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Environments
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Abstract: This paper investigates location-based adaptive beamforming techniques, including
Maximum Ratio Transmission (MRT) and Zero Forcing (ZF), in complex wireless environments.
The study leverages a digital twin simulation of the University of Glasgow campus to evaluate the
proposed schemes under realistic conditions, such as user mobility and multipath propagation. The
results demonstrate significant performance improvements with the location-based beam steering
approaches. In the open space scenario, the location-based schemes achieved up to 40% higher
Signal-to-Interference-plus-Noise Ratio (SINR) and 30% higher received power, along with reduced
interference. The gains were even more pronounced in the digital twin environment, with up to
50% improvement in SINR and 40% increase in received power. Furthermore, the study evaluates
the energy efficiency of the location-based adaptive beamforming techniques, showing up to 20%
reduction in energy consumption compared to conventional fixed-beam approaches.

Keywords: adaptive beamforming; beam steering; location estimation; smart antenna systems

1. Introduction

Mobile communication in environments with obstacles, such as urban areas or buildings, poses
significant challenges due to signal reflections, scattering, and diffraction. These phenomena can
notably weaken connections and amplify interference, thereby degrading communication quality.
With the surging demand for mobile data, it is imperative to enhance signal integrity in these intricate
environments. Previous research has delved into the concept of location-based beamforming, utilizing
user location information to refine the beamforming process. Nonetheless, there remains a scarcity
in the literature of a thorough evaluation of this strategy’s efficacy in virtualized settings that closely
mirror real-world complexities, such as a university campus. This gap is particularly pronounced in
the context of millimeter wave (mmWave) communications, which are pivotal for the next generation
of mobile networks due to their potential for high data rate transmission.

The University of Glasgow (UofG) campus, which houses an operational 5G testbed, serves as an
exemplary model for this study. Our objective is to replicate the campus’s environment in a digital twin
simulation, thereby facilitating a comparison between the outcomes of the proposed location-based
beam steering techniques and the performance of the existing fixed-beam antennas deployed across
the campus. This method offers a realistic and pragmatic evaluation of the prospective advantages
of location-aware beamforming. Furthermore, such a university setting is particularly significant for
mmWave communications research for several reasons:

Diversity of Architectural Structures: University campuses typically encompass a wide range of
building types and densities, from open spaces to densely packed high-rise structures. This diversity
provides a comprehensive testing ground for evaluating mmWave signal propagation, reflections, and
diffraction patterns in various urban scenarios.

High User Density: Universities often exhibit high densities of mobile users, mirroring urban
high-demand scenarios where mmWave technologies can be most beneficial. This allows for realistic
assessments of beamforming techniques in managing high traffic loads and ensuring quality of service.

Dynamic Mobility Patterns: The mobility patterns of users within a university
environment,ranging from pedestrian to vehicules, offer valuable insights into the challenges and
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opportunities of implementing mmWave communications in settings characterized by various user
mobility.

Innovation and Research Hub: Universities are hubs for innovation and research, making
them ideal settings for deploying and testing cutting-edge technologies like 5G and mmWave
communications. Collaborating with university-based testbeds can facilitate access to expertise and
infrastructure, fostering advancements in the field.

To address this research gap, this paper presents a detailed investigation of location-based
adaptive beamforming techniques, specifically MRT and ZF, in the context of a digital twin simulation
of the University of Glasgow campus. The digital twin framework allows for the integration of
accurate user geo-location estimation using a MUSIC (MUltiple SIgnal Classification)-based algorithm,
which is then used to inform the location-aware beamforming process. Although not introducing a
novel beamforming approach, this work presents a thorough investigation into the practicalities and
advantages of applying established techniques within a specific, challenging context. Through digital
twin simulations, we provide a nuanced understanding of how location-based beam steering can
enhance mobile communication in multipath environments. The key contributions of this work are:

¢  The introduction of a digital twin validation framework that simulates the complex real-world
conditions of the UofG campus, allowing for a detailed performance evaluation of the
location-based beamforming approach.

* A comprehensive assessment of location-informed beam steering using MRT and ZF techniques,
analyzing the impact of location accuracy and environmental dynamics on beamforming
performance. The assessment consists of a comparison with conventional fixed-beam approaches,
highlighting the potential improvements in signal quality and system efficiency achievable with
adaptive methods.

