Bulletin of Electrical Engineering and Informatics
Vol. 15, No. 4, August 2026, pp. 3598~3609
ISSN: 2302-9285, DOI: 10.11591/eei.v15i4.10704 O 3598

A reconfigurable 38/60 GHz array antenna for 5G applications

Ahmed El Ghandour?!, Mohamed Nabil Srifit, Younes Karfa Bekali?, Mourad EIl Habchi®
IASE Laboratory, National School of Applied Sciences (ENSA), lbn Tofail University, Kenitra, Morocco
2LRIT Laboratory, Faculty of Sciences, Mohammed V University, Rabat, Morocco
SLTI Laboratory, Department of Physics, Faculty of Sciences, Hassan 11 University, Casablanca, Morocco

Article Info ABSTRACT

Article history: The aim of this paper is to propose a 4-element frequency-reconfigurable
. antenna array operating at 38 GHz and 60 GHz for fifth generation (5G)

Received May 17, 2025 applications. The proposed structure integrates three radiating elements into a

Revised May 7, 2026 single patch, enabling compactness and improved performance. The antenna

Accepted Jul 9, 2026 achieves dual-band reconfigurability with gains of 12.65 dBi and 15.54 dBi at

38 GHz and 60 GHz, respectively. Excellent impedance matching is obtained,

with S11 values of -51.82 dB and -33.79 dB at the two resonant frequencies.
Keywords: Frequency switching is controlled through positive—intrinsic—negative (PIN)
diodes embedded in the ground-plane slot. The antenna design was modeled
and validated through full-wave simulations using computer simulation
technology (CST) studio suite.

Broadband antenna array
Fifth generation

High gain

Mm-wave
Reconfigurable frequency array This is an open access article under the CC BY-SA license.

e () OO

Corresponding Author:

Ahmed El Ghandour

ASE Laboratory, National School of Applied Sciences (ENSA), Ibn Tofail University
Kenitra, Morocco

Email: ahmed.elghandour@uit.ac.ma

1. INTRODUCTION

The millimeter-wave (mmWave) spectrum, spanning 30 GHz to 300 GHz, is the cornerstone of
modern wireless communications [1], providing the necessary bandwidth for the multi-gigabit-per-second data
rates and low latency required by fifth generation (5G) mobile systems [1], [2]. Antenna design efforts are
primarily focused on the 28 GHz, 38 GHz, and 60 GHz bands [1], [3] where severe propagation loss and
multipath interference necessitate the development of high-gain, high-efficiency antenna arrays [4]. To address
signal degradation and absorption, especially within the license-exempt 60 GHz band [4], circularly polarized
(CP) antennas are widely favored [4]. Specific 60 GHz design examples include high-gain monopole antenna
arrays [5], multiple-input multiple-output (MIMO) microstrip antennas [6] including an ultra-wide patch arrays
for remote vital sign monitoring [7], and specialized arrays for 3D antenna-in-package (AiP) applications [8].
Additional 60 GHz solutions feature designs utilizing gap waveguide technology and glide symmetries for
double slot arrays [9], compact series-fed patch arrays for automotive radar systems like rear occupant alert
(ROA), which must overcome the inherently limited bandwidth of microstrip patches [10], phased arrays with
unique key-shaped elements for efficient beam steering [11], and miniaturized comb-shaped microstrip
antennas for high gain [12].

Furthermore, to ensure 5G device versatility, multiband antennas are critical, with numerous designs
proposed for the 28/38 GHz bands, such as compact dual-band MIMO systems [3], flexible dual-band 4x4
MIMO for wearable applications [13], quad-port cross-shaped antennas with improved isolation [14], high-
gain single-element microstrip bi-band antennas as a less complex alternative to arrays [15], and other dual-
band models employing internal stubs and slot perturbations [16] or stub resonators [17]. Finally, broader
frequency coverage is achieved with dual-band (38/60 GHz) patch antennas for mobile handsets [1], tri-band
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antennas covering 5G Ka- and VV-band spectras (28 GHz and 44 GHz) [18], and wide-spectrum arrays designed
to operate across 28/38/60/70/80 GHz for mobile applications [19]. Many current studies lack the flexibility
offered by dynamic operation. To address this limitation, we introduce a reconfigurability function in our
proposed design, allowing for effective control and switching between the critical target 38 GHz
(5G Ka-band) and 60 GHz (V-band) frequency bands.

