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ABSTRACT A closed-loop far-field wireless power transfer (WPT) system with adaptive waveform and
beamforming using limited feedback is designed, prototyped, and experimented. Spatial domain and fre-
quency domain are jointly exploited by utilizing waveform and beamforming at the transmitter in WPT
system to adapt to the multipath fading channel and boost the output dc power. A closed-loop architecture
based on a codebook design and an over-the-air limited feedback with low complexity is proposed. The code-
book consists of multiple codewords where each codeword represents particular waveform and beamforming.
The transmitter sweeps through the codebook and the receiver then feeds the optimal codeword index back to
the transmitter, so that the waveform and beamforming can be adaptive for maximizing the output dc power
without requiring explicit channel estimation and the knowledge of accurate Channel State Information. The
proposed closed-loop WPT with adaptive waveform and beamforming using limited feedback is prototyped
using a Software Defined Radio equipment and measured in two real indoor environments. It is experimen-
tally shown that the proposed closed-loop WPT with adaptive waveform and beamforming is able to enhance
the output dc power by up to 14.7 dB in comparison with conventional 1-tone 1-antenna WPT system.

INDEX TERMS Beamforming, closed-loop, limited feedback, waveform, wireless power transfer.

I. INTRODUCTION
Far field wireless power transfer (WPT) through radio-
frequency (RF) has gained growing interests as a promising
technology for energizing massive low duty-cycle and low-
power devices in applications including Internet of Things and
Wireless Sensor Networks [1]. Compared with batteries that
need to be periodically recharged and replaced, far-field WPT,
that uses a rectenna to harvested RF energy from a transmitter,
is more controllable and reliable. However, in far-field WPT
one challenging issue is to enhance the output dc power level
given that the transmit power is fixed.

To solve this issue, the vast majority of the research has
focused on designing efficient rectenna. There are various
rectenna design techniques for enhancing output dc power,
including multiband rectenna [2], [3], [4], [5], multiport
rectenna [6], [7], [8], [9], [10], compact rectenna [11], [12],

metasurface rectenna [13], [14], tightly coupled array
rectenna [15], [16], multiband and broadband rectifier [17],
[18], high-efficiency rectifier [19], [20], [21], [22], reconfig-
urable rectifier [23], and hybrid RF-solar harvester [24], [25].

Designing efficient WPT signals is another and comple-
mentary research area for enhancing the output dc power [26],
[27]. One promising signal strategy is the waveform. The
waveform shape of input signal affects the RF-to-dc efficiency
due to the rectifier nonlinearity [28]. Simulations and experi-
ments show that using multi-tone waveforms [29], [30], [31],
[32] and other waveforms including chaotic, white noise, and
orthogonal frequency division multiplexing (OFDM) [33] are
able to enhance the RF-to-dc efficiency. However, there are
two limitations in these works [29], [30], [31], [32], [33].
First, they ignore that the channel between the transmitter
and receiver has multipath fading, though multipath makes

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 3, NO. 1, JANUARY 2023 29

https://orcid.org/0000-0001-8487-2903
https://orcid.org/0000-0003-3587-2039
https://orcid.org/0000-0001-5949-6459


SHEN ET AL.: CLOSED-LOOP WPT WITH ADAPTIVE WAVEFORM AND BEAMFORMING: DESIGN, PROTOTYPE, AND EXPERIMENT

the waveform input into the rectifier at the receiver different
from the waveform transmitted by the transmitter. Second,
they are open-loop WPT systems where the waveforms are
non-adaptive and designed without considering any Channel
State Information (CSI) of multipath fading channel, which
degrades the output dc power. Therefore, a closed-loop WPT
system with waveform adaptive to the multipath fading chan-
nel is needed [34].

Another effective signal strategy for enhancing the output
dc power is using multiple antennas with efficient beamform-
ing at the transmitter. By using beamforming, the RF signal
transmitted by each antenna element can be coherently added
together and thus the output dc power can be enhanced [35].
Various WPT systems with beamforming have been proto-
typed including using digital beamforming through baseband
precoding [36], time-modulation array [37], [38], and phased
array [39]. Particularly, a selective and tracking WPT system
using backscattering for feedback has been designed in [36].
Besides, to implement adaptive beamforming, WPT systems
utilizing receive signal strength indicator [40], [41], [42] or
second/third harmonics [43], [44], [45] for feedback have
been designed. However, the limitation of these works [36],
[37], [38], [39], [40], [41], [42], [43], [44], [45] is that they
only focus on using beamforming but did not consider us-
ing efficient waveform design. Therefore, together with the
two aforementioned limitations of the WPT waveform de-
signs [29], [30], [31], [32], [33], it is found that closed-loop
WPT systems utilizing adaptive waveform as well as beam-
forming are needed.

A unified and systematic theoretical study of adaptive
waveform and beamforming design for closed-loop WPT
systems was first conducted in [46], with further notable ex-
tensions in [47], [48], [49], [50]. Simulations in those papers
demonstrated the significant benefits of a systematic design of
adaptive waveform and beamforming. However, results were
not demonstrated experimentally. In [51], an experimental
WPT system with adaptive waveform only was prototyped
and experimented. In [52] and more recently in [53], the
first experimental WPT system implementing adaptive wave-
form and beamforming was prototyped and experimented,
and results demonstrated the significant advantages of dc
power enhancement and range expansion of a WPT architec-
ture relying on channel-adaptive waveform and beamforming.
However, those experimental works used complex channel es-
timation at the receivers (based on OFDM channel estimation
and pilot transmission, reminiscent of communication system)
and cable feedback mechanisms that do not lend themselves
easily to real-world setup with energy-constrained devices.
The limitation of those experimental works is therefore that
how to acquire CSI at the transmitter with high energy ef-
ficiency and low complexity was not solved. In addition, a
WPT system with distributed antennas using channel-adaptive
antenna selection and frequency selection has been designed,
prototyped, and experimented in [54]. However, antenna se-
lection is less efficient than beamforming and frequency

selection is less efficient than multi-tone waveform, which
limit the output dc power.

