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Abstract— This article presents 16- and 81-element broadband
rectenna arrays screen printed on a cotton tee-shirt for har-
vesting 4–130-μW/cm2 power densities between 2 and 5 GHz.
A packaged SMS7630-079LF Schottky diode is connected with
silver paint and soldered to each element of the array. The
diode impedance over frequency as a function of dc load and
input power is analyzed using source-pull harmonic-balance
simulations. The antenna is a quasi-self-complementary tightly
coupled bow-tie array with a period of about λ0/6 at the highest
frequency. The impedance at the element ports of the array and
the array radiation pattern are analyzed with source-pull diode
complex impedance port terminations. Full-wave simulations
are performed with the cotton fabric on top of specific tissue
layer stack-up for a human torso, as well as for a body
phantom. Measurements using a water-filled phantom show up
to Pdc = 32 μW for incident power densities of 4 μW/cm2, with
a dc load of Rdc = 2 k�. At higher incident power density levels
of 100 μW/cm2, up to 32% efficiency is measured. Measured
rectified voltage and efficiency for the wearable tee-shirt are in
good agreement with phantom measurements for the 81-element
array. In addition, the effects of body curvature, air layer
between tee-shirt and skin, and washing of the fabric are
quantified in either simulation or measurements.

Index Terms— Energy harvesting, rectenna, Schottky, screen
printed, tee-shirt, wearable.
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I. INTRODUCTION

WEARABLE devices for fitness and sports, entertain-
ment, health care, defense, and industrial monitoring

are gaining popularity, as companies such as Apple, Fitbit,
Adidas, Garmin, Nike, Google, Samsung, Sony, and so on are
placing more devices on the market daily. In 2020 the global
wearable devices market is expected to exceed US$77.3 billion
by 2025 according to some market studies. The devices include
foot, wrist, eye, neck, and body wear, and many include
wireless functions thus requiring antennas. For example, a 2×2
MIMO antenna for 5G is demonstrated in a wrist watch with
greater than 85% efficiency [1].

In this article, simulations and measurements are pre-
sented for a wearable screen-printed active antenna array
shown in Fig. 1(a). The antennas’ couple-harvested microwave
broadband radiation to an array of rectifiers, providing
power for low-power wearable wireless sensors. The self-
complementary, tightly coupled bow-tie array is geometrically
similar to the nonwearable design in [2]. The period of the
array is 1.25 cm, which is approximately λ0/6 at the highest
frequency considered in the measurements. Each array element
feed is connected to a packaged Schottky diode using silver
paint and solder.

Wearable antennas related to on-body telemetry include
implantable wireless capsule endoscopy, insole shoe monitor-
ing, and eyeglass frame monitoring sensors [3]–[5]. Different
materials amenable to antenna integration are under inves-
tigation. In [6], a silver-coated nylon ripstop fabric patch
antenna with detachable radiating elements is presented,
while [7] demonstrates embroidered antennas with pcb res-
olution. Antenna integration is demonstrated in denim [8],
as well as military berets for GPS, fabricated on a conductive
metallized nylon fabric over a felt substrate [9]. In [10], a
UHF RFID tag was tested over the human body after several
washing and drying cycles of a cotton tee-shirt, and screen-
printed antennas with washing effects are presented in [11].
Extensive characterization of different textile materials for
wearable antennas is described in [12], and a comparison
of various technologies in [13] and [14], where challenges
associated with soldering electronic devices to conductive
textile patterns are highlighted.

Antennas integrated with rectifiers, or “rectennas,” were
developed in the 1950s and there are many excellent reviews
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Fig. 1. (a) Photograph of RF harvesting tee-shirt with several screen-printed
rectenna arrays. (b) Circuit diagram of a 4×4 subarray showing the Schottky
diode connections to a dc load that represents the electronic application. The
period (p) of the array is much smaller than a wavelength and is about λ0/6
at the highest frequency of operation. The horizontal polarization is referred
to as the copolarized, consistent with diode orientation.

of this topic [15]. Wearable rectennas include dual-polarized
screen-printed patches on cotton substrates [16], a 2.45-GHz
patch antenna and array on a cordura fabric for power levels
down to −40 dBm [17], and a 2.45-GHz textile patch for
watt-level incident power [18], and a UHF patch on a bilayer
jeans substrate [19]. In addition to these narrowband rectennas,
some broadband implementations have been demonstrated,
for example, a 0.9–4-GHz circularly polarized archimedean
spiral [20], and a 0.5–8-GHz logarithmic spiral embroidered
with conductive yarn into denim [21].

