
equations is shown in Figure 4. The transconductance values are

evaluated at a VDS of 28 V. The transconductance is well mod-

eled for the values before the Vpk and a good approximation

was obtained VGS biasing beyond Vpk. Transconductance beyond

Vpk was well predicted with an error of less than 10% with the

exception of the transconductance at VGS of 0 V having an error

of 13%.

4. CONCLUSION

A current model derived from the modified Chalmer’s equations

to characterize the active current of an active device was pro-

posed. The proposed model improves the modeling capability of

the current equations for GaN based HEMT devices and the

straightforward parameters extraction procedures add to the mer-

its of the proposed equations. The equation improves the model-

ing of the output conductance across all the VGS biasing points

and provides a more practical and physical representation of the

device performance at high VDS voltages. Divergence of trans-

conductance was highlighted illustrating the effects if there is

no additional function control the output conductance value at

high applied VDS biasing. Comparison between the simulated

and experimental data for the active current and evaluated gm

verified the validity of the proposed equations.
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ABSTRACT: In this article, an ultrathin quad-band polarization-insen-

sitive wide-angle metamaterial absorber has been presented. The pro-
posed structure consists of a periodic array of concentric square and
circular rings imprinted on grounded FR-4 dielectric substrate. The

simulated result shows that the structure has four discrete absorption
peaks at 3.91, 5.16, 7.10, and 9.16 GHz with peak absorptivities of

99.35, 98.04, 99.85, and 99.78%, respectively. The proposed structure is
symmetric in design providing nearly unity absorption for all polariza-
tion angles under normal incidence. It also shows high absorption

(�90%) for wide incident angles upto 45� for both transverse electric
and transverse magnetic polarizations. By illustrating surface current
distribution, the absorption mechanism of different parts of the proposed

structure has been analyzed. Finally, the structure has been fabricated
and the measured results are in good agreement with the simulated

responses. The designed quad-band absorber is easy to manufacture and
can be used in various potential applications. VC 2015 Wiley Periodicals,

Inc. Microwave Opt Technol Lett 57:697–702, 2015; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.28928

Key words: metamaterial; microwave absorber; polarization-insensi-
tive; quad-band

1. INTRODUCTION

In recent years, electromagnetic (EM) metamaterials (MTMs)

[1] have drawn significant research interests due to their pecu-

liar properties. Several potential applications, such as perfect

lens [2], cloaking [3], antenna miniaturization [4], and so forth

have been proposed over the EM spectrum covering from

microwave to visible regimes. One of the major applications is

to design perfect MTM absorbers [5], which can produce near-

unity absorption by tuning the effective electric permittivity and

magnetic permeability of the homogenized structure. In addition,

they also exhibit versatile distinct features over conventional

material based absorbers such as ultrathin nature, flexible

manipulation of constitutive EM properties, wide incident angle

absorption, polarization insensitivity, and so on. Till date,

various designs on MTM absorbers have been investigated
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exhibiting different characteristics, such as single-band [6–8],

dual-band [9,10], triple-band [11,12], bandwidth enhanced

[13–15], and even broadband operations [16,17], with most of

them being polarization-insensitive and wide-angle absorptive.

However, there is still a lack of sufficient progress toward the

design and implementation of quad-band MTM absorber, which

can be used in spectroscopic detection and phase imaging of

hazardous materials and prohibited drugs [18]. Although some

articles have proposed quad-band absorption by incorporating a

set of resonant geometries with scaled dimensions, but they suf-

fer from the constraint of large unit-cell size [19].

In this article, an ultrathin quad-band MTM absorber has

been proposed with simultaneous polarization insensitivity and

wide-angle absorption characteristics. The proposed structure

comprises of a square outer ring with four splits, and two inner

circular rings with the smaller one being cross connected. The

simulated result shows four distinct absorption peaks at 3.91,

5.16, 7.10, and 9.16 GHz with peak absorptivities of 99.35,

98.04, 99.85, and 99.78%, respectively. The impedance charac-

teristics and surface current distributions have been presented to

analyze the absorption mechanism of the structure. Moreover,

the proposed structure shows high absorption for all polarization

angles under normal incidence as well as for wide incident

angles upto 45� for both transverse electric (TE) and transverse

magnetic (TM) polarizations. The experimental measurements

are in good agreement with the simulated responses indicating

that the proposed structure can be used as an ultrathin,

polarization-insensitive, wide-angle, and quad-band MTM

absorber in various absorber applications.