* Integration of a MUSIC-based user location estimation algorithm before applying the
beamforming techniques.

e A comprehensive energy efficiency evaluation of the proposed location-based adaptive
beamforming schemes compared to conventional fixed-beam approaches.

2. Related Work

Adaptive beamforming and location-based communication in wireless systems have undergone
significant exploration, marked by seminal contributions to enhance efficiency and reliability. MRT is a
fundamental beamforming technique that maximizes the signal power at the receiver by intelligently
weighting the signals from multiple antennas [1,2]. ZF beamforming, on the other hand, eliminates
interference by directing the beam towards the intended user [2,3]. More advanced techniques, such as
Minimum Mean Square Error (MMSE) and Regularized Zero-Forcing (RZF), have also been proposed,
balancing signal quality and interference mitigation [4]. Integrating geographical information has
been shown to optimize adaptive beamforming in dynamic scenarios. Onrubia et al. utilized GNSS
coordinates for real-time beam steering [1], while Kela et al. extended location-based beamforming to
urban environments, addressing the challenges posed by structures and multipath propagation [3].
The use of digital twins, such as the one developed for the University of Glasgow campus by Tao et al.
[5], provides realistic virtualized environments for communication system simulations. This approach
helps bridge the gap between simulation studies and practical implementations, ensuring accurate
assessments of adaptive beamforming techniques. Several studies have also explored the use of MUSIC
algorithms for accurate user geo-location estimation in complex wireless environments, [6]. These
location-aware techniques can be leveraged to enhance the performance of adaptive beamforming
schemes. Beyond the traditional beamforming approaches, recent research has explored the potential
of digital twin-based solutions for wireless communication systems. Jiang and Alkhateeb, have
proposed the use of digital twins for beam prediction and channel state information (CSI) compression,
highlighting the benefits of integrating digital twins with real-world deployments [7,8]. Additionally,
Karakusak et al. have presented a cyber-physical deep wireless indoor positioning system that
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utilizes a digital twin approach to enhance situational awareness and minimize human presence in
data collection [3]. While the existing literature has laid the theoretical foundations, a research gap
exists in comprehensive evaluations of adaptive beamforming and location-based communication
under realistic conditions. This study aims to address this gap by evaluating advanced beamforming
techniques in dynamic and complex mobile communication scenarios using a digital twin framework,
with a MUSIC-based location estimation algorithm integrated.

3. Methodology

3.1. Location-Based Adaptive Beamforming

The approach leverages location information to guide the beamforming process. Prior to
applying the beamforming techniques, user locations are estimated using a MUSIC-based algorithm, a
well-established high-resolution direction-of-arrival (DOA) estimation method. The estimated user
positions are then mapped to the corresponding locations in the digital twin environment to enable
location-aware beamforming. The proposed location-based adaptive beamforming approach can be
summarized in Algorithm 1. Specifically, this study evaluates two adaptive beamforming techniques:

Algorithm 1 Location-Based Adaptive Beamforming

Initialize parameters: Ny, fec, Pix
Load building map, receiver locations, and user mobility
for each receiver location k do
Calculate channel matrix Hy using 3D ray tracing
if Beamforming mode is MRT then
wk = %l\/ﬁ
else if Beamforming mode is ZF then
W = HY (HH") " 1A~1/Ptx
end if
Apply beamforming vector/matrix for beamsteering
Calculate Prx, k = |wilhy|?Ptx

_ |whh |2
Calculate SINRy = Tk w2
end for

Analyze results (e.g., impact of location accuracy)

3.1.1. MRT Beamforming

[4] MRT beamforming maximizes the user gain by directing beams toward all user equipment
antennas. The beamforming vector wy, of user k is defined as:

hy

- R (1)

Wk

where hy is the channel vector and Ptx is the transmit power.

3.1.2. ZF Beamforming

[4] ZF beamforming aims to minimize interference by directing beams toward intended users and
nullifying interference. The beamforming matrix W is calculated using the channel matrix H and a
diagonal matrix of eigenvalues A:

W = HY (HH") A1 /Py, )
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3.2. System Performance Evaluation

The performance of beamforming schemes is evaluated via Signal-to-Interference-plus-Noise
Ratio (SINR) calculations, which are crucial for multi-user multiple-input multiple-output systems.
The SINR for a given user k, SINRy, is defined as:

lwih|?

