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Abstract—Millimeter-Wave (mmWave) bands, a key part of
future 5G networks, represent a potential channel for RF energy
harvesting, where the high-gain antenna arrays offer improved
end-to-end efficiency compared to sub-6 GHz networks. This
paper presents a broadband mmWave rectenna, the first rectenna
realized on a flexible textile substrate for wearable applications.
The proposed novel antenna’s bandwidth extends from 23 to
40 GHz, with a minimum radiation efficiency of 67% up to 30
GHz, over 3 dB improvement compared to a standard patch.
A stable gain of more than 8 dB is achieved based on a textile
reflector plane. The antenna is directly connected to a textile-
based microstrip voltage doubler rectifier utilizing commercial
Schottky diodes. The rectifier is matched to the antenna using
a tapered line feed for high-impedance matching, achieving
broadband high voltage-sensitivity. The rectifier has a peak RF-
DC efficiency of 12% and a 9.5 dBm 1 V sensitivity from 23 to
24.25 GHz. The integrated rectenna is demonstrated with more
than 1.3-V DC output from 12 dBm of mmWave wireless power
across a 28% fractional bandwidth from 20 to 26.5 GHz, a 15%
half-power fractional bandwidth, and a peak output of 6.5V from
20 dBm at 24 GHz.

Index Terms—Antennas, Broadband matching networks, In-
ternet of Things, Microstrip antennas, Rectennas, Rectifier, RF
Energy Harvesting, Wearable Antenna, Wireless Power Transfer

I. INTRODUCTION

M ILLIMETER-WAVE (mmWave) bands will play a sig-

nificant role in future 5G networks, where the broad

spectrum aims to mitigate traffic-related issues in existing

sub-6 GHz networks. Although mmWaves suffer from in-

creased propagation losses due to absorption by air and

water molecules around 20 and 60 GHz, respectively, the

large number of channels, beamforming and high-gain large

antenna arrays are attractive features of mmWave networks

[1]. The low-cost, pervasive Internet of Things (IoT) market

not only benefits from the wider spectrum allowing trillions of

devices to communicate, but also from the potential of utilizing
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mmWave bands to achieve power-autonomy through wireless

energy harvesting.

Wireless Power Transfer (WPT) and Radio Frequency En-

ergy Harvesting (RFEH) networks with Simultaneous Wireless

Information and Power Transfer (SWIPT) at mmWave bands

are expected to co-exist in future 5G networks [2], where a key

research challenge is enabling wireless powering of Internet

of Everything (IoE) networks as a fundamental component

of 5G networks [3]. RFEH in a 28 GHz network has been

investigated numerically demonstrating improved energy and

information coverage over sub-6 GHz networks, promising

improved end-to-end RFEH efficiency over existing cellular

networks [4], [5]. The improvement in energy-coverage and

hence end-to-end efficiency can be attributed to the beamform-

ing techniques based on base-stations with large antenna arrays

which can be realized in smaller areas, due to the antennas’

reduced size. Moreover, area constrained applications such as

single-chip active RFID transmitters benefit from mmWave

WPT due to the higher achievable antenna efficiencies with

sub-mm2 aperture size [6].

Rectennas for WPT at mmWave frequencies have been

previously presented, with focus on the 24 [7], [8] and 60

GHz license-free spectrum [9]. A circularly-polarized cavity-

backed rectenna array [7], a Substrate-Integrated Waveguide

(SIW) rectenna [10], as well as inkjet printed flexible rectennas

on paper [11] and high-frequency Liquid Crystal Polymer

(LCP) [12] have been reported. However, the rectennas have

mostly been studied under single-tone excitation at 24 GHz.

SIW structures have been used in mmWave rectennas due to

their ability to improve the antennas’ gain and isolation from

surroundings, nevertheless, a SIW rectenna would normally

target single bands and require an external microstrip matching

network along with a SIW to microstrip transition, adding to

the system’s complexity [10]. Finally, while various antenna

designs and matching architectures have been reported sub-

6 GHz [13], mmWave rectennas have been mostly limited to

patch arrays and SIW antennas.

In order to overcome the cost-barrier of mmWave rectennas

fabricated on low-loss RF substrates, additive manufacturing

has been used to realize mmWave rectennas for pervasive IoT

[12], [14], [15]. While the reported additively manufactured

rectennas achieve a 1-V output from as low as 10 dBm

of mmWave power, they were all studied under single-tone

excitation and are expected to have their bandwidth bottle-

necked due to the use of patch antennas and narrow-band

beamforming or array-feed networks. Therefore, their ability

to be extended to harvest power from the full 5G commercial
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spectrum is limited.

Although most low power mmWave rectennas are only able

to yield a net DC power of less than 10 mW, the justification

for development of mmWave rectennas despite their lower

efficiency compared to Ultra-high Frequency (UHF) bands

lies in their compactness [6]. Moreover, mmWave transceivers

have been reported with as low as 7.2-µW active receiver

power consumption [16], in addition to nW-sleep power for

Bluetooth Low Energy transceiver [17]. Furthermore, a low

data rate 60 GHz transceiver has been reported with a 4.9 pJ/bit

energy consumption at 60 GHz [18]. Therefore, developing

an unobtrusive wearable mmWave rectenna, with a net DC

output across a broad bandwidth using low-cost materials and

commercial components is paramount for enabling mmWave

RFEH.

In this paper, rectenna development for 5G RFEH and WPT

is presented. A broadband textile antenna is presented for

wearable applications, the first textile-based antenna covering

the 5G spectrum. The rectenna is integrated with a fully-

distributed microstrip voltage doubler rectifier based on a

commercial Schottky diode demonstrating a 1.3-V DC output

from less than 12 dBm of mmWave power across the full

bandwidth between 20 and 26.5 GHz, and more than 1-V from

under 10 dBm from 23 to 24.5 GHz.

In addition to the contributions in [19], this paper presents

substantial extensions in improving original broadband high-

efficiency antenna design, for more stable radiation patterns,

efficiency and gain, independent of separation from the human

body, in sections II and III. Additional analysis of the proposed

antenna and comparisons to a standard patch antenna are

presented.

