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Abstract: Computation of transmission system efficiency of
electromagnetic radiation becomes inaccurate when Friis for-
mula is used in Fresnel zone (near-field zone) ofwireless power
transmission (WPT). A novel methodology has been proposed
in this paper for estimation of the power density, received
power and transmission system efficiency at a particular
operating frequency in the near-field zone. The power transfer
and transmission system efficiency need to be maximized for
minimal dimensions of transmitter and receiver. Utilization of
negative refractive index metamaterials (MM) between trans-
mitter and receiver is proposed to achieve maximum power
transfer. In the present paper, variation of received power and
system efficiency with respect to transmitting distance is
computed and compared for WPT system with and without
metamaterials. The variation of system efficiency is studied for
varied location of metamaterial from transmitter by assuming
metamaterial diameter at a given location is greater than or
equal to the beam diameter at that location. Different config-
urations with varied input power and transmitting distances
from shorter to longer range are considered in the study to
analyse parameters that affect system efficiency. The approach
for identifying optimal number of metamaterials and their
placement between transmitter and receiver for maximum
power transfer has also been discussed.

Keywords: electromagnetic waves; metamaterial; wireless
power transfer.

1 Introduction

Wireless Power Transmission (WPT) is a promising tech-
nique for the long-term power supply of wireless

applications. Wireless power transfer via electromagnetic
radiation is more efficient than inductive power transfer.
WPT system converts available energy into microwave one,
deliver this energy to the atmosphere through transmitter
and reconvert microwave signal into DC by means of
reception antenna. Studies onWPT are divided into design of
Magnetron to generate radio frequency (RF) in the order of
GHz, transmission antennas, Microwave Transmission,
Receiving antennas and RF-DC conversion. One more
important component for this type of wireless power
transfer is the Rectenna. Rectenna basically consists of
Reception Antenna, impedance matching circuits, filter cir-
cuits, and load circuits. The amount of power that can be
transferred is limited. The transmitted power is limited by
regulations and the received power is attenuated, mainly
due to free-space path loss. Power transmission efficiencies
dependmainly on type of antennas, distance towhich power
to be transmitted, operating frequency etc.

WPT was first initiated from the concept of Solar Power
Satellites, one of the future alternative energy, and studied
continuously all over the world. This technology has the
advantage of having higher efficiency than solar energy on
ground and ensure receipt of infinite energy without effect
of weather conditions. WPT can be divided into two cate-
gories namely near-field approach and far-field approach. In
near-field approach, power is transferred over short dis-
tances by magnetic fields or electric fields using inductive
coupling or capacitive coupling respectively. In far-field
approach, power is transferred over longer distances by
electromagnetic radiation like microwaves or laser beams
(Kawasaki 2011; Shinohara, Kubo, and Tonomura 2013). The
antenna that is predominantly used at microwave fre-
quencies is micro-strip patch based antenna and depending
on power rating multiple antennas/sensors in the form of
rectangular or square array are used. The power density at
any point along the line normal to the transmitter antenna
array is determined using simpler approach. However, the
power density on receiving antenna array varies from one
point to another. The power density depends on dimensions
of the receiving antenna array and its distance from the
transmitting antenna. If receiving antenna is not properly
designed, the amount of power transmitted from transmitting
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antenna may not be fully used and transmission system effi-
ciency becomes low. The transmitting antenna is considered
to be square/rectangular array type and the transmitting
antenna area is generally less than receiving antenna (Shi-
nohara 2012).

Currently, microwave power transfer technology is being
utilized inmanyfields like electric vehicles andmobile phones
that are powered by electromagnetic waves and the micro-
wave power transfer systems inside buildings (Kawasaki 2011;
Shinohara, Kubo, and Tonomura 2013). The microstrip patch
antenna array has merits of a simple manufacturing process,
small volume, light weight, low profile, and easy integration.
Hence, it is commonly used in the field of microwave wireless
power transfer. A series of theoretical and experimental
results about microwave power transfer systems using the
microstrip patch antenna arrays were presented (Shinohara
2012). Several methods have been employed to increase the
power transmission system efficiency, performances, and
robustness of the microwave power transfer systems by
designing transmitting arrays (Franceschetti, Massa, and
Rocca 2011; Li and Jandhyala 2012; Manica et al. 2008; Oliveri
et al. 2012). A microwave power transfer system which is
functioning at the frequency of 5.8 GHzwith 8× 8 transmitting
antenna array and 4 × 4 receiving antenna array has been
presented, and 33.4 % transmission system efficiency has been
claimedat thedistance of 40 cm (Gowdaet al. 2016). In addition
to this, an optimized microwave power transfer system with
8 × 8 transmitting patch antenna array and 8 × 8 receiving
patch antenna array at the frequency of 5.8 GHz and the dis-
tance of 100 cm has been presented for improving the trans-
mission system efficiency to 46.9% (Yang,Wen, and Sun 2017).

