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Abstract— SG has been essentially a buzzword for several years, but according to the experts, from 2022 onward, there will be an
inflection point between network maturity and the availability of 5G. To make SG a reality, we must minimize all propagation losses.
One of the possible factors that reduces the performance of SG transmission is the multipath effect. In this paper, we investigate the
severity of the multipath effect in the SG millimeter-wave (mmWave) channel and mitigate the multipath effect using adaptive
equalization based on the least mean square (LMS) algorithm to improve the performance of 5G wireless signal transmission. A
mmWave channel simulator, NYUSIM, provides complete data for all resolvable multipaths in a specific channel configuration. An
analysis of bit-error-rate (BER) based on the minimum BER (MBER) and minimum mean square error (MMSE) optimization criterion
is performed to measure the improved performance of a 5G data channel simulated under line-of-sight (LOS) and non-LOS (NLOS)
paths. A good overall performance of BER based on the MBER and MMSE criteria is attained using the LMS equalization method in
a micro-urban area at a maximum data rate of 50 Mbps. For both LOS and NLOS conditions, the increase in data rate to 55.56 Mbps
and 62.5 Mbps causes a significant decrease in BER performance. In conclusion, the primary factor affecting the BER performance is
the data rate, not the frequency or transmitter-to-receiver distance.
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antennas to provide a larger magnitude capacity than present
I. INTRODUCTION communication systems [7]. The applications of 5G mmWave
include radar systems, radio communication, and the

5@, the fifth generation of cellular networks, is significant . N
upcoming 6G communication [8].

not just because it has the potential to revolutionize the world ] h . h
but also because it can handle millions of devices at once at Several 5G egp@rts ave done extenswe fesearch on
incredible speeds [1] compared to the current 4G Long-Term mmWave transmission. The authors of [9] investigated the
Evolution (LTE) network [2]. According to the Global difficulties and needs of developing mmWave 5G antennas
System for Mobile (GSM) Association, 5G will have more for mobile devices. A tiny and low-profile 60 GHz array of

than 1.7 billion members worldwide by 2025 [3]. The 5G antenna modules was created utilizing 3D plgner Ipesh-grid
networks also connect to the emerging IoT ecosystem [4], antenna components. The authors of [10] also investigated the

which is used in various applications such as health care, appropriateness of the mmWave spectrum for 5G c§11ular
agriculture, etc. [5]. Meanwhile, millimeter-wave (mmWave) networks. Th.ey presented the yecent developments in the
is an exceptionally high-frequency band ranging from 30 GHz system grcthectures Of gctlve beamforming arrays,
to 300 GHz that improves the performance of 5G wireless beamformmg'mtegr ated circuits, antennas for base stations
networks [6]. Since it is a relatively new band, its spectrum and user terminals, system measurement and calibration, and

e . . 2 . hannel characterization.
utilization is not congested with various existing wireless ¢
communications in narrowband and wideband, such as ' On the other.hand, the authors of [11.] addressed mmWave
WiMax, GPS, WiFi, 4G, etc. Moreover, it can transport more signal attenuation due to atmospheric gases, open space

information than the lower frequency waves and can be propa'gation, and other Sigpiﬁ(.:ant. considerations _ for
combined with multiple input multiple output (MIMO) establishing mmWave communications in 5G. Throughout all
the studies, a few specific mmWave frequencies are expected
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to be utilized for 5G, such as 28 GHz, 38 GHz, and 54 GHz.
The channel characterization in terms of large-scale
propagation, small-scale propagation, and interference
analysis of these 5G mmWave signals has been presented in
indoor and outdoor areas [12]. Extended analysis of the pace
loss, especially in tunnels, has been presented in [13] by
designing a directional horn antenna, and the challenges of the
specific characteristics of mmWave propagation in massive
MIMO mmWave systems have been addressed in [14].

