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Abstract— We evaluated the throughput performance, in-
cluding received power, in 4x4 single-user multiple-input
multiple-output (SU-MIMO) transmission for synchronous
time division duplex (TDD) and downlink data channels in
comparison with single-input single-output (SISO) transmis-
sion in an environment where a local 5G wireless base station
was installed on the roof of a research building at our univer-
sity. After showing a simulation method for evaluating
throughput characteristics in MIMO, we compared the re-
sults with experimental results. The cumulative distribution
function (CDF) of the transmission throughput shows that, at
a CDF of 50%, in SISO transmission, the simulated value is
approximately 115 Mbps, and the experimental value is 105
Mbps, within a difference of approximately 10 Mbps. By con-
trast, in MIMO transmission, the simulation value is 380
Mbps, and the experimental value is approximately 420 Mbps,
which is a difference of approximately 40 Mbps. It was shown
that the transmission throughput characteristics can be pre-
dicted with sufficient accuracy by obtaining the delay profile
and the system model at each reception point using the both
ray tracing and MIMO simulation methods in actual environ-
ments.

Keywords— local 5G, received power characteristics, trans-
mission throughput characteristics, ray tracing method, error
vector magnitude (EVM), synchronous TDD, SISO transmit-
ssion, SU-MIMO transmission

1. INTRODUCTION

A local 5G system[1][2] has been launched that enables
local governments and companies to deploy self-employed
5G services as spot services in areas, such as private land
and indoors. The Sub-6 and 28 GHz bands, which are the
frequency bands of the local 5G system, were granted in
2019[3], and new bands were added in the following year,
making their outdoor use possible[4]. In addition to the en-
hancement of these systems, at the beginning of the service,
the network configuration was mainly non-standalone
(NSA) architecture, which assumes a coordinated operation
of 5G/4G systems. Standalone (SA) configuration has be-
come a major advantage in terms of operation and cost.
Therefore, each organization is actively deploying the sys-
tem, and there is increasing development of new services
for technical demonstrations and solutions to regional iss-
ues[5][6]. Based on these happenings, we considered equ-
ally introducing a local 5G system at our university.

Specifically, for a local 5G system based on the 3GPP
Release 15 specifications, computer simulations have been
conducted to determine system configuration, including the
location and installation of wireless base station antennas,
assuming outdoor use, and antenna radiation patterns.
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In the past, after simulating the received power distri-
bution using the ray tracing method[7] and comparing it
with experimental results, the throughput in multiple-input
multiple-output (MIMO) transmission was calculated from
Shannon's theoretical formula[8][9]. Also, an example
showing throughput characteristics from experimental re-
sults has been reported[10]. However, there has been no re-
port on quantitative evaluation of the difference between
the calculated value and the experimental value. Also, in
the development and demonstration project for local 5G,
there are multiple examples of evaluating the throughput
versus received power characteristics in MIMO through ex-
periments, but no consideration has been given to the dif-
ference between the theoretical values and the experimental
values[5][6].

In this study, we first show the received power chara-
cteristics in this service area by simulation using the ray
tracing method and experiment. After that, we quantita-
tively evaluate the difference between the theoretical value
and the experimental value for the throughput versus re-
ceived power characteristic in single-input single-output
(SISO) transmission. Then, using the results, we show how
to calculate the throughput by simulation in single-user
multiple-input multiple-output (SU-MIMO) transmission,
and compare the simulation values with the experimental
values to confirm that the results are in good agreement.
Therefore, we show the validity of the throughput simula-
tion method in MIMO transmission under outdoor envi-
ronments.

II. EVALUTION OF DOWNLINK PROPAGATION
CHARACTTERRISTICS

2.1. Simulation evaluation

Table 1 lists the specifications for the simulation of ra-
dio wave downlink propagation. We used the ray tracing
method as an algorithm[7][11]. The service area was assu-
med to be 230 m x 330 m, centered on the wireless base
station, and the number of sample points was 10*, divided
into 10? vertically and horizontally.

At a certain reception point, if the received power of
each component in the delay profile is pi, the total received
power P is expressed as follows[11][12].

