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Optimal Power Splitting of Wireless Information
and Power Transmission using a Novel DualChannel Rectenna
Ping Lu, Member IEEE, Ka Ma Huang, Senior Member IEEE, Chaoyun Song, Member IEEE, Yuan
Ding, Member IEEE, and George Goussetis, Senior Member IEEE
Abstract— Traditionally, the signal power is divided equally
between dual functions in Wireless Information and Power
Transmission (WIPT), which, intuitively, is not an optimal
solution since the power sensitivities for communication and
charging node pose different constraints for signals. To address
this challenge, a two-channel rectenna with an asymmetrical
coupler feeding network (ACFN) has been proposed for WIPT
under the power and time sharing (PS and TS) schemes. The
proposed two-port rectenna consists of a receiving antenna
integrated with ACFN where one output port is connected to a
rectifying circuit while the other is used for information recovery.
Different from the conventional PS scheme with equal division, the
proposed rectenna can adjust ratios of power at two outputs. That
is, routing high power to the RF-DC port, and transferring low
power but of sufficient signal-noise-ratio (SNR) to the port being
used for signal demodulation/decoding. As a result, the simulated/
measured maximum RF-DC conversion efficiency of the rectenna
can reach up to 73.9%/70.4% for Quadrature Phase Shift Keying
(QPSK) modulated signals and 63.9%/60.7% for continuous wave
(CW) signals. In addition, good isolation between the two output
ports ensures low interference against information decoding.
Index Terms—Asymmetrical coupler, power splitting scheme,
time sharing scheme, Wireless Information and Power
Transmission (WIPT), two-channel rectenna.
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I. INTRODUCTION

ecently, an increasing number of low-power, long-range
and medium-rate wireless communication devices and
networks (e.g., LoRaWAN, NB-IoT and Sigfox) have been
emerged rapidly for applications on the Internet of Things
(IoT) and wireless sensor networks. The use of wires and
batteries to power such massive numbers of small devices and
sensors becomes inconvenient and raise environmental
concerns for battery fabrication and disposal. To enable
maintenance-free and power autonomous devices, wireless
power transmission (WPT) becomes a promising alternative
solution. The WPT technologies can be categorized as
inductive coupling, magnetic resonant coupling, and
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microwave power transmission (MPT). Among them, the
microwave power transfer over a long distance (up to
kilometers), can be regarded as a potential means of powering
sensors with low/medium-energy consumption. Rectenna,
which harvests ambient radio frequency (RF) energy and then
converts it into useful DC power, is an important component
in MPT systems [1].

Fig. 1. WIPT system for electronic devices with time splitting scheme, power
splitting scheme and time-sharing scheme.

When the communication devices can extract DC power
from ambient RF signals (such as in TV/FM broadcasting and
various wireless communication systems, etc.), the portable
electric device can be charged while communicating without
the restraint of the wires. The combination of the rectennas
and wireless communication antennas will bring new
revolution for simultaneous MPT and data communications,
aka wireless information and power transmission (WIPT) [47]. The WIPT was firstly introduced in [4] and since then it
has attracted great attention. To route and split the RF energy
into MPT and wireless information (WI), the receiver
architecture with different types of operation schemes, i.e.
time splitting, time-sharing (TS) and power-splitting (PS), are
commonly used, see Fig. 1 [8]. The time splitting method
allocates different time pieces of received signals for power
and information recovery, where the time-splitting ratio τ
describes the normalized time portion for the energy
harvesting function and it varies from 0 to 1; and the TS
method shares a period of time to allocate the received signals
for power and information recovery simultaneously; while in
the PS scheme the received signal power is divided into 1:k2
for energy harvesting and information demodulation.
To realize WIPT, some multi-function rectennas and
rectenna arrays have been reported. This includes single-port