Although 5G promises to provide a speedy transmission
rate, the true performance of the network’s speed is still under
investigation, and the practical outcome is still far from the
theoretical expectation. In [15], four major network providers
from the United States, Verizon, AT&T, T-Mobile, and Sprint
showed that their 5G speed performance can reach over 60
Mbps to 70 Mbps. For mmWave, the authors of [16] discussed
the real-world performance of 5G fixed wireless broadband in
an indoor-to-outdoor (I20) environment. Two different
NLOS path loss models were used: close-in (CI) free space
reference distance and alpha-beta-gamma (ABG) models. The
propagation signal through the NLOS channel at 19, 28, and
38 GHz was strong with a low delay; it was concluded that
these bands are reliable for 5G systems in short-range
applications. Similar research has been done [17] to find the
best path loss models for indoor mmWave propagation.
Besides that, research was done to study the internet speeds
of 5G Internet of Things (IoT) mmWave at 38 GHz in an
urban microcell condition [11]. This research mainly focused
on the ability of mmWave route loss models. Based on CI-
LOS V-V and FI-LOS V-V scenarios, the highest average
throughput for a minimum of 10 users was 25 Mbps and 22
Mbps, respectively. For a single user, the highest average
throughput that could be achieved was around 50 Mbps.

Increasing network capacity and channel bandwidth when
using the mmWave spectrum in 5G introduces several
channel propagation concerns that must be solved before they
can be employed. Hence, selecting an appropriate channel
model is important for studying the channel effect. 3GPP and
NYUSIM are two well-known channel models utilized for
wireless communication in 5G [18]. The research reported in
[19] concluded that NYUSIM provided a more uniform
spectral efficiency and eigenvalue distribution for mmWave
bands, and a more accurate and reliable set of simulation
results compared to the 3GPP channel model in an urban area.
The multipath effect and path loss in mmWave have been
studied [20], [21]. Both studies indicate a loss of signal quality
and transmission coverage due to multipath propagation.
Especially in [20], the multipath effect on the investigated
parameters reduced the received power and increased the path
losses to approximately their double values by using lower
frequencies of 28 and 39 GHz mmWave.

On the other hand, [21] studied the signal strength, shadow
fading, etc. of a 40 GHz mmWave signal for LOS and NLOS
paths in an indoor environment scenario. The NLOS path was
found to lose the majority of the signal energy when compared
to the LOS path. Another similar work has also been reported
in [22] to investigate the effect of multipath propagation in an
indoor environment, which covers the mmWave frequencies
from 28 GHz to 100 GHz. In addition, the authors of [23]
showed that the multipath effects are more severe in urban
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areas, and broadband, high gain circularly polarised antennas
were preferred to reduce effects.

One possible way to mitigate the multipath effect is
adaptive equalization. The least mean square (LMS)
algorithm is one of the most popular types of adaptive filtering.
Two major advantages of the LMS filter are its simplicity of
design and high-performance effectiveness, which have made
it extremely useful in a wide range of applications [24].
However, an equalization algorithm needs to employ an
acceptable optimization criterion to find the equaliser’s
coefficients. The minimal mean square error (MMSE)
optimization criterion is one of the most commonly employed
approaches [25] due to its simplicity and capability to reduce
both inter-symbol interference (ISI) and noise at the same
time. A downfall of the MMSE criterion is that it is optimum
because mean square error (MSE) is not the true indicator of
performance in digital communications. The BER, on the
other hand, is a true indicator, which is used in the minimum
bit error rate (MBER) criterion [26]. Studies have been done
using the advanced version of MBER to reduce signal
distortion due to interference and multipath propagation in
other applications, such as those reported in [26, 27]. For
example, a minimum symbol error rate (MSER) criterion was
used to design the equalizer of underwater acoustic (UWA)
communication [27], and a generalised-MBER (G-MBER)
equalizer was designed to mitigate multi-user access
interference (MAI) in an ultra-wideband multipath channel
(UWB) [26].

Therefore, in this paper, a series of steps involving the
NYUSIM 5G mmWave simulator are performed to evaluate
the effect of multipath in the mmWave channel. NYUSIM is
chosen since it provides reliable and accurate results to
generate the multipath channel components used for the 5G
transceiver simulation. The mmWave signal will then
propagate through this multipath channel, resulting in a
distorted signal at the receiver. A study of the adaptive
equalization using the LMS algorithm to mitigate the distorted
signal's multipath effect is then performed. Result analysis is
carried out based on the MBER and MMSE optimization
criteria by investigating the bit-error-rate (BER) performance
at different channel configurations such as mmWave
frequencies, transmitter-to-receiver distances, data rates, and
LOS and NLOS environments. Exploiting the multipath effect
on the mmWave and mitigating the effect are essential since
they enable a more reliable and efficient signal transmission
for handling the excessive data demand that will rise in 5G
networks in the near future.

