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Abstract

Passive IoT technology, valued for its self-sustaining and low-cost
attributes, faces notable limitations in data rate, range, and power
efficiency. While significant progress has been made in enhancing
uplink performance through backscattering techniques, the primary
performance bottleneck has now shifted to the downlink. In this
paper, we propose 3IN1, a novel multi-tone system that jointly opti-
mizes wireless power delivery, high-precision clocking, and robust
communication for long-range passive IoT devices. By carefully con-
trolling the phase and frequency spacing of the multi-tone signals,
3IN1 significantly improves energy harvesting efficiency, seamlessly
provides wireless clocking, and enables reliable downlink commu-
nication without interrupting power transfer. Our design addresses
critical challenges, including signal optimization, data encoding,
and strict FCC compliance.

We implement 3IN1 using a software-defined radio (SDR)-based
transmitter and a custom-built passive tag. Real-world experiments
with our prototype demonstrate a 6X increase in power conversion
efficiency, a 3X extension in operational range (up to 22 m), and
a 19% reduction in cold-start time compared to the Gen2 UHF
RFID protocol. Simultaneously, 3in1 delivers a clock signal with
zero offset at 2 MHz and < 1 ns jitter, along with a high-speed
200 kbps downlink achieving a bit error rate (BER) below 1073 —all
while remaining fully compliant with FCC regulations. This work
represents a significant advance in passive 10T, enabling efficient,
long-range, and practical deployments in real-world environments.
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1 INTRODUCTION

Due to its self-sustaining, maintenance-free, and low-cost char-
acteristics, passive IoT technology holds transformative potential
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Figure 1: Comparison Between Widely Adopted Single-tone
and Multi-tone in 3IN1

across a wide range of applications. Among these technologies,
radio-frequency identification (RFID) is the most widely adopted,
with extensive use in inventory management, asset tracking, and
access control [58, 62]. However, conventional RFID systems suffer
from low data rates, limited operating ranges, and high infrastruc-
ture costs, which hinder broader deployment in scenarios such as
real-time environmental monitoring, large-scale smart agriculture,
and ubiquitous sensing for smart homes and cities [24].

To address these limitations, extensive research has explored
long-range, high-data-rate backscatter communication for the up-
link [10, 20, 30, 61, 63]. However, these designs often overlook the
challenges associated with wireless power delivery and downlink
performance. Specifically, RF energy harvesters typically require in-
put signals stronger than —20 dBm to generate even microwatt-level
output power [56], in contrast to the —90 dBm receiver sensitivity
achievable by uplink gateways [29]. This significant difference in
sensitivity results in a substantial range gap: while uplink com-
munication can reach distances up to kilometers [49], wireless
power delivery is typically limited to around 10 m. As for the down-
link communication, while sub-microwatt wake-up receivers have
been demonstrated [34, 35], their circuit simplicity limits modu-
lation to amplitude shift keying (ASK), reducing power transfer
efficiency due to lower average power. As a result, downlink per-
formance—including both powering and communication—remains
the primary bottleneck of passive IoT.

Moreover, unlike conventional RFID systems that utilize sub-
MH?z clocks with tolerances up to 20%—readily achievable using
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sub-microwatt open-loop oscillators—recent backscatter designs
often require highly accurate clocks operating in the several-to-tens
of MHz range [10, 20, 30, 61, 63]. Meeting these stringent frequency
requirements necessitates closed-loop clock generators with crystal
references, which significantly increases cost and power consump-
tion (by one to two orders of magnitude), and leads to additional
energy waste due to oscillator stabilization delays [20, 44]. These
requirements contradict the foundational design principles of pas-
sive IoT. Consequently, many existing designs rely on battery sup-
port [25, 28, 41, 42, 64], which undermines the low-maintenance
advantage of passive IoT, or operate at very short ranges (under 5
meters) when powered solely by wireless means [12, 14, 44], limit-
ing their practical utility.

To deal with these problems, there have been separate studies
on improving power transfer efficiency and sensitivity through
high peak-to-average power ratio (PAPR) signals [11, 13, 15, 16,
18, 26, 36, 38, 46, 52-54], enabling long-range low-power downlink
communication [25], and providing clocks wirelessly [1, 2, 44],
most of these design principles are in conflict with one another. As
a result, there is currently no unified solution that addresses all
the downlink challenges simultaneously. This raises a fundamental
question: Is it possible to design a downlink waveform that can
simultaneously and efficiently provide wireless powering,
accurate clocking, and robust communication?

To address this question, we propose 3In1, the first multi-tone
system that jointly optimizes wireless powering, clocking, and com-
munication for long-range passive IoT devices. The key insight
underpinning 31n1 is that multi-tone signals offer two significant
advantages, as illustrated in Fig. 1:

i) Power efficiency and sensitivity: By generating a high peak-to-
average power ratio (PAPR) signal, 3in1 improves both energy
harvesting efficiency and sensitivity. This is achieved by increasing
the proportion of signal energy that exceeds the diode-based har-
vester’s forward voltage threshold.

ii) Clock and communication: When tones are evenly spaced, the
non-DC (AC) components of the harvested signal become con-
centrated at beat frequencies between the tones. These frequency
components, which are not rectified into DC energy, can be repur-
posed for wireless clocking and data transmission, thereby enabling
robust and accurate downlink communication without interrupt-
ing power transfer—in contrast to ASK-based single-tone designs,
which compromise energy delivery when modulating data.

