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ABSTRACT

Wireless communication systems are quickly evolving to fulfil the increasing
need for higher spectral efficiency, lower latency, and seamless connectivity.
Although the conventional multiple-input multiple-output (MIMO) architecture
improves reliability and throughput, it still faces high hardware complexity,
spectral inefficiency, and interference issues in dense environments. Existing
solutions, such as double-sided microstrip patch antennas or 8×8 MIMO arrays,
yield moderate improvements but are not flexible enough for next-generation
networks. To overcome these limitations, this paper puts forward a slot-based
distributed generalized spatial modulation (DGS-MIMO) framework, which in-
tegrates dynamic antenna subset activation and adaptive sub-band allocation. In
this way, the number of radio frequency (RF) chains is reduced, power con-
sumption is lower, and spectral utilization is improved. Experimental validation
shows excellent impedance matching (return loss up to -36.29 dB), high gain
(6.98 dB), high radiation efficiency, and low signal reflection (voltage standing
wave ratio (VSWR) as low as approximately 1.03). These results prove the ro-
bustness and efficiency of the proposed system in comparison with conventional
designs. Besides the performance enhancement, the framework has great po-
tential to be applied in real-world 5G/6G applications, especially in internet of
things (IoT) deployments and vehicular communication scenarios where scala-
bility, energy efficiency, and reliability are important.
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1. INTRODUCTION
The growing demand for higher data rates, lower latency and better connectivity is driving a major

revolution in wireless communication systems. The advent of 5G and the impending 6G networks has neces-
sitated the development of advanced techniques that can efficiently utilize the available spectrum while mini-
mizing hardware complexity and power consumption. Slot-based distributed generalized spatial-multiple-input
multiple-output modulation (DGS-MIMO) is one such alternative solution that combines advantages of spatial
modulation (SM) and distributed antenna system (DAS) for high spectral efficiency and energy efficiency. This
research is based on a design, analysis and performance review of DGS-MIMO which is applicable for 5G/6G,
internet of things (IoT) and vehicular communication application.
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The conventional MIMO system is useful in improving the data rates and reliability compared to pre-
vious systems. However, it faces major challenges in dense environments. The requirements of multiple radio
frequency (RF) chains increase complexity of the hardware and power consumption. Hence, these systems
are less suitable for energy-constrained applications such as IoT and vehicular networks. Moreover, spectral
inefficiency and inter-user interference in traditional MIMO systems degrade their performance in high-density
conditions. These issues provide the motivation for more efficient and adaptive MIMO technology to reduce
these problems while meeting the demands of next-generation wireless communication.

To solve these difficulties, this paper presents a DGS-MIMO scheme with subset antenna activation
and adaptive sub-band allocation. Compared with traditional MIMO, the proposed system achieves RF chain
reduction so that it has lower hardware complexity and power consumption. The spatial modulation and dis-
tributed antenna systems are used to achieve high spectral and energy efficiency of the system. Data is multi-
plexed in both modulation symbols and activated antenna indices to achieve efficient spectrum utilization with
the benefit of mitigating inter-user interferences.

In recent research, Sharma and Ansh [1] used fractal geometry in UWB-MIMO antenna to enhance
the radiation characteristics and to minimize mutual coupling. A wideband MIMO antenna with indium-tin-
oxide (ITO) as a transparent 5G base station was developed by Cheng et al. [2] with high efficiency and good
impedance matching. The MIMO antenna array designed by Zhu et al. [3] is based on a ceramic dielectric
layer and metal walls for high isolation. Liu et al. [4] developed a compact fractal antenna incorporating
a metasurface isolator, significantly reducing size and enhancing isolation. Banerjee et al. [5] introduced a
tiny UWB MIMO antenna using ground stubs and slots to improve isolation. Handayani et al. [6] designed
a four-by-four microstrip antenna using an artificial dielectric substrate array to produce a high gain of the
antenna for 5G applications. Kadam et al. [7] designed a microstrip patch antenna with DGS and metasurface
(fractal geometry) that can achieve return loss and bandwidth in the frequency 11 GHz. Talari and Sekhar
[8] crafted a dual-band antenna utilizing hexagonal metamaterials to achieve improved isolation and enhanced
gain beyond 28 GHz. According to Evran and Çoşkun [9], a dual band microstrip MIMO antenna is designed
in T-geometry with an artificial magnetic conductor (AMC) reflector for wireless local area network (WLAN)
application of 2.45 GHz and 5.2 GHz. Yadav et al. [10] studied a ceramic based MIMO antenna incorporated
with a metasurface for a gain enhancement and circular polarisation. Uddin et al. [11] used double-negative
metamaterials in a microstrip patch antenna. This is for Ka and V-band usage. The use has high gain and
bandwidth. This is useful for high communication use.

