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ABSTRACT An integrated, miniature, dual-purpose circular patch antenna is proposed for Simultaneous
Wireless Information and Power Transmission (SWIPT). The design proposes a proximity-coupled feed
to the radiative circular patch for Wireless Information Transfer (WIT) in 5.7 GHz - 6.0 GHz band and
an integrated capacitive-coupled feeding network, with full-wave rectification (FWR) using regenerative
opposite fringing fields from the radiating edges of the patch for energizing IoT sensors by means of
wireless power transfer (WPT) at 5.2 GHz. For the realization, two co-polarized fringing field harvesters
are capacitively coupled to the radiating edges of the patch to regenerate those opposite fringes whose
currents are effectively matched to the FWR using a pair of Schottky diodes for direct current (DC) power
generation. Since the gain and efficiency of the patch, in WIT mode, are favoured when using the FWR
network, the effective regenerative fields, which are deemed attractive in modern wireless sensor network

(WSN) applications for boosting the lifespan of sensor nodes.

INDEX TERMS WPT, WIT, FWR, IoT, SWIPT, patch antennas.

I. INTRODUCTION

The 6G communication network is witnessing the increas-
ing deployment of many sensor nodes specially in smart
applications [1]. Different energy harvesting (EH) methods
are being researched to enhance the battery lifespan of the
sensor nodes. A wireless power transfer (WPT) technique has
emerged as the most popular choice [2], [3] as it provides
easy integration with the existing communication circuitry.
Moreover, sensor nodes collect information related to the
surrounding environment and communicate it with a remote
gateway through an in-housed wireless information transfer
(WIT) antenna. However, housing two separate antenna
modules for WPT and WIT respectively, would render to
a bulky prototype. To smaller their size, several research
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works have recently been reported towards implementing
simultaneous wireless information and power transmission
(SWIPT) to achieve concurrent data and power transfer to
remote sensor nodes [4].

To realize SWIPT operation, several techniques can be
employed, such as power splitting [5], [6], [7], time split-
ting [5], dual polarization [8], [9], frequency splitting [10],
and space splitting [11], [12]. The power-splitting technique
divides the received signal into two power ratios, one
for information decoding and and the other one for radio
frequency (RF) power harvesting, as shown in Fig. 1(a).
However, this reduces the signal-to-noise ratio (SNR) as well
as the power conversion efficiency (PCE) of the rectifier
circuit. In contrast, the time-splitting technique, depicted in
Fig. 1(b) allows, in principle, full RF signal power with better
SNR and PCE, since different time slots are used for the
information and the power transfer delivery. However, the
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FIGURE 1. (a)-(e) Different SWIPT Techniques in literature, and (f) the one
presented in this work.

major drawback of this technique is the time-synchronization
need between the transmitter and the receiver [13]. Moreover,
the optimal time divisions for many sensor nodes are different
to achieve sustainable IoT operation. On the other hand,
the space-splitting technique, Fig. 1(c) employs separate
antenna elements for WIT and WPT operations at the
same frequency of operation. In contrast, the frequency
splitting technique, Fig. 1(d) utilizes different frequency
channels for the information and the power transfer [10], [14],
[15] whereas, in dual-polarization [8], [9], [16] technique,
Fig. 1(e), cross-polarized ports are employed at the same
frequency of operation. Further, a few hybrid SWIPT antenna
systems are reported in the literature. For instance, a shared
aperture antenna [17] with frequency splitting, a dual-
polarized full-duplex antenna [18], [19], and a frequency
splitting with dual-polarization [14] are proposed. However,
these designs either use multiple antenna elements [17], [18],
[19] or a rectifier impedance matching network [14], which
results in bulky sensor nodes. In contrast, the frequency
splitting and dual-polarization techniques are relatively easier
to implement as they employ distinct frequency channels
and orthogonal polarization for the information and power
transfer, respectively. This enables high isolation between
the WIT and WPT ports, resulting in improved SNR and
PCE of the SWIPT antenna. In SWIPT systems, antenna
and rectifier circuit are matched either using an impedance
matching network (IMN) [14], [15] or employing loop-based
conjugate matching techniques [8], [10], [16]. However, the
latter requires partial ground plane which affects the antenna
characteristics [20] when the IoT sensor node is placed
on platforms of different dielectric properties. In addition,
conjugate-matched SWIPT antennas [8], [16] employ a
voltage doubler topology for full-wave rectification (FWR),
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achieving an enhanced PCE (~ 70%) at high input RF
power (> 500 uW) [21]. However, realizing FWR for ultra-
low power (—10 dBm) [22] applications with such a high
PCE poses a significant challenge [10]. Moreover, ultra-
low power RF transmission is desired in IoT applications
where human exposure to radiation satisfies the specific
absorption rate (SAR) limit of 1.6 W/kg for their health and
safety protection. Therefore, a miniature integrated antenna
having high WIT efficiency and high PCE for ultra-low power
WPT is desired for SWIPT applications. Here, an additional
SWIPT technique is presented in Fig. 1(f), where a SWIPT
single antenna system uses frequency splitting and dual
polarization techniques, resulting in an integrated, miniature,
dual-purpose circular patch antenna. The proposed design
incorporates a proximity coupled feed to the radiative
circular patch for WIT in 5.7 GHz-6.0 GHz band and an
integrated capacitive coupled feeding network, with FWR,
using regenerative opposite fringing fields from the radiating
edges of the patch to energize IoT sensors through WPT
at 5.2 GHz frequency channel. For the realization, two co-
polarized fringing field harvesters are capacitively coupled to
the radiating edges of the patch to regenerate those opposite
fringes whose currents are effectively matched to the FWR
using a pair of Schottky diodes for DC energy generation.

