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ABSTRACT

This paper presents the investigation and characterization of antenna design with harmonic suppression for
wireless power transfer to improve the overall system performance for RF/microwave front-end subsystems. This study
focuses on the geometry of antenna to produce filtering and radiating element on antenna circuit itself by suppressing
unwanted signal resonate at higher order other than spurious radiation. The research work about antenna with harmonic
suppression was reviewed and analyzed in order to propose optimum topology that suits in energy scavenging and most
importantly the new proposed structure must have high gain for overall system performance. The printed antenna which is
microstrip patch antenna are mostly used due to efficient radiators, lightweight, simple construction and cost effectiveness.
This antenna with harmonic suppression would be useful in microwave systems and can be integrated with rectenna system

or wearable energy application where the systems give size reduction.
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INTRODUCTION

Recently, fast growth of wireless power
transmission application requires an efficient rectenna in
delivering RF energy to be rectified into DC voltage for
overall wireless power transfer system. Figure 1 illustrate
wireless technology powered using ambient radiation
which is widely used in many wireless communications
such as agricultural management, healthcare management,
factory monitoring and so forth. The wireless power
transfer system must operate efficiently and the losses of
energy during receiving and conversion of signal processes
should be minimized by suppressing the unwanted signal.
However, the interface between the antenna and the
nonlinear circuit component such as diode [1-8] or FET for
active integrated antenna (AIA) or rectenna system has a
harmonic suppression filter which contributes additional
insertion loss. The basic idea implementation of antenna
with harmonic suppression is to avoid spurious radiation
that easily produced at high-order resonant frequencies of
the antenna from the circuits [9]. This weak signal then
flow to the rectifier circuit for the RF-to-DC conversion
and the process are repeated caused the output of the
rectenna is low for wireless power transfer system [10-15].
One of the important issues found in [16] shows that the
input impedance of the antenna design would allow the
second harmonic at high-order frequency which occur at
twice of its design frequency. However, higher order
harmonic can be blocked as input impedance at higher
order almost zero or unmatched.

Harmonic rejection technique: In this study on
antenna element for harmonic suppression [17], the
metallic structure with some modification on their basic
design can be made to suppress the harmonic radiation as
well as several techniques adopted by other research work
such as slit and the stub in microstrip patch antenna, a
circular sector patch antenna, a photonic band gap structure
[18-19], defected ground structure (DGS) [20-22], shorting
pin [23] and inserting slot [24-29].

To receive the transmitted signal effectively, the
polarization of the antenna must be matched with the
polarization of the wave, which is the same as the
polarization of the transmitting antenna. Usually, the waves
will be refracted or reflected if there are obstacles on the
way of the signal transmission journey. However, the
receiving antenna which capable of receiving both types of
polarization such as dual circular polarized antenna can be
used for wireless power transfer [30-35].

In this paper, a microstrip patch antenna with
harmonic suppression is presented. The geometry of
antenna with their design discrepancy was reviewed. The
antenna performances as well as the electromagnetic fields
of the structures are analyzed through simulations using
CST Microwave Studio software. Through this work, we
hope antenna harmonic suppression can improve the
overall system performance by maximizing the power
transfer at fundamental frequency only. The antenna design
can be used for wearable energy application as well as
rectenna system in wireless application.
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Figure-1. Wireless technology powered using ambient radiation.

ANTENNA WITH HARMONIC SUPPRESSION

Several research works conducted recently as
recorded in Table 1 featuring important of antenna design
at 2.45GHz (ISM Band) applications [36] which not only
act as radiator but also able to suppress the unwanted
harmonics produced due to spurious radiation or excitation
at high-order frequency. Several studies have been
conducted on antenna harmonic rejection technique in
order to proposed new design with improvement in overall
system performance in term of its good return loss, voltage
standing wave ratio (VSWR), radiation pattern, directivity
and gain.

