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ABSTRACT

The paper comprehensively explores the development, characteristics, and antenna applications of Lithium
Titanium (LiTi) ferrite. Utilising a solid-state reaction technique, the study examines the substrate’s electrical,
magnetic, and structural properties in detail. Additionally, it assesses the far-field radiation patterns of a magnetically-
biased LiTi ferrite-based antenna. Key findings point to a noticeable reduction in mutual coupling and radiated
power, along with an isotropic redistribution of minor side lobes. Comparative analysis with RT-duroid substrates
in X band frequency spectrum highlights the LiTi ferrite-based antenna’s remarkable 62.85 % miniaturisation and
consistent directivity, along with a superior quality factor. These findings emphasise LiTi ferrite’s potential for
compact, high-performance applications in demanding environments. LiTi ferrite’s advantages in miniaturisation
and stability position it for specific applications, despite trade-offs in bandwidth, gain, and impedance compared

to RT-duroid substrates.
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1. INTRODUCTION

Substituted ferrites serve as cornerstone materials in the
microwave sector, particularly due to the growing need for
high-frequency communication systems. Lithium-substituted
ferrites, in particular, demonstrate several benefits when
compared to conventional dielectric substrates, notably in
microwave antenna deployments. These benefits encompass
size miniaturization, low-temperature sintering, high dielectric
constants, minimized surface wave excitation, and lower
loss characteristics. A distinguishing feature of ferrite-based
materials lies in their nonreciprocal properties, as evidenced by a
direction-dependent magnetic resonance width (AH), rendering
them ideal candidates for high-frequency functionalities!*.
While prior work has focused on the incorporation of divalent,
trivalent, and tetravalent ions in lithium-substituted ferrites,>°
along with their potential utility in C and S bands,”* no
reports exist on the implications of adding titanium ions
(Ti) specifically for X-band deployments. The exploration
of enhancing the distinctive nonreciprocal attributes of Li
ferrites through Ti doping, particularly for magnetically biased
antenna systems, constitutes the core of this research. Focused
on a 1x4 rectangular patch antenna array, the study delves into
the utilisation of LiTi ferrite substrates with magnetic biasing
to address mutual coupling effects. This study advances the
understanding of lithium-substituted ferrites and highlights
the potential of LiTi ferrites for X-band deployments. The
introduction of titanium ions adds a novel dimension to the
nonreciprocal properties of these materials, positioning them
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as promising candidates for high-frequency functionalities.
Moreover, this work aligns with recent trends in ferrite-based
antenna design, including investigations by Mashhadi, et al.
into ferrite-based wideband circularly polarized microstrip
antennas,”® Bhongale’s exploration of Mg-Nd-Cd ferrite as
a substrate for X-band microstrip patch antennas,'® Chen, et
al. research on a tunable broadband microstrip antenna based
on ferrite material,'” and Bhongale, ef al. study on the effect
of Nd*" substitution on structural and magnetic properties of
Mg-Cd ferrites'®. Additionally, Asif’, et al. synthesis and
characterization of Tb-doped Ni—Zn nano ferrites for dual-
band MIMO antennas provide valuable insights'®. These recent
studies collectively reinforce and complement the findings,
underscoring the significance of ferrite-based materials in
advancing antenna technologies. The research presented here
substantively contributes to this evolving landscape and lays
a foundation for further exploration in the realm of ferrite-
enhanced antenna systems.

2. METHODOLOGY

LiTi ferrite was formulated at ambient conditions through
the Solid-State Reaction Technique (SSRT)?. The resultant
material displayed a magnetization (4nM) of 2200 Gauss
with a variance of +5 % and a Curie temperature (T ) of 500
K, also with a variance of +5 %. Chemical ingredients were
selected based on the formula Li Mn  Ti ,Fe, O, High-
purity chemicals were amalgamated with deionized water in
a polypropylene vessel in adherence to stoichiometric ratios.
To control Fe*" ion generation and impact magnetostription,
Mn?" ions were integrated into the base composition. Bismuth
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Figure 1. XRD patterns of the prepared ferrite.
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Figure 3. Loss tangent of material.

