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ABSTRACT A novel back-to-back microstrip antenna is proposed to cover 2G/3G/4G/5G communication
bands and ISM-2.4 GHz, ISM-5.8 GHz to simultaneously realize broadband wide-angle ambient wireless
energy harvesting and dedicated wireless power transfer. The ground mode radiation is introduced by the
limited-sized ground, with the loading of the patches and shorting vias, to form a broadband resonance from
2 GHz to 4 GHz. Furthermore, a resonance at ISM-5.8GHz is also excited with high-directivity. On the basis
of ensuring miniaturization (e.g. 0.28λ0 × 0.22λ0 × 0.05λ0 for 2 GHz) and compactness, omnidirectional
radiation in broadband resonance and bi-directional radiation at 5.8 GHz are realized by the ‘back-to-back’
combination of two antenna elements. Measured results show that an over 67.2% impedance bandwidth
(2.03 GHz∼4.08 GHz) is obtained. Through the wireless power transmitting and receiving test, the angular
stability of above ±60◦ for wireless energy harvesting is achieved at the mainstream operating frequencies.
At ISM-2.4 GHzRF power of up to -8.5 dBm can be harvested at a distance of 0.5 m from the transmitter with
the transmitting power of 12.5 dBm, while it is -8.9 dBm at ISM-5.8 GHz, which validates the effectiveness
for WEH/WPT.

INDEX TERMS Wireless power transfer, wireless energy harvesting, broadband, wide-angle,
miniaturization.

I. INTRODUCTION
Recently there has been an upsurge of research interests in
wireless sensor network (WSN) with the rapid development
of internet of things (IoT) [1]. It is worth noting that in
the future, billions of wireless sensors will be powered by
which kind of energy [2]. Energy autonomous or batteryless
will become an inevitable trend. Possible solutions include
ambient wireless energy harvesting (WEH) [3] and periodic
charging through wireless power transfer (WPT) [4], [5].

Ambient radio frequency(RF) energy harvesting [6] is
becoming a powerful alternative due to its advantages of
passive, all-weather and all-round. The current ambient RF
energy is mainly distributed in the communication band and
WiFi band from hundreds ofmegahertz to 3GHz (such as 2G-
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GSM, 3G-UTMS, ISM-WiFi-2.4 GHz and 4G-LTE). In addi-
tion, with the gradual popularization of 5G technology, the
5G-IMT band operating at around 3500 MHz is also a power
source that cannot be ignored. Therefore, one of the major
concerns in designing the receiving antenna is the character-
istic of broadband or multi-band. Several kinds of dual-band
or tri-band antenna or rectenna are proposed to realize WEH
at GSM-band and UTMS-band [7]–[10]. A novel six-band
dual circular polarization rectenna for WEH is presented [11]
with a wide bandwidth (from 550 MHz to 2.5 GHz) and a
compact size. While for broadband, reference [12] presents
a novel broadband cross-dipole antenna with flower-shaped
slot to realize better impedance matching from 1.8 GHz to
2.5 GHz. Reference [13] proposed a compact and broadband
slotted antenna which performs well at LTE band with a wide
bandwidth from 2 GHz to 3.1 GHz. However, due to the
scattered distribution of communication band and ISM band,
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it is difficult to cover more frequency points solely by broad-
band, either the bandwidth range of the multi-band antenna is
difficult to cover all channels of the communication bands.

On the other hand, the receiving antenna ofWEH terminals
need to maintain wide-angle and multi-polarization charac-
teristics as much as possible. The introduction of metasur-
face [14]–[19] provides a solution to the issue. To extend the
narrow beam of the conventional high-gain rectenna, the mul-
tiport and multi-beam antenna is promising. The harvesting
angle range is extended by combining two tilted beams and
can be greater than 70◦ [20]. Multiport is also becoming a
focus of WEH terminal antenna design [21]. The advantages
of the multiport pixel approach include enhanced harvested
RF power for a given area as well as a reduction in the antenna
matching requirements.