The best technique will be applied on the basic
structure of radiating element to control the distribution of
current flow on the patch antenna like slit, stub, defective
ground structure or else. In turn, the performance of the
overall system will be improved since the technique used
will maximized power at the fundamental frequency and
suppressed the radiated power at harmonic frequencies to
achieve harmonic rejection characteristics. However,
antenna harmonic suppression will have maximum power
transfer at its design frequency if input impedance of
antenna is 50Q and  perfectly matched with the
characteristic impedance of transmission line in order to
obtain maximum energy transfer between transmission feed
line and an antenna.
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Table-1. Various research work and associated harmonic rejection technique at 2.45GHz.

Antenna harmonic rejection

(Author (s), Year) Research’s title Technique Performance Application
(Y.H.Suh, 2002) A High-Efficiency Dual-Frequency Rectenna for | Open ended T- Efficiency: 82.7% 2.45GHz and
37 2.45 and 5.8GHz Wireless Power Transmission. strip CPS. 5.8GHz
[37] p
(J.Yeo, 2009) Harmonic Suppression Characteristic of a CPW- c'(r:(l:)ﬁ-rf:l(i) . S11<-10dB
Y fed Circular Slot Antenna Using Single Slot On A e E-plane: Bidirectional 2.45GHz
[38] with slot on
Ground Conductor. ground. H-plane: Omni-directional
S1lpes  :<20dB
(C.S Ong, 2010) A Compact 2x2 Circularly Polarized Antenna Unbalanced S
: ARpees  :0.15dB 2.45GHz
[39] Array For Energy Harvesting. slots. ! .
Gaing,,s :10.8 dBi
S11 :-25dB
(S.Riviere, 2010) . Efficiency : 34%
[40] A Compact Rectenna Device At Low Power Level.| Slot at ground. Gain .43 dB 2.45GHz
Directivity : 6.5 dB
H.Arai, 2011 . . Effici : 53.
( r[il 1 01D Wireless Power Transfer System. Slit and stub. iciency :53.0% 2.45GHz
BW :2.1GHz
. 3 dB (AR) : 705MHz
(Z.Harouni, 2011) A Dual Circularly Polarized 2.45GHz Rectenna Compact DCP ( . ) .
. .. Efficiency : 63% 2.45GHz
[42] For Wireless Power Transmission. patch antenna.
RHCP,,, :25.24dB
LHCP,,;, :6.8dB
S11 :-45dB
Efficiency : 37.8%
(F.J Huang, 2012) Design of Circular Polarization Antenna with Four right- y i
. . L . BW : 137 MHz 2.45GHz
[43] Harmonic Suppression For Rectenna Application. angles slit.
3dB (AR :30 MHz
ARy :0.32dB
. A 2.45GHz Circular Patch Antenna With
R.A Rahim, 2012 S11 :-48 dB
( T 42?’ ) Harmonic Suppression For Wireless Power Slit and stub. 2.45GHz
Transmission.
(R.A Rahim, 2012) A 2.45GHz Harmonic Suppression Rectangular Slot and open S11 :-40dB
2.45GHz
[45] Patch Antenna. stub.
BW : 70 MHz
i AR pin :0.6dB
(J.Hung, 2012) Novel T-Shape Slo_t Couple Feed Dual Circular T-shape slot. 3dB (AR) :40 MHz 2 45GHz
[46] Polarized Rectenna. .
RHCPg,, :7.98 dBic
LHCP,,, :8dBic
S11 :-20dB
Dir, :9.887dBi
(R.A Rahim, 2013) Harmonics Suppression Single-Fed Dual- Circular slot ARm[ 026 dB
’ ’ Circularly Polarized Microstrip Patch Antenna For | defected ground o 2.45GHz
[47] . - RHCP,,;,, :4.119dB
Future Wireless Power Transmission. structures. &
LHCP,,;, :4.149dB
Gain,, 1 6.655dB
VSWR : 1.054
(M.A Sennouni, 2013) Circular Polarized Square Patch Antenna Array . Main lobe
[48] For Wireless Power Transmission. Inclined slot Magnitude : 9.2 dBi 245GHz
Direction : 35.0°
Gain :2.05dBi
(F. Zhang, 2014) Design of a Compact Planar Rectenna For Wireless .
[49] Power Transfer in the ISM Band. Planar topology. Si BW 12'240(3[21{2 ) 2.45GHz
ize :122 x 122mm
(C.Y.D Sim, 2014) Microstrip-Fed Ring Slot Antenna Design With . S11  :-24dB
[50] Wideband Harmonic Suppression. Ring slot. BW :210MHz 245GHz

