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Abstract—This paper studies a promising use case of a private
5G network for the sports industry: wearable bodycams and
sensors in a football match. This use case requires a reliable and
dedicated massive MIMO network to provide uniform coverage
with a high capacity in the whole pitch area. The coverage of
co-located and distributed (cell-free) massive MIMO, differing
in the configuration of base station antenna placement inside
the stadium, are evaluated through ray tracing using a 3D
stadium model and players’ mobility dataset. The results give
insight into how distributed antennas inside the stadium should
be deployed to enhance the uniform coverage of moving wearable
devices. Besides that, the uplink capacity performance and the
impact of channel aging on the capacity are also evaluated. The
results demonstrate the advantages and disadvantages of different
base station antenna distribution strategies in terms of coverage,
capacity and channel aging impact.

Index Terms—massive MIMO, cell-free, coverage, channel
aging, private 5G, sports

I. INTRODUCTION

In the future, football and other sports players might be
equipped with wearable on-body cameras (bodycams) and
other sensors while on the pitch. The bodycam view can be
utilized by the broadcaster to provide a richer experience for
the viewers. The view from the player’s perspective is also
beneficial for the referee and match official to help them
in making decisions during the game. In 2022, a friendly
match between AC Milan and FC Cologne tried out the
bodycam technology [1]. Each player is equipped with a
bodycam and microphone, enabling attractive live action from
the players’ point of view. Meanwhile, wearable sensors can
help the coaching team monitor the player’s vital signs and
track the player’s movement, which will also be helpful for
match analysis purposes. The referee can also use the sensor
information to take a decision on the pitch, e.g. in the case of
a foul or injury. The use of sensors to monitor the vital signs
of football players has been studied in [2]. Several football
clubs have tried using sensors to observe brain activity during
training sessions. To support this use case, reliable connectivity
to the pitch is necessary.

Cellular operators typically deploy their base stations in a
Distributed Antenna System (DAS) fashion inside a football
stadium to provide 2G, 3G, and 4G coverage for the spectators.

These antennas are typically deployed on the stadium rooftop,
with several sectors also covering the surrounding area. How-
ever, DAS has a capacity limitation to serve a massive number
of spectators during the game. Adding more base stations
will increase the interference, thus, degrading the performance.
Smaller cell deployment was proposed to boost the capacity
to complement the legacy DAS [3].

A data rate of 85 to 110 Mbps is required to deliver an
uncompressed 8K 120-Hz video stream from the bodycam
smoothly [4], which is achievable by the 5G networks. In
several sports arenas, the 5G networks have been rolled out to
provide the spectators with an enhanced viewing experience
through Augmented Reality (AR), such as accessing live
action, instant replay from multi-viewing angles and real-time
match statistics [5], [6]. In addition, the integrated system
involving the player and the ball tracking, AR, and 3-D camera
view broadcasting supported by a private 5G network in a
large sports arena has been proposed and evaluated in [7].
The experimental evaluation of the stadium’s massive MIMO
channel stationary behaviour has been investigated in [8].

One of the challenges in the player’s bodycam and sensor
application use case is the player’s high mobility on the
field, causing faster channel aging compared to the static or
slowly moving user. The impact of channel aging on massive
MIMO systems has been studied, where [9] proposes channel
prediction to overcome the channel aging effects in massive
MIMO, and [10] shows that a strong spatial correlation in
cell-free massive MIMO reduces the channel aging effect.

This paper studies a potential use case of a private 5G
network for the sports industry, particularly football, providing
insight to the network operator, the sports association, and
other stakeholders on how the network should be deployed for
this use case. We evaluate different deployment configurations
of massive MIMO networks inside the stadium through ray
tracing using a 3D stadium model and players’ mobility
dataset. The contributions of this work are threefold:

1) We study the existing 5G gNodeB network performance
in a stadium during the football match day based on
the dataset of a cellular operator in the London area.
It shows how the 5G network is overloaded by the
spectators during the match, justifying the need for
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Fig. 1: 5G gNodeB performance in the stadium during match
days

a private and dedicated network for the use case of
wearable bodycam and sensors of football players.

2) Through ray-tracing-based simulations, we provide the
pitch coverage analysis for different base station antenna
placement configurations. The results give insight into
how the base station antennas should be deployed in the
stadium to provide uniform coverage on the pitch.