Harvesting ambient RF power has been of interest for pow-
ering low duty-cycle sensors for several decades [22]–[24].
Applications for harvesters’ range from powering aircraft
sensors from altimeter antenna sidelobes [25] to multiband
rectennas integrated in a kitchen quartz clock and environmen-
tal sensor [26], as well as wearable devices that can harvest
multiple frequencies [27]. The incident power densities are
typically variable and in the range of 1–10 μW/cm2, as quan-
tified in an urban environment in [28]. Several rectennas
for power densities of 1 μW/cm2 have been demonstrated
with efficiencies greater than 30%, including a 2-g design
on a flexible substrate [29] and a directive antenna with an
unconventional reflector [30]. In a harvesting scenario when

incident power densities can vary over a wide range, the recti-
fier element impedance at the fundamental frequency varies
dramatically [31]. Codesign of the rectifying element and
dual-polarized antennas is discussed for a 2-GHz narrowband
rectenna in [32] and for a 2–18-GHz broadband spiral array
in [22]. At these low power levels, integrated design of the
rectifier, antenna, and power management circuit has been
shown to result in the highest efficiency, requiring extensive
rectenna characterization as a function of the dc load [33].

In this article, we present a study related to the wearable
bow-tie rectenna array beyond the contents in [34]. Section II
presents spectrum measurements which give us an idea of
the available power density levels, polarization content, and
variation over time for RF energy harvesting. This motivates
the rectifier diode choice, as described in Section III with
source-pull nonlinear simulations. Section IV presents a study
of the tightly coupled bow-tie antenna array placed on tissues
corresponding to a human torso, as well as a phantom used in
measurements. Section V discusses rectenna array fabrication
and measurement setups followed by measurement results.
The rectenna array is characterized on a water phantom
as well as on a human body. On-body measurements are
performed to characterize the array in the context of wearable
RF-harvesting clothing.

II. AMBIENT CHARACTERIZATION FOR RF HARVESTING

To inform rectifier design, knowledge of the available
incident power density levels, as well as their variation over
time, is required. We therefore performed electric-field mea-
surements indoor in two laboratories and outdoor on the
roof of a building. A calibrated Keysight N6850A broadband
omnidirectional antenna operating from 0.5 to 5 GHz was
used with a N9918A FieldFox 26.5-GHz handheld microwave
analyzer for collecting the data presented in Fig. 2.

The field measurements are calibrated using the antenna
factor provided by the manufacturer. It is defined by the ratio
of the magnitude of the electric-field incident on the antenna
to the voltage at the 50-� antenna port and expressed in V/m,
or dBμV/m [35]. Measurements were taken in two linear
orthogonal polarizations (horizontal and vertical) every 30 s
over 1004 frequency points. With a resolution bandwidth of
10 kHz, the measurements were averaged over three hours
during a normal week day.

In Fig. 3, the minimum and maximum electric-field val-
ues measured at each considered scenario are presented to
show the variation of field levels. The frequency bands over
which the power density was measured are 0.5–1, 1.5–2, and
2–2.5 GHz. The data show that it is possible to harvest RF
energy in the sub-6-GHz range in current electromagnetic
environments. As more wireless devices are connected in sub-
6-GHz 5G bands (FR1) [38], it is expected that these levels
will increase. Therefore, we investigate a frequency range
above 2 GHz to include the highest band in Fig. 3 and extend
the harvesting frequencies to an octave above it.

The measured electric-field values shown in Figs. 2 and
3 corresponds to power densities up to S = E2/120π =
3 μW/cm2 in a single polarization at one frequency. To obtain
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Fig. 2. Electric field measurement for three different scenarios: outdoor [at
the roof of the building, shown in inset of (a)] and indoor [at two different
laboratories, shown in inset of (b)], for (a) horizontal polarization and (b)
vertical polarization.

Fig. 3. Variation of measured electric-field values over time for the considered
frequency bands for the three measured sites, in both horizontal and vertical
polarizations. The measurements are taken every 30 s over 3 h with a 10-kHz
resolution bandwidth.

the total power density, these values are integrated over fre-
quency and polarization. Acknowledging that it is unlikely that
a Schottky diode rectifier will turn on at the lowest field levels,
a few μW/cm2 was used as a starting point for the wearable
rectenna design, as described in Section III. It is noted that

Fig. 4. Circuit schematic for diode simulations (performed in NI/AWR). (a)
Source-pull setup and (b) diode package (SC-79 or SOD523) model taken
from the application note [36] for use with the diode SPICE model [37].

these values are well below the safety recommendations for
general public exposure given by the International Commis-
sion on Non-Ionizing Radiation Protection (ICNRP) [39].

