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Abstract – In this paper, a new tri-band rectenna is
presented for radio frequency energy harvesting (RFEH)
deployment. The proposed RFEH system integrates two
primary components: an antenna and a rectifier. First,
the antenna consists of a CPW-fed circularly-shaped
patch incorporating three slots. Each slot is strategically
introduced to reject a specific band. Second, the rectifier
circuit is structured to ensure an efficient RF-to-DC
conversion over three bands. High efficiency peaks are
achieved at 78%, 76%, and 60% respectively at 3 GHz,
4 GHz, and 6.5 GHz, under 5 dBm input power, with
overall efficiency average exceeding 71%. Peak DC
output voltages of 2.52 V, 2.47 V, and 2.20 V are
obtained at the same frequencies under the same con-
ditions. The results confirm that the proposed rectenna
effectively spans both the 5G mid-band and Wi-Fi 6E
band, enabling the simultaneous and reliable powering
of low-power devices. Furthermore, the antenna exhibits
high frequency repeatability, achieved through the inde-
pendent tuning of each band via strategically integrated
slots.

Index Terms – Power conversion efficiency (PCE),
radio frequency energy harvesting (RFEH), rectifier cir-
cuit, Schottky diode, tri-band rectenna.

I. INTRODUCTION
Radio frequency energy harvesting (RFEH) has

emerged as a vital solution for empowering low-power
wireless electronic devices, including sensors, remote
controls, RFID tags, Internet of Things (IoTs), and

biotelemetry systems. By harnessing ambient RF sig-
nals, RFEH enables sustainable, battery-free operation,
reducing maintenance costs and supporting seamless
deployment of next-generation smart and connected
technologies.

In the literature, many works on RFEH, have been
proposed with the aim of improving the power conver-
sion efficiency (PCE), and optimizing the utilization of
harvested energy in both single-band and multi-band
configurations [1–17]. Actually, single-band operation
and low PCE of RFEH systems significantly restrict
their ability to harvest enough energy. Therefore, a
multiband rectenna is a pivotal solution in wireless
RFEH, attracting considerable attention for their capa-
bility to harvest radio frequency (RF) energy across
multiple bands simultaneously [1, 3, 4, 8–10]. Such a
rectenna significantly outperforms traditional designs,
enabling higher cumulative power generation. It also
offers improved adaptability to diverse RF environ-
ments, and greater potential for powering next gener-
ation low-power electronic devices and IoT systems.
However, the increase in the number of operating bands
decreases substantially the PCE, posing therefore a huge
issue in multi-band rectenna scenarios. In such archi-
tectures, the PCE obtained per band is typically lower
than that of single-band rectennas, which results in an
overall PCE average lower than the values reported for
single-band counterparts. This behavior is attributed to
the power split across multiple paths, which leads to an
accumulation of ohmic and mismatch losses associated
with each path. For instance, the single-band rectennas
in [2, 6, 7] exhibit PCE peaks of 61% at an input power
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of 10 dBm, 67.3% at Pin = 18 dBm, and 67.16% at
Pin = 5 dBm, respectively. Conversely, the reduced PCE
observed in multi-band rectennas [1, 3, 8, 9] remains
a significant challenge in the field. According to the
work in [1], a tri-band rectenna shows a relatively low
PCE average of three bands of about 28.8% at Pin =
−10 dBm. Another contribution in [3] shows PCE of
dual-band rectenna of 54.3% at 2.4 GHz and 52.7% at
5.8 GHz under input power of Pin = 0 dBm, resulting
in a PCE average of 53.5%. Also, a dual-band rectenna
in [8] shows PCE peaks of 54% at 2.4 GHz and 44.4% at
5.8 GHz under 14 dBm input power, which yields a PCE
average of 49.2%. In [9], a dual band rectenna offers
peak conversion efficiencies of 61% at 1.75 GHz and
72% at 2.45 GHz with an input power of 0 dBm, giving
a PCE average of 66.5%.

Among the rectennas reported in the literature,
the proposed design combines high efficiency with
multi-band capability, achieving a greater PCE average
through the appropriate selection of the rectifier topol-
ogy and the careful optimization of the matching net-
work. Additionally, the incorporation of slot technique
in the antenna geometry yields efficient frequency tun-
ing, achieved simply by adjusting the length of each slot,
offering precise and repeatable frequency. The proposed
rectenna is designed exclusively to cover the standard
802.11ax [18], which is developed for unlicensed oper-
ations of the 5G and extended Wi-Fi 6E band of 5.925–
7.125 GHz. This last offers high throughput, higher
reliability, and low-latency [19]. Within its operating
band, the proposed rectenna exhibits high capability for
integration into advanced technologies.