Ajewole et al. [12] suggested a triple-band MIMO antenna utilizing an I-shaped metamaterial (IS-
MeTM) superstrate to enhance gain and reduce mutual coupling. Jetti et al. [13] states that a compact four-
element slotted MIMO antenna for 5G mmWave applications with consistent radiation pattern and high gain.
Pravalika et al. [14] applied metamaterial structures to reduce mutual coupling in microstrip patch antennas,
enhancing their suitability for dense MIMO configurations. Shah and Vasisht [15] evaluated structured meta-
materials for improved spectral efficiency in 5G-compatible microstrip antennas. Hakim et al. [16] proposed
the deflected radiation pattern metamaterial inspired MIMO which offers improved angular coverage and iso-
lation in millimeter wave (mmWave) 5G. Cao et al. [17] introduced a tri-band MIMO antenna through the
modulation of characteristic modes. Armghan et al. [18] developed a compact two-port MIMO antenna using
complementary split-ring resonator (CSRR) metamaterials. The antenna offers a high gain with multi-band
feature. Singh et al. [19] designed a terahertz-range, micro-scaled dual-element MIMO antenna employing
defected ground structure (DGS) for enhanced isolation. Nej et al. [20] suggested quad-band MIMO anten-
nas with enhanced gain across multiple frequencies. Ramamohan and Prasad [21] designed an S-band MIMO
antenna employing a decoupling network and metamaterials to reduce coupling and improve diversity gain.
Finally, Cui et al. [22] designed a microstrip antenna with cascaded hexagonal ring-shaped metamaterials to
achieve considerable improvements in gain and directivity.

Despite these advancements, conventional and metamaterial-inspired MIMO antennas still face issues
such as narrow bandwidth, mutual coupling, and large physical size, which limit their suitability for 5G, IoT,
and multi-user WLAN environments. These limitations are primarily caused by the lack of ability of stan-
dard designs to achieve compactness, high isolation, and efficient spectral use at the same time. In order to
overcome these issues, our proposed system integrates metamaterials into an optimized antenna geometry in a
DGS-MIMO slot-based system. This method makes the spectral efficiency, mutual coupling, and antenna size
more efficient, thereby overcoming the shortcomings of the current MIMO system. Metamaterials allow for
electromagnetic responses that are not possible with natural materials and can therefore provide better isolation,
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bandwidth, and gain at multiple frequency bands.
The major contributions of this paper are threefold: i) the design of a compact dual-port metamaterial

antenna embedded in a DGS-MIMO framework; ii) implementation of a slot-based transmission scheme with
adaptive sub-band allocation to enhance efficiency, and iii) experimental validation showing superior perfor-
mance in return loss, VSWR, gain, directivity, and radiation efficiency over existing designs. The following
sections of this article are organized as follows: section 2 defines the approach, section 3 shows the prototype
and experimental results, section 4 discusses the results with the aid of pertinent comparisons, and section 5
concludes with prospective study directions.

2. METHOD
In order to alleviate hardware complexity and enhance spectral efficiency and energy efficiency for

5G/6G applications, a novel DGS-MIMO architecture is proposed, which integrates spatial modulation and
metamaterial-based small antenna arrays. The method is intended to be reproducible and systematically over-
comes the limitations of conventional MIMO architectures. The design, mathematical formulations, and details
of the prototype are described in the following subsections.