In the rest of this paper, section 2 discusses the project
methodology by describing the sequence of simulations
performed to obtain and include multipath in a 5G millimeter
wave channel. It also discusses the adaptive equalization
techniques used to mitigate multipath effects. Section 3
presents the results of multiple simulations with different
channel configurations. It includes a performance analysis of
the LMS equalization based on the MBER and MMSE
optimization criteria and a discussion on the overall
effectiveness of the LMS equalization in a micro-urban area.
Lastly, Section 4 includes a summary of the study of the
multipath effect in the 5G mmWave channel and future
recommendations.



II. MATERIAL AND METHOD

The complete design process involves four phases. The
block diagram of the design process carried out throughout
the research is shown in Fig. 1. The first step is to obtain
multipaths from NYUSIM. Next, multipaths are sampled at a
desired time interval to achieve a specific data rate. A 5G
transceiver implementing LMS adaptive equalization is
developed using MATLAB to study the effect of multipath
and the ability of LMS equalization to mitigate the effect of
multipath. Finally, performance analysis is done based on the
MBER and MMSE criteria.

Phase 1: Phase 2 : Phase 3 : Phase 4 :
Obtaining Sampling X Performance
Multipaths Multipaths 5G Transceiver Analysis

Fig. 1 Block diagram of the design process

A. NYUSIM - Millimeter-Wave Channel Simulator

The NYUSIM channel simulator includes a complete
statistical channel model and simulation code and an intuitive
interface for creating realistic spatial and temporal wideband
channel impulse responses. New York University's (NYU)
broadband statistical spatial channel model (SSCM) serves as
the foundation for NYUSIM [18]. The simulation of
NYUSIM provides complete data on all multipaths for the
specific scenario and channel parameter configuration. The
channel simulator includes 49 input parameters, which are
classified as channel parameters, antenna properties, human
blockage parameters, and spatial consistency parameters. In
this paper, parameter configuration only involves the channel
parameters. Antenna properties are set to default values,
whereas spatial consistency and human blockage are turned
off.

Table 1 shows all the critical channel parameter
configurations used in this research for multiple findings of
5G signal transmission performance in different scenarios.
The 28 GHz and 38 GHz mmWave frequencies are potential
candidates for use in 5G and Beyond-5G systems [28]. 54
GHz is another common frequency chosen to study 5G signal
transmission at higher frequencies. A transmit power of 30
dBm is chosen based on [19], which discussed mmWave base
station diversity. The transmit power of 30 dBm is commonly
used in ultra-micro urban areas. Almost every specification
for a 5G device states co-polarization as a primary and
mandatory feature. Thus, co-polarization is used. Standard
distances of 50, 100, and 500 meters are selected for
simulation analysis.

TABLE 1

CHANNEL PARAMETER CONFIGURATIONS
Channel Parameters Configuration
Scenario Ultra-micro urban area
Frequency 28 GHz, 38 GHz ,54 GHz
Environment LOS, NLOS
Tx-Rx separation distance 50 m, 100 m, 500 m
Transmit power 30 dBm
Polarization Co-polarization

After running the simulation, NYUSIM provides complete
data on all resolvable multipath in the directional power delay
profile (PDP) output file named “DirPDPInfo.txt”. The PDP
provides the received signal’s intensity and phase through a
multipath channel as a function of time delay. Once
multipaths are successfully obtained, sampling of multipaths
is carried out, as shown in Fig. 2.

Record Data (Time Delay,
Received Power and Phase) from
“DirPDPinfo.ixt™ 1o Google

sheets

Plot Continuous Graph of
Received Power vs Time Delay

&

Sample Graph at Desired Time
Interval

4

Use WebPlotDigitizer to Find
Exact Values of Received Power
at Sampled Intervals

Plot Continuous Graph of
Phase vs Time Delay

¥

Sample Graph at Desired Time
Interval

R 3

Use WebPlotDigitizer to Find
Exact Values of Phase at Sampled
Intervals

Tabulate Sampled Data

L]

Convert Received Power 1o
Watts

1

Generate Multipaths in their
Polar Form

Fig. 2 Block diagram of sampling process
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The recorded data, which includes the received power,
phase, and time delay, is imported to Google Sheets.
Continuous graphs are plotted separately for received power
vs. time delay and phase vs. time delay to apply a graphical
method called WebPlotDigitizer to sample and extract the
values of the multipath components at different time intervals.
The sampling time, ;, affects the data transmission rate, given
as data rate = 1/¢.