The remaining of the manuscript is divided into five
sections. Section II presents the proposed SWIPT antenna
design, including the system’s architecture, the design
evolution and simulated results. The antenna fabrication and
measurement results are discussed in Section III to validate
the design. Section IV presents a detailed performance
comparison of the proposed antenna with the state-of-the-
art designs. The relevance of sustainability is discussed in
Section V and conclusion in Section VI.

Il. PROPOSED SWIPT ANTENNA DESIGN AND
SIMULATION

A. SYSTEM ARCHITECTURE

A 50 Q@ antenna for WIT at 5.8 GHz (5.7 GHz -
6 GHz) [23], with a bore-sight radiation pattern is targeted
first. It is followed by a direct conjugate-matched, dc-
combined, to fully integrate within the same structure for
WPT with optimum PCE at 5.2 GHz, since low frequencies
achieve greater transmission distances (Friis equation) [10].
High isolation between the WIT and WPT is important
since the information signal can leak power into the rectifier
circuit due to mutual coupling; low isolation reduces the
information signal strength, resulting in low communication
link quality. A typical application scenario for the proposed
SWIPT antenna is illustrated in Fig. 2, which shows a
SWIPT-enabled IoT sensor node informing wirelessly sensed
data either directly through a remote gateway or a mobile
drone communication relay. These sensor nodes can harvest
RF power from a locally installed static or mobile drone
power beacons and be used in vast IoT applications,
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FIGURE 2. Application scenario for the proposed SWIPT antenna.
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FIGURE 3. Exploded view of the proposed SWIPT antenna.
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FIGURE 4. Equivalent circuit diagram of the proposed SWIPT antenna.

B. DESIGN AND LAYOUT

The proposed antenna is designed using Ansys HFSS on FR4
substrate (¢, = 4.4, tan§ = 0.02) having 1.6 mm thickness
with 35 um copper cladding. The rectifier circuit analysis
is carried out in advanced design system (ADS) software.
The final design layout is given in Fig. 3, indicating various
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design parameters listed in Table 1. The equivalent circuit
diagram of the proposed SWIPT antenna is shown in Fig. 4,
detailing its working mechanism. The capacitor C,, represents
the proximity coupled WIT feed with Z! = 50 Q input port
impedance which can be connected to the transceiver for WIT
post processing. Two co-polarized fringing field harvesters
are capacitively coupled to the patch and represented by
capacitors C. with an input port impedance (Z§ = R, +
jX, ) that is conjugately matched to the Schottky diode
impedance (Z; = Ry — jX4 2), which acts as an RF choke
by inhibiting DC backflow to the antenna while permitting
the integration of the FWR to the circular patch. The WPT
feed lines are orthogonal with respect to the WIT feed to
achieve high isolation between the WIT and the WPT signals.
In Fig. 4, from a transmitter RF waves impinging on the
SWIPT antenna generate TM;19 mode current on the circular
patch surface. The current direction, denoted by J, (Fig. 4),
changes in each subsequent half cycle of the incident RF
wave and is noted with two arrows in opposite direction.
Therefore, to convert the RF power every half cycle into
usable DC energy, the two Schottky diodes are connected in
mirror symmetry (diode’s anode facing to the circular patch)
with respect to the circular patch center.
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FIGURE 5. Current distribution on the proposed SWIPT antenna for
(a) forward bias of D1, (b) forward bias of D2, and (c) range.