However, the magnitude of ambient RF power is too low,
around −40∼−50 dBm [22]. Therefore, when the power
obtained by WEH cannot meet the power demand of the
sensor, an active power supplement scheme is needed. One
method is to harvest the hybrid ambient energy such as solar
energy, kinetic energy, and thermal energy, etc [23]–[26]. The
other one is to combine the active WPT for charging. The
main challenge of the former is whether the hybrid energy
sources can meet the power demand of sensors in all-weather
and all-round conditions, and how to realize miniaturiza-
tion and integration of the hybrid energy harvesting devices.
In contrast, the solution combining active WPT charging
is completely based on the RF power, thus the structure is
simple, and the power level is guaranteed. But for now, few
articles focus on the design of the antenna for simultaneous
WEH and WPT. For WEH antenna, it is desirable to have
broadband or multi-band characteristics, and the radiation
pattern is preferably omnidirectional due to the ambient elec-
tromagnetic waves (such as transmitted from outdoor com-
munication base station or indoor WiFi router) comes from
different directions. At the same time, WPT works under
active conditions at a certain operating frequency and towards
a certain direction, which requires high directional radiation
pattern. Sometimes, bi-directional radiation could showmore
advantages than single-directional radiation. In the power
supply issue of wireless sensor network, we often face the
scene that a large number of sensors are distributed in a
region, which is a static state. While the power sources are in
a dynamic state, which are moving and rotating in a certain
path, thus spreading the beam in all directions to realize the
power supply for each sensor. At this point, the advantage
of bi-directional radiation becomes apparent, meaning that
wireless power can be obtained from two completely opposite
directions, which helps simplify route planning and charging
costs for the power source.

The wideband omnidirectional characteristic of antenna is
not difficult to realize based on antenna structures such as
monopole. However, how to make ambient WEH antenna
and directional WPT antenna work simultaneously and inte-
grate on a miniaturized terminal to charge wireless sensors is
undoubtedly challenging and of significant practical value.

FIGURE 1. Framework of simultaneous RF ambient WEH and directional
WPT for power supply of wireless sensor network.

Fig.1 illustrates the framework of wireless sensors power
supply solution by simultaneous WEH and WPT.

Based on the above concerns, a novel back-to-back
microstrip antenna is proposed to cover 2G/3G/4G/5G com-
munication bands and ISM-2.4 GHz, ISM-5.8 GHz to simul-
taneously realize broadband wide-angle ambient WEH and
directional WPT. Section II described the design and simula-
tion of the proposed antenna. The radiation performance of
the proposed antenna is given in Section III. Section IV illus-
trates the wireless power transmitting and receiving test and
the analysis of themeasured results to validate the practicality
and reliability of the proposed antenna for WEH/WPT.

II. ANTENNA DESIGN AND SIMULATION
A. ANTENNA GEOMETRY
The proposed antenna is composed of two identical
microstrip antenna elements [27], which are respectively
named Face A and Face B. Fig.2 illustrates the overall geom-
etry of the proposed antenna element, which consists of one
layer of metal patches, two layers of dielectric substrates and
an aperture-coupled feeding structure. As shown in Fig.2(a),
a driven patch is set at the center above the upper-layer
substrate, which is with the size of Lpatch × Wpatch. A pair
of symmetrically arranged parasitic patches are positioned
on both sides of the driven patch. The size of the parasitic
patches is Lpara × Wpara. The driven patch and the parasitic
patches have the same width to facilitate the conformality
of the antenna element, but there is an adjustment degree
of freedom in length. The spacing between the driven patch
and the parasitic patch is gx . The ground plane is printed
on the bottom of the upper-layer substrate, where the cou-
pled slot is etched with the size of Lslot × Wslot . The size
of the ground plane is small, which is the same as that of
the radiator composed of the driven patch and the parasitic
patches. The total size of the antenna element is Lsub×Wsub.
The parasitic patch pairs are respectively provided with a set
of symmetrically arranged shorting vias, each set of 4. The
spacing between two sets of the shorting vias is S1, while
the spacing of the adjacent shorting vias is S2, and the via
radius is r . It is a three-layer structure where the upper and
the lower dielectric substrates are made of F4B, which is with
the relative permittivity of 2.65, loss tangent of 0.002, and
thickness of h1 (the upper-layer) and h2 (the lower-layer).
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FIGURE 2. Geometry of the proposed antenna element: (a) Top view of
the top layer structure; (b) Top view of aperture-coupled feeding
structure; (c) Side view of the overall structure.

