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ABSTRACT With the recent surge in popularity of the Internet of Things (IoT), there also has been a notable
increase in research on wirelessly charging IoT enabled electronic devices. Millimeter-wave retrodirective
power beaming has recently emerged as a suitable candidate for wirelessly charging small electronic devices.
In this paper, we propose and demonstrate a millimeter-wave power beaming concept applicable to IoT
ecosystem. The proposed system incorporates a Rotman lens retrodirective beamformer as a Tx unit. To
demonstrate the retrodirective power beaming, a Rotman lens beamformer on a waveguide platform is
designed to operate at Ka-band. The proposed Rotman lens operates with seven beam ports capable of
radiating seven beams within ±30° steering range. On the receiving end, a rectenna consisting of a patch array
and rectifier is designed. We then conducted an end-to-end power beaming experiment as proof of concept,
where the results demonstrate the capability of the proposed system as a retrodirective millimeter-wave power
beaming system.

INDEX TERMS Internet of things (IoT), millimeter-wave (mmWave), retrodirective, power beaming,
Rotman lens.

I. INTRODUCTION
The Internet of Things (IoT) has become increasingly popular
in the last decade due to its grand objective of interconnecting
almost everything [1]. It is anticipated that in the near future,
a vast number of IoT devices will be utilized to reach their
goal. Along with a cellular phone which is a typical example
of an IoT device, small autonomous aerial vehicles (AAVs),
also known as drones, are widely becoming a part of the
IoT ecosystem as they expand their usability for gathering
and transmitting data, such as monitoring and surveillance
purposes [2]. Moreover, the usage of smart sensors and
wearable smartwatches is steadily on the rise as they are
gaining popularity. However, as with every wireless device,
battery-powered drones and sensors have a limited usable time

and must be recharged at some point. Requirement of charging
is a common challenge faced by not only the aforementioned
devices, but also every IoT-enabled electronic device. This
consequently leads to a growing demand for wirelessly
charging through wireless power transfer (WPT) [3], [4], [5],
[6], [7].

To address this demand for wireless charging, power beam-
ing concept can be utilized, which can be thought of as a
subset of WPT. In contrast to near-field WPT, i.e., inductive
coupling, whose range is generally limited to few tens of cen-
timeters, power beaming operates either in the Fresnel or far-
field region, enabling power transfer at much longer distances
[8]. A way to enhance the transmission efficiency is to in-
crease the aperture size of the beamformer. However, most of
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the recent power beaming technologies have been researched
in the microwave regime (below 10 GHz) [9], [10], [11], [12].
With the development of mobile communications and IoT
technology, devices are being miniaturized. As the form factor
decreases, the size of the antenna embedded in these devices
should also decrease. Therefore, it is necessary to generate
narrow beams to direct power at the devices of interest.

Millimeter-waves (mmWaves) which is commonly referred
to the frequencies above 24 GHz, mitigate the size issues
associated with microwave frequencies. Since mmWaves have
wavelengths significantly shorter than that of microwave, they
demonstrate higher directivity given the smaller aperture size,
thereby achieving narrower beams. Moreover, high directivity
makes it convenient for beam controlling/beam focusing while
minimizing the focusing area. Therefore, power beaming with
mmWaves has gained increased attention in remote charging
of small devices in meter-range applications and expected to
be a promising technology for wirelessly charging compact
electronic devices [13], [14], [15], [16], [17].

As stated above, when employing mmWaves power beam-
ing, it is essential to precisely direct the beam at the receiver to
efficiently deliver energy. Therefore, a retrodirective operation
is beneficial [18], [19], [20], [21], [22]. That is, the transmit
array should be able to direct the beam at a device of interest
upon the receipt of a beacon or pilot signal sent from the de-
vice. The core concept of retrodirectivity lies in reversing the
time-delay or phase profile of the waves received by the array
elements. Fig. 1 illustrates a notional scheme of an end-to-end
retrodirective power beaming system applied to IoT ecosys-
tem. The beacon signals are transmitted from various kinds
of IoT devices, e.g., sensors, mobile devices, and drones. The
beamformer equipped with an array antenna then receives the
beacon signal implying the device is in a low battery status.
The beacon signal passes through the T/R modules, which in
this case arrives at the Rx unit. Once the relative time/phase
delay of the received antenna at each element of the array is
calculated, the Tx unit allows to re-transmit the power to the
corresponding direction allowing for wireless charging of the
device in need.