However, achieving joint optimization through multi-tone signal
design entails overcoming several critical challenges:

How can we design the multi-tone signal to optimize power
delivery and wireless clocking? The phase differences between
tone components in a multi-tone signal significantly influence its
envelope shape, ! directly impacting power delivery efficiency [17].
Therefore, precise signal design is crucial for maximizing efficiency.
Since performance depends not only on the transmitted signal but
also on the energy harvester’s response, we theoretically analyze
the conditions necessary to achieve the highest PAPR in a multi-
tone signal and model its effect on energy harvesting efficiency.
We prove that the maximum PAPR is attained when the phase

I This effect has been widely studied in reducing PAPR or crest factor to enhance
power amplifier efficiency [27]. However, our objective is to deliberately increase
PAPR to improve downlink performance.
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differences between all adjacent tones remain uniform and that
energy harvesting efficiency improves as the number of tones in-
creases. Additionally, under these optimal conditions, the extracted
clock signal strengthens with more tones, ensuring reliable wireless
clocking.

How can we introduce data communication without de-
grading power delivery or distorting the clock? Amplitude-
based modulation, like that used in UHF RFID, allows ultra-low-
power (ULP) decoding but reduces average power during commu-
nication, making power delivery the limiting factor for passive IoT.
To overcome this, we propose a downlink communication scheme
that preserves both power and clock integrity. By revisiting the
constraints identified in the first challenge, we observe that tuning
the phase shift between adjacent tones enables data encoding with-
out compromising power efficiency. Specifically, by adjusting the
phase difference between odd and even tone components between
0 and r—implementing a multi-tone BPSK scheme—we achieve
the design illustrated in Fig. 7. This approach encodes data at the
fundamental frequency while preserving the second harmonic as a
phase-stable clock (alternating between 0 and 27).

How can we integrate everything into a practical system?
Bringing this design into a real-world system introduces three
additional challenges: (i) Trade-off in the number of tones: While
increasing the number of tones improves power efficiency and
clock strength, excessive tones create two issues. First, a high PAPR
signal requires a high-linearity, high-power amplifier (PA) which
is very costy. Second, maintaining a sufficient downlink data rate
requires a minimum tone spacing of 500 kHz. Too many tones
would result in an excessively wide bandwidth, complicating regu-
latory compliance and practical implementation. Considering these
constraints, we select a 16-tone signal with 1 MHz spacing as the
optimal balance between performance and feasibility. (ii) Receiver
design for passive IoT: Unlike existing designs that require sepa-
rate circuits for different downlink functions [44, 59], our system
enables power, data, and clock extraction using a single envelope
detector, which simultaneously serves as a rectifier and a mixer.
To ensure seamless extraction of each component without interfer-
ence, we propose a joint filter design that enables parallel signal
processing. (iii) FCC regulation: Unlike single-tone narrowband
signals, our multi-tone design occupies a much wider bandwidth
and must comply with FCC 47 CFR 15.247 (a)(2) and (e) [22], which
limit power spectral density to 8 dBm per 3 kHz. However, when
transmitting at the maximum allowed 30 dBm power for extended
range, a native 16-tone signal would yield approximately 18 dBm
per tone (30 + 10 loglo(%) ~ 18), exceeding the 8 dBm regulatory
limit. To address this, we leverage the fact that carrier frequency
does not impact the signal after envelope detection. We implement
a frequency-hopping mechanism across 100 channels to distribute
power, ensuring FCC compliance while preserving power delivery,
clocking, and communication integrity.

We implement 31n1 using an SDR-based transmitter and a custom
PCB-based passive tag. Extensive experiments evaluate 3IN1 across
various scenarios, including multi-tone configurations, input power
levels, channel fading, operating range, and tag cold-start time. Real-
world experiments demonstrates significant performance gains,
including a 6X improvement in power conversion efficiency, 3x
increase in operating range, and 19X faster cold-start time compared
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Table 1: Comparing 31n1 with previous works.

‘ Wireless Clocking

‘ Downlink Communication ‘ Other Limitations

Systems ‘ Wireless Powering

Powering Only [11, 13, 16, 17] ICW, UWB, Chaotic, Noise, Multi-Tone
Clocking Only [1, 2] —

Downlink Only [28, 35, 41, 64]

Powering & Downlink [3, 12, 21, 33, 45, 57, 59] | Multi-Tone , Single-Tone

Powering & Clocking [7] Single-Tone

3IN1 Phase-Controlled Multi-Tone

Two-Tone Beat Frequency -

Single-Tone Injection Locking -
Multi-Tone Beat Frequency | Multi-Tone BPSK No

— Crystal & No Downlink Data
Battery & No Downlink Data
OOK, QAM, BPSK Battery & Crystal

ASK Crystal

No Downlink Data

to the Gen2 UHF RFID protocol. Simultaneously, 3in1 delivers a
clock signal with zero offset at 2 MHz and < 1 ns jitter, along
with a high-speed 200 kbps downlink achieving a bit error rate
(BER) below 10~3—all while remaining fully compliant with FCC
regulations.