SINR; =
¢ Yizk [WHh |2 4 02

3)

where hy denotes the channel vector from the transmitter to the k-th user, I indicates the Hermitian
transpose (conjugate transpose) operation, and ¢? is the noise power, which includes both the thermal
noise and any additional noise in the system. The numerator |w,1(q hy|? represents the power of the
signal intended for the k-th user. The denominator ;. |wHhy|? + 02 denotes the total interference
power from other users’ signals plus the noise power affecting the k-th user’s received signal.

3.3. Energy Efficiency Model

To evaluate the energy efficiency of the proposed location-based adaptive beamforming schemes,
we develop an analytical model that considers the power consumption of the beamforming process and
the achieved system performance. The total power consumption Py, of the beamforming-enabled
system can be expressed as:

Ptotul:Ptx+Pdsp+Prf 4)

where Py is the transmit power, Py, is the power consumption of the digital signal processing (DSP)
unit, and P, is the power consumption of the radio frequency (RF) components. The transmit power
Py, is determined by the beamforming technique and the target SINR:

o2 (2F —1)
Py = K | Hw 12 ()
Vi1 Wiyl

where R is the target data rate, B is the system bandwidth, and K is the number of users. The DSP unit’s
power consumption Py, is modeled as a linear function of the number of complex multiplications
required for beamforming calculations:

Pdsp = &Ny (6)

where a is the power consumption per complex multiplication, and N,,,;; is the number of complex
multiplications. The power consumption of the RF components P, s is assumed to be a constant value,
as it is not directly affected by the beamforming technique. The energy efficiency # of the system is
then defined as the ratio of the total achievable throughput to the total power consumption:

YLK, Blog,(1+ SINRy)
T Ptotal

(7)

By incorporating the beamforming weights and the improved SINR and received power achieved by
the location-based schemes, the analytical model demonstrates the reduction in energy consumption
compared to fixed-beam approaches. The adaptive nature of the location-based beamforming allows
for more targeted and efficient utilization of the transmit power. By aligning the beam direction with
the user’s location, the schemes can reduce the energy required to deliver the signal, leading to the
observed energy savings. In contrast, the baseline scenario without any beam steering suffers from
inefficient power utilization and higher interference levels, which limit its overall energy efficiency. This
analytical model allows us to compare the energy efficiency of the proposed location-based adaptive
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beamforming schemes against conventional fixed-beam approaches, considering the trade-offs between
system performance and power consumption.

3.4. Impact of Location Accuracy

The performance of the location-based adaptive beamforming techniques is highly dependent on
the accuracy of the user geo-location provided by the MUSIC-based algorithm. Inaccuracies or noise
in the location information can degrade the beamforming performance. If the estimated positions of
users are incorrect, the beams may not be correctly aligned with the users, leading to suboptimal signal
strength, increased interference, and overall lower SINR.

To mitigate the impact of noisy location information, the system can implement error correction
techniques or use robust algorithms that account for potential inaccuracies in location estimates.
Further studies may explore the tolerance levels of beamforming techniques to location estimation
errors and develop adaptive methods to compensate the inaccuracies.

4. Experimental Results

Simulations were conducted in two environments: an open space and a digital twin of the
University of Glasgow campus. Key performance metrics such as SINR, received power, and received
interference power were assessed for MRT and ZF beamforming techniques. Beside MRT and ZF,
another benchmark without beam steering is selected which serves as a baseline for performance
evaluation.

4.1. Performance in Open Space and Digital Twin Scenarios

The performance results with respect to different performance metrics are shown in Figure 1 for
both considered scenarios. In the open space scenario, location-based beam steering schemes using
MRT and ZF beamforming showed significant improvements over the baseline scenario: i. Up to a
40% improvement in SINR; ii. Up to a 30% improvement in received power; iii. Reduced interference.

Performance in Open Space Scenario Performance in Digital Twin Scenario

201 BN Bascline | | BN Bsseline
1o MRT | MRT
. I = ZF . .

~104 ]
—-204 -
-30 ]
—404 ]
-50 1 ]

SII‘IRI (dB) Received P;:wer (dBm) Interfererllce (dBm) SINR‘ (dB) Received Pt‘:wer (dBm) Interfererllce (dBm)

(=]

Performance Metric

Figure 1. Performance results in open space and digital twin scenarios.

In the digital twin of a university campus scenario, the improvements were even more pronounced:
i. Up to a 50% improvement in SINR; ii. Up to a 40% improvement in received power; iii. Reduced
interference.

The results indicate that the location-based beam steering schemes, using both MRT and
ZF techniques, are able to effectively target the desired users in the complex university campus
environment, leading to the observed improvements in SINR and received power. This is enabled
by the integration of the MUSIC-based location estimation algorithm, which provides accurate user
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geo-location information to guide the adaptive beamforming process. The location-based beam steering
schemes showed more pronounced improvements in the digital twin scenario compared to the open
space scenario. This can be attributed to the increased complexity and multipath effects present in
the university campus environment, which the location-based techniques were able to better address
through the adaptive beam steering.

4.2. Beam Pointing Visualization

Figure 2 shows the beam pointing towards the target user when MRT beamforming is used in the
digital twin of the UofG campus, while Figure 3 illustrates the beam pointing towards the target user
when ZF beamforming is used in the digital twin of the UofG campus.

BF power map
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Figure 2. Beam pointing towards target user when MRT BF is used.
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Figure 3. Beam pointing towards target user when ZF BF is used.

The beam pointing visualization demonstrates the ability of the location-based beamforming
schemes to effectively target the desired users even in the complex multipath environment of a
university campus. This is a key factor contributing to the observed improvements in SINR and
received power.

4.3. Impact of User Mobility

The study also examined the impact of user mobility on the performance of the proposed
location-based adaptive beamforming schemes. To quantitatively assess this impact, we refer to
Figure 4 and Table 1, which showcase the schemes’ performance metrics under various mobility
scenarios.
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As illustrated in Figure 4, despite the challenges posed by user mobility, the adaptive beamforming
schemes maintained high SINR levels across all tested scenarios. This robustness is further evidenced
by the received power levels detailed in Table 1 that remained significantly above the reliable
communication threshold requirement even under mobility conditions.

This adaptability can be attributed to the integration of the MUSIC-based location estimation
algorithm, which continuously tracks user positions and updates the beamforming vectors accordingly.
By dynamically adjusting the beam direction and focusing energy towards moving users, the
location-based schemes effectively mitigate the performance degradation typically induced by user
mobility. Figure 4 demonstrates this capability, highlighting the schemes’ ability to maintain optimal
SINR despite varying user mobility.

SINR Levels Across Mobility Scenarios

25.0 —e— Adaptive Beamforming

—s=— Fixed Beam

22.51
20.0
17.5/
15.0;

SINR (dB)

12.5
10.0
7.5

5.0

Statibnary Slow Moderate Fast
User Mobility Scenario

Figure 4. Beam pointing towards target user when ZF BF is used.

Furthermore, the comparison between fixed-beam and adaptive approaches in Table 1 underscores
the significant advantage of location-based beamforming. While fixed-beam strategies show a marked
decline in performance as mobility increases, the adaptive schemes exhibit a remarkable resilience,
maintaining high-quality service levels. This stark contrast emphasizes the crucial advantage of
adaptive beamforming in scenarios characterized by user movement, showcasing its potential to
ensure consistent system performance in dynamic real-world environments.

Table 1. Performance Metric

Location based

Mobility Scenario Adaptive Beamforming (dBm) Fixed Beam (dBm)
Stationary -70 -75
Slow Movement -72 -80
Moderate Movement -75 -85
Fast Movement -78 -90

4.4. Performance Results

A performance table (Table 2) provides mean values for received signal power, interference power,
and SINR, highlighting the differences between the MRT and ZF beamforming techniques in both the
digital twin and open space scenarios.
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Table 2. Performance Results

MRT ZF
Parameters
Digital Twin Open Space Digital Twin Open Space
Received Power -47.0 -54.0 -61.1 -69.1
Received Interference Power -45.9 -53.9 -10.0 -10.0
SINR -3.0 -3.0 17.0 15

