 5. The power from path 5, though
weak, is added as part of the total received power. A threshold
is set for the maximum distance (10 m) the direct path travels
indoor, beyond which it is set to the threshold value. This
value is set assuming that the indoor user is always within
a threshold distance from a wall with a window. The power

from the five candidate paths are added to obtain the total
received power.
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Fig. 4. Candidate paths reaching the indoor UE from the surrounding four
walls (paths 1-4) and over-clutter-tops (path 5). Paths with two or more turns
around corners are neglected.

Each location on the 800 m x 800 m grid is spaced 1 m
apart. For the evaluated PGs at each location, shadow fading
corresponding to LOS, NLOS, or indoors is independently.
Only for generating the SNR coverage map, the spatial
correlation 2D filter in [28] is convolved with the shadow
fading values at each location. The correlation distances for
LOS, NLOS, or indoor scenarios are specified in [10] and the
RMS error values are obtained from [22]]. Table [I] summarizes
the parameters used in the simulations.

TABLE I
PARAMETER VALUES USED FOR THE SIMULATIONS

Parameter Value
Carrier frequency (fe) 3.5/7/14/28 GHz
S 50 dBm/pol.,
BS transmit power (Ftz) 30 dBm/pol. at 28 GHz
Transmission bandwidth (BW) 400 MHz

Number of polarizations (Pol) 2

BS antenna gain (Gy) 26 dBi

Height of rooftop BS antenna (h¢) 22 m

12 dBi (indoor CPE)
6 dBi (outdoor streets)

UE antenna gain (Gye)

Height of UE antenna (hy.e) 1.5m
Antenna gain degradation (M) g gg EIEI?E))S)
Noise figure (NF) 9 dB
Minimum detectable SNR/SINR -6 dB
Implementation penalty 3 dB
Maximum depth for path 5 (Figl) 10 m
BS antenna gain in adjacent sectors (Gg) | 4 dBi

V. RESULTS AND DISCUSSION

The downlink SNR coverage at 28 GHz for a time-instant
is shown in Fig. 5] The CDFs of downlink SNR and SINR
corresponding to the red-diamond boundary in Fig. |l| are
plotted in Fig. [6} Considering the interference from other
sectors in a four-sector implementation, the SINR is limited
to ~27 dB SINR. For this deployment, any user below
the minimum SINR threshold of -6 dB (including a 3 dB
implementation penalty) is deemed in outage [30].

The CDF of downlink SINR for 28 GHz with 400 m ISD
is shown in Fig. [] with one-fifth of all buildings having high-
loss exteriors (~ 38 dB BPL). From the heat map in Fig.[3] it
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Fig. 5. Downlink SNR coverage heat map at 28 GHz, 12 BS/ sq.km, 400 m
ISD, and 30 dBm/pol. transmit power (Table EI) The darker patches represent
the buildings in the grid with high-loss exteriors.
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from sectors at 28 GHz and transmit power of 30 dBm/pol. (Table ID

is evident that the high loss buildings comprise the majority
of the 15% outage locations at 400 m ISD (12 BSs/sq.km). A
stark contrast is evident when all the buildings in the grid are
considered to impose high-loss at 400 m ISD, which would
have kept 61% of the indoor users in outage. Similarly, when
all buildings are low-loss (~ 18 dB BPL) at 400 m ISD only
8% indoor users experience outage.

An example of an outage location in a low-loss building
is a location 10 m inside from an E-W aligned street. This
might correspond to coordinate A(490 m, 490 m) on the grid,
close to the edge of the 200 m diamond bound, as indicated
in Fig. [T} The closest outdoor street location is on the E-W
aligned street at (490 m, 500 m) with a 190 m Manhattan
distance from the center BS at (400 m, 400 m). Using
(2) the path loss experienced, as the signal arrives to (490
m, 500 m), is =~ 135 dB. Using the parameters specified in
Table m an SNR of ~ -13 dB is achieved indoor at point A,
much lower than the -3 dB required for detection. Thus, such
locations inside the low-loss buildings that are closer to E-W
aligned streets with no LOS path to a BS are likely in outage.