The key contributions of this work are:

e We propose the first multi-tone system that jointly optimizes
wireless powering, clocking, and communication.

e We analyze how to jointly optimize the performance while
handling multiple practical challenges in multi-tone system
adoption.

e We develop a hardware prototype of the transmitter and passive
tag, demonstrating significant downlink performance improve-
ments in powering, clocking, and communication across various
real-world scenarios.

2 MOTIVATION AND RELATED WORKS

As shown in Table. 1, although prior work has explored wireless
powering, wireless clocking, and downlink communication indi-
vidually, no existing design integrates and optimizes all three into
a unified system. As a result, many IoT tags still rely on batteries
[25, 28, 41, 42, 64], and many require an on-tag crystal oscillator
to generate an accurate clock, increasing cold-start time, power
consumption, and tag cost [20, 44]. Furthermore, most passive IoT
downlink designs rely on ASK or OOK modulation [3, 12, 21, 33-
35, 45, 57, 59], which reduces signal amplitude and thus compro-
mises wireless power transfer efficiency. These dependencies on
batteries and crystals, along with the limited operating range, re-
main key bottlenecks for passive IoT systems.

2.1 Wireless Power Transfer

Wireless Power Transfer (WPT) has long relied on single-tone
Countinous Wave (CW) signal [59], which has poor Power Conver-
sion Efficiency (PCE) on rectifier side [11]. Some studies explored
beamforming to enhance power delivery at specific spatial locations
[21, 57]. However, this inherently reduces WPT efficiency in other
locations, limiting scalability. Additionally, determining the precise
location of battery-free tags presents a chicken-and-egg problem:
the tags need to respond to provide location feedback, yet they may
lack sufficient power to do so.

Recent research has investigated high PAPR signals for WPT, in-
cluding multi-tone, random signals, UWB, intermittent CW, white
noise, etc. [11, 13, 16, 17]. However, most of these approaches re-
main theoretical due to hardware complexity, lack of robustness, or
FCC compliance issues. Some efforts [3, 33] have leveraged multi-
tone signals to enhance WPT efficiency, but their phase alignment
was not optimized. Studies [12, 14, 52] have demonstrated that in-
phase multi-tone waveforms improve the operating range of UHF

RFID systems. However, their downlink communication still relies
on ASK, which compromises power transfer efficiency.

In contrast, 3iN1 optimizes the starting phase condition for PAPR-
enhanced multi-tone waveforms and employs BPSK, which pre-
serves WPT efficiency while enabling robust downlink communi-
cation.

2.2 Wireless Clocking

[1, 2] investigated using a two-tone signal to wirelessly distribute an
accurate clock with low Clock Frequency Offset (CLKFO) and jitter,
enabling coherent transmission among wireless nodes. However,
these methods require a complicated high-power receiver which
is not suitable for passive IoT. Moreover, they suffer from a key
robustness issue—if one of the two tones is lost, clock extraction
fails, and their waveform design is incompatible with downlink
communication, as modulation would distort the clock signal.

[7] proposed extracting a clock from a 900 MHz UHF RFID down-
link using harmonic injection locking and frequency division by
three to generate a 300 MHz clock. However, 300 MHz is too high
for passive IoT tag, leading to increased power consumption. More-
over, it does not support frequency hopping, as the fixed division
ratio restricts adaptability.

In contrast, 3iN1 employs beat frequencies of a multi-tone wave-
form for wireless clocking, offering greater flexibility in frequency
adjustment and improved robustness against channel fading.

2.3 Downlink Communication

To simplify demodulation on battery-free IoT devices, current down-
link modulation schemes are predominantly ASK or OOK [34, 35,
59]. However, amplitude-based modulation inherently sacrifices
wireless power delivery by reducing signal strength for communi-
cation. To mitigate this issue, the UHF RFID protocol incorporates
pulse interval encoding (PIE) before applying ASK for downlink
modulation, where during 50% of a data-0 symbol and 30% of a
data-1 symbol, the CW amplitude is reduced to just 10% of its maxi-
mum value. Consequently, the delivered power drops to 1% or even
lower, considering the power conversion efficiency loss in Schottky
diode rectifiers.

Other IoT systems, such as LoRa, use frequency-shift spread
spectrum for communication [6]. However, LoRa receivers are not
ulra-low power, consuming tens to hundreds of milliwatts [19],
which is far beyond what battery-free devices can afford. Addi-
tionally, LoRa’s low Peak-to-Average Power Ratio (PAPR) results
in suboptimal WPT efficiency. Current low-power BPSK receivers
[5, 9, 23, 60] predominantly use non-coherent demodulation due to
the high power consumption required to recover the carrier signal
on the tag. However, this compromises receiver sensitivity and data
rate.

Some studies have explored using two-tone signals for downlink
communication, eliminating the need for Local Oscillator (LO) [28,
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Figure 2: 311 System Overview

41, 64]. However, their waveform designs are not optimized for
WPT, requiring battery-powered tags. More recent passive IoT tag
designs [45, 59] integrate power harvesting and communication, but
they rely on separate branches for power harvesting and envelope
detection, effectively cutting the harvested DC power in half.