The main novel contribution is the design and implementa-

tion of a broadband mmWave rectifier using a fully-distributed

elements microstrip matching network, for compatibility with

a standard 50Ω antenna, presented in section IV. This work

demonstrates the first textile-based, flexible mmWave rectenna

for wearable RFEH applications in future 5G mmWave bands

(section V), and the first rectenna with broadband (28%

fractional bandwidth) 1.3 V DC sensitivity from 12 dBm of

wireless power above 20 GHz.

II. ANTENNA DESIGN AND FABRICATION

A. High-Efficiency, Broadband Antenna Design

5G mmWave bands are motivated by the wider available

spectrum. In Europe, China, Africa and Brazil, 26 GHz is

chosen as a center frequency while in the US, Japan, South

Korea and India the legislated frequency is 28 GHz [20]. In

addition, 1 GHz bandwidth will be allocated to individual

mobile service providers in the so-called mmWave 5G bands

[20]. Collectively, the 26 and 28 GHz bands cover a bandwidth

of 5.25 GHz, approximately 20% fractional bandwidth. Such

wide bandwidth motivates research into broadband antenna

design both for communication and wireless power harvesting

applications.

In order to realize a rectenna capable of harvesting energy

at 5G bands, along with the 24 GHz license-free band, the

antenna needs to have a wide impedance bandwidth. Moreover,
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Fig. 1. The proposed antenna layout and dimensions (in mm), showing the
double-sided AVA and the substrate composition
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Fig. 2. Simulated reflection coefficient of the two antenna designs considered,
a common-geometry patch and the proposed novel AVA.

as a textile or flexible rectenna may be used in proximity with

human tissue, a frequency-independent antenna is preferred to

minimize any detuning impact. The proposed antenna is based

on the broadband Antipodal Vivaldi Antenna (AVA) [21].

Although the antenna’s geometry is not self-complimentary

or symmetric due the 50Ω microstrip line width being com-

parable to the radiator, resulting in a narrower bandwidth, the

radiator’s shape and size have been tuned in 3D full-wave

simulation to achieve a bandwidth covering the 24, 28 and 36

GHz bands.

The main aim of the antenna design process has been

to prioritize maximizing the radiation efficiency. Given the

high tanδ of textile substrates [22], this has been achieved

by choosing an antenna design where a minimum part of the

radiator is parallel to the ground-plane (e.g. a monopole) to

minimize the electric field dissipation in the substrate. This is

explored in comparison to a standard patch antenna in Section

II-B. The AVA’s layout and dimensions are shown in Fig. 1.

B. Comparison with a Standard Patch Antenna

For benchmarking purpose, a standard microstrip patch

antenna has been simulated to validate the assumptions on

the influence of the radiator’s area on the antenna’s efficiency,

and to demonstrate the improvement of the proposed design

over a standard design on the same substrate. Patch antennas

have been widely reported in wearable mmWave antennas [23]

and in low-cost additively manufactured rectennas [12], [14],
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Fig. 3. Simulated gain and radiation efficiency of the patch antenna and the
proposed AVA at the frequencies of interest.

[15]. The patch’s dimensions are 9×7.125 mm with a 3.25

mm inset microstrip feed. Both antennas have been simulated

using CST Microwave Studio using the measured substrate

properties (ǫr = 1.67 and tanδ = 0.027). Fig. 2 shows the

simulated reflection coefficient of the antennas. The gain and

radiation efficiency are shown in Fig. 3.

Overall, a more broadband behavior is expected from the

proposed AVA, as demonstrated by the lower reflection co-

efficient in Fig. 2 and more stable gain in Fig. 3. However,

at 26 GHz, where both antennas achieve S11 <−20 dB, the

proposed AVA achieves over 67% higher radiation efficiency

relative to the patch antenna. This in-turn affects the antenna’s

gain demonstrating more than 3 dB gain improvement by

the proposed antenna design over a common geometry patch.

This is explained by the patch antenna’s higher dielectric

losses discussed earlier; over 53.7% of the accepted power

is dissipated in the patch’s textile substrate as opposed to only

32.4% of the power accepted by the proposed AVA.

C. On-Body Antenna Isolation

Obtaining stable off-body broadside radiation patterns is

essential for efficient wearable rectenna operation. In [19], a

novel approach of employing the human body as a reflector has

been devised to improve the antenna’s efficiency, bandwidth,

and gain at the frequencies of interest. This has been achieved

using asymmetric alignment of the radiator arms to allow the

far-fields to reflect off the human body, hence improving the

gain. However, this approach is only valid when the antenna

is separated from the human body by more than 4 mm, which

cannot be guaranteed in all modes of operation.

In order to ensure the antenna maintains stable radiation

patterns and bandwidth in the presence and absence of the

human body, an additional metal reflector layer is proposed.

Thus, broadside radiation patterns can be achieved by the

monopole at its fundamental frequency. Metalized microwave

shielding fabric (copper and nickel coated) has been used for

the reflector plane. Shielding fabrics are chosen as they are

breathable, more user-friendly compared to copper sheets and,

in this case, do not need to be patterned to produce small

features.

Flex PCB 

(~50 µm )Spray Adhesive 
(<10 µm )

Textile (~250 µm 

Woven Polyester)
Conductive-

thread via

Silver epoxy/

solder

Fig. 4. Cross-section of the antenna showing the multi-layer substrate and
the through-textile via.

10 mm

(a) (b) (c)

MA4E

Via
Load

Fig. 5. Photographs of: (a) the connectorized antenna used for S11 and ra-
diation properties measurements, (b) the rectenna after mounting components
before adding the through-textile via, (c) the rectenna used in the wireless
testing.

The minimum separation between the antenna and the

reflector has been set to 1 mm (0.08×λ0/ at 24 GHz). A 1

mm felt fabric (of lower tanδ compared to woven polyester)

has been inserted between the antenna and the reflector as

shown in Fig. 1 to support the reflector. While the additional

fabric layer will degrade the antenna’s radiation efficiency (due

to the additional dielectric losses), the effect is expected to

be minimal compared to degradation in the efficiency due to

absorption by the human body.

D. Antenna Fabrication

Among the candidates for the antenna’s fabrication meth-

ods are screen and inkjet-printing [24], woven or adhered

conductive textiles and copper foils [22], [23], as well as

etched Kapton copper laminates [25]–[27]. To produce smooth

and homogeneous conductors, a high resolution process is

crucial at mmWave bands, where the feature size is commonly

less than 1 mm. Therefore, manufacturing tolerances, surface

roughness and non-uniformities need to be minimized as

they can significantly affect the antenna’s performance. As

textile substrates are porous and have high surface roughness,

conductor printing has been excluded due to the high thickness

of the required interface layer, resulting in higher dielectric

losses and reduced antenna efficiency [22].