3) We simulate the football match with 22 mobile
transceivers on the pitch using the players’ mobility
dataset to evaluate the achievable uplink capacity during
the match. Besides that, we also analyzed the channel
aging impact due to the high mobility of players.

II. SYSTEM TOPOLOGY, DESIGN AND CONNECTIVITY
PERFORMANCE METRICS

A. Coverage on the pitch

Our study on a cellular operator’s 5G network performance
in Stamford Bridge Chelsea stadium, London, shows that
spectators overload the gNodeB in the stadium before and
during the match, as shown in Fig. 1. The gNodeB is placed in
one of the stadium rooftop corners. It has three sector antennas
where Sector-1 partially covers the stadium, Sector-2 covers
the area outside the stadium, and Sector-3 covers the seating
areas inside the stadium. T indicates the kick-off time. Fig. 1a
and Fig. 1b show the average number of connected users and
the average uplink (UL) throughput of all antenna sectors
averaged hourly over six different matchdays. The increasing
number of connected users and UL throughput can be observed
2 hours before the kick-off time. The peak average connected
users and UL throughput of Sector-3 increased to over 12.8
and 16.5 times, respectively, compared to those 6 hours before
the match, showing how the network was overloaded during
the match. Consequently, the wearable bodycam and sensor
application cannot share the same existing public 5G network
and compete with the spectators’ devices. A private and
dedicated network is thus required to serve this use case
exclusively.

The wearable bodycam and sensor application require re-
liable coverage and capacity in the whole pitch area. In this

(a) Co-located (C0) (b) Distributed in one
side (C1)

(c) Distributed in two
sides (C2)

Fig. 2: Massive MIMO antenna placement configurations

use case, the User Equipment (UE) of each player on the field
sends an uplink data stream containing an uncompressed video
stream from the bodycam and real-time sensor data to the base
stations (BSs). As the players move a lot during the game, the
whole pitch area should be covered by the BSs to avoid any
zone lacking coverage. As the UEs transmit the uplink streams
with a fixed Tx power, the whole pitch area must be covered by
uniform channel gain. This could be achieved by strategically
deploying the base station antennas inside the stadium.

The BS antennas are placed in the frame of the stadium
roof, down-tilted toward the pitch. We consider three different
antenna placement configurations: C0, C1 and C2, as described
in Fig. 2, in which the red squares indicate the location of
BS antennas. C0 represents the co-located massive MIMO
configuration, where all antennas are placed in the center
of a stadium side, with half-wavelength spacing between the
antennas. Meanwhile, C1 and C2 represent the distributed
massive MIMO configuration. In C1, the antennas are dis-
tributed along one side of the stadium, while in C2, the
antennas are distributed along both sides. By distributing the
antennas throughout the environment, we expect to obtain
favourable coverage condition. This condition ensures good
reception for the worst locations, achieved when the mean
and the minimum Rx level are relatively high [11]. Different
shapes of stadiums (e.g. with an oval roof) might require
different BS distribution points.

At the UE side, the antenna can be attached to the player’s
jersey (e.g. on the shoulder or the upper back part). The
antenna design and placement need to consider the shadowing
caused by the player’s own body part and caused by other
players. The typical body movement of players should also
be taken into account. Nevertheless, the UE antenna design is
not the main focus of this paper. For simplicity, we consider
using an omnidirectional antenna at the UE.

We consider M = 22 UEs representing 22 players on the
pitch and N serving BSs. The downlink signal from the n-th
BS to the m-th UE on the field is expressed as:

ŷDL
mn =

√
pnĥ

DL
mnxn + wm, (1)

where pn is the BS transmit power, ĥDL
mn is the downlink

channel transfer function between the n-th BS and the m-th
UE, xn is the transmitted information by the n-th BS, and
wm is the noise at the m-th UE. Therefore, the total downlink
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Fig. 3: Football stadium 3-D model

signal from all N base stations received by the m-th UE
becomes:

yDL
m =

N∑
n=1

|ŷDL
mn |2. (2)

B. Uplink capacity in massive MIMO
Since we consider the UE with one antenna transmitting the

data stream without precoding, the uplink signal sent by the
m-th UE and received by the n-th BS can be expressed as:

ŷUL
mn =

√
pmĥUL

mnxm + wn, (3)

where pm is the transmit power of the m-th UE, ĥUL
mn is the

uplink channel transfer function between the m-th UE and n-
th BS including the antenna gain at both sides, xm is the
transmitted information by the m-th UE, and wn is the noise
at the n-th BS.

