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This work presents a compact snow-flex structured MIMO radiator for wireless sensor network applica-
tions. The designed structure is simulated on an FR-4 dielectric substrate material with an overall size of
80 mm x 45 mm, making it suitable for compact wireless devices. It operates at a resonant frequency of
2.48 GHz covering 2.46 to 2.51 GHz, which supports the ISM band for WSN communication. The simulated
S11 of — 32.90 dB confirms excellent impedance matching. The isolation among MIMO system is — 26.64 dB
(S21), demonstrating effective suppression of mutual coupling. A spacing of 3 mm is maintained between two
radiator elements to further reduce electromagnetic interference by offering improved isolation. The key
MIMO performance metrics as Envelope type Correlation Coefficient (ECC), Diversity related Gain (DG),
Channel related Capacity Loss (CCL) and Total Active type Reflection Coefficient (TARC) are thoroughly
calculated and discussed. All MIMO parameters satisfy the standard requirements for reliable wireless com-
munication systems. The results indicate strong diversity performance, low correlation, and high channel
capacity. Hence, designed MIMO radiator is a promising candidate for compact and efficient WSN and ISM

band wireless applications.
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1. INTRODUCTION

The noticeable growth in modern high data rate sys-
tems has accelerated the necessity of MIMO antennas to
meet the supplicated features of advanced wireless net-
works, which includes higher capacity, better network
coverage, and faster data rates with reliable communi-
cations A remarkable progress has been observed in de-
sign methodologies of MIMO antennas, as reported in
literature. Some reported works include, a MIMO an-
tenna with double sided design for UWB system, which
provides improved isolation [1], a CPW fed MIMO sys-
tem analyzed and designed with parasitic elements [2],
MIMO radiator improved isolation and return loss the
requirement of C band spectrum [3], design of Minkow-
ski MIMO radiator for supporting multi-band system
[4], a small, flexible 8 port MIMO antenna with I-shaped
radiator designed wide band sub-6GHz system [5], 2-el-
ement four port MIMO system for portable systems [6],
fractal MIMO antenna with deep learning optimization
and CMA analysis [7], circular and rectangular fractal
strip based MIMO radiator for sub-6 GHz 5G regions [8],
achievement of broad band operation in MIMO antenna
with coaxial feeding [9], a 8-port system of UWB de-
signed for 5G array system [10], a half-circular dual-
band U-shape MIMO system designed for region of wire-
less systems [11], for the region of 5G smart phone, de-
sign of a wideband PIFA system is reported in [12],
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6-port MIMO system for the regions of LTE, carrier gen-
eration and Wi-Fi systems [13], an array structure of
MIMO antenna is designed with TARC analysis, and
mutual coupling reductions [14], a 4-element mm wave
MIMO antenna system for future generation [15], a 4-
port extendable MIMO system with improved isolation
[16], design of parasitic elements based 9-shaped MIMO
structure for mutual coupling reduction [17].

This work presents a compact snow-flex structured
MIMO antenna, designed to operate at the 2.48 GHz,
specifically targeting the wireless sensor network appli-
cations. The proposed antenna achieves high isolation
and the excellent impedance matching while maintain-
ing a small footprint, making it suitable for low-power
and also the space-constrained wireless devices. The
main novelties of this work include the introduction or
overview of the a compact snow-flex structured MIMO
radiator specifically tailored for the wireless sensor net-
work and also the ISM band applications, offering a
most efficient combination of miniaturization and high
isolation. The achievement of these high-performance
MIMO metrics on FR-4 substrate of low-cost with a com-
pact footprint of 80 mm x 45 mm highlights the design’s
practicality, cost effectiveness, and suitability for real-
time WSN and ISM band wireless communication sys-
tems.
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2. ANTENNA TOPOLOGYAND GEOMETRY

Fig. 1(a) illustrates the top view of a two-element
MIMO antenna printed on a rectangular substrate,
where the yellow region represents the dielectric mate-
rial and the purple areas correspond to the metallic ra-
diating structures. The parameters W and L define the
overall width and length of the antenna substrate. Each
antenna element is designed with a snowflake or star-
shaped radiator consisting of multiple arms (a, b, ¢, d, e,
f, g, etc.), which effectively increase the current path
length, enabling compact size and resonance at the de-
sired operating frequency.
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Fig. 1 - Snow-flex structured MIMO design (a) Upper view
(b) Lower view

The vertical purple strips connected to each radiator
function as feeding lines that excite the radiating elements.
The parameter r denotes center-to-center spacing among 2-
antenna elements and plays a crucial role in controlling
mutual coupling in the MIMO configuration. The region
marked with symbol 4' indicates the inter-element separa-
tion area, which contributes to enhanced isolation by reduc-
ing surface current interaction between the radiators,
while j represents the effective horizontal span over which
surface currents and electromagnetic fields are distributed
across the antenna structure.