trioxide (Bi,0,) was included as a sintering enhancer at a
concentration of 0.25 wt % to counteract Lithia formation
under elevated thermal conditions?'. The premixed powder
underwent an initial sintering stage in a box-type furnace at an
approximate temperature of 750 °C for a four-hour duration.
Post sintering, the material was sieved and molded into
disk and toroidal geometries employing specified dies and a
hydraulic press exerting a force of 10 ton/cm?. The sintered
samples were further machined, fine-tuned, and polished to
achieve required dimensions and forms. X-ray Diffraction
(XRD) analyses were carried out to corroborate the single-
phase spinel structure of the samples, as depicted in Fig. 1.
The sample’s microstructural attributes were scrutinised
using Scanning Electron Microscopy (SEM). For the purpose
of dielectric property evaluation, rectangular pellets with
dimensions of 25 mm %13 mm x7 mm were selected. These
measurements spanned the frequency range of 8-12 GHz
and were conducted with an E8263B Agilent Technology
Vector Network Analyzer (VNA). The real component of the
dielectric constant (¢’) was computed based on the equation €’
= Ct/e A, in which ‘C’ signifies the specimen’s capacitance,
‘t’ its thickness, and ‘A’ its surface area, with ‘e’ denoting
the permittivity of free space (8.854 x 102 F/m). Density
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Figure 2. Dielectric constant of material.
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Figure 4. VSM data of dielectric constant.

Table 1. The physical properties of LiTi ferrite substrate

LiTi ferrite characteristics Values
Magnetic Saturation (4nM) 2200 Gauss
Curie Temperature (T)) 500° K

Density (p) 4.3 grams/cm?
Remanence 0.91
Coercivity 2.2

Dielectric Constant () 17.5
Resonance Line Width (AH) 520 Oersteds
Loss Tangent (tan ) <0.0005

evaluations were performed through an Archimedes’ principle-
based experimental setup. Hysteresis loop metrics, including
remanence and coercive force, were ascertained via a B-H
loop assembly utilizing a toroidal sample coil at a frequency
of 50 Hz. LiTi ferrite samples’ Curie temperature was gauged
employing a gravity-effect-based experiment conducted in-
house. The electrical and magnetic attributes of the LiTi ferrite
substrate were empirically determined and are summarised in
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Table 1. Experimental analysis of the dielectric constant and
loss tangent were executed and graphically represented in
Fig. 2 and Fig. 3. A Vibrating Sample Magnetometer (VSM)
was employed to quantify the magnetic characteristics of the
formulated samples, as illustrated in Fi. 4.

3. ANTENNA STRUCTURE

As illustrated in Figure 5, the antenna’s structural outline
comprises a single patch embedded on a LiTi ferrite substrate.
The substrate’s physical dimensions are characterized by a
thickness (‘h’), length (‘L’), and width (“W”). The dielectric
constant and saturation magnetization of this substrate are
noted to be 17.5 and 2200 Gauss, respectively. Given the
fragile nature of these substrates, stripline feed methodology
is adopted as preferable to other feed techniques. Figure 6
reveals the layout and coordinate framework of a linear array
configured with four rectangular patch elements. These are
serially linked by a high-impedance transmission line, and
power is supplied at the first element?*?*, One of the advantages
of adopting a series-fed array configuration is the bandwidth
extension, which scales with the number of elements, albeit up
to a limit dictated by the operational frequency and dielectric
medium.

radiant ferrite substrate
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ground
plane

h |

Figure 5. Geometry of microstrip rectangular patch antenna.
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Figure 6. Geometry of li near array of microstrip rectangular
patch antennas.
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4. THEORETICAL FRAMEWORK

It’s well-established that an individual element’s behavior
within an array is subject to influence from neighboring
elements. Element spacing is another contributing factor to such
performance alterations. This interaction is commonly referred
to as mutual coupling. In the architecture of antenna arrays,
factors such as polarisation, beamwidth, and input impedance
for an isolated element can experience modifications due to the
presence of adjacent elements. Additionally, because mutual
coupling fluctuates with the scan angle, it leads to variations in
input impedance as the array scans, subsequently impacting its
operational efficiency. The relative alignment of these elements
also plays a role in this mutual coupling effect. Consequently,
when designing and operating array antennas, the implications
of mutual coupling should be carefully considered>?. The
magnitude of this phenomenon is typically expressed by the

numerical value of [S |.