Ultra-thin polyimide copper laminates exhibit improved

flexibility compared to copper foils, and lower thickness

compared to printed interface layers, minimizing dielectric

losses. The antenna is fabricated on the polyimide laminates

using a standard photolithography process, with the track’s

pattern plotted on a dark-film mask. A minimum feature size

of 150 µm is achieved using standard PCB manufacturing
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equipment. After the adhesion of the flexible circuit onto

the textile substrate, the via holes are drilled and conductive

thread is inserted to form the conductor. The antenna has

been fabricated using the standard photolithography process

described in [19], [26]. However, to realize the double-sided

voltage doubler rectifier, conductive threads are utilized to

create DC vias, solder paste has been used to connect the

via (thread) to the copper traces on the top and bottom layers.

Fig. 4 shows a cross-section of the structure. The fabricated

antenna and rectenna prototypes are shown in Fig. 5.

While the fabrication processes reported in [23] and [28] can

produce antenna’s with re-producable 0.2 mm-sized features,

they utilize copper foils and embroidered conductive threads,

respectively. The proposed method utilizing polyimide-copper

laminates allows over-all thinner and lighter conductors com-

pared to the 80 µm foil in [29], and the 120 µm thread

in [28]. In addition, the low surface roughness of copper

laminates (<1 µm) and higher conductivity than conductive

textiles imply lower conductor losses and therefore improved

antenna efficiency. Furthermore, the reliability of electronic

systems realized using polyimide laminates and encapsulated

using glob-top has been extensively studied in [30] showing

sustained functionality over more than 1000 bending cycles.

Although the textile substrate in use has previously been

characterized at 2.45 GHz in [22], the inhomogeneity of

textiles mean that a new two-line characterization [31] of

the sample needed to be performed. Two microstrip lines,

of approximately 50Ω impedance were built and measured.

the extracted dielectric properties exclude the impedance mis-

match losses due to additional reflection at the coax-microstrip

interface. The measured insertion loss is 0.90 dB/cm and 1.79

dB/cm at 28 GHz and 60 GHz respectively, only 0.11 dB/cm

higher at 60 GHz than reported in [23]. The dielectric prop-

erties of the polyimide-woven polyester sandwich substrate

utilized is ǫr = 1.67 and tanδ = 0.027.

III. ANTENNA SIMULATION AND MEASUREMENT

The 3D model of the antenna has been simulated using full-

wave electromagnetic simulation in CST Microwave Studio.

The 1.85 mm connector used to measure the fabricated antenna

has been included in the antenna’s model to observe its

effect both on the antenna’s impedance bandwidth and on the

radiation patterns, in addition to obtaining a closer match with

the measured results for validating the simulation model. A

human skin layer, based on CST’s Voxel library has been

added to investigate the effect of human proximity on the

antenna. As a significant portion mmWaves do not penetrate

deeper than skin layers due to absorption [32], only the skin

layer has been included in the model. Furthermore, as the

antenna utilizes a solid reflector plane, minimal power from

the antenna’s power would be absorbed by the body. When the

antenna is simulated at 4 mm from the skin in CST Microwave

Studio [19], 1% of the accepted power by the antenna has been

absorbed by the skin layer.

The fabricated antenna has been measured using a E8361A

67 GHz PNA Vector Network Analyser (VNA), calibrated us-

ing a standard Short, Open, Load, Through (SOLT) electronic
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and measured (solid) reflection coefficient of the proposed textile mmWave
antenna.

calibration kit. The 1.85 mm connector has been soldered to

the bottom ground plane using a uniform solder layer to avoid

impedance mismatch at the coax-microstrip transition. Fig. 6

shows the simulated and measured reflection coefficient of

the antenna, showing a S11 bandwidth covering the full 5G

spectrum up to 40 GHz. The deviation in the measured results

could be attributed to the connector being of comparable size

to the antenna’s radiator, and the additional reflection due

to standing waves in the test-cable (resulting in the ripples

around 24 and 32 GHz). Nevertheless, the simulation and

measurements agree in covering the required S11 bandwidth of

24 GHz and 5G RFEH. Furthermore, the level of agreement

at the frequency bands of interest is consistent with similar

designs such as the 24 GHz antenna array in [7]. The S11

measurements have been performed with the antenna placed

on a human hand and no change has been observed on the

measured S11, this has also been previously presented in

[19] despite the reduced isolation over the proposed reflector-

backed AVA.

For evaluating the far-field properties of the AVA, two

designs have been considered: the 25-mm microstrip-fed AVA

in Fig. 1 (simulated and measured), and the same antenna

with a short 5-mm feed to match the antenna integrated in the

final rectenna (simulated). The longer feed sample has been

used for model-validation through 3D far-field measurements,

to avoid distortion to the measurements due to the connector

size.

The 3D polarimetric far-field radiation patterns of the an-

tenna have been measured in an anechoic chamber, at 24

GHz, and simulated using CST’s field monitors. A WR-42

horn antenna has been used as a reference for the anechoic

chamber measurements (Fig. 5). An extended microstrip feed-

line of 25 mm has been included to mitigate distortion from

the connector to the radiation patterns [23]. However, the in-

sertion losses in the microstrip line are expected to reduce the

measured radiation efficiency of the antenna. The efficiency of

the proposed textile antenna has been measured with respect

to the horn antenna to be 67%, including the −1.5 dB losses
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in the prolonged microstrip feed. The normalized gain patterns

of the antenna at 24, 28 and 36 GHz are shown in Fig. 7. Both

the simulated and measured radiation patterns show over 20

dB front-to-back ratio, implying minimal interaction between

the antenna’s broadside radiation and the human body shielded

by the reflector. The computed radiation efficiency and gain

(validated by the de-embedded measured radiation patterns and

efficiency agreement with the simulated results) are shown in

Fig. 8. The only discrepancy observed between the simulated

and measured radiation properties is the higher back-radiation

in the simulated model, due to the smaller size of the reflector

in the model to reduce the problem’s mesh size. However, in

real-life operation and in the measured prototype, the textile

reflector could be electrically large minimizing the back-lobe

radiation as observed in the measured plots.