Among various methods for constructing retrodirective
beamforming network, Rotman lens provides a simple
solution for achieving retrodirectivity [21], [23], [24], [25],
[26], [27], [28], [29], [30], [31], [32]. The true-time-delay
(TTD) within the lens facilitates self-phasing, resulting in the
redirection of the beam towards the intended target. The Rot-
man lens, implementing TTD without the necessity for phase
shifters to reverse phase (time), inherently supports wide
bandwidth and achieves all-passive control for beamforming.
This eliminates the requirement for a complex feed network
for active beamforming. The design of mmWaves beamformer
based on Rotman lens have been reported on various platforms
such as microstrip [21], [28], [29] and substrate integrated
waveguides (SIWs) [30], [31], [32]. To enhance the power
beaming range, it is essential to design the Rotman lens on a
platform with low losses and superior power handling capa-
bilities to achieve higher-power and higher-gain operation.

FIGURE 1. Conceptual illustration of the proposed retrodirective power
beaming.

For this purpose, this paper introduces a notional end-to-
end mmWaves power beaming concept based on a Rotman
lens beamformer as a Tx unit and rectennas as Rx unit. The
proposed Rotman lens is designed on a waveguide platform
to exhibit lower loss and enhanced power handling, while it
operates at Ka-band with a center frequency of 33 GHz. The
Rotman lens is designed to have seven input beam ports and
eight array ports, which makes it capable of radiating seven
beams within ±30° of steering range. Moreover, rectenna
is designed to target the same center frequency. Ultimately,
we experimentally demonstrate the power beaming using the
aforementioned devices as proof of concept. The organization
of the paper is as follows. The design methodology of the pro-
posed Rotman lens and simulated/measured results are dealt
in Section II. Section III presents the design and results of
the rectenna, while the power beaming experiment with the
Rotman lens and rectenna is presented in Section IV, while
the results and the expandability of the system are discussed
in Section V. Section VI concludes the paper with a summary
and implications of the results.
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FIGURE 2. Configuration of rotman lens with design parameters.

II. WAVEGUIDE ROTMAN LENS AS TRANSMITTER
A. ROTMAN LENS DESIGN METHODOLOGY
There are several design requirements that need to be specified
when designing a Rotman lens as depicted in Fig. 2 [23]. The
designer should determine the center frequency ( f0). Then,
the number of beam ports (M ) and number of array ports
(N ) is fined by half-power beamwidth (HPBW) of array and
maximum scan angle (θ0) as follows:

M = 2θ0

beamwidth
(1)

After determining the design requirements, the beam and
array contours that construct the lens are based on the param-
eters, F1,α, β, ξ . The geometrical condition of an on-axis focal
length F1 is defined as:

F1 ≥ 2 (N − 1) d sin θ0. (2)

α is the angle between two focal lengths, β is the ratio of
on-axis and off-axis focal lengths as:

β = F2
/

F1, (3)

while indirect parameter ξ controls the amplitude and phase
error of the lens:

ξ = y3γ
/

F1. (4)

Here, y3 is the y-axis position where antenna element array
is placed, and γ is the expansion factor which is the ratio
between the focal angle α and array beam angle θ :

γ = sin θ
/

sin α. (5)

The geometric lens equation can be expressed as a quadratic
equation in the line length w, representing the connection
between an array port and its corresponding antenna element:

a
(
w

/
F1

)2 + b
(
w

/
F1

) + c = 0, (6)

where the coefficients a, b, and c can be expressed as follows
[23], [24], [25]:

a = 1 − (1 − β )2

(1 − β cos α)2 − ξ2

β2
, (7)

FIGURE 3. Cross-sectional view of the proposed rotman lens.