The aim of this article is to propose a reconfigurable 38/60 GHz array antenna for 5G applications.
We started by designing a single patch antenna that incorporates three radiator elements to enhance gain and
other performance parameters. Subsequently, we integrated a positive—intrinsic—negative (PIN) diode for
reconfigurability. The final proposal involves an array of four antennas, utilizing PIN diodes in the ground
plane for switching capabilities. Computer simulation technology (CST) studio suite was used to perform all
antenna simulations. The comprehensive plan for presenting the analysis begins with the introduction and
antenna design and geometry, followed by the results and discussion which details the reflection coefficients
and voltage standing wave ratio (VSWR) of the evolution stages, gain, radiation patterns, reconfigurability,
and the performance of the 4-element array. The paper concludes with related works and the final conclusion.

2. ANTENNA DESIGN AND GEOMET

The proposed antenna configuration, illustrated in Figure 1, is designed on a Rogers RT/Duroid 5880
substrate. This is a low-loss dielectric material with a thickness of h=0.254 mm, a relative permittivity of
er=2.2, and a loss tangent of 0.0009. The antenna's overall dimensions are determined by the size of the
substrate itself. The top surface of the antenna, as shown in Figure 1(a), features a single copper radiator fed
by a microstrip line. The feed line consists of a main section (Wf1xLf1) that transitions to a wider matching
section (Wf2xLf2) before connecting to the main radiating element. The radiator itself is a composite structure
comprised of three interconnected rectangular sections: a central patch (WpxLp), a second patch (Wp1xLpl),
and a large top radiator (Wp2xLp2). The bottom surface of the substrate, depicted in Figure 1(b), includes a
partial ground plane with a centrally etched rectangular slot.
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Figure 1. Geometrical configuration of the proposed antenna; (a) top view and (b) bottom view

This slot has dimensions of WfexLfe and is positioned at a distance of Hfe from the bottom edge of
the ground plane. The specific parameters for this antenna, detailed in Table 1, were calculated using the
equations referenced in [20], [21]. The design was simulated using CST software. The step-by-step evolution
of this antenna is shown in Figures 2(a) to (d). The next section of the paper will discuss the simulation results
and analyze the impact of each design step on the antenna's performance.

Table 1. Design parameters of the antenna
Parameters Lg Wg Ls Ws h t Lp  Wp Lpl Wpl Wrfe
Values (mm) 55 8 55 8 0254 0035 145 22 06 32 22
Parameters Lp2 Wp2 Lfl Wfl Lf2 Wif2 a b Hfe Lfe
Values(mm) 13 44 084 026 084 078 01 01 256 0.36
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Figure 2. Evolution stages of the proposed antenna; (a) step 1, (b) step 2, (c) step 3, and (d) back view

3. RESULTS AND DISCUSSION

In this section, we explore the patch antenna’s performance, and we present and discuss the related
numerical results.

3.1. Reflection coefficients and voltage standing wave ratio of evolution stages

The results presented in Figure 3 illustrate the antenna’s performance evolution through three stages,
evaluated by its return loss (S11) and VSWR across the 50-70 GHz frequency range. As shown in
Figure 3(a), the S11 plot indicates that the initial antenna design (without directors) resonates at 60.14 GHz
with a return loss of —33.187 dB. Introducing the first director shifts the resonant frequency to 57.7 GHz and
significantly enhances impedance matching, achieving an S11 of —55.013 dB, the best performance among the
three configurations. Adding a second director slightly increases the resonant frequency to 58.94 GHz, while
the S11 value decreases to -29.872 dB. All three resonant frequencies (57.7 GHz, 58.94 GHz, and 60.14 GHz)
lie within the mmWave band, making the proposed design suitable for 5G and future wireless communication
application. The results of VSWR plot as shown in Figure 3(b) confirms the excellent impedance matching
observed in the S11 analysis. For all three configurations, the VSWR is well under the acceptable threshold of
2. The lowest VSWR of 1.0036 corresponds to the one-director configuration (57.7 GHz), which is nearly ideal
(VSWR=1), reinforcing its superior performance in terms of reflected power. The values of 1.0448 (without
directors) and 1.0663 (with two directors) also represent very good matching. The consistently low VSWR
across all steps indicates that the antenna works under good operating conditions throughout its evolution.
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Figure 3. Reflection coefficients; (a) VSWR and (b) of evolution stages