Table 1 — All structural dimensions of the snow-flex design
and measured in mm.

W | L a b
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Fig. 1(b) illustrates the dimensional configuration of
the stepped ground plane structure used in the antenna
design, where yellow region represents substrate and
purple area indicates the metallic ground. The parame-
ter Wydenotes the total width of the ground plane, while
lg represents its overall length. The central vertical ex-
tension labeled g3 acts as a modified ground stub, which
plays significant role in tuning impedance matching and
improving isolation by controlling surface current distri-
bution. The stepped sections on both sides are defined
by the heights g1, g2 and g4 which introduce discontinu-
ities in the current path and help suppress unwanted
coupling between antenna elements. These geometrical
variations effectively modify the ground plane behavior
enhancing bandwidth, improving impedance character-
istics and contributing to better MIMO performance by
reducing mutual coupling and stabilizing radiation
characteristics. Fig. 2 (a) presents the simulated s-pa-
rameters of MIMO structure function of frequency in the
2.40-2.60 GHz band illustrating matching impedance
and isolation performance. the solid black curve repre-
sents S11 which indicates antenna performance and
shows a deep resonance around 2.46-2.51 GHz, where
the value drops below — 10 dB confirming efficient power
radiation and better impedance matching at the operat-
ing frequency. the dashed red curve corresponds to S21
which represents the transmission. the very low Sa1
reaching below 25 dB and even approaching — 60 dB near
resonance coupling ensures minimal interference and cor-
relation between antenna ports, thereby enhancing over
all MIMO system performance in terms of diversity and
channel capacity.

Fig. 2 (b) illustrates the VSWR of the current de-
signed structure. The VSWR at the resonant frequency
equals 1. The attainment of minimum VSWR signifies
perfect impedance matching. On the other hand, the
VSWR remains within 2 over the entire operating band.
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Fig. 2 - Snow-flex structured design (a)

(b) VSWR

S-parameters

04027-2



COMPACT SNOW-FLEX STRUCTURED MIMO ANTENNA ARCHITECTURE...

Fig. 3 (a) illustrates surface current distribution of pro-
posed snow-flex structured MIMO device when excited by
Port_1 and the other port is matched load termination. It
can be observed that strong current concentration is
mainly confined to the excited radiator particularly along
the feed line and the arms of the snow-flake shaped struc-
ture, indicating effective radiation and proper excitation of
the antenna element. In contrast, the induced current on
the adjacent radiator is significantly weaker which con-
firms excellent isolation between the two MIMO elements.
The color scale varying from red to blue represents magni-
tude related to surface current density in dB, where red de-
notes maximum current and blue indicates minimum cur-
rent. The minimal current coupling on the non-excited ele-
ment demonstrates the effectiveness of the compact spac-
ing and structural design in suppressing mutual coupling.
Hence, this figure validates the high isolation performance
and efficient electromagnetic decoupling achieved by Re-
flection Coefficient designed MIMO antenna configuration.
Similarly, Fig. 3 (b) illustrates surface current distribution
of the proposed snow-flex structured MIMO antenna when
excited by Port_2 and the other port matched load is termi-
nated. Fig. 3 (c) illustrates the radiation pattern of de-
signed structure E-field and H-field radiation patterns.

(b)

Fig. 3 — Snow-flex structured design: surface current distribu-
tion with (a) Port_1 mode of Excitation (b) Port_2 mode of Exci-
tation and (c) Radiation patterns (E- and H-planes)
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3. MIMO PARAMETERS EVALUATION

Several MIMO diversity metrics are also employed
to evaluate the performance of proposed MIMO system
in multipath propagation environments cases. The ECC
quantifies level of independence between multiple an-
tenna ports in wireless communication systems, where
a lower ECC value signifies better port isolation and im-
proved diversity behavior of the designed MIMO radia-
tor.In this work, the ECC is determined using equation
(1) to validate the effectiveness of the proposed struc-
ture, and the obtained values remain within the permis-
sible limits across the operating frequency bands indi-
cating optimal antenna performance. An alternative
method for ECC estimation is also adopted using equa-
tion (2). Fig. 4 (a) illustrates simulated ECC results. For
efficient diversity operation in MIMO systems, the ECC
value must be less than 0.05 and the simulated ECC of
designed structure is found to be < 0.0109 which clearly
satisfies this requirement and confirms its suitability for
practical implementation. Furthermore, DG is an im-
portant parameter that enhances the signal-to-noise ra-
tio in communication systems employing diversity tech-
niques and is generally expressed in decibels (dB). Fig.
4 (b) presents the variation of diversity gain with fre-
quency showing values close to 9.9999 dB around the
resonant band. The calculation of DG from ECC is car-
ried out using equation (3) as given in [12] which further
confirm excellent diversity performance related to
MIMO antenna.
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The TARC is important metric in MIMO designs and
defined as square-root ratio related to overall reflected
power by total incident power. It incorporates the effect
of random excitation phases at all ports while account-
ing for mutual coupling between antenna elements.
TARC acts an important role in characterizing radiation
efficiency and impedance bandwidth of MIMO antennas
under different excitation scenarios. In this study,
TARC is evaluated using the formulation given in equa-
tion (4) [16]. Fig. 4 (c) illustrates the variation of TARC
with frequency, where the values remain below — 10 dB
at the resonant band confirming satisfactory radiation
behavior of the proposed MIMO system.