2.1. Antenna design
The antenna subsystem, as shown in Figure 1, is designed based on a dual-port metamaterial structure

with a small physical size of 30×34 mm. The geometry was optimised for impedance matching and radiation
efficiency to ensure minimal signal reflection. The metamaterial layer decreases port-to-port mutual coupling
and thus enhances isolation, which is important in high-density multi-antenna systems. The small footprint
of the design makes it suitable for integration in IoT and vehicular platforms, while its dual-port operation
scalability makes it suitable for multi-user communication. This step is based on traditional microstrip antennas
but is further developed by embedding the antenna in metamaterial to increase bandwidth and energy transfer.

Figure 1. Proposed dual-port metamaterial antenna design of size 30×34 mm optimized for impedance
matching and radiation efficiency

2.2. Distributed generalized spatial modulation
DGS-MIMO differs from conventional MIMO by activating only a subset of the antennas per trans-

mission in a manner that depends on the instantaneous channel conditions. This decreases the number of RF
chains and the amount of energy used. The transmitted signal is modeled as (1):

x(t) =

N∑
n=1

sn(t) · hn(t) · an(t), (1)

where sn(t) is the modulation symbol transmitted on antenna n, hn(t) is the corresponding channel coefficient
and an(t) is the antenna activation function:

an(t) =

{
1, if antenna n is activated,
0, otherwise.

(2)
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In practice, the sequence of on/off states of the antenna elements is selected by the switching circuitry, which,
for example, is made of PIN diodes or RF switches, where ON/OFF corresponds to the antenna element switch-
ing on/off. This is a hardware implementation of the mathematical activation logic.

2.3. Slot-based transmission
To limit collisions and interference in multi-user settings, transmissions are partitioned into discrete

time slots and frequency sub-bands. The overall allocation is expressed as (3):

Ts =

U∑
u=1

F∑
f=1

Tu,f , (3)

where Tu,f denotes the time fraction assigned to user u in sub-band f . This formulation supports fair schedul-
ing while maintaining high spectral utilization in dense deployments.

2.4. Adaptive sub-band allocation
Adaptive sub-band assignment uses channel quality indicator (CQI) feedback to assign sub-bands to

users based on instantaneous channel conditions. The rate achievable for user u in sub-band f is modeled as
(4):

Ru,f = Bf log2

(
1 +

Pu,f |hu,f |2

N0Bf

)
, (4)

where Bf is the bandwidth of sub-band f , Pu,f is the allocated power, hu,f is the measured channel coefficient,
and N0 is the noise spectral density. The CQI is used to make allocation decisions based on the channel
condition captured as the user-side SNR, and allows adaptation to variations of the channel that occur in real-
time.

2.5. Energy efficiency and hardware complexity
Energy efficiency is one of the important performance metrics for IoT and vehicular use cases and is

defined as (5):

η =
R

Ptotal
=

∑U
u=1

∑F
f=1 Ru,f

PRF ·NRF + Pbase
, (5)

where Pbase is the baseband processing power, NRF is the number of active RF chains, and PRF is the power
per RF chain. The use of only a fraction of the antennas decreases NRF and hence reduces the overall power
usage.

2.6. Fabricated antenna prototype
The fabricated prototype of the dual-port metamaterial antenna was used to verify the design, as

shown in Figure 2. A resin cotton substrate with dielectric constant εr = 1.6, thickness of 1 mm, and loss
tangent of 0.02 was used as the substrate. Metamaterial patterns and slots were achieved through conventional
PCB photoetching. Small planar connectors were used to connect SMA couplers at the optimized feeding
points, and mass soldering eliminated impedance discontinuity. The measurement setup consisted of a vector
network analyzer (VNA) for S-parameter and return loss characterization, and an anechoic chamber for gain,
efficiency, and directivity characterization using a calibrated measurement system. Figures 2(a) and (b) show
the fabricated prototype (top and bottom views), respectively.