In this paper, the first closed-loop WPT system which
implements adaptive waveform and beamforming using
over-the-air limited feedback technique is designed, proto-
typed, and experimented. The contributions are shown below.

First, we propose a closed-loop WPT system architecture
that exploits frequency domain, spatial domain, and the recti-
fier nonlinearity by jointly utilizing multi-tone waveform and
multi-antenna beamforming to enhance the output dc power
effectively. The architecture uniquely relies on a codebook
design and an over-the-air limited feedback technique which
has low complexity and utilizes an RF interface under IEEE
802.15.4 standard. The codebook is predefined and consists
of multiple codewords where each codeword represents par-
ticular waveform and beamforming. During a training phase,
the transmitter sweeps through the codebook and the receiver
measures the output dc power for each codeword and feeds
the optimal codeword index back to the transmitter. Then, the
transmitter can transfer power using the optimal waveform
and beamforming during a WPT phase. The operation is re-
peated periodically. With the designed codebook and limited
feedback, the channel estimation and accurate CSI can be
avoided and more importantly the waveform and beamform-
ing is optimized to adapt to the multipath fading channel in
real time.

Second, we design, prototype, and experiment the pro-
posed closed-loop WPT system using limited feedback by
leveraging a Software Defined Radio (SDR) equipment. This
is the first prototype for the closed-loop WPT system with
adaptive waveform and beamforming using over-the-air lim-
ited feedback to the authors’ best knowledge. We measure
the proposed WPT system prototype in two real indoor en-
vironments. We also measure a closed-loop WPT system
utilizing cable-feedback as well as an open-loop WPT sys-
tem for comparison. It is experimentally shown that using
closed-loop adaptive multi-tone waveform and multi-antenna
beamforming can effectively enhance the output dc power. In
comparison with conventional 1-tone 1-antenna WPT system,
the proposed closed-loop WPT system using limit feedback
is able to enhance the output dc power by up to 14.7 dB and
significantly increase the end-to-end WPT efficiency defined
as the ratio of output dc power and transmit RF power. For
example, the end-to-end WPT efficiency can be increased
from 4.3 × 10−7 to 1.3 × 10−5 and from 9.7 × 10−6 to 5.8 ×
10−5 at some locations. In addition, in comparison with the
closed-loop WPT system using cable-feedback, the proposed
closed-loop WPT system using limited feedback can achieve
similar performance while it is more practical since it does not
require knowing the CSI.

Table 1 shows a comparison of this work and related work:
1) Compared with [35], [46], [47], [48], [49], [50] which

only have numerical simulation results without any con-
vincing experimental verification, this work considers
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TABLE 1. Comparison of This Work and Previous Related Work

designing and prototyping a closed-loop WPT sys-
tem and experimentally verifies the benefit of adaptive
waveform and beamforming using over-the-air limited
feedback. Particularly, for the limited feedback tech-
nique in [49], the limitations are that it does not provide
a flow chart to show how the transmitter and receiver
cooperate with each other to implement the limited
feedback and that it only evaluates the limited feedback
technique using an ideal Rayleigh fading channel with-
out channels in real environment. For the waveform and
beamforming technique in [50], the limitation is that it
requires accurate CSI using channel estimation based on
pilot transmission, which increases energy consumption
and complexity.

2) Compared with [29], [30], [31], [32], [33] which only
consider open-loop waveform design and [36], [37],
[38], [39], [40], [41], [42], [43], [44], [45] which only
consider beamforming design, this work considers both
waveform and beamforming designs which has a higher
output dc power.

3) Compared with [51], [52], [53] which require accurate
CSI using channel estimation with pilot transmission
and coaxial cable feedback, this work uses the over-
the-air limited feedback to avoid requiring accurate CSI,
which is energy-efficient, low-complexity, and practical
for real-world setup.

4) Compared with [54] which uses frequency and antenna
selections, this work uses adaptive waveform and beam-
forming which provides higher output dc power.

To conclude, compared with related work which only has
numerical simulation or overlook practical issues such as
channel condition [49], flow chart design for transmitter and
receiver [49], and CSI acquisition [50], this work has sub-
stantial innovation and strength that we design, prototype,
and experiment the first closed-loop WPT system with adap-
tive waveform and beamforming using over-the-air limited
feedback, which greatly enhances the output dc power while
avoiding power-consuming and complex channel estimation
to acquire accurate CSI. To the authors’ best knowledge, it
is the first work demonstrating experimentally the feasibility

and benefits of a closed-loop WPT architecture with adaptive
waveform and beamforming based on limited feedback.

Organization: The model and design for the closed-loop
WPT system using limited feedback are provided in Sections
II and III respectively. The experimental results are shown in
Section IV. Conclusions are made in Section V.

Notations: Symbols not in bold font denote scalars. Bold
lower letters denote vectors. |x| and �{x} respectively denote
the modulus and real part of a complex scalar x. xT , xH , and
‖x‖ respectively denote the transpose, conjugate transpose,
and l2-norm of a vector x.