FIGURE 4. Detailed view of the tapered interface of waveguide-to-lens.

b = − 2 + 2ξ2

β
+ 2 (1 − β )

1 − β cos α
− ξ2sin2α · (1 − β )

(1 − β cos α)2 , (8)

c = − ξ2 + ξ2sin2α

1 − β cos α
− ξ4sin4α

4(1 − β cos α)2 . (9)

B. DESIGN OF THE ROTMAN LENS ON WAVEGUIDE
PLATFORM
The designed waveguide Rotman lens comprises seven input
beam ports and eight output array ports, which makes it capa-
ble of generating seven beams within ±30° of steering range
with a 10° increment. Under the design formulas mentioned
in the previous subsection, the position of the beam and array
ports are arranged. The relative length (w/F1) of the trans-
mission line between array ports and the antenna array is also
calculated. Fig. 3 illustrates the cross-sectional view of the
Rotman lens designed on a waveguide platform.

When designing waveguide-based Rotman lens, it is com-
mon for waveguide to facilitate vertical polarization (width
and length of 3.556 mm and 7.112 mm) to mitigate diffraction
level. However, in order to realize the array interval of 0.5 λ,
the waveguide utilized here is rotated by 90°, facilitating hor-
izontal polarization (width and length of 7.112 mm and 3.556
mm). Upon achieving the horizontal polarization, each junc-
tion between port and lens is tapered to have a cross-section of
10.6 mm × 10.112 mm to mitigate the diffraction, which can
be seen in Fig. 4. Since there is a height difference between
the waveguide and the lens, the actual phase difference (path
length difference) of wave differs from that obtained by the
design formula. Therefore, compensation needs to be made
accordingly by conducting a numerical simulation to align the
phase difference. Fig. 5 compares the phase profile at the array
elements resulting from feeding at different beam ports: cal-
culated (dashed) and simulated (solid). The calculated phase
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FIGURE 5. Phase profile at the array elements resulting from feeding at
different beam ports: calculated (dashed) and simulated (solid).

is derived from the simple array equation as [33]:

lpath = (N − 1) · d · cos
(
90◦ − θ

)
, (10)

where lpath represents the relative wave travel distance re-
quired to generate the beam at θ with A1 (see Fig. 3) as the
reference point. Since the proposed Rotman lens is designed
to have ±30° of steering range with a 10° increment, θ should
be set accordingly to the steering angle. The calculated and
simulated phase shows a close agreement with a slight dis-
crepancy, which can be explained by observing port 4 (black
lines). However, this discrepancy is not crucial to beam point-
ing ability where it will be shown in the next subsection.

The antenna array ports of the waveguide beamformer are
then connected to an array of eight horn antennas to provide
high gain. Since the waveguide is positioned to have hor-
izontal polarization, the horn antenna is designed to be an
H-plane sectoral horn antenna while maintaining the array
spacing and the width of each cross-section of the waveguide
at the array ports. The overall cross-sectional view of the total
structure is illustrated in Fig. 6(a) and the fabricated struc-
ture is shown in Fig. 6(b) with a total volume of 438.2 mm
× 160 mm × 85 mm.

C. SIMULATED AND MEASURED RESULTS OF ROTMAN
LENS BEAMFORMER
The proposed waveguide Rotman lens is validated via full-
wave simulation using CST Studio Suite. Fig. 7(a) includes
the simulated reflection coefficients at the first four beam ports
(since ports 5–7 are symmetric to ports 1–3), while Fig. 7(b)
shows the measured reflection coefficients at all seven beam
ports with an Anritsu MS46122B vector network analyzer.
The simulated and measured reflection coefficients are both
observed to be under -10 dB at all input beam ports, indicating
good impedance matching over the entire Ka-band.

The radiation characteristics of the fabricated lens are mea-
sured in an anechoic chamber as shown in Fig. 8. By feeding
each beam port of the Rotman lens at a time, the radiation
characteristics and beamforming capabilities can be obtained.
The simulated and measured radiation patterns of the wave-
guide Rotman lens at 32–34 GHz with an interval of 0.5 GHz
are presented in Fig. 9. It can be observed that at the target

FIGURE 6. (a) Cross-sectional view of the total structure, (b) fabricated
Rotman lens.

frequency of 33 GHz, the simulated (dashed line) and the mea-
sured (solid line) radiation patterns are in a good agreement
with a gain difference of only 0.5 dB and a beam pointing
error of 1°. The radiation patterns at other frequencies also
exhibit the similarity between the simulated and measured
values since the main beam radiates properly in a desired
direction with a similar gain.