—

Reverse Bias Forward Bias

Fig. 5 shows the current distribution in the SWIPT antenna
when diodes D and D; are in excitation. Fig. 6 shows the
working principle of the FWR by voltage sources Vpi_p2
having an internal impedance of Rp1_p>. The surface current
is excited (J}) in patch antenna during the n' half cycle of
incident RF wave forward bias Schottky diode Dj. In the next
(n+ 1" half cycle, the surface current (J, ;‘“ ) flows in reverse
direction to J}, forward biasing Schottky diode D,. In reverse
bias conditions, the Schottky diode does not contribute to the
dc output and acts as an open load, indicating high S,; and
S13 isolation between the ports. Further, the cathode terminals
of both diodes are joined together through dc connection
lines to combine output dc voltage in subsequent half cycles.
This dc terminal grounds through an output load (Ry) using
a A/4 short stub connected to the anode of each Schottky
diodes to provide necessary isolation between the RF signal
and dc output as well as suppress even order harmonics
that are generated by the Schottky diodes [24]. Unlike other
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TABLE 1. Dimensions of the proposed SWIPT antenna.

Parameters Wi |Wa| W3 Wy Ws |We|L1| L2 Ls

Ly

Ls |Le¢| Ly |Lg|Lo|Lio| Lix | Li2 | D | d | g

Dimension (mm)| 3 | 1 {0.55|0.35/0.55[1.1|11(1.6(5.23

1.37

10.52(9.9|21.25| 2 | 2 | 30 {23.45|27.45[12.2]|0.5[0.6
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FIGURE 6. Working Principle of the FWR in the proposed SWIPT antenna.

literature, the proposed SWIPT antenna achieves FWR by dc
combining a dual half-wave rectification (HWR) out of the
two diodes that are integrating two co-polarized ports of a
single circular patch antenna. The step-by-step design process
with a detailed explanation of the evolution of the proposed
SWIPT antenna is discussed in the subsequent subsection.

C. CIRCUIT SIMULATION AND DESIGN EVOLUTION

The analysis of non-linear rectifier circuit (SMS7621 —
O79LF Schottky diode) is conducted using the harmonic
balance (HB) technique and large signal S-Parameter (LSSP)
technique in the advanced design system (ADS) software.
These specific techniques facilitate the characterization of
the nonlinear current-voltage characteristics of the diode
through Fourier series expansion. The SMS7621 — 079LF
Schottky diode was employed for the rectifier circuit due
to its low junction capacitance, high cutoff frequency, and
excellent power threshold sensitivity for low incoming RF
signals [25]. The Schottky Diode SPICE parameters from
the manufacturer’s data sheet [26] allowed us to model it in
ADS while iteratively accounting for the parasitic packaging
parameters (L,, C,) when the input RF power was —10dBm
at 5.2 GHz frequency. That set the input impedance (Z; =
25 — j75 2) for the design. The 1 k€2 resistance was taken as
reference load to conjugate match the antenna’s impedance
with the Schottky diode impedance [27]. Corresponding to
this impedance, the proposed SWIPT antenna was optimized
in Ansys HFSS with conjugate impedance matching with
Schottky diode impedance. This approach was selected to
reduce insertion losses and the footprint of the overall SWIPT
system. The detailed design procedure is elaborated using a
flowchart in Fig. 7. To start the design process the initial value
of L, is taken as 3.7 nH which is the addition of packaging
inductance of the Schottky diode (0.7nH) and the series
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Evaluate Schottky diode impedance (Z;) in ADS for FWR
— operation at frequency = 5.2 GHz, input RF power (P;,,) =
— 10 dBm, output load (R,) = 1 KQ for L = L, and C = C,

I

Optimize the proximity coupled WIT feed to a circular patch
antenna for impedance matching (S33 < —10 dB) in 5.7 GHz to
6 GHz band

I

Optimize the mirror symmetric capacitively coupled WPT feeds
which are connected to achieve FWR operation with Z% = Z};
along with WIT feed matching

Fabricate the prototype of the optimized SWIPT antenna and

measure open dc voltage (Vg¢) at different frequencies

Is V9 max

— Update L, and C,, at5.2 GHz?