[10-13] and two-port rectennas/rectenna arrays, which occupy
the same or differently allocated frequency spectrums for
communication and WPT [14-18]. For the case of one-port
rectennas, either a communication device or a rectifying
circuit can be connected to the antenna, which obviously
cannot be used for simultaneously WIPT (SWIPT). In
practical SWIPT applications, dual-port rectennas have been
designed with high port isolation [14-16]. By adopting dualorthogonal H-shaped aperture-coupled feeding or controlling
the states of the high-lossy switches, the communication
device and rectifying circuit can operate simultaneously at
different frequencies. However, these reported dual-port
rectennas have a complicated structure requiring large profile
[14] or additional biasing networks [16]. To align the
operation frequency for SWIPT, the rectenna or rectenna
array is fed using power dividers, and the received power is
equally distributed to the rectifying circuit and
communication device [16-18]. This power dividing ratio
could not be changed in the reported works, resulting in nonsensible energy allocation for MPT and WI [16-18].
Practically, WI and MPT have different requirements on the
minimum operation power level, and the power used for data
transmission (e.g. typically –60 dBm signal power is
sufficient for demodulation) is much lower than the
requirement for wireless energy transmission that needs at
least –10 dBm signal power to maintain high conversion
efficiency (>50%) [19]. Thus, for the purpose of effective
power utilization, the majority of captured RF power should
be fed into rectifying circuits, and a minimal amount of the
signal power that satisfies the signal to noise ratio (SNR)
requirements is used for information recovery. If the received
power can be divided in a dynamic fashion according to
different application scenarios, the power can be utilized more
efficiently.
In this paper, a two-channel rectenna with an asymmetrical
coupler has been proposed for WIPT under the powersplitting and time-sharing (PS and TS) schemes. Due to the
asymmetrical coupler, the power can be optimally divided for
rectifying circuits and communication devices respectively in
different power ratios to satisfy their corresponding operation
requirements. Also, the two ports with a 90° phase difference
for both individual or simultaneous circuit connections exhibit
high isolation in TS scheme to suppress interference (e.g.,
coupling and reflective loss) between the MPT and WI. The
details are now elaborated in the following sections.
II. TWO-PORT RECTENNA DESIGN
The proposed two-port receiving antenna consists of a
rectangular ring-shaped receiving antenna, which is fed by
using an asymmetrical coupler. One port is used to connect
the receiving antenna to the medium-power rectifying circuit,
while the other port is used for connecting the communication
device. In our design, both the receiving antenna and the
rectifying circuit are printed on a single layer of a partially
grounded Rogers 4003C substrate (εr=3.38, tanδ=0.0027)
with a thickness of 0.813 mm.

Fig. 2. Asymmetrical branch-line coupler structure. (l1 = 26.2 mm; l2 = 22.3 mm,
w1 = 2.28 mm; w2 = 2.28 mm)

A. Asymmetrical Coupler
To achieve different power division ratios, a branch-line
asymmetrical coupler is designed, as displayed in Fig. 2. The
proposed coupler is composed of a rectangular-loop strip line
and four stubs with two matching sections in series for port i
(i = 1, 2, 3, 4). When the electromagnetic wave inputs from
the Port 3, to satisfy the power-division ratio of 1: k2 and 90°
phase difference between the outputs at the Port 1 and the
Port 2, the S-parameters of S13 and S23 should be designed to
be S13 = 1/(jk2)S23, where j is the imaginary symbol. The
branch-line hybrid is terminated with the impedance Zi. It is
assumed that all the ports are well matched to 50 Ω, i.e. Zi =
50 Ω. When the electrical transmission-line length θi is λ/4 at
the center frequency, the characteristic impedance Z0i can be
calculated to be [20]
Z
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Fig. 3. Simulated S-parameters of the proposed branch-line coupler. (a)
Magnitude in dB. (b) Magnitude and phase differences.

For example, when k2 = 1/4, the widths w1 and w2 of the
strip lines can be determined by the characteristic impedances
of Z01 = Z04 = 200 Ω, Z02 = Z03 = 48.5 Ω at the center frequency
(here we assume ISM 2.4 GHz band), according to (1) and (2).
With the asymmetrical branch-line coupler, the S parameters
of the coupler between the Port 3 and all other ports are
displayed in Fig. 3(a). It can be seen that good impedance
matching for |S33| < –10 dB and high isolation of |S34| < –15
dB are achieved in the frequency band from 1.6 to 2.6 GHz.
At f0 = 2.4 GHz, the matching at the Port 3 |S33| reaches –
18.35 dB, and the isolation between the Port 3 and Port 4 |S34|
reaches –20.74 dB. Also, the power divisions with |S31| = –
1.14 dB and |S32| = –7.17 dB for the power division ratio of
1:k2 = 1:(1/4) = 4 at f0 is achieved. In practice, the port with
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higher power is connected for MPT, and the other port with
lower output power is used for information receiving. For the
purpose of suppressing antenna higher-order harmonics, four
inverted-L open stubs are introduced in the coupler [21]. The
S-parameters of |S32| and |S31| can be suppressed to –29.83 dB
at 2f0 and –26.13 dB at 3f0. Due to the harmonic suppression,
these harmonics would not be re-radiated from the antenna,
and the associated energy are eventually recycled by the
rectifier. Such filtering antenna performance will enhance the
RF-DC conversion efficiency at the rectifier stage.
Additionally, the interference to the communication
systems in other frequency domain can be eliminated.

between mode 1 and mode 2 for the time splitting scheme,
where it divides a certain time frame into different time
slots and allocates the energy signal or information
signals to their own time slots. Also, the active
impedance control circuit, such as the reconfigurable
multiple-impedance transformer network (RMITN) [22],
can be introduced at the input port of the proposed power
splitter for good impedance matching at different switch
states. It is noted that an analogue-to-digital converter
(ADC) with information decoder can be connected
following the rectifying circuit, as displayed in Fig. 5(b),
and the decoder receives the output DC voltage from the
rectifying circuit and decodes the signals for WI.
 Mode 3: Both the rectifying circuit and the communication
device are connected to the Port 1 and the Port 2, and the
rectenna operates for SWIPT with PS and TS scheme, as
displayed in Fig. 5(c).