II. CLOSED-LOOP WIRELESS POWER TRANSFER
A. SYSTEM MODEL
Consider a multi-tone multi-antenna WPT system which has
M transmit antennas, one receive antenna, and N tones at
frequencies ω1, ω2,..., ωN . The waveform sent by the mth
transmit antenna can therefore be expressed as

xm(t ) = �
{

N∑
n=1

sm,ne jωnt

}
, (1)

where sm,n denotes a weight (complex valued) representing
the phase and magnitude for the nth tone at the mth transmit
antenna. In addition, we define sn = [s1,n, s2,n, . . . , sM,n]T to
represent the beamforming at the nth tone and we define
s = [sT

1 , sT
2 , . . . , sT

N ]T to represent the waveform and beam-
forming. The transmitter should satisfy a power constraint that
can be expressed as

1

2
‖s‖2 ≤ P, (2)

where P represents the transmit power.
The multi-tone waveform sent by the multi-antenna trans-

mitter propagates via a wireless channel. Accordingly, we can
write the received waveform as

y(t ) = �
{

N∑
n=1

hnsne jωnt

}
, (3)

where hn = [h1,n, h2,n, . . ., hM,n] with hm,n being the channel
gain (complex valued) at the nth tone from the mth transmit
antenna to the receive antenna. Due to the multipath fading
channel, the received waveform y(t ) is different from the
transmit waveform xm(t ). Therefore, we need to consider the
multipath fading channel when designing the optimal wave-
form and beamforming for WPT. From (3), the received RF
power is given by

PRF = 1

2

N∑
n=1

|hnsn|2 . (4)

The received waveform is input into the rectifier to output dc
power PDC, which can be found by

PDC = PRFη (y(t )) = PDC (h1, h2, . . ., hN , s) , (5)

where η(y(t )) denotes the RF-to-dc efficiency given the in-
put waveform y(t ). From (3) and (4), the output dc power
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depends on the wireless channel gains hn ∀n and the
waveform and beamforming weight vector s, denoted as
PDC(h1, h2, . . ., hN , s).

Assuming the CSI, i.e. the wireless channel gains hn∀n,
is known at the transmitter, the waveform and beamforming
weight vector s can be optimized to adapt to the channel for
maximizing the output dc power, which can be written as

max
s

PDC (h1, h2, . . ., hN , s) (6)

s.t.
1

2
‖s‖2 ≤ P. (7)

In the next subsections, we provide two strategies for de-
signing adaptive waveform and beamforming for maximizing
output dc power.

B. SCALED MATCHED FILTER
Scaled Matched Filter (SMF) is a strategy that can optimize
the waveform and beamforming with a low complexity [48].
Using SMF, the beamforming weight vector sn can be ex-
pressed as

sn = c ‖hn‖β hH
n

‖hn‖ , ∀n, (8)

where β ≥ 1 is a parameter controlling the magnitude (l2-
norm) of sn and c is a constant given by

c =
√

2P∑N
n=1 ‖hn‖2β

, (9)

so that the transmit power constraint can be satisfied. The
SMF strategy only depends on the single parameter β. We
set β = 3 in this work. In [48], it has been shown through
simulation that the SMF strategy with β = 3 can provide
performance which is close to the performance of optimal
waveform and beamforming design proposed in [46] while its
computational complexity is much lower.

Although the SMF has good performance and low com-
putational complexity, it requires that the transmitter has the
knowledge of CSI, i.e. hn ∀n. It is challenging to acquire the
CSI at the transmitter of WPT system since it needs channel
estimation which increases the power consumption and circuit
complexity. To overcome this challenge, in the next subsec-
tion, we provide another waveform and beamforming design
strategy based on limited feedback.

C. LIMITED FEEDBACK
Consider a codebook consisting of K codewords, denoted as
s(1), s(2),..., s(K ), with each codeword representing a particular
waveform and beamforming weight vector. The basic idea of
limited feedback strategy is to select the optimal codeword in
the codebook for maximizing the output dc power. Specifi-
cally, the transmitter transfers wireless power to the receiver
frame by frame to periodically adapt to the wireless channel.
The frame period is designed to be shorter than the channel
coherence time to ensure that the wireless channel gains hn

∀n are constant during one frame. There are training phase

FIGURE 1. Time frame for the closed-loop WPT using limited feedback.

and WPT phase in each frame as shown in Fig. 1. Specifically,
the training phase is designed to select the optimal codeword,
i.e. the optimal waveform and beamforming, while the WPT
phase is designed to transfer wireless power using the optimal
waveform as well as beamforming. During the training phase,
the transmitter sequentially chooses the K codewords as its
waveform and beamforming to transfer wireless power while
the receiver measures the output dc power for each codeword
at the same time. The output dc power for the kth codeword
s(k) is given by PDC(h1, h2, . . ., hN , s(k) ). After measuring the
output dc power level for the K codewords, the receiver can
find the index of the optimal codeword maximizing the output
dc power as

k� = argmax
k=1,...,K

PDC

(
h1, h2, . . ., hN , s(k)

)
. (10)

Then, the receiver feeds back the index of the optimal code-
word k� to the transmitter. Since there are K codewords in
the codebook, we only need to feed back

⌈
log2 K

⌉
bits repre-

senting the optimal codeword index, where �·� is the ceiling
function. Once the transmitter receives the feedback k�, it can
use the optimal codeword s(k� ) as its waveform and beam-
forming to efficiently transfer wireless power during the WPT
phase.