FIGURE 7. Detailed design procedure of the proposed SWIPT antenna.
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FIGURE 8. Design evolution of the proposed SWIPT antenna.

inductance due to the dc combining circuit (~ 3 nH). On the
other hand, the initial value of C, is taken as 0.15pF. The
considered range for L, and C), are 3.5 nH to 4 nH and 0.05 pF
to 0.15pF, respectively, resulting in twenty five iterations
of the design process to achieve the conjugate impedance
matching at 5.2 GHz. The design evolution of the proposed
SWIPT antenna is illustrated in Fig. 8. The proposed antenna
comprises a three-layer structure implemented using two
FR4 substrates (substrate 1 and substrate 2) to achieve
wider impedance matching for WIT. Moreover, a circular
patch geometry was preferred as the main radiator as it
possesses the natural ability to reject harmonics (nfy, n € Z)
generated by diodes, since it resonates at frequencies that
are non-integer (n ¢ 7Z) order [28] of the fundamental
frequency. Initially (Step-I), the patch was excited with a
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FIGURE 9. (a) Simulated reflection coefficient (S33) of the WIT Port, and
(b) Isolation (S3;) between the WIT and WPT ports at various design
evolution stages of the proposed SWIPT antenna.
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FIGURE 10. (a) Real and Imaginary part of the WPT port input impedance
and respective (b) S;; at various design evolution stages of the proposed
SWIPT antenna.

proximity-coupled microstrip feed line for WIT as illustrated
in Fig. 8(a). The antenna design parameters were then
optimized to achieve the desired impedance (Zg) bandwidth
(5.7 GHz-6 GHz) and is demonstrated in Fig. 9 (a) for each
evolution step. In step-1I, a capacitively coupled WPT feed
was cross-polarized with respect to the WIT feed, as shown in
Fig. 8(c). This arrangement achieved high isolation between
information (WIT) and power signals (WPT) greater than
23 dB as confirmed in Fig. 9 (b). Moreover, the capacitive
coupling technique [29], between the WIT and the WPT,
inhibited dc back-flow into the antenna’s radiator and enabled
good conjugate impedance matching between the antenna’s
radiator (Z(iD ) and the dc rectifier circuit (Z;). A /4 high
impedance short stub transformer [30] was employed to
choke RF signal flowing into the ground while passing
dc from the rectifier to the output load (Rp). In step-III,
shown in Fig. 8 (c¢), an additional co-polarized WPT port
2 was incorporated by connecting a Schottky diode in mirror
symmetry to the one connected to WPT port 1. In the
final step-1V, the dc outputs from both WPT ports 1 and
2 (Fig. 8 (c)) are meticulously brought into a single DC
Output terminal using a microstrip line combiner, Fig. 8 (d),
to achieve a FWR, as described in earlier section II-B. Fig. 10
(a) shows the real and imaginary part of the WPT port input
impedance at various design evolution stages of the proposed
SWIPT antenna. Fig. 10 (b) illustrates the corresponding
impedance matching (S11) of the WPT port using (1)

-z

S;; = 20log,, |24 —%d
H B0\ 70y 73

ey

for determining the optimal matching of the FWR network.
That favored an integrated, miniature, dual-purpose circular
patch antenna operating between 5.7 GHz - 6.0 GHz for
SWIPT using the proximity coupled feed to the radiative
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circular patch for WIT. The integrated capacitive coupled
feeding network, with FWR, allow to regenerate the opposite
fringing fields from the radiating edges of the patch for
energizing [oT sensors by means of WPT.
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240° | Z5_ Wt without Fwr| 120 240° |75 War vithow Pwr| 120
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FIGURE 11. Simulated radiation pattern (normalized) of the WIT (with
and without FWR) and WPT, for (a) ¢ = 0°, and (b) ¢ = 90° elevation
plane at 5.8 GHz and 5.2 GHz, respectively.

