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Abstract: A technique to significantly shift down the resonant frequency of the higher order modes of an
uniaxial anisotropic rectangular dielectric resonator nano-antenna (DRNA) without any considerable change
in the resonant frequency of the fundamental mode is presented. The method aims to adjust the ratio of the
resonant frequency of the higher order modes without changing the physical dimensions of DRA. This method
can be used to adjust the frequency distance between the high-order and fundamental modes of the antenna.
In this method, unlike the previously reported methods, it is possible to reduce the frequency distance between
higher-order and fundamental modes of DRNA without the need for a very large height-to-length ratio. Due to
the availability of naturally anisotropic dielectric materials in the optical band, such as TiO2, this design can
be implemented in the optical band. The performances of the method are numerically validated for different
contrast values between the dielectric tensor entries.

Index Terms—Anisotropic, uniaxial, impedance bandwidth, dielectric resonator nanoantenna (DRNA).

Introduction: Recently, much effort has been devoted to the exploration of dielectric resonator
nano-antenna (DRNA) [1]-[3] due to great demand of highly efficient nano-antennas. In fact, at
optical frequencies the electric field penetrates into the metal and couples with the surface
plasmons, which results in high dissipation losses. But unlike metal-based antennas, the radiation
mechanism in DRNA is derived from displacement currents, which leads to a higher radiation
efficiency. The DRNA can be used for dual-band or multi-band applications [4]. For this purpose,
multiple modes of the antenna at the desired frequencies should be excited. In the microwave
regime, controlling the frequency distance between the individual modes of a dielectric resonator
antenna (DRA) has been done by changing the ratio of height-to-length of the antenna [5]. By
increasing the height-to-length ratio, the frequency distance between the fundamental and the high-
order modes can be reduced. The disadvantage of this method is the large height-to-length ratio
requirement for small frequency distance between the modes.

Recently, the use of anisotropic dielectric materials in DRAS has been investigated [6]-[7]. It has
been reported that the use of these materials in DRA with proper design, improves antenna
performances in terms of gain and in terms of bandwidth. One of the most widely used materials
in optical band antennas, which also happens to be anisotropic, is TiO2 [8]. The various unique
applications of anisotropic DRNAs along with the availability of the natural anisotropic materials
makes them a promising area which is yet to be explored.

In this paper, a new method for tuning the resonant frequency of the higher order modes of a
rectangular DRNA is introduced. This is achieved by using a uniaxial anisotropic material, which
optical axis corresponds to the normal of the rectangular prism faces.
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Fig. 1 The structure of proposed DRA.

Antenna Configuration: Fig. 1 shows the configuration of DRA mounted on a silver block with an
area of 1, x l; and a thickness of t;,. A plane wave excitation is used to excite the DRA. The
dielectric resonator has dimensions ag;, bay, hg-and permittivity dyadic Of z =z 7 =zo (el +2,22)
where T, is the transverse unit dyad with respect toz where 7 is the unit vector in the Z-direction.
Since the penetration of the wave inside the metal in the optical band cannot be neglected, the
Drude model has been used to describe the behaviour of the silver in this band. The silver
permittivity is obtained by the following equation [9]:

Wp (1)
e —— P
“ w(w+j0)
where &, =5, the collision frequency I' = 1.12 x 10'*Hz, and the plasma frequency w, =
2m X 2.133 x 10%°rad/s.

gAg =

Results and discussion: Let consider a rectangular DRA filled with a uniaxial anisotropic media
with the permittivity tensor elements of ¢, and €,. The resonant frequency of the TE,’,’mp mode can
be obtained using different methods, as for example the dielectric waveguide model or the PMC
cavity model [4]. Here, the PMC cavity model is used to obtain a straightforward relation between
the resonant frequency and the ratio of elements of the permittivity tensor.

k2 = 2 [k2 + K2+ R(KZ +k2) + VAT;
2¢,
B 2rfq

c (1)

mrz nzx V4
Rzgz/gx ’kxz?:k =T’kz =Pz

Ko
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A =ky +(L+R? - 2R)ky +R%K; +2(1- R)kgkg

+2(R? —R)kgkZ + 2RkZkZ
where c is the speed of light in free-space, k,, k, and k, are the wave numbers inside the DRA
and subscripts m, n and p represent the mode number indices in the x-, y- and z-directions,
respectively. Also, k, is the free-space wave number.