In contrast with the SMF strategy, the limited feedback
strategy can enhance the output dc power without requiring
the knowledge of CSI, i.e. hn ∀n. Due to such benefit, we
focus on using the limited feedback strategy to implement
our closed-loop WPT system in this work. The key of limited
feedback strategy in WPT is the design of an efficient code-
book, which should have diverse codewords to match different
wireless channel gains. In this work, we design an efficient
codebook by following the approach proposed in [49]. Such
approach considers the statistics of the multipath fading chan-
nel and the rectifier nonlinearity and leverages the Generalized
Lloyd’ s Algorithm (GLA) [49]. The main concept of GLA
is to alternatively optimize the set partition and the partition
centroid (representing the codeword) for a given training set.
Simulation results have shown that the codebook designed by
the approach can provide high output dc power.

We illustrate a codebook with 4 codewords (K = 4) which
is designed for 8-tone 4-antenna WPT systems using the
approach [49] as follows. The waveforms sent by the first
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FIGURE 2. Waveforms sent by the first transmit antenna characterized by
four different codewords in (a) time domain and (b) frequency domain.

transmit antenna characterized by different codewords in time
and frequency domains are shown in Fig. 2. We can find that
they are all eight-tone waveforms but have different magni-
tude and phase at each tone. Note that the total power for
waveforms sent from all transmit antennas is constant while
it is not constant for waveform sent by only one transmit
antenna (e.g. codeword 3 is more powerful than codeword 4).
The beamforming patterns at the first tone characterized by
different codewords are shown in Fig. 3. We can find that the
beamforming patterns characterized by different codewords
point to different angles so that the codebook can cover a
wide angle range. Overall, the waveform and beamforming
changes with different codewords, showing that the codebook

FIGURE 3. Beamforming patterns at the first tone characterized by four
different codewords.

FIGURE 4. Diagram for the closed-loop WPT system using limited
feedback.

can provide diverse waveform and beamforming to adapt to
the channel for enhancing the output dc power. Besides, the
output dc power can be increased by enlarging the codebook
size K as there are more diverse codewords to select, however,
at the expense of feeding back more bits.

III. CLOSED-LOOP WPT SYSTEM DESIGN
In this section, we provide a design for the closed-loop WPT
system using limited feedback for adaptive waveform and
beamforming, as illustrated in Fig. 4. We describe the trans-
mitter design, receiver design, and flow chart as follows.

A. TRANSMITTER DESIGN
The transmitter is made up by two parts. The first part is
made up by multiple antennas, power amplifiers, and SDR
equipment, which is used to generate and radiate RF signals
with waveform and beamforming characterized by different
codewords. There are M transmit antennas in the first part and
we consider three cases with M = 1, 2, and 4. All the antennas
are identical 2.4-GHz monopole antennas which have omni-
directional radiation patterns. The radiation efficiency is 85%
and the antenna gain is 3 dBi. We use M power amplifiers
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FIGURE 5. Photo for the receiver design and Zolertia RE-Mote.

(Mini-Circuits ZHL-16W-43-S+) to amplify the signal from
the SDR equipment and each power amplifier is connected
to a transmit antenna. The gain of power amplifier is 45 dB.
We set the total transmit power as 33 dBm (2 W). The SDR
equipment, National Instrument (NI) USRP-2942, is used to
provide multi-tone signal having different phases and mag-
nitudes at each tone. The multi-tone waveform has N tones
and we consider four cases with N = 1, 2, 4, and 8. The
N tones are uniformly distributed around 2.4 GHz with a
bandwidth of B = 10 MHz. We use multiple USRP-2942 to
generate multi-tone waveform for each transmit antenna so as
to implement the adaptive waveform and beamforming.

The second part consists of a monopole antenna and a hard-
ware development platform called Zolertia RE-Mote which
is utilized to communicate with the receiver and acquire the
optimal codeword fed back from the receiver. The Zoler-
tia RE-Mote contains a 2.4-GHz RF interface under IEEE
802.15.4 standard and a system on chip from the Texas Instru-
ments CC2538. A software platform called Contiki operating
system is utilized to program the Zolertia. The Zolertia at the
transmitter is utilized to send a message to the receiver (which
also has a Zolertia) to start program and also to receive the
index of the optimal codeword fed back from the receiver,
through the RF interface operating at 2.42 GHz (that is differ-
ent from the frequency of the multi-tone waveform for WPT).
Therefore, the transmitter can transfer wireless power with
the optimal waveform and beamforming so that the output dc
power can be maximized.

B. RECEIVER DESIGN
As shown in Fig. 5, the receiver design is made up by two
parts. The first part is a 2.4-GHz rectenna contains a monopole
antenna and a single diode rectifier for harvesting wireless
power. The antenna radiation efficiency is 85% and the an-
tenna gain is 3 dBi. We reuse the single diode rectifier design
in [54] for simplicity because the primary focus and contribu-
tion of this work is designing, prototyping, and experimenting
a closed-loop WPT system using limited feedback technol-
ogy, instead of designing a rectifier. The schematic and photo
of the rectifier design are provided in Fig. 6. We adopt the
Skyworks SMS7630 Schottky diode due to its low turn-on
voltage that is good for low power rectification. Common

FIGURE 6. Schematic and photo for the rectifier design.

FIGURE 7. RF-to-dc efficiency of the rectifier design with 1-tone, 4-tone,
and 8-tone waveforms. The 4-tone and 8-tone waveforms have 10 MHz
bandwidth. The magnitude and phase of each tone in the 4-tone and
8-tone waveforms are identical.

materials including lumped elements and the FR-4 substrate
with 1.6 mm thickness are used for rectifier design. The RF-
to-dc efficiency with 1-tone, 4-tone, and 8-tone waveforms
are shown in Fig. 7. The rectifier provides good RF-to-dc
efficiency for multi-tone waveform while lower efficiency for
1-tone waveform. This is because it is difficult to find a load
resistance simultaneously optimizing the RF-to-dc efficiency
for the 1-tone and multi-tone waveforms. Since the proposed
WPT system utilizes the multi-tone waveform, the load re-
sistance is chosen as 10 k� to optimize the efficiency for
multi-tone waveforms.