MMs are widely consisting of artificial structures that
show special electromagnetic properties like negative refrac-
tive index (Yang, Wen, and Sun 2017). The wavelength is
usually much higher than the elemental structures in MMs
and the novel electromagnetic properties ofMMsare achieved
from these elemental structures, rather from composite ma-
terials. Parameters like electric permittivity and magnetic
permeability can be used to describe the electromagnetic
properties ofMMs (Smith, Pendry, andWiltshire 2004). Almost
arbitrary parameters can be achieved by carefully designing
the elemental structures of MMs. Negative refraction happens
at both interfaces of negative refractive index material which
means, a negative refractive index material slab recovers
propagating waves (Wang, Nishino, and Teo 2010). The
transmission system efficiency has been experimentally
measured at 2.45 GHz centre frequency by keeping the
receiver at 1 m distance from the transmitter. The trans-
mission systemefficiencyof 26.91%withoutmetamaterial has
increased to the transmission system efficiency of 32.6 % with
MM (Shashank and Nayak 2021).

Friis transmission equation can only be used at far-field
distances because it is assumed that the electromagnetic
wave is plane wave at far-field. As the electromagnetic wave
is spherical wave in the near-field distances, Friis trans-
mission equation cannot be used at near-field zone (Brown
and Eves 1992). Four methods namely Standard derivation,
Fresnel optics derivation, Gaussian beam derivation and
Mode derivation have been proposed to derive Friis trans-
mission equation (Hogg 1993). The transmission efficiency
can be theoretically increased to 100 % if the infinite Rec-
tenna array is used to absorb the electromagnetic radiation
(Otsuka et al. 1990; Shinohara 2010). A method has been
proposed for determining optimal excitation magnitudes
and phases to achieve maximum efficiencies in a multiple
input single output WPT system (Lee et al. 2020). The
experimental results of the transmission properties in
Fresnel region have been discussed (Juengkittikul and
Promwong 2009). Although few corrections have been made
to the Friis transmission equation to consider near field
distances (Breinbjerg and Kaslis 2017; Chu 1965; Kim, Xu, and
Rahmat-Samii 2013), not significant contribution is available
in the literature. Further, transmission efficiency calcula-
tions in the near field are not available. Friis transmission
formula has been used by several researchers for various
applications (Ghobad and de Moraes 2012; Kim et al. 2015;
Udomsom et al. 2017). An asymptotic generalization of the
Friis formula which can be used for both near-field and far-
field regions has been discussed for variety of antennas. An
approximate generalization of the Friis formula based on
the fundamental mode of Gaussian beams was proposed in
(Hogg 1993), but instructions on deriving a generalized gain
reduction factor have not been presented. An asymptotic
correction has been made to Friis equation to determine the
power transmission efficiency between transmitter and
receiver in either Fresnel or far-field regions. Though the
proposed correction to Friis equation improves the signifi-
cant accuracy, the paper does not address the transmission
efficiency among the antenna arrays (Chu 1965). A mean
correction term has been proposed to modify Friis trans-
mission equation for determining the transmission effi-
ciency in the near-field region between the transmitter array
and the receiver. However, the generalized approach/
methodology for calculating distances between transmitter
array sensors and the receiver has not been presented (Kim
et al. 2019). Hence there is a need formodifying Friis formula
for estimating radiating power density, received power and
transmission efficiency in the Fresnel zone. A new and
simpler approach has been discussed in this paper for esti-
mating beam efficiency in the Fresnel zone.

In the present paper, it has been discussed about
improving overall WPT system efficiency by using MMs at
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regular distances between transmitter and receiver. An
analytical study has been carried out by estimating negative
refractive index of MM for the given dimensions to obtain
optimal WPT system. Section II presents the design of WPT
system with existing Friis formula and proposed alternate
approach. Section III presents the design of WPT system by
using negative refractive indexMMs. Section IV presents the
details of various WPT system models considered for study.
Section V presents the variation of radiating power density,
received power and transmission system efficiency with
respect to transmitting distance for different WPT system
models with and without MMs. The approach for identifying
optimal number of MMs and their placement between
transmitter and receiver for maximum power transfer and
transmission system efficiency over longer distances has
also been discussed. Section VI presents the FEM based
analysis of WPT system to validate the analytical results.
Section VII presents the conclusions.

2 Design of WPT system

The design of WPT system has been explained in this section
using existing Friis formula andproposed alternate approach.