Fig. 4. Receiving antenna with an asymmetrical coupler structure. (l1 = 30 mm,
l2 = 6.75 mm, l2 = 11.75 mm, l3 = 5.5 mm, l4 = 6 mm, l5 = 12.5 mm, l6 = 4 mm, l7
= 22.5 mm, l8 = 14 mm, l9 = 6.7 mm, l10 = 28.3 mm, l11 = 32.2 mm, l12 = 19 mm,
l13 = 19 mm, w1 = 3 mm; w2 = 5.3 mm, w3 = 2.38 mm, w4 = 0.5 mm, w5 = 0.47
mm, w6 = 0.1 mm, w7 = 0.5 mm, g = 7.5 mm.)

B. Receiving Antenna
A two-port rectangular ring with two open gaps is used as
the receiving antenna, as displayed in Fig. 4, where it is
fabricated on a partial metallic ground with defected ground
structure on a Rogers 4003C substrate. The defected ground
structure consists of a semicircle slot, while an additional
rectangular slot is used to improve the isolation between the
two ports. With the two gaps in the rectangular ring, the
receiving antenna is split into two parts, each of which is a
microstrip line with two open stubs. These two radiation parts
interact with each other via capacitive coupling and mutual
parasitic loading, and both are indispensable for good antenna
performance. By adjusting the size of the stubs in the two
parts, an appropriate operation frequency of the two ports can
be achieved with high isolation. The receiving antenna is
connected to the earlier described asymmetrical coupler. The
left hand of the coupler in Fig. 2 (the Port 3 and the Port 4) is
extended to link with the two parts of the receiving antenna
by using a bent stub and a straight short stub with 180° phase
difference, whilst the other two ports (the Port 1 and the Port
2) are connected to the rectifying circuit and/or
communication device simultaneously or individually.
According to the power division ratio, the proposed receiving
antenna can operate at three different modes:
 Mode 1 (Mode 2): The Port 1 (Port 2) of high (low) output
power is connected to the rectifying circuit (communication
device) and the other is connected to a 50 Ω matched port,
as displayed in Figs. 5(a) and (b). At Mode 1 or Mode 2,
only the rectifying circuit or the communication device is
activated, and the rectenna has a single function for MPT or
WI. Furthermore, the pin diodes can be used to switch

(a)

(b)

(c)

Fig. 5. WIPT system at the three operation modes. (a) At Mode 1(2) with only
connection of a rectifying circuit or a communication device for MPT or WI.
The pin diodes including RMITN can be connected with the power splitter to
achieve the time splitting scheme. (b) At Mode 2 with connection of a decoder
following a rectifying circuit. (c) At Mode 3 with connection of both rectifying
circuit and communication device for SWIPT with PS and TS scheme.

The simulated and measured S-parameters of the antenna
for the abovementioned three operation modes are displayed
in Fig. 6(a), where the measured results are in good agreement
with the simulated results obtained by HFSS. Good isolation
between the Port 1 and the Port 2 (|S12| < –15 dB) results in
the similar S-parameter curves for all the three modes. Good
matching at the two ports (both |S11| and |S22| are less than –10
dB) is achieved at the frequency of 2.4 GHz. By using the
proposed coupler, the anticipated asymmetrical power
division of 1:k2 = 4:1 with |S11| = –16.05 dB and |S22| = –10.12
dB is achieved. The input impedances at the Port 1 and at the
Port 2 are (39.36 – j4.3) Ω and (24.4 –j10.5) Ω at 2.4 GHz,
respectively.
In different modes, the antenna with the proposed coupler
is differently terminated, resulting in different radiation
patterns. The simulated/measured radiation patterns at the
three modes in the plane with the maximum gain are shown in
Fig. 6(b), where the maximum gain of 4.57 dBi/4.37 dBi at
Mode 1, 3.64 dBi/3.44 dBi at Mode 2 and 4.10 dBi/3.96 dBi
at Mode 3 for the azimuth angle of (φ, θ) = (174˚, 92˚), (44˚,
132˚) and (148˚, 46˚) can be observed. The
simulated/measured antenna radiation efficiency ηa are as
high as 92.9%/91.5%, 90.5%/89.4%, and 94.1%/93.2% at 2.4

GHz, respectively.
The discrepancy of frequency, maximum gain and antenna
efficiency between the simulation and measurement may be
caused by the deviation of the dimensional error, and the tiny
variations of relative permittivity (εr = 3.38  0.05) of the
Rogers 4003C substrate. Additionally, the loss of the SMA
connector, which is not modelled in the simulation, may
slightly reduce the gain and antenna efficiency in the
measurement.