P= zpi
i

Figure 1 shows an example of the delay profile at a cer-
tain reception point with line-of sight (LOS) propagation.
Here, through simulations and experiments, the received
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power is measured using a synchronization signal block
(SSB) and evaluated using the reference signal received

power (RSRP)[1].

Table 1. Specifications of radio wave propagation simulation

Item Value
Algorithm Ray tracing method
Frequency 4.8-4.9 GHz
Bandwidth 100 MHz
MIMO structure 4 transmitting, 4 receiving
Base station antenna spacing 50 cm

Base station antenna height

22.04 m (rooftop height 3 m)

Base station antenna radiation
pattern

85° (horizontal plane)
60° (vertical plane)

Base station antenna tilt angle 10°
T . West side:0.2 W / antenna
ransmission power .
P East side:0.12 W / antenna
Base station antenna gain 9 dBi
Receiver antenna height 1.5m
Receiver antenna gain 2 dBi
Maximum number of reflections 3 times
Maximum number of diffractions 2 times
90
Direct wave
-100 Reflected wave
T
g
- -110
= .
& Noise level
)
&
-120
_130 . . . .
0 50 100 150 200 250 300 350

Delay time [ns]

Fig.1. An example of a delay profile for LOS propagation

Figure 2 shows the simulation results for the received
power obtained from the delay profile of 10* points using
Equation (1). In Figure 2, colors inside the 32 point circle

(O) marks indicate the experimental values, and all other

points indicate the simulation values. Experimental values
will be described in Section 2.2. The received power di-
rectly under the base station antennas is very high, approx-
imately —75 dBm, and approximately —90 dBm at relatively
long-distance locations with visibility.

Conversely, in areas shielded by buildings, the values
were as low as —110—120 dBm. Calculating from the noise
power of the wireless terminal that is the receiver: Nr =
kTBF, Ng = —117 dBm assuming the noise figure of the re-
ceiver: F = 12 dB, where T is the absolute temperature in-
side the receiver and B is the signal bandwidth. From this
result, it was confirmed that many places are below the
noise level of =117 dBm.

2.2. Comparison of experimental and simulation evalua-
tions of received power
Figure 2 shows experimental results. The experimental
value of the received power is the color inside the O mark
at 32 points measured using the SSB signal together with
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the simulation results of received power discussed in Sec-
tion 2.1(1). The color in the circle indicates the experi-
mental value, and the color just outside the circle indicates
the simulated value. Comparing the experimental and sim-
ulation results, received power are both extremely high at
—75—=85 dBm directly under the base station antennas.
Conversely, they are low at —110——120 dBm in areas shiel-
ded by buildings. Additionally, a medium value of approxi-
mately —90 dBm is obtained at a relatively long distance of
approximately 150—190 m. The measurement limit value in
this experiment is obtained at approximately —117 dBm,
which is the noise power of the receiver. We confirmed the
validity of the simulation by demonstrating that the differ-
ence between the simulation and experimental results was
within a maximum of approximately 10 dB.

. East side transmission

point
I:‘ West side transmission

* point

Experimental points
of received power

RSRP [dBm]
[
-80

- -85

O:

Fig.2. Comparison of simulated and experimental RSRP in the area

ITII. EVALUTION OF DOWNLINK DATA CHANNEL
TRANSMISSION THROUGHPUT CHARACTERISTICS

3.1. SISO transmission

(1) Theoretical examination

Table 2 lists the main specifications of the local 5G
downlink data channel. The MIMO configuration was SU-
MIMO, and the number of layers could be switched be-
tween one and four. First, we evaluated the characteristics
of SISO with one layer. Modulation and coding scheme
(MCS) configuration conforms to 3GPP TS38.214-Table
5.1.3.1-1[13][14] and dynamically controls a total of 29
combinations of modulation schemes and forward error
correction coding rates.

Figure 3 shows the configuration of the local 5G net-
work installed on campus. To evaluate the transmission
throughput characteristics of the wireless part, the server
was connected to the N6 interface directly below the user
plane function (UPF) in the 5G core, and the open-source
software LibreSpeed was installed[15]. On the other hand,
the wireless terminal user equipment (UE) and notebook
PC are connected by 1000 Base-T, and the transmission
throughput is evaluated between this notebook PC and the
server on which the LibreSpeed is installed.