2.1 Friis formula

The ratio of receiving power to transmitted power gives
transmission efficiency as per Friis formula given by equa-
tion (1). The transmission efficiency is also known as beam
efficiency. Friis equation shall be accurate if distance be-
tween transmitter and receiver is more than minimum
distance (dmin) given by equation (2).

Pr

Pt
= GrGtλ

2

(4πd)2 =
ArAt

(λd)2 (1)

where Gr is receiving antenna gain, Gt is transmitting an-
tenna gain, d is propagation distance between antennas,
meters, Ar is effective area of receiving antenna, Sq. meters,
At is effective area of transmitting antenna, Sq. meters, Pr is
radiating power, Watts, Pt is transmitting power, Watts

dmin ≥
2D2

λ
(2)

where D is the largest linear dimension of an antenna, me-
ters. λ is wavelength corresponding to operating frequency
“f ”, meters.

2.2 Proposed alternate approach

The following assumptions aremade in order to compare the
transmission efficiency estimated through existing Friis
equation and proposed Friis equation in the present study:
– Side lobes and back lobes are not considered for the

computation. It means the entire equivalent power
input is considered as main beam.

– Absorption of microwaves by the atmosphere is
neglected.

– The electromagnetic fields from the transmitter array
panel are coherently added at the receiver array panel.

– The ideal radiation distribution of circular cross section
is considered.

The formula for calculating radiating power density (PD) at
any propagation distance ‘d’ is given by the equation (3).

PD = 4Pinηt
πD2

b

(3)

where Db is the diameter of beam at distance ‘d’, meters, Pin
is the input power, Watts and ηt is reflector efficiency.

If the power density at the propagation distance ‘d’ is to
be calculated, the microwave beam diameter Db must be
known at that distance.

Assume that the microwave beam has propagated to the
distance beyond Fresnel region then the beam angle in de-
grees (Merrill 2002) is given by the equation (4).

φ = 70λ
D

(4)

where D is reflector diameter, meters and λ is carrier
wavelength, meters

In order to find out the beam diameter at any propa-
gating distance, it is assumed that the beam is divergent from
the transmitter itself as shown in Figure 1.

The beam diameter bD at propagation distance d = 2D2

λ is
given by the equation (5).

bD = 2*tan
φ
2*
2D2

λ
(5)

The angle θ can be approximately calculated using the
below equation given by (6)

θ = tan−1(λ(bD − D)
4D2 ) (6)

The beam diameter Db at any propagating distance in
the Fresnel region (Trichili et al. 2020) can be calculated
using the equation given by (7).
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Db = D

̅̅̅̅̅̅̅̅̅̅
1 + (2θd

D
)2

√√
(7)

If the effective area of receiving antenna is known, the
received power on receiver can be calculated bymultiplying
effective area with power density calculated using equation
(3). The received power is given by equation (8).

Pr = PD
πD2

r

4
( ) = 4Pinηt

πD2
b

πD2
r

4
( ) = Pinηt

D2
r

D2
b

( ) (8)

where Dr is the receiver diameter, meters and ηt is trans-
mitter efficiency.

The formula for WPT system efficiency is given by
equation (9).

η = Pr

Pin
=

⎡⎢⎢⎢⎣ ηt(D
2
r

D2
b
) if Dr < Db

ηtif Dr ≥ Db

(9)

3 WPT with metamaterials

The law of refraction is as shown in Figure 2. It states that the
incoming beam and outgoing beam are parallel to each
other. It can also be proved that the incoming beam angle
and outgoing beam angle are equal as shown below in
equation (10) using Snell’s law.

θ3 = sin−1(−n2

n1
sin θ2)

= sin−1(−n2

n1
sin(sin−1( n1

−n2
sin θ1)))

= sin−1(sin θ1) = θ1 (10)

When the diverging microwave beam enters into the
MM of negative refractive index, it can be ensured that the
microwave beam converges within the MM such that it
comes out with the same beam diameter equal to the beam
diameter at the transmitter. The more the number of MMs
are used in between transmitter and receiver, the greater
will be the distance the microwave beam travels. It is
important to note that the efficiency of MM shall be
increased to highest possible level. One must ensure that the
dimensions of MM must be greater than the beam diameter
at the location ofMM to capture all themicrowave beam. The
more the negative value of the refractive index of the MM
the more will be reduction of the beam diameter when it
comes out of the MM for given thickness of the MM (refer
Figure 3).

The receiver size needs to be more compared to the
transmitter sizewhen it is ensured that themicrowave beam
comes out of the MMwith same beam diameter as the beam
diameter at the transmitter. In order to maintain the

Figure 1: Beam divergence from transmitter.