III. RECTENNA AS RECEIVER
In the previous section, the design methodology and per-
formance of the waveguide Rotman lens are presented. The
purpose of this section is to present the design of an appropri-
ate receive-end that can properly receive RF power radiated
from the transmitter, in order to experimentally demonstrate
the end-to-end wireless power beaming. Here, we utilize a
rectenna to convert RF power into DC power. As shown in
Fig. 10, the rectenna consists of a 4×6 microstrip patch array
followed by a rectifier. The designed rectenna is initially ver-
ified by separately testing the patch array and rectifier, which
are later combined into a single structure for fabrication and
experiment.

A. MICROSTRIP PATCH ARRAY DESIGN AND
MEASUREMENT
Fig. 11 shows the microstrip patch array designed to operate
at 33 GHz. The antenna array is printed on a Rogers 5880
(εr = 2.2) laminate with a thickness of 0.254 mm. The length
and width of the patch elements are optimized to resonate
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FIGURE 7. (a) Simulated reflection coefficients from port 1–4
(b) measured reflection coefficients from port 1–7.

FIGURE 8. Radiation measurement setup in an anechoic chamber.

properly at the targeted frequency. The optimized spacing
between the patches is set to 5.85 mm.

Fig. 12(a) shows the simulated and measured reflection co-
efficients of the patch array. The simulated (black) impedance
bandwidth is observed to be in the range of 32.5–33.8 GHz
while the measured (red) impedance bandwidth is observed
to be in the range of 32.9–33.5 GHz, covering the targeted
frequency of 33 GHz. The simulated (black) and measured
(red) radiation patterns of the patch array at 33 GHz are shown
in Fig. 12(b). It can be seen that the measured radiation pattern
follows closely with the simulated one, with the maximum
broadside gain being 18 dBi and 19.2 dBi, respectively.

B. DESIGN OF RECTIFIER TO CONVERT RF SIGNAL INTO DC
POWER
In this subsection, the design of the rectifier is presented.
The role of the rectifier is to convert RF power received by
the patch array into DC power. As shown in Fig. 13, the
rectifier is designed as a voltage doubler type, comprising two
MA4E1317 Schottky diodes with a DC pass filter, DC block,
matching network, and load resistor.

The rectifier design is carried out using Advanced Design
System (ADS), first by verifying the DC pass filter. As a
DC pass filter should suppress both fundamental and har-
monics while efficiently transmit DC, four radial stubs are
utilized. The radius of the first two stubs is originally set to
a quarter-wavelength of the fundamental frequency (33 GHz)
to suppress the fundamental while the radius of the other two
stubs is originally set to quarter-wavelength of the second
harmonic for harmonic suppression [34]. Each radius is then
optimized by slightly adjusting it from the quarter-wavelength
to maximize the suppression level. After verifying the perfor-
mance of the DC pass filter via simulation, the impedance of
the circuit, which includes the DC block, the diode, and the
DC pass filter, is obtained in order to design a matching net-
work. For the diode model, we utilized the equivalent circuit
parameters of MA4E1317 provided in [35]. To match 50 	

at the target frequency, an open parallel stub and series mi-
crostrip line is added. The lengths of the series microstrip line
and the parallel open stub are calculated to be 0.66 λ (4.2 mm)
and 0.4 λ(2.7 mm), respectively. Based on these calculated
values, the overall circuit is optimized to minimize losses as
much as possible. Consequently, the rectifier operates in the
frequency range of 32.7 GHz to 33.35 GHz as depicted in
Fig. 14(a).

The designed rectifier is then fabricated on the same sub-
strate as that used for the patch array, and the rectification
performance of the rectifier is conducted with an Agilent
E8247C signal generator and voltmeter at the output of the
rectifier. Fig. 14(b) compares the simulated and measured
rectification efficiency with a load resistance of 300 	. The
highest simulated efficiency is 37.8% at an input power of
23 dBm while the highest measured efficiency is 36.7% at an
input power level of 23.6 dBm, indicating that the rectifier’s
peak efficiency has been well-realized. However, a discrep-
ancy in efficiency can be observed up to the input power level
of 20 dBm. The observed variation seems to have occurred
due to the additional parasitic inductance and capacitance
introduced when soldering the diode onto the PCB. This can
be more prominent at mmWaves frequencies compared to
microwave frequencies.