In contrast, 3i1n1 introduces a novel multi-tone BPSK modulation
scheme that preserves signal amplitude. By encoding downlink
data in the relative phase between adjacent tones, it enables seam-
less coexistence with wireless clocking, which is embedded in the
beat frequency between alternate tones. As a result, power, clock,
and data are integrated into a unified and optimized multi-tone
waveform. Furthermore, 3iN1 employs a single rectifier on the tag
and separates the different frequency components afterward, maxi-
mizing DC power harvesting while reducing tag complexity and
cost.

3 OVERVIEW

As illustrated in Fig. 2, the 31n1 design consists of a helper device
that wirelessly delivers power, clock, and data communication us-
ing an optimized multi-tone signal, and a passive tag that harvests
power while extracting clock and data. The multi-tone signal com-
prises 16 evenly spaced tones with 1 MHz frequency separation.
In its default state, all tones have an initial phase of 0, maximiz-
ing efficiency and sensitivity for both power transfer and clocking
(Sec. 4).

For downlink communication, the tones are divided into two
groups based on their index parity. The even-indexed tones undergo
BPSK modulation by shifting their initial phase between 0 and 7,
enabling data transmission without compromising power delivery
or clocking (Sec. 5).

The passive tag features a single rectifier that simultaneously
harvests energy and acts as a mixer, extracting beat frequencies
between tones for clock and data recovery. A filtering system then
separates power, clock, and downlink data from the rectifier output
(Sec. 6). While the passive IoT tag should also include an ultra-
low-power microcontroller unit (MCU), a power management unit
(PMU), and an uplink modulation scheme, the optimization of these
components is beyond the scope of this paper.

4 MULTI-TONE DESIGN

In this section, we will focus on how to design a multi-tone signal
that can simultaneously enhance the sensitivity and efficiency of
wireless powering and wireless clocking.

4.1 Power Delivery Optimization

4.1.1 Initial phase conditions for highest PAPR. As illustrated in
Fig. 3, the waveform of a multi-tone signal varies significantly
depending on its initial phase configuration. Consequently, the
efficiency and sensitivity of different multi-tone signals also differ.
Since a rectifier achieves higher efficiency and sensitivity at higher
PAPR [17], it is crucial to determine the optimal starting phase
configuration that maximizes PAPR.

Here, we first prove that for an equally spaced multi-tone signal
x(t) with N tones of same amplitude, the highest PAPR is achieved
when a constant phase shift of A¢ exists between adjacent tones,
satisfying the following condition:

A¢% —knkeZ 1)

where w is the frequency of the first tone, Aw is the frequency

difference between adjacent tones.

Proof. The time-domain representation of the signal is given by:
N-1

x(t) = Z AN cos((w + iAw)t + iAQ) (2)

i=0
where
AN =— ®3)
VN
is the amplitude of each tone in the multi-tone signal, and A repre-
sents the amplitude of a single-tone signal with the same average
power. It is obvious that the signal in Eq. 2 reaches its maximum
value when all tones peak simultaneously at a certain time to, i.e.
cos((w + iAw)ty + iAg) = 1, Vie 0 ~ N -1 (4)
which implies that
(W+iAW)t0+iA¢:k17T—E,ViGONN—l,klEZ (5)

where € should be minimized to approach zero.
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Rearranging Eq. 5, we obtain:
Wto+i(AWt0+A¢)=k17I—€,ViEONN—l,klGZ (6)
To satisfy Eq. 6, the following conditions must hold:

{ Wiy =k17[—€, kl,kzeZ (7)

Awty + A¢ =kym,

By substituting Eq. 1, we achieve € = 0, meaning that all tones align
at their peak value at a specific time t = t,. If Eq. 1 is not strictly
satisfied, € can still be minimized by selecting appropriate values
for ki, k2, though it may not reach exactly zero. A straightforward
choice that satisfies Eq. 1is A¢ = 0, meaning all tones start with the
same phase (i.e., they are in-phase). In this case, the peak voltage of
the multi-tone signal in Eq. 2 occurs at t = 0 of each period. There-
fore, we select zero phase shift as the default waveform for power
delivery and use the other phase shift in the design of downlink
communication in Sec. 5.

4.1.2  More tones improves WPT efficiency. Next, we demonstrate
that an in-phase multi-tone signal with more tones yields a higher
DC voltage output. The nonlinear rectifier model, considering the
two most significant parameters contributing to nonlinearity [17],
is given by:

V(t) = kox(2)? + kyx(£)* 3)
where k, k4 are positive model coefficients, x(¢) is the received
signal, and V (¢) is the rectifier’s output voltage. For an in-phase,
uniformly spaced multi-tone waveform with N tones, the time-
domain signal can be expressed as:

N-1
x(t) = Z An cos((w + iAw)t) ©)
i=0

By combining Egs. 8, 9, and 3, the DC output voltage of the rectifier
is:

Nk N(2N? + 1)k
VDC — ZZAJZ\] + ( ) 4A31\]
1 2N? + 18 (10
=— AT+ |, At
2 8N

This result clearly shows that WPT efficiency and sensitivity im-
prove monotonically with the number of tones. Fig. 4 further illus-
trates this trend, demonstrating that an increased number of tones
leads to a higher PAPR, thereby enhancing WPT efficiency.