From the rectenna’s radiation properties shown in Fig. 8

(excluding the simulated insertion losses in the long feed-

line), the antenna achieves a radiation efficiency of more than

70% up to 30 GHz, peaking at 73.4% at 26 GHz. The decay

in efficiency at higher frequencies is due to the increase in

the dielectric losses in the substrate. The proposed antenna

with the reflector plane achieves slightly lower efficiency
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TABLE I
COMPARISON OF THE PROPOSED ANTENNA MEASURED PROPERTIES WITH

STATE-OF-THE-ART PRINTED AND TEXTILE ANTENNAS

This work 2019 [33] 2013 [23] 2012 [34]
BW (GHz) 23-40

(54.0%)
26-40
(42.4%)

55-65
(16.7%)

57-64
(11.6%)

Antenna AVA CPW
monopole

2×2 patch Yagi-Uda

Substrate Textile
(tanδ=0.027)

LCP
(tanδ=0.002)

Textile
(tanδ=0.02)

Textile
(tanδ=0.016)

Gain (dB) 7.41*,
8.47†

8.76 7.8 11.9

Radiation
pattern

Broadside
single-
beam

Broadside
two-beams

Broadside
single-
beam

End-fire

Efficiency 67%*,
73%†

90% (simu-
lated)

41% 48%

Electric
dimensions
(λ0)

3.0λ0 ×
0.94λ0

1.12λ0 ×
1.02λ0‡

4.26λ0 ×
1.03λ0

5.2λ0×1.6λ0

*Measured: antenna+25 mm microstrip, †Simulated antenna+5 mm microstrip
‡Small length due to the miniaturized CPW feed and connector’s ground.

than the previously simulated 77% in [19]. However, the

solid reflector results in more stable radiation properties over

the full bandwidth, as observed in Fig. 8, in addition to

guaranteeing that the achieved efficiency does not degrade in

human proximity.

Table I compares the performance of the proposed AVA

against reported textile-based and additively manufactured

low-cost mmWave antennas. It can be seen that the proposed

antenna achieves the highest radiation efficiency compared to

the reported antennas implemented on low-cost substrates. The

antenna in [33] is able to achieve efficiencies higher than 90%

due to the low loss substrate and its CPW geometry. To add,

the smaller length of [33] does not include a sufficiently large

ground plane due to the coax connector acting as a ground

plane for the antenna in simulation and measurement.

IV. TEXTILE MMWAVE RECTIFIER

A. Diode Selection and Modeling

The main criteria when choosing a diode at mmWave bands

is the high cut-off frequency of the diode, otherwise the diode

will not act as a rectifying element and the high-frequency
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signal will be able to propagate to the output through the

diode and package parasitics. While the cut-off frequency is

the frequency when the real and imaginary components of

the diode impedance are equal, the diode’s Power Conversion

Efficiency (PCE) will be adversely reduced at frequencies

approaching fcut−off . Moreover, a significant portion of the

energy at the output will always exist at the 1st and 2nd

harmonics and not at DC [8], implying that proper harmonic

termination is implemented at the output [7], [12], [14]. The

cut-off frequency is defined in this work as the frequency

where the resistance and the reactance of the diode are equal,

and is given by

fcut−off =
1

2πRSCT

, (1)

where CT is the diode’s total capacitance and RS is the

series resistance [35], [36]. While in [36] only the junction

capacitance is considered due to the devices being measured

on-wafer, when the diodes are packaged the total (junc-

tion+packaging) capacitance needs to be considered.

Two diodes have been considered for the rectifying element:

a Silicon Skyworks SMS7630 and a Gallium Arsenide (GaAs)

Macom MA4E-1319, recommended by the manufacturers for

detector applications above 26 and 80 GHz, respectively.

Extensive analytical and experimental analysis of the PCE

of different rectifiers (including the SMS7630 and MA4E)

is presented in [37]. The purpose of the input impedance

simulation is to highlight the variation in the performance of

the diodes when the packaging parasitics are considered, which

is particularly important in a flexible textile-based system.

The MA4E has previously been simulated demonstrating the

highest PCE compared to commercial Si diodes at 24 GHz

[38]. The diodes have been simulated, in a single series

topology, in ADS using Harmonic Balance simulation. Both

50Ω source and load impedance were used to match the

measurement setup of the two-port s-parameters.

To maximize the simulation accuracy between 20 and 30

GHz, the diode models were based on the datasheet SPICE pa-

rameters, and optimized models using the available measured

s-parameters (SMS7630) and the IV-curves (MA4E) [12]. Fig.

9 shows the simulated input impedance of the SMS7630 and

the MA4E, based on the 0 dBm s-parameters and the IV-curve,

respectively, when terminated with an ideal 50Ω load. The

Smith chart in Fig. 9 shows the cut-off region of the diodes’

impedance (striped shading) and the rectification region (solid-

green shading). The diode parameters used in the non-linear

simulations in this work are Cj=0.02 pF RS=9Ω for the

junction capacitance and series resistance, and CP =0.035 pF

LP =0.3 nH for the packaging capacitance and inductance.

It can be observed that although the SMS7630 junction

(datasheet parameters) is capable of rectification up to 24 GHz

(impedance falling in the solid-green shaded region in Fig. 9).

However, when the packaged diode’s parasitics are taken into

consideration, the diode acts as a short-circuit allowing the 1st

order harmonics to propagate to the output. The MA4E1319

on the other hand is usable up to 40 GHz (based on the Large-

Signal S-Parameters LSSP-simulation using the parameters

from [12]), yet the packaging parasitics show significant

Frequency (GHz)

SMS7630 Datasheet
SMS7630 S-parameters
MA4E Datasheet
MA4E IV-Curve

Fig. 9. Simulated (LSSP) input impedance of the SMS7630 and MA4E diodes
from 20 to 40 GHz, using diode parameters from the datasheet as well as the
optimized models based on experimental characterization.

(a)

(b)

(b)

(a)

26, 28 GHz 5G bands

Fig. 10. Schematic of the voltage doubler and Smith charts showing the
impedance matching approach, for a 10 kΩ load, of: (a) conventional voltage
doubler, (b) rectifier with the tapered matching line and distributed microstrip
input capacitance.

discrepancy with the datasheet model of the junction which

can be used through 100 GHz. The discrepancies could be

attributed to the diode’s mounting imperfections while the

manufacturer’s parameters are measured on-wafer.

