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ABSTRACT

In this paper, an equivalent combination of series and parallel R-L-C high-pass filter circuit is derived for a nano
(quantum) antenna for the Internet of thing (IoT) based sensors for speedy data or organ image displaying in medical
line surgeries. The proposed method utilized the sample frequency behavior of characteristics mode to develop a
fundamental building block that superimposes to create the complete response. The resonance frequency, input
impedance, and quality factor have been evaluated along with basic and higher-order resonating modes. The relation
between quality factor, bandwidth, resonance frequency, and selectivity for higher order, increases the quantum
circuits in terms of increased order of a filter, quality factor, and odd and even harmonics factors. Therefore, the basic
circuits derivation factor of frequency coefficients are expanded in terms of polynomials and then they are expressed
as a simple rational function from which the basic circuit parameters are calculated. In this circuit input impedance of
each circuit’s element is complex. The real part of input impedance depends on frequency, depending on the frequency
positive or negative value of the resistor, and the imaginary part of impedance modelling an inductor or capacitor due
to the value of frequency. At cutoff frequency 511 THz, z11 and VSWR parameters are 34 Q and 1.11, respectively.
The proposed quantum DRA is tested at 5 THz, 10 THz, and 500 THz by calculating the electrical parameters like R,
L, C and model performance is quite good as compared to existing ones. The dynamic impedance is dependent on the
skin effect and enhances the detailed discussion below. The utilization of optical or quantum DRAs is as optical sensors
in biomedical engineering, speedy wireless communication, and optical image solutions. Analyte material has been
used for monitoring frequency deviation.

Keywords: NDRA (QA); phasor model; resistor; inductor; capacitor; quality factor; dynamic impedance; MATLAB,;
HFSS software-based simulations
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The Internet of Things (IoT) is a rapidly growing network of

other and share data. The integration of [oT technology with
quantum antennas can result in significant improvements in the
performance and efficiency of wireless communication systems!'’.
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These antennas are designed to operate using the principles of
quantum mechanics, which allow for more efficient and precise
transmission and reception of signals. Quantum antennas use
quantum effects such as entanglement, superposition, and tunneling
to enhance their performance and sensitivity. The Internet of Things
(IoT) has been rapidly expanding into the healthcare sector and is
becoming increasingly important in the monitoring of health
conditions. It has the potential to revolutionize disease prevention
and help improve patient outcomes. The IoT sensors can be used to
monitor various parameters such as temperature, humidity, pressure,
and vibration, and transmit this data wirelessly to a central system.
The analysis of any antenna and its structure with different
parameters has to be known. It involves a large mathematical
calculation that can be simplified by its equivalent RLC circuit!®!. In
the current article, the HFSS NDRA model has been processed with
its electrical equivalent circuit design. An estimated equivalent
RLC circuit pattern has been initiated™ that portrays the principal
mode of propagation of the transmission line by utilizing a
microstrip coupled slot. Lumped impedances have been attained
precisely to narrate the function from source to end terminals. The
reactive power due to the inductive and capacitive part is absorbed
during excitation and termination while radiated waves are observed
by the resistive part only. This methodology can be utilized for
computing the input impedance of NDRA with microstrip-coupled
loading!®7). The designing of NDRA equivalent circuits has been
explained in very few research articles, as the maximum part of the
research is convenient to the design of equivalent circuits of patch

8151, For precise results of internal and load impedance of

antennal
NDRA, the equivalent circuit representation is essential. The
designed parameters of NDRA such as impedances and radiation
fields have been represented in higher-order and fundamental
resonating modes. Some other parameters like bandwidth,
resonating frequency, and radiation field parameters have have been
calculated by utilizing an equivalent circuit model!!*!. The frequency
at which an object vibrates most readily is known as the resonance
frequency. It is an object’s inherent vibrational frequency.
Resonance frequency in electronics refers to the frequency at which
a circuit resonates. A resonant circuit is one that may gradually
release electrical energy that has been stored in an electric field
(capacitor) or magnetic field (inductor). The values of a circuit’s
components determine its resonance frequency. The design substrate
describes the substance used to construct electronic circuits. The
substrate supports the circuit mechanically and acts as an electrical
insulator between the circuit’s several layers. Electric current
flowing along a conductor’s surface is referred to as surface
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current!'®), Surface current is significant in electronics because it can lead to unwelcome interference in
circuits. By employing appropriate grounding methods and designing circuits with little electromagnetic
interference, surface current can be reduced.

In this article, higher-order modes are analyzed exactly. The radiation pattern and the field nature of
NDRA!'" can be predicated by resonant modes circuit models. In this research article, a physical science-
based circuit for resonant modes has been created straightforwardly in precise structure. It has an advantage
analysis and synthesis of distinct NDRA structures. The concept of resonance provides an easier way to
design the NDRAs. This analytical approach of linking the Quantum DRA circuit models to its radiated
fields is used in NDRA research initially!'"®* 2", The light beam interacts and passes through the medium that
has a collision with fundamental negatively charged particles and molecules of the material®. The material
medium is considered plasma which possesses the property of explicit permittivity, permeability, and
conduction to propagate the EM waves in it at optical frequency.

The integration of IoT technology with quantum antennas has the potential to significantly improve

s34 This can lead to a wide range of

the performance and efficiency of wireless communication system
applications, including smart cities, healthcare, transportation, and industrial automation. The main motive
for to design and analysis of the proposed quantum antenna for wideband (THz) frequency in the biomedical

field is to reduce the signal transmission time with low power dissipation. The objectives of the paper are:

1) Understanding the designing analysis of proposed quantum antenna for wideband (THz) frequency
in the biomedical field using HFSS microwave studio and MATLAB tools.