Figure 2: Law of refraction.

Figure 3: Variation in the microwave beam
diameter as it encounters MMs.
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receiver and transmitter of the same size, it is necessary to
ensure that that the microwave beam diameter must be
smaller than that of transmitter reflector diameter. The
required microwave beam diameter at the exit of MM de-
pends on design requirements like location of receiver from
the last MM, value of negative refractive index MM, thick-
ness of MM etc.

Let tm be the MM thickness, D1 be the beam diameter
when entering the MM and D2 be the beam diameter when
leaving the MM. Then refractive index n2 of the MM is
derived and presented in equation (11).

n2 = − k
D1 − D2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(D1 − D2)2 + 4t2m

√
,

k = λ(bD − D)̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
λ2(bD − D)2 + 16D4

√ (11)

The above equation can bemodified and rewritten to get
the required beam diameter when leaving the MM in terms
of parameters likematerial thickness, refractive index of the
MM etc., as given in equation (12).

D2 = D1 −
̅̅̅̅̅̅
4k2t2m
n22 − k2

√
(12)

It is evident from equation (12) that for given reflector
diameter, frequency of operation andmaterial thickness, the
beam diameter while leaving the MM decreases as the
negative refractive index increases.

4 Modeling details and technical
parameters

The MATLAB software based program is developed in the
study to optimize the design parameters of theWPT system.
The software program developed in the study calculates

performance parameters of WPT like radiating power
density, received power, beam diameter etc. The novelty of
program is that it can calculate these performance pa-
rameters in the near-filed zone by calculating power den-
sity using an alternate approach instead of applying
existing Friis formula which is not valid for near-field zone.
The program takes the parameters like transmitter
reflector diameter, receiver reflector diameter, operating
frequency, transmitter efficiency, distance between MMs,
MM thickness, MM efficiency, distance between last MM
and receiver, number of MMs and transmit power as input
parameters. Table 1 shows the input parameters for various
WPT models considered for study.

Different diameters of transmitter and receiver are
considered to estimate theWPT system efficiency. Generally,
in small scale commercial WPT models, transmitter and
receiver diameters are of the same. In the present study,
slightly higher and lower diameters of receiver over trans-
mitter have been considered to analyze the effect on WPT
system efficiency. Smaller reflector diameter of 0.27 m is
assumed to verify the experimental data considered for the
study. Various reflector diameters are considered to esti-
mateWPT system efficiency at different distances of receiver
from the transmitter. Further, increased reflector diameter
is required to transmit power for longer distances. In other
words, to receive power with increased efficiencies at longer
distances in the order of kilometers, higher diameters of
reflector and MM are required. Further effect of multiple
numbers of MM with increased distance between trans-
mitter and receiver is also analyzed. The MM diameter is
considered to be in the same order of transmitter and
reflector diameter. As MM diameter has significant effect on
radiating power density, effect of fine variation in MM
diameter has been analyzed in the study. Table 2 shows the
output parameters for various WPT models considered for
study. The developed MATLAB program calculates the

Table : Input parameters for WPT Models considered for study.

S. no. Input parameters Model I Model II Model III Model IV

 Transmitter reflector diameter, m .   

 Receiver reflector diameter, m . ., ., . , ,  

 Centre frequency, GHz . . . .
 Reflector efficiency, %    

 Distance between MMs, m –  ,  

 MM thickness, m . . . .
 MM efficiency, % – – – –

 MM diameter, m .–. –. .– –

 Number of MMs    

 Input power, kW .   

 Distance between transmitter and receiver, m    
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parameters like beam diameter at a particular location from
the transmitter, refractive index of MM, power density at a
particular distance from the transmitter, received power by
the receiver etc. as output parameters. The developed nu-
merical program calculates the beam diameter, power
density and received power at different distances from the
transmitter with and without considering MMs. The present
analysis also aims to calculate the WPT system efficiency for
different configurations and compare for different di-
ameters of transmitter, receiver and MMs.

5 Results and discussion

WPT Model I consisting of transmitter, receiver and MM is as
shown in Figure 4. The WPT system efficiency curve obtained
experimentally (Shashank and Nayak 2021) has been consid-
ered to validate the proposed model (Model-I). The measured
efficiency increases from 30.2 % to 32.6 % from 0m to 0.3 m
distance from transmitter (refer Figure 5). Model-I has been
considered to validate the proposed computational program

results with the above reported efficiency measurements. The
transmitter and receiver reflector diameter of 0.27m each and
theMMdiameter of 0.29mare considered for the analysis. The
transmitter reflector efficiency is considered to be 70% while
the MM efficiencies are considered to be in the range of 80–
90%. The WPT system efficiency is defined as the ratio of
received power to the input power. The transmission system
efficiency has been plotted for varied location of MM between
the transmitter and receiver and shown in Figure 6. The
receiver is considered to be at 1m distance from the trans-
mitter for the analysis. It is clear from the results that theWPT
system efficiency is 27.23 % without MM. Further, the system
efficiency increases and reaches the highest level (33.31 %) for
the MM of 80% efficiency located at around 0.5 m from
transmitter. The WPT system efficiency decreases as MM
moves beyond 0.5m distance from transmitter. The computed
efficiency levels shown in Figure 6 are in line with the
experimental results referred in (Shashank and Nayak 2021).