3.2. Gain performance

The gain of a patch antenna, which reflects its directivity and radiation efficiency, defines its ability
to concentrate energy in a specific direction. Figure 4 presents the simulated gain performance across the
different evolution stages of the proposed antenna. As shown in Figure 4(a), the reference antenna (without
directors) achieves a gain of 8.5 dBi. Introducing the first director slightly increases the gain to 8.77 dBi, as
illustrated in Figure 4(b). With the addition of a second director, the gain further improves to 10.07 dBi, as
shown in Figure 4(c). This progressive enhancement confirms the effectiveness of the director elements in
improving antenna gain and directivity.
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Figure 4. The simulated gain for different evolution stages; (a) step 1, (b) step 2, and (c) step 3

3.3. Radiation patterns

Figure 5 presents the 2D radiation patterns of the antenna across the different design stages. In step 1
at 60.14 GHz, shown in Figure 5(a), the antenna exhibits a broad and symmetrical pattern with moderate gain
and visible back lobes. The introduction of the first director in step 2 at 57.7 GHz, as illustrated in Figure 5(b),
focuses the radiation, improving gain and reducing back radiation. With the addition of two directors in step 3
at 58.94 GHz, depicted in Figure 5(c), the E-plane displays a highly directional main lobe and significantly
enhanced gain, while the H-plane becomes slightly asymmetric. Overall, the results confirm that adding
directors effectively improves antenna directivity and beam shaping.
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Figure 5. The corresponding 2D radiation patterns for different stages; (a) step 1, (b) step 2, and (c) step 3

3.4. Effect of varying the parameters of a single antenna

Needless to say, through this parametric study, the dimensions and the position of the director elements
and the slot incorporated in the ground plane have a relative effect on the resonance frequency, return loss, and
produce also a noticeable change in the antenna gain. From the outcomes of this study, we tried to rely on the
configuration that allows us to maintain the resonance frequency around the desired band while achieving the
highest gain and the best reflection coefficient. This is the configuration that was initially approved in Table 1.

3.4.1. Reflection coefficient

Figure 6 illustrates the parametric study of the antenna’s reflection coefficient (S;4) under various
geometrical variations. Figure 6(a) illustrates that decreasing the parameter “a” of the first director element
(i.e., increasing its spacing relative to the radiating patch) has two primary effects. First, it causes a decrease in
the resonant frequency (shifting from ~58.4 GHz to ~57.4 GHz). Second, it leads to a degradation of the
reflection coefficient (S;,), as the minimum value increases (worsening from -37 dB to -33 dB). Generally,
increased spacing modifies the capacitive coupling effect between the radiating element and the director,
adjusting the total reactance perceived by the antenna. This, in turn, shifts the resonant frequency and affects
the quality of the impedance matching.

Similarly, Figure 6(b) shows the impact of varying the parameter “b” of the second director.
Increasing “b” (the spacing) also leads to a decrease in the resonant frequency (shifting from ~59.2 GHz to
~58.8 GHz). Furthermore, this increase worsens the impedance match, as indicated by the increase in the
minimum S;, (from -35 dB to -30 dB). These observations confirm that the spacing between director elements
is crucial for controlling the operational frequency and optimizing the antenna's match.
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Figure 6(c) illustrates the significant impact of the second director element's dimensions, L,; and W,
on the antenna's performance. This element acts as the secondary tuning element for both frequency and
impedance matching. Varying Ly, from 0.2 to 0.6 mm causes a substantial downward shift in the resonant
frequency, moving the minimum S;; from approximately 59.5 GHz down to 57.8 GHz. Furthermore,
optimizing these dimensions leads to an excellent impedance match, with the combination of L,; = 0.6 mm
and W,,; = 3.2 mm achieving the deepest return loss of around -55 dB. This depth indicates that the p1 element
is crucial for achieving high-quality energy transfer and low reflection at the desired operating frequency.