FIGURE 3. Perspective view of the geometry of the proposed
back-to-back antenna.

The antenna element is center-fed by the microstrip slot-
coupling structure. The 50 � microstrip line is printed on
the bottom-layer of the lower substrate, whose length and
width is LS and Wfeed . It should be noted that we make the
substrate size slightly larger than the ground plane size by
0.6 mm in each direction in order to ensure more accurate
PCB processing.

The two elements are combined by the form of ‘back-
to-back’, which means Face A and Face B’s lower-layer
dielectric substrate fits completely and shares the feedline.
The specific combination is shown in Fig.3, which depicts
the perspective view of the geometry of the proposed back-
to-back antenna. It is worth noting that in ‘back-to-back’
combination, the microstrip feeding line is replaced by a strip
line, whose characteristic impedance is about half that of the
microstrip line. Thereby, to match the ‘back-to-back’ antenna
to 50 Ohm, the input impedance of the single patch antenna
is about 100 Ohm.

B. OPERATING MODES ANALYSIS
The full-wave simulation is performed using the High
Frequency Structure Simulator (HFSS) and the optimized
parameters are shown in Table 1. Fig.4 presents the simulated
reflection coefficients of the antenna. As shown in Fig.4,
the proposed antenna forms resonances at approximately the
following three frequencies: 2.1 GHz, 3.5 GHz and 5.8 GHz.

TABLE 1. Dimensions of the designed antenna.

FIGURE 4. Simulated reflection coefficients of the proposed antenna.

The broadband radiation mechanism of the proposed antenna
element is elaborated in [27]. In short, by introducing
a limited-sized ground plane to participate in radiation,
the ‘ground mode’ is formed corresponding to the resonance
at 2.1 GHz; The original ‘driven patch mode’ of microstrip
patch antenna is at 3.5 GHz. It is worth mentioning that
the ‘driven patch mode’ resonance should appear at around
4.8 GHz, which means the two resonant modes are separated
from each other. It cannot meet the demand of covering the
most channels of the communication bands. Here, the loading
of the driven patch and the pair of parasitic patches play an
important role, moving the resonance point from 4.8 GHz
to lower frequency but hardly change the resonant mode
around 2.1 GHz. The loading of the shorting vias further
moves the ‘slot mode’ to lower frequency, while improving
the impedance matching of the antenna, eventually form-
ing a broadband resonance from 2.02 GHz to 3.94 GHz.
It covers the communication bands including 2G-GSM1800,
3G-UTMS, ISM-WiFi, 4G-LTE and 5G-LMT, which makes
it possible to harvest the ambient RF energy of each channel
in the above communication bands.
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FIGURE 5. Simulated current distribution of (a) the ground plane and
(b) the top-layer patches at 5.8 GHz.

At the same time, the high-degree-of-freedom design of
parasitic patch loading and shorting via loading can excite
the resonant mode around 5.8 GHz, which is corresponding to
another ISM-WiFi band. The simulated current distributions
of the ground plane and top-layer patches at 5.8 GHz are
shown in Fig.5. As can be seen in Fig.5, the slot coupled RF
power from ground to the top-layer patches, while the driven
patch coupled the RF power to the parasitic patches at both
sides. The current on parasitic patches is evenly distributed
and in the same direction, and the radiation is mainly carried
out through the two edges of the patch. The radiation patterns
of parasitic patches at both sides are superimposed on each
other in the same direction, thus forming a good radiation
directivity at 5.8 GHz.