Examples of sampled graphs are shown in Fig. 3 and Fig.
4. The power and phase of each multipath are plotted into two
separate continuous line graphs and sampled at 20 ns to
achieve a data rate of 50 Mbps. This data rate is chosen since
it is the average data rate that can be achieved practically in a
micro-urban environment, as mentioned previously [11].

Received Power (dBm)

Time Delay(ns)

Fig. 3 Sampling of received power at 20ns interval

Phase (rad)

Time Delay (ns)

Fig. 4 Sampling of phase at 20ns interval

Upon sampling, the multipaths at specific time intervals are
tabulated according to their corresponding sampled values of
received power, Papm and phase, Phaserad. The received
power, Pasm is then converted from dBm to mW using the
following equation,

Pdbm

P,y =10 10 mW (1)

The final step is to generate the multipath in their polar
form, given as follows:

z(n) = Py (n) - cos(Phase,qq (1)) + jPpw (1)
- sin( Phase,,q(n))

)
where 7 is the total number of sampled multipaths.

B. 5G Transceiver

The mmWave signal is modulated using quadrature phase
shift keying (QPSK) [24] before a 5G transceiver can transmit
it. The QPSK signal can be generated on the transmitter side
based on the block diagram shown in Fig. 5.

ISIreaI

Even bils
si

hd

LW
BPSK

_I_

Binary Data
sfr)

Odd
bits

Even
bits

Bit - Splitter

BPSK
Iodulator
Baseband

4

Additive White
(Gaussian Noise

L

Odd bits
5q

Lt

BPSK

_I_

xo(

BFSK
Modulator

Baseband

IST

imag

Fig. 5 Block diagram of a transmitter

The binary information data, s(n) is separated by a bit
splitter into even bits, s; and odd bits, s,. Both even and odd
bits undergo baseband binary phase shift keying (BPSK)
modulation. The even bits transmitted undergo convolution
with the real inter-symbol interference (ISI) values, ISTcas
generated, whereas the odd bits are convoluted with the
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imaginary ISI values, ISlin.e. Additive white Gaussian noise
(AWGN) is added to both bit streams. This results in one in-
phase distorted output signal, xi(n), and one quadrature
distorted output signal, x>(n). The ISI values are generated
from the multipath given as follows:



1
IShear = =7 - Re(zm) A3)
1
ISlimag = e Im(z,,) 4)
where z,, = {z(1),z(2),-:-,z(n)} are all the sampled

multipath components, Re(e)is the real part and Im(e)is the
imaginary part.

As shown in Fig. 6, both distorted output signals are fed
into the adaptive equalizer based on the LMS algorithm at the
receiver end. The equalizer’s outputs, yi(n) and y»(n), undergo
baseband BPSK demodulation, resulting in received even bits,
de_s; and odd bits, de s,. The even and odd bits are joined
back together in the same order they were split. The final
combined even and odd bit streams result in the received
signal, (n).

xi(n) yi(n)

Equaliser

WAL

BPSK

Even bits
de si

BPSK
Demodulator
Baseband

b

x2(n) ya(n)

Equaﬂser

BP

WAL

SK

Odd bits
de_sq

BP

SK

Demodulator
Baseband

Fig. 6 Block diagram of receiver

The equalizer used in this research applies the LMS
algorithm, a stochastic gradient descent method for adaptive
signal processing. LMS updates the N-tap equalizer’s tap
weight, W(n) using the following formula [24]:

Wmn+1) =W(n)+ uAF(e) (5

where p is a step size parameter that impacts the filter weights'
convergence behavior, 4 is a gradient, and F(*)is an object
function.

The equalizer’s output is then formulated as,

y(m) = Wx(n) (6)

The objective function is determined based on the
optimization criteria used to search for an optimum solution
to minimize the distortion effect of the received signal. This
paper considers MMSE and MBER criteria since MMSE is
the most commonly used criterion [30], whereas MBER is
deemed to have a better solution [26].