Let’s assume now that the value of ¢, is very small with respect to that of €, thusR = ¢, /¢, = 0.
Then from eq. (1) one gets:

kg ~ = (k2 + k2). )
Therefore, in this ideal case, the resonant frequency of TErfmp mode does not depend on k, and
&,. For example, TElylp(p=1, 2, ...) modes will have the same resonant frequencies.

In practice, the ratio of R = ¢, /¢, is not equal to zero. So, the resonant frequency of the higher

order modes can be close to that of the fundamental mode by choosing suitable values of ¢, and
&, SO that €,/¢e, «< 1 is satisfied. In Table 1, the theoretical results of resonant frequencies for

TE;, and TEj;modes (fiandf,) of isotropic and anisotropic DRAs are presented, where the

dimensions of DRAs and ¢, are constant, but e, varies. The theoretical results of the resonance
frequency are obtained using the model reported by Fakhte et al [6]. Then, due to the penetration
of the wave into the metal, the dimensions obtained through this method are multiplied by a scaling
coefficient. The value of the scaling coefficient varies for the wavelength range of 0.5 to 10 um
[10], but in this work for simplicity the fixed value of 1.08 is considered, which happens to be in
good agreement with the simulation results.

Table I: Theoretical resonant frequencies of Te},, (f1) and T}, (f) modes of the anisotropic DRA, 1x=1y=0.3
pm, 1;=0.375 pm.

Case | & | & |R fiCal) | fo(Cal) | f2—f1 y

[THz] | [THz] L
A | 8]12] 15 176 275 56.2
B |(10]12] 1.2 172 254 47.7
C |12]12]| 1 169 239 41.4
D |14 |12 ] 086 167 228 36.5
E (1612|075 | 166 220 32,5
F |18 ] 12| 0.67 165 214 29.7
G 20 | 12 | 0.6 164 208 26.8
H [24]12] 05 163 201 23.3
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Fig. 2. Theoretical resonant frequencies versus &, -to- &, ratio for different modes of DRA. a=0.3 um, b=0.3 um,
d=0.375 um, &,=12.

Observe in Table 1 that by decreasing the value of the ratio R = ¢,/¢, from 1.5 to 0.5, the
differences between the resonant frequencies of the higher order and fundamental modes are
decreased from 56.2% to 23.3%. Also, as it can be observed in Fig. 2, by increasing the ratio of &,

-to- ¢, (through decreasing R), the differences among the resonant frequencies of the TEflp(pzl,
3, 5, 7) modes are drastically decreased. For example, the frequency separation between TE7,,and
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Fig. 3. Theoretical resonant frequencies versus height-to-length ratio for different modes of DRA. a=b=0.3 um. For isotropic case: ¢, = €, = 12,
and for anisotropic case: €, = 72,¢, = 12.

TE;, resonant modes is decreased from 271 THz for the isotropic case (&, /e, = 1) to the much
smaller value of 68 THz for the anisotropic case (&, /&, = 6).

The variation of the resonant frequencies of the modes as a function of the height-to-length ratio
for the isotropic (e, = €, = 12) and anisotropic (¢, = 72,&, = 12) DRAs is also plotted in Fig.
3. Observe that the resonant frequency of the TE;,,mode of the isotropic DRA is independent
from the height variations when the height-to-length ratio is larger than 3. This is because, by
increasing the height-to-length ratio, the wave number in the z-direction (i.e., k, = m/d) will be
considerably smaller than those in the x- and y- directions, namely k, = m/a and k,, = /b.
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Fig. 4. Normalized magnitude of the magnetic field.