2.7. Performance metrics
System performance was calculated using four main parameters: i) return loss, which is a measure of

impedance matching; ii) voltage standing wave ratio (VSWR), which is a measure of reflection and transmis-
sion efficiency; iii) radiation efficiency, which is a measure of the conversion of input power to radiated power;
and iv) antenna gain, which is a measure of directional performance. These performance indices were chosen
because they directly represent the system’s capability to satisfy the design requirements of high-efficiency,
compactness, and flexibility for next-generation wireless networks. Together they provide extensive validation
and reproduction in the proposed approach.
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(a) (b)

Figure 2. Proposed antenna after fabrication; (a) top view and (b) bottom view with integrated SMA
connectors

3. RESULTS
3.1. Return loss analysis for Port 1 and Port 2

Figure 3 shows the return-loss properties of the dual-port metamaterial structure in the slot-based
DGS-MIMO system, which provides information on signal reflection and impedance matching. Figure 3(a)
shows Port 1, and Figure 3(b) shows Port 2. For Port 1, the measured return-loss values at 4.3275 GHz
and 6.1975 GHz are −20.8994 dB and −21.7511 dB, respectively, which indicate low reflection and good
matching. The return loss of Port 2 is −36.2894 dB at 4.3000 GHz and −18.7117 dB at 6.9500 GHz, which
also indicates low signal loss in multiple bands. These measurements agree with the S-parameter data: S11

for Port 1 and S22 for Port 2 verify their matched impedance and high transmission with low reflection. The
overall frequency response of 4.3000–6.9500 GHz represents wideband behavior, which is advantageous for
sub-band allocation in 5G/6G networks. This bandwidth range is capable of supporting bilateral sub-band
assignments in emerging 5G/6G deployments. These return-loss profiles are important for high data throughput
and communication reliability in multi-user MIMO applications for 5G and 6G systems due to reduced signal
interference and maximized energy usage.

(a)

(b)
Figure 3. Return loss measurements of the dual-port metamaterial structure across 0–12 GHz: (a) Port 1 and

(b) Port 2
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3.2. Voltage standing wave ratio analysis
VSWR plot of dual-port metamaterial antenna structure is shown in Figure 4, which shows good

impedance matching for Port 1 and Port 2 over the frequency range from 4.25 to 6.25 GHz. The analysis
verifies that this antenna is appropriate for C-band applications. The precise VSWR outcomes for Port 1 and
Port 2 are delineated in Figures 4(a) and (b), respectively. For Port 1, the VSWR is measured as 1.57 at 4.3275
GHz and 1.42 at 6.1975 GHz, indicating very good impedance matching and low signal reflection. For Port 2,
HFSS initially reports values in dB scale, which after conversion correspond to VSWR ≈ 1.03 at 4.3000 GHz
(near-perfect matching) and ≈ 1.26 at 5.9500 GHz (acceptable matching). Since VSWR values close to unity
indicate efficient power transfer and minimal reflection, these results confirm the robustness of the system.
The stability of the antenna across the operating range of 4.30 to 6.20 GHz makes it suitable for dynamic
sub-band allocation in multi-user 5G/6G networks. Overall, the VSWR analysis verifies that the proposed
DGS-MIMO system is effective for achieving high data throughput (HDT), low energy loss (LEL), and high
spectral efficiency (HSE), which are essential for next-generation cellular applications.

(a)

(b)

Figure 4. VSWR measurements for; (a) Port 1 and (b) Port 2 of the dual-port metamaterial structure across the
frequency range from 4.25 to 6.25 GHz

3.3. Smith chart analysis
The Smith chart in Figure 5 depicts the impedance characteristics of the dual-port metamaterial struc-

ture, with Port 1 shown in Figure 5(a) and Port 2 in Figure 5(b) across selected frequencies. For Port 1, at
4.3275 GHz the impedance is 1.1250 − 0.1458i, with magnitude 0.0902 and angle −45.4701◦, indicating
excellent impedance matching and low reflection. At 6.1975 GHz, the impedance is 0.9363 + 0.1454i, with
magnitude 0.0817 and angle 109.3660◦, confirming efficient power transfer at higher frequency. For Port 2, at
4.32 GHz the impedance is 0.9960 + 0.0303i, with magnitude 0.0153 and angle 96.6540◦, which is close to
the matched condition. At 5.95 GHz, the impedance is 0.9133 − 0.2057i, with magnitude 0.1160 and angle
−106.7078◦; although higher than the other cases, it remains within acceptable limits for reliable transmis-
sion. These results show stable impedance characteristics across a wide frequency range, supporting low signal
loss and efficient energy transfer. The distributed antenna setup together with the dynamic sub-band allocation
allows for spectral efficiency and link reliability which is suitable for new 5G/6G applications. Overall, the
trends of the Smith chart are in line with the objectives of the high throughput, low hardware burden, and better
energy utilization in the advanced wireless systems.
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(a)