Harmonic suppression characteristic of a CPW-
fed circular slot antenna using single slot on a ground
conductor was demonstrated by authors in [38] and this

design has multi-band rejection characteristic where the
second and higher rejection bands are integer-multiple of
the first band, and this is generated by inserting single slot
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on a ground conductor of the antenna. The simulated and
measured results shows good agreement and the integer-
multiple notch bands can be adjustable by varying the
length of the slot on the ground plane. Figure-3 depict 70
mm x 80 mm of antenna dimension which notched
frequency bands can be modified by adjusting the length of
the arc-shaped slot itself. This circular slot antenna exhibits
wider bandwidth illustrated in Figure 3 (c) due to antenna
element was etched on 0.508mm thick Taconic RF-35
board which employing low relative permittivity, &.=3.5
[51].

(®)

Figure-3. CPW-fed circular slot antenna with an arc-
shaped slot on a ground conductor; (a) Fabricated

antenna; (b) Return loss characteristics without
slot on ground conductor [38].

Authors in [39] proposed a compact 2x2 circularly
polarized antenna array for energy harvesting. Figure-4 (a)
depict the unbalanced slot on the radiating element of
circular patch was adopted to obtain circular polarized and
gives the simplest method of miniaturization. A 2x2
antenna array is designed using sequential rotation feeding
scheme with a simulated axial ratio (AR) of more than
100MHz and gain of 13dBi. The higher gain is obtained
due to arrays are very versatile that are used to synthesize a
required pattern that cannot be achieved with a single
element [52]. The measured return loss for antenna element
is greater than -20dB and the minimum axial ratio (AR) of
0.21dB whereas the measured return loss for 2x2 arrays is -
28.8dB and the measured minimum axial ratio is 0.15dB
with a 3dB AR bandwidth of 140MHz. The advantage of
this design is circular polarized does not degrade the
polarization loss between transmitter and receiver since the
orientation is always perpendicular to the direction of
propagation.

—— Semedation Resut
Messurement Resutt

(b)
Figure-4. (a) Photograph of fabricated 2x2 antenna
array; (b) Return loss of 2x2 arrays [39].

A circular microstrip patch antennas with slits and
stub loading was demonstrated in Figure-5 proposed by
researcher in [41]. The techniques adopted in this design
able to suppress harmonic frequencies at higher order
modes by inserting slits in the circular microstrip patch
antenna and two stub on the feeding line. Based on Figure-
5 (b), the improved efficiency can be observed by applying
both stubs and slit to the antenna design. The combination
of techniques used to control the current flows on the
radiating element and adding stub are required in this
design for complete suppression of the second and third
modes. As a result, second and third harmonic frequencies
is suppressed to -0.26dB at 4.9GHx whereas -0.17 dB at
7.35GHz. The antenna design yield conversion efficiency
of 53.0% for circular microstrip patch antenna with slits
and stubs.

STITdB]

Es12
it o, =2 3 4 - S 7
—R Frequency [GHz]
d
(b)
(@)

Figure-5. (a) Geometry of circular patch antena with
slits and stub; (5(b)) Return loss characteristics; (a)
Without slits and stubs, (b) With stub and without slits,
(c) With slit and without stub, (d) With slits and stubs
[41].

A microstrip patch antenna design with two
peripheral cuts and four right angle slits embedded in the
antenna design proposed in research work [43] was
illustrated in Figure-6 (a) whereby Figure-6 (b) depict the
return loss characteristics of simulation and measurement
result. The geometry of the proposed antenna comprises a
circular microstrip patch with dual peripheral cuts in order
to excite circular polarization and four right angle slits used
for harmonic rejection technique. The adopted CP antenna
built on low cost FR4 substrate has a measured bandwidth
of 137MHz and a 30MHz CP bandwidth (3 dB axial ratio).
The reason why researcher used four right angle slits that
are aligned symmetrical surrounding the patch center is to
create the disturbance at the fundamental frequency without
degrading it. This is because the slits extend and prolong
the current path and perturb the higher order modes much
more than the fundamental mode and adjusting certain
parameter yields suppression at harmonic frequency. In
fact, the measured copolarization radiation patterns in the
xz-plane for the proposed antenna is quite obvious in
Figure-6 c (i) as harmonic bands are suppressed effectively
when compare with the reference circular microstrip disk
antenna in Figure 6 c (ii) and the measured maximum CP
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gain of the proposed antenna at the fundamental frequency

yields 3.4 dBi.

Rturn loss (dB)

Measured couble-cuts antenna |
— — Sumulated souble-cuts antenna
L | Measured Ret. Circular disk ant_|

1 2 3 4 5 8 rd 8 e
Frequency (GHz}

(®

0=0(+2)

35 45

270

= Fun. co-pol(CP) 0

. cO-pALP)

225 == 2ndcopl (CP) 135 25| e = 2ndcopal (LP)” 135
=+ 3d copol (CP) ° == 3d copal (LP)
® (ii)

Figure-6. (a) Geometry of antenna design; (b) Return loss; (c) Measured copolarization
radiation pattern in the xz-plane; (i) proposed antenna;

(ii) reference circular microstrip disk antenna [43].

Researcher in [44] demonstrated a 2.45 GHz
Circular Patch Antenna with Harmonic Suppression for
Wireless Power Transmission. The proposed harmonic
suppression circular patch antenna is excited with a
microstrip feeding method and the advantage of this
method is the connection of the patch and the feed is direct
connection and they are on the same substrate to provide
planar structure. The improvement of the input impedance
matching has been made by the quarter-wave section in the
transmission line feed. The slits at the patch and the stub at

the transmission line feed are proposed to suppress the
harmonics at the higher order modes. Parallel slits function
as controlling the current flows on the top patch. However,
the current distribution on the circular patch is very
complex and the harmonics still able to re-radiate. Thus,
the open stub is introduced at the microstrip line feed to
provide additional suppression on the harmonics
frequencies and the geometry of antenna design can be
observed in Figure-7. The antenna return loss is -48 dB at
2.45GHz and has realized gain 2.229 dB.

Circular slot

Su bslrn@ \O

3

(a)

£ Y

g
<]

(b

Figure-7. (a) Circular patch antenna, (i) Top view; (ii) Bottom view; (b) Return loss [44].

Besides, author in [45] proposed new design
which is A 2.45 GHz Harmonic Suppression Rectangular
Patch Antenna. The dimension value of patch shape can be
obtained by calculating its transmission line model [53].
The techniques that are used in the suppression of
harmonics are a notch-loaded and curvature slots at the
antenna patch together with an open stub and inset feed
transmission line. The partially ground with a circular slot
at ground plane is also introduced to reduce the overall

patch size. The patch antenna gives -40dB return loss at
2.45GHz and suppress all the harmonics up to -1dB. In this
design, the open stub and inset feed was adopted to
suppress the harmonic for the second time whereas the
curvature slot helps in increasing the bandwidth. The
deployment of technique used in this structure able to
suppress unwanted harmonics up to the third order
effectively.
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Figure-8. (a) Proposed design; (i) Top view; (ii) Bottom view; (b) Return loss [45].
A novel design of a harmonic suppression single- /i
fed dual-circularly polarized microstrip patch antenna for a ﬁﬁ ;
rectenna system proposed in [47] which capable of / fsting ‘
receiving both types of circular polarization signal either Ny E—T— | '\C ) {'
RHCP or LHCP simultaneously and at the same time also o { an / \
able to filter the unwanted harmonic signals itself. These o L |
characteristics are achieved after introducing a circular slot . S0 '7’_:—— -
defected ground structure to an array of nearly-square sectio PN G
microstrip patch antenna with an offset inset microstrip (a) (b) (©)

feeding line and two open stubs on the feeding line. From a
basic rectangular shape patch antenna, a nearly-square
circularly polarized microstrip patch antenna is developed
by a segment perturbation of the basic rectangular patch
structure with an offset microstrip feeding line technique.
To improve the input impedance matching, a quarter-wave
impedance transformer section in the transmission line feed
is applied. An overview of the antenna structure can be
observed in Figure-9 and the antenna design yield
maximized surface current distribution at fundamental
frequency which illustrated in Figure-10 (a) while
concentration of current flow is low at higher order modes
depicted in Figure-10 (b) and Figure-10(c). The proposed
antennas able to receive dual circular polarization of waves
which can minimize the polarization mismatch loss during
the transmission of signal. Thus, antenna design will
received the transmitted signal effectively and act as filter
at harmonic frequency.

Figure-9. (a) Geometry of CP nearly-square patch
antenna; (b) Front view; (c) Back view [47].
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(b)49GHz () 7.35 GHz)

(a) 2.45GHz

Figure-10. Surface current plot of the proposed
antenna [47].

Circular polarized square patch antenna array for
wireless power transmission was proposed by research
work in [48] where 3x3 antenna array developed with attain
their circular polarization using slot. The illustrated square
patch antenna element with inclined slot in the center of
radiating element can be seen in Figure-11 whereby input
antenna is feeding by a microstrip line. Proposed design
yield -31.59dB of its return loss and high directivity which
is 9.256 dBi. Based on the result obtain, it indicate that the
proposed design has the ability to focus energy in a
particular direction and suits to wireless power
transmission application. However, new arrangement of
this design with additional V shaped slot at the corner also
yields good performance [54].
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Farfield
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Directivity
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~0.5286 dB
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()

Figure-11. (a) 3x3 slotted patches array; (b) Directivity of proposed design [48].

The recent research in [50] proposed microstrip-
fed ring slot antenna design with wideband harmonic
suppression. In order to suppress the additional harmonic
modes excited by the ring slot, a single inverted U-shaped
slot or defected ground structure is integrated into the
CRSA. Through this, harmonic suppression approximately
between 3 and 9 GHz was achieved for a wide bandwidth.
This DGS can also be applied to other microstrip-fed ring
slot antennas, such as square and triangular ring slot
antennas and Figure 12 (a) depict clearly circular shape of

ring slot antenna that integrated with defective ground
surface effectively suppress the unwanted harmonic
frequency at high order modes. This geometry gives
measured gain of 3.27 dBi and its corresponding efficiency
was between 75% and 79%. The simulated and
measurement result in Figure-12 (b) shows good
performance of CRSA and proposed antenna. Thus, loading
an inverted U-shaped DGS into CRSA achieves harmonic
rejection technique effectively.

S-parameter (dB)

Mode S

—\'/l'rupo\ed SAHS (S
=== =2CRSA (S11)
-——ﬂ——;l)(;\ s21)

1 2 3 4 s s 7 s ° 10

Frequency (GHz)

(a)

(d)

Figure-12. (a) Photograph of the proposed antenna; (b) Simulated and measurement return loss of CRSA
and proposed antenna [50].

CONCLUSIONS

This review paper has presented a thorough
introduction into the various harmonic rejection techniques
for antenna harmonic suppression. The advantages and
disadvantages of the various techniques have been
highlighted and have presented a thorough comparison.
Discussion has been focused on performance of each
technique to seek the best topology suit for wireless power
transfer system. Apart from that, each antenna harmonic
suppression structure has pros and cons in terms of
complexity, cost, size and its performance. However, some
modification can be made to construct harmonic rejection
capability in antenna design. Thus, a study on antenna with
harmonic suppression has been reviewed and there are
some design issues occurred in wireless power transfer that
need to be considered including low conversion efficiency
due to excitation at harmonic frequency and polarization
mismatch. Improvements in overall system performance
are important since maximum power must be transferred at
fundamental frequency. The result of previous studies has

been compared to seek the best harmonic rejection
technique and it is concluded that the combination of slit,
stub and defective ground structure can achieve harmonic
suppression characteristics. The verification process of the
proposed antenna harmonic suppression will be further
explored and implemented through an experiment in
laboratory and field works. This new structure of antenna
harmonic suppression is useful for RF/ microwave front-
end subsystems where it will provide an attractive solution
for the miniaturization of overall physical dimensions.
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