We consider a cell-free massive MIMO network in which
a set of cooperative BSs serves all UEs at the same time-
frequency domain [12]. A Central Processing Unit (CPU)
coordinating all BSs collects the channel state information
from each BS, obtained through the channel estimation process
prior to the uplink transmission. The uplink channel matrix
between all M UEs and N BSs is denoted as Ĥ ∈ CM×N .
Zero Forcing (ZF) combining scheme is considered for the
joint processing of N base stations. The combined channel
estimation Ĥ is then used to determine the combining vector.
In the ZF scheme, the combining vector is defined as fol-
lows [13]:

VZF = Ĥ
(
ĤTĤ

)−1

∈ CM×N , (4)

in which V = [v11, ... , vMN ] and ĤT denotes the nonconju-
gate transpose of Ĥ.

The instantaneous uplink Signal-to-Interference-plus-Noise
Ratio (SINR) of transmission from the m-th UE to the n-th
BS after the combining process becomes:

SINRUL
mn =

pm|vHmnĥmn|2
M∑

j ̸=m

pj |vHjnĥjn|2 + w2
n

. (5)

Fig. 4: Radiation pattern of 5G patch antenna at 3.5 GHz

Therefore, the uplink spectral efficiency per user becomes:

SEUL
m =

N∑
n=1

log2(1 + SINRUL
mn). (6)

C. Simulation environment

To recreate an environment as close to reality, we selected
Wireless InSite [14], a 3D ray-tracing simulator widely used
in the research community to analyze site-specific radio wave
propagation and wireless communication systems. The chosen
propagation model is the X3D Ray Model, a full 3D propa-
gation model with a high accuracy achieved through the exact
path calculations. For our purpose, we applied a ray spacing
of 10◦ with reflections up to the third order and one diffraction
per ray.

We use a 3-D model of Stamford Bridge Chelsea stadium
[15] in London, UK, as shown in Fig. 3. The model contains
over 50.000 polygons with 134 different materials. We then
simplified the model by grouping the elements into four
main materials: 1) concrete with permittivity ϵ = 5.31 F/m,
conductivity σ = 0.08987 S/m and thickness = 30 cm for
the main building and tribune, 2) glass with ϵ = 6.27 F/m,
σ = 0.01915 S/m, and thickness = 3 mm for the roof covering
the tribune, 3) grass for the pitch area with the size of
74×109 m2 and 4) metal with perfect electric conductor for
the frames on the roof and other metal components.

Base station antennas are deployed on the stadium frame
at 25 m above the pitch, as depicted by the green and yellow
boxes in Fig. 3, pointing 60◦ downward from the horizon to
cover the pitch. The distances between antennas in the case
of 8, 16, 32, and 64 distributed antennas deployment along
one frame are 12.8 m, 6.4 m, 3.2 m and 1.6 m, respectively.
The base station uses a 5G patch antenna at the 3.5 GHz band
designed with CST Studio. The antenna contains a 2-layered
PCB with a standard FR-4 substrate of a thickness of 1.13 mm
covered by two layers of copper 0.035 mm thick. The patch
size is 38.4 mm × 19.5 mm, and the ground layer is 85.4 mm
× 85.4 mm, whose length corresponds to λ/2 of the operating
frequency. The 5G patch antenna pattern is depicted in Fig. 4,
showing a gain of 3.48 dBi at the desired frequency. On the
other side, each UE uses an omnidirectional antenna with a
height of 2 m above the pitch.
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(a) N=16, C0

(d) N=16, C1

(g) N=16, C2

(b) N=32, C0
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(h) N=32, C2

(c) N=64, C0

(f) N=64, C1

(i) N=64, C2
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-48

Fig. 5: Channel gain for different antenna configurations

We consider a carrier frequency of 3,510 MHz with 20 MHz
bandwidth. The noise figure is assumed to be 7 dB in both
BS and UE. The total Tx power of 43 dBm is shared equally
among all BS antennas. We consider a downlink transmission
from BS to UE in all simulations and assume the uplink-
downlink channel reciprocity.