III. DIODE RECTIFIER SIMULATIONS

We next describe simulations of a single-ended diode
rectifier based on a commercially available Schottky diode,
over a range of power levels, frequencies, and dc loads.
The determined diode impedance for best efficiency can then
be used to design a broadband antenna array. A Skyworks
SMS7630-079LF zero-bias Schottky diode [37] is selected as
the rectifying element and is characterized using nonlinear
harmonic balance simulations in NI/AWR over a range of
expected frequencies and incident power densities. In [25],
this diode is compared to several other commercially available
packaged diodes in the 4-GHz range, while in [22] it is shown
to have the highest efficiency of several commercial diodes for
the incident power levels and frequency range used here.

The simple source-pull analysis schematic is shown in
Fig. 4(a), where the tuner also presents a dc block and the input
power, frequency, and dc load are varied. Fig. 4(b) shows the
diode model with parasitics [36] used in the harmonic balance
simulations. A range of RF impedances that the antenna should
present for best rectification efficiency across a fixed 2-k�
load is shown in Fig. 5(a) with contours of constant output dc
power for a fixed input power of 100 μW at 2 and 5 GHz,
the edges of the frequency band.

Fig. 5(b) shows the impedance obtained from diode source-
pull for best efficiency at peak dc output power for varying
frequencies and dc load. This determines the approximate
range of impedances that the antenna needs to present over
a broad frequency and input power density range for best
rectification efficiency. Fig. 6 shows the rectified power versus
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Fig. 5. (a) Simulated source-pull results showing contours of constant
rectified power (in μW) at 2 and 5 GHz with an input power and dc load of
100 μW and 2 k�, respectively. (b) Region of optimum impedance to present
to the diode for peak dc output power, obtained using source-pull, showing
the trend in frequency ( f ) and load (RL ). f is swept from 2 to 5 GHz while
RL goes from 500 to 3000 � and the input RF power is 100 μW.

Fig. 6. Simulated rectified dc output power versus dc load resistance RL for
various RF input powers. The maximum occurs at around 2 k� at the lowest
input power level.

dc load for several incident powers close to the center of the
band at 2.9 GHz. The frequency band under consideration for
this article ranges from 2 to 5 GHz. At the lowest power level,
the best rectification efficiency occurs for a 2-k� dc load.

Fig. 7. Simulation geometry for 9 × 9 array showing tissue stackup,
orientation (horizontal polarization shown as �EH ), diodes in each element,
and main port for impedance and radiation pattern simulations. The 4 × 4
element subarray is highlighted in dashed lines.

Fig. 8. (a) Cross Section of realistic body tissue stackup with rectenna on tee-
shirt placed on top of the model. The relative permittivities and conductivities
of the skin, fat, and muscle are 39.7, 5.4, 54.1 and 1.035, 0.064, 1.142 S/m,
respectively, and are taken from [41]. (b) Stackup of the water phantom model
to aid in measurement repeatability.

At increased power, the best load is around a few hundred
ohms. We therefore chose a 2-k� load which is the best value
for the lowest power level, efficient maximum power point
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Fig. 9. Simulated results for the antenna with a single feed in the middle of
a 16-element array and for two cases: on-phantom and on-body (skin, fat and
muscle) with all other feed points terminated in the complex impedance of
the diode. (a) Simulated antenna impedance seen at the port labeled in Fig. 7
from 2 to 5 GHz. (b) Antenna radiation pattern gain (realized) at 2.9 GHz.

tacking (MPPT) can be used to dynamically vary this load in
a practical setting [40].

IV. ANTENNA ARRAY SIMULATIONS

Because of the large incident power variation and
broad bandwidth, a tightly coupled quasi-self-complementary
antenna array loaded with rectifiers is chosen with a period of
λ0/6 at 5 GHz, as shown in Fig. 1(b). The diodes are connected
to the antenna feed points in series along the copolarized
electric field vector and the rows are connected in parallel
to the dc load. The antenna elements are tightly coupled to
average out the variations across frequency, power, and shape,
making the array an equivalent active impedance sheet. The
antenna array is simulated using CST and several cases are
compared. The general simulation geometry is shown in Fig. 7.