The table shows that the ZF beamforming technique generally results in higher SINR compared
to MRT, but at the cost of lower received power. This trade-off is due to the fundamental differences in
the beamforming approaches: MRT beamforming maximizes the signal power towards the intended
user, while ZF beamforming aims to eliminate interference by nulling the beam towards unintended
users. The performance differences observed between the two techniques highlight the importance
of considering the specific requirements of the wireless system when selecting the appropriate
beamforming approach. MRT may be more suitable for interference-limited scenarios, while ZF
can provide better SINR performance.

4.5. Energy Efficiency Evaluation

In addition to the performance metrics of SINR and received power, the study also evaluated the
energy efficiency of the proposed location-based adaptive beamforming schemes.

4.5.1. Comparison with Fixed-Beam Approaches

The simulations compared the energy consumption of the location-based beamforming schemes
against conventional fixed-beam approaches. Shown in Figure 5, the proposed schemes achieved up
to a 20% improvement in energy efficiency compared to the open scenario without beam steering.

Energy Efficiency Improvement
20.0%

20.0

17.5

15.0%

)
o
o

12.5

10.0

Improvement (%)
N
(3]

5.0

2-5_

0.0-
MRT ZF

Figure 5. Normalized energy efficiency comparison.

This improvement in energy efficiency can be attributed to the adaptive nature of the
location-based beamforming, which allows for more targeted and efficient utilization of the transmit
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power. By aligning the beam direction with the user’s location, the schemes reduce the energy required
to deliver the signal, leading to the observed energy savings. In contrast, the baseline scenario without
any beam steering suffers from inefficient power utilization and higher interference levels, which
limit its overall energy efficiency. The fixed-beam approach wastes energy by transmitting signals in
directions where there are no active users, and the higher interference levels require higher transmit
power to maintain the desired signal quality. By leveraging the location information and adaptive
beamsteering, the proposed location-based beamforming schemes can overcome these limitations of
the fixed-beam approach, leading to the observed improvements in energy efficiency.

4.6. Analysis of Location Estimation Accuracy

To quantitatively assess the impact of location estimation accuracy on the performance of the
proposed beamforming schemes, simulations were conducted with varying levels of noise in the
location information. The results indicate that even small inaccuracies in the estimated user positions
can lead to significant performance degradation. Specifically, a deviation of 1 meter in user location
estimation can result in a 10% reduction in SINR and a 15% increase in interference power.

These findings underscore the importance of accurate location estimation for the success of
adaptive beamforming. Future work will focus on enhancing the robustness of location estimation and
exploring advanced techniques to dynamically adjust beamforming strategies on noisy location data.

4.7. Discussion

Despite the improvement achieved by the location-based beamforming schemes, two key
limitations are also identified:

1. Dependence on Accurate Location Information: The performance of the beamforming schemes
is highly dependent on the accuracy of the user geo-location provided by the MUSIC-based algorithm.
Inaccuracies in user positioning can degrade the beamforming performance.

2. Susceptibility to Neighboring Cell Interference: The proposed location-based beamforming
techniques are susceptible to interference from neighboring cells, as the beams are focused on the
target users within the cell of interest.

5. Conclusion

This study evaluates location-based adaptive beamforming techniques, including Maximum Ratio
Transmission (MRT) and Zero Forcing (ZF), in complex wireless environments. Using simulations
in open space and a digital twin of the University of Glasgow campus, significant improvements
were observed, with up to a 50% increase in SINR and 40% in received power. Energy efficiency
is also improved by up to 20% compared to conventional fixed-beam approaches. Integration of a
MUSIC-based location estimation algorithm enabled effective targeting of users and adaptation to
dynamic multipath conditions. The digital twin provides a comprehensive framework for performance
evaluataion. However, limitations such as location estimation accuracy, inter-cell interference, and
computational complexity remain, which is crucial for realizing the full potential of location-based
adaptive beamforming in real-world systems. Despite these challenges, the study highlights the
transformative potential of combining location information with advanced beamforming techniques.
Future refinement in this area will be essential for advancing adaptive and location-aware wireless
technologies.
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