2. DESIGN AND SIMULATED RESULTS

Figure 1 shows the unit-cell geometry of the proposed structure,

which consists of a top metallic layer and bottom ground plane

with a dielectric substrate between them. The top layer com-

prises of an outer square ring with four splits, and two inner cir-

cular rings with the smaller one being cross connected.

Commercially available FR-4 substrate (relative permittivity

er 5 4.2 and dielectric loss tangent tan d 5 0.02) with thickness

of 1 mm has been considered as dielectric. Both the top and

bottom layers are made of copper (r 5 5.8 3 107 S/m) having

thickness of 0.035 mm.

When a plane wave is incident on the structure, the absorp-

tivity A(x) can be calculated as in (1), where S11(x), S21(x),

and A(x) are the reflection coefficient, transmission coefficient,

and absorptivity, respectively, at an angular frequency x. Since

the bottom layer is completely copper laminated, the transmis-

sion coefficient S21 (x) is zero, and hence (1) can be repre-

sented as

AðxÞ512jS11j22jS21j2512jS11j2: (1)

Therefore, when the input impedance Z(x) of the structure is

perfectly matched with free space impedance g0, then the reflec-

tivity gets minimized and absorptivity will be maximum as

obtained from (2) [20]

S115
ZðxÞ2g0

ZðxÞ1g0

: (2)

The structure is simulated with Ansys HFSS using periodic

boundary conditions, showing four discrete absorption peaks at

3.91 GHz (S-band), 5.16 GHz (C-band), 7.10 GHz (C-band),

and 9.16 GHz (X-band) with absorptivity of 99.35, 98.04, 99.85,

Figure 1 Front view of the unit cell of the proposed structure with

geometrical dimensions: a 5 23, l 5 21, w1 5 1.5, w2 5 2.2, r1 5 7.8,

r2 5 5.5, and g 5 2.2 (unit: mm). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]

Figure 2 (a) Simulated absorptivity and (b) retrieved normalized input impedance of the proposed structure. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]
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and 99.78%, respectively, as shown in Figure 2(a). As expected

from (2), the normalized input impedance Z(x) of the proposed

structure matches closely with the free space impedance g0 as

shown in Figure 2(b). It is observed that the real parts of Z(x)

are close to unity, while the imaginary parts of Z(x) are nearly

zero for all the four absorption peaks, thus supporting the

absorption phenomenon.

The structure is theoretically investigated under different

angles of polarization as shown in Figure 3. Due to structural

symmetry, the structure is studied only upto 45� angle of polar-

ization, where it shows near-unity absorption for all the polar-

ization angles under normal incidence.

Further, the structure has been examined under oblique

angles of incidence for both TE and TM polarizations. In case

of TE polarization, the electric field direction is kept constant,

whereas the magnetic field and wave vector directions have

been rotated from 0� to 45�. On the contrary, the magnetic field

direction is remained fixed, while the other two vectors are var-

ied in case of TM polarization. In both the cases, the simulated

absorptivity remains above 90% for all the four absorptivity fre-

quencies as shown in Figures 4(a) and 4(b), respectively.