4.2 Integrated Wireless Clocking

To ensure continuous power delivery and clock synchronization
without compromising either, we co-design wireless clocking within
the optimized WPT waveform. The multi-tone waveform inherently
supports this by leveraging its beat frequencies to carry the clock
signal. As illustrated in Fig. 5, when the multi-tone signal passes
through a rectifier, it undergoes self-mixing, generating multiple
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beat frequencies in the output. The number of these beat frequen-
cies increases with the number of tones, enhancing the robustness
and reliability of clock extraction.

4.2.1  More tones means higher clock voltage. Crucially, there is
no trade-off between WPT efficiency and wireless clocking. This
is because the approach effectively repurposes otherwise unused
frequency components from the rectifier output without reducing
the extracted DC voltage. Neglecting k4 for simplicity, the extracted
beat frequency voltage is given by:
1<ij<N
Vbear = Z k2A2 =

Lj,i=j=1

N-1
N

kyA? (11)

which demonstrates a monotonic increase in voltage as the number
of tones grows, confirming that power delivery and clocking do
not compete with each other. The choice of beat frequency under
practical constraints is discussed in Sec. 6.

4.2.2  Resiliance to multipath-rich indoor. The multi-tone approach
also enhances robustness against frequency-selective fading caused
by multipath effects, particularly as the number of tones increases.
Unlike a two-tone signal, where losing a tone results in a missing
clock signal, the evenly spaced multi-tone design ensures clocking
remains intact even if some tones are lost.

This resilience stems from the fact that each beat frequency
between tones is "down-converted" by the rectifier to the baseband,
aligning with the desired clock frequency. As long as at least one
copy of the beat frequency is received at the tag, the clock signal
can still be successfully extracted. Additionally, since the extracted
clock frequency at the receiver precisely matches the configured
beat frequency at the transmitter, the system inherently achieves
ultra-low Clock Frequency Offset (CLKFO) and minimal jitter.

5 DOWNLINK COMMUNICATION DESIGN

To optimize the co-design of downlink communication with power
delivery and wireless clocking, we adopt phase shift keying (PSK),
which maintains a constant amplitude. Unlike ASK, PSK preserves
signal power and avoids frequency variations that could disrupt
wireless clocking. However, integrating PSK within the multi-tone
waveform presents two key challenges:
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5.1 How to Avoid Influencing Powering?

This challenge arises because the PAPR of a multi-tone signal is
highly dependent on the relative phase between tones. Although
applying a same phase shift across all tones might appear to be
a simple and intuitive approach, it introduces significant compli-
cations for downlink data demodulation. This is because phase
information after rectification primarily exists in the carrier fre-
quency (above 900 MHz) or its harmonics, which are difficult to
extract in an ultra-low-power manner.

To ensure that PSK-modulated data remains accessible on a pas-
sive IoT device, it must be embedded within the beat frequencies
between tones. This way, after passing through the rectifier, the
PSK data is naturally downconverted to the baseband, making it
easy to extract. However, to maintain optimal power delivery, we
must also satisfy the condition established in Sec. 4.1, where the
phase difference between all adjacent tones must remain uniform,
denoted as A¢. As illustrated in Fig.6, we can encode data by set-
ting A¢ = 0 for 0 and A¢ = x for 1. Notably, this scheme ensures
that there is no amplitude drop when carrying different data sym-
bols, preserving power delivery efficiency while enabling reliable
downlink communication.

5.2 How to Avoid Distorting Clock?

Another key challenge is that arbitrarily switching between differ-
ent A¢ can introduce sudden phase shifts across all beat frequencies,
leading to distortion in wireless clocking. This brings us to the sec-
ond major challenge: ensuring phase shifts do not degrade clocking
stability.

We observe that setting A¢ = 7 introduces useful properties.
While maintaining a uniform phase shift between adjacent tones
—thereby preserving optimal power delivery—the phase shift be-
tween every other tone becomes 27, effectively resetting to zero.
This ensures that the beat frequencies formed between every other
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tone remain undistorted, allowing them to reliably support wireless
clocking.

Building on this insight, we propose a novel multi-tone BPSK
design that applies BPSK modulation to only half of the tones in an
interleaved pattern. As illustrated in Fig. 6, for a Data-0 symbol, all
tones maintain the same starting phase. For a Data-1 symbol, we
introduce a 7 phase shift to even tones (e.g., the 2nd, 4th, 6th, ...,
and 16th tones in a 16-tone signal).

After rectification, the downlink BPSK data is embedded within
the beat frequencies between adjacent tones, while the wireless
clocking remains encoded in the beat frequencies between every
other tone, as shown in Fig. 7, where the straight line means no
modulation on that tone, and a triangle means BPSK modulation
on that tone.

This design preserves wireless clocking integrity for three rea-
sons.

(1) The beat frequency between every other tone remains 2 MHz
because the individual tone frequencies remain unchanged
during modulation.

(2) There are no sudden phase transitions within the beat frequen-
cies used for clocking. As illustrated in Fig. 7: (i) No modulation
is applied between any two odd tones, ensuring phase con-
tinuity. (ii) While even tones undergo BPSK modulation and
experience phase shifts, they are modulated simultaneously.
As a result, no abrupt phase change occurs within the beat
frequencies between any two even tones.