In order to understand the effect of diameter of MM on
WPT system efficiency, different diameters of MMs have
been considered with 80 % efficiency and system efficiencies
have been calculated at different locations from transmitter
and shown in Figure 7. From the results, it is clear that the
system efficiency increaseswith the increase in the diameter
of MM for a given location of MM. Further, higher system
efficiency is achieved at increased distance from transmitter
for higher diameter MM. It is important to note that
depending on diameter ofMM, beyond certain distance from
transmitter, WPT system efficiency falls down rapidly.

In order to understand effect of receiver location with
respect to transmitter on system efficiency, a MM block of
diameter 0.3 m with different efficiencies/absorption losses
is fixed at 0.4 m from transmitter while the location of
receiver from transmitter is varied. The results are shown in
Figure 8. It is clear from results that the WPS system effi-
ciency is higher with MM compared to without MM. It is also

Table : Output parameters for WPT models considered in the study.

S. no. Output parameters

 WPT system efficiency, %
 Radiating power density at various distances, W/m

 Receiving power at receiver, W
 Radiating power density at receiver, W/m

Figure 4: Model I considered for the study.

Figure 5: WPT system efficiency measurements for different
configurations (Shashank and Nayak 2021).
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evident that as the WPS system efficiency increases with
increase of efficiency of MM.

System efficiencies have been computed for different
beam diameters of convergence from MM (20 % absorption
loss or 80%efficiency) and shown in Figure 9. In otherwords,
variation of system efficiencies has been plotted for different
beam diameters at exit of MM of given diameter of MM.
Here, theMMdiameter of 0.29 m is considered and the beam
diameter at exit of MM is varied from 0.23 m to 0.29 m. It is
clear from the results that the efficiency falls down as the
beam diameter at exit of MM increases (less convergence)
and vice versa. From the results shown in above figure, it is
apt to consider the beam diameter of 0.27 m (which is also
transmitter diameter) at exit of MM for the analysis carried
out for Model-I.

The Model II consisting of transmitter, receiver andMM
array is as shown in Figure 10. The variation of power den-
sity with distance between transmitter (Tx) and receiver (Rx)

is computed for second model considered in the study. The
power density reduces with distance as the beam diverges,
however, it starts increasing when the beam encounters
MM. This may be because of the reason that the beam
diameter converges within the MM. The received power is
highest as long as the MM size is sufficient to capture the
total beam and the receiver reflector size is sufficient to
capture the total microwave beam. As the microwave beam
is divergent, certain amount of microwave beam will be lost
unless significant size receiver reflector i.e., at least trans-
mitter size is used at the receiving end. The transmitter
reflector size of 1.8 m diameter and efficiency of 70 %, the
receiver reflector size of 1.8 m diameter, centre frequency of
2.45 GHz, twoMMs of efficiency up to 80 %, diameter 2 m and
thickness 0.01 m at 20 m and 40m are considered for the
analysis. The distance between transmitter and receiver is
considered to be 60m. It is assumed that when beam enters
the MM with certain diameter, it shall leave the MM with
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Figure 7: Variation in WPT system efficiency for
MM of different diameters (Model I).
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diameter equal to the reflector diameter. Under this
assumption, the negative refractive index variation with
thickness of MM is calculated using equation (11) and plotted
as shown in Figure 11. The lower the thickness of theMM, the
lower will be the negative refractive index of the MM. The
power density of microwave beam is compared for WPT
system with and without MMs and shown in Figure 12. The
power density of microwave beam without MM falls
continuously as indicated and the power density of micro-
wave beam shoots up when it encounters the MM. The peak
value of power density with meta materials also reduces

with increase of distance from transmitter depending on
efficiency of meta materials. As shown in Figure 12, the
system efficiency without MM falls down continuously with
the increase in the distance of the location of the receiver
from the transmitter because the receiver size of 1.8 m
diameter may not be sufficient to capture all the microwave
beam.