II. ANTENNA DESIGN
The proposed antenna, as depicted in Fig. 1, is

designed using a rogers RO4003C substrate of a permit-
tivity of 3.38, a loss tangent of 0.0027, and a height of
1.524 mm. A CPW-fed circularly-shaped patch antenna
is proposed including three slots within the feeding line
and radiating element to reject three unwanted bands.
The CST Microwave studio suite simulator tool version
2024 [20] is used for designing the antenna.

Figure 2 portrays the reflection coefficient magni-
tude in dB against frequency in GHz of various config-
urations including: no slot, one slot, two slots and three
slots. The final optimized configuration corresponds to
the design incorporating two C-shaped slots and one
U-shaped slot. In this design, the surface current is
concentrated around the extremity of each slot, creating
an impedance mismatch that stops the radiation at the
associated frequency. The guided wavelength of the C-
shaped slot is given as

λg =
λ0√
εe f f

, (1)

Fig. 1. Proposed CPW-fed circularly-shaped antenna.
L1=29.6, L2=16, L3=12.4, L4=21, L5=15, Lf=13.13,
Lg=12.75, Wg=17.10, R=10, Wf=3.8, g1=0.5,
g2=0.72, g3=0.5 (all dimensions in mm).

where λ0 is the free-space wavelength and εe f f = (εr +
1)/2 is the effective permittivity. The length of each
slot, denoted Lslot , is around λg/2, which gives high
capability for frequency shifting. Indeed, the notched
frequency, denoted fnotch, is given as [21]

fnotch =
c

2Lslot
√

εe f f
. (2)

In the case of the U-shaped slot, the notched fre-
quency is given as [22]

fnotch =
c

2(Lslot +Wslot)
√

εe f f
, (3)

where Lslot and Wslot are the length and the width of the
U-shaped slot respectively.

Fig. 2. Magnitude of S1,1 in dB against frequency in GHz
of proposed configurations.

Figure 3 illustrates the realized gain (in dBi) as a
function of frequency (in GHz) for several design con-
figurations. These configurations include the baseline
design with no slot, as well as designs incorporating one
slot, two slots, and three slots. The final configuration
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represents the three-slot design, which exhibits a delib-
erate reduction in gain at the three rejected frequency
bands.

Fig. 3. Realized gain in dBi against frequency in GHz of
proposed configurations.

Fig. 4. Slot length optimization, including L1, L2,
and L3.

Fig. 5. Magnitude of S1,1 in dB against frequency in GHz
of proposed antenna.

Figure 4 demonstrates the effect of slot length on
the reflection coefficient, where each slot length is varied
across three values, as indicated in the figure legend.
The increase in slot length decreases the frequency
notch as expected, which is consistent with the behavior
predicted by equations (2) and (3).

Fig. 6. Realized gain (in dBi)/efficiency (in %) against
frequency (in GHz) of the proposed antenna.

In Fig. 5, the reflection coefficient magnitude (in
dB) is plotted against frequency (in GHz) for both
simulation and measurement results. The plot demon-
strates excellent impedance matching across the operat-
ing bands, with strong agreement between measured and
simulated results. A slight discrepancy is observed due
to the influence of the SMA connector.

The Agilent 8722ES network analyzer is used in
measuring the reflection coefficient. The calibration is
done by applying short, open, load, and through (SOLT)
standards. Figure 6 presents both the realized gain (in
dBi) and efficiency (in %) as a function of frequency
(in GHz) for the optimized configuration. This latter
corresponds to the three-slot design, which demonstrates
significant reduction in both gain and efficiency at the
three rejected frequency bands. Across the operating
bands, the antenna maintains excellent radiation effi-
ciency, reaching its maximum value of 95% at 3 GHz,
with adequate gain.

Figure 7 shows the radiation patterns of the pro-
posed antenna at three operating frequencies of 3 GHz,
4 GHz, and 6.5 GHz. The radiation pattern is evaluated
in both the E- and H-planes (XZ- and YZ-planes).
The antenna exhibits stable bidirectional radiation at all
frequencies with adequate values.

Figure 8 demonstrates the anechoic chamber where
the proposed prototype is measured. The measurement
distance between the probe and the antenna under test
(AUT) is 1.524 m. The double-ridged horn antenna,
model AH-118, is used as a probe with an input power
of 300 Watts.
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(a) (b)

(c) (d)

(e) (f)

Fig. 7. Radiation patterns of proposed antenna at (a,b)
3 GHz, (c,d) 4 GHz, and (e,f) 6.5 GHz.

Fig. 8. Anechoic chamber and proposed prototype.