1) Coverage simulation: For the coverage analysis, we con-
sider downlink transmission from all BSs to all Rx points on
the pitch, distributed in a grid sized 37×54 with a 2 m spacing.
Ray tracing is performed to obtain the downlink channel
between each BS and Rx point. The different numbers of BS
antennas: N = 16, 32 and 64, with various configurations: C0,
C1 and C2, are simulated. The total received signal power from
all BS antennas in each Rx point is calculated using Eq. (2).

2) Uplink capacity simulation: This simulation aims to
analyze the uplink capacity of transmission from players on
the pitch to base stations. A football game is simulated based
on the football players’ tracking dataset from [16]. The dataset
contains the actual positions of all players on the pitch during
an entire match sampled every 40 ms. The player’s movement
is only represented by the translation between points since the

information about the player’s body orientation and rotation
are not available on the dataset. For the simulation, we
sampled the players’ positions every 10 s during the first
half of a match, resulting in 271-time samples. For each time
sample, the static channel state information from M = 22
players to all N base station antennas are acquired to generate
Ĥ ∈ CM×N×271.

3) Channel aging simulation: The objective of this simula-
tion is to observe the channel aging impact on uplink capacity.
The players’ tracking dataset [16] containing players’ positions
per 40 ms period are interpolated to generate the players’
positions per 1 ms. This small-scale movement is simulated to
obtain the static channel state information every 1 ms interval
during a 40 ms period.

III. RESULTS AND ANALYSIS

A. Coverage uniformity

Fig. 5 describes the coverage, represented by the channel
gain, in the whole pitch area for different numbers of BS
antennas with various configurations. The channel gain is
obtained through the total downlink signal from all base
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stations normalized by the BS’s Tx power. Co-located massive
MIMO (C0) is shown to provide the maximum achievable
channel gain among all configurations. The highest channel
gain is concentrated at the center of the pitch following the
BS antenna placement. However, this configuration doesn’t
provide uniform coverage since the corner areas have a signifi-
cantly low channel gain. By placing the BS antennas along one
tribune side, as in C1, the channel gains are more distributed
in the areas near the upper tribune. The channel gains are
distributed more uniformly in almost all areas by allocating
half of the total number of BS antennas on both sides of the
stadium, as in C2, with the cost of lowering the achievable
maximum channel gain.

Fig. 6 shows the channel gain distribution on the whole
pitch area. In each size N , the average channel gains of
different configurations, as indicated by the green diamond,
are comparable. However, the minimum channel gain of C0 is
significantly lower than other configurations, i.e., lower than
-90 dB in the worst locations as indicated by the red outlier
marks. Meanwhile, C1 and C2 have the minimum channel gain
of -65.9 dB and -66.4 dB, respectively. It demonstrates how the
distribution antenna configuration provides more favourable
coverage conditions than the co-located one. The largest
variation of channel gain is also observed in C0. The total
Rx power standard deviation values for each configuration
in all N sizes are displayed in Table I, where C2 provides
the least standard deviation value among all configurations.
Therefore, coverage uniformity can be achieved by distributing
BS antennas, particularly with the C2 configuration.

B. Uplink capacity

In the uplink capacity analysis, the ZF combining scheme is
considered. Fig. 7 shows the Cumulative Distribution Function
(CDF) of uplink spectral efficiency for different numbers of

TABLE I: Std. dev. of Total Rx power (µW)

Config./Ant. N=16 N=32 N=64
C0 13.9 27.2 54.2
C1 5.4 10.8 21.5
C2 3.8 7.5 15.1
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Fig. 7: Capacity performance

BS antennas with various configurations. When using 16 BS
antennas, C0 provides better spectral efficiency for around
46% of the locations than C1 and C2. C1 and C2 have
similar spectral efficiency performances, where the maximum
achievable spectral efficiency by both configurations is only
1.735 bit/s/Hz. In general, the spectral efficiency performance
with 16 BS antennas is worse than others with 32 and 64 BS
antennas because the CPU does not have full-rank channel
knowledge of all 22 players on the pitch. Other sports with
different numbers of players might require different numbers
of BS units.