Therefore, the librespeed server is connected to the PC
via a UPF, radio base station (gNB), and the UE.

Here, we theoretically examine the transmission throu-
ghput of SISO transmission.

The transmission throughput of SISO transmission is
obtained by the following formula[13][14].



Throughputsiso = N X Nmoa X f X R X (Ngg X
NRBe/Tymbot) X (1-Rom) X RoLiuL+pr) )

where N is the number of layers, which was set to one.
Nmoa: Modulation order with three stages: QPSK=2,
16QAM=4, and 64QAM=6. f: Efficiency due to UE pro-
cessing performance, f = 0.75 considering the amount of
reference signal. R: Code rate of LDPC code. Nrg: Number
of resource blocks (RB), 273 to use the entire 100 MHz
band, NgsSC: Number of subcarriers per RB = 12. Tsymbol:
Time symbol length = 33.3 ps + 2.3 ps. Rou: Over-
head:0.14 Sub-6, Rprur+pr): DL/(UL+DL) in the synchro-
nous TDD was set to 7/10, considering switching slots. The
required carrier-to-noise ratio (C/N) of the system corre-
sponding to each MCS value was evaluated with reference
to the value provided in 3GPP TS 38.306 4.1.2. Also, from
the received noise power Nr = —117 dBm, the required re-
ceived power Pr=—117 + C/N [dBm)] is obtained from the
required carrier-to-noise ratio (C/N), and the transmission
throughput is obtained by Equation (2). Theoretical value
shown in Figure 4 shows theoretical value of transmission
throughput versus received power (Pr : RSRP) characteris-
tics. Here, the vertical axis of Figure 4 indicates the
throughput value calculated by Equation (2). In addition,
the horizontal axis in Figure 4 corresponds to the required
C/N value corresponding to the MCSindex used on the ver-
tical axis obtained from the BER versus C/N characteristics
of the 5G system[13][16]. The relationship between C/N
and received power Pr, Pr=—117 + C/N. The transmission
throughput increased as the received power increased. For
example, the transmission throughput is approximately 50
Mbps at the received power of —112 dBm, and approxi-
mately 230 Mbps at the received power of —97 dBm.

Table 2. Specifications of the local 5G downlink data channel

Item Value
Frequency 4.84.9 GHz
Channel bandwidth 100 MHz
MIMO structure and SU-MIMO
number of layers 1(SISO), 4MMIMO)
Base station antenna spacing 50 cm
MCS structure MCS Index: 0-28
OFDM
Modulation scheme Primary modulation
QPSK/16QAM/64QAM
Forward error correction codes LDPC, Rate 0.117-0.925
Subcarrier spacing 30 kHz
OFDM symbol length 333 us
CP length 23 us
DL : UL ratio for synchronization TDD 7:2
PC —
.‘ /]

UE RAN q
. @B)| M z| UFF

1000Base-T

server
(LibreSpeed)
Fig.3. Network configuration when measuring transmission throughout

(2) Experimental results

In the throughput measurement experiment, the meas-
urement time by Librespeed was set to 30 seconds at each
measurement point, and the average value was measured

five times, and the average value was used as the experi-
mental value. The amount of variation varied depending on
the measurement points, and the variation of the measured
values tended to be large especially at the nonline-of-sight
(NLOS) points.

Figure 4 shows the theoretical values of the transmis-
sion throughput versus the received power characteristics
and the experimental results of the transmission throughput
at the same 32 points discussed in Section 2.1.

In the experimental results, line-of-sight (LOS) propa-
gation is indicated by @ marks, and nonline-of-sight

(NLOS) propagation is indicated by X marks. In compar-

ing the theoretical and experimental values of the tra-
nsmission throughput, we consider three regions according
to the value of the received power: received power is less
than —110 dBm, ranges from —110—100 dBm, and is more
than —100 dBm.

There are 5 points that greatly deviate upward from the
theoretical value, and 1 point that greatly deviates do-
wnward from the theoretical value. At the other 4 points, it
is 60—80 Mbps, which is a value close to the theoretical
value.

