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Metasurface-integrated Al,O;
ceramic dielectric resonator for
enhanced gain and polarization
performance in mm-wave MIMO
systems

Sateesh KumarYadav?, Ajay Kumar Dwivedi?, Deepak Sigroha3, Shivesh Tripathi*,
Anand Sharma® & Stuti Pandey>™

This paper outlines the design and characterization of a dual-port dielectric resonator antenna made
from alumina (Al,0;) and coupled with a metasurface superstrate for millimeter-wave applications.
Alumina ceramic with high permittivity (er=9.9, tand=0.0019) was employed to excite the lower-order
HEM,, ; mode through aperture coupling to enable efficient radiation between 27.65 and 28.75 GHz.
A dual-stub C-shaped slot was carefully engineered on the substrate to generate orthogonal modes,
thereby realizing circular polarization throughout the bandwidth of 27.8-28.45 GHz. To access better
radiation properties, a double-negative (DNG) metasurface lens made on an RT Duroid substrate was
coupled with a resultant increase in realized gain to about 11 dBi, with preservation of impedance

and polarization properties. Experimental characterization confirmed steady broadside radiation
patterns with low mutual coupling (<- 25 dB), together with exemplary diversity parameters
(ECC<0.02, DG =10 dB). The integration of both dielectric ceramic and metasurface building materials
demonstrates a synergistic building—structure approach to realizing high-gain, circularly polarized,
volume-reduced radiators with millimeter-wave applications. These outcomes highlight engineered
dielectric—-metasurface architectures as a prospective pathway for licensed 5G FR2 frequency band.
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In the present era of wireless communication, the working spectrum is moving to higher frequency bands, i.e.,
mm-wave, to get a high data rate with the assistance of getting a larger bandwidth. There are lots of challenges
that appeared during the shift from the lower frequency band to the higher one, such as large path loss and
small antenna gain'. One of the remedies for these challenges are multi-port antenna design, which improves
the signal-to-interference ratio without further increment in signal power?. The problem associated with aerial
gain in mm-wave can be reduced with the help of ceramic-built aerials due to the absence of metallic parts®*.
Circular polarization is an important feature in mm-wave antennas because it originates the capability to receive
the signal, even if there is a mismatch in transmitter and receiver orientation®.

A few articles about mm-wave multi-port dielectric antennas can be found in the literature. Zhang and
colleagues developed a dielectric resonator aerial with two ports that operates in the 27.25-28.59 GHz. A copper
strip over the dielectric reduced the coupling level to —12 dB®. To increase the isolation level between two ports,
Pan et al. structured a unique technique that uses vias. In between 25.0 and 27.0 GHz range, this aerial design
works with a separation of over 40 dB”. Using the concept of a conducting strip over a dielectric, N S Murthy
increased the isolation among the four ports. Between 26.6 and 29.57 GHz, this aerial works with an isolation of
around 17 dB®. A two-port ceramic antenna was built by Hasan et al. with an incorporated isolator between the
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ports to increase separation. Between 58.8 and 63.6 GHz, it operates with a separation of 40 dB’. Alanazi and
colleagues constructed an aperture-connected square dielectric at mm-wave. The antenna is positioned on the
reverse edge of the substrate, which offers separation of around 27 dB for 27.9-28.8 GHz spectrum!’. Mm-wave
two-port ceramic was planned by Kumar et al. It takes advantage of a plus-shaped slot to produce circular waves
inside the operational spectrum, which is 25.5-27.79 GHz!!. The working spectrum of the 2-port dielectric-built
filtering radiator that Sharma et al. developed is 27.8-28.5. By placing anti-parallel ports, the isolation is raised
to above 30 dB'2. Nipun et al. recently designed two different multi-port radiating designs loaded with single
negative MS. This type of MS reduces the coupling value among the antenna ports!'*!“. Ibrahim et al. designed
two different multi-port circularly polarised Dielectric antennas. In the first one, CP waves are created by
deformation of ceramic blocks, while the second one supports circular E-field using stair-shaped dielectric!>1.

This research article develops the ceramic-built 2-port aerial in the mm-wave spectrum. Two features are
added with the designed aerial: (i) a feeding structure produces the CP waves within the working spectrum;
and (ii) a metasurface lens is used to improve the antenna gain (12 dBi) in the mm-wave regime. To better
understand the concept, this paper is separated in sectors: (a) aerial layout model; (b) aerial examination; (c)
measured results; and (d) inference.

Aerial design and its dimensions

Figure 1 exhibits the structural arrangement of the planned aerial. This radiator is designed on the RT Duroid
base (e,=2.1 and tan§=0.01), having a depth 0.255 mm. On the top side of the dielectric base, a C-formed slot
with dual stubs has been etched. A1203 ceramic (8r= 9.9 and tand=0.0019), which is set above the aperture, is
stimulated by it. Micorstrip is intended to feed an etched aperture on the bottom of the substrate. The RT Duroid
base is also used to create a Metasurface lens. The description of Fig. 1 mentions the optimal dimensions of
diverse parameters of the planned aerial.

Antenna examination

This segment performs the detailed analysis of the planned aerial via HFSS software. Investigation begins with a
1-port aerial. Figure 2 presents the alteration of |S,,| with various cases taken in a single port aerial: (a) aperture
without ceramic; (b) ring slot coupled ceramic; (c) C-shaped slot coupled ceramic; (d) C-shaped slot with dual
stubs coupled dielectric. Several significant findings from Fig. 2 are: (i) the whole operational spectrum is due
to alumina dielectric; (ii) in the presence of ceramic, the resonant peak appears at 28.0 GHz; and (c) C-shaped
slot with dual stubs improves the working bandwidth because of the formation of orthogonal mode. The E-field
traces within the dielectric at 28.0 GHz are seen in Fig. 3. It shows that the HEM, s mode is created within
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Fig. 1. Arrangement of Planned 2-port Ceramic Radiator (a) Feed Design (b) Metasurface Design (c) 3D
View; L= 40.0; W=20.0; Ly, =1.0; L,=1.25; W =1.0; W,,=1.25; H=0.254; H,=0.254; H,;=5.0; D=6.0;H=3.0;
W,,=40.0; L,;=20.0;L,=10.0;W=2.0; L, =3.0; L, =4.0; L,=1.0; L,=0.5; G=1.0 (in mm).
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Fig. 2. Change in [S,,| with diverse modifications in the shape of the slot.
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Fig. 3. E-field lines on Alumina dielectric at 28.0 GHz (a) Upper Sight (b) Lateral Sight.

the dielectric. A slot acts magnetic dipole; therefore, it produces a fundamental hybrid mode in a ceramic!’.

Mathematically, the resonance of HEM, , mode is given as below'®:

6.321c D D \?
fr = —F (0.2 . — 2
JHEM ;5 7DVe. 19 {0 74 0.36 (4H)+00 (4H) ] (1)
The characters “D,” “c;” “e.” and “H” in the above formula denote the dielectric rod’s diameter, light veloc1ty,

permittivity, and he1ght of dielectric, respectively. For the intended ceramic, this formula yields the HEM,
mode resonant frequency at 27.57 GHz. It is nearer to software software-created result.

The axial ratio mutation with different slot shape adjustments is shown in Fig. 4: (a) ring slot coupled ceramic;
(b) C-shaped slot coupled ceramic; and (c) C-shaped slot with dual stubs coupled ceramic. It can be observed
from Fig. 4 that the C-formed aperture and C-shaped slot, along with dual stubs, reduce the axial ratio below
5 dB and 3dB, respectively. C-shaped slot with dual stubs produces the orthogonal mode with 90° phase shifts
within the dielectric, which is an essential condition for circularly polarised waves’.

With the parallel positioning, one port is now transformed into a twin port. The S-parameter change with
solo and 2-port aerials is shown in Fig. 5. It shows that the |S, | fluctuation is almost identical for both solo and
twin-port aerials. In the operating regime, the mutual coupling level is below —25 dB.

Over the double-port aerial, a metasurface (MS) is now installed. It is created by arranging unit cells
periodically. The unit cell’s permeability/permittivity curve between working spectrum is shown in Fig. 6. The
following MATLAB program formulation is used to achieve this':
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Fig. 4. Axial ratio variation with alteration in the slot’s shape.
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Fig. 5. Variation in S-parameters for one and two-port radiator.
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“ny “d” “k0,” and “Z” stand for refractive index, substrate depth, phase constant, and standardized impedance,
respectively, in the equations above. As seen in Fig. 6, permittivity and permeability (real/imaginary) are negative
throughout the operating span. It suggests that a double negative group is the role of the proposed metasurface.
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Fig. 6. Permeability/permittivity alteration of the designed unit cell.
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Fig. 7. S-parameter change in occurrence and non-occurrence of metasurface.

The real parts of permittivity (¢’) and permeability (W) can become negative in materials that exhibit resonant
behaviour. The imaginary parts (¢” and p”) represent losses. By convention, they are usually positive for passive
media, as they correspond to energy dissipation. However, negative imaginary parts can arise in the presence of
active or gain media.

Figure 7 shows the S-parameter variation in the occurrence and non-occurrence of the metasurface. It can
be detected from Fig. 7 that S, | is approximately. Same in both instances. There is a slight enhancement in
coupling (below — 20 dB) after placing the metasurface. This is due to EM coupling between the antenna and the
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Fig. 8. Axial Ratio alteration occurrence and non-occurrence of metasurface.
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Fig. 9. Change in Gain with occurrence and non-occurrence of metasurface.

metasurface. The axial ratio fluctuation in the broadside position is seen in Fig. 8. It shows that the axial ratio
change is nearly the same in both instances.

The gain variation with the occurrence and non-occurrence of the metasurface is seen in Fig. 9. The data
given indicate a broader gain enhancement within the operating region. The DNG metasurface raises the gain
value to around 11.0 dBic by boosting the aerial’s directivity’’. A double-negative metasurface introduces a
negative phase shift, which can compensate for the phase lag of the antenna’s radiating fields. This results in
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Fig. 10. Pictures of Antenna Prototype (a) Microstrip line feed (b) Aperture Coupling (c) Metasurface (d) 3D
View.
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Fig. 11. Simulated/Experimental S-parameter alteration for proposed design.

constructive interference in the broadside direction, leading to a narrower main lobe and higher directivity,
which translates to increased gain.

Experimental authentication

This part completely combines diversity factors along with the tested outcomes of the intended 2-port antenna
augmented with MS. The produced prototype is revealed in Fig. 10. The RT Duroid base is applied to design the
antenna prototype. The computer-generated and tested S-parameters are revealed visually in Fig. 11. The data
indicate that the aerial operates efficiently in the 27.65-28.75 GHz range, and the coupling level is consistently
below — 25 dB over the operating range.
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Fig. 12. Measured/Simulated Axial Ratio alteration towards broadsided direction.
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Fig. 13. LHCP/RHCP pattern in XZ plane at 28.0 GHz (a) Port-1 (b) Port-2.

Figure 12 displays simulated and experimental axial ratio modification in a broadsided location. It is
calculated in the anechoic chamber using dual linear pattern analysis®. The simulated and tested axial ratio
patterns show a good correlation, as seen in Fig. 13. The planned aerial supports the working spectrum for CP
waves, which is between 27.8 and 28.45 GHz.

The tested and computer-generated LHCP and RHCP fields at 28.0 GHz with port-1/2 in the XZ plane are
shown in Fig. 13. Upon observing the pattern, it becomes evident that it is broadsided and directional. Finally,
for both ports, LHCP is more powerful than RHCP. This indicates that the aerial is left-handed CP. Figure 14
displays the simulated and tested gain alteration for the proposed antenna. It is measured with the use of two
antenna approaches’. A decent match between the computer-generated and tested gain change is seen in Fig. 14.
The maximum gain that may be achieved within the operational spectrum is roughly 11.0 dBic.

The comparison of the developed mm-wave radiator with the existing mm-wave multi-port radiator built
using ceramic is shown in Table 1. The characteristics of gain, impedance/CP bandwidth are considered for
comparison. The intended multi-port dielectric radiator outperforms the existing one, as Table 1 demonstrates.
Envelop Correlation Coeflicient (ECC) and diversification Gain (DG) are the two essential diversification
measures. ECC talks about the similar stuffings between the antenna ports. The ECC value of an efficient aerial
should be small (> 0.1) within the operating range®. Similarly, the DG talks about the MIMO gain in a fading
situation. The DG value should be around 10 dB within the operating region?. Figure 15 shows the ECC and DG
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Fig. 14. Simulated/Experimental gain modification of planned antenna.

AR bandwidth
Aerial layout No. of ports | Operating bandwidth (GHz) | (GHz) Gain (dBi/dBic)
Rectangular dielectric® | 02 1.34 NA 8.0
Rectangular dielectric’” | 02 2.4 NA 6.0
Rectangular dielectric® | 04 223 NA 7.0
Cylindrical dielectric’ 02 42 NA 4.0
Rectangular dielectric!® | 02 3.15 NA 8.0
Cylindrical dielectric!! | 02 2.29 0.33 5.0
Cylindrical dielectric'?> | 02 0.6 NA 45
Planned Aerial 02 1.10 0.65 11.0

Table 1. Comparison of the planned radiator with the existing millimeter-wave antenna constructed using
AlO, Dielectric.

change for the desired antenna as measured and projected. These parameters are measured using S-parameters?.
It demonstrates that the ECC and DG are below 0.02 and about 10 dBi, respectively, over the operational range.

Conclusion

A 2-port ceramic aerial, along with a metasurface lens, has been designed and investigated. With the help of
aperture coupling, HEM,,; mode is stimulated inside the ceramic. It allows the aerial to work within 27.65-
28.75 GHz. Feed design also creates a CP feature within the working regime i.e., 27.8-28.45 GHz. A metasurface,
having negative permittivity and permeability, is appended over a 2-port aerial to advance the gain value by 12
dBi. Broadsided radiation features, as well as a good value of ECC/DG, make the planned radiator suitable for
licensed 5G FR2 wireless systems.
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Fig. 15. Experimental/Simulated ECC and DG variation.
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