As can be seen in references such as [36], [37], [38], there
has been recent development in improving the efficiency of
mmWave rectifiers, some exhibiting an efficiency over 60%.
However, since the aim of this paper is not primarily the
design of the rectifier, but rather an experimental demonstra-
tion of the proposed end-to-end power beaming concept, we
proceed with the current specifications of the rectifier, which
can be further improved.
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FIGURE 9. Radiation patterns of fabricated Rotman lens at frequencies ranging from 32 GHz to 34 GHz.

FIGURE 10. Fabricated structure of designed rectenna.

FIGURE 11. Design of the microstrip patch array as a part of the rectenna.

IV. END-TO-END POWER BEAMING TEST
Using the components discussed in the previous sections, an
experimental apparatus for the end-to-end power beaming test
is constructed. In order to demonstrate the scalability of this
experimental system to a full system operation, the exper-
iment is conducted in two separate stages. The first stage
consists of sending a beacon signal from the location of the
Rx unit, which will then be received by the Tx unit (Rotman
lens). The direction from which the beacon signal came in
is then determined for retrodirective transmission of wireless
power. The second stage consists of the Tx unit transmitting
power back to the location from where the beacon signal is
sent, enabling retrodirective wireless power transfer.

The first stage of the experiment is illustrated in Fig. 15,
which represents the process where the beacon signal is sent
from the location of the Rx unit to the Tx unit. In a practical
system, the Rx unit sending a beacon signal is typically in-
tegrated within the device itself. Here, we utilize a standard

FIGURE 12. Simulated and measured (a) reflection coefficients,
(b) radiation pattern of the patch antenna at 33 GHz.

FIGURE 13. Geometric figure of the designed rectifier.
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FIGURE 14. (a) Simulated reflection coefficient, (b) simulated and
measured rectification efficiency at 33 GHz.

FIGURE 15. Test setup for transmitting beacon signal to the TX unit
(Rotman lens).

gain horn as a separate transmitter for Rx unit. An Agilent
E8247C signal generator and RFLUPA18G45G32CDK am-
plifier is used to generate the beacon signal at 33 GHz with the
total power of 34 dBm (≈ 2.5 Watts). The Tx unit (Rotman
lens) is located 2 m away from the horn. As shown in the
Fig. 15, the horn’s position is varied over −30° to 30° with
an increment of 10°. At each position, the horn transmits the
beacon signal, which is then received by the Tx unit (Rotman
lens). Fig. 16 shows the measured received power with the
Rotman lens through all the beam ports at each angle. It can
be seen that the received power level peaks at the beam port
that corresponds to the angle from which the beacon signal is
sent, indicating that the beacon signal has successfully arrived
at the appropriate beam port.

The second stage of the experiment is to transmit power
retrodirectively back to the Rx unit. Note that in a notional
system, a T/R module should be included, which will switch
the Tx unit from the beacon receive mode to the power trans-
mit mode, where amplified power signal will be transmitted

FIGURE 16. Measured power received by Rotman lens at each port at each
radiation degree.

FIGURE 17. Lab environment of retrodirectively transmitting power to Rx
unit (rectenna).

through the same beam port where the beacon signal came in.
Here, the role of the T/R module is omitted for simplification
of the experiment. The power beaming at the angles used in
the first stage is demonstrated by directly feeding the respec-
tive beam ports from a power amplifier. The power beaming
results are verified by placing multiple rectennas terminated
with light emitting diodes (LEDs) at and off the intended
angle, as illustrated in Fig. 17. The power source consists of
the signal generator followed by the power amplifier, whose
output is directly connected to the Rotman lens. With a little
modification of the Friis equation, we can presume the power
incident at the rectenna and set the distance to illuminate the
LED that possess a turn-on voltage of 1.7 V as

Vrec =
√

Pt · Gt_Rotman · Gr_Patch · λ2

(4πR)2 erec · Rload , (11)

where Vrec is the output DC voltage rectified by the rectenna,
Pt is transmit power, Gr_Patch is the gain of the patch array,
erec is the rectification efficiency of the rectifier, and Rload is
the load resistance. Considering the maximum Pt (2.5 W) of
the amplifier used in the experiment, the allowable distance
for turning on the LED is determined to 0.4 m. The test is
then performed by setting the distance between Tx and Rx at
0.4 m. The top photograph in Fig. 18 confirms that the output
DC voltage measured with a voltmeter is 1.76 V, which is
sufficient for turning the LED on. Also, the power beaming
test is carried out at the seven angles used in the first stage
(i.e., −30° − 30° with an increment of 10°). Around each
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FIGURE 18. Output DC voltage measured with a voltmeter and power
supplement to rectenna to turn the LED on.