(3) Due to the properties of BPSK modulation, the second har-
monic of the beat frequency remains phase-invariant. A =
phase shift at the fundamental beat frequency translates to a
27 (or effectively 0) phase shift at its second harmonic, ensur-
ing that even-order harmonics remain undistorted as shown
in Fig. 8. Therefore, BPSK is a deliberate and necessary design
choice, as higher modulation orders will inevitably distor the
clock signal.

6 PUT 31v1 TOGETHER UNDER PRACTICAL
CONSTRAINTS

Bringing 3IN1 multi-tone design into a real-world system introduces
three additional challenges:

6.1 Trade-off on Number of Tones

While increasing the number of tones improves power efficiency
and clock strength, excessive tones create two issues.

(1) Too many tones will lead to a very high PAPR signal that
requires a high-linearity power amplifier (PA) to send the
multi-tone signal without large distortion. Considering that
we want to send the high power signal for long-range opera-
tion, the needs of high-linearity high power PA will introduce
unaffordable cost.

(2) To maintain a sufficient downlink data rate without interfering
with the wireless clocking, the tone spacing must be much
larger than the bandwidth of the downlink modulated signal.
Then, too many tones result in an excessively wide bandwidth,
making regulatory compliance and practical implementation
challenging.
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Considering these constraints, we select a 16-tone signal with
1 MHz spacing as the optimal trade-off between performance and
feasibility. The wireless clocking will be carried on the 2 MHz beat
frequency between every other tones as shown in Fig. 8, which
is a balance between uplink data rate and digital circuit power
consumption.

6.2 Receiver Design

On the passive IoT side, we need to extract power, clock, data
simultaneously in an ultra-low power fashion. To achieve this goal,
we propose a novel receiver design (Fig. 2) that consists of a single
rectifier and joint-optimized filter system.

6.2.1 Single rectifier. As discussed in Sec. 4.2 and 5, both clock and
data extraction from the multi-tone signal rely on self-mixing. Since
the rectifier used for DC power extraction also inherently performs
self-mixing, its output simultaneously contains power, data, and
clock signals, as illustrated in Fig.7. Leveraging this property, 31nv1
adopts a single rectifier design on the receiver side, ensuring a
simple and fully passive implementation.

Notably, we use a one-stage Dickson voltage multiplier as the rec-
tifier due to its full-wave rectification capability. While increasing
the number of stages can boost the output DC voltage and improve
sensitivity, it significantly degrades Power Conversion Efficiency
(PCE) at lower input power levels [8]. To optimize the operating
range of passive IoT devices, we prioritize a one-stage design. The
final integration of 3In1 into a passive IoT system should also ac-
count for PMU requirements to enhance overall system efficiency
at the target sensitivity.

6.2.2  Filter system. To extract power, clock, and data from a single
rectifier, a carefully designed filter system is required to separate
these signals at DC, 2 MHz, and 1 MHz, respectively. The system
consists of three parallel LC filters: (i) a Low-Pass Filter (LPF) that
extracts DC for power harvesting, (ii) a Band-Pass Filter (BPF) cen-
tered at 2 MHz to recover the clock signal, and (iii) a BPF centered
at 1 MHz to extract the BPSK data.

Designing this filter system is nontrivial because simply com-
bining multiple LC filters can cause mutual distortion, shifting the
resonance frequencies and degrading performance. Additionally,
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the bandwidth of each filter must be carefully selected—filters that
are too narrow suffer excessive passband loss due to the limited
Q-factor of practical LC components, while overly broad filters can
cause interference between power, clock, and data.

To balance signal isolation and loss, we use a second-order
Chebyshev filter for the BPFs and a first-order Chebyshev filter for
the LPF. The 2 MHz BPF is designed with a 3 dB bandwidth of 0.4
MHz and provides 32 dB attenuation at 1 MHz to effectively isolate
the clock signal from data interference. The 1 MHz BPF has a 3 dB
bandwidth of 0.4 MHz, with 26 dB and 60 dB attenuation at 2 MHz
and 100 kHz, respectively, ensuring that neither DC power extrac-
tion nor wireless clocking is compromised. The DC LPF provides
33 dB attenuation at 1 MHz, minimizing the impact on downlink
communication sensitivity. The final frequency response of the
filter bank is shown in Fig. 9.

6.2.3 BPSK to ASK conversion. The 1 MHz BPF also plays a crucial
role in BPSK demodulation. Since BPSK modulation introduces
sudden phase shifts, the signal’s transient bandwidth momentarily
expands during these shifts. As shown in Fig. 10, when the signal
passes through a narrow BPF, the out-of-band frequency compo-
nents are filtered out, causing a significant amplitude drop during
phase transitions. This effect enables the BPF to effectively convert
the BPSK-modulated signal into an ASK-like signal, which can be
demodulated in an ultra-low-power manner.

Importantly, this process does not compromise WPT efficiency
because: (i) DC power is extracted through the LPF branch and
remains unaffected by the 1 MHz BPF, and (ii) the BPSK-to-ASK
conversion is a fully passive process that requires no additional
power consumption.

Furthermore, since the 2 MHz clock is derived from the same
multi-tone signal through a single rectifier, it remains naturally in-
phase with the downlink modulation. This synchronization enables
coherent demodulation, which further enhances both the downlink
data rate and sensitivity.