Figure 6(d) shows the effect of varying the third director element’s dimensions, L,, and W,,. In
contrast to p1, this element functions as a tertiary tuning element, offering only minor adjustments to the overall
performance. The best return loss achieved by optimizing p2 parameters is significantly poorer, peaking at
only about -20 dB (e.g., Ly, = 1.1 mm and W,, = 4.4 mm). Moreover, changing L,, from 1.1 to 1.3 mm
results in a very slight upward frequency shift (from 58 GHz to 58.4 GHz), demonstrating a much weaker
influence on the resonance compared to p1. This suggests the p2 element is likely used for fine-tuning the
operating frequency or perhaps optimizing a secondary characteristic like the antenna's gain or radiation
pattern, rather than for primary impedance matching.
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Figure 6. The effect of varying the position and dimensions of the director elements on return loss;
(a) spacing parameter a, (b) spacing parameter b, (c) second director dimensions (L,1, W,), and (d) third
director dimensions (L, W)

Figure 7 illustrates the parametric study of the slot's position and dimensions on the antenna's return
loss. As shown in Figure 7(a), the vertical position of the slot, H,, is a critical parameter for both frequency
control and impedance matching. As the position of the slot is increased (moving from H;, = 2.5 mm to
Hf, = 2.6 mm), the resonant frequency shifts to a higher value (from ~37.8 GHz to ~38.2 GHz).
Simultaneously, the impedance matching significantly improves, with the S;; minimum deepening from -20
dB to an excellent -32 dB. This confirms that the slot acts as a coupling mechanism between the microstrip
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feed line and the patch, and its position is paramount in tuning the resonance to the desired band while
optimizing power transfer.

Figure 7(b) further shows that the slot dimensions (L;. and W) are the dominant factor for
determining the exact resonant frequency. Increasing the slot length (L) causes a substantial shift to a lower
frequency, which is characteristic of a radiating element as its effective electrical length increases. Furthermore,
these dimensions are crucial for the coupling strength, as indicated by the wide variation in impedance match
quality (from -15 dB to -39 dB). The best performance, achieving S;; = —39 dB at 36.6 GHz, is obtained for
the largest tested length (Lg, = 0.42 mm) and smaller width (W, = 2.2 mm), proving that precise control over
the slot's geometry is necessary to tune the antenna for optimal operation.
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Figure 7. The effect of varying the position and dimensions of the slot on return loss in; (a) slot vertical
position H, and (b) slot dimensions L, and Wy,

3.4.2. Parametric analysis of gain

Figure 8 presents the parametric analysis of the antenna's gain under various position and dimensional
variations of the director elements. Figure 8(a) shows the gain as a function of the parameter a. The parameter
a exhibits an inverse relationship with the gain. As the frequency increases (from 55 GHz to 60 GHz), the gain
generally increases for all values of a. However, at any fixed frequency, a decrease in a (from 0.12 to
0.08 mm) leads to a higher gain. The highest gain is achieved with the smallest value, a = 0.08 mm.
Conversely, the parameter b exhibits a direct relationship with the gain, as shown in Figure 8(b). Across the
frequency band (58 GHz to 60 GHz), a higher value of b (from 0.06 to 0.1 mm) results in a higher gain,
reaching the highest overall gain with b = 0.1 mm. Therefore, to maximize the gain across these two parameter
variations, one should select the smallest possible value for a and the largest possible value for b.

As illustrated in Figures 8(c) and (d), increasing the size of the director elements while reducing the
spacing between the first director and the patch antenna (a) leads to a significant improvement in gain. In
Figure 8(c), increasing a (from 0.08 to 0.12 mm) while fixing the dimensions of the first director element
results in a decrease in gain (from 8.74 dBi to 8.7 dBi). Conversely, increasing the dimensions of the first
director element (from L,; = 0.2 mm,W,; =28 mm to L,; = 0.6 mm,W,; = 3.2 mm) while fixing
a = 0.1 mm increases the gain from 8.42 dBi to 8.77 dBi. As shown in Figure 8(d) for a fixed b = 0.1 mm,
increasing the dimensions of the second director element (from L,, = 1.1 mm,W,, = 4.2 mm to
L,, = 1.3 mm, W,, = 4.4 mm) increases the gain from 9.62 dBi to 10.07 dBi. The results demonstrate a clear
trend: larger director dimensions enhance wave-guiding effects, concentrating radiation in the desired
direction, while minimizing the director-patch distance strengthens mutual coupling, further optimizing
directivity.