The second part contains a Zolertia RE-Mote with a
monopole antenna, that is utilized to measure the output dc
power and feed the index of the optimal codeword back to the
transmitter. The Zolertia at the receiver measures the output
dc power of rectenna by utilizing an analog-to-digital con-
verter (ADC). The Zolertia searches all the measured output
dc power to find the index of the optimal codeword and then
utilizes the RF interface to feed the index back to the trans-
mitter, so that the transmitter can transfer wireless power with
the optimal waveform and beamforming.

C. FLOW CHART
Fig. 8 displays the flow chart for the proposed closed-loop
WPT system using limited feedback. The transmitter transfers
wireless power to the receiver frame by frame. As shown in
Fig. 8, there are training phase and WPT phase in each frame.
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FIGURE 8. Flow chart of the closed-loop WPT system using limited
feedback.

We utilize the training phase to find the optimal code-
word, i.e. the optimal waveform and beamforming. At the
transmitter, the Zolertia RE-Mote first transmits a message to
the receiver and thus the receiver will start to work. It also
transmits a message to the NI USRP-2942 through UART so
that the NI USRP-2942 will start to work. The NI USRP-
2942 sequentially chooses each codeword as its waveform and
beamforming for power transfer. At the same time, the output
dc voltage for each codeword will be measured by the receiver
using the ADC in Zolertia RE-Mote. The time duration for
each codeword is set as Ts = 10 ms and thus the training phase
has time duration of KTs. Once the output dc voltage for all
codewords have been measured, the optimal codeword that
maximizes the output dc voltage will be found. Generally, for
a codebook having K codewords, the receiver only needs to
feed back

⌈
log2 K

⌉
bits representing the index of the optimal

codeword. In this work, we consider codebooks having 2, 4,
8, 16, 32, and 64 codewords so that the receiver only needs
to feed back 1, 2, 3, 4, 5, and 6 bits, respectively, to the
transmitter using the RF interface. Then, the feedback index
will be forwarded to NI USRP-2942 through UART so that the
transmitter can choose the optimal codewords as its waveform
and beamforming to transfer wireless power. Therefore, the
closed-loop WPT system using limited feedback can improve
the output dc power without requiring the knowledge of CSI.

We utilize the WPT phase to transfer wireless power using
the optimal waveform and beamforming. The receiver keeps

FIGURE 9. Illustration for the experiment in the indoor environment. The
dimension of each box is 0.6 m×0.6 m.

harvesting wireless power during this phase. Denoting the
time duration for WPT phase as Tp, one frame has time du-
ration of T = KTs + Tp = 2 s. After the WPT phase of one
frame, the proposed closed-loop WPT system will go to the
training phase of the next frame to find another optimal code-
word to adapt to the latest channel. Therefore, our proposed
closed-loop WPT system can periodically (every 2 s) train
the waveform and beamforming to adapt to the time-varying
channel (e.g. when the transmitter or receiver moves) to main-
tain the maximum output dc power.

Synchronization is an important issue which should be
carefully handled when designing the closed-loop WPT sys-
tem. At the beginning of training phase, the Zolertia at
the transmitter will send a message to the NI USRP-2942
through UART and meanwhile send another message to the
Zolertia at the receiver. The two messages will experience
different delays. Hence, it is necessary to compensate the
delays to achieve synchronization, so that the receiver can
synchronously record the output dc voltage for each code-
word and then find the optimal codeword. To that end, an
oscilloscope is adopted to record the delays for sending mes-
sages to the NI USRP-2942 and the Zolertia at the receiver,
respectively. Then, we program the NI USRP-2942 and the
Zolertia at the receiver to wait for a certain time to compensate
the measured delay for synchronization. Since the delay of
message transmission is stable once the WPT system configu-
ration is fixed, the synchronization achieved by measuring and
compensating the delay are stable.

It is should be noted that the proposed closed-loop WPT
system inherently captures the nonlinearity of rectifier since
the selection of the codeword is made at the output dc power
level (instead of RF power), hence capturing the influence of
input signal on the rectification efficiency.

IV. CLOSED-LOOP WPT SYSTEM EXPERIMENT I
We prototype the proposed closed-loop WPT system using
limited feedback and experiment the prototype in a 4.2 m ×
9 m indoor environment which has facilities including tables
and chairs as shown in Fig. 9 and thus has multipath fading.
We fix the receiver location and place the transmitter at dif-
ferent locations denoted as L1-L15, so that we can evaluate
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FIGURE 10. Photo for the closed-loop WPT system prototype and
experiment in the indoor environment.

the closed-loop WPT system with different channels. Fig. 10
shows the photo for the closed-loop WPT system prototype
and experiment in the indoor environment.

We consider using codebooks having 2, 4, 8, 16, 32, and
64 codewords in the closed-loop WPT system, which corre-
spond to feeding back 1, 2, 3, 4, 5, and 6 bits. In addition,
we also consider two benchmarks for comparison. The first
benchmark is the SMF, which is a closed-loop strategy as
shown in Section II. For the SMF strategy, the receiver per-
forms complex channel estimation by using OFDM channel
estimation and pilot transmission as shown in [52] and then
feeds back the estimated CSI to the transmitter using cable.
Such cable-based feedback is not practical but herein we just
use it as a benchmark since it provides almost perfect CSI
feedback (equivalently a large number of bits of feedback)
to the transmitter. On the other hand, the second benchmark
is the uniform power allocation (UP), which is an open-loop
strategy allocating the same magnitude and phase to multiple
tones and multiple antennas at the transmitter. Specifically, the
complex weights for the UP strategy are

sm,n =
√

2P

MN
,∀m, n, (11)

which are independent of the CSI. Therefore, the UP strategy
can be equivalently viewed as 0 bit of feedback.