Next, in the medium received power range of —110-
—100 dBm, the transmission throughput gradually deviates
from the theoretical value and decreases to approximately
80—110 Mbps. At a high received power of =100 dBm or
more, it can be confirmed that the transmission throughput
saturated at a nearly constant value of 110—-130 Mbps in this
power range, except for a few singular values.
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Fig. 4. Transmission throughput versus RSRP characteristics in SISO
(Simulation parameter: EVM value in the receiver)

(3) Consideration of experimental results

In analyzing the factors that significantly reduce the
transmission throughput from the theoretical value, the fol-
lowing three causes can be considered.

Cause 1: Error vector magnitude (EVM) increases due
to multipath fading.

Cause 2: EVM increases due to interference from other
systems.

Cause 3: EVM increases due to interference in receiver.

First, let us consider cause 1. Figure 4 also shows the
simulation results of the transmission throughput versus re-
ceived power characteristics when the value of the residual



EVM in the receiver was set to 0% (theoretical value), 10%,
15%, 18%, and 20%. If EVMy, is converted to EVMyg and
expressed as the carrier-to-interference ratio (C/T), the C/N
value is C/(N+]) by adding the residual EVM value. For
example, EVMy, = 20% corresponds to EVMgg= 14 dB[17].
Therefore, C/(N+I) will saturate at 14dB. As a result, the
throughput value decreases when the residual EVM value
is present. The transmission throughput of the simulation
result when EVM value is 18-20% and the transmission
throughput of the experimental result are in good agree-
ment.

Regarding cause 2, interference from other systems,
there is currently only one wireless base station in operation,
and we have confirmed that there is no interference on the
same frequency in the surrounding area; therefore, we do
not believe that cause 2 will be a factor.

Finally, for cause 3, Regarding interference within the
receiver, interference from the Wi-Fi that exists within the
receiver can be considered. However, it is thought that the
impact will be negligible.

Based on these considerations, the main cause of trans-
mission throughput degradation is an increase in the EVM
value in the receiver, which is significantly affected by mul-
tipath fading in the propagation path.

3.2. MIMO transmission

(1) Simulation evaluation

In MIMO transmission, the transmission throughput
can be increased by actively utilizing a multipath environ-
ment. The MIMO operation is considered below.

When the transmitted signal vector X, received signal
vector r, noise signal vector n, and channel response matrix
H are combined, the received signal vector r is expressed
as follows:

r=HX +n 3)

Next, the singular value decomposition of the channel
response matrix H is performed.

H=UzVvH (4)
2 = diag(VA,VA; Vg ) ®)

Consequently, the channel can be orthogonalized using
the right singular vector V as the transmission weight and
the left singular value vector UY as the reception weight.
where m is the number of transmitting antennas or receiv-
ing antennas, whichever is smaller than.

Therefore, the eigen beam of the transmitted signal vec-
tor X is the information signal x multiplied by V.
X = Vx (6)

The result is as follows.

By contrast, the separation of the information signal y
at the receiving side is obtained by multiplying the received
signal vector r by UH.

y =Ur = UHHVx + Un = UHUZ VEVx + Utn

=3¥x + Uln (7)
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Subsequently, MIMO channels can be orthogonalized
to independent channels, and eigenmode transmission can
be performed without interference from other eigenpaths
[18][19]. Figure 5 shows an eigenmode 4x4 MIMO system
configuration.

A channel model used in throughput simulations in 4x4
SU-MIMO is described. Regarding the delay profile char-
acteristics of 32 points obtained by ray tracing method as
described in Section 2.1. Figure 1 is an example of a delay
profile due to LOS propagation, showing the presence of
direct wave and reflected wave. We assumed Rician fading
at LOS propagation points as described in the 3GPP chan-
nel model TDL-D[20]. On the other hand, at NLOS propa-
gation points, we assumed Rayleigh fading as described in
the 3GPP channel model TDL-C[20]. The K-factor in Ri-
cian fading is as a ratio of received power of the direct wave
and the sum of received power of the multiple reflected
and/or the diffracted waves. Reflected and diffracted waves
in the delay profile are assumed to be Rayleigh fading be-
cause they are NLOS propagation, and each wave is as-
sumed to fluctuate independently[20].