6.3 FCC Regulation

Unlike UHF RFID readers, which can transmit at 30 dBm under
FCC 47 CFR 15.247(a)(1)(i) by utilizing frequency hopping, 3INI’s
multi-tone signal occupies a much broader bandwidth and must
comply with FCC 47 CFR 15.247(a)(2) as a digitally modulated signal
[22]. Furthermore, FCC 47 CFR 15.247(e) imposes a maximum signal
strength limit of 8 dBm within any 3 kHz bandwidth, presenting a
challenge for our multi-tone waveform design.

Given that the average transmission power is set at the maximum
allowed 30 dBm before the antenna, a straightforward 16-tone signal
would allocate approximately 18 dBm per tone (30 + 10log;, ( %) x
18), which exceeds the 8 dBm FCC limit. To overcome this, we
leverage the fact that the carrier frequency does not affect Vpc and
beat frequencies after envelope detection as shown in Fig. 11. We
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implement a frequency hopping mechanism that preserves power,
clock, and data integrity while adhering to FCC constraints. Specifi-
cally, we shift all 16 tones together 100 times within every 1-second
interval, with each hop shifting by 10 kHz to avoid overlapping
adjacent tones. As illustrated in Fig. 12, this technique distributes
the originally concentrated signal energy across a wider spectrum,
reducing peak signal strength by a factor of 100 (or 20 dB), ensuring
compliance with the 8 dBm per 3 kHz FCC regulation. The effec-
tiveness of this approach is demonstrated through experimental
results in the evaluation section.

Note that the frequency hopping scheme is transparent to the
tag. Since the carrier frequency is inherently down-converted to
baseband during rectification, the tag’s powering, clocking, and
downlink communication functions remain unaffected by the hop-
ping process.

7 IMPLEMENTATION

As shown in Fig. 13, we implement the prototype of both helper
device and tag.

7.1 Transmitter

Note that this multi-tone BPSK waveform does not require special-
ized hardware. The phase-modulated multi-tone signal is funda-
mentally a simplified OFDM waveform, which can be efficiently
generated using commercial off-the-shelf (COTS) OFDM transmit-
ters (as those used in Wi-Fi) in large-scale deployment.

In our setup, we use a low-cost SDR, the BladeRF 2.0 Micro [37],
to generate the multi-tone BPSK signal. The BladeRF is configured
to output -5dBm, which is then amplified by a QPA9908 Power
Amplifier (PA) [40] with a gain of 32.5dB. The amplified signal
is transmitted through an 8.5 dBi Vulcan RFID S9028PCR (RHCP)
Indoor RFID Antenna [55]. The total transmitted power is calculated
as: =5+ 32.5 + 8.5 = 36 dBm(4 W), which complies with FCC EIRP
regulations.

7.2 Passive Tag

We design two custom PCB boards with COTS components as a
prototype of a passive tag: the rectifier board for RF signal down-
conversion, and the filter board for power, clock, data separation.

Ruirong Huang and Renjie Zhao

7.2.1  Rectifier board. The rectifier board consists of two main com-
ponents: the Impedance Matching Network (IMN) and a Dickson
rectifier. We use a small form-factor TE Connectivity monopole
ANT-916-CW-RAH antenna (850-970MHz, 2 dBi) [50] to capture
the UHF wireless signal. A 2.7 pF shunt capacitor followed by a
15 nH series inductor forms the IMN, matching the 50 Q antenna
impedance to the input impedance of the diode rectifier. We select
the Skyworks SMS7630-005LF Schottky diode [48] for its low bar-
rier voltage, a widely used choice in wireless energy harvesting
platforms like WISP [59]. A 33 pF capacitor in series before the
diode package and a same shunt capacitor after it forms a Dickson
voltage multiplier, allowing full-wave rectification and effectively
doubling the output voltage.

7.2.2  Filter board. The filter system is designed using Keysight
Advanced Design System (ADS) simulations. It consists of three
components: a DC LPF, a 1MHz BPF for extracting BPSK data and
passively converting it to ASK, and a 2 MHz BPF for extracting
the clock signal. The DC LPF includes a series LPS4018-683MRC
68pH inductor followed by a 33nF shunt capacitor. The output is
connected either to an 18 kQ load resistor for power measurement
or to a BQ25570 PMU [51] for evaluating cold-start time. The 1 MHz
BPF consists of a 1812FS-393JLC 39 uH series inductor followed by
a 620 pF series capacitor, and then a 1812FS-152JLC 1.5 uH shunt
inductor as well as a 15 nF shunt capacitor. The 2 MHz BPF consists
of a 1812LS-273JLC 27 uH series inductor followed by a 240 pF
capacitor, and then a 0805LS-681XJLC 680 nH shunt inductor as
well as a 10 nF shunt capacitor. This design ensures efficient power
extraction while preserving accurate clock and data signal recovery.

The tag’s analog front end is constructed entirely from passive
components, with the discrete rectifier and filter system costing
approximately $0.70 at large-scale production. The design can be
made even more compact and cost-effective through chip-level
integration.