@
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Channel capacity loss confirms critical diversity per-
formance for MIMO system assessment. It helps to rec-
ognize maximum communication rate which is repre-
senting the chance of transmission of signals between
the communication channel and operating frequency of
signal loss parameters. The CCL acceptable value is
<0.2 bps/Hz [8]. The equations (5-7) determine
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expressions to perform CCL. The obtained CCL results
are illustrated in Fig. 4 (d) remaining below 0.30 bps/Hz
over all the resonant frequency bands.
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4. CONCLUSION

In conclusion, a compact snow-flex structured MIMO
radiator has been successfully designed and analyzed for
wireless sensor network applications operating in the
ISM band. The antenna, implemented on substrate of
FR-4 substrate with a compact footprint of 80 mm x
45 mm, demonstrates efficient operation at 2.48 GHz,
ensuring suitability for space-constrained wireless de-
vices. The achieved reflection coefficient of — 32.90 dB
confirms excellent impedance matching, while the high
isolation level of — 26.64 dB between antenna elements
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Kommnakrua apxitexkrypa aurenu Snow-Flex Structured MIMO 3 nmokpaineHoro i3ossmien
IJisg 0e3aPOTOBUX CeHCOpPHux mepesx 2,48 I'T'
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VY wmitt poboTi mpencrasieno komnakTHI MIMO-BumpoMizoBay 3i cTpykTypoo snow-flex mis Geamgporo-
BHX CEHCOPHUX Mepesk. Po3pobiieHa cTpyKTypa 3MOIe/IbOBaHA HA miesleKTpuuHin migkaamii FR-4 i3 sarans-
HuM poamipoMm 80 MM x 45 MM, 1m0 pobuThH I IPUAATHO A/ KOMIIAKTHUX 0e3IpoTOBUX IIpHCTpoiB. BoHa
mpairioe Ha pe3oHaHCcHi yacrorti 2,48 I'T'm, oxommooun miamason Big 2,46 o 2,51 I'T'm, mio migrpuMye miama-
30H ISM s Ge3mpoToBOro 6e3aPOTOBOrO 3B'A3KY. 3MOIeIboBaHUM Si1, MmO cTaHoBUTH —32,90 1B, miaTBep-
IKye dyIoBe Y3rom:KeHHs immemamcy. I3omsamia misk MIMO-cucremamu cranosuth —26,64 1B (Sz1), mo me-
MOHCTpPYe epeKTUBHE NPUAYIIeHH B3a€MHOTr0 3B'A3Ky. MIsK IBOMA eJIeMeHTaMK BUIIPOMIHIOBAYA ITATPUMY-
€ThCA BiICTAHD 3 MM [JIs IT0IAJIBIIIOT0 3MEHIIIeHHS eJIEKTPOMATHITHHUX IIePEIIKO/ IIJIAX0M IOKPAIIeHHS 130-
ssinii. PetesbHo podpaxoBani Ta 06roBopeHi KiI04oBi mokasHuky npoaykrusaocti MIMO, Taki sk koediient
ropestsii o6BimHol (ECC), moedimient mimcunenHs, nos'ssanmii 3 posumecenusm (DG), Brpatu emuocTi,
noB's3ani 3 kanasom (CCL), Ta sarampauit koedimient Binourrsa akrueroro tTuny (TARC). Bei mapamerpu
MIMO BiAmoBigawTL CTAHAAPTHAM BUMOraM J0 HAMIMHUX CUCTeM 0e3pOoTOBOrO 3B'si3Ky. PesybraTty BKasy-
0T HA BHCOKY IPOAYKTUBHICTH PO3HECEHHs, HU3bKY KOPEJIAII0 TA BUCOKY IIPOITYCKHY 3IATHICTH KAHAJLY.
Or:xe, poapobiernit MIMO-BUIIpOMIHIOBAY € TIEPCIIEKTUBHUM KaHIUAATOM /I KOMIIAKTHUX Ta e(DeKTUBHUX

0e3poToBUX 3acTocyBaHb y miamasonax WSN ta ISM.

Kmiouosi cimosa: MIMO, Bzaemunii 38'ss30x, BrpaTu mpomyckHoi 3gaTHOCTI KaHaIy, BeagpoTosBi ceHCopHI

Mepeski, Brpatu Ha BigOuTTA.
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