D. SIMULATION RESULTS AND DISCUSSION

The simulated S1; of the circular patch antenna (the WIT) is
shown in Fig. 9 (a) (Step-IV curve). It shows an impedance
bandwidth between 5.53 GHz - 6.0 GHz for WIT. In addition,
the tailored SWIPT antenna geometry (Table 1) allowed
the input impedance of the WPT (29.67 + j69.43) Q to
optimally conjugate match the FWR network (25 — j75) Q
covering dual-purpose applications in SWIPT. Furthermore,
an isolation (S;1) of 24 dB at WPT frequency and >28dB in
the entire WIT band of operation is achieved as illustrated in
Fig. 9 (b) (Step-1V curve). This helps inhibiting the leakage
of information signal from the WIT into the FWR network
for improved SNR communications while regenerating the
opposite fringing fields from the radiating edges of the patch
for energizing IoT sensors. The simulated radiation patterns
(normalized) of the SWIPT antenna in the WIT and WPT
modes are depicted in Fig. 11 (a) and Fig. 11 (b), respectively.
Results show 5.7 dBi and 3.65 dBi, respectively for the WIT
(with and without FWR) and WPT. The ¢ = 0° and ¢ = 90°
elevation plane patterns for the proposed SWIPT antenna in
the WIT mode (WPT mode) have 3 dB beamwidth of 84°
and 92° (100° and 108°), respectively. That corresponded to a
high radiation efficiency of 80.97% for the WPT operation at
5.2 GHz and > 78% for the WIT operation (with and without
FWR).

Ill. ANTENNA FABRICATION AND MEASUREMENT

A. FABRICATION AND MEASUREMENT SETUP

The proposed SWIPT antenna was fabricated using a
MITS PCB prototyping machine. The detailed description
of the prototyped antenna is given in Fig. 12. The WIT
mode performance was measured using a Keysight PNA-L
(N5234B) VNA. All the measurements were carried out in
an anechoic chamber as illustrated in Fig. 13(a). To measure
the WPT mode performance, a horn antenna was used as
a transmitter (Tx) and fed by an RF signal generator. The
proposed SWIPT antenna was mounted on the turn table and

47955



IEEE Access

S. Kumar et al.: Energizing an loT Sensor Using Regenerative Opposite Fringing Fields

FIGURE 12. Fabricated prototype of the proposed SWIPT antenna.

at d distance from the Tx horn antenna. The received RF
power at the antenna aperture was measured using a Keysight
spectrum analyzer (N9951A), and the harvested dc voltage
measured across the dc output terminals (Fig. 12) using a
Keysight multimeter (U1232A). The WPT measurements are
carried out in an anechoic chamber as shown in Fig. 13(b).
A detailed description of the WPT link budget used in the
measurements is listed in Table 2.

TABLE 2. Link budget parameters.

WPT Transmitter and Propagation Parameters

Frequency (f) 5.2 GHz
RF Signal generator power (P;) 25 dBm
Measured Cable Loss L. 2.3dB
Transmitter antenna (horn) gain (G;) 10.5 dBi
EIRP (P; + G; — L¢) 33.2dBm
Distance (d) Im

@ b)

FIGURE 13. Experimental setup in an anechoic chamber for measuring
(a) the proposed SWIPT antenna’s radiation pattern, and (b) it's DC power
pattern and PCE.

B. MEASUREMENT RESULTS AND DISCUSSION

1) IMPEDANCE MATCHING AND PATTERN MEASUREMENTS
The reflection coefficient (S33) of the WIT port was measured
by using Keysight PNA-L and is shown in Fig. 14. The
measured S33 results reflect good agreement with simulation
results for the proposed SWIPT antenna that achieves an
impedance bandwidth of 5.7 GHz-6.0 GHz. The conjugate
impedance matching poses difficulties in measuring FWR
impedance on the Vector Network Analyzer (VNA) in the
absence of a balun probe. As an alternative to validate the
conjugate impedance matching of the FWR circuit, harvested
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5 52 54 56 58 6 62
Frequency (GHz)

FIGURE 14. Measured reflection coefficient (S33) port and output open
dc voltage (Vgﬁ) of the proposed SWIPT antenna.
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@ ®)

FIGURE 15. Measured radiation patterns (normalized) of the WIT in
(a) ¢ = 0°, and (b) ¢ = 90° elevation plane at 5.8 GHz with and without
Schottky diode.