The variation of WPT system efficiency with and without
MMs is shown in Figure 13. When the receiver is at 50m
distance from the transmitter, the system efficiency is 24.48%
(the received power is 489.57W). In case of utilization ofMMs,
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Figure 9: Variation of efficiency for different
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(Model I).

Figure 10: Model II considered for the study.
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the received power by the receiver is improved significantly
depending on location of receiver w.r.t. transmitter. For
example, if the receiver is at 30m and one MM is located at
20m from the transmitter, the system efficiency is found to be
52.12 % (received power is 1042.40W). Further, if the receiver
is at 50m after two MMs at an interval of 20m, the system
efficiency is found to be 41.69 % (received power is 833.8W).
Here, efficiency of MM is assumed to be 80%. Thus, the
received power of the WPT system with MMs is higher than
the received power without MMs for a given location of the
receiver from the transmitter. The received power by the
receivers are computed for different sizes of the receivers
assuming the same size of the transmitter and considering
MMs of diameter 1.8 m. When the receiver size is same as the
transmitter size, the received power starts falling from the
transmitter itself. As the receiver size increases, and more
than transmitter, the received power remains constant till
certain distance from transmitter and then it starts falling
when the microwave beam diameter exceeds the size of the
receiver as shown in Figure 14. Here, efficiency of MMs is
considered to be 80%. From the results, it is clear that the
receivedpowerat 60mdistance fromtransmitter is improved
in the range of 690.53W–746.88Wdepending on receiver size,
against 380.65W for the configuration of WPT without meta
material. For increased receiver size, there is a substantial
increase in receiving power. The WPT system efficiency has
also been computed by varying the MM location from the
transmitter and keeping the receiver at 60m distance from
the transmitter as shown in Figure 15. It has been observed
that the maximum efficiency of 24.81 % is achieved when the
MM of 80% efficiency is placed at around 30m from the
transmitter. Thus, the WPT system efficiency increases and
reaches the peak value at half way of transmitter and
receiver. Beyond this, system efficiency falls with increase of
distance of MM location from the transmitter as shown in
Figure 15.

In order to understand the effect of diameter of MM on
WPT system efficiency, different diameters of MMs have
been considered with 80 % efficiency and system efficiencies
have been calculated at different locations and shown in
Figure 16. From the results, it is clear that the system effi-
ciency increases with the increase in the diameter of MM for
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Figure 13: Variation of efficiency of the WPT system with and without
MMs (Model II).
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the given location ofMM. Further, higher system efficiency is
achieved at greater distance from transmitter for higher
diameter MM. It is important to note that depending on
diameter of MM, beyond certain distance from transmitter,
usually half way between transmitter and receiver, WPT
system efficiency decreases.

The Model III consisting of transmitter, receiver and
MM array is as shown in Figure 17. The analysis has been
carried out for higher power transfer of 15 kW over a dis-
tance of 2.8 km (refer Model III). The transmitter reflector
diameter of 12 mwith efficiency of 70 % is considered for the
analysis. The receiver reflector size of 12 m diameter, centre
frequency of 2.45 GHz, MMs of diameter 13.37 m and thick-
ness 0.01 m with separation of 800m among them are
considered for the analysis. The distance between the
transmitter and receiver is 2800 m. It is assumed that the
beam converges to 12 m diameter when it comes out of MM.
The variation of system efficiency is computed with and
without MMs and shown in Figure 18(a). Though there is an
efficiency drop due to absorption loss of MM, the overall
efficiency ofWPT systemhas been greatly improved by using
MMs at frequent intervals of distance between transmitter
and receiver. WPT System efficiency falls down to 33.8 % at
2800 m with 80 % efficient MMs while the maximum system
efficiency that can be achieved with 90 % efficient MMs
(absorption loss is 10 %) is 48.1 % at same location. However,
the system efficiency withoutMMs at 2800 m is 17.7 %, which
is less compared to all the configurations in which MMs are
used. The analysis has also been carried out by placing only
one MM at 1600 m (refer Figure 18(b)) The chosen diameter
of the MM is 16.81 m to ensure that all the microwave beam
falls on the MM.