2) The proposed quantum antenna provides a wideband (THz) or low wavelength with low power
dissipation, therefore, less number of surrounding tissues are damaged when used in biomedical applications.

3) The limitations associated with metals and all-dielectric-based structures antennas can be avoided
by utilizing a quantum antenna.

4) The proposed quantum antenna becomes less sensitive toward temperature variations, less
expensive, small in size and weight, low wavelength, low power dissipation, and less body tissue damage
when used in biomedical applications like laser operations.

The paper is structured as follows: Sections 2 and 3 provide the interpretation and radiation theory
related to a quantum antenna. Section 4 discusses the quantum DRA circuit and its analysis. Section 5
discusses the simulated results of the proposed antenna using MATLAB. Section 6 shares the results
analysis and response tuning of the proposed antenna using HFSS software. Finally, the paper is concluded
in Section 7.

2. Interpretation of quantum antenna

With light amplification and stimulated emission of radiation (LASER) feed, the quantum antenna
persists only with dynamic impedance at resonance as the input impedance (Z;). In this situation, this
dynamic impedance depends on the optical frequency and Plank’s constant just as the dynamic impedance
of classical DRA. With an increment in optical frequency above the resonating frequency (w,;), the
dynamic impedance or the input impedance will be increased which follows the pattern as that of capacitor
charging!® 7). It has been analyzed that the antenna’s bandwidth has also been increased with increment in
optical frequency but its effect on the quality factor is reversed due to the proposed rectangular shape of a
quantum antenna having of larger surface area than other shapes.



In the electrical equivalent circuit of a quantum antenna, the impedance has quite a low value when the
frequency is increased highly, so the current /; maximizes correspondingly, which results in high power and
signal strength!?®3!, It also provides very high signal absorption and dispatching. Initially, when the circuit
is tuned, the inductive branch current behaves as a surface current that depends on the area. This current is
present due to the skin effect. In QA, both impedances (input as well as dynamic) depend on frequency. The
actual power is only due to the real part of the input impedance and the non-real part has no contribution in
useful power. Both reactive elements (inductor and capacitor) transfer power from one-half cycle to the
other half cycle between themselves.

Such types of models are specially required for 5G applications due to very small power loss and high

selectivity at larger frequencies’®. As the inductor or capacitor stores larger power than the dissipated power,

_
bandwidth’

bandwidth, so the bandwidth will be very high. Finally, the bandwidth of an antenna gets improved which

therefore the quality factor will be very low, i.e., Q = The quality factor inversely depends on

allows passing the of high-range signals. The expression of the formula for a resonant frequency of THz
NDRA is given by Equation (1),

= () + () + () ano
fr fr
fa—f, _ bandwidth (D

Q:

The terahertz frequency has the advantage of a smaller wavelength. Hence, the depth of signal
penetration will be less as compared to microwaves. However, power input level variation results will be
different. Terahertz frequency is nonionizing and non-invasive. THz imaging in biological applications is
based on the differences in water content and physiological structural changes between abnormal and
normal tissues observed. Change in power level may be used to capture images of layered tissue®¥. This

Table 1. Used symbols in mathematical modeling with their nomenclature.

Symbol Nomenclature

Q Position vector

P Time derivative moment vector

B Temperature

P Average field energy in Gibb’s state

ay Annihilation and creation operators

H Electromagnetic field

zq(B) Quantum partition function

i) Current through shunt R-L-C circuit

fr Resonant frequency in Hz

BW Bandwidth

7 Impedance

P Power

Zin Input impedance

Q Quality factor

Y, 3 Individual admittance of each DRA

Ri,R,, R;3 Individual Resistance of each branch of DRA
Zg Impedance of DRA

Z;yand Z;, DRA load and input impedance

X1, X5, X3 Individual capacitance of each branch of DRA
Y Load admittance

Aand B Real and imaginary parts of the input admittance Y,
[S11] Magnitude of the complex reflection coefficient
E s Time-varying field

Zp Equivalent impedance of quantum DRA
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can have better resolution results as compared to MRI with minimal investment. Terahertz device size shall
be very small as compared to MRI. Dielectric behaves like a conductor at high frequency and conductor
behaves like a dielectric. Biosafety is an important issue in sensing as the electron energy of the THz wave
is low. Biomedical technology (tissue exhibits reflection and absorption properties that change dramatically
with tissue characteristics), is used for medical and dental Imaging. Here, it has been demonstrated that the
dielectric response of the cell can reflect particular water dynamics by THz spectroscopy. Table 1 shows
the used symbols in mathematical modeling with their Nomenclature.

3. Nano dielectric resonator antenna (NDRA) radiation theory
[9a:Pb] = 5-8(a, b) )

where,
q = Position vector

p = Time derivative moment vector
b= o | = Temperature

_ exp(—PH) . 11 s _ . .
P = T exp(-pm) 2Verage field energy in Gibb’s state = p is explained by T,.(pH) and T,-(ppe).
J exp(-pH)pad"qaNp _

fexp(—BH)dfzvdg

Classically, we get

_ ak+i Pk

el o1 e . ag—i
G =—7 annihilation and creation operators a;, = Pk =1,2,3

V2

. h . . :
lag, an]= pom & (k, m) Heisenberg commutation relation

Nh .
Electromagnetic field = H = -Y¥_, aj a; + o field energy quantum states or eigenstates of Hjn >
ny, Ny, Ny . Ny >, nq, Ny, n3 e My = O, 1, 2, 3.
h N
> (=
H|Q = (2 +ng,4n, + -l ny)

Now the Quantum a,, in the Gth state is

—BNh —Bh
exp( f ) < nlay exp(( amam) (n> exp( B Zﬂ exp (%Zm nm) dnm—e)=0

21, [(ph+pi2 - axai—ajar)e A1)
Zq ®

s T (ke +57) exp (=)
= (T ) Za (e + ) g exp (= 2 )

2 2
[ exp (=B 5P af dY b /zc(B)

where, z.(f) quantum part.