We show results with 4 × 4 and 9 × 9 finite square
arrays of equal periodicity. For wearable applications, the
tee-shirt is placed on a realistic body torso tissue stackup

Fig. 10. Driving-point impedance for a SE, an IA and two FAs of 4 × 4 and
9 × 9 elements over a torso with air gap h = 1 mm. Each element is loaded
with the complex impedance of the diode and the array impedance is for the
center element. The frequency is swept from 2 to 5 GHz.

Fig. 11. Simulated copolarized (φ = 0◦) and cross-polarized (φ = 90◦) gain
patterns (realized) for the 4×4 array on cotton above an air layer of 1 mm and
torso tissue stackup. The center element is fed, while the remaining elements
are terminated in the diode impedance.

in the simulations, with a cross Section shown in Fig. 8(a).
Measurements are performed on a phantom for repeatability,
thus the simulations are also performed for the stackup of a
water phantom [Fig. 8(b)].

The impedance and gain of the center element of a finite
array (FA) on lossy tissues and phantom model are compared
in Fig. 9. Fig. 9(a) displays the input impedance of a 4 × 4
element array simulated over a phantom and over a torso tissue
stackup. The diode impedance is modeled from 2 to 5 GHz
as a series RLC network where R = 0.1 �, L = 0.423 nH,
and C = 0.27 pF. It is noted that the impedances for the
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Fig. 12. Simulation results of a 4×4 array over a torso with a 1-mm air gap
between the cotton and skin layers, with various port terminations. (a) Input
impedance looking into a single port (as shown in Fig. 7) from 2 to 5 GHz.
(b) Radiation pattern gain (realized) at 2.9 GHz.

center element for the phantom and torso tissue stackup are
not identical, but are in the same region of the Smith chart
with a similar resonance, indicating that the phantom is a good
qualitative model for this tissue stack-up. In Fig. 9(b), the
radiation patterns for these cases at 2.9 GHz are shown. The
asymmetry of the radiation pattern is due to the offset position
of the feed element in a 4 × 4 array, as indicated in dashed
line in Fig. 7.

Fig. 10 shows the driving-point impedance from 2 to 5 GHz
of the middle element in the two FAs (4 × 4 and 9 × 9),
an infinite array (IA), and a single element (SE). In the case of
the arrays, the plot shows the impedance of the driven element
from Fig. 7, where the other elements are loaded with the input
impedance of the diode. It is noted that the SE impedance is
capacitive and consistent with that of a thick dipole, while the
impedance of the arrays is significantly different, due to the
electrically small period that results in tight coupling. Also it
is noted that the impedance of the larger array is closer to that
of the IA, as expected.

Fig. 13. Simulation results of a 4 × 4 array over a torso loaded with the
complex impedance of the diode for various air gaps (h). (a) Input impedance
looking into a single port (as shown in Fig. 7) from 2 to 5 GHz. (b) Radiation
pattern gain (realized) at 2.9 GHz.

Fig. 11 shows the simulated gain patterns for a 4 × 4 array
on cotton above a torso tissue stackup with a 1-mm air layer
between the shirt and the skin. The center element is fed, while
the remaining elements are terminated in the diode impedance.
The patterns are shown for three frequencies across the band.
The highest gain is observed at the upper end of the band
where the coupling is the weakest. Back radiation is greater at
lower frequencies due to the electrical dimension of the finite
substrate and tissue stackup.

Fig. 12 shows the input impedance and radiation pattern
of a 4 × 4 array over a torso with 1-mm air gap for various
terminations on the other ports, in this case an open, short,
50-� load and the complex impedance of the diode. The
short and 50-� terminations produce similar results because
the 50-� loads are a small impedance and closer to the short
than to the diode and antenna impedance magnitudes, which
are in the hundred ohm range. Likewise, the open and diode
impedances produce similar results in both impedance and
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Fig. 14. Simulation geometry for a curved 9×9 array showing tissue stackup,
orientation (horizontal polarization shown as �EH ), diodes in each element,
and main port for impedance and radiation pattern simulations. The array is
deformed in a cylindrical manner with the axis along the x-direction, a radius
of curvature of 319 mm, and a 30◦ angle.