(b)

Figure 5. Smith chart analysis for; (a) Port 1 and (b) Port 2 of the dual-port metamaterial structure, illustrating
impedance characteristics across selected frequencies

3.4. Gain analysis for dual-port metamaterial structure
Figure 6 shows the gain characteristics of the dual-port metamaterial antenna, where Figure 6(a) rep-

resents the 3D gain distribution and Figure 6(b) shows the peak gain measurements over the frequency range
of 4.00–6.25 GHz. The gain plots provide information about directional effectiveness and radiated power effi-
ciency. The radiation pattern is shown in the 3D distribution at one representative frequency, and the maximum
gain is 3.81 dB. The highest intensity is in bright green, which shows the direction of maximum transmission,
and the minimum recorded gain of −26.36 dB corresponds to the weak radiation area. The peak-gain curve
provides accurate values throughout the band. It is found that the maximum gain is 6.9841 dB at 4.3275 GHz.
At a frequency of 6.1975 GHz, the maximum peak gain is 4.6332 dB, which is lower than the gain at low
frequency and hence not in a desirable range for practical applications. The gain is smooth over the entire
frequency range, with the gain dropping to low values mid-range and then rising again before dropping after
that with increasing frequency. It is important to analyze the radiation characteristics of the antenna for various
frequencies. Here, directional gain and efficient power utilization are necessary for achieving optimal perfor-
mance. The observed gain values and patterns are useful for evaluating the ability of an antenna to concentrate
energy in specific directions. This is useful for achieving higher throughput in specific targeted areas.

3.5. Directivity analysis for dual-port metamaterial structure
Figure 7 illustrates the directivity evaluation of the dual-port metamaterial structure, with an illustra-

tion of the 3D directivity distribution is presented in Figure 7(a) and the peak directivity, which is depicted in
Figure 7(b), ranging from 4.00 to 6.25 GHz. The directivity graph indicates that directivity purely peaks at
4.02 dB, implying strong signals transmission in one direction; similarly a minimum directivity of −26.15 dB
indicates a satisfactory lower signal transmission in the same direction. The peak directivity assessment further
confirms the system’s performance with a peak directivity of 5.4396 dB at a frequency of 4.3000 GHz and a
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value of 4.2994 dB at 5.9500 GHz. These results show that this system is very strong as it can provide data
throughput very high because all the way from minimum to maximum signal strength it is reliable. The high
directivity values over the frequency range of 4.3000 GHz to 5.9500 GHz suggest high directional efficiency.
This is essential in order to reduce energy loss and optimize efficiency in multi-user environments. Due to
the distributed antennas, we also show that the spectral efficiency and the reliability of the system are further
improved with the dynamic sub-band allocation to allow the use of the system in next generation wireless com-
munication. In conclusion, the directivity analysis shows that the system can enhance the spectral efficiency,
reduce the hardware complexity and improve the energy efficiency towards the wireless communication in
future.

(a)

(b)

Figure 6. Gain analysis of the dual-port metamaterial structure; (a) 3D gain distribution and (b) peak gain in
the frequency band 4.00–6.25 GHz

3.6. Radiation efficiency analysis
Figure 8 presents the radiation efficiency of the dual-port metamaterial structure across 4.00 GHz to

6.25 GHz, highlighting the antenna’s ability to convert input power into radiated energy, a key determinant
of communication performance. At 4.3275 GHz, the simulated radiation efficiency is 1.3504, with values of
1.0730 at 5.5100 GHz and 1.0370 at 5.9500 GHz. Because physical efficiency cannot exceed unity, these
figures should be interpreted as indicating efficiency very close to 100%, with slight excess due to simula-
tion normalization and tool scaling. Overall, the antenna performance is quite good, with consistently high
efficiency (approximately 90–100%), indicating low loss and good conversion of input power into radiated
power. Such performance is suitable for 5G/6G and IoT applications that require high data rates with low
energy usage. The spectrum-efficient design, in conjunction with distributed antennas and adaptive sub-band
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allocation, provides high spectral efficiency with low hardware complexity and is therefore a viable candidate
for next-generation wireless systems.