8 EVALUATION

We conduct extensive experiments to evaluate 3IN1 across various
scenarios, including multi-tone configurations, input power lev-
els, channel fading, cold-start time, and operating range. Unless
stated otherwise, the default experimental setup is as follows: the
input power at the receiver is -10 dBm, the load resistance for DC
power is 18 kQ, the BPSK bit rate is 200 kbps, and frequency hop-
ping is enabled. For measurements, we utilize the Keysight Fieldfox
N9952B Microwave Analyzer [32], functioning as both a spectrum
and vector network analyzer, alongside the Keysight 34465A digital
multimeter [31] and the Siglent SDS2354X Plus 350 MHz digital
oscilloscope [47] for baseband performance analysis. The experi-
mental setup is shown in Fig. 14.

8.1 Justification of Design Choices

8.1.1 Frequency hopping and FCC compliance. We first measure
the signal strength using Keysight FieldFox N9952B with a 3 kHz
resolution bandwidth for three signal types: a single-tone signal, a
16-tone non-hopping signal, and a 16-tone hopping signal, all with
the same average power. To protect the equipment, the PA output
is attenuated by 12 dB before connecting to the spectrum analyzer.
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Peak power. By setting the resolution bandwidth to 3 kHz, we
record the maximum peak power within the UHF ISM band. The
results show that while the single-tone signal concentrates most of
its power at one peak, reaching 28.3 dBm, the 16-tone non-hopping
signal distributes its power more evenly, reducing the peak power
to 15.7 dBm— still exceeding the 8 dBm FCC regulation limit. As
shown in Fig. 15, with frequency hopping enabled, the peak channel
power is further reduced to 1.4 dBm, well below the 8 dBm upper
bound, ensuring FCC compliance.

Impact on power, clock and data performance. We assess
whether frequency hopping adversely affects power delivery, clock
stability, or data communication. Two 16-tone signals—one with
hopping and one without—are generated with identical average
power (-10 dBm) and fed into our tag prototype through cable. Mea-
surements of the extracted 2 MHz clock voltage, clock jitter, and
1 MHz downlink Bit Error Rate (BER) reveal no significant differ-
ences in DC voltage, clock voltage, or jitter (consistently below 1
ns) between the two cases, as shown in Fig. 17. Furthermore, the
BER remains stable at 10™* across all configurations, demonstrating
that frequency hopping preserves power, clock, and data integrity
while enabling regulatory compliance.

8.1.2  Multi-tone BPSK modulation. To validate that our multi-tone
BPSK modulation design does not affect power or clock delivery,
we compare two 16-tone signals with identical average power (-10
dBm)—one with BPSK modulation applied to half of the tones and
the other without modulation. As illustrated in Fig. 17, the extracted
DC voltage and clock voltage show no significant differences be-
tween the two signals, and the clock jitter remains consistently
below 1 ns. These results demonstrate that multi-tone BPSK modu-
lation preserves power delivery and maintains wireless clocking
integrity without distortion.

8.2 Impact of Input Power and Tone Number

The received power at a battery-free tag is a critical factor influenc-
ing power harvesting efficiency, as higher received power generally
improves power conversion efficiency (PCE) due to the threshold
voltage of diode rectifiers. In this section, we analyze the impact of
received power and the number of tones on power, clock, and data
delivery. The experiments are conducted by first calibrating the
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transmit power using the Keysight FieldFox N9952B and then feed-
ing the signal to the passive tag board via a cable. This setup ensures
precise control over input power levels and accurate measurement
of the system’s performance under varying conditions.

8.2.1 Harvested power. We investigate the effect of the number of
tones on power delivery across varying input power levels. Wave-
forms with 1, 2, 4, 8, and 16 tones, as well as an emulated Gen2
UHF RFID protocol waveform (single-tone with ASK modulation),
are generated with the same average power. The input power at
the receiver is varied from -30 dBm to 0 dBm, and the harvested
power after rectification is recorded. Results are shown in Fig. 16,
where the left y-axis represents harvested power and the right
y-axis shows the relative gain compared to the Gen2 UHF RFID
protocol.

As illustrated in Fig. 16, harvested power increases monotonically
with the number of tones across all input power levels. The Gen2
configuration exhibits the lowest harvested power due to the impact
of ASK modulation on average power. Compared to Gen2, 3IN1
with 16 tones achieves over 6x gain at -20 dBm input power and
over 5x gain at -10 dBm and -30 dBm input power, demonstrating
the superiority of the multi-tone approach in power harvesting
efficiency.

8.2.2  Power conversion efficiency. PCE is another critical metric
for assessing the effectiveness of a power harvesting circuit design.
We measure the PCE of our receiver across different input power
levels and waveform configurations, including varying numbers of
tones in 3IN1 and a Gen2 waveform as the baseline. As illustrated
in Fig. 18, PCE improves monotonically with both an increasing
number of tones and higher input power. This trend aligns with the
expected behavior of Schottky diodes, which exhibit higher PCE at
elevated input power levels.

The measured PCE reaches a maximum of 61.2% at 0 dBm input
power with a 16-tone signal, while the Gen2 signal achieves only
15% PCE under the same conditions. Furthermore, the PCE gain of
the 16-tone configuration over Gen2 exceeds 5x for input power
levels at or below -5 dBm, demonstrating significant improvements
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in both efficiency and sensitivity compared to state-of-the-art sys-
tems. These results underