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Abstract— Antenna array directivity, vital for RF
communication, is explored using 2x2 to 64x64 arrays. Matlab
simulations at 3.6 GHz with a 30-degree tilt reveal directivity
increases with array size: 6.02 dB (2x2) to 36.12 dB (64x64). SNR
also improves, from 125 dB to 155.10 dB. A Random Forest
Regressor achieves an R-squared of 0.991, optimizing
performance. This study emphasizes the need for directivity
optimization in modern wireless antenna designs.
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I. INTRODUCTION

In a range of 3 GHz and 30 GHz, frequency encompasses
upper extreme of Super High Frequency (SHF) against the
lesser extreme of Ultra High Frequency (UHF) on a
considerably limited Fresnel zones and expansive directional
gain. SHF is known for its high data flow with finer latency to
counterbalance the setback in radiation [1][2].

Antenna is a fundamental tool that sends and accepts
electromagnetic waves. As a critical component of
telecommunication, it plays the transducing role of
interchanging electric signals and radio waves on the
corresponding  functions of receiving and sending
information. This sets its employment across various wireless
appliances for the usage of mobile networks, satellite
communication, broadcasting, and Wi-Fi [3][4].

Dissimilar antennas possess unalike, yet, integral
functions across varying telecommunication domains. On one
hand, radiating identical signal encompassing all horizontal
directions has made omnidirectional antennas a compatible
alternative to multi-directional communications, as seen in
applications like Dipole antenna of conventional broadcasting
and wireless internet router [5][6]. On the other hand.
streamlining radio waves toward a designated direction makes
Directional Antennas suitable for minimized disruption across
uninvolved directions and increased gain, as seen in Yagi,
Parabolic and Patch antennas for signal receiving on
television, satellite communication, and other systems with
beamforming requirement [7][8][9].

Furthermore, antenna elements can be integrated to form
antenna array (AR) such as the multiple-input-multiple-output
(MIMO) antennas which has been rudimental to
contemporary wireless communication via Wi-Fi, as well as
the 4G and 5G networks. Serves as a phased array to
computerize the handling of beam directivity, data flow,
coverage and reliability are enhanced following an increased
number of antennas on both ends of outbound and inbound
[10][11].

Parameter surrounding technological configuration of
antenna subjects the attention for frequency range in which the
designed system operates. Different technological contexts
then require distinguished frequency range, as seen from the
range of 800 MHz and 3.5 GHz for cellular applications, and
2.4 GHz and 5 GHz for Wi-Fi applications [12][13]. Further
preference of directed antenna over isotropic antenna lies on
the principal consideration for higher gain from the former’s
capacity in directing undisrupted wave with minimal
interference [14]. System effectiveness as measured in
decibels (dBi) on both gain and signal radiation, thus, reflects
directivity or specified direction of the antenna in radiation
focusing against the considerably less directive setup of
omnidirectional alternatives [15][16][17].

This is besides the accounting of electric field orientation
or polarization in wave radiation towards improving the
magnitude of communicating signal between connected
outbound and inbound [18][19]. On the peripheral, sustaining
angular width of an antenna’s main lobe is important within
contemporary technological ground for superior directivity
that narrows beam width for elevated operational precision
and reliability [20][21][22]. This takes into account the
aspects of array factor (AF) and element pattern for the
established directivity of uniform linear array (ULA) and
uniform rectangular array (URA) [23][24]. Reflected in the
layout of a parabolic dish, directivity value is enhanced from
a directional design that tremendously narrows the main lobe
[25].

This paper pursues the investigation of directivity in
antenna configuration from a pre-construed frequency of 3.6
GHz. On a tilt antenna element of 30 degree for observed
radiation between the x and y surfaces from boresight as
adjacent to the x surface, this study aims to compute the
effectiveness of antenna arrays in energy focusing toward a
designated direction based on dissimilar designs of 2x2, 4x4,
8x8, 16x16, and 64x64 in rows and columns. The remainder
of this papers encompasses related algorithmic equations,
acquired findings with explanations of each studied antenna
array, and conclusive summarization in the second, third and
fourth sections, respectively.

Il. MATHEMATICAL MODEL

At each designated direction of , directivity D spherically
systemizes the radiation intensity to accord its average ratio.
The outcome is manifested by [25]:

D(8, ) =22 @

Uavg
where U(6, @) represents radiation intensity toward the
designated direction, and Uavg represents the average
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radiation intensity that identifies Praq /47 with Praq as the total
radiated power.

In this case, radiation intensity affiliates each unit area of
radiated power toward the designated direction on the
expression of:

U, o) =r>.P(6,¢) )
where P(6,¢) represents the power density following
spatial gap of r distancing the antenna at the direction of
(8, ¢). Constituting the fundamental in radiation intensity
across the solid angle in entirety, total power as radiated from
the antenna Py is then manifested by:

Praa=[." [T U(6,)sin6 d6 do. @3)
The replacing of Uavg in the Equation (1) with Equation
(3) consequentially adapts the expression of directivity as:

D8, ¢) =102 @
Following this, the consideration for maximum directivity

is equated by:

Dmax = max (%ﬁi"p)), (5)

with approximated directivity of the antenna a specific
base number of elements being derived by:

D « N. (6)
Such arrangement fixates the parallel between number of
elements and magnitude of directivity through an increasingly
precise or narrowed main lobe. The approximation is derived

by:

D ~ 10 logio (N) @)
with N represents the total elements of each array. The
directivity expression can be exemplified on an 8x8 antenna
array with 64 total elements through the derived
approximation of:

D =~ 10 logio(64) =10 x 1.8 = 18 dB. (8)

Constructive integration of array factors toward
designated direction of the main lobe elevates potency across
extensive spatiality with growing focus in the energy
radiation. The intention of understanding such proficiency
propelled simulated outputs across antenna array designs of
2x2 10 64x64 (2x2,4%4, 8x8, 16x26 and 64x64) in the Matlab
software.

On further note, simulating direction for antenna arrays
accounts directionality in propagated signal and data rate on
the system’s extent for effective information transference.
This study specifies the widely adopted element spacing of A/2
as a fractional incorporation to wavelength A for decreased
disruption and increased manageability of the side lobes. The
system’s data rate is further gauged on existing affiliation
between the specified bandwidth and SNR in Shannon
capacity based on the expression of:

R=B10g2(1+SNR) 9)

where B represents the bandwidth at the specification of
100 MHz. Notably, directivity is influential toward SNR
Signal to Noise Ratio due to improvements in signal receiving
in the designated direction, lost power and encountered noise
from the directional gain. Thereupon, incorporation of
machine learning mitigates validity issue of current results on
1,000 samples. System’s effectiveness from unseen data is
concomitantly appraised on steering angles within the range
of -90 and 90 degrees, and the pre-construed frequency of 3.6

GHz between separation of 80% and 20% in training and
testing data sets to mitigate the possibility of overfitting. In its
entirety, implementation of the model followed fit ensemble
function in Matlab software for the training of Random Forest
Regressor off 50 decision trees, with further estimations that
generate the values for Mean Squared Error (MSE), Mean
Absolute Error (MAE), and R-squared metrics [26][27].

Algorithm 1

Input:

Array of actual directivity values (in dB)

Array of predicted directivity values (in dB)

Output:

Scatter plot comparing actual and predicted directivity, with a linear fit
line

//Step 1: Import or define the data:

{

Array of actual directivity values (dB)

Jactual_directivity—Array of actual directivity values (dB)

{

Array of predicted directivity values (dB)
Jpredicted_directivity«—Array of predicted directivity values (dB)
/IStep 2: Initialize the plot:

Create a scatter plot of
predicted_directivity{predicted\_directivity}predicted_directivity vs.
actual_directivity{actual\_directivity}actual_directivity using blue circles
("o \text{'0"}0’).

Overlay a scatter plot of
actual_directivity{actual\_directivity}actual_directivity vs. itself using red
crosses ("x’{'x'}x’).

/IStep 3: Add labels and title:

Set the x-axis label as "Actual Directivity (dB)".

Set the y-axis label as "Predicted Directivity (dB)".

Set the title as "Comparison of Actual vs. Predicted Directivity".

/IStep 4: Add a legend:

Include labels for:

"Predicted Directivity"\text{"Predicted Directivity"}"Predicted Directivity"
(blue circles).

"Actual Directivity"\text{"Actual Directivity"}"Actual Directivity" (red
Crosses).

//Step 5: Enable gridlines:

Activate gridlines to enhance plot readability.

//Step 6: Add a linear fit line:

Compute regression coefficients:

Use least-squares fitting to derive slope and intercept of the line:
fit_line=m x+b\text{fit\_line} = m\cdot x + bfit_line=m x+b where m is
the slope and b is the intercept.

Generate fitted line values for the range of
actual_directivity\text{actual\_directivity}actual_directivity.

Add the fit line to the plot:

Plot the fit line as a dashed black line (—k \text{'--k'} k).

/IStep 7: Finalize the plot:

Adjust plot aesthetics for clarity, ensuring all elements are visible and
distinguishable.

Algorithmic inclusion elevates the scientific rigor of this
study, besides improving the consistency and conformity to a
research’s best practices. Key benefits enclose clarity,
adaptability, and comprehensibility of endorsed method
toward improved operation reliability and ability to be
validated.

I1l. RESULT AND DISCUSSION

Current findings visually manifest the 2x2, 4x4, 8x8§,
1616 and 64x64 in antenna array designs to enable
independent  performance appraisal, while divulging
modifiable practices to achieve improved directivity,
minimized side lobes, or attaining specific radiation layout
pattern. On the onset, Figure 1 and Figure 2 separately
illustrate the antenna element array and radiation pattern of a
2 rows by 2 columns (2x2) antenna array design.
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Fig. 1. 2x2 antenna array

Radiation Pattern of 2x2 Iagtenna Array at 3.6 GHz
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Fig. 2. Radiation Pattern in 2x2 antenna array

The simplistic and cost-effective nature of 2x2 antenna
array makes it more preferable for applications in Wi-Fi and
other miniature cells. However, it is outperformed by the
larger arrays in terms of directivity and capacity, where
restricted data stream limits the applications with high data
rate requirement. Better performance can be observed from an
antenna array design of 4 rows and 4 columns (4x4) as a
progressive blueprint through the illustrated elements and
radiation pattern in Figure 3 and Figure 4, respectively.

As an improvement in signal quality to the 2x2 antenna
array, this design is more reliable. The enhanced data rate,
signal quality, and magnitude of wireless network, therefore,
idealize the 4x4 antenna array for high usage and operational
needs in various urbanized, public and entrepreneurial
networks, especially toward the configuration of 4G LTE and
5G NR (New Radio). It is similarly popularized toward
numerous complex communication applications such as fixed
wireless access and radar systems. Nevertheless, the elements
and radiation pattern of a more advanced antenna array design
of 8 rows and 8 columns (8x8) can be separately observed in
Figure 5 and Figure 6 with an increased antenna directivity.

With a total of 64 elements, the 8x8 antenna array
advances other designs with lesser elements on increased gain
and directivity, as well as a refinement in spatial multiplexing.
Such performance is leveled by its setbacks of increased cost
and power usage. However, this is subservient to the 256
elements of the more complex antenna array design of 16 rows
and 16 columns (16x16) in Figure 7, following a radiation
pattern as observable in Figure 8.
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Fig. 3. 4x4 antenna array

Radiation Pattern of 4x4 Antenna Array at 3.6 GHz
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Fig. 4. Radiation Pattern in 4x4 antenna array

This design capitalizes considerable data flow and usage
capacity with accurate beamforming to further improve
directivity, gain, and spatial resolution in accommodating
highly demanding practical applications. Being a critical
section of massive MIMO technology in 5G networks,
exclusive employment of the 8x8 antenna array on mmWave
(millimeter-wave) frequency bands especially exploits the
shorter wavelengths to achieve precision in beamforming and
increased gain. Practical ability of massive MIMO to
concurrently manage heavy traffic and sustain a high data
flow, thus, subjects the design’s nomination for urbanized and
stadium employments on considerable usage capacity. The
shortcomings then lie on its increased cost, power
consumption, and complexity [10].

Eventually, the most complex design is observed in the 64
rows and 64 columns (64x64) antenna array with a total of
4,096 elements, where the visual configuration and radiation
pattern are respectively outlined in Figure 9 and Figure 10.
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Fig. 5. 8x8 antenna array
Radiation Pattern of 8x8 Antenna Array at 3.6 GHz
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Fig. 6. Radiation Pattern in 8x8 antenna array
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Fig. 7. 16x16 antenna array

As a design that accommodates wireless communications
and radar applications with paramount requirement, the
design’s errorless handling of radiation pattern is idealized for
fundamental components of the 5G and the upcoming 6G
networks like the ultra-reliable, low-latency communication
(URLLC). Additional applications enclose cardinal domains
that require timely and reliable information transference such
as remote surgery, self-driving automobiles, smart
manufacturing, and automated industrialization. However,
setbacks remain on the lack of cost effectiveness and
operational simplicity [28].

Radiation Pattern of 16x1696\ntenna Array at 3.6 GHz
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Fig. 8. Radiation Pattern in 16x16 antenna array
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Fig. 9. 64x64 antenna array

Radiation Pattern of 64x64 Antenna Array at 3.6 GHz
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Fig. 10. Radiation Pattern in 64x64 antenna array

TABLE I. ANTENNA ARRAY CALCULATIONS
Antenna Antenna No. of Achievable
array Directivity Side SNR
elements in dB Lobes in dB
2x2 6.02 0 125.00
4x4 12.04 2 131.02
8x8 18.06 6 137.04
16x16 24.08 14 143.06
64x64 36.12 62 155.10
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Fig. 11. A comparison directivity for 2x2, 4x4, 8x8, 16x16, and 64x64
antenna arrays
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Fig. 12. A comparison gains in dBi for 2x2, 4x4, 8x8, 16x16, and 64x64
antenna arrays

Calculations for the model power rational directivity from
the explained antenna array designs are tabulated in Table 1
based on the dBi measurement. Produced results show
increased directivity with increasing number of elements.
From the absence of side lobe for 2x2 antenna array, it is
formed and multiplied on a trend of 2, 6, 14 and 62 for the
respective configurations of a 4x4, 8§x8, 16x16 and 64x64
rectangular arrays. With pattern of plotted array factors as a
reference, the smallest antenna array of 2x2 can be readily
used to estimate the total side lobes of larger rectangular NxN
(2, 4, 8, 16...) arrays. Progressively, Figure 11 compares the
directivities alongside the increasing number of side lobes
across the explained antenna array types.

Illustrated comparison based on the explained antenna
array designs demonstrates an approximate upward shift of 6
dB in directivity on a factorial increase of 4 in array size. A
consistent 6.02 dB in directivity increase is ultimately shown
across the intermittent transitions of 2x2, 4x4, 8x8, 16x16,
and 64x64 antenna array configurations. Moreover, attainable
gain G of each array antenna design with accordance to the
respective directivities is outlined in Figure 12.

Gain G is derived from a simplistic formulaof D =G - L,
where D represents the directivity, L represents the lost dBi
from the antenna’s inefficiency, with consideration for the

relationship between efficiency T and L (L=10logl0 (z)). This
produces the gain values in dBi from dissimilar efficiency
levels, as tabulated in Table 2.

As an extension, the previously mentioned factorial
configurations (factorial increase of 4) surmise an intermittent
increase of 6 dB in directivity and gain across the antenna
array designs. With the ability of antenna directivity system in
accommodating an immense usage capacity, the idealization
of antenna arrays with higher number of elements to
demanding environmental and practical domains is
established out of the need for intense data flow. The designs
should also mitigate the defiance from emerging usage of
mmWave and THz bands on a high directivity, narrowed
beam and information transference over distanced locations.

Additionally, performances of each antenna design are
contrasted and optimized based on the inclusion of machine
learning (ML). Random Forest Regressor was used to
appropriate the approach’s ensemble learning method with
Bagging (Bootstrap Aggregating) as a variation of supervised
learning [29][30][31]. The outputs are shown in Figure 13.

An aggregate outlook toward ML estimations and
conventional simulations accelerates appraisal to further
provide supporting knowledge on the operational
compatibility between antenna array designs and the criterion
of 3.6 GHz. A significant correlation on estimated to actual
directivities can then be concluded on a highly accurate
estimation with Mean Squared Error (MSE) of 0.906, Mean
Absolute Error (MAE) of 0.756, and R-squared (R2) of 0.991.

Comparison of Actual vs. Predicted Directivity

Predicted Directivity (dB)

5 6 7 8 9 10 1 12 13 14
Actual Directivity (dB)

Fig. 13. A comparison between actual and predicted directivity

TABLE Il ANTENNA GAIN CALCULATIONS IN DIFFERENT
EFFICIENCIES
Antenna Efficiency in dB
array

elements 50% 60% 70% 80% 90%
2x2 3.01 4.22 5.15 5.95 6.47
4x4 9.03 10.24 | 11.17 | 11.97 | 12.49
8x8 15.05 16.26 | 17.19 | 17.99 | 18.51
16x16 21.07 22.28 | 23.21 | 24.01 | 24.53
64x64 33.11 34.32 | 35.25 | 36.05 | 36.57
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IV. STUDY VALIDATION

Validation is important to a study in confirming the
reliability, authenticity and credibility of yielded results. In
particular, undertaken statistical and rigorous comparison of
current results against previous scholars corroborates
increases the integrity merits of the former, while buttressing
its scientific contribution. This is contemporaneously done
against the results by [32] on the comparable groundworks in
elements and frequencies of antenna arrays through the
evaluation of antenna directivity and gain. The results for both
antenna directivity and gain are separately contrasted in
Figure 14 and Figure 15.

On similar parameters, [32] produces the directivities of
7.06 dB, 13.48 dB, 19.71 dB, 25.8 dB, and 38.8 dB for the
respective designs of 2x2, 4x4, 8x8, 16x16, and 64x64 in
antenna arrays. Whereas, it generates the independent gains of
6.64 dB, 12.67 dB, 18.53 dB, 24.33 dB, and 36.51 dB from
these increasing antenna arrays. A between-results validity of
50% to 90%, therefore, confirms exceptional reliability to the
findings of this study.

Antenna Directivity in dB Validation

45
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25
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Directivity in dB

2%2 axa 8x8 16x16 6464

Antenna array elements

@ Our result Ref32

Fig. 14. A comparison between our result and Reference [32] in antenna
directivity

Antenna Gain Efficiency Validation
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Fig. 15. A comparison between our result and Reference [32] in antenna gain

V. CONCLUSION

As a centralized tool in telecommunication for the wireless
transference and receiving of information throughout different
channels, the proliferation of antennas demands contemporary
attuning of directivity to a number of communicational
requirements such as broadcasted channels and satellite
connections that capitalize capacity of the post-5G era. More
advanced logarithm from an increased number of antenna
array elements could handle the forthcoming challenge of THz
bands from a narrowed beam. Findings on a higher number of

11

side lobes and increased directivity from 16x16 and 64x64
antenna array designs over their lesser configurations (2x2
and 4x4) engender precision in beamforming from an
increasingly focused radiation pattern for applications like 5G,
radar, and satellite systems. Such outcome has been compared
against previous scholar on similar grounds, where reliability
and validity hold. Upcoming studies can potentially explore
the pragmatic optimization of artificial intelligence (Al)
algorithms in response to the progressive tapestry.
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