60°

90°  270° 90°
1200 2400 I 120°
— — —-Meas. 150° 210° ==~ Mea’s. 150°
180° 180°
() (b)

FIGURE 16. Simulated and Measured dc power patterns (normalized) of
WPT in (a) ¢ = 0°, and (b) ¢ = 90° elevation plane at 5.2 GHz.

open dc voltage (Vgg) is measured for input RF signals
ranging from 5 GHz-6.2 GHz using the measurement setup
shown in Fig. 13. The results shown in Fig. 14 illustrate
voltage maxima (610.2mV) at 5.2 GHz, demonstrating
precise impedance matching of the FWR at the desired
frequency and in agreement with the simulated WPT port
impedance matching (Sy;) given in Fig. 10 (b) (Step-IV
curve). The measured radiation patterns of the WIT are
depicted in Fig. 15, revealing a commendable alignment with
the simulation results presented in Fig. 11.  The results
indicate a very insignificant effect of the Schottky diode on
the radiation patterns, and gains of 5.65dBi and 5.57 dBi is
noted with and without the FWR network. The measured
¢ = 0° and ¢ = 90° elevation plane patterns (for the
WIT) have 3 dB beamwidths of 66.7° and 75.6°, respectively.
The slight deviation between the measured and the simulated
results can be attributed to fabrication errors. To verify the
simulated radiation patterns, open dc voltage are measured.
The output dc power is proportional to input RF power and
the rectifier efficiency [31, eq. (3)] which is also a function
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of the input RF power [31, eq. (4)]. Thus, simulated output
dc power is proportional to the square of the input RF power
and is equivalent to the square of the radiation pattern gain.
In Fig. 16 comparison between the measured and simulated
dc power patterns are shown, which are in fair agreement.

2) PCE MEASUREMENTS

The harvested dc voltage and PCE of the SWIPT antenna are
measured using the measurement setup shown in Fig. 13(b).
The received power (P,) is evaluated using the Friis formula
given in (2),

A
P.(dBm) = EIRP(dBm) + G,(dBi) 4 201log,, (ﬂ)
T

()]

where, G, is the receiver realized antenna gain, and A is
the transmitting signal wavelength, EIRP is the effective
isotropic radiated power and d the distance (Table 2). The
evaluated P, is later validated through measurement by
the spectrum analyzer for complete characterization of the
WPT. Using the setup of Fig. 13(b) and the link budget
of Table 2, the P, for the proposed SWIPT antenna was
—9.91 dBm. Results with a varied range between —19 dBm
to —9 dBm and varied output load (Ry) of the WPT is plotted
in Fig. 17(a) which indicates a maximum PCE of 66.52%
with 203.5 mV output dc voltage (V(]}CL at an optimal load of
610 Q2 corresponding to measured dc Rpower (Pgc) of 67.9 nW.
The Py, can be evaluated from the V,,* plots shown in Fig. 17
using (3) and from PCE plots in Fig. 18 using (4).

2
R
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Ry
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FIGURE 17. (a) Measured and (b) Simulated PCE and harvested DC
voltage of the WPT vs the load.

Moreover, one Schottky diode was removed to compare the
PCE response for a HWR vs the FWR of the proposed
SWIPT antenna. Since the SWIPT antenna was designed for
FWR, the diode removal resulted in a upshifted impedance
matching frequency to 5.56 GHz, G, of 5.44dBi and P, =
—8.7dBm. A maximum PCE of 41.76% at 552.7 Q2 load in
Fig. 17 (a) indicates a significant PCE improvement for the
FWR configuration. The simulated output dc voltage and
PCE for various output load (Rp) are shown in Fig 17(b)
respectively, indicating a maximum efficiency of 68.3%
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FIGURE 18. (a) Measured and (b) Simulated PCE and harvested DC
voltage of the WPT vs input RF power at 5.2 GHz for 610 2 and 1.5 K2,
respectively.