Therefore, the equalizer’s tap weight, W(n) is updated
using the MMSE criterion given as [30],

Wmn+ 1) =W(n)+ uAF(e) @)

where e(n1) = d(n) —y(n) is the difference between the desired
signal, d(n) and the equalizer’s output. Meanwhile, the
equalizer’s tap weight, W(n) is updated using the MBER
criterion given as [26],

Wupere(n + 1) = W(n) + udPyg 3

where AP;; is the gradient of a probability of error. After
obtaining the received signal r(n), performance analysis can
be done by comparing the BER, which will be discussed in
the next section.
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II1. RESULT AND DISCUSSION

At first, the most suitable equalizer’s tap length is chosen
as N =7 for higher frequency resolution, which in turn means
narrower filters and steeper roll-offs, and the step size is
selected as u = 0.001 since a smaller step size produces better
BER performance [30]. Performance analysis is done at
different frequencies, transmitter-to-receiver (Tx-Rx)
distances and data rates for LOS conditions using the
determined tap length and step size. Finally, performance
analysis in NLOS conditions is also performed at multiple
data rates.

A. Performance Analysis on Millimeter-wave Frequencies
Testing

Fig. 7 and Fig. 8 present the BER performance of MBER
and MMSE equalizer at different frequencies.

107"

) —%— MBER - 28GHz
—©— MBER - 38GHz
MBER - 54GHz
1021 ;
.
w
m \
103} t‘R\\
X
\ ¥
\
4 \
10 :

SNR

Fig. 7 BER performance of MBER at different frequencies
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Fig. 8 BER performance of MMSE at different frequencies

The channel configurations remain as in Table 1, except
that the Tx-Rx distance used is 100 m, and the environment is
LOS. Simulation is run at 28 GHz, 38 GHz, and 54 GHz
mmWave frequencies for the 5G network. Based on the
results, the BER performances are almost the same at
frequencies of 28 GHz, 38 GHz, and 54 GHz, respectively,
for both the MBER and MMSE equalizers. All of them are
able to achieve a BER of 10 at a signal-to-noise ratio (SNR)
of 10 dB. The results indicate that the changes from a lower
28 GHz frequency to a higher 38 GHz and 54 GHz frequency
waves do not affect the multipath effect. There is no
noticeable performance difference between the MMSE and
the MBER criteria.

B. Performance Analysis on Tx-Rx Distances

Fig. 9 and Fig. 10 present the BER performance of MBER
and MMSE equalizers at different Tx-Rx distances. The
channel configurations remain in Table 1, except that the
mmWave frequency used is 38 GHZ, and the environment is
LOS. Simulations are run at distances of 50 m, 100 m, and
500 m.

1071 3 . . .
—#%— MBER - d=50m
—6— MBER - d=100m
—>— MBER - d=500m |
10-2 L
o \
w
43} Q
10 \\
g
104 : : : : : : : :
1 2 3 4 5 6 7 8 9 10
SNR

Fig. 9 BER performance of MBER at different Tx-Rx distances
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—#— MMSE - d=50m
—&— MMSE - d=100m
——— MMSE - d=500m

BER

103}

Fig. 10 BER performance of MMSE at different Tx-Rx distances

Based on the results, good overall BER performance is
achieved at all transmitter-receiver distances of 50, 100, and
500 meters in both the MBER and MMSE equalizers. All of
them are able to achieve a BER of 10 at a SNR of 10 dB.
The results indicate that the 5G mmWave signal is able to
travel distances of 50 m to 500 m without suffering a severe
multipath effect.

C. Performance Analysis on Data Rates

In the last analysis, both the performance of LOS and
NLOS environments is evaluated. Fig. 11 and Fig. 12 present
the BER performance of MBER and MMSE equalizers
simulated in a LOS environment at different data rates. The
channel configurations remain in Table 1, except that the
mmWave frequency used is 38 GHZ, and the Tx-Rx distance
is set to 100 m. Simulation is run at 50 Mbps, 55.56 Mbps,
and 62.5 Mbps data rates.

e

104 [ N"""‘“‘!—-x——x__,“
y\k = R
&
—%— MBER - data rate= 50Mbps
—6— MBER - data rate= 55.56Mbps
—*— MBER - dala rale= 62.5Mbps
10
o
w
o
103
107

10 15
SNR

20

Fig. 11 BER performance of MBER simulated under LOS at different data
rates
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—+— MMSE - dala rale= 62 5Mbps

BER

Fir

10
SNR

15 20

Fig. 12 BER performance of MMSE simulated under LOS at different data
rates

For both MBER and MMSE equalizers, the best
performance of BER is attained at a lower data rate of 50
Mbps. A BER of 10 is achieved at approximately SNR = 10
dB and SNR = 14 dB, respectively, when the data rate is 55
Mbps and 55.56 Mbps. At 62.5 Mbps, a poor BER is attained.
The result matches the average data rate that can be achieved
practically in a micro-urban environment. Moreover, it seems
that there is no difference in terms of BER performance
between the MBER and MMSE equalizers.

On the other hand, Fig. 13 and Fig. 14 present the BER
performance of MBER and MMSE equalizers simulated
under the NLOS environment at different data rates. The
channel configurations remain as in Table 1, except that the
mmWave frequency used is 38 GHZ, and the Tx-Rx distance
is 10 m. The propagation loss and multipath effect in the
NLOS path are more severe than in the LOS path, and hence,
the transmission distance of the mmWave signal is limited to
a maximum distance of 10 m only. Simulation is run again at
50 Mbps, 55.56 Mbps, and 62.5 Mbps data rates.

10" ‘ .
—#— MBER - dala rale= 50Mbps
—&— MBER - dala rale= 55.56Mbps
—— MBER - dala rale= 62.5Mbps |
‘KH—){L_,;__‘N‘NI
102k
o
w
m
00l \
5

(il

10
SNR

20

Fig. 13 BER performance of MBER simulated under NLOS at different data
rates
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Fig. 14 BER performance of MMSE simulated under NLOS at different data
rates

For both MBER and MMSE equalizers, the best
performance of BER is again attained at a lower data rate of
50 Mbps, with a BER of 10* achieved at around SNR = 16
dB. However, when the data rate increases to 55.56 Mbps,
only the MBER equalizer attains a good BER performance,
with a BER of 10* achieved at around SNR = 20 dB.
Meanwhile, the MMSE cannot perform similarly when SNR
is less than 20 dB. At 62.5 Mbps, both equalizers attain poor
BER performances. Thus, the BER performance of the MBER
equalizer outperforms the MMSE equalizer under the NLOS
environment, which exhibits a severe multipath effect.

IV. CONCLUSION

In this paper, the effect of multipath in a 5G mmWave
channel has been successfully studied in a micro-urban area.
The multipath components were generated from the NYUSIM,
a 5G mmWave channel simulator, for the specific scenario
and channel parameter configuration. A 5G transceiver has
been developed using LMS adaptive equalization based on the
MBER and MMSE criteria. The adaptive equalizer has
proven to be able to reduce signal distortion due to the effect
of multipath in a 5G mmWave channel at different
frequencies and transmitter-receiver distances with an
average data rate of 50 Mbps. This allows 5G signal
transmission to perform better without the degradation caused
by multipath propagation. In addition, it was found that the
frequency and the transmitter-receiver distance did not affect
the ability of the LMS equalizer to mitigate the multipath
effect. However, the data rate of signal transmission and
NLOS condition are the two main factors causing a drop in
the BER performance of a 5G millimeter-wave channel.
Meanwhile, MBER has a better performance in the NLOS
environment than MMSE.

This research is limited to an average data rate of 50 Mbps.
Although the performance of 5G is not up to its theoretical
performance in most places now, there is a high possibility of
the technology providing higher data speeds with more
coverage areas across the globe shortly. Future work to attain
good BER performance via equalization at a higher data rate
can be done by using various advanced adaptive algorithms,



such as the Normalized Least Mean Square (NLMS)
algorithm. On the other hand, higher-order modulation may
be implemented, allowing for greater bandwidth utilization or
the ability to deliver higher data rates within a given
bandwidth. Nevertheless, this research study can extend to
multiple transmitter and receiver systems in different
environments to provide a more accurate and reliable BER
performance analysis.
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