intended angle, three sets of LED-terminated rectennas are
positioned: one at the intended angle and the other two at
off the angle (±20° at the intended angle). In Fig. 18, it is
observed that only the LED positioned at the intended angle
is turned on while the other LEDs remain unlit, indicating that
the Rotman lens beamformer has successfully transmitted the
power retrodirectively to the direction of the Rx unit.

V. DISCUSSION
While the experiment described above demonstrates the pro-
posed concept, limited Tx output power only allowed the
experiment to be carried out at a closer range. Here, we dis-
cuss the scalability and expandability of the proposed power
beaming system to a further range. Fig. 19 plots the power
received when transmitting with the proposed Tx unit (Rot-
man lens) and receiving with the same Rx unit as used above.
Assuming that the beamformer is located at the origin (0,0)

FIGURE 19. Calculated received power when transmit power is (a) 50
Watts, (b) 150 Watts, and (c) 250 Watts.

and retrodirectively scans the area with a transmit power of
50 Watts, it can be seen that the maximum power received
through the Rx unit is approximately 33 dBm at 1 m and less
than 25 dBm at 5 m in the beam scan range (Fig. 19(a)). When
the beamformer transmits 150 Watts of power, at least 27 dBm
of power is received (Fig. 19(b)). Also, the received power
ranges from 30 dBm to 40 dBm when the transmit power is
250 Watts (Fig. 19(c)). If higher power is transmitted with the
beamformer with higher gain, and the RF-to-DC rectification
efficiency of the rectenna is improved, it can potentially scale
up to a level high enough to charge the devices requiring
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FIGURE 20. Conceptual illustration of the power beaming system in a
dynamic environment.

higher power. Therefore, how the system can be configured
will depend on the devices to be powered, minimum power
beaming distance, available source, etc.

As mentioned in the introduction, the essence of utilizing
retrodirectivity is that it can precisely direct the power at the
receiver upon the receipt of a beacon signal sent from the
device. This can be effectively applied to stationary objects.
However, whether the retrodirective operation is feasible even
in a dynamic environment (e.g., flying drones, a device held
by a moving person, etc.) is an important consideration.

For retrodirective operation to be effectively applied in a
dynamic environment, a certain condition should be satis-
fied. The process of the power beaming system receiving a
beacon signal and retrodirectively transmitting power back to
the device should be fast enough to track the device’s move-
ment. That is the device needs to be maintained within the
half-power beamwidth (HPBW) of the beam. Therefore, the
system’s full retrodirective operation time should be shorter
than the time it takes for the device to move outside the
HPBW. Fig. 20 illustrates a simple scenario of a dynamic
environment where the power beaming system tracks a mov-
ing device. To simplify the calculation, few assumptions are
made. The device has a velocity of v(m/s) and the system has
a HPBW of θo. When the device sends a beacon signal from
point ‘a’ which is R m away from the system and moves to-
ward point ‘b’, the system should be able to retransmit power
back at the device before it passes point ‘b’. Therefore, the
maximum time, t , required for the system to track the device
is determined as

t = 2πR θ
360 v [s]. (12)

If the process of receiving beacon signals and analyzing
them to determine the retrodirective transmit port can be
achieved within t , the proposed retrodirective approach can
also be applied to dynamic environment.

VI. CONCLUSION
In this paper, a mmWave retrodirective power beaming system
was proposed and tested with an experimental apparatus. In
particular, the design of two main critical components for
the Tx and Rx units, namely a Rotman lens beamformer
and rectenna, respectively, were presented. Via simulation
and measurements, the performance of both the Rotman lens
beamformer and rectenna were verified. Furthermore, the
power beaming experiment was conducted with the proposed
components, where the results demonstrated the capability of
the proposed system as a retrodirective mmWave power beam-
ing system. The scalability of the proposed concept to higher
power and longer range was also highlighted, indicating the
proposed system’s potential in wireless power beaming of
small electronic devices.
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