2cos[ﬂ)
2

‘SIZ‘ = 1
[ ( wd D [0.882d jz :
1+cos +
2 h (M)
For uncoupled case, the far field E-plane (8 = 90°)
radiation pattern can be described as follows:
E, = E, (AF) )
where,
kyhcos¢
, o ttor | SN ) k hcos¢
By ==j2Wak, xr | khcosd cos(=
2
A3)
kyd cos@+b,

AF =4cos(kyd, cos@+b, )cos
2 “)
In the current antenna configuration under study,
accounting for mutual coupling, the radiation pattern can be
characterised as follows:

E,=E,(1-1) + E,(1-T1,) +
E,(1-T1y) +E,(1-1T,) (5)
1
(1- Aﬂ)(cos(ik“dx CO;¢+'3‘)J2 +
‘Eqﬁt :Em 1
+(1 - A})(Cos(ik”dx COZS¢+[3X)]Z
d
o fsnbdessn, )
+(1 _ A4)[s (W))
(6)
In this specific array arrangement, E, E, E, and

E,, represent the radiation patterns of the respective array
elements. Similarly, I'’ T', I';and I', signify the reflection
coefficients corresponding to these array elements. These

reflection coefficients are defined as follows:
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Zin - Z/Z
Z, + Zﬂ

4
(7

In this configuration, Z_ represents the input impedance of
each individual element within the array, while Z, indicates the
impedance of the interconnecting transmission line between
these elements. To further analyze the array’s behavior, each
element can be modeled as a rectangular microstrip patch with
ports located along its non-resonant sides. The impedance
matrix, or Z-matrix, can then be formulated following the
methodology presented in reference 22.

o) [ S0
. mn xi’yi mn X.,y.
Zij:_]w/uohzmn { kz*kzmnj : JX m”%élr
2a
(®)
¢mn(xi’yi): %Cos(m;m]cos(m%] (9)
where,
2
2 _ . @
k —gr(l—]tan5)c—2 (10)

“.313)
mn a2 b2 (11)

Upon interaction of a normally incident plane wave with
a magnetically biased ferrite substrate, two distinct wave
types are generated: volume magnetostatic waves and their
surface counterparts, also known as surface magnetostatic
waves (MSW)?»-3°  The literature indicates that the initiation
of MSW within the ferrite material consequently results in
the formulation of associated absorption and transmission
coefficients?!,

2,¢, (asin2 36 + Bsinh (2a5))
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In the context of a ferrite substrate, both surface and
volume magnetostatic waves (MSW) propagate in a direction
that is perpendicular to the externally applied magnetic field.

For Volume MSW, the boundary conditions of the
frequency band are:

pyyH < o< uyy\|H(H +M,) (22)

Surface MSW, the boundary conditions of the frequency
band are:

M
JH(H+M,))<w< H|H+—L
Ho¥ ( + 0) a= Hyy ( + 5 j o3

Quasi TEM mode of wave: Under applied magnetic field
strength the vector permeability tensor for a ferrite is given by?

) u k0
[ul=|-k wu O
0 0 1 (24)

Where, p and k vary with the applied magnetic field
strength. It has been found that for a normal incident plane
wave on biased ferrite slab, two types of waves are generated,
ordinary and extraordinary. The ordinary wave behaves just
like the plane wave moving through a dielectric material
and not affected by the magnetic nature of the medium. On
the other hand, the extraordinary wave is characterised by
TE mode polarization that aligns with the magnetic bias. The
propagation constant K and K_ for ordinary and extraordinary
wave respeocjtively may be given as follows:

I
HI}_ ?\u"ssf_ (25)
)
Ke:;‘weﬁxyeﬁ (26)
where,
ILI B /J2 _ k2
eff
p 27)
Here, the parameters p and k are the functions of frequency
given by:
PN
) 2
w,” —w (28)
w, — O
=]4+—0 "m_
“ o, -0, 29)

where, o =yH o = y4nMs, H, represents the external
bias field, 4nM_is the saturation magnetization of the ferrite
substrate and y denotes the gyromagnetic ratio (y = 2.8 MHz/
Oe). Additionally, & p g, ¢, o and ® = stand for the relative
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permittivity, effective permeability of the ferrite substrate,
velocity of the electromagnetic wave in free space, the
precession and forced frequencies, respectively.

When the effective permeability p . takes on a negative
value, it indicates a decaying wave, even in a lossless medium.
The frequency spectrum for which p . becomes negative is:

o (o +0,)<o<(o+0,) (30)
The frequency limits set the range where the ferrite
exhibits notable microwave characteristics.

5. ANALYSIS AND INTERPRETATION

The LiTi ferrite substrate’s dielectric properties were
assessed within the 8-12 GHz frequency band, employing an
Agilent Technologies VNA E8263B impedance analyzer. The
corresponding plots for the dielectric constant and loss tangent
are depicted in Fig. 2 and Fig. 3, respectively. Vibrating Sample
Magnetometer (VSM) was employed to examine the magnetic
attributes of the samples, with the saturation magnetization
(4nM) showcased in Fig. 4. Operating the ferrite in a biased
state while adjusting the ferrite layer thickness can amplify
power loss, thus augmenting absorption and attenuation
factors.