C. OMNIDIRECTIONAL APPROACH (BACK-TO-BACK
COMBINATION)
For the broadband resonance (hereinafter referred to as band
A) of the single antenna element, the H -plane pattern is
omnidirectional, while the E-plane pattern is kind of like
a dipole along the x-direction. Although the beamwidth is
relatively wide, there are nulls at both ends, which means
some certain blind zones exists in the direction of both ends
in ambient WEH. Additionally, low-frequency region shows
better omnidirectivity. As the frequency increases, the direc-
tivity of E-plane pattern is getting stronger. In order to further
expand its omnidirectivity, Face A and Face B are combined
in a back-to-back to share the feedline, so that the E-plane of
both the antenna elements connect with each other, while the
H -plane patterns keep the omnidirectivity.

For the other resonance around 5.8 GHz (hereinafter
referred to as band B), the in-phase superposition at 5.8 GHz
produces a narrow beam, which means the pattern has better
directivity. As the consequence, with a miniaturized and com-
pact structure, the electromagnetic waves from all directions
in the free space can be harvested as much as possible.
Fig.6 shows the simulated three-dimensional patterns and the
maximum gain at the main operating frequencies. In band
A, the patterns show good omnidirectivity, while Band B
exhibits bi-directional radiation with strong directivity, that

FIGURE 6. Simulated three-dimensional radiation patterns and the
maximum gain at: (a) 2.1 GHz; (b) 2.4 GHz; (c) 3.6 GHz; (d) 5.8 GHz.

is, each antenna element exhibits good broadside radiation
characteristics. The maximum gain is about 3.96 dBi.

III. ANTENNA PERFORMANCE MEASUREMENTS
In order to validate the preceding simulation of the pro-
posed back-to-back microstrip antenna, the prototype with
the same parameters as discussed in Section II was fab-
ricated. The overall size of the proposed antenna is
42.6 mm×32.6 mm×8 mm (0.28λ0×0.22λ0×0.05λ0 for
2 GHz). In order to facilitate the processing, the two antenna
elements are processed separately. The feedline is connected
with the inner conductor of the SMA connector by welding
and to keep the bottom layer glued flat. The ground planes
of Face A and Face B are led out respectively to weld the
outer conductor of the SMA connector. Therefore, impedance
matching and the symmetric feeding can be obtained.

However, it shall be noted that the antenna structure intro-
duces the ‘ground mode’. Due to the omnidirectional pattern,
induced current is caused, thus the outer conductor of SMA
connector is connected to the cable when it is under the test
situation. It will cause the extension of the size of the ground
plane, leading to the problem of ripple of the pattern and
the deterioration of the resonance characteristics. In order to
solve this problem, a ferrite magnetic ring is placed at the
connection between the antenna port and the cable to isolate
the current of the outer conductor, thereby to alleviate the
deterioration caused by the extension of ground plane size.

The reflection coefficient of the proposed antenna is
measured with a vector network analyzer (VNA) of Agi-
lent N9918A. The prototype and the measured reflection
coefficient are depicted in Fig.7. It is not difficult to find
that the measured reflection coefficient is basically con-
sistent with the simulation results. For band A, a 67.2%
−10 dB impedance bandwidth from 2.03 GHz to 4.08 GHz is
achieved, which is good enough to cover the communication
bands previously mentioned. For band B, the resonance is
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FIGURE 7. Prototype, the simulated and measured reflection coefficient
of the proposed antenna.

FIGURE 8. Actual scenario of antenna erection on the multi-probe
platform in the microwave anechoic chamber.

FIGURE 9. Measured and simulated radiation patterns at (a)2.2 GHz;
(b)2.4 GHz; (c)3.6 GHz; (d)5.8 GHz.

at 5.9 GHz, with a frequency offset of 100 MHz comparing
to the simulated result. The actual bandwidth of band B
is 350 MHz, which could meet the demand of directional
WPT at 5.8 GHz. To sum up, the broadband characteris-
tic of the proposed antenna is well verified. The radiation
patterns are measured on the multi-probe test platform in

TABLE 2. Realized Boresight gain and total efficiency of the proposed
antenna.

the microwave anechoic chamber. The actual antenna test
environment is shown in Fig.8. The measured patterns at
respectively 2.2 GHz, 2.4 GHz, 3.6 GHz and 5.8 GHz are
shown in Fig.9. The measured boresight gains and the mea-
sured antenna total efficiency at main operating frequency
bands are listed in the table 2.