Here, e, = [0, O, ..........0, 1,...0], T, (pZexp(—Bh)) = —

z4(f) = Quantam partition function =

4. Quantum DRA circuit and analysis

Analysis of series and parallel combination of circuit parameters of Quantum DRA has been provided
to calculate current /(¢), resonating frequency (f,.) impedance (Z), power (P), and bandwidth (BW)F>=3¢,
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NDRA (Nano DRA) impedance (Zin)

Equivalent circuits of nano (quantum) antenna.
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Figure 1. Electrical equivalent impedance circuit of the quantum antenna.

When initial excitation is provided, the voltage drops across the parallel combination of impedance Z,
and Z5 is equal and some voltage drop across the impedance Z; as shown in Figure 1, but the current is
divided between impedance Z, and Z3 due to their different values as shown in Equation (3).

. 174 : v
Zy =Ry + jwly; IZ:Z—ZandZ3:R3—wLC3,I3:Z (3)

The value of Z, and Z5 changes due to variable frequency terms in Z, and Z3. The value of impedance
Z, and Z3 will be equal at a particularly high frequency which results in equal current flow. But it remains
equal for a very short instant as it persists only for a particular high frequency. The occurrence of this
incident is due to the Dirac-delta function. The frequency at which equal current is observed in parallel
impedances Z, and Z; is known as a first tuning frequency. But at this time, the currents I, and I3 in
impedance Z, and Z5 individually have equal magnitude but opposite phases to each other. So, its resultant
will be zero and the all-current flows through the impedance Z; alone, which is expressed as Z; = R, —

i (Z, is frequency dependent)®”). When the frequency gets higher, the value of the impedance Z; is
1

decreased to a low value which results in a huge amount of current and power. Under this condition, Z; is
considered as a dynamic impedance of the circuit as the impedance depends only on Z;. This impedance
depends on the frequency and having characteristics of exponentially increased function similar to the

charging of a capacitor. The current in Z; depends on a voltage drop across Z; and given by i; = C % as

dt is quite small, so the higher current results in large bandwidth. This current i; is called as surface or
displacement current.

In Figure 1, X; = —i, X, = wlL, and X5 = _i‘
1 3
Z2Z3

Input impedance Z;,, = Z, + Z,||Z3 = Z; +

where,

Z1 = R1 +jX1, ZZ = RZ +]X2 andZ3 = R3 +]X3

_ . (R3+jX3)(Rp+jX5) _ .
Zin =Ry +jXq1 + Rt iEytRot Xy Ri+jXi +

RaR3—X3X3+j(X2R3+R2X3)
Rz+R3+j(X3+X3)

(RzR3—X5X3)(Ry+R3)+(X3R3+Ry X3) (X3+X5)+j{(Ra+R3) (X2 R3+Rp X3)—(X3+X2) (RyR3— X2 X3)}
(R2+R3)?+(X3+X3)?
(R2R3 — X2X3)(Ry + R3) + (X2R3 + R X3) (X3 + X3)
(Rz + R3)? + (X35 + X,)?

:Rl +]X1 +

Zin(real part) = [Ry +

4)
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(Rz + R3)(X3R3 + RyX3) — (X3 + X3) (RyR3 — X, X3)

(Rz + R3)? + (X3 + X)? ®)

Z;n (imaginary part) = [ X; +

To obtain the resonance condition, the imaginary part of an input impedance must be zero®. Z;,, =
Zin(real part) + Z;,, (imaginary part).
At resonance frequency imaginary part of Z;,, = 0,

(R2+R3)(X2R3+Ry X3)—(X3+X2) (RyR3— X2 X3)
(R2+R3)?+(X3+X3)?2

X1+ =0,

RyR3X, + R2X5 + R2X, + RyR3 X3 — (RyR3X, — X2X3 + RyR3 X3 — X2X,) + X, {(R, + R3)? +
(X3 +X3)*} =0,

R3X5 + R3X, + X2X5 + X2X, + X;(R%2 + R% + 2R,R; + X2 + X2 + 2X,X3) = 0,

RE(X1 + X3) + R5(X1 + X2) + X5 (X1 + X3) + X5 (X1 + X2) + 2X;,(RyR3 + X, X3) = 0,

(R3 + X3)(Xy + X3) + (R3 + X2)(X; + X3) + 2X,(R,R; + X,X3) = 0.

Putting the value of Xj, X; and Xa.