III. A TRI-BAND RECTIFIER DESIGN
The rectifier section, as presented in Fig. 9, consists

of four main blocks: a matching network that ensures
proper impedance matching between the antenna and
the rectifier circuit; the rectifier circuit, which converts
the incoming RF signal into DC power; a DC-low
pass filter that suppresses higher harmonics orders to

maintain signal purity; and finally, the load, representing
the device to be powered. The design of the rectifier
is obtained by using advanced design system (ADS),
simulator version 2020 [23].

Fig. 9. Rectifier synoptic scheme.

The PCE is the crucial parameter in RFEH, which
measures the power ratio between DC and RF signals. It
is expressed as [8]:

PCE(%) =
PDC

Pin
×100% =

V 2
L

RLPin
×100%, (4)

where PDC is the DC power delivered to the load RL. Pin
is the input power injected at the rectifier input. Actually,
the input power is linearly related to the rectenna gain by

Pin =
Pd λ 2

4π
Gr, (5)

where Pd denotes the incident power density (in W/m2),
Gr denotes the receiving antenna gain, and λ denotes
the free-space wavelength. To obtain a highly sensitive
rectenna, the antenna gain should be increased. The
received power at the rectenna, denoted Pr, is expressed
as follows

Pr = Pt +Gt +Gr +20log10

(︃
λ

4πd

)︃
, (6)

where Pt denotes the transmitted power (horn antenna
power); Gt and Gr are the measured gains of the standard
horn antenna and the rectenna under test, respectively.
The parameter λ indicates the operating wavelength in
free-space, and d is the distance separating the two
antennas. The equivalent circuit model of the Schottky
diode is portrayed in Fig. 10 [24].

The equivalent impedance of the Schottky diode
denoted Zd is given, according to its ECM in Fig. 10, by

Zd = jLpω +

(︂
Rs +

R j
1+ jR jC jω

)︂
× 1

jCpω(︂
Rs +

R j
1+ jR jC jω

)︂
+ 1

jCpω

. (7)

The input impedance of the voltage-doubler recti-
fier, denoted Zin, is given according to Fig. 11 by

Zin =
1

jC1ω
+Zd//

{︃
Zd +

(︃
1

jC2ω
//RL

)︃}︃
. (8)
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Fig. 10. Schottky diode equivalent circuit model (ECM).
SPICE parameters of the used SMS7621 series are:
Lp = 0.7 nH, Cp = 0.25 pF, Rs = 12 Ω, C j0 = 0.1
pF, Is = 0.04 µA, N=1.05, T T = 10−11 s, M = 0.35,
Eg = 0.69 eV, XTI = 2, Fc = 0.5, BV = 3 V, IBV = 0.01
mA, and Vj = 0.51 V.

Fig. 11. One stage Dickson voltage-doubler rectifier
using Schottky diode SMS7621 series.

The input impedance of the rectifier, denoted Zin,
is plotted in Fig. 12 as a function of frequency for
different input power levels. The input impedances of
the rectifier, at input power of 5 dBm, are 10.263 −
j70.659 Ω at 3 GHz, 6.509− j49.822 Ω at 4 GHz, and
1.887− j21.531 Ω at 6.5 GHz, respectively.

Fig. 12. Rectifier input impedance in Ω versus frequency
in GHz by applying different values of input power Pin.

Figure 13 displays the proposed tri-band energy har-
vesting rectifier circuit, including three L-section match-
ing networks. Each circuit is calculated using the Smith
Chart in Fig. 14. The calculated values for each band are
applied and slightly tuned under Pin=5 dBm input power

Fig. 13. Proposed rectifier circuit for tri-band RF energy
harvesting deployments using Schottky diode SMS7621,
C1 =C2 = 100 pF, RL = 2.7 kΩ.

to maximize the PCE, satisfying the matching condition
Zin = Z∗

s . Each L-section circuit converts the 50 Ω source
impedance to the conjugate input impedance of each
stage. The power delivered from the source encounters,
in fact, three different paths, and the current flows
through the path that is matched for the given frequency.

(a) (b) (c)

Fig. 14. Impedance matching between the antenna and
rectifier using Smith Chart at (a) 3 GHz, (b) 4 GHz, and
(c) 6.5 GHz at Pin = 5 dBm.

After the rectification process, the Schottky diode
output is not purely DC. Instead, it contains a DC com-
ponent along with the fundamental frequency and var-
ious higher-order harmonics. This spectral composition
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arises from the nonlinear behavior of the diode, which
distorts the input signal. Therefore, a low-pass DC filter
is crucial to suppress these harmonics [25]. The Schottky
instantaneous diode current is expressed as follows

Id = Is

(︃
e

Vd
nVT −1

)︃
, (9)

where Is is the saturation current, Vd is the diode voltage,
n is the ideality factor, and VT = kT/q is the thermal
voltage.

Fig. 15. Magnitude of the reflection coefficient in dB
versus frequency in GHz of the proposed rectifier circuit
by applying different input power levels.

Figure 15 shows the magnitude of reflection coef-
ficient in dB as a function of frequency in GHz for the
proposed rectifier under input power levels of −10 dBm,
−5 dBm, 0 dBm, and 5 dBm. The best impedance
matching is obtained at 5 dBm, which exhibits the lowest
reflection coefficient across the three widest bandwidths
centered at 3 GHz, 4 GHz, and 6.5 GHz.

Fig. 16. Power conversion efficiency (PCE) in % versus
frequency in GHz for the proposed rectifier circuit by
applying different input power levels.

Figures 16 and 17 present the PCE in % and the
DC output voltage (VL) in V as a function of frequency

Fig. 17. DC output voltage (VL) in V against frequency
in GHz for the proposed rectifier circuit.

in GHz, for the proposed rectifier circuit at different
input power levels, including −10 dBm, −5 dBm,
0 dBm, and 5 dBm. The highest values of PCE and DC
output voltage are obtained by applying an input power
level of 5 dBm (3 mW). Reached peak values of the
PCE are 78%, 76%, and 60% respectively at 3 GHz,
4 GHz, and 6.5 GHz. The corresponding peak DC output
voltages of 2.52 V, 2.47 V, and 2.20 V are obtained at the
same frequencies under 5 dBm input power.

Fig. 18. Power conversion efficiency (PCE) against
frequency at different values of RL for the proposed
rectifier circuit at 5 dBm.

Figure 18 displays the PCE against frequency for
the proposed rectifier circuit at different values of RL
including 0.7 kΩ, 1.7 kΩ, 2.7 kΩ, 3.7 kΩ, and 4.7 kΩ.
The optimized PCE is achieved with a load of RL =
2.7 kΩ, as expected, since this value is considered in the
matching network.

Figure 19 shows the PCE and DC output voltage
(VL) against input power (Pin) for the proposed rectifier
circuit at 3 GHz, 4 GHz, and 6.5 GHz. The peak value
of PCE is obtained at 5 dBm input power, while the DC
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Fig. 19. Power conversion efficiency (PCE) and DC
output voltage (VL) against input power (Pin) for the
proposed rectifier circuit at 3 GHz, 4 GHz, and 6.5 GHz.

output voltage continues to increase with input power. A
merit factor is proposed here to perfectly characterize a
multiband rectifier, referred to as the efficiency average,
and given by

ˆPCE =
1
k

k

∑
i=1

PCEi, (10)

where k is the total number of bands and PCEi is the ith

band PCE.

Table 1: Performance comparison with the literature

Ref. Year Number of Max. PCE/ Design
bands/Pin PCE Ave. Complexity

[1] 2025 3/−10 dBm 36.8%/29% High
[2] 2025 1/18 dBm 61%/NA Medium
[3] 2025 2/0 dBm 54.3%/53.5% High
[5] 2023 1/17 dBm >50%/NA High
[6] 2024 1/18 dBm 67.3%/NA Medium
[7] 2024 1/5 dBm 67.16%/NA Low
[8] 2025 2/14 dBm 54%/44.4% Medium
[9] 2025 2/0 dBm 61%/66.5% Medium
[10] 2025 3/−20 dBm 33.3%/23.3% Medium
Proposed 3/5 dBm 78%/71% Low
Max. = maximum, Ave. = average, NA = not applicable.

Table 1 compares the proposed rectenna to those
recently reported in the literature. The proposed design
demonstrates clear superiority in terms of the efficiency
average, number of operating bands, and design simplic-
ity. In contrast, most existing works [1–3, 5–10] exhibit
non-repeatable configurations and/or low efficiencies,
restricting their ability in harvesting energy efficiently.
The proposed rectifier shows a higher PCE of 78% with
higher efficiency average of 71%, outperforming the
majority of designs in the literature [1–3, 5–10].

IV. CONCLUSION
In this paper, a tri-band rectenna has been proposed

and tailored for harvesting low-power RF energy from
different bands. The power conversion efficiency (PCE)
has peaked at 78%, 76%, and 60% respectively at 3 GHz,
4 GHz, and 6.5 GHz, yielding a PCE average exceeding
71% across the three bands. The proposed rectifier
covers the mid-band 5G and Wi-Fi 6E deployments.
A high simplicity of the proposed rectenna has been
shown, which makes it highly repeatable in frequency
with efficient AC-to-DC power conversion. Further-
more, incorporating the slot technique into the antenna
design yields a highly tunable and repeatable frequency
response. By combining high efficiency with multiband
operation across independently tunable frequencies, the
proposed rectenna delivers stable and sustained power
output suitable for energy harvesting, particularly in
low-power wireless devices.
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