It can be observed from Fig.9 that the measured and
simulated patterns show good consistency at 2.2 GHz and
2.4 GHz. At 3.6 GHz and 5.8 GHz, the H -plane and E-plane
patterns has a certain difference around direction θ = 0◦

and the direction θ = 180◦, and in some directions, the
patterns have some defects. Compared with the simulated
results, the measured boresight gain is generally 1-1.5 dB
smaller. The measured antenna efficiency is within the range
of approximately 70%-85%. But in general, the measured
patterns basically satisfy the requirements of omnidirectional
WEH and dedicated WPT. The problems above could be
attributed to two parts: 1) The use of ferrite magnetic ring has
alleviated the problem of the extension of ground plane size to
a certain extent, but it has not been completely solved; 2) In
order to simplify the processing difficulty, the two antenna
elements are separately processed and then bonded, and the
error caused by themanual operation causes the impact on the
radiation performance of the antenna. This problem should be
better solved after improving the processing method.

IV. WEH PERFORMANCE
In order to analyze the WEH performance of the proposed
antenna, a dual-port full-wave simulation model is built in
HFSS. The horn antenna is port-1 as a RF source to simulate
free-space incident waves in the actual environment. The
proposed back-to-back antenna is set as port-2 as a wireless
energy harvesting antenna, and is placed at a distance of 0.5m
away from the horn to ensure that it is in the far-field region
of the transmitter.

Set the transmitting power of the horn is 1W, the power har-
vesting efficiency η of the receiving antenna can be obtained
from the ratio of pr and psum, where pr is the total power
harvested by the receiving antenna, and psum presents the
power distributed over the aperture of the receiving antenna
in space. The specific formula is as follows:

η =
pr
psum
=

mag(|S21|)2∫∫
s

EE × EH · dS
(1)

where pr could be derived from the S-parameters in full-wave
simulations; while psum could be obtained by Poynting vector
integration of the E-field distribution on the spatial aperture
of the receiving antenna. Keeping the position of the proposed
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FIGURE 10. WEH performance of the proposed antenna as a function of
frequency and rotation angle: (a) WEH efficiency; (b) harvested power.

antenna fixed, which means maintaining the distance from
the proposed antenna unchanged and polarization alignment,
let the horn rotate by ±15◦, ±30◦, ±45◦, ±60◦ and ±75◦

respectively. By simulating the incoming waves from all
directions in the actual environment, WEH angular stability
of the proposed antenna could be achieved. The harvested
power by the antenna and the harvesting efficiency are shown
in Fig.10. It can be observed that when the receiving antenna
is located in the maximum radiation direction of the horn,
that is, the horn rotation angle is 0◦, the harvested power
and the harvesting efficiency can basically reach a maximum
value. The maximum harvested power of 10.2 mW can be
obtained at 2.4 GHz, corresponding to the harvesting effi-
ciency of 90%. The maximum harvested power of 9.9 mW
can be obtained at 3.6 GHz, while the harvesting efficiency
reaches 81%. The maximum harvested power of 9.2 mW
can be obtained at 5.8 GHz, and the harvesting efficiency
is 70%. It is worth noting that RF power above 8 mW can
be achieved from 2 GHz to 4 GHz and at 5.8 GHz, and
the harvesting efficiency at the main operating frequency is
basically greater than 80%. It illustrates that the proposed
antenna can achieve high-efficiency broadband and multi-
frequency WEH of ambient RF power.