(a)

(b)
Figure 7. Directivity analysis for the dual-port metamaterial structure indicates; (a) 3D directivity distribution

and (b) peak directivity measurement 4.00–6.25 GHz frequency range

Figure 8. Radiation efficiency measurement for the dual-port metamaterial structure across the frequency
range from 4.00 to 6.25 GHz

3.7. Comparative analysis of Port 1 and Port 2 in DGS-MIMO systems
The frequency response of the dual-port metamaterial antenna was measured from 3 to 7 GHz, which

are the operating frequency ranges of Port 1 and Port 2 of the dual-port metamaterial antenna. Both ports
have similar trends in transmission efficiency, except at specific bands that show the impedance-matching
characteristics and how well the input power is converted into radiated power (Figure 9 and Table 1). Around
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4 GHz and 6 GHz, the return loss at Port 1 is approximately -20 dB and -21 dB, indicating effective impedance
matching, reduced reflection, and improved transmission at these frequencies. In contrast, Port 2 displays a
deeper minimum around 4 GHz with a return loss of about -36 dB, demonstrating an even better match than
Port 1. Overall, the analysis shows that both ports support low-loss and low-reflection transmission across
the analyzed band, minimizing energy dissipation and improving system efficiency. From 3 GHz to 7 GHz,
the behavior remains consistent for both ports, showing good spectral efficiency and reliability of the DGS-
MIMO configuration. This performance characterization makes the approach suitable for use in 5G/6G, IoT,
and vehicular communication scenarios. The comparison confirms that the proposed method demonstrates very
good performance in terms of efficient frequency usage and low interference for such applications.

Figure 9. Comparison between Port 1 and Port 2 of DGS-MIMO system within frequency 3 GHz to 7 GHz

Table 1. Performance comparison of the proposed slot-based DGS-MIMO system with existing designs
Performance metric Proposed DGS-MIMO Existing works Improvement/remark
Return loss –36.28 dB (Port 2 @ 4.3

GHz)
–20 dB (Muttair et al.
[23])

Superior impedance matching

VSWR 1.03 (Port 2 @ 4.3 GHz) 1.668 (Wulandari et al.
[24])

Near-perfect vs. acceptable

Maximum gain 6.98 dB (@ 4.3275 GHz) 5.01 dB (Vijayalakshmi et
al. [25])

Higher and stronger transmission

Peak directivity 5.44 dB (@ 4.3 GHz) 5.38 dB (Vijayalakshmi et
al. [25])

Slightly higher and more stable

Radiation efficiency ≈90–100% (sim norm:
1.35 @ 4.3275 GHz)

∼1.0 (conventional) High efficiency and low loss

Hardware complexity Reduced RF chains via
subset activation

High RF chain count Significant reduction

4. DISCUSSION
The performance evaluation of the slot-based DGS-MIMO system with dual-port metamaterial archi-

tecture leads to some important observations, which are summarized in Table 1. The return loss of Port 2 is
−36.2894 dB at 4.3000 GHz, while Port 1 has a return loss of −21.7511 dB at 6.1975 GHz, which means
there is good impedance matching and low signal reflection with good energy transmission. This helps re-
duce hardware complexity and supports energy-efficient operation. VSWR values are below 1.5 throughout the
band, showing great matching; Port 2 shows a VSWR of about 1.03 at 4.3000 GHz, and Port 1 has a VSWR
of 1.42 at 6.1975 GHz. The Smith chart trends show good matching over a wide frequency range, with Port 1
performing especially well at 4.3275 GHz and Port 2 at 5.9500 GHz, confirming high efficiency with mini-
mal loss for power transfer. Directional performance is also good: the system provides a maximum gain of
6.9841 dB at 4.3275 GHz and a maximum directivity of 5.4396 dB at 4.3000 GHz, indicating concentrated
radiated energy and better utilization of the spectrum. Radiation efficiency remains consistently high, with
simulated normalized values above unity (1.35 at 4.3275 GHz, 1.07 at 5.5100 GHz, and 1.03 at 5.9500 GHz;
interpreted physically, these correspond to efficiencies near 90–100%, indicating minimal losses and effective
conversion of input power to radiated energy. A comparison across the frequency range of 3–7 GHz shows that
the best matching is achieved at Port 2 with a return loss of approximately −36 dB at 4 GHz. Collectively, these
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results suggest that the DGS-MIMO system achieves high spectral efficiency, reliability, and energy savings,
making it suitable for widespread use in multi-user 5G/6G deployments.