B. Rectifier Design

The MA4E-1319 has been chosen as the rectifying ele-

ment in this work. With two diode’s integrated in the same

die, it is expected that the external parasitics will be lower

improving the cut-off frequency of the diode. The voltage

doubler’s impedance, seen on the Smith chart in Fig. 10-

a, is predominantly capacitive. Therefore, a high-impedance

inductive matching network is required. Moreover, the 1 pF

input capacitance can be achieved using the microstrip feed’s

own distributed capacitance. A tapered microstrip line could

be used to match the impedance of the rectifier as in Fig. 10-b,

stepping-up the impedance of the rectifier to match the 50Ω
source, as well as conjugating the capacitive diode impedance

using the microstrip line’s own inductance.

A key challenge in broadband impedance matching is the

trade-off between bandwidth and Quality factor, where a suf-

ficiently low S11 may not be achievable over a wide range of

frequencies. The theoretical limit on the minimum achievable

reflection coefficient of a load is given by the Bode-Fano

return-loss limit,

|Γm| ≥ e
−1

2BRC (2)

S11 ≥ 20 log(Γm), (3)
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a function of the bandwidth B, and the equivalent RC circuit

of the load. The load in this case is the voltage doubler and

the DC load.
Harmonic balance simulation was used to extract the recti-

fier’s impedance (Fig. 10-a), the bandwidth B has been set

to 4 GHz (24-28 GHz). The equivalent RC circuit of the

rectifier in Fig. 10-a has been extracted using optimization of

an RC load with tunable resistance and capacitance, to match

the simulated LSSP; the extracted values are R=904Ω and

C=0.161 pF. The calculated minimum achievable Fano S11 is

−7.5 dB (Γm≥0.42). While in [39] the increase in the number

of diodes has been studied in order to increase the return loss

of a rectifier through reducing R, this approach is not possible

at mmWave frequencies due to the higher losses incurred in

the additional rectifier stages. In [40], the impact of the diode’s

model on the maximum achievable bandwidth and return loss

is studied, showing that a diode with lower parasitics, such

as the VDI ZBD, can achieve over 10× higher bandwidth

compared to the SMS7630. However, the high cost of the

W-band VDI ZBD diode makes it impractical for low-cost

wearable IoT applications. Therefore the MA4E is selected.
In order to step up the input impedance of the 50Ω source

and achieve an inductive feed-line, the microstrip line feeding

the diode is tapered to gradually increase the inductance of the

source. A tapered line is also used at the ground connection

of the voltage doubler, the length of the tapered lines has

been optimized in simulation to achieve an impedance match

between the 50Ω antenna and the rectifier at the frequencies

of interest. While an L-matching network could be used to

achieve a high Q-factor matching, improving the PCE at low

PRF levels as in [7] and [41], a wide bandwidth rectifier is

prioritized in order to demonstrate the feasibility of harvesting

from a broad bandwidth to meet 5G RFEH requirements.
In order to prevent the high-frequency component of the

input from propagating to the output, significantly reducing

the net DC output, radial stubs (λ/4 at 26 and 52 GHz) are

utilized for harmonic rejection at the output. The DC test

pads included at the output, to allow measuring the voltage

across the load, were found to not have any effect on the

rectifier’s performance in simulation. Fig. 11 shows the layout

of the rectifier, and the modified antenna ground plane to

accommodate the rectifier. As the ground via is for the DC

return current, the impedance matching of the vias is not

critical. Furthermore, different thicknesses, resistances, and

inductances of the vias have been studied in ADS and were

found to have minimal impact on the rectifier’s performance.
In terms of textile coverage and breathability, the proposed

rectenna occupies a small area of 16 x 33 mm2. Thus, should

the rectenna be used in a large-area array configuration, a λ0/2

(6.25 mm at 24 GHz) would imply a coverage of less than

60% of the total area of the garment. Furthermore, [30] has

shown scalable integration of polyimide-circuit filaments in

standard textile weaves for improved integration, user-comfort

and reliability.

C. Rectifier Simulation and Measurement

The return loss of the 1.85-mm connector-fed textile rectifier

prototype has been measured using a VNA. Due to additional
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Fig. 11. The dimensions, in mm, of the proposed textile-based 5G rectifier
(left) and the integrated rectenna layout (right).
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Fig. 12. Measured and simulated reflection coefficient of the rectifier at −5
dBm.

incurred cable losses at 28 GHz and the VNA’s power limit,

the maximum power deliverable by the VNA is −5 dBm. Fig.

12 shows the simulated and measured S11 of the rectifier. The

connector has been modeled as a tapered microstrip line of 5

mm length. While the observed reflection is higher than 3 dB,

this is attributed to the wide variation in the input impedance

of the rectifier due to its large electric length, impeding a

sufficiently low S11, in addition to the Bode-Fano theoretical

limit on the minimum reflection calculated to be above −7.45

dB.

In order to measure the PCE of the rectifier, the DC voltage

across the load has been measured using an oscilloscope. A

Wiltron 68069B Continuous Wave (CW) signal generator (pro-

viding up to 13 dBm) has been used to provide sufficient power

to investigate the performance of the connectorized rectifier.

A Keysight N8485A 33 GHz power meter has been used for

power-calibration and for measuring the net power available

at the rectifier’s input after factoring in cabling and unleveled

output losses, reducing the uncertainty in the mmWave power

level to ±0.1 dB. Due to the low thickness of the substrate

compared to a standard 1.6 mm board connector, the coax

interface introduces additional 0.1 nH inductance (modeled in

CST) reducing the rectifier’s impedance matching. The power

has been swept from 0 dBm to the setup’s maximum output

of 13 dBm. Fig. 13 shows the measured DC output, across a
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Fig. 13. Measured and simulated PCE of the rectifier and the DC voltage
across a 10 kΩ load at 24 GHz with a coax connector.

10 kΩ resistor, at 24 GHz.

Above 10 dBm of input power, it can been seen that the

simulated output voltage matches, within 10%, the measured

values. The agreement between simulation and measurement

shown in Fig. 13 at 10 dBm is higher than that in [7] and

[42], where approximately 25% discrepancy has been reported

in the measured voltage output compared to simulation, de-

spite them being implemented on rigid low-loss substrates.