A. OUTPUT DC VOLTAGE WAVEFORM
To demonstrate how the limited feedback strategy works, the
output dc voltage waveform is measured by an oscilloscope.
The measured output dc voltage waveform with 32 and 64
codewords in one frame are shown in Fig. 11. We can observe
that there are training phase and WPT phase in one frame,
confirming the proposed flow chart illustrated in Fig. 8. The
output dc voltage varies overtime in the training phase, be-
cause the transmitter sequentially chooses each codeword as
its waveform and beamforming to transfer wireless power. In
addition, the output dc voltage does not change and maintains
maximum in the WPT phase, because the transmitter adopts
the optimal codeword (waveform and beamforming) to trans-
fer power. In addition, using 64 codewords achieves a higher
output dc voltage than using 32 codewords, which is however
achieved at the expense of a longer training phase.

FIGURE 11. Output dc voltage waveform with 32 and 64 codewords in one
frame.

FIGURE 12. Average output dc power versus the number of transmit
antennas with only 1 tone.

B. ADAPTIVE BEAMFORMING ONLY
First, we show the benefit of closed-loop WPT system with
only adaptive beamforming using limited feedback. To that
end, we consider the three strategies with only 1 tone and dif-
ferent numbers of transmit antennas, 1, 2, and 4. A multimeter
is utilized to measure the output dc power at locations L1-L15
and the output dc power is averaged over the 15 locations. The
average output dc power versus the transmit antenna number
with only 1 tone is shown in Fig. 12. Following observations
can be made.

1) The average output dc power can be enhanced by
adopting more transmit antennas for the SMF and lim-
ited feedback strategies, showing the benefit of multi-
antenna adaptive beamforming for output dc power
enhancement. For the open-loop UP strategy, using
more transmit antennas however reduces the output dc
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FIGURE 13. Average received RF power versus the number of transmit
antennas with only 1 tone.

power. The reason is that the beam of multiple antennas
using the UP strategy has fixed direction and narrow
beamwidth, which leads to beam misalignment between
the transmitter and receiver and reduces the output dc
power.

2) The average output dc power for the closed-loop SMF
and limited feedback strategies are higher than that for
the open-loop strategy UP, showing the benefit of us-
ing closed-loop strategies to adapt beamforming to the
wireless multipath fading channels.

3) The average output dc power for the limited feedback
strategy enhances with the number of feedback bits.
In other words, using more codewords can enhance
the output dc power. Particularly, when the codebook
has enough diverse codewords, the limited feedback
strategy can achieve a similar performance to the SMF
strategy while having the benefit that it does not require
knowing the CSI.

Overall, we have shown that using adaptive beamforming
with limited feedback is able to enhance the output dc power.

In addition, we provide the average received RF power1

versus the transmit antenna number with only 1 tone in the
Fig. 13. Following observations can be made. 1) The average
received RF power can be enhanced by using more antennas
for the SMF and limited feedback strategies, showing that
using adaptive beamforming technology can effective enhance
the average received RF power. 2) The closed-loop strategies
achieves higher average received RF power than the open-loop
strategy. 3) The average received RF power for the limited

1For the proposed closed-loop WPT system, it is difficult to measure the
received RF power since there is no interface at the rectenna to measure the
received RF power. As a compromise, we can only compute the received RF
power from the measured dc power as the RF-to-dc efficiency for 1-tone
waveform is known. However, this method can be only used for 1-tone
waveform because we cannot measure the received multi-tone waveform and
the corresponding RF-to-dc efficiency is unknown.

feedback strategy increases with the number of feedback bits,
showing that using more diverse codewords can increase the
average received RF power.

C. ADAPTIVE WAVEFORM ONLY
Next, we show the benefit of closed-loop WPT system with
only adaptive waveform using limited feedback. To that end,
we consider the three strategies with only 1 transmit antenna
and different numbers of tones, 1, 2, 4, and 8. The output dc
power at locations L1-L15 are measured and then averaged.
The average output dc power versus the number of tones with
only 1 transmit antenna is shown in Fig. 14(a). Following
observations can be made.

1) The average output dc power can be enhanced by adopt-
ing more tones for the three strategies, showing the
benefit of using multi-tone waveform in WPT for output
dc power enhancement.

2) The output dc power for the closed-loop SMF and lim-
ited feedback strategies with more than 3 feedback bits
are higher than that for the open-loop strategy UP, show-
ing the benefit of using closed-loop strategies to adapt
waveform to the wireless multipath fading channels.

3) The average output dc power for the limited feedback
strategy can be enhanced by using more feedback bits,
or more codewords, which is same as the adaptive beam-
forming only case. When the codebook has enough
diverse codewords, the limited feedback strategy has a
similar performance to the SMF strategy.

Overall, we have shown that using adaptive waveform with
limited feedback is able to enhance the output dc power.

D. ADAPTIVE WAVEFORM AND BEAMFORMING
Finally, we show the benefit of joint adaptive waveform and
beamforming using limited feedback. We consider the three
strategies with M = 2, 4 transmit antennas and N = 1, 2, 4, 8
tones. The output dc power at L1-L15 are measured and
averaged. The average output dc power versus tone number
with different transmit antenna number is shown in Fig. 14.
Following observations can be made.