(30.2%) for FWR (HWR) at 1.5k (1.75kS2) for an input
RF power of —10dBm at 5.2GHz. The measured and
simulated PCE with varied input RF power is given in Fig. 18
(a) and Fig. 18 (b), respectively. The results show a non-
linear increase in PCE and output dc voltage with respect
to the input RF power. This input RF power corresponds
to the non-linear / — V characteristics of the Schottky
diode. The difference in the measured and simulated results
can be attributed to the different input RF power levels and
optimal output load Ry..

i & 4 v
Proposed Antenna i 6 9 12 15 18 21 24
| 4 b/ t Input RF Power (dBm)

(a) (b

FIGURE 19. (a) Experimental setup to measure isolation between WIT
and WPT port of the proposed SWIPT antenna, (b) Measured output open
dc voltage vs RF power input to WIT feed.

3) ISOLATION MEASUREMENTS

The isolation between the WIT and WPT ports is validated
using a two-step measurement process. In the first step,
the proposed SWIPT antenna is incident with a 5.7,
5.8, and 5.9 GHz RF signal using the measurement setup
illustrated in Fig. 13 (b) and the corresponding output open
dc voltages (Vj° = 166.6,153, and 114.6mV). That
gave a P, (—8.81,—8.92, and —9.2dBm) at the antenna
aperture using (2). In the next step, the WIT feed of the
proposed SWIPT antenna was directly connected to the signal
generator using an RF cable of L, = 1.6dB loss as shown
in Fig. 19 (a). The output V¢, generated due to coupling
between the WPT and the WIT ports was measured using a
multimeter at several frequencies. The results are plotted in
Fig. 19(b) for effective P, ranging from 7.94 dB to 22.94 dB.
The results indicate 153 mV open dc voltage for 12.94 dBm
RF input at 5.8 GHz, suggesting coupling of —8.92dBm
power and 12.94 + 8.92 = 21.86dB isolation between
WIT and WPT ports. Similarly, the isolation at 5.7 GHz
and 5.9GHz were 26.25dB and 21.64dB, respectively.
The measurement results show a fair agreement with the
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TABLE 3. Performance comparison with state-of-the-art.

Parameters [14] [10] [8] [16] [71 [61 [51 This Work
Freq (GHz) WPT/WIT 5.8/6.1 0.868/2.4 2.4/2.4 2.4/2.4 5.8/5.8 5.2&5.731 2.4/2.4 5.2/5.8
5.2&5.73
WIT Gain (dBi) 7 7.2 5 8.4-9.6 4.71 — 5.15 4.22 — 5.68 3.64 — 4.10 5.7
WPT Gain (dBi) 7.2 1.7 6.4 2.5-4 4.71 — 5.15 4.22 — 5.68 4.10 — 4.57 3.6
Total WIT Efficiency NG 63% 41% 70% — 88% NG NG 90.5% 78% — 80.23%
Min. Port Isolation (dB) 25 30 45 10 — 16 15 15 15 21.64
Input RF Power (dBm) 13.97 —9.5 3 2 0.5 5 6 —9.91
PCE @ —9.91 dBm NG 60% 44% 55% 33% < 30% NG 66.52%
DC Combining No No No No No No No Yes
Conjugate Matching No Yes Yes Yes No No No Yes
SWIPT Technique hybrid freq split dual-pol dual-pol power split power split either power split freq split + dual-pol +
Employed or time split dc combine
Rectification Method half wave voltage doubler | voltage doubler | voltage doubler half wave half wave half wave full wave
Electrical size (A\g @ WIT freq) | > 0.82 x 1 0.74 x 0.63 0.63 x 0.63 0.61 x 0.61 2.5 X 10.6 > 1.57 x 1.05 > 0.984 x 0.432 0.58 x 0.53

Abbreviations:- NG: not given; freq: frequency; pol: polarization; split: splitting

simulated isolation results illustrated in Fig. 9 (b) and the
small variations can be attributed to fabrication errors.
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FIGURE 20. (a) Demonstration of the proposed SWIPT antenna for
energizing loT sensors, and (b) Configuration of the ultra low power
boost regulator [32].
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C. DEMONSTRATION OF PROPOSED SWIPT ANTENNA
FOR ENERGIZING 10T SENSORS

A digital clock with voltage and current ratings of 1.1V
and 10pA was set to the proposed SWIPT antenna for
demonstration of energizing IoT sensors, as illustrated in
Fig. 20. Since the voltage rating was set higher than the
open voltage (610.2mV) of the proposed SWIPT antenna,
a power management unit (PMU) was combined with the
SWIPT antenna as depicted in Fig. 20 (a). The PMU is
ADP5090-2-EVALZ from Analog Devices which is a plug
and play evaluation board for WPT [32]. The complete
diagram is shown in Fig. 20 (b) and is an ultra-low power
booster regulator incorporated with charge management and
maximum power point tracking (MPPT) features to provide
efficient conversion of the harvested power from 16 pW to
200 mW range [33]. Preliminary measurements corroborated
the capability of the proposed SWIPT antenna to operate
small IoT sensor nodes if integrated with an ultra-low PMU.