However, the resonant frequency of TEf’13 mode for the isotropic DRA will not be sensitive to the
height variation for the values of height-to-length ratio greater than 7, because of the larger values
of wavenumber in the z-direction, namely k, = 3 /d. By using the uniaxial anisotropic material
with the permittivity ratio of ¢,/e, = 6, as it is proven, the resonant frequencies of both the
TE?,,and TE;, ;modes will not be sensitive to the height variations for the height-to-length ratios
above 3. Consequently, by this method it will be possible to excite both the modes at nearly the
same resonant frequency with much smaller height-to-length ratio compared to the isotropic case.
The antennas mentioned in Table 1 are simulated and the results of these simulations are shown in
Figure 4. The method of finding the resonant frequency of different DRA modes is such that a
magnetic field probe is placed in the x direction below the DRA and in the middle of its lower
surface. Then the magnitude of the normalized magnetic field is plotted in the frequency band of
150 to 270 THz. The frequencies corresponding to the peaks of this diagram indicate the resonance
frequency of different antenna modes. For samples B to F listed in Table 1, simulations are
performed. As shown in Figure 4, for each of these samples, two peaks are observed in the diagram,
which correspond to the two DRA modes, so that the first and second peaks correspond to the
TE;,, and TE},, modes, respectively. It is observed that the simulated results of the resonance
frequencies obtained from the simulation are close to the results of the theory mentioned in Table
1. Also, observe that the maximum frequency distance between the TE;,,and TE;,,modes is
related to the anisotropic structure with €, = 18 and €, = 12. By increasing the ratio of ¢, /¢,, the
frequency distance between the fundamental mode and the high-order mode decreases, which
confirms the results of the theory presented earlier. In Figure 4, arrow numbers 1 and 2 show the
TE;,,and TE},, modes resonance frequency shifts by increasing the ratio of £, /¢,. It is concluded
that the resonant frequency of the higher order mode is drastically decreased while the one of the
fundamental modes is not considerably changed.

For example, observe that for the isotropic DRA with &, = &, = 12, the TE;,,and TE;,;modes
are excited at 171 THz and 235 THz, but for the anisotropic DRA the resonant frequencies of the
TE;,,and TE},, modes are shifted down to 165 THz and 211 THz, respectively. The electric and
magnetic field distributions of these modes which prove the excitation of the aforementioned
modes are shown in Fig. 5. As it can be seen, the electromagnetic wave has penetrated into the
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Fig. 5. Simulated field distribution of the anisotropic DRA (case F in Tab. 1) at the plane x=0. (a) Electric field of TEly11 mode at 165 THz, (b)

Magnetic field of TEY}; mode at 165 THz, (c) Electric field of TE |3 mode at 211 THz, (d) Magnetic field of TE ;3 mode at 211 THz.

metal. In fact, by modelling the metal with the Drude model, the effect of wave penetration inside
the metal on the antenna performance is also considered. As shown in Figs. 5(a) and (b), the electric
and magnetic fields distributions resemble to the TE;;,mode of the rectangular DRA. Also, the
filed distributions in Figs. 5(c) and (d) resemble to TE;,, mode of the DRA. Therefore, it can be
concluded that these two modes are properly excited.

Finally, note that the anisotropic tensors used in this work can be achieved using titanium dioxide
(TiO2). The refractive index matrix of TiO; is expressed by the following equation [8]:

no,£, 0 O
n={0 n, 0
0O 0 n,

©)
nZ =5.913+2.441x10’ /(x2 —0.803><107)

gy =7.197+3322x107 /(22 - 0.843x10"

where A is in angstroms. One can obtain the permittivity tensor elements as follows: ¢, =
VN & = /Ny, &, = \/n,. Figure 6 shows the permittivity tensor elements of the TiO> versus the
wavelength. As can be seen, different ¢, /¢, ratios could be achieved across the wavelength.

Conclusion: A novel method for decreasing the frequency separation between the resonant modes
of the DRNA is proposed. By using an uniaxial anisotropic material inside the DRNA prism, with
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Fig. 6. Calculated permittivity tensor elements of the TiO..

proper design, the resonances of different modes can be adjusted to achieve a multiband response.
Samples of simulation results are shown to demonstrate the capabilities of the proposed method
for tuning the bands of operation.
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