Assuming that the propagation path slowly fluctuates,
the Doppler frequency is 0.5 Hz and the number of samples
is 50000.

H=UzZvH _
r.-------- X
Output 417 (g vA, 1 gL | put
signal : y #2 7 :<:|\/72 242 ] signal : X
<+———yH MH:.\%:M VvV ¢
A ,=m/:m
Receiver Channel Transmitter
response

Fig. 5. Eigenmode 4 X 4 MIMO system configuration

The simulated transmission throughput characteristics
of 4x4 MIMO were derived from the channel model. Fig-
ure 6 shows the simulation results of the eigenvalue-to-
noise power ratio distribution in the eigenmode transmis-
sion of a 4x4 MIMO system. Probability density function
of the first eigenvalue-to-noise power ratio prob,, is dis-
tributed at the center value of approximately 27 dB. Simi-
larly, probability density function of the second eigenvalue-
to-noise power ratio prob,,, probability density function
of the third eigenvalue-to-noise power ratio prob,s, and
probability density function of the fourth eigenvalue-to-
noise power ratio prob,,, have central values of approxi-
mately 23, 19, and 12 dB, respectively.

As a simulation evaluation method of throughput by
MIMO, it is assumed that the simulation characteristics of
throughput versus received power in SISO transmission ob-
tained earlier are the same as the characteristics of SISO
transmission for each of the four layers in MIMO transmis-
sion. Then, the throughput in 4x4 MIMO transmission is
obtained by summing the throughput of the four layers
from the two results of the probability density function of
the eigenvalue versus noise power ratio shown in Figure 6
and the throughput versus received power characteristics in
SISO transmission shown in characteristics of EVM =20%
in Figure 4. Expressed as a formula, it becomes the follow-
ing formula.



Throughput,xamimo =

4 [oe]
Z f prob,;(y) x throughput(y)dy (8
i=1°0

Where vy is the antilogarithm of C/N [dB], as a result, y
= 10°N10 and proby, is the probability density function of
the i-th eigenvalue-to-noise power ratio (i= 1,...,4). Where
fow prob,; (y)dy = 1, throughput(y) shows the simula-
tion results of throughput versus C/N characteristics with
EVM = 20% value in Figure 4. Here, the received power in
Figure 4 is represented by C/N + noise power of =117 dBm.

Details are given below. In this example, the maximum
throughput of 120 Mbps is obtained from the first eigen-
value and the second eigenvalue from Figures 6. Approxi-
mately 110 Mbps is obtained from the third eigenvalue, and
approximately 80 Mbps is obtained from the fourth eigen-
value, for a total of 430 Mbps. Similarly, simulation results
of throughput in MIMO for a total of 32 points are obtained
and shown in Figure 7.

0.4

prob.(y)

03 prob2(y)

proba(y)
02

proba(y)
0.1

Probability density function

-10 0 10 20 30 40
Eigenvalue to noise-power ratio [dB]

Fig.6. An example of probability decsity funcyion of eigenvalue to noise
power ratio

(2) Comparison of experimental and simulation results

Figure 7 compares the simulation results and experi-
mental results of transmission throughput values at 32
points. The simulation results are shown in the color inside

the /\ marks, and the experimental results are shown in the

color inside the O marks. The results indicate that the dif-

ference between simulation and experimental values was
within 100 Mbps, which is a relatively close correspond-
ence. However, at some points surrounded by buildings, the
experimental value was 100 Mbps higher than the simula-
tion value. This may be because the position and height of
the buildings in the simulation differed slightly from those
in the actual environment.