microstrip line in conjunction with the capacitor C2 and the
load) is inductive. The by-pass capacitor C2 is used to smooth
the output DC voltage. Based on the operation power, a
Schottky diode HSMS 2860 with a high breakdown voltage
(Vbr = 7 V), a low zero-bias junction capacitance (Cj0 = 0.18
pF) and a low threshold voltage (Vbi = 0.69 V) is connected in
parallel to the rectifying circuit [23]. For the shunt-mounted
diode, at these power levels the threshold voltage has less
impact on the circuit performance. Here the main objective is
to lower the internal power loss inherent to the rectifier diode
resistance and to increase power handling capabilities [24].
Some stepped-impedance matching microstrip lines are
inserted between the antenna, the rectifying diode and the
load to achieve good impedance matching for high conversion
efficiency. By adjusting the dimension of the matching
microstrip lines, the input impedance of rectifying circuit
(40.2+j5.7) Ω at 2.4GHz for the input power of 6 dBm is
conjugating matched with the receiving antenna at the Port 1.

(a)

Fig. 7. Proposed rectifying circuit structure.

The conversion efficiency ηc of the rectifying circuit can be
expressed as
c 
(b)
Fig. 6. Performance of receiving antenna. (a) Magnitudes of S parameters of
receiving antenna, in dB, at the three modes. (b) Radiation patterns of receiving
antenna at three modes.

C. Medium Input Power Rectifying Circuit
Considerable research efforts showed that the efficient
operation of rectennas and its high-power conversion
efficiency (>50%) are typically realized with high input
power due to the turn on power threshold and loss of the
rectifier diodes. In this design, since higher power can be
delivered to the rectifying circuit with the aid of the
asymmetrical coupler, a medium-power (in the range from 0
to 10 dBm) rectifying circuit is designed and optimized at the
operation frequency of f0.
The proposed rectifying circuit contains a pre-capacitor, a
shunt rectifying diode, a matching circuit, a by-pass capacitor
and a load, as shown in Fig. 7. The rectifying circuit is printed
on the same substrate as that of the antenna (Rogers 4003C
substrate). In this structure, a pre-capacitor C1 of 10 pF and a
by-pass capacitor C2 of 100 pF are used to suppress the highorder harmonics. The pre-capacitor C1 acts as a DC block and
contributes to good matching, since the input impedance of
the shunt diode in parallel with the low-pass filter (the

Vdc2
Pin R

(3)

where Vdc is the output DC voltage across the load R, and Pin
is the input power of the rectifying circuit.
For a WIPT system demonstration, input signals at 2.4 GHz
of CW and of QPSK modulation with 10 MHz bandwidth are
generated. The conversion efficiency for the rectifying circuit
with the proposed coupler at different input power levels are
simulated for the load resistance of R = 1 kΩ, as displayed in
Fig. 8(a). It can be seen that the conversion efficiency is a
function of input power, and it reaches the peaks of 73.9% for
QPSK and 63.9% for CW at the input power of 6 dBm. The
conversion efficiency for the CW input signal is lower than
that with the QPSK signal (due to the spectrum power
integration), indicating that the modulated waveform
improves the power conversion efficiency of the rectifier,
consistent with other reported works [25-26].
To validate the performance of the proposed coupler, the
conversion efficiencies of the rectifier without coupler for the
same input signals are added for comparison in Fig. 8(a).
With (without) the coupler, the simulated maximum
conversion efficiencies of the proposed rectenna achieve
63.9% (61.4%) for the CW and 73.9% (72.1%) for the QPSK
signals. The measured maximum conversion efficiencies of
60.7% (55.9%) for the CW and 70.4% (65.7%) for the QPSK
signals can be realized. The results indicate that by using the
coupler, the simulated/measured conversion efficiencies
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increase by 2.5%/4.8% for the CW and 1.8%/4.7% for the
QPSK. The reason of efficiency improvement is that the highorder harmonics are suppressed when having the coupler
structure, thereby the associated power is recycled to improve
the conversion efficiency [18], [27].

where Pr is the received power of the antenna, which can be
derived from the Friis equation, expressed by
Pr 

2
PG
t t Gr   a
2 2
(4 ) L

(6)

where Gt and Gr are the gain of the transmitting antenna and
receiving antenna, respectively. Pt and Pr are the transmitting
power and receiving power of the antenna. ηa is the antenna
efficiency. L denotes the distance between the transmitter and
rectenna, and λ is the wavelength in free space. Then, the
conversion efficiency ηc of the rectifying circuit for higher
received power at the Port 1 in (3) becomes,
c 

(4 ) 2 L2Vdc2
 1  k 2 
2
PG
t t Gr a  R

(7)

(a)

B. Unmatched Rectifying Circuit or Communication Device
When the output power of the antenna (input power of the
rectifying circuit) changes or the communication device is
off-duty, the impedance of the Port 1 or the Port 2 is no longer
50 Ω, thus the mismatch occurs, and this mismatch scenario is
now studied.