Fig. 15. Comparison of input impedance looking into a single port (as shown
in Fig. 14) from 2 to 5 GHz for flat and curved arrays when the rest of the
elements are loaded with the diode complex impedance.

radiation pattern. The different terminations are included to
point out the impact of port terminations in a tightly coupled
array. We believe that the complex diode impedance termina-
tions are the most appropriate to use in this case, although they
are incident power, frequency, and load dependent as shown
in Fig. 5(b).

Since clothing tends to be loose, the spacing between the
cotton tee-shirt and skin will vary in general. We therefore
examine the impedance and pattern dependence on the thick-
ness of the air layer as a first-order approximation. Fig. 13

Fig. 16. Comparison of realized gain for a flat and a curved array. (a)
Copolarized (φ = 0◦). (b) Cross-polarized (φ = 90◦).

shows the simulated input impedance and radiation pattern
of the same array as Fig. 12 with varying air gap (h). The
performance of the array does not vary much from 1 to 2 mm
but it does change when the gap is reduced or disappears.
This suggests that on materials such as fleece or other thicker
fabrics, the variation would not be noticeable.

Another practical consideration is the effect of curvature of
various parts of the body. A simulation of the rectenna curved
with a radius of 319 mm extending over 30◦ is performed for
the 9 × 9 array with a 1-mm air gap, as illustrated in Fig. 14.
The resulting driving-point impedance of the center element,
with complex loads terminating the rest of the ports, is shown
in Fig. 15. The radiation pattern comparisons are shown in
Fig. 16. Only a small shift in performance is seen, and the
curved array has more side radiation with a small reduction
in the main lobe maximum.
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Fig. 17. Comparison of I–V curves for different treatments before and after
hand washing.

Fig. 18. Photograph of tee-shirt on phantom in the anechoic chamber during
measurements, with the phantom shown on the bottom right. A detail of a
fabricated single array element is shown on the top right.

Fig. 19. Measurement setup, d = 69 cm. The tee-shirt is measured inside of
an anechoic chamber in several configurations: mounted in air (free space),
on a phantom, and while being worn (on-body). The calculated far-field
distance, d f , is approximately 26 cm at 2 GHz.

V. IMPLEMENTATION AND MEASUREMENTS

To implement the bow-tie array on wearable material, met-
allized ink (NovaCentrix Metalon HPS-FG57B) is deposited

Fig. 20. Optimum load resistance for the 81-element array in (a) vertical
and (b) horizontal polarization.

on a cotton tee-shirt using standard screen printing [42]
methods. The surface-mount diode package (SC-79) proved to
be difficult to attach to the conductive ink using solely solder
or conductive epoxy. An adhesion method was developed
which utilizes conductive silver paint that was then soldered
to following curing of the paint. The temperature of the
soldering iron was maintained at 375◦C during this process.
The surface resistance of the silver paint is 0.01 �/�, which
maintains greater performance in terms of repeatability and
low resistance due to lower viscosity of the paint when
compared with that of conductive epoxy.

To investigate effects of fabric washing, three diodes were
mounted in unit cells on a different Tee-shirt and without
connections between them. One was then covered with nail
polish and a second one with fixative spray for pastels and
charcoal drawings (by Grumbacher). Both materials are resis-
tant to washing. The I–V curves of all three diodes were
measured before and after hand washing in water, and there
was no observable change in dc electrical characteristics (see
Fig. 17).

A 4 × 4 array was initially populated with diodes and
characterized and then expanded to a 9 × 9 array. The rectenna
is first characterized on a phantom body using a container of
saline solution. The conductivity of the solution is taken to
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Fig. 21. Rectified dc power versus frequency for the 16- and 81-element
arrays measured on-body (OB), with a phantom (P) and in free space (FS) for
both (a) horizontal and (b) vertical polarization. The incident power density
is 4 μW/cm2 and dc load is 2 k�.

be the weighted average of the human tissues at 2.9 GHz as
given in [41], with the cross Section of the setup shown in
Fig. 8(b). The photograph in Fig. 18 shows the setup in the
anechoic chamber, detail of the phantom, as well as detail of
a single array element.

The rectenna arrays are characterized in an anechoic cham-
ber using the setup sketched in Fig. 19 where the tee-shirt
is mounted on the phantom and the dc output is connected
to a variable load. A power calibration is performed up to
the plane of the transmit antenna to determine incident power
on the transmit antenna as a function of RF source power
and frequency. The incident power density on the rectenna
array is then estimated with a well-characterized linearly
polarized transmit antenna using Friis’ line-of-sight equation.
The energy harvester and transmit antenna are in each other’s
far fields at the lowest frequency of interest (d = 69 cm).
The power available at the antenna port is calibrated and the
resulting power density incident on the rectenna array is varied
from 3 to 130 μW/cm2 at each frequency point between 2 and
5 GHz in 100-MHz steps.