Figure 9 illustrates the parametric study of the slot position and dimensions on the antenna gain.
Figure 9(a) demonstrates the effect of the slot position Hy, on gain across the 35 GHz to 40 GHz band, revealing
a frequency-dependent optimization. While the general trend suggests that increasing Hy, towards 2.6 mm is
beneficial for maximizing gain at the band edges—particularly at 40 GHz where Hg, = 2.6 mm achieves
~ 5.42 dBi—the performance is non-linear elsewhere. At the specific frequency of 38 GHz, the highest gain
of approximately 5.23 dBi is achieved by the maximum value, H;, = 2.6 mm, indicating that optimal tuning
of this parameter is necessary for peak performance within the operational bandwidth.

A reconfigurable 38/60 GHz array antenna for 5G applications (Ahmed EI Ghandour)
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Figure 8. The effect of varying the position and dimensions of the director elements on gain in; (a) position
parameter a, (b) position parameter b, (c) dimensions L,; and W, of the second director, and (d) dimensions
L, and W,,, of the third director

Focusing on the operating frequency of 38 GHz, Figure 9(b) evaluates the impact of slot dimension
combinations (L, and Wg.). The highest gain at 38 GHz is achieved by two combinations:
Lee = 0.3 mm, W, = 2.2 mm (achieving =~ 5.25dBi) and L, = 0.36 mm, W, = 2.2 mm (achieving
~ 5.18 dBi). This indicates that a wider slot width (W, = 2.2 mm) is favorable for maximizing gain at this
frequency, regardless of whether the slot length is 0.3 mm or 0.36 mm. Conversely, the lowest gain at 38 GHz
is produced by L, = 0.42 mm and Wy, = 2.3 mm, resulting in approximately 4.86 dBi. This performance
drop suggests that this specific combination creates a detrimental impedance mismatch or radiation pattern null
at 38 GHz, making it the poorest choice for the 38 GHz band.
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Figure 9. The effect of varying the position and dimensions of the slot on gain in; (a) slot vertical position
Hy, across 35-40 GHz and (b) slot dimension combinations Ls, and W, at 38 GHz
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3.5. Reconfigurability function

Figure 10 illustrates the reconfigurability mechanism of the proposed antenna, including the
integration of the PIN diode within the ground plane and its electrical modeling. As shown in Figure 10(a),
antenna reconfigurability is realized using a PIN diode embedded in the ground-plane slot to switch operation
between the 38 GHz and 60 GHz bands. The equivalent circuit model of the PIN diode [22] is presented in
Figure 10(b). The diode parameters for each state are: ON state (L = 0.7 nH and R; = 5 Q) and OFF state
(L =0.7nH, Ry = 5kQ, and C; = 0.2 pF) [23].

(@) (b)

Figure 10. Reconfigurability mechanism of the proposed antenna showing; (a) PIN diode integrated in the
ground plane slot and (b) its equivalent circuit model

When the PIN diode is ON, it acts as a short circuit, effectively closing the slot. This state activates
the 60 GHz band, resulting in a strong resonance near 59 GHz (an S;; of -23 dB) while suppressing the 38
GHz resonance. Conversely, when the PIN diode is OFF, it acts as a capacitor, leaving the slot open. This state
activates the 38 GHz band, producing a deep resonance near 38.5 GHz (S;; below -30 dB) while suppressing
the 60 GHz resonance. The reference cases confirm this mechanism: the "Slotted without PIN diode" case is
identical to the OFF state, enabling the 38 GHz band, and the "Without slot" case eliminates the 38 GHz
resonance entirely, leaving only the 59 GHz resonance. Thus, the PIN diode successfully provides binary
frequency switching between the 38 GHz and 60 GHz operating bands, as confirmed by the reflection
coefficient comparison shown in Figure 11.
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i| =m == PIN OFF
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Figure 11. Comparison of the antenna reflection coefficient in different cases

3.6. 4-element array

Despite the many advantages offered by the 60 GHz band, the biggest obstacle remains its free-space
path loss and particularly high oxygen absorption, which we aim to overcome by increasing the antenna gain
through the design of antenna arrays. We have employed mitered bends to compensate for the excess capacitance
and prevent reflections, thereby restoring the line's original characteristic impedance, as transmission line
discontinuities such as 90° bends in a T-junction introduce parasitic reactance [24]. Figure 12 presents the layout
and detailed dimensions of the proposed 4-element antenna array. As shown in Figure 12(a), the complete array
configuration incorporates the optimized power division feeding network with mitered bends and four radiating
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elements. Figure 12(b) provides the specific geometrical dimensions of the feeding network structure (detailed in
Table 2), while keeping the individual patch dimensions fixed as previously defined in Table 1.