To analyze the absorption mechanism of the designed struc-

ture, the surface current distributions of the top and bottom sur-

face have been shown at the four absorption frequencies in

Figures 5 and 6, respectively. It is observed that at 3.91 GHz,

surface current is mainly localized in the intermediate circular

ring, whereas most of the currents are distributed in the inner

most cross-connected ring at 7.10 GHz. The cross part provides

an extra parallel path for the flow of surface current, and there-

fore, the effective inductance is decreased and consequently the

absorption frequency is increased. The outer square ring with

four splits at four sides are responsible for near-unity absorption

Figure 3 Simulated absorptivity for different polarization angles under

normal incidence of the proposed structure. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com]

Figure 4 Simulated absorptivity under oblique incidence condition for (a) TE and (b) TM polarizations. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

Figure 5 Surface current distributions at top surface at the frequencies of absorption. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com]
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at two different frequencies, viz. 5.16 and 9.16 GHz, unlike a

single square ring (without splits) providing a single absorption

frequency [21]. At 5.16 GHz, surface current is flowing from

lower half to upper half in the outer square ring, whereas cur-

rent is flowing from and toward the corners of the ring at

9.16 GHz. The three concentric rings thus exhibits four different

absorption peeks. It is noteworthy that at all the four absorption

frequencies, the top and bottom surface currents are in antiparal-

lel direction, which constitute circulating loop around the inci-

dent magnetic field and forms magnetic excitation. Conversely,

the top surface metallic patch array is electrically excited by the

incident electric field. Both the excitations become significant at

the absorption frequencies and near-unity absorption has been

realized.

Figure 6 Surface current distributions at bottom surface at the frequencies of absorption. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 7 (a) Fabricated quad-band structure and (b) experimental arrangement within the anechoic chamber. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

Figure 8 (a) Comparison of simulated and measured absorptivity plot for quad-band structure and (b) measured results for different polarization angles

under normal incidence. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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3. EXPERIMENTAL RESULTS

The proposed structure has been fabricated on a 230 3 230 mm2 pla-

nar sheet of 1 mm thick FR-4 substrate using standard printed circuit

board technology as shown in Figure 7(a). The reflection from the

fabricated structure is measured inside anechoic chamber using two

standard horn antennas LB-10180-SF (1–18 GHz) connected to an

Agilent vector network analyzer N5230A which give rise to absorptiv-

ity. The experimental setup for measurement is shown in Figure 7(b).

Initially, an identical copper sheet has been placed in

anechoic chamber and the reflection coefficient from the surface

has been measured and used as a reference level. Next, the

reflectance of the fabricated structure is measured and the differ-

ence between the measured responses provides the actual reflec-

tion from the structure. The measured result shows four distinct

absorption peaks at 3.90, 5.20, 6.95, and 9.30 GHz with peak

absorptivities of 94, 93.5, 98.8, and 98.6%, respectively, as

shown in Figure 8(a). The slight deviation in absorption fre-

quency could be due to fabrication imperfections.

To verify the polarization insensitivity of the fabricated struc-

ture, the sample has been rotated around its axis from 0� to 45�

keeping the antennas fixed. The measured results, as shown in

Figure 8(b), exhibit four distinct absorption peaks which match

well with the simulated responses (shown in Fig. 3), thus verify-

ing the polarization independence of the proposed structure.

Figure 9 shows the measured absorptivities for TE and TM

polarizations with oblique incident angle ranging from 0� to 45�.
In TE wave, the structure is kept fixed and the antennas have

been rotated in such a way that the electric field direction is

always kept constant and the magnetic field and wave vector

directions have been changed by angle h. Similarly, in case of

TM wave, the magnetic field is maintained constant, whereas the

other two vector directions have been rotated. In both the cases,

the measured results are in good agreement with the simulated

responses [shown in Figs. 4(a) and 4(b)] with a slight variation in

absorption frequencies as shown in Figures 9(a) and 9(b).

4. CONCLUSION

An ultrathin quad-band MTM absorber structure with polarization

insensitive as well as wide-angle absorption characteristics has

been presented. Physical dimension of the proposed absorber is

much smaller and compact compared to its counterparts due to the

use of concentric square and circular rings. The outer square ring

with four splits and two inner circular rings are designed in such a

way which provides quad-band absorber application. The extra

cross in the inner circular ring provides an alternative path for sur-

face current flow, which makes the inner ring tunable for realizing

the absorption frequency. The four splits in the outer square ring

provide two discrete absorption frequencies, which can be

explained from the surface current distributions in the metallic

patches. The proposed structure shows nearly unity absorption for

three different microwave bands (S, C, and X-band) aimed for radar

applications. Moreover, the proposed structure is four-fold symmet-

ric and shows polarization-insensitive behavior under normal inci-

dence. The structure also shows high absorption (above 90%) under

wide incident angles (0� to 45�) for both TE and TM polarizations.

The absorber has been fabricated on a low cost commercially avail-

able FR-4 dielectric substrate and measured in anechoic chamber,

therefore validating the quad-band performance. The dimensions of

the proposed absorber structure can be easily tuned to other fre-

quency spectrums covering various potential applications such as

THz imaging, IR camouflage, and wireless communication.
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ABSTRACT: This article presents a broadband circularly polarized
(CP) rectifying antenna (rectenna) for microwave power transmission at

4.2–7.6 GHz, comprising a broadband CP antenna, and a rectifier cir-

cuit. The antenna consists of a standard Schiffman phase shifter and a
pair of orthogonally positioned linearly polarized slot antennas with
equal radiation strength. The rectifier circuit is composed of a micro-

wave Si Schottky detector diode (HSMS-2862), a low-pass filter, a load
resistor, and a ripple capacitor. Output dc voltage of 1.98 V over a 680
X load resistance and the maximum microwave-to-dc conversion effi-

ciency of 81.6 % were measured when 34 dBm microwave power was
transmitted at 5.6 GHz over a distance of 50 cm. VC 2015 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 57:702–706, 2015; View

this article online at wileyonlinelibrary.com. DOI 10.1002/mop.28931

Key words: broadband circularly polarized antenna; phase shifter;

rectenna

1. INTRODUCTION

The development of modern technology for transmitting electri-

cal power over free space was started in 1950’s [1]. Since then,

there have been a number of configurations proposed for the

receiving device called rectenna (rectifying antenna) which is

one of the most important components in the wireless power

transmission. Although there are many well-known and well-

established design methods and results of rectennas for wireless

energy transfer [2–8], very few broadband rectennas [9–11]

have been developed. A broadband rectenna is usually accom-

plished using a circularly polarized (CP) antenna array to

receive energy from a system operating at different frequencies.

However, its development and fabrication process are somewhat

more difficult. This article proposes to use a broadband CP

antenna for application involving microwave power transmission

at 4.2–7.6 GHz based on the same structure and mechanism of

the reported antenna [12]. The benefits for the use of this

antenna are that it has good CP radiation patterns, steady radia-

tion efficiency, good peak gain, and wider operating bandwidth.

In addition, it has stable return loss since the rectifier circuit

does not affect the impedance matching of the antenna.

To accomplish a broadband CP antenna, this study uses one

Schiffman phase shifter (SPS) and a pair of orthogonally posi-

tioned linearly polarized (LP) slot antennas [12]. Since the

implementation of a microstrip phase shifting circuit is difficult,

a method that no additional conductor is required for the micro-

strip structure and is easy to fabricate without damaging the

structure to fabricate a microstrip SPS has been proposed [13].

The overall size of the designed rectenna taken the feeding line

into account as shown in Figure 1 is 125 3 70 mm2, and it is

printed on an FR4 substrate of thickness 1.6 mm with dielectric

constant 4.4. As seen from Figure 1, a 50 mm long transmission

line between the diode and the ripple capacitor is designed to

prevent unnecessary current distribution from the radiation of

horn antenna. The maximum path length of 50 mm that does

not affect the measurement results is determined through trial

and error.

2. DESIGN OF THE BROADBAND CP ANTENNA

2.1. Structure of the CP Antenna
The proposed CP antenna has a fed resistance to be 50 X by a

microstrip line as shown in Figure 2. A pair of orthogonally

positioned LP slot antenna is responsible for the horizontal and

vertical radiations [14]. The low-frequency (i.e., 4.2 GHz) reso-

nance path is at the outer end of the antenna portion and this

low-frequency resonance point may be changed by varying the

length of the sleeve as depicted in Figure 2. The U-shaped

slot provides a path for the middle-and high-frequency (i.e.,

5.6 and 7.4 GHz) resonances. The operating frequency range is
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