This validates the proposed rectifier’s performance and design

approach for flexible lossy textile substrates. The discrepancy

between the simulation and measurement at lower power levels

can be attributed to:

1) Inaccuracy in modeling the connector in the Har-

monic Balance simulation altering the rectifier’s input

impedance resulting in additional reflection.

2) Inaccuracy of the MA4E junction and packaging re-

sistance and capacitance at low mmWave power levels

reducing the PCE.

3) The imperfect connection between the diodes’ pads

and the microstrip lines resulting in additional series

resistance.

When considering the theoretical limit on the received

power, the PCE can be calculated using (4). The DC power is

referenced to the theoretical maximum accepted power after

factoring out Fano’s reflection limit using

PCEFano =
PDC

(1− |Γm|2)PRF

, (4)

instead of the power available from the generator.

The maximum PCEFano achieved by the rectifier at 24

GHz is 14% at 12.7 dBm, with a net DC output of 0.5 mW,

sufficient for low-power nodes and transceivers in [16]–[18].

The output of the rectifier has been investigated at different

load impedances. Fig. 14 shows the PCE of the rectifier at

24 GHz for different load impedances at 10 dBm. The higher

optimal load impedance of the proposed rectifier compared to

the reported mmWave rectifiers (Table II), due to the voltage

doubler, configuration results in the improved 1-V sensitivity.

In order to evaluate the rectifier’s capability of harvesting

energy across a broad bandwidth for 5G applications, the
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Fig. 14. Simulated (solid line) and measured (discrete points) PCE for variable
load impedance at 10 dBm.
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Fig. 15. Simulated (solid line) and measured (discrete points) DC voltage
output of the connector-fed textile rectifier at 10 dBm with a 10 kΩ load.

frequency of the CW single-tone input to the rectifier has been

varied. The load impedance of the broadband rectifier has been

set to 10 kΩ, despite the reduced PCE, for improved voltage

sensitivity. Fig. 15 shows the output voltage of the rectifier

from 22 to 26 GHz.

While the measured output voltage at 24 GHz approaches

the simulated value, the rectifier’s DC output is cut-off at

frequencies higher than 24.5 GHz even though its input

impedance matching is expected to be maintained based on

the small-signal S11 in Fig. 12. This is attributed to the coax-

microstrip connector interface resulting in lower output volt-

age at frequencies above 24 GHz. Therefore, the broadband

wireless testing in the next section has been performed to

overcome the additional measurement uncertainties introduced

by the coax connector.

V. RECTENNA WIRELESS TESTING AND EVALUATION

A. Rectenna Experimental Testing

The integrated rectenna has been tested using the CW

generator, connected to a Keysight 83020A Power Amplifiers

(PA), capable of producing up to 27 dBm at 24.5 GHz, and

a standard 20 dBi horn antenna. To avoid the PA’s gain

compression, an additional attenuator was introduced between

the CW and the PA to minimize the unleveling of the output

and suppress the gain compression effect. Finally, due to the

non-linear behavior of the PA and the CW generator at higher

power levels, a calibrated RF power meter has been connected
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Fig. 16. The wireless test setup schematic and photograph of the textile
rectenna.

to the connectorized textile antenna to estimate the power

levels at the receiver. The power sensor is rated to a <1.26

standing wave ratio (SWR) up to 26.5 GHz, normalized to

50Ω. Therefore, the textile AVA is matched to the power

sensor ensuring accurate incident power level measurements.

The mmWave power levels reported in this section are based

on the power calibration using the textile AVA connected to

the power meter. Fig. 16 shows the rectenna test setup. The 10

cm maximum separation between the horn’s radiating aperture

and the rectenna, shown in Fig. 16, represents 8×λ at 24 GHz.

This is consistent with the separation reported in the wireless

testing of the 17 GHz rectenna in [42] with 8.8 λ separation

between the horn transmitting antenna and the rectenna.

The distance d has been varied to vary the power level at the

rectenna. The distance between the horn’s radiating aperture

and the coax-waveguide transition is 120 mm. Therefore, the

total separation between the rectenna and the CW signal from

the PA is d+120 mm. While the power is typically proportional

to 1/d2, due to the measurements being carried with d being

comparable to the horn’s dimensions, the far-field gain and

path loss models are not accurate. The input power to the

PA in this setup has been kept below −17 dBm (−5 dBm

signal generator input, −10 dB attenuator and −2 dB cable

losses). The power level is below the PA’s saturation region

to minimize its non-linearity and enhance repeatability. Fig.

17 shows the measured DC output of the rectenna at varying

separation, as well as the measured incident mmWave power,

at 24 GHz, using the power meter. The distance sweep shows

improved voltage-sensitivity over the mmWave rectenna in

[41], tested using a 42 dBm Equivalent Isotropically Radiated

Power (EIRP) with a 25 dB horn, by more than 1-V at 20-mm

separation from the horn’s radiating aperture. CW excitations

have been previously utilized to test the performance of

broadband rectifiers in [39], [42].

To evaluate the rectenna’s performance at higher power

levels, the CW signal generator output has been increased until

a 20 dBm is observed on the wireless power meter. At 24 GHz,

from an incident power of 20 dBm, the rectenna achieves more
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Fig. 17. Measured DC output of the rectenna at variable separation from the
horn antenna.

than 6.5V with a 10 kΩ load. This is the highest reported

output voltage of a low-power rectenna operating between 20

and 30 GHz. The measured DC output of the 10 kΩ-loaded

rectenna is 6.5, 5.7, 4.6 and 4.2 volts from 20, 19, 18, and 16

dBm, respectively. These results have been measured using

the test setup in Fig. 16 with the power levels based on the

measurement using the power meter.

In order to demonstrate the rectenna’s capability of broad-

band harvesting across the full mmWave 5G spectrum. A

broadband frequency sweep has been performed using the

wireless setup in Fig. 16. The rectenna has been placed at

d=1 cm from the horn antenna. To estimate the mmWave

power level at the input, the calibrated power meter has been

connected to the 50Ω textile AVA and positioned in the same

place as the rectenna.