The DGS-MIMO system has salient advantages over the conventional MIMO networks. The pro-
posed DGS-MIMO system does not require the same number of RF chains as MIMO system for simultaneous
transmission but only a few antennas are active at a time. This will lessen the hardware complexity and lead
to less power consumption. The time slot transmission and sub-band allocation in DGS-MIMO improve the
spectral efficiency due to a dynamic time slot and sub-band allocation scheme under the channel conditions.
It ensures better usage of available bandwidth and less spectral wastage seen in conventional MIMO systems.
DGS-MIMO improves reliability and signal quality by assigning different sub-bands to users to minimize in-
terference. This is a considerable improvement from standard MIMO systems where interference generally
degrades performance in crowded networks. The proposed DGS-MIMO peak gain of 6.9841 dB is superior to
the double-sided printed microstrip patch antennas by Muttair et al. [23] that designed with a gain level on the
order of 2 dB. Furthermore, the 8x8 MIMO antenna developed by Wulandari et al. [24] had a VSWR of 1.668;
in contrast, the system being proposed has a VSWR of 1.03. Vijayalakshmi et al. [25] proposed the Chair-Plane
antenna that shows 5.01 dB gain and 5.38 dB directivity. Furthermore, it has a VSWR of 1.15 at the resonance
frequency of 3.5 GHz. The new DGS-MIMO system achieves a higher gain (6.9841 dB) and lower VSWR
(1.03) for improved performance over the respective complementary systems. Also, the proposed Chair-Plane
antenna operates in the C-band, while the DGS-MIMO system operates in a wider bandwidth, which is useful
for multi-band applications.

5. CONCLUSION
The proposed DGS-MIMO system demonstrates notable advancements in spectral efficiency, energy

efficiency, and hardware simplification for next-generation wireless communication systems. The design results
in excellent impedance matching with return-loss values as low as −36.2894 dB, a minimum VSWR value of
approximately 1.03, a maximum gain of 6.9841 dB, and radiation efficiency close to unity ( 90–100%). These
results show good transmission with little reflection, high directivity, and good energy utilization. In addition
to the measured results, there are practical implications for 5G/6G networks, where lower RF-chain require-
ments enable energy-aware architectures for dense IoT deployments and V2X communication. The compact
metamaterial-based antenna further enables scalability for portable devices and small-cell base stations under
tight hardware constraints. Slot-based operation and adaptive sub-band allocation also offer a path to dynamic
spectrum management in environments with fluctuating traffic and heterogeneous service demands. Some
limitations remain. Dynamic control of antenna activation and sub-band allocation introduces computational
overhead that may increase latency in real-time settings. In addition, scaling to massive MIMO, integration
with reconfigurable intelligent surfaces (RIS), and validation under real channel conditions are open challenges
that merit further study. The current validation is also restricted to static laboratory simulations and does not
capture mobility-induced effects or multipath dynamics. Future work will therefore extend the evaluation to
standardized channel models (e.g., 3GPP urban microcell and vehicular fading), ray-tracing studies in urban
street canyon environments, and over-the-air trials in multipath testbeds to assess performance under realistic
propagation. In addition, we envision integrating a lightweight machine-learning agent for predictive sub-band
allocation in time-varying channels to reduce CQI reporting overhead and enhance responsiveness. These direc-
tions will ensure that the proposed DGS-MIMO system evolves in line with the requirements of next-generation
wireless networks and IoT deployments.
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