1) Comparing the 8-tone cases and 1-tone cases in
Fig. 14(b) and (c), it can be seen that the output dc power
using the joint adaptive waveform and beamforming is
higher than that using the adaptive beamforming only.

2) Comparing the 1-antenna case in Fig. 14(a) and the 2/4-
antenna cases in Fig. 14(b) and (c), it can be seen that
the output dc power using the joint adaptive waveform
and beamforming is higher than the adaptive waveform
only.

3) The output dc power for the closed-loop SMF and lim-
ited feedback strategies with more than 1 feedback bit
are higher than that for the open-loop strategy UP, show-
ing the benefit of using closed-loop strategies.

4) The average output dc power for the limited feedback
strategy can be increased by using more feedback bits,
or more codewords. When the codebook has enough
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FIGURE 14. Average output dc power versus the number of tones with (a) only 1 transmit antenna, (b) 2 transmit antennas, and (c) 4 transmit antennas.

diverse codewords, the limited feedback strategy has a
similar performance to the SMF strategy.

To show the benefit of the closed-loop WPT system us-
ing limit feedback, we further show the output dc power
and end-to-end WPT efficiency for i) the conventional 1-tone
1-antenna WPT system, ii) the proposed 8-tone 4-antenna
closed-loop WPT system with feeding back 6 bits, and iii)
the benchmark 8-tone 4-antenna closed-loop WPT system
using SMF at different locations in Fig. 15(a) and (b) respec-
tively. The end-to-end WPT efficiency is defined as the ratio
of output dc power and transmit RF power. Compared with
the conventional 1-tone 1-antenna WPT system, the proposed
closed-loop WPT system using limit feedback is able to en-
hance the output dc power by 2.2-14.7 dB and significantly
increase the end-to-end WPT efficiency. For example, the end-
to-end WPT efficiency can be increased from 4.3 × 10−7 to
1.3 × 10−5 at location 4 and from 9.7 × 10−6 to 5.8 × 10−5

at location 8. These demonstrates the benefit of our proposed
WPT system. Besides, the limited feedback strategy has a
similar output dc power and end-to-end WPT efficiency to that
of the SMF strategy while having the benefit that it does not
require knowing the CSI.

Overall, we have shown that the proposed closed-loop WPT
system can boost the output dc power and end-to-end WPT
efficiency without requiring the knowledge of CSI.

E. SELECTION OF NUMBER OF FEEDBACK BITS
Increasing the number of feedback bits will increase the out-
put dc power in the WPT phase, but will also increase the
complexity of the training phase, which leads to a longer
training phase and a shorter WPT phase. To achieve the best
trade-off between complexity and performance, we consider
selecting the number of feedback bits to maximize the dc
energy harvested in the WPT phase in one frame, which can
be formulated as

b� = argmax
b=1,2,...

(
T − 2bTs

)
PWPT

out (b) (12)

where b denotes the number of feedback bits and PWPT
out (b)

is the output dc power in the WPT phase given the number
of feedback bits. With the setting T = 2 s and Ts = 10 ms,

FIGURE 15. (a) Output dc power and (b) end-to-end WPT efficiency for the
1-tone 1-antenna WPT system, the proposed 8-tone 4-antenna closed-loop
WPT system with feeding back 6 bits, and the 8-tone 4-antenna
closed-loop WPT system using SMF at different locations.

the harvested dc energy in the WPT phase in one frame for
8-tone 4-antenna configuration is 33.7, 51.2, 54.5, 55.5, 54.6,
and 49.8 μJ for 1, 2, 3, 4, 5, 6 feedback bits, respectively,
so that we should select 4 feedback bits to achieve the best
trade-off. In addition, if we increase T to 4 s, the impact
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FIGURE 16. Illustration for the experiment in the indoor environment
where the transmitter is at a corner. The dimension of each box is
0.25 m×0.25 m.

of training phase complexity will be reduced and we should
select 6 feedback bits.

F. POWER BUDGET ANALYSIS
To evaluate the dc energy which is consumed by the Zolertia
RE-Mote for limited feedback and the available harvested dc
energy, a power budget analysis is detailed as follows.

First, the dc energy which is consumed by the Zolertia
RE-Mote is estimated. As all the Zolertia RE-Mote modules
are integrated, measuring the power consumption for each
module is difficult. Hence, we can only refer to the datasheet
provided by the vendor to estimate the power consumption.
The system on chip CC2538 in the Zolertia RE-Mote works
with low power consumption of PSoC = 2.6 μW, so that the
consumed dc energy in one frame is ESoC = T PSoC = 5.2 μJ.
Besides, some dc energy is consumed by the IEEE 802.15.4
RF interface to transmit a feedback which has data size of
1 byte. For the 802.15.4 RF interface, the power consumption
is PRF = 48 mW and the data rate is 250 kbps. Hence, in one
frame the RF interface will work for TRF = 8 bits/250 kbps =
32 μs and the corresponding consumed dc energy is ERF =
TRFPRF = 1.54 μJ. Therefore, the Zolertia RE-Mote in total
consumes EZol = ESoC + ERF = 6.74 μJ in one frame.