In terms of WEH angular stability, as seen in Fig.10, from
1.8 GHz to 3GHz (covering 2G-GSM1800, 3G-UTMS, ISM-
WiFi and 4G-LTE), harvesting efficiency of 80% in the range
of±75◦ can be obtained. The 5G-IMT band around 3.6 GHz

FIGURE 11. Wireless power transmitting and receiving system test system
for verification of the WEH and WPT performance of the proposed
antenna.

can achieve nearly 70% harvesting efficiency within ±30◦,
while the 5.8 GHz ISM band can achieve more than 60%
harvesting efficiency within ±15◦. In band A from 2 GHz
to 4 GHz, the harvested power of above 5 mW could be
achieved within ±60◦, while in band B around 5.8 GHz it
is within ±30◦. Therefore, the WEH full-wave simulation
results can be matched with the antenna pattern character-
istics previously analyzed. In band A, the radiation of the
proposed antenna is more omnidirectional and is suitable
for omnidirectional harvesting of ambient RF power. As the
frequency increases, the directivity of the antenna gradually
increases. In practical applications, 5.8 GHz can be used
as a power transmitting and receiving band for directional
WPT without disturbing the normal operation and energy
harvesting of the communication band.

The actual test platform was built to verify the WEH
performance of the proposed antenna. The DC-6 GHz signal
generator is used as the RF power source, and is radiated
from the 0.5 GHz-6 GHz horn antenna. The use of a foam
board to properly raise the horn antenna facilitates reducing
the reflection and scattering effects of the surface of the test
platform. The receiving antenna is placed 50 cm away from
the port surface of the horn, and connected to the Agilent
vector network analyzer (VNA) as a wireless spectrum power
meter, which can directly obtain the data display of the har-
vested power. The diagram of the actual test system is shown
in Fig.11.

The default transmitting power of the HFSS software in
the full-wave simulation is 30 dBm (1W), and the maximum
received power is 10 dBm (10 mW), which means the loss
is 20 dB. The maximum RF power generated by the signal
generator is 15dBm. The insertion loss of the transmitting
cable and the receiving cable is measured at 1 GHz-6 GHz
and the sum is around 2.5 dB. Therefore, considering the
cable insertion loss, the ideal harvested power should be about
−7.5 dBm. The curves of harvested power in the actual test at
each operating frequency are presented in Fig.12. The max-
imum harvested power of the proposed antenna at 2.4 GHz
is −8.5 dBm, which is about 1 dB less than the ideal result,
which is about 0.03 mW. It may be due to the relatively com-
plex electromagnetic environment of the test platform, which

VOLUME 8, 2020 126873



P. Zhang et al.: Back-to-Back Microstrip Antenna Design

FIGURE 12. Harvested RF power by the proposed antenna in the test
system at each operating frequency.

is within the acceptable error range. It also proves the WEH
performance of the proposed antenna. The maximum har-
vested power is kept at around −10 dBm within the rotation
range of ±60◦ with constant polarization alignment, which
proves that the antenna has good WEH angular stability. The
other operating frequencies such as 3G-UTMS(2.2 GHz),
4G-LTE(2.6 GHz) and 5G-IMT(3.6 GHz) are with the peak
harvested power of around −9∼−10 dBm, which is equiva-
lent to between 75% and 90% of the peak power at 2.4 GHz.
At ISM-5.8 GHz, the peak power is greater than −9 dBm
with beam alignment between the horn and the proposed
antenna. In summary, it is proved that the demand of broad-
bandwide-angleWEH and directionalWPT could be realized
simultaneously.

V. CONCLUSION
In this paper, a back-to-back microstrip antenna design for
broadband wide-angle RF energy harvesting and dedicated
wireless power transfer to address the issue of power supply
for wireless sensor network. The ‘groundmode’ is introduced
innovatively to form a broadband resonance from 2 GHz to
4 GHz to cover the mainstream communication bands and
ISM bands. The broadband resonance is with omnidirec-
tional radiation characteristics, which applies to harvest the
energy of the incident waves of the communication bands.
The design freedom brought by the loading of patches and
shorting vias excites a resonance around 5.8 GHz, which is
with bi-directional radiation characteristic and suitable for
dedicated wireless power transfer. The measured results of
antenna performance through multi-probe test platform and
the WEH/WPT performance conform the results of full-
wave simulation, which validate that the proposed antenna
is expected to apply to power supply for wireless sensor
network. The complete WEH and WPT system will also
include rectification process to achieve RF-DC conversion.
For broadband and multi-frequency WEH, high-efficient
multi-frequency rectification will be another important task.
How to integrate the two effectively will be the next research
point.
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