(b)
Fig. 8. Rectenna performance for CW and QPSK transmitting signals at 2.4
GHz. (a) Simulated and measured conversion efficiency curves with or without
the coupler under different input power at Modes 1 and 3. (b) Measured SNR
with different input power at Mode 2 and 3.

(a)

III. RECTENNA PERFORMANCE
To demonstrate the MPT and data communication system,
an entire link was established. Due to the asymmetrical
coupler, the received power is divided into two uneven
portions for MPT and WI, as displayed in Fig. 9.
A. Power Division Ratio
The rectifying circuit and the signal receiving chain are
connected to the Port 1 and the Port 2 with a power splitting
ratio of 1:k2 (0<k  1), and the rectifying circuit and signal
receiving chain can be connected to the corresponding ports,
according to the power splitting ratio. The input power at two
ports is as follows. For rectifying circuit at the Port 1, the
received power at the Port 1 Pin1, which is equivalent to the
input power Pin of the rectifying circuit, is
1
(4)
P P 
P
in1

in

1 k 2

r

For signal receiving chain at the Port 2, the received power at
the Port 2 Pin2 is
Pin 2 

k2
Pr
1 k 2

(5)

(b)
Fig. 9. Proposed WIPT with PS and TS scheme. (a) WIPT scheme with power
splitter. (b) Proposed WIPT at different modes.

Due to the coupler, the power of reflected waves can be
recycled when the rectifying circuit or the communication
device is mismatched [18], [27]. As displayed in Fig. 10,
when the rectifying circuit (communication device) is
mismatched, the reflected wave jkΓa1 (Γa1) is transmitted to
the Port 3 and the Port 4 through the asymmetrical structure.
Thus, we have b3 = –Γk2a1 (b3 = Γa1) at the Port 3 and b4 =
jΓka1 (b4 = jΓa1) at the Port 4, where Γ is the reﬂection
coefﬁcient of the mismatched port at Port 1 and the Port 2,
and a1 is the input wave. Then, the reflected waves a3 = –b3 at
the Port 3 and a4 = –b4 at the Port 4 are delivered to the

coupler, and then divided between the two ports. One is the
output wave b1 = 2ΓΓ՛ˊk2a1 (b1 = ΓΓ՛ˊ(1–k2)a1) at the Port 1
and the other becomes b2 = jΓΓ՛ˊ(k–k3)a1 (b2 = 2jkΓΓ՛ˊa1) at the
Port 2, respectively, where Γ՛ˊ is the reﬂection coefﬁcient at
the Port 3 and the Port 4. Although the antenna and the
coupler are well matched (|S33| < –10dB), Γˊ is not zero. The
reflected wave at the mismatched port is re-emitted back to
the receiving antenna, and so on. The input power to the
rectifying circuit at Port 1 can be recollected, as expressed by,

while at Mode 3, the received power is assigned to the two
ports for SWIPT with the power division ratio of 1:k2
(0<k  1). The design method of this two-port rectenna with
asymmetrical coupler can be further developed for the WIPT
applications with an arbitrary power division ratio according
to the different application scenarios and customer
requirements. The traditional WIPT system is a special case
of the proposed design for k = 1. According to (1) and (2), the
power splitting ratio 1:k2 of the coupler is related to the
characteristic impedances ratio of the vertical transmission
2
2
2
2 2
2n1 2n 2 n
Pin1  Pin  lim(1    k -   k +  k )a1 (8) lines (TLs) to horizontal TLs. For high ratio 1:k , the
n
characteristic impedance ratio would be large, and a
significant difference between the characteristic impedance
for mismatched communication device, and the input power
Z0i of the vertical TL and horizontal TL is required, causing
Pin2 to the communication device at Port 2 can be written by,
very high (low) vertical (horizontal) TL impedance.
Considering the fabrication tolerance, the maximum
Pin 2  lim(1      k 2  2  2k 2    2n12n k 2n ) jka1 (9) characteristic impedance Z0 that can be fabricated is 181.95 Ω
n
for the Rogers 4003C substrate at the operation frequency of
for unmatched rectifying circuit.
2.4 GHz. To achieve the desired ratio 1:k2, apparently, the
characteristic impedance is intended to remain above 181.95
Assume the waves are totally reflected by the antenna at the
Ω, and a relatively thick and narrow width for the TLs should
Port 3 and at the Port 4, i.e. Γˊ=1. Under the condition of
be considered, resulting in difficulties in the implementation
infinite numbers of reflections for the power division ratio
using conventional PCB and microstrips.
0<k  1, (8) and (9) becomes,
C. Measurement
The fabricated rectenna for WIPT is displayed in Fig. 11,
(10) where the rectifying circuit or/and communication device are
Pin  Pin1  lim(1-k 2 -2  2 k 2     2n k 2n )a1
n
connected to the receiving antenna through the coupler by a
and
pair of SMA connectors.
2
2
2 2
2n 2n
(11)
Pin 2  lim(1  k     k     k ) jka1
n 

(a)

(b)

Fig. 10. Proposed rectenna scheme for mismatching communication device or
rectifying circuit.