Further, it is assumed that the beam converges to 12 m,
when it comes out of MM. WPT System efficiency falls down
to 36.3 % at 2800m with 80 % efficient MMs while the
maximum system efficiency that can be achieved with 90 %
efficient MMs is 40.8 % at same location. In other words,
diameter and location of MM affect the WPT system effi-
ciency. With 90 % efficient MM is considered, WPT system
efficiency is found to be more for the configuration of
placement of MMs at every 800 m between transmitter and
receiver. Whereas, when 80 % efficient MM is considered,
WPT system efficiency is found to be more for the

configuration of MM located at 1600 m from transmitter.
Hence,WPT system efficiency has to be estimated for various
configurations and efficiencies of MMs to arrive at its
optimal value. In view of above, WPT system efficiency has
been estimated by considering various distances among
meta materials (refer Figure 19). The receiver is assumed to
be at 2800 m from the transmitter. It is clear from the results
that theMMs are placed at a distance span of 200 m, theWPT
system efficiency is found to be 3.79 %. Highest WPT system
efficiency is found to be 33.81 % (13.5 mMM is considered) for
a configuration wherein the MMs are placed at a distance
span of 800 m. When a MM is placed at 1600 m from trans-
mitter, it is clear that the highest efficiency falls down to
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Figure 17: Model III considered for the study.
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24.1 %. From the analysis, it is evident that the highest effi-
ciency can be achieved with MMs diameter of up to 14 m
when they are located at a distance span of 800 m. Thus, this
analyses help us to identify the optimal number of MMs to
maximize WPT system efficiency for a particular size of
transmitter and receiver.

In order to understand the effect of location of MM on
WPT system efficiency, different diameters of MMs have
been considered with 80 % efficiency and system efficiencies
have been calculated at different locations of MM (refer
Figure 20). From the results, it is clear that the WPT system
efficiency increases with the increase in the diameter of MM
for the given location of MM. Further, higher system effi-
ciency is achieved at greater distance from transmitter for
higher diameter MM. It is important to note that depending
on diameter of MM, beyond certain distance from trans-
mitter, WPT system efficiency decreases irrespective of MM
diameter. More clearly, for MMs located beyond halfway
from transmitter, system efficiency start decreasing and
reaches lowest levels when they are located near receiver.

Figure 21 shows variation of system efficiency for
transmitter and receiver of different diameters and MMs of

80 % efficiency are placed at a distance span of 800 m. It is
obvious from figure that the system efficiency at a given
location increases with increase of diameter of transmitter
and receiver. For instance, the system efficiency obtained
with 7 m transmitter and receiver at 2800 m is 23.58 %.
Similarly, the system efficiencies obtained with 12 m and
17 m transmitter at same location are 33.81 % and 35.31 %
respectively. Thus, higher the size of the transmitter and
receiver for a given diameter of MM, higher is the overall
system efficiency. When a MM is placed at a distance of
1600 m from transmitter, it has been observed that system
efficiencies obtained at 2800 m with 7 m, 12 m, 17 m trans-
mitter and receiver are 9.86 %, 36.33 %, 49.36 % respectively.

TheModel IV consisting of transmitter, receiver andMM
array is as shown in Figure 22. The analysis has also been
carried out for Model IV configuration by considering the
distance between transmitter and receiver as 8.4 km. Three
MMs of diameter 22.6 m and thickness 0.01 m at a distance
span of 2400 m between them are considered for the anal-
ysis. The transmitter and receiver diameters are considered
to be 20 m. It is assumed that the beam converges to 20 m
diameter when it comes out of MM. The variation of WPT
System efficiency has been calculated for this configuration
and shown in Figure 23. WPT system efficiency falls down to
15.77 % at 8400 m without MMs while the WPT system effi-
ciency that can be achieved with 80 % efficient MMs is
33.49 %. The above analysis has been carried out for fixed
locations of MMs and transmitter while the location of
receiver is variedw.r.t. the transmitter. At the same time, it is
also important to identify optimal location of MMs for fixed
location of transmitter and receiver. Receiver is assumed to
be fixed at 8.4 km distance from the transmitter. MM loca-
tion is changed from transmitter to receiver in steps of
600 m. The variation of WPT system efficiency for different
locations of MMs is as shown in Figure 24. It is evident from
the results that highest system efficiency is quite possible
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when the MM location is prior to the midway of transmitter
and receiver. Moreover, WPT system efficiency falls down
with increase of distance of MM from transmitter beyond a
particular location from transmitter. The analysis is
repeated by considering the increased beam diameter of
convergence to the diameter of MM. It is clear from the
results that the efficiency falls down as the beam diameter at
exit of MM increases and vice versa. It is further confirmed
that, in order to obtain higher WPT system efficiency,
converging beam diameter at the exit of MM shall be as low
as possible.

6 Validation through FEM analysis

Finite Element Method (FEM) based model is developed for
the proposed WPT system and analysis has been carried out
for estimation of radiating power density. The horn antenna
along with the reflector has been used as the transmitter.
When the horn antenna port is excitedwith 0.5 Wpower, the
radiated power is found to be 0.26W. The variation of power
density at a distance of 0.5 m is as shown in Figure 25. The
average power density is estimated by calculating the total
incident power over that plane through the software and
dividing it with area of the plane. The variation of power
density at various distances from the transmitter has been
plotted and compared with the analytical results obtained
using equations (3)–(7) as shown in Figure 26. It has been

found that the maximum deviation between the analytical
results and FEM results for power density is 9.2 %. The effi-
ciency calculated through FEM software at various distances
from the transmitter have been compared with the

Figure 22: Model IV considered for the study.
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efficiency levels calculated using proposed analytical
approach and shown in Figure 27. It is evident from analysis
that the highest deviation between the analytical and FEM
results for efficiency is about 9.8 %.

7 Conclusions

An alternate method has been proposed to determine the
radiating power density and received power in the near-
field zone by estimating the beam diameter. The beam
diameter at a given distance in the Fresnel region has been
systematically derived from the beam angle which is valid
for far-field zone. It has been proved mathematically that
the microwave beam which is divergent in nature con-
verges when it encounters a MM with negative refractive
index.

In the present paper, the variation of radiating power
density, receiving power and WPT system efficiency with
respect to location of receiver from transmitter is analysed
and reported. The analysis has been made for various
configurations of WPT system with and without MMs. For
Model I configuration, the receiver is considered at 1 m
distance from the transmitter. It is clear from the results
that the WPT system efficiency without MM is 27.23 %.
Further, WPT system efficiency increases and reaches the
highest level (33.31 %) for theMM of 80 % efficiency, located
at around 0.5 m from transmitter. WPT efficiency decreases
as MM moves beyond 0.5 m distance from transmitter. The
computed efficiency levels are in line with the experi-
mental results referred in (Shashank and Nayak 2021). It is
evident from analysis that the efficiency of WPT system
with negative refractive index MMs is found to be
improved significantly as compared toWPT systemwithout
MMs being used. Variation of system efficiencies has been
calculated for different beam diameters at exit of MM of

given diameter. Here, the MM diameter of 0.29 m is
considered and the beam diameter at exit of MM is varied
from 0.23 m to 0.29 m. It is clear from the results that the
efficiency falls down as the beam diameter at exit of MM
increases (less convergence) and vice versa. From the
available experimental results (Shashank and Nayak 2021),
it is apt to consider the beam diameter of 0.27 m (which is
also transmitter diameter) at exit of MM for the analysis
carried out for Model-I.

For Model II configuration, when the receiver is at 50 m
distance from the transmitter, the system efficiency is
24.48 % (the received power is 489.57W). In case of utiliza-
tion of MMs, the received power by the receiver is improved
significantly depending on location of receiver w.r.t. trans-
mitter. For a particular system configuration, if the receiver
is at 30 m and one MM is located at 20 m from the trans-
mitter, the system efficiency is found to be 52.12 % (received
power is 1042.40W). Similarly, if the receiver is at 50 m after
two MMs at an interval of 20 m, the system efficiency is
found to be 41.69 % (received power is 833.8 W). Here, effi-
ciency of MM is assumed to be 80 %.

For Model-III configuration, when MMs are placed at a
distance span of 800 m, WPT system efficiency falls down to
33.8 % at 2800 m with 80 % efficient MMs while the
maximum system efficiency that can be achieved with 90 %
efficient MMs is 48.1 % at same location. When one MM is
placed at 1600 m, WPT system efficiency falls down to 36.3 %
at 2800 m with 80 % efficient MM while the maximum sys-
tem efficiency that can be achievedwith 90 % efficient MM is
40.8 % at same location. Hence, the WPT system efficiency
has to be estimated for various configurations of MMs
including various efficiencies to arrive at optimal WPT sys-
tem efficiency. When the MMs are placed at a distance span
of 200 m, the WPT system efficiency is found to be 3.79 %. In
other words, even though many number of MMs are used,
the system efficiency reduces significantly due to cumulative
loss of MMs. For Model-IV configuration, WPT System effi-
ciency falls down to 15.77 %at 8400mwithoutMMswhile the
WPT system efficiency that can be achieved with 80 % effi-
cient MMs is 33.49 %. It is evident from the results that
highest system efficiency is quite possible when the MM
location is prior to the midway of transmitter and receiver.
Further, WPT system efficiency falls down with increase of
distance of MM from transmitter beyond a particular loca-
tion from transmitter.

Finally, FEM based analysis has been carried out for basic
WPT system model and the variation of power density and
efficiency at various distances from transmitter has been
plotted and compared with the analytical results. It has been
found that the maximum deviation between the proposed
analytical and FEM based computational results for power

Figure 27: Variation of WPT system efficiency with distance from
transmitter.
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density and WPT system efficiency are 9.2 % and 9.8%
respectively.
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