(L 1)R2+ ! +( ! 1)(R+2L2) Z(RR LZ)—O
@l = e )\ Tz wC  wCy) 2T T e P T )T

(I.)ZL2C1 - 1 R?z,(l)zc?? + 1 1 1 2 LZ
—(—=_ R2 + w?I3 ——(RR ——)=0
( wCy >( w2C? >+(u( C, C3)( 2+ wL2) wC \"23 ¢,

Multiplying w3 both sides in the above equation:

(w?L,C; — 1)(R2w?C? + 1) ,( 1 202 L,
—— — ) (R2 212 ——(RR )zO
C,C2 T ( C, C3)( 2 +w'Ly) == (RoRs = -
(w*L,C1R3CE — 1+ w?(LyCy — Rgcg)) . 1 1 1 1\ 2w? L,
4o () ()=
C,C2 T\t 7)Y ¢, G ¢ T

[LR LZ(1 1)]+ 2[L2 RS R2(1+1> Z(RR LZ)] Lo

—_ —_ we |l— — E— —_ ) - — F— _=

273 C, Cs 2 ¢ 2\G ) o \"PTPG)| ez
w*[A] + w?[B] - C =

Comparing the above two equations after this where 4, B, and C are: 4 = L,R% — L3 ( 1) B =

C3
La RS _pa(l 1)_2 _ L2 - 2 _
27 G R3 (C1 + Cs) . (R2R3 c3)’ and C = clc3 Solution of this equation we assume w* = p,
— /B2 - B2
p?[A]l + p[B] - C = O,P=%Where w?=p,w= %
(L2 _R _p2(Ll 1
(cg C R; (c1 + 03) (R2R3 c )> +
2
L R _p2(il_ 1)_2 ) 2 1\ 1
= \/(cg 1 R; (01 + cg) C (R2R3 C3)> + 4{L2R3 L2 ( c Cg)} €, C? (©)
2 _gq2(t 1
2 {L2R3 L2 (c1 + c3)}
\




The derived formula of input impedance shows its dependency on circuit parameters such as resistance,

inductance, capacitance, and resonating frequency™”.

Zin=f(R,L,C,w)
Zin = Zinrea(0) + Zip, imaginary(w) (7

In dynamic resonator antenna (DRA), the non-imaginary part of the impedance is independent of
frequency so the input impedance can be written as:

Zin =Zinreal T Zin imaginary (w)
Zin real * f((‘))
Zin rea implies the real part of input impedance alone.

But in NDRA (QA), the real part is frequency dependent that can be given as: Zj, r.a = resistance =
fw).
This frequency-dependent resistance is additionally referred to as a dynamic resistance of the circuit!*”’,

(RyR3 — X,X3)(Ry + R3) + (X3R3 + Ry X3) (X3 + X5)

Zg=R;+ 8
d ! (Rz + R3)? + (X5 + X,)? ®
Putting the value of X; = % X, = wC, and X3 = v in above equation:
- 1 - 3
_L _ Ra __1
7 —R 4 (R2R3 C3) (RZ + R3) + ((I)LzRg wC3) ((A)LZ wC3)
da =y 2
2 __r
(R; + Ry)? + (ol wC3)
Ly w?LyR3C3—Ry\ {w?L,C3—1
TR (R, + R3)? + (—“’2L2€3'1)2
2 3 wCs
(R2R3—é—i)(Rz+R3)wZC§+(w2L2R3C3—R2)(w2LZC3—1)
_ w?c?
Zg =R+ w2C2(Ry+R3)2+(w?LyC3—1)2
w2c?
/ Rl{wzC_%(Rz+R3)2+(w2L2C3—1)2}+(R2R3—é—;)(Rz+R3)w2632+(w2L2R3C3—R2)(w2L2C3—1) ©)
.=

OJZC32 (RZ +R3)2+((.OZL2C3—1)2

Zq=flw) or Ry, = flw)

In the alternative method, there are two resonant mode presents in this circuit. In another way to explain
in the below circuit.

Figure 2. Electrical equivalent admittance circuit of a quantum antenna.



1 1
X1 - -, XZ = (ULZ and X3 = -
wCq wC3
1 1
Y ,=Y,4+Y; VY, =——+
L 2 3 Ry+jXz  R3+jX3
J
y =1 1 _ Ry-jwl, | Bstge
I — . joo LT . j
Ry+jwL L Ry+jwL R
2tjwl; R3 oCa 2tjwl; R3 oCa
1
y, = R, n R3 . wCs wl,
= _
R+ w2l3 Rz 41 241 R+ w23 (10)
2 2 3 202 3 202 2 2
w*C3 w*C3
Y, =G, +JjB

For the first resonating mode susceptance (imaginary part) of (¥;) = 0,1.e., B; =0
1

wCs wl,

R3+

1
ac;__ _ _ ol
RZ+ RZ+w?L}

17 L2, 2,2 % 1

— R5+w=L —
w2C§ 2 2 w26§
wCs3 wLy

- 2 272 — 2,202
Rw?CI1  RB+w’ll C3(R; + w?L3) = L(R3w*C5 + 1)

(A)Z(L%Cé - L2R32’632) = LZ + R§C3

L, + R3C

2 2r2
LZ C3 - L2R3 C3
For the second resonant mode of this circuit,

(11)

Yr=Y1+Y,Yr =Y, + (G +jB)

1 . R1+w£1 .
Yr = —+ (G, +JjB),Yr =5—+ (G, +jB))
Ry~ Rt

R1w2C12 wC
Yr =50 —+G|+j| Bi+ —=5
! <wa2612+1 )TN T R T

w?c?
. . . . wC
To achieve second resonating mode, the imaginary part of Yr = 0, B; + m =0
1 1
(L)C3 (.L)Lz (.L)Cl _ C3 Lz + C1 _ 0
R2w2C2+1 R2+w2l2  R?2w2C2+1  ’RZ2w2C2+1 RZ+w?I2  R%*w2C2+1
After solving this equation, the value of w,
L R2 1 1 2 L
_(_g__s_R;(_+_)__(R2R3__z))i
3 €1 C3 C1 C3
2 2
L2 _Rs _ 2(i i)_i( _L_Z) { 2 _ 2(i i)};
wr = (c% SR (Zt0) o (ReRa—2) ) +4{LRE- L5 (S+ ) o (12)
2 _g2(L i)}
2{LRE - 13 (5 + ¢
\