Next, a direct comparison is made with lower carrier
frequencies at 14, 7, and 3.5 GHz. For all frequencies
the same parameter set in Table [I] is used, only changing
fe and increasing P;, to 100 W/pol. as higher transmit
powers are commonly used at the lower frequency BSs
[]3;1'[]. With all parameters the same, SNR increases as center
frequency decreases, as shown in Fig. [7(a). However, when

CDF of SINR for indoor users

CDF of SNR for indoor users

28 GHz
1 W/Pol.- 28 G
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Fig. 7. (a) CDF of the indoor DL SNRs at 28, 14, 7, and 3.5 GHz for 100
W/pol. transmit power and at 28 GHz for 1 W/pol. transmit power (dashed-
green line).(b) CDFs of SINR with sector interference considered limits the
maximum SINR achieved for the deployment at 17 dB.
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Fig. 8. Similar DL data rates per cell achieved at 3.5, 7, 14, and 28 GHz
with 100 W/pol. over 400 MHz bandwidth and 80% of all buildings low-loss
at 400 m and 800 m ISD. 28 GHz with 1 W/pol. transmit power, however,
would lead to zero indoor edge rate (15% in outage).

considering interference from the other BSs and sectors, the
SINR achieved is interference-limited and yields similar data
rates as the SINR CDFs saturate, as captured in Fig. [7|b).
Fig. [7(b) also shows that using 1 W/pol. power for 28 GHz,
consistent with current base station products, results in a 2-3
dB degradation in SINR, an indication of being noise rather
than interference limited.

The achievable downlink data rates in Mbps, calculated
using Shannon capacity with 40% overhead and 3 dB imple-
mentation penalty

Rate = (1 — 0.4) x BW x Pol. x logy (1 + 1001 X (SINR=3)y,

are shown in Fig. [§] It charts the edge (10th percentile) and
median (50th percentile) downlink data rates achieved for the
different f., P, and ISD implemented. At the realistic power
level of 1W/ pol and 28 GHz, 15% of the indoor users are
found to be in outage (400 m ISD, 20% high-loss buildings).

The data rates for each location are calculated based on the
SINR achieved. Sufficient signal power on each path results
in an interference limited deployment for frequencies in the
3.5-28 GHz range, as shown in Fig. [7(b). The SNR achieved
outdoors is higher than the indoor SNR, as expected, for
the different frequencies and transmit powers. However, the
interference from other BSs at 100 W/Pol. and 400 m ISD
reduces outdoor SINR below the indoor, resulting in a higher
data-rate indoors. Indoor and Outdoor points P(450, 440) and
Q(450, 450) in Fig. [T] provide an example. Without shadow
fading, the signal strength at Q (Sg) from BS1, considering
around-the-corner and over-clutter-tops NLOS propagation is
-11 dBm. Similarly, signal strength at P (Sp) from BS1 is



-17 dBm, considering paths in Fig. [] (i.e. Sp indoor < Sg
outdoor). Now, BSs 2-5 in Figl[T] collectively provide stronger
interference outdoor (-27 dBm) than indoor (-38 dBm). Thus,
SINR at P indoor (-17-(-38)= 21 dB) is higher than Q outdoor
(-11-(-27)= 16 dB).

Increasing the ISD to 800 m weakens the interference
at each location and results comparable outdoor and indoor
rates as SINR CDFs converge [32]].Furthermore, at 3.5 GHz,
reducing transmission bandwidth from 400 MHz to 100 MHz,
the edge data rate achieved at 800 m ISD was 73 Mbps and
median rate obtained was 280 Mbps, comparable to [31].

VI. CONCLUSION

In an urban street grid with rooftop mounted base stations
at 28 GHz with 1 W transmit power per polarization, 20%
buildings imposing high loss, and 400 m ISD yielded:

o Outdoor data rate over 250 Mbps for 90% users.

o 15% of the indoor users in outage with majority of such

locations within high-loss buildings.

o Low-loss buildings along streets without LOS path to BS

and at the edge of a BS’s coverage contribute to outage.

o With all buildings high loss: 61% users in outage.

At lower carriers (3.5, 7, and 14 GHz) and with 100 W/pol.
power, 400 MHz bandwidth, ISD of 800 m yielded:

o A data rate of over 248 Mbps for 90% users.

e A more realistic bandwidth of 100 MHz at 3.5 GHz,

resulted edge rates of 73 Mbps for 3GPP Release 16.

Thus, building-types, transmit power, and separation of
base stations play a significant role in providing reliable data
rate performance in dense urban scenarios.
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