Fig.11. Fabricated rectenna. (a = 14 cm, b = 5.5 cm, c = 9.8cm, d = 3.2cm).

According to (8) and (9), the rectenna can recycle the input
power Pin to as high as 59.42% at Port 1 for the mismatched
communication device, and Pin2 of 29.73% at Port 2 for the
mismatched rectifying circuit, where k = 0.5 and assuming Γ՛
= Γˊ = 0.5. While for the matched outputs, 80% for the
rectifying circuit and 20% is achieved for the communication
device (k = 0.5), according to (4) and (5). It can be seen that
due to the asymmetrical coupler, the majority of power can be
recollected for k=0.5. For the same Γ՛ or Γˊ, higher power can
be recycled at higher ratio 1:k2, and in the special case of k=1,
the power of (1-Γ)a1 can be recycled.
The performance of the proposed rectenna at the three
modes has been summarized in Table I. The proposed
rectenna has multi-function and multi-mode, i.e., when the
rectenna works at Mode 1 and Mode 2 all the received power
is distributed to their respective ports for MPT or WI solely;

In this design, with the aid of the asymmetrical coupler (k =
0.5), the received power Pr of 0.005 W (7 dBm) is injected
into the two circuits for WIPT, i.e. the input power of 0.004
W (6 dBm) for the rectifying circuit and 0.001 W (0 dBm) for
the information receiving device.
In the measurement, the experimental setup for the system
with MPT and data communication is displayed in Fig. 12. A
computer and a signal generator (Agilent 83623B) were used
to generate the CW and the modulated waveforms, i.e., QPSK
in our experiment. The RF waveforms were then amplified by
a power amplifier (PA) of a gain of 40 dB. The resulting
amplified RF waves excite the transmitting horn antenna, with
their power monitored through a Nadar 20 dB directional
coupler, while the other way feeds the power meter (Agilent
E4416A) to monitor the transmit power. The proposed
rectenna is placed at the distance L from the transmitting horn
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antenna. At the rectification port for MPT, a Power
Management Unit (PMU) with an ultra-low-power DC–DC
converter (BQ25504 from Texas Instrument) is connected to
the rectifying circuit to boost and stabilize the output voltage.
A multi-meter measures the output voltage across the load of
the rectenna. For WI, a universal software radio peripheral
(USRP model: USRP-LW X310) is connected to
communication port to assess the quality of the wireless data
transmission, such as SNR, maximum data rate, bit error ratio
(BER) and throughput.

dBm, where the high conversion efficiency of 70.4% for the
QPSK signals and 60.7% for the CW signals were achieved.
Although the measured results are lower than the simulated
results, the variation tendency of the two conversion
efficiency curves is the same. The lower measured conversion
efficiency may be caused by the parasitic elements of the
surface mounted device (SMD) components (i.e. capacitors)
and rectifier diode, which is different from the SPICE mode
used in the ADS simulation. In addition, the SMA connectors,
which are not considered in the simulation, may decrease the
conversion efficiency further.

Fig. 12. Measurement setup, where the orientation of the proposed rectenna
in the measurement is adjusted for different working modes to ensure the
main-beam alignment between the horn antenna and the proposed rectenna.
TABLE I
PERFORMANCE OF THE PROPOSED RECTENNA
Power
Mode
Port Usage
Ratio
Functionality
Delivered

This work

1

Port 1

1/(1+k2)

MPT

2

Port 2
Port 1 and
Port 2
Port 1 and/or
Port 2

k2/(1+k2)
1/(1+k2) and
k2/(1+k2)

WI

3
Traditional
SWIPT

1/2/3

0.5 and/or 0.5

(a)

SWIPT
MPT/WI/SWI
PT
(b)

To meet the EIRP regulation (no more than 4W), the
transmitting horn antenna with the gain of Gt = 15 dBi was
used, and the transmitting power Pt = 0.045 W (16.65 dBm) at
Mode 1, Pt = 0.06 W (17.68 dBm) at Mode 2 and Pt = 0.05 W
(17.0 dBm) at Mode 3, respectively, are implemented at the
constant input power of 6 dBm for the rectifying circuit for all
the three modes. The transmitted RF signals with high power
were captured by the proposed rectenna, which was located at
the distance of L = 0.3 meter away from the transmit horn. In
this design, the free-space path loss (constant attenuation) is
considered, and the path loss between the source and the
receiver in free space can be estimated using,
(12)
Lloss (dB )  32.45  20lg f  20 lg L
where f is the operation frequency (unit MHz) and L is the
transmission distance (unit: km). For the transmission
distance of 0.3 m, the free space loss between the source and
the receiver at the operation frequency 2.4 GHz is 29.6 dB.
When the rectifying circuit is connected to the antenna at the
Port 1 (at Mode 1 and 3), the measured conversion
efficiencies with different input power are shown in Fig. 8(a).
It is found that the conversion efficiency increases with input
power and then decreases after it peaks at the input power of 6

Fig. 13. Measured communication signal, CW signal at mode 1 as an example.
(a) Transmitted signal spectrum generated by the signal source with or without
power amplifier. (b) Received signal spectrum at communication port. It is
noting that the transmitted signal spectrum generated by the signal source
with/without the PA is extracted, which is higher/lower than the received power.

To verify the ability of communication, a signal received from
the communication port was measured using a spectrum
analyzer, as displayed in Fig. 13. The received signal
spectrum is in good agreement with the transmitted signal
profile. It can be seen that an input power of 0 dBm was
received by the communication device at the Port 2 for WI.
Compared to the transmitted signal, the received signal with
high SNR of 84.1 dB for QPSK and 78.2 dB for CW can be
achieved, i.e. SNR(dB)=Psignal (dBm)-Pnoise (dBm). The SNR
with different input power of –6~4 dBm at communication
port corresponding to 0~10 dBm at rectifying circuit port is
displayed in Fig. 8(b), where SNR increases with the input
power, and SNR for QPSK is higher than that for CW. At the
input power of –6~4 dBm, SNR of 77.9~88.7 dB for QPSK
and 71.6~82.2 dB for CW is achieved. The results indicate
that low input power can also achieve the desired SNR for WI,
and the power used for WI can be lower than that for wireless

power transmission. Note that the results are just the
experimental validation of the proposed WIPT system. To
meet the actual communication demands, the SNR achieves
about 30dB rather than SNR>70dB, and so higher power ratio
of 1:k2 would be chosen for the real application scenes.
Besides, in a real communication system, the modulation
wave rather than CW is available for high quality of wireless
data transmission. Take QPSK with narrow band of 1MHz
(Case 1) and QPSK with 10MHz bandwidth (Case 2) as
examples. At Mode 3, the DC and consumed power at the two
ports with different throughput is illustrated in Fig. 14, where
the consumed power increases with the throughput. When the
throughput increases to 28Mbps (280Mbps) in Case 1 (Case 2)
[throughput=(1-BER)×Rmax], all 1 mW power is routed to the
communication device for WI. However, due to high isolation
of the two ports, the power received by the rectifying circuit
would be unaffected, and the DC output power remains
unchanged with the throughput. The performance of wireless
information transmission at the communication port is listed
in Table II, where the maximum data rate Rmax, BER and the
throughput are high with QPSK of 10MHz bandwidth,
compared to that of 1MHz.

efficiency of 75% (up to 90%) can be achieved by the DC-DC
converter for the input voltage from 0.65 to 3.3 V. When the
output DC voltage with PMU reaches 1.5 V for battery
charging at the input power of 1 dBm for the CW and 0.6
dBm for the QPSK, and the voltage increases to their summits
of 3.3 V at the input power of 5.4 dBm for the CW and 5 dBm
for the QPSK. Then the regulated 3.3 V voltage can be output
to power the low-power devices (Wi-Fi, Bluetooth, etc.).

(a)

(b)

Fig. 14. Measured dc/consumed power at rectifier/communication port with
different throughput.

Furthermore, in the practical scenarios, the output DC
power can be very low, and the output voltage cannot be used
to power the device directly. Thus, the PMU with an ultralow-power DC-DC booster converter (model: BQ25504 [25])
is required to achieve the regulated voltage of 3.3V for
charging the communication device, and the application
circuit of BQ25504 is displayed in Fig. 15(a). The selected
PMU chipset has a build-in function of maximum power point
tracking (MPPT) to optimally charge the low power devices.
The output voltage of the rectenna is equal to the voltage
input to the PMU. Once activated, the PMU boost
converter/charger can effectively extract power from the lowvoltage rectifier. The output voltages of the rectenna
with/without PMU vs. input power is displayed in Fig. 15(b),
where the output voltage increases as a function of input RF
signal power. The voltage output with PMU is much higher
than that without the PMU, since the DC-DC conversion

Case
1
2

TABLE II
QUALITY OF WIRELESS COMMUNICATION
Maximum data
Bit error ratio
Throughput
rate (Mbps)
(BER)
(Mbps)
28
~6×10-19
28
280

~2×10-17

280

Fig.15. Rectenna with PMU/without PMU for energy port. The voltage input to
the PMU is identical to the output voltage of the rectenna. The input power of 6
dBm is the optimum input power of the rectifying circuit. (a) PMU (modeled:
BQ25504) application circuit. (b) Measured output voltage.

To store the energy, the external capacitor Cvstore is used as
an energy storage element. The capacitance is determined by
the energy consumption E of the device, as expressed by,

1
2E
2
2
(12)
E =  Cvstore  (Vvouth
 Vvoutl
)  Cvstore = 2
2
2
Vvouth  Vvoutl
where Vvouth is the saturation DC output voltage regulated to
3.3V, and Vvoutl is the threshold DC output voltage for the
battery management, which is set to 1.5V in our design. It can
be seen that the capacitance of Cvstore should be larger than
54.03 µF for the Bluetooth Low Energy sensor operations at
the cost of E = 233.4 µJ. Since the built-in storage capacitor
Csto ranges from 4.23 to 5.17 µF [28], at least 48.86 µF or
larger capacitance is required for the external capacitor. The
capacitance is set to be 68 µF in this design for the off-theshelf component. For larger energy consumptions, the
capacitor capacity needs to increase further.
D. Discussion
The performance of some published rectennas for WIPT
has been summarized and compared, as displayed in Table III.
For one-port rectenna, the rectifying circuit and
communication device should be used in turns. For MPT and
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WI simultaneously, the two-port rectennas were implemented,
and the alternative use of the two circuits can be avoided.
Compared to other published two-port rectennas for WIPT,
our design has merits of a simple structure with low profile,
easy integration and high conversion efficiency, which is
higher than some published two-port rectennas at the medium
input power [16][18]. Also, it should be clarified that high
conversion efficiency can be achieved at lower frequency, and
the conversion efficiency of the proposed rectenna is
reasonably good, which is comparable with that of the stateof-the-art 2.4GHz rectennas in such as [29] (63%) and [30]
(63.5%). To achieve the optimal conversion efficiency, the
rectenna with power divider [17] or symmetric coupler [18] at
power division ratio of 1:1 should output the power of 6 dBm,
but the signal power does not require as high as 6 dBm for
communication, resulting in energy waste, since a minimal
amount of the signal power (e.g. 0 dBm in this design) could
satisfy the communication requirement, e.g., high SNR, high
Rmax, low BER and high throughput. Most importantly, due to
the asymmetrical coupler, the proposed rectenna can split the
signal power in optimal ratio for wireless communication and
wireless charging, i.e. more power for charging and less
power for communication. Thus, the RF power can be
rationally distributed for high conversion efficiency of
rectifying circuit at an optimum input power and for high
communication quality in wireless data communication mode.

Ref.
[10]
[11]
[12]
[13]
[14]

[15]
[16]
[17]
[18]
This
work

TABLE III
COMPARISON OF WIDE-INPUT-POWER RECTIFYING CIRCUIT
Maxi.
Method of
Freq.
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conversion
output power and
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1
@35.9dBm
microstrip line
86%@11d
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0.43
1
Bm
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50.7%
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6.78
1
@13dBm
coaxial feed
52%@Single-port with
2.4
1
8dBm
coaxial feed
Orthogonally
64%@14d
5.8
2
aperture-coupled
Bm
feed
Coaxial feed and
2.4
2
microstrip line
feed
50.18%
5.6
2
Reconfigurability
@5dBm
74.9%
@26.9dBm
2.58
2
Power divider
67%
@26.9dBm
51.1%
Symmetric
5.8
2
@0.5dBm
coupler
60.7%
@6dBm
Asymmetrical
2.4
2
coupler
70.4%
@6dBm

IV. CONCLUSION

Wave
form
CW
CW
Multisine
Pulse
CW

CW
CW
CW
QPSK
CW
CW
QPSK

A novel two-port rectenna with an asymmetrical coupler
has been proposed for the WIPT. By using the asymmetrical
coupler, the received power can be distributed to rectifying
circuit and communication device in a power division ratio of
1:k2, therefore splitting the power with optimal division ratio
for charging and data transfer modes. In this design, the ratio
of 4:1 (k = 0.5) was demonstrated as an example. By adjusting
the size of the coupler, the arbitrarily power division ratio,
such as that of 8:1 and 16:1 can also be achieved, according to
the application requirements. The rectifying circuit achieved
high conversion efficiencies of 70.4% for the QPSK signal and
60.7% for the CW signal at the input power of 6 dBm for MPT.
Meanwhile, high communication quality can be realized at the
low power of 0 dBm. The proposed rectenna has merits of
multi-mode and multi-function with a simple structure, easy
integration and high conversion efficiency.
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