(b)

Figure 12. The 4-elements array; (a) top view and (b) bottom view

Table 2. The array design parameters (all values are in millimeters)

Parameters W1

L1 W2

L2 W3 L3 W4 L4 W5

Values (mm) 0.78 126 9.14
Parameters W6
Values(mm) 0.18 2.2 0.36

Wfe Lfe

11 042 15 455 32 023
w L R1 R2 Hf
22 12 04 02 913

As depicted in Figure 13, the simulated results show the ability of the 4-elements array to change its
frequencies by changing the PIN diodes modes. The obtained gain results are very promising, and the desired
results are achieved. In this regard, and for the 4-element array, we note that a high gain of 12.65 dBi was
obtained at 38.75 GHz frequency (38 band=OFF state), while for the 60 band (ON state), a gain of
15.64 dBi was obtained at 60 GHz. Table 3 summarizes all the results obtained for the antenna array in both

operating modes (ON and OFF).

s1,1 [ dB

.........

—— OFF state
T —— Ol state |~

t
35

t t t
50 55 60 65

Frequency / GHz

Figure 13. Reflection coefficient of different states of the 4-elements array

Table 3. The array performances and their corresponding frequencies

Array
State

4-glements
On

Frequency (GHz)

S11 (dB)
Gain (dBi)

3528 3875
-20.22  -51.82
11.93

12.65

5236 50.61 58.17 60
-1292  -17.74 -27.05 -33.79
11.64 1419 1564 1554

4. RELATED WORKS

The elementary antenna and its resulting array detailed comparative analysis with similar types
reported in the literature is presented in Table 4. They present strong contenders for 5G applications due to
their compact size, high gain, and reconfigurability between the 38 GHz and 60 GHz bands. These frequencies
are highly promising for 5G, offering wide bandwidth and high-speed connectivity. The structures achieve
competitive performance in both bands, making it adaptable for diverse 5G applications.
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Table 4. Comparison of all antennas at the 38/60 GHz bands
Ref. Antenna type/description freqcljgr?::?/“(n(gHz) Total size (Sdél) B'Vgé()‘s(g_‘é) 10 Gain (dBi)
[4]  4x4 CP dual-coil array (60 54.6-67.3 5.46x5.48x0511°  <-10 12.7 (20.8%) 19.3
GHz)
[5] 2-element monopole array (60 57.2-63.8 20.64x20 mm? <10 6.6 11.6
GHz) avec DGS
[7] Ultra-wide patch array 57.24-65.88 N/A N/A 8.64 N/A
(RVSM/doppler radar)
[8] 1x4 patch array pour 3D AiP 58.46-62.14 12.8x10.87x0.597 N/A 3.68 10.51
mm?®
[9] 4x4 double slot array 37.20-41.58 N/A <-10 4.38 (11.4%) 18.75
(GW/glide)
[10] 3x1 series-fed array 60.95-66.73 1.41x7.04x0.125 <10 5.78 10.24
(ROA/automobile) mm3
[25] 8-element array+FSS (5G 20-65 (Global) 1755 (65%27) <10 45 15
multi-band)
[26] Planar patch array pour 60 60 N/A <-10 4.32 (7.2%) 12
GHz radars
[27] 32-element dual-band IFA 27.9-28.8/ 64x123%x2 mm?® <10 0.89/0.99 16.52
(28/38 GHz) 37.9-38.9
This 4-elements array 38/60 22x12x0.254 mm? <10 1.8/4.02 12.65/15.64
work

5. CONCLUSION
The main purpose of this work was to design a compact, low-cost, reconfigurable array antenna for the
38 GHz and 60 GHz bands, featuring a small size, minimal reflection coefficient, and high gain, making it a
promising candidate for 5G mmWave applications. In future work, we aim to extend the design to an 8-element
array to achieve higher gain. Additionally, we plan to develop a reconfigurable beam-steering array while
preserving the advantages demonstrated in this study. The future work will also include fabrication, measurement
of the proposed antenna, and exploration of techniques such as metamaterials to further enhance its performance.
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