Figures 7 and 8 provide the transmission and absorption
coefficients at h = 2 mm and h = 1.65 mm for varying DC
magnetic fields. It can be observed in Fig. 7 that the peaks of
the transmission coefficient slightly elevate up to 2200 Oe as
the thickness grows, taking a notable shift at elevated magnetic
fields. Concurrently, the absorption coefficient peaks display
minor fluctuations with the increment in substrate thickness, as
presented in Fig. 8.

An increase in the inter-patch distance leads to a reduction
in mutual coupling, a phenomenon illustrated in Figure 9,
where the mutual coupling shows a direct proportionality to
the substrate thickness. When the ferrite is in an unbiased or
positive effective permeability (u . > 0) state, the antenna
operates in standard transmission and reception modes. At a
U, < 0 state, incoming waves transform into quasi-TEM and
magnetostatic waves, thereby highly attenuating the incident
RF waves.

The dispersion curve for the X-band frequency under
a 750 Oe magnetic field is depicted in Fig. 10. This graph
reveals that upon magnetization, the propagation constant (K)
undergoes frequency-dependent changes. The curve’s initial
linear portion represents Pozar’s quasi-TEM wave, while the
remaining part accounts for magnetostatic wave (MSW) and
spin wave excitations. Figure 10 also confirms the antenna’s
switching off state and indicates a cutoff frequency near 5
GHz. The radiation patterns for antenna arrays fabricated on
RT-duroid and LiTi ferrite are illustrated in Fig. 11 and Fig.
12, accounting for mutual coupling. Owing to this coupling,
RT-duroid-based antennas display collective side lobes in the
E-plane radiation pattern. However, magnetically biased ferrite
antennas reduce mutual coupling due to the absorption of
undesired guided waves. Moreover, minor side lobes undergo
isotropic redistribution, resulting in decreased radiation
power. The ferrite-based antenna preserves the primary lobe
orientation and offers enhanced directivity, in contrast to its RT-
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Table 2. Comparison of characteristics of microstrip rectangular
patch array antenna printed on RT-duroid and LiTi-

ferrite
Values
Radiation parameters
RT-duroid LiTi-ferrite
Length (L) 0.86 cm 0.27 cm
Width (W) 1.64 cm 0.69 cm
Band width (BW) 6.14 % 2.42 %
Directivity (D) 4.77 dB 4.77 dB
Q. Factor (Q,) 8.22 12.27
Gain (G) 438 dB 1.86 dB
Total Imped. (Z, ) 255 ohms 10070ohms
HP Beamwidth E-82°, H-156° E-166° H-178°
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Figure 7. Transmission power coefficient (T) vs DC magnetic
field (H) at 10 GHz.
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duroid counterpart. These characteristics are comprehensively
summarised in Table 2.
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Figure 11. Radiation pattern of antenna in E-plane (¢ = 90°) (a) Printed on RT-duroid substrate; (b) Printed on magnetically biased
LiTi-ferrite.
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Figure 12. Radiation pattern in H-plane (¢ = 0°) (¢) printed on RT-duroid substrate. (d) printed on magnetically biased LiTi-ferrite.
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6. CONCLUSIONS

This research thoroughly investigates the precise
formulation of Li-ferrite incorporated with titanium,
characterized by a saturation magnetization of 2200 Gauss.
The work also offers an exhaustive exploration of the LiTi
ferrite substrate’s nonreciprocal attributes when magnetically
biased. With its robust saturation magnetization, elevated
Curie temperature, and additional essential features, the LiTi
ferrite substrate meets the critical specifications needed for
microstrip antennas, particularly in demanding operational
environments. The magnetic resonance width of the material
was studied across various substrate thicknesses to enable
antenna tunability and switchability.

A comparative evaluation of the radiation properties
between antennas fabricated on RT-duroid and those based on
LiTi ferrite was executed within identical frequency spectrums.
The findings suggest that the LiTi ferrite-based antenna
achieves a significant miniaturization, approximately 62.85 %,
when contrasted with its RT-duroid counterpart. This makes it
advantageous in scenarios where space conservation is crucial.
Additionally, the quality factor for the LiTi ferrite antenna
outperforms that of the RT-duroid-based antenna, suggesting
its aptness for applications emphasizing miniaturization.
Nevertheless, opting for ferrite as the substrate imposes certain
limitations, such as reduced bandwidth, directivity, and gain,
compared to antennas constructed on RT-duroid substrates.
Despite these setbacks in radiation power, the use of LiTi
ferrite results in consistent directivity and a superior quality
factor, highlighting its potential for specific applications.
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