The dc load is varied between 100 � and 5 k�. The
dc power is measured as a function of frequency, incident

Fig. 22. Measurement results of efficiency versus incident power density
at 2.9 GHz with a dc load of 2 k�, showing that the fairly large resistance
of the conductive ink reduces efficiency for larger arrays. On-body (OB) and
on-phantom measurements are shown.

Fig. 23. Output dc voltage versus incident power density at 2.9 GHz with a
dc load of 2 k�. On-body (OB) and on-phantom measurements are shown.

power density, and dc load. Results showing the optimal load
resistances for both polarizations are shown in Fig. 20. It is
seen that for lower power levels, the optimal load is large.
In addition, the load is different for the two polarizations,
which is related to the antenna gain. Importantly, we observe
that the power is not very sensitive to the load resistance.
The extensive characterization as a function of dc load is
important information for design of the power management
circuit, which is typically based on a boost converter that
emulates the optimal load over various power levels, as in [33].
Although here we do not focus on the power management,
all relevant rectenna array characterization is performed and
presented, and previously published approaches [43] can be
directly applied.

Fig. 21 displays measured results for 16-element and
81-element bow-tie rectenna arrays for the two polarizations
and as a function of frequency with and without the body phan-
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tom. Output dc voltage, Vdc, and power, Pdc, were measured
using a multimeter placed in parallel with a variable resistive
load connected to the rectenna array. Several conclusions can
be made. As expected, the phantom does not significantly
affect the rectified power level due to the air gap and container
thickness which reduce loading by the saline. Second, the
horizontal polarization [referring to Fig. 21(a)] gives a higher
dc output, as expected from the radiation pattern. Third, the
81-element array does not produce significantly higher power
when compared with the smaller array. It is believed that the
efficiency drops due to the relatively high dc resistivity of the
conductive ink, which becomes more dominant as the array is
scaled up in size. Conversion efficiency is defined as

η = Pdc

S(0◦, 0◦) · A

where A is the geometric area of the arrays, which results in a
conservative efficiency estimate. Fig. 22 shows the comparison
between the two arrays for both polarizations. This indicates
that in terms of efficiency, it is better to combine the power
of several small arrays than to create a single large array.
Fig. 23 shows dc output voltages for various power densities,
polarizations, and array sizes.

VI. CONCLUSION

This article presents 16- and 81-element broadband bow-
tie rectenna arrays screen printed on a cotton tee-shirt for
harvesting 4–130-μW/cm2 power densities between 2 and
5 GHz. Source-pull diode simulations over a large range of dc
resistances and input powers are performed to predict rectifier
impedance. It is found that for lower input power levels, a
larger dc load gives better efficiency. Full-wave antenna simu-
lations are performed with specific tissue electrical parameters
for the torso, as well as for a body phantom. The tightly
coupled array is investigated as a function of finite size, port
terminations, and separation of fabric above body. When the
input impedance is simulated for the center element of a
FA, it is found that the rectifier diode complex impedance
termination of all other ports results in the best match to the
diode source-pull impedance. For air gaps between the fabric
and skin larger than 1 mm, there is little variation in the
impedance and radiation pattern. In addition, simulations are
performed for arrays with body curvature taken into account
showing small changes in performance.

We found that screen printing on fabric with conductive ink
can be used for functional rectenna array harvesters, despite
the fairly large surface resistance of the ink. Silver paint
was found to be a reliable method for connecting surface-
mount diodes to a conductive fabric substrate and is shown
to withstand hand washing in water. Measurements using a
saline-filled phantom show up to Pdc = 32 μW for incident
power densities of 4 μW/cm2, with a dc load of Rdc = 2 k�.
The measurements on the phantom compare well with those
obtained with the tee-shirt rectenna worn on an actual body.
For low incident power densities, the efficiency is in the
5%–10% range, and reaches 32% for 100 μW/cm2. Although
the bow-tie array is the same for two linear polarizations,

the diode orientation gives a preferred polarization, which is
clearly seen in simulations and measurements. This approach
can be extended to dual polarization by adding diodes to the
remaining feedpoints.
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