As the AVA is in the horn’s radiative near-field region, the

test setup (horn+AVA) has been simulated in CST Microwave

Studio to quantify the S21 for additional validation. At 24.5

GHz, the simulated S21 +PA′soutput shows a ±1 dB agree-

ment with the 12 dBm measured input power using the power

sensor. Details of the test setup model are included in the

supplementary material. The power from the CW has been

configured at individual measurement points, to overcome the

variation in the path loss and the antennas’ coupling, to ensure

approximately 12 dBm of power is available at the rectenna.

Through this power calibration, the gain-compression and PA’s

non-linearities could be overcome.

As the measured power by the detector is absorbed by its

50Ω port termination, a different power level will be accepted

by the textile rectifier. However, as the textile AVA is matched

to a 50Ω characteristic impedance across its usable bandwidth

to simplify measurements, the rectifier’s input power (the

AVA’s microstrip feed) will match that measured by the power

sensor. Any variations in the power accepted by the diode will

be a function of the impedance matching of the rectifier. While

the power evaluation could be performed using a standard

gain reference horn antenna, the non-planar geometry of the

horn antenna complicates the calculation of the path losses and

subsequently the positioning of the rectenna when performing

the DC measurements. To explain, as the distance between
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TABLE II
COMPARISON OF THE PROPOSED TEXTILE RECTENNA WITH STATE-OF-THE-ART MMWAVE ENERGY HARVESTERS ABOVE 20 GHZ.

This Work TCAS 2014 [7] AWPL 2014 [41] WPTC 2017 [12] IMS 2019 [14]
Antenna Design Broadband AVA (sin-

gle element)
Cavity-backed
2×2 patch array

4×4 patch array 2×2 patch array 2×1 patch array

Substrate Textile (ǫr = 1.67,
tanδ = 0.027)

Rogers Duroid
(tanδ=0.001)

Rogers Duroid
(tanδ=0.001)

LCP (tanδ=0.003) 3D printed FLGR02
(ǫr=2.83, tanδ=0.03)

Diode MA4E-1319 MA4E-1317 MA4E-1317 MA4E-2038 MA4E-2038
Frequency Bands
(GHz)

Antenna: 22.6-40,
rectifier: 20-26.5

24 35 24 28

1-V Sensitivity 9.5 dBm (24 GHz) 11.9 dBm 2.8 mW 11 dBm 12.5 dBm
Maximum DC Voltage 6.5V (20 dBm) 1.2V (13 dBm) 2.2 V (8.45 dBm) 2.58V (18 dBm) 2.1V (17 dBm)
Load (kΩ) 10, 0.63 0.16 1 0.739 750
10 dBm PCE 12% (24 GHz, 630Ω) 24% 67% (7 mW) 7.6%* <0.1%*
Rectenna 1-V Band-
width

6.5 GHz
(20-26.5 GHz)

Single-tone 1 GHz Single-tone Single-tone

Rectenna Half Power
Bandwidth

3.5 GHz (15% frac-
tional bandwidth)

Single-tone Not reported Single-tone Single-tone

Electrical Size (rela-
tive to free-space λ)

2.6λ×1.3λ 4.4λ×4λ 2.56λ×4.9 2.96λ×0.89λ Not reported

Area (L×W, mm2) 32.6×16 55×50 22×42 37×11.1 Not reported

*Calculated from the DC voltage curve
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Fig. 18. Measured PCE and DC voltage output of the rectenna from 12 dBm
of wireless power, showing more than 1 V output from 20 to 26.5 GHz.

the coax-waveguide transition feeding the horn and the horn’s

aperture is 120 mm (larger than d in Fig. 16), identifying a

rectenna position where the measured gain of the AVA can be

used instead of the horn’s would be difficult.

Fig. 18 shows the broadband measured DC voltage the

PCE. The error bars reflect the ±1 dB uncertainty in the

incident power level, matching the 1 dB discrepancy between

the path loss simulations and measurements. This demonstrates

the rectenna’s ability to produce over 1.3 V DC across the

10kΩ load resistor, from 12 dBm of power with PCE varying

between 1 and 6.3% validating its broadband performance.

From the measured PCE in Fig. 18, the rectenna achieves a

15% half-power (−3 dB) bandwidth from 21.5 to 25 GHz.

The simulated values in Fig. 18 were obtained from the

ADS model of the rectifier excluding the antenna. However,

as the textile AVA is 50Ω and the wireless power has been

measured using the power meter, the results are expected to

agree within the ±1 dB wireless power uncertainty. The main

discrepancy between the simulation and measurements shows

up below 23 GHz. This is attributed to the proposed antenna,

which was only designed and characterized for operation from

24 GHz. Thus, the PCE in this case is bottle-necked by the

antenna. The rectifier design can be integrated with a different

antenna should it be used below 24 GHz. Above 25.5 GHz, the

measured output is observed to exceed the simulated output

of the rectifier. This could be attributed to the shorter feed-

length of the rectifier, when considering the antenna’s 50Ω
feed, and the inaccuracies from the resistive and capacitive

load mounting. Previously reported mmWave rectennas at 24

GHz [12], and 94 GHz rectenna [43], have shown a measured

DC output higher than the simulated due to overestimating the

diode’s parasitics.

The measurements were limited to 26.5 GHz due to the PA’s

and the waveguide horn antenna’s maximum frequency. How-

ever, as the rectenna achieves more than 1.4 V at 26.5 GHz, it

is predicted that the rectenna’s cut-off frequency is beyond 27

GHz, demonstrating its capability of harvesting across the full

5G spectrum. Moreover, the fabricated rectifier’s performance

above 26 GHz (being significantly better than the simulated

due to higher cut-off frequency), could be attributed to over-

estimation of the parasitic packaging capacitance reproduced

from [12], where the utilized dual-diode package results in less

parasitics and hence improves the rectifier’s usable frequency

range. While [42] demonstrates a broadband 1 V sensitivity

from 13 dBm between 14 and 23 GHz, this work is the first

demonstration of a broadband 1 V sensitivity above 20 GHz,

with more than 6.5 GHz of 1.2 V bandwidth from less than

12 dBm of incident power.

Table II shows a comparison of the proposed rectenna with

state-of-the-art mmWave and 5G rectennas. While it can be

seen that the rectennas in [7] and [41] achieve higher effi-

ciency due to the improved single-tone impedance matching,

they both have lower load impedance (reducing the voltage

sensitivity) in addition to being implemented on dedicated low-

loss RF substrates allowing the implementation of large-area

distributed elements matching networks. On the other hand,
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despite the high voltage sensitivity achieved by the 3D printed

rectenna in [14], implemented on a lossy flexible 3D-printed

substrate, the PCE is expected to be very low due to the

high load impedance utilized to guarantee a 1 V DC output.