Next, the available harvested dc energy is estimated. The
rectenna can harvest dc energy in training phase (where the
output dc power changes with time) and WPT phase (where
the output dc power maintains maximum). For simplicity, we
only count the dc energy harvested in the WPT phase. Con-
sider the 8-tone 4-antenna configuration with 6 bits feedback.
The output dc power is PWPT

out = 36.6 μW during the WPT
phase (Tp = T − KTs = 1.36 s). Hence, the available har-
vested dc energy is EDC = TpPWPT

out = 49.8 μJ in one frame.
Lastly, the net available harvested dc energy can be es-

timated, that is Enet = EDC − EZol = 43.1 μJ in one frame,
so that the efficiency is Enet/EDC = 87%. Therefore, the dc
energy consumed by the adaptive system is small compared
with the harvested dc energy. In spite of the dc energy
consumption, using the limited feedback strategy achieves a

FIGURE 17. Average output dc power versus the number of tones with (a)
2 transmit antennas and (b) 4 transmit antennas. The transmitter is at a
corner in the measurement environment.

FIGURE 18. Output dc power with the receiver placed at different
locations while the transmitter fixed at a corner in the measurement
environment.
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better performance than the conventional non-adaptive WPT
system. In addition, the efficiency Enet/EDC can be further
enhanced by increasing the frame time duration T , i.e. the
portion of WPT phase in one frame. For example, if we set
T = 4 s, we have that Enet/EDC = 90%. Since this work is
aimed to demonstrate the benefit of utilizing adaptive wave-
form and beamforming with limited feedback in closed-loop
WPT system, the architecture of receiver is simplified by
using battery to energize the Zolertia, which will not influence
the conclusion that utilizing adaptive waveform and beam-
forming with limited feedback is able to boost the output
dc power. In practice, we can adopt a power management
module to accumulate harvested energy as well as regulate
the output voltage to an appropriate level to energize the
Zolertia.

G. DISCUSSION ON MULTIPLE RECTIFIERS
We would like to highlight that our proposed closed-loop
WPT system is also effective for multiple rectifiers. In the
following, we consider two cases for multiple rectifiers.

For the first case of single user equipped with multiple
rectennas, we can use dc combining to combine the different
dc power output from multiple rectifiers, so we can select the
optimal codeword to maximize the combined dc power.

For the second case of Q users each of which is equipped
with a single rectenna, we can use time-division multiple
access (TDMA). In the qth frame, we select the optimal code-
word for maximizing the output dc power only for User q by
following the same flow chart in Fig. 8, while the other Q − 1
users will harvest the energy during the whole frame. By this
way, we alternatively select the optimal codeword for each
user at each frame.

Therefore, by using dc combining or TDMA, our proposed
system is also effective for multiple rectifiers.

V. CLOSED-LOOP WPT SYSTEM EXPERIMENT II
To show that the proposed closed-loop WPT system is also
effective when there is an obstacle between the transmitter and
receiver, we also experiment it in a different 4 m × 6 m indoor
environment, where we fix the transmitter at a corner and
place the receiver at 5 different locations denoted as L1-L5
as illustrated in Fig. 16.

The output dc power at locations L1-L5 are measured and
averaged. The measured average output dc power for the three
strategies is shown in Fig. 17. From Fig. 17, we can make ob-
servations similar to the experiment without obstacle between
the transmitter and receiver (Section IV), including: 1) the
average output dc power can be enhanced by adopting more
transmit antennas and more tones, 2) the average output dc
power for the limited feedback strategy is higher than that for
the open-loop UP strategy, 3) the limited feedback strategy has
a similar performance to the SMF strategy when the codebook
has enough codewords (more feedback bits).

We also provide the output dc power at the 5 locations for 1)
conventional 1-tone 1 antenna WPT system, 2) the proposed
8-tone 4-antenna closed-loop WPT system with feeding back

6 bits, 3) the benchmark 8-tone 4-antenna WPT system using
SMF in Fig. 18. From Fig. 18, we can make observations
similar to the experiment without obstacle between the trans-
mitter and receiver (Section IV), including 1) the proposed
closed-loop WPT system achieves 8.3-10.8 dB higher output
dc power than the conventional 1-tone 1-antenna WPT sys-
tem, and 2) the proposed closed-loop WPT system achieves
similar output dc power to the SMF strategy but does not
require knowing the CSI.

Overall, we have shown that the proposed closed-loop WPT
system can be also effectively used when there is an obstacle
between the transmitter and the receiver.

VI. CONCLUSION
A closed-loop WPT system using limited feedback achieving
enhanced output dc power is designed, prototyped, and ex-
perimented in this paper. To enhance the output dc power, we
jointly exploit spatial and frequency domains by using adap-
tive multi-tone waveform and multi-antenna beamforming in
WPT system to adapt the wireless channel.

A closed-loop architecture for WPT based on a codebook
design and an over-the-air limited feedback utilizing an RF
interface is proposed. With the limited feedback using code-
book design, the channel estimation and accurate CSI can be
avoided and more importantly the waveform and beamform-
ing at the transmitter is optimized to adapt to the multipath
fading channel in real time.

The proposed closed-loop WPT with adaptive waveform
and beamforming using limited feedback is prototyped by
a Software Defined Radio equipment and measured in a
real indoor environment. A closed-loop WPT system using
cable-feedback and an open-loop WPT system are measured
as comparison benchmarks. The measurement results show
that using closed-loop adaptive multi-tone waveform and
multi-antenna beamforming can greatly enhance the output
dc power. Compared with the conventional 1-tone 1-antenna
WPT system, the proposed closed-loop WPT system using
limited feedback is able to enhance the output dc power by
up to 14.7 dB. Besides, the proposed closed-loop WPT sys-
tem using limited feedback can achieve performance similar
to the closed-loop WPT system using cable-feedback, while
it is more practical and beneficial since it does not require
any computationally complex and energy consuming channel
estimation implementation at the receiver and does not rely on
knowing the CSI accurately at the transmitter.
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