Based on the results in Figures 4 and 7, Figure 8 shows
the transmission throughput versus the received power
characteristics of the simulations and experiments in SISO
and MIMO transmission. Here, the simulated and experi-
mental values of SISO in Figure 8 are the simulated values
of EVM = 20% and experimental value in Figure 4. As for
the MIMO throughput value, the results of Figure 8 are
used for simulation and experimental values. As for the re-
ceived power, the results of Figure 2 are used for simulation
and experimental values. They are collectively displayed
in Figure 8. Of the experimental values, @
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marks indicate LOS propagation, X marks indicate NLOS

propagation, and A marks indicate simulation values. In

MIMO transmission, as in SISO transmission, as the re-
ceived power increases, the transmission throughput in-
creases correspondingly. In addition, there are points where
the transmission throughput decreases even if the received
power is high. This is because the delay spread value is rel-
atively small; therefore, a sufficiently large transmission
throughput could not be obtained. Furthermore, it was
shown that there was no significant difference in the effects
of NLOS and LOS propagation on the transmission
throughput.

Figure 9 shows the cumulative distribution function
characteristics of the transmission throughput obtained
from the results shown in Figure 8. As indicated, for SISO
and MIMO, the trends in the distributions of the simulation
and experimental values agreed closely. For example, at a
CDF of 50%, the simulation value for SISO transmission
was approximately 115 Mbps and the experimental value
was 105 Mbps, giving a difference of approximately 10
Mbps. However, in MIMO transmission, the simulation
value was approximately 380 Mbps, and the experimental
value was approximately 420 Mbps, which is a difference
of approximately 40 Mbps.

kO Experiment
A Simulation
O Base station antenna

Throughput [Mbps]
625 or higher
575-625
525-575
475525
425-475
375425
325375
275-325
225275
175225
125175

75-125
25-75
0-25

A 5:«—‘4‘.\,, 330 m

= o
H "/ Playground \ <
T QA T
< M

ST\

| bl

Fig. 7. Comparison of simulated and experimental results of MIMO
transmission throughput in the area
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Fig. 8. Comparison of simulated and experimental results for transmission
throughput versus RSRP in SISO and MIMO transmission

IV. CONCLUSION

In an environment where a local 5G base station anten-
nas were installed on the roof of a research building at a
university, the transmission characteristics of synchronous
TDD and downlink data channel 4x4 MIMO transmissions
were evaluated and compared with SISO transmission.
Consequently, regarding the received power characteristics,
the difference between the simulation value, which was
based on the ray tracing method, and experimental value at



Simulation

L

Experiment

0 100 200 300 400 500 600 700
Throughput [Mbps]

Fig.9. Cumulative distribution characteristics of simulated and experi-
mental results of transmission throughputs in SISO and MIMO

32 points in the area was within a maximum difference of
approximately 10 dB, and the simulation value at 50% of
the cumulative distribution was approximately —97 dBm.
This was in close agreement with the obtained experimental
value of approximately =99 dBm.

Regarding the transmission throughput versus received
power characteristics of SISO transmission, it was shown
that the experimental and theoretical values are relatively
consistent when the received power is relatively small,
however as the received power increases, the experimental
throughput values deviate from the theoretical values and
saturate at a certain value. The cause analysis showed that
the EVM value in the receiver remained at approximately
20%, owing to a large influence of multipath fading occur-
ring in the propagation path.

Next, as a simulation evaluation method of throughput
versus received power characteristics in MIMO transmis-
sion, an evaluation method based on throughput character-
istics in SISO transmission was presented. As a result of
comparing the simulation results obtained by this method
and experimental results, the transmission throughput in-
creases in correspondence with the received power; how-
ever, the variation in the values also increases. From the
cumulative distribution of the transmission throughput
value, at a CDF of 50% in SISO transmission, the simula-
tion value was approximately 115 Mbps and the experi-
mental value was 105 Mbps, which was within a difference
of approximately 10 Mbps, because it matched both. How-
ever, in MIMO transmission, the simulation value was 380
Mbps, and the experimental value was approximately 420
Mbps, which was a difference of approximately 40 Mbps,
this value is considered small enough. We clarified the ef-
fect of sufficient transmission throughput improvement in
MIMO transmission. The estimated EVM value of this time
was a value unique to this area, and it is necessary to exam-
ine it for each area.

From these results, it was shown that the received
power and transmission throughput characteristics can be
predicted with sufficient accuracy by obtaining the delay
profile. Also, the effectiveness of the throughput simulation
method in MIMO transmission based on SISO transmission
was demonstrated under outdoor environments.
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