. maximum energy stored per cycle
Quality factor (Q) = 2w X il M per ey
power dissipated per cycle

To analyze series circuit: Z =R + jX....... =R+jX,—Xc)...,Q= l%l = l%l

But for analysis of parallel circuit, Y = G +jB = G + j(B, — By), Q = li—Ll = lBTCI. According to this,

Zin=Rin + jXin=Zin(real) + Z;,(imaginary)

9



REX3+X3X3

: _ (R2+R3)%+(X3+X5)?
Quality factor (Q) = L (RzR3=X3X3) (R +R3)+(XzR3 *RpX3) (X3 +X2) (13)
(Rz2+R3)%+(X3+X2)?
Q RZ X3 +X2 X3

(R2R3—X2X3)(Ry+R3)+(X2R3+Rp X3) (X3+X5)+R1 {(Ry +R3) 2 +(X3+X5)?}

0= R3X3+X2X5
RZR3+R3R;—R,X,X3—-X,R3X3—(X3R3+X3R2+X,X3Ry +X5X3R3)+R1 {RZ+R%+2R, R3 + X% +X5+2X, X3}

0= RZX3+X2 X3
R2(R3+Ry)+RZ(Ry+R1)+X2(R3+Ry)+X2(Ry+Ry)+2R; (RyR3+X,X3)~2X, X3R; —2X, X3 R3
0= RZX3+X2 X3
(R3+R1)(RZ+X2)+(R2+R1)(R3+X2)+2R2(R1R3—X2X3)+2X5(X3R1 —X3R3)
1 1
—RZ——w szc
(R3+R1)(R2+w2L2)+(R+R1)( R +2Ry(R1R3—22)+2wL +23
312&’2(21322 2\R1R3— “’chlwc3
—R2_1 22 1
_ R w szc3
2
2 212 w“C5R3+1 _L_z —-Rq R_3
(Rs+R1)(R3+w L2)+(R2+R1)(7MZC§ +2R(RyR3 C3)+2L2(—C1 +C3)
Multiplying w? numerator and denominator:
2 2
—wR2_ 3Lz
_ wes Wi
a)Z(R3+R1)(R§+w2L§)+<R2+R1>(mZC R3+1)+2w2R2(R1R3——)+2(u2L (=2 R1+C3)
3
L3 R
) —wdE-wgt
Quality factor (Q) = : 3 - - — (14)
4[72 2| p2 2 _L2 1 R2+R;1
w*[L3(R3+R1)|+@?[RF (R3+R1)+R3 (Ry+R1) +2Rz(Ry R 2)raLa(Et+ 3)]+ = ]
ro o T
o—H\W\, I
| R]_

&
N
f---
&

2

Figure 3. Electrical equivalent impedance circuit of quantum antenna for phasor representation.

The phasor representation of equivalent circuit of QA (Figure 3) is shown in Figure 4.

le‘u

VRI

L 4
v

Vi I

Vo
Vi I Y Va

Figure 4. Phasor diagram of an electrical equivalent circuit of the quantum antenna.

VRZ - IZRZ = IZRZ L 00, VXZ = IZXZ - Iza)LZ L 900
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VP = VRZZ + V)?Z’ VR3 = I3R3 = I3R3 Z 00
I
Vx3 :I3X3 =w_z‘34_900, Vp = VRZ3 +V§3

For the parallel combination Vpz, = Vpg,,

JVRZZ +Vg = JVR23 +VZ, VIZR? + 12X% = \[IZR? + I2X?

1
I3/R? + X2 = I33/R% + X2, I,A/RZ + w2L3 = I, /R§ t o

At the resonance mode |I,| = |I3] and squaring both sides,

1
R + w13 = R + =i w1503 — (RS — RDWACE +1=0

(R3 — R3)CZ + V(R — RD?CS — 415C3
Wpq = 2122

By solving the parallel impedances Z, and Z; into an equivalent impedance Zp, Figure 3 can be
represented as shown in Figure 5.

Figure 5. Modified electrical equivalent impedance circuit of a quantum antenna.
Vi=Vy =V, Vg, =Ry =R £ 0°
Vy, = IiX; = IiwLCIA —90°, Vp = I;Zp = I;Zp 2 90°
At the particular frequency, Vz, = Vp and arises another mode of resonance frequency:

IiZp = L2y, Zp = Zy, —— = 7,

Yi+Y,

After this solution of resonance frequency:

2
L, R 2(1 1) 2( Lz) L, R3 2(1 1) 2( L2) { 2 2(1 1)} 1
(2223 _R2( 14 1) 2 (RyR3—22) |+ || 2-B—R2(2+2)-2(RyR3—22) | +4{L,R2-12(—+—)1—1
<c§6126163 C1\"E3cs) | [\c2 cr T2\er C3) €\TET3 T c 27372 ¢y "eslle 2

2{L2R§ —13 (Ci1+%)}
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1
Y,+Y3

Zin=Z1+2Zp Zin=Z1+ =17, +
P

1 1
ZiTl=R1+]X1+_Y =R1+]X1+—1 1
P

Ry+]X;  R3+]X3

1
Zin =R1 +_]X1+

Y_P=R1+]X1+

Ry—JX; | R3—JX3
RZ+XZ = RZ+Xx%
1
Ry R3 X3 X3
+ J (7 +

RZ+x2 ' RZ+x2 7 \RZ+x2 ' RZ+x?Z

1
Zin:R1+]X1+Y_:R1+]X1+
P

1
Zin=R1+]X1+_=R1+]X1+

Yp A—]JB
where,
_ Ry R X X3
A= R24+X2 + R24+X2 and B = R24+X2 + R2+x2
2 2 3 3 2 2 3 3

1 A+]JB
Zin=R1+]X1+Y—P=R1+]X1+m

A B
Zin =Ry +m+1 (X1 +m> = Zinr + Zinima

The classical DRA can be analyzed by its equivalent series RLC circuit!*!. The research done till now
explains that the dynamic electrical concept of classical DRA is freelance from an operational frequency in
the range of microwave spectrum and planks constant. But the laser-fed quantum antenna doesn’t have such
type of observations. The formulation and calculation of dynamic impedance of QA the above observations
are analyzed through mathematical reduction and simulation in HFSS software for its modeling. The shunt
branch impedance Z, and Z; are tuned to take it in an optical frequency range such that where |Z,| = |Z3], the
resonance condition is obtained but both of these impedances are in opposite phases. So, the whole circuit
of a quantum antenna can be represented by impedance Z; which is a series combination of resistor and
capacitor. As the angular resonant frequency depends on the values of inductance and capacitance (w,; &

%). Thus, by changing their values, we can modify the bandwidth of the circuit. If there is a further
2-3

increment in the value of w,; the quantum antenna circuit reacts as a series combination RLC*?. So, it is
obvious that another resonant frequency (w;2) is achieved due to the tuning between Z; and the resultant of
parallel impedance ZP that is a parallel combination of Z, anf Zs.

The expression of (w,2) shows that there is an effect of the values of R», R3, L,, Ci, and Cs on it. But,
the foremost impact on (w,2) is of the value of Cj. So, if C| is increased, the resonating frequency w,» would
increase accordingly.

The nano-antenna circuit acts as a filter due to zero circuit output for a domain of frequency and finite
output for a specific range of frequency*!. So, there is existence 1 stage 2 mode only in a nano-antenna
circuit. However, for the higher stage, odd and even harmonics of @ will be increased.

For the primary stage of the filter, 1st and 2nd mode resonating parameters such as f; are calculated.
Considering Figure 6, the input excitation and output response are represented by X; and X,,.

12



1st Quantum Anteena 2nd Quantum Anteena

Figure 6. 6th order quantum antenna (multistage quantum antenna).

. RysC1+1 R3sC3+1
Applying the Laplace transform Z; = 15C11 ,Z, =R, + sL, and Z3 = %
Xo(s) _ _Zp _ ZpZ3
Xi(S)  Z1+Zy Z1(Zp+Z3)+ZyZ3
where,
7 YAV
P (Zy+Zs)
Xo(s) _ 1 _ 1 _ 1
X; - Z1 R1sC1+1 T (R1sC1+D{(Rz+R3+sLp)sC3+1}
L(S) 1+Z 1+ SCI’% ore=] 14 sC1(Rp+sLp)(R3sC3+1)
Rz +R3+sLp)sC3+1
X,(s) 1
XL(S) - 1 +S3R1C1L2C3+SZ{L2C3+R1C1C3(R2+R3)}+R1C15+1 (15)
53R3C1L2C3+SZ(L2C3+R2R3C1C3)+R2C1$
Put s = jw, the transfer function will be:
X,(jw) 1
X;(jw) - 14 1-w?{LyC3+R1C1C3(Ry+R3)}Hj(R1C1w—w3R1C1L,C3) (16)

~w2(LC3+R2R3C1C3)+j(wR,C1—~w3R3C1 Ly C3)

The characteristics and behavior of QA as the acceptor or rejector circuit are described by Equation
(14). It behaves as an acceptor circuit (band-pass filter) and a rejector circuit (band rejects filter)! !,

Different operating modes can be calculated by simplifying the transfer function as:

Xo(jw) _ 1 1
i — L, atjb T _  atctj(b—d)
Xi(jw) 14 e e

where,
a=1-—w?{L,C3 +R,C;C5(R, + R3)}
b=RCiw — w3R,C;L,Cs
c=—w?(L,C5 + R,R5C,C3)
d=(wR,C; — w3R3C{L,C3)
Xo(Uw)| _ 1

X;(jw) J(1+ atc )2+( b—d) )2

c?+d? c?+d?

At high response of transfer functionb —d=0anda + c=0
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0

Applying this condition, there will be two modes generated at different frequencies
(RiCiw — w3R{C;L,C3) — (WR,C; — w3R3C1L,C3) =0
And the 2nd condition is

1-— wZ{L2C3 + R1C1C3(R2 + RS)} - wZ(L2C3 + R2R3C1C3) =0

Rlcl - R2C1
R,CyL,Cs — R3CyL,Cs

(4)1=

1

Wy =

The bandwidth of nano-antenna:

R1C1—RyCy

(BW) = (w; — wy) = J

1
LpC3+RyR3C1C34+{L,C3+R1C1C3(R2+R3)} \/Rl C1L3C3—R3C1L,C3

(17)

(18)

(19)

As per the above discussion, the input impedance is only the function of the non-imaginary part of Z;,
and that non-imaginary part is frequency dependent!*>*?). This relation implies the quality factor as

2
2
L, R3 2(1 1) 2( Lz) L, R3 2(1 1) 2( Lz) { 2 2(
223 RZ( 141 )-2(RyR3—22) |+ || 22-23-R2(+—)—~(RoR3—72) | +4{L,RZ-L2(~—
<c§C1 2\C1'C3 C123C3_c§01 2\C17C3) C1\"2737Cs 27372\

1 1
ity
C3/icyc3

1 1
2iL RZ—LZ(— —)}
{ 2R3-La\cite
wr .

(20)

R1C1-R2Cq
R1C1L2C3-R3C1L2C3

C(wamwy) \/ 1

LyC3+R2R3C1C3+{L2C3+R1C1C3(R2+R3)}

5. MATLAB simulation results

Magnitude of Zin(ochm) Magnitude of Zd(ohm)

Quality factor

The simulation results are presented as follows:

Dynamic impedance of system

7000 F ' 1000 T T T

6000 v/

Imaginary part of Zin

Magnitude of Zim(ohm)
Z
=

5000 . . . . . o . . . . . . .
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Frequency(rad/sec) «108 Frequency(rad/sec) 108
Magnitude of zin Quality factort 2 0 5[{" @& Q {3
7000 . . : _ 015 T : .
8 ]
& 04 ]
6000 =
= 005F
3
5DDD i L L i L L i L L G D i i i i i i i i i
0 1 2 3 4 5 6 7 8 9 10 i} 1 2 3 4 5 6 7 B 9 10
Frequency(rad/sec) %108 Frequency(rad/sec) %108
Quality factor 2 Quality factor3
0.15 . . . B : T .
— %
01f 1 &4
£
0.05 5 a
3
L L i L L i L L c i i
0 0
0 1 2 3 4 5 6 7 8 9 10 0 1 2 k] 4 5 6 8 9 10
<10° Frequency(rad/sec) <108

Frequency(rad/sec)

Figure 7. Simulated graph of all parameters of QA at R; = 3530 Q, R2 = 3560 Q, and R3 = 3590 Q.
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Quality factor

Quality factor2

T Dynamic impedance of system
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Figure 8. Simulated graph of all parameters of QA at R1 = 1000 2, R = 1035 2, and R3 = 1065 .
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Figure 9. Simulated graph of all parameters of QA at L> = 1210e — 6H, C1 =25e — 15F, C3 = 143e — 15F, R1 = 3530 Q, R2 = 3560
Q, and R3 = 3590 Q.
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Figure 10. Simulated graph of all parameters of QA at L> = 1210e — 6H, C1 =25¢ — 15F, C3 = 143e — 15F with R1 = 1000 ©Q, R> =
1035 ©, and R3 = 1065 Q.

Figures 7-10 show the simulation plot of all parameters of QA at distinct values of L, C;, C3, R;, R
and Rs.
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Figure 11. Simulated graph of all parameters of QA.

Table 2 indicates the approximate values of equivalent circuit parameters of QA at w =5 THz.
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Table 2. Calculated values of circuit elements after synthesis of QA at 5 THz.

Frequency (THz) The calculated value of QA circuit parameters
0} R (kQY) R> (kQY) R; (kQY) L> (mH) Ci (uF) Cs (uF)
5 3.530 6.899 4.955 1210 x 1073 25 x 10 143 <107
E o .
E IIJynamlc |mpedlance of systen"l E a5 108 . Imaginary‘part of Zin .
S 7510.299990908 E
B 7510.2099999975 b
S 7510.299999997 2
T 7510.2099999965 2
o c
g i i I E‘ 2 i i
4 45 55 6 = 4 45 5 55 6
o Frequency(rad/sec) <1012 Frequency(rad/sec) <1012
e . . Quality factor1
s Magnitude of zin 107
& 7510.2099999985 " 5
B 7510209999998 - s
3 7510.2099990975 _5—; a5t
§ 7510299999997 . ‘ a .| . ‘ - ‘ - ‘ ]
= 4 4.5 5 55 6 4 4.2 4.4 4.6 4.8 s 6.2 5.4 5.8 5.8 8
Frequency(rad/sec) <1012 Frequency(rad/sec) 102
<107 Quality factor2 %107 Quality factor3
5 ' 5121 ‘
B 2 1r
: :
Gl : : - Yos : :
4 45 5 55 6 4 45 5 55 6
Frequency(rad/sec) 1012 Frequency(rad/sec) <1012
Figure 12. Simulated graph of all parameters of QA.
Table 3 represents the approximate values of equivalent circuit parameters of QA at w = 10 THz.
Table 3. Evaluated values of QA circuit parameters after synthesis at 10 THz.
Frequency (THz) The calculated value of QA circuit parameters
0] R (kQ) R (kQ) R3 (kQ) L> (mH) C1 (uF) C; (uF)
10 3.53 1.875 3.9803 1210 x 1072 25 x 104 143 x 104
10 3.53 3.881 4.131 1210 x 1072 129 x 104 145 x 104
E ot Dynamic impedance of system .E 0 T
o T T T T T T T T 2 T T T T
T 1.4088000000001 1 E22[
g Nl
° 1.4088 s
[]
5 CREL
£ 1.4087999999909 1 2
g eter . . . . . . T
= 4 42 44 46 48 5 52 54 56 58 6 S 4 42 44 45 48 5 52 54 56 58 6
Frequency(rad/sec) «10™ Frequency(rad/sec) w10
_E «10% Magnitude of zin %109 Quality factor1
8 T T T T T T T T T l-‘lﬁ [ T T T T
£ 1.4088000000001 1 8
s 814t
o 1.4088 2
g Fi2t
£ 1.4087999999909 - i 3
E . . . ‘ ‘ ‘ . . . o ‘ ‘ ‘ . . . ‘ ‘ ‘
o
2 4 42 44 46 48 5 52 54 56 58 6 4 42 44 486 48 5 52 54 56 58 6
Frequency(rad/sec) «10 Frequency(rad/sec) 10
100 Quality factor 2 it Quality factor 3 & AER®RAG
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Figure 13. Simulated graph of all QA parameter:
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Table 4 shows the approximate values of equivalent circuit parameters of QA at w = 500 THz.

Table 4. Evaluated values of QA circuit parameters after synthesis at 500 THz.

Frequency (THz) The calculated value of QA circuit parameters
® Ri1(kQ) R2(kQ) R3 (kQ) L> (mH) C1 (uF) Cs (uF)
500 3.53 9.999 10.558 1210 x 1072 129 x 104 145 x 104

2 2 2
F=ame |G) +(F) + (D)

From the study and analysis of Figures 7—13, it is clear that for a classical antenna, the frequency is

generally in the GHz range but at the same time the dynamic impedance and its magnitude are also increased.
Its effect the quality factor proportionally, so the bandwidth will be reduced. That’s why such type of
antenna has a limited range of signals while the nano DRA or quantum DRA operates at terahertz frequency
due to which dynamic impedance decreases and magnitude of the impedance is also decreased that shows
a decrement in quality factor but the increment in bandwidth. That’s why such types of antenna are used for
a wide range of signals. The mathematical analysis of quantum DRA in this article is a novel work that has
not been presented in earlier studies.

The linear permittivity of a homogenous substance in free space is referred to as relative permittivity
er (also known as dielectric constant, although it is depreciated and refers to the static, zero frequency
relative permittivity).

1 X 1 . . .
Q= 7 Ir 7 = ban d];rv S = DF — ESR — mand’ equivalent series resistance (ESR).
h=J1

6. Designing procedure and formulation of quantum DRA

Designing of quantum rectangular DRA

The perspective view of quantum rectangular DRA using HFSS is shown below:

, O
z

£

Lsue/Le

i

\ Wp

W,/ We

Figure 14. Quantum rectangular DRA.
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Figure 15. Simulated plot between reflection coefficient and frequency.
Z11 HFSSDesign
42.00 Curve info
)
41.00
40.00
39.00

dB20(Z(1,1)
g

'S
8 HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH
o
S)

37.00
36.00
35.00
34.00 : : : ; : : : ! . ! ! - ; | ; ; ; ;
475.00 500.00 525.00 550.00
Freq [thz]
Figure 16. Simulated plot between input impedance and frequency.
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Figure 17. Simulated plot between VSWR and frequency.
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Figure 18. Radiation pattern quantum rectangular DRA.
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Figure 19. 3D polar plot quantum rectangular DRA.
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Figure 20. Simulated plot between gain and frequency.
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Figure 21. Simulated plot between axial ratio and frequency.
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Figure 22. Simulated plot between polarization ratio and frequency.

The design, dimensions, and radiation pattern of THz rectangular DRAs, along with Si1 Zi1, VSWR,
and other antenna radiation patterns have been obtained in Figures 14-18. Figures 19-22 show the graph
of gain, axial ratio and polarization ratio versus frequency respectively. These can provide wider bandwidth
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and fast data rate. Terahertz DRA can be used for optical communication. It provides a new opportunity for
fast communication systems. The equivalent circuit of terahertz DRA has already been explained in this
article. For proper working of any antenna, the frequency must be less than —10 dB. The comparative study
of proposed quantum DRA with respective to existing is shown in Table 5.

Table 5. Comparative study of proposed DRA with existing ones.

Authors Title Operating frequency /bandwidth

Pan et al.3 Compact quasi-isotropic dielectric resonator 189 THz-194 THz
antenna with small ground plane

KumarB! A compact graphene based nano-antenna for 55 THz frequency with a peak gain of
communication in nano-network 5.47 dB

Kavitha et al.’?! Graphene plasmonic nano-antenna for terahertz 30 THz frequency with a peak gain of
communication 3.52dB

Proposed nano DRA Mathematical modeling and parameter analysis of 511 THz frequency with good

quantum antenna for IoT sensor-based biomedical ~ performance
applications

7. Conclusion

In this paper, parameters like dynamic impedance (Z;), quality factor, and input impedance (Z;,) of
NDRA (QA) have been formulated and calculated by its electrical equivalent circuit that is a series and
parallel sequence of resistor, inductor, and capacitor. The calculated and simulated results for different
parameters are shown. Under tuning conditions, it has been ascertained that dynamic impedance is
decreased with an increase in THz frequency (511 THz) which results in a decrement in power losses,
therefore it requires less power for signal transmission. Due to low power dissipation, there is low-
temperature variation, and due to this less number of body tissues are damaged when used in biomedical
applications just like laser operation. The integration of IoT technology with quantum antennas has the
potential to significantly improve the performance and efficiency of wireless communication systems.
Therefore, this research article on NDRA (QA) circuits can facilitate developers in sensible realization for
bioscience and medical applications and the results have been validated at 5 THz, 10 THz and 500 THz.
Quantum antenna is very high bandwidth and high dissipation factor (D.F), can be used for sensors and
wide band antennas for high-speed communications applications. Simulation results based on optical DRAs
have been included along with equivalent R, L, C circuit and MATLAB based mathematical analysis.
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