IV. PERFORMANCE COMPARISON WITH STATE

OF THE ART

The performance of the proposed SWIPT antenna is com-
pared in Table 3 with other state-of-the-art. The designs
in [10] and [14] use frequency splitting for SWIPT operation,
that achieves a high port isolation (> 25 dB) utilizing cross-
polarization [14] and dual-mode operation [10] for WIT

47958

and WPT. However, these prototypes have lower PCE and
WIT efficiency than the proposed SWIPT antenna (Table 3).
Moreover, the matching network in [14] is more bulky than
the proposed one. For instance, the proposed SWIPT antenna
is 34%-62.51% smaller than the designs presented in [10]
and [14], respectively. Other state-of-the-art designs [5], [6],
[7], [8], [16] deliver information and power at the same
frequency. The linearly polarized design in [8] has cross-
polarized WIT and WPT ports with isolation of 45 dB
but with compromised WIT efficiency and PCE (Table 3).
Similarly, in [16], cross-polarized ports are used with dual
polarization features. However, the poor co-polarization and
cross-polarization isolation (Table 3) between WIT and WPT
indicate information signal leakage into the rectifier (the
voltage doubler). The power split in [5], [6], and [7] requires
a directional coupler, so that one of the output ports of
the branch line coupler is connected to the rectifier with a
matching network and a dc low pass filter (LPF) to achieve
the WPT operation. This resulted in a large prototype with
lower isolation and PCE compared to the proposed design.
Furthermore, the reported state-of-the-art of Table 3 have a
partial ground planes, thus, resulting in platform dependency
since the antenna performance changes with the permittivity
materials where it is placed. In summary, driven by the
dual polarization [8], [16] and power splitting [5], [6], [7]
techniques for an advanced SWIPT operation, a miniature
integrated antenna having high WIT efficiency, high port
isolation, high PCE (from FWR) for ultra-low power WPT is
achieved for SWIPT applications (Table 3); making it suitable
for integration with ultra-low power sensor nodes.

V. RELEVANCE TO SUSTAINABILITY

Future 6G communication systems aim at providing
energy efficient and sustainable wireless sensor networks
(WSN) [34]. Sensor nodes (including IoT) house small
batteries limiting the lifespan of WSN and their large
scale deployment increases the maintenance costs from vast
battery replacements. Therefore, energy harvesting (EH)
is envisioned as the indispensable technology component
of 6G networks for realizing zero-energy wireless sensor
nodes to deploy sustainable IoT applications.Therefore, the

VOLUME 12, 2024



S. Kumar et al.: Energizing an loT Sensor Using Regenerative Opposite Fringing Fields

IEEE Access

proposed SWIPT antenna uses a WPT technology that is
perceived as the most suitable choice for EH due to its
compact implementation [3] and easy integration with WIT
communicating devices; energizing [oT sensors for battery
waste/carbon foot print reduction with greener wireless
communications.

VI. CONCLUSION

This paper proposes an integrated, miniature (0.58%g X
0.53Xp), dual-purpose circular patch antenna for SWIPT.
A proximity-coupled feed to the radiative circular patch for
WIT operation between 5.7 GHz-6.0 GHz and an integrated
capacitive-coupled feeding network with FWR is proposed
to energize [oT sensor nodes through WPT with a Power
Conversion Efficiency (PCE) of 66.52% at 5.2 GHz. The
two co-polarized fringing field harvesters were capacitively
coupled to the radiating edges of the patch to regenerate those
opposite fringes. The corresponding currents were effectively
matched to the FWR (—9.91 dBm sensitivity) using a pair of
Schottky diodes for DC power generation. Since the gain and
efficiency of the patch, in WIT mode, were favoured when
using the effective regenerative fringing fields for the FWR
network, making them deemed attractive in modern WSN
applications for boosting the lifespan of sensor nodes.
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