Finally, to the best of the authors’ knowledge, this is the first

rectenna with a broadband 1 V sensitivity aimed at broadband

mmWave 5G energy harvesting, in addition to being fabricated

on textiles with a high-efficiency broadband antenna optimized

for operation on-body.

B. Wearable mmWave Powering: Practical Considerations

Practical deployment of rectennas for radiative mmWave

WPT and energy harvesting are dependent on the ability

to deliver high power levels to the antenna. The rectenna

proposed in this work, as well as in studies [7], [12], [14],

require an input power in excess of 9.5 dBm to deliver

a 1 V DC output across a resistive load (as compared in

table II). Such a high power level may not be available as

ambient radiation to be recycled from cellular communication.

Therefore, it is essential to consider the applicability of such

rectennas in low-cost mmWave-powered IoT applications.

In the context of harvesting energy in 5G cellular networks,

the 28 GHz EIRP available from a base-station and a mobile

device is 75 and 43 dBm/100 MHz, respectively [44]. Thus,

given the rectenna’s 7.41 dB measured realized gain, a mobile

phone transmitting at 26 GHz and placed at 10 cm from the

textile rectenna will result 10 dBm received power at the

rectenna yielding over 1 V of DC output. Furthermore, a 1

V DC output can be achieved with more than 10 m separation

between the rectenna and a mmWave base-station. 10 m is

the size of a typical 10 Gbit/s 5G urban micro-cell [44]. As

a result, the infrastructure (PAs and phased arrays) deployed

for high-data rate 5G communications could support wireless

powered networks within the network coverage. Moreover,

[4] shows that a wireless-powered network operating at 28

GHz can achieve over 30 dB higher power reception for

a 400 nodes/km2 network compared to sub-6 GHz bands.

However, the rectenna in our work has only evaluated the

rectenna’s performance under CW excitation, the impact of

multi-tone modulated signals on a rectifier’s performance have

been previously investigated in [45].

High power mmWave power beaming has been shown to

improve the power received by a rectenna at a long range

(>600 m) due to the narrow beam of a directional antenna

[46]. In [46], the authors study a 7 kW PA (formed of 8,192

GaN PAs with integrated power combining) which results

in an 83 dBm EIRP with a 15 dB antenna. Although [46]

shows that 92 GHz is the frequency where the highest power

could be delivered, rectenna implementations beyond 90 GHz,

such as [43], use diodes with significantly higher costs than

the MA4E1319 used in this work. For example, a single

Virginia Diodes W-band diode can cost $15-100, making it

unsuitable for low-cost IoT applications. Moreover, to ensure

compatibility of the developed antenna and rectifier with future

commercial 5G applications, the choice of frequency in this

work is kept below 30 and 40 GHz for the rectifier and the

antenna, respectively.

W/kg 

(log)

0.380.0890.0

(a) (b)

Fig. 19. Simulated SAR of the AVA at 0.1 mm from the body with: (a) a
reflector covering 48% of the tissue layer, (b) a reflector covering the entire
tissue layer.

In wearable operation, mmWave power beaming to on-body

devices from an off-body source needs to comply with the

safety regulations. In high-power directional WPT applica-

tions, multiple control and detection techniques have been

proposed to ensure the high-power waves are only directed

towards the rectenna to prevent “frying” an unintended target

[47]. As the proposed rectenna can be used in large-area

energy harvesting arrays, with DC combining as in [48], the

full textile reflector backing allows additional shielding of the

user.

To further investigate the interaction between the antenna

and the human body, the antenna has been simulated in CST

Microwave Studio over a human skin model. The uniform 4

mm-tick skin layer is based on the measured tissue dielectric

properties in [49] at 28 GHz. Above 11 GHz, incident waves

do not penetrate deeper than 1 mm while skin is typically 3-4

mm-thick [49]. The skin layer is placed at 0.1 mm (air gap)

from the textile rectenna. A 5 mm fat and 6.7 mm muscle

layer were added beneath the skin layer. The tissue model is

55×75 mm2. Homogeneous human body models have been

used to model the human tissue for both transmitting, [26],

and receiving antennas [48].

Given the reciprocal nature of antennas, Specific Absoprtion

Rate (SAR) analysis could be used to estimate the absorption

at a certain input power level. The proposed rectenna achieves

a measured PCE of 4.2%, with a DC output of 6.5 V across

a 10 kΩ load, from a 20 dBm 24 GHz input. Thus, it can be

assumed that the rectenna could be used to generate power

at power levels higher than 20 dBm. An input power source

of 0.5 W (27 dBm) is considered for the SAR analysis. Fig.

19-b shows the simulated SAR of the proposed AVA at 28

GHz. For both the compact and full-size reflectors, the peak

SAR of 0.38 and 0.092 W/kg, respectively, confirm that the

proposed rectenna could be used safely for wearable high-

power mmWave reception while complying with the IEEE

C95.1 regulations.

VI. CONCLUSION

In this paper, a textile-based broadband rectenna for 5G

RF energy harvesting and WPT has been presented based

on a novel wearable antenna design and a broadband high-

sensitivity rectifier. The textile antenna achieves the highest

radiation efficiency of reported textile-based mmWave anten-

nas at more than 70% with a stable gain over 8 dB. The

proposed rectenna is capable of generating a 1 V DC output
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from 21.5 to 25 GHz from power levels as low as 9.5 dBm,

more than 1.3 V from 20 to 26.5 GHz from 12 dBm of wireless

power, a 15% half-power fractional bandwidth, and up to 6.5 V

from 20 dBm at 24 GHz, the highest voltage compared to

reported low-power mmWave rectennas. This work is the first

demonstration of a textile-based rectenna operating beyond

20 GHz and the first broadband rectenna beyond for 20-

26.5 GHz mmWave EH and WPT. This work demonstrates

the feasibility of mmWave-powering of unobtrusive sensing

and communication implemented on low-cost materials, with

the capability of providing a sufficient DC output within the

transmission limits of future mmWave 5G networks, as well as

the safety-compliance of the proposed antenna for high-power

point-to-point mmWave power transmission.
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