Adding more BS antennas to 32 and 64 improves the
spectral efficiency significantly. In the case of C0, the spectral
efficiency gap between using 32 and 64 BS antennas is clearly
visible in Fig. 7, showing the advantage of array gain in this
configuration. With C0, the maximum achievable spectral ef-
ficiency of 41.6 and 44.2 bit/s/Hz can be achieved by N = 32
and N = 64, respectively. Nevertheless, in the football player’s
bodycam scenario, the uniform capacity for all players matters
more than the maximum capacity achieved by a small number
of players in specific locations on the field. In C0, players
achieve more than 25 bit/s/Hz in 17% and 44% of the cases
when using N = 32 and N = 64, respectively. Meanwhile,
with C1 and C2, more than 25 bit/s/Hz can be achieved in
99.7% of the cases, showing the huge benefit of spatially
distributed massive MIMO configurations in providing better
uniform coverage on the field during the game.

Fig. 7 also shows that by using either C1 or C2, increasing
the BS antennas from 32 to 64 only improves the spectral
efficiency by 0.2 bit/s/Hz. It indicates that using N = 32
is preferred over N = 64 for this use case, considering the
deployment and operational cost of a larger number of BS
units. For the same number of BS antennas, C1 has a slight
spectral efficiency advantage of 0.1 bit/s/Hz higher than C2.

C. Channel aging impact

The high mobility of football players makes the channel
age quickly. From the football players’ tracking dataset, the
average player speed is 2.045 m/s. Thus, the coherence time

WS04 IEEE ICC Second Workshop on Industrial Private 5G-and-beyond Wireless Networks

318
Authorized licensed use limited to: TU Delft Library. Downloaded on October 24,2023 at 08:48:34 UTC from IEEE Xplore.  Restrictions apply. 



5 10 15 20 25 30 35 40

Time (ms)

0

5

10

15

20

25

30
U

p
lin

k
 S

p
e
c
tr

a
l 
E

ff
ic

ie
n
c
y
 (

b
it
/s

/H
z
) N=32 C0

N=32 C1

N=32 C2

N=64 C0

N=64 C1

N=64 C2

1 2 3 4 5 6 7 8 9 10

 

0

1

2

3

4

5

 

 

Fig. 8: Channel aging impact

at 3.5 GHz becomes 41.9 ms. We use the channel estimation
obtained at t = 0 ms to create the ZF combining vector and
use it to calculate the uplink spectral efficiency during the next
40 ms with a 1 ms interval.

Fig. 8 shows the degradation of uplink spectral efficiency
resulting from the channel aging in the case of N = 32 and
N = 64. The spectral efficiency degrades significantly already
after 1 ms due to a resulting high channel estimation error in
the ZF combining. For the same configuration, the decreasing
slopes are similar regardless of the size N , except in the case
of C0, where the spectral efficiency of N = 64 degrades
slower than N = 32. The spectral efficiency reaches below
1 bit/s/Hz after 8 ms and 4 ms with C1 and C2, respectively.
Meanwhile, C0 can maintain its spectral efficiency above
1 bit/s/Hz during the 40 ms period. It shows the drawback
of distributed massive MIMO configuration in channel aging
compared to the co-located one.

IV. CONCLUSION

This paper investigates a potential use case of a private
5G network for the football industry, where the performance
of co-located vs distributed massive MIMO implementation
inside the stadium to serve the wearable bodycam and sensor
application is evaluated. Various BS antenna placement config-
urations with different numbers of antennas are deployed in a
football stadium to serve the uplink stream from the players on
the pitch. The required coverage uniformity for this use case
is achieved by having distributed BS antennas. The uplink
capacity during the game is analyzed based on the player’s
position during the real football game, where the distributed
massive MIMO configuration outperforms the co-located one.
Besides that, the impact of channel aging due to players’
mobility on capacity performance is also evaluated. The results
show that the spectral efficiency in the distributed massive
MIMO configuration degrades faster than in the co-located
one. Therefore, to achieve uniform coverage and capacity,
and to alleviate the channel aging impact, a distributed or
cell-free massive MIMO configuration with more frequent
channel estimation is required. Future work can investigate
the channel estimation strategy to cope with the high mobility

of the players, the self-blockage impact, the optimal antenna
placement on the player’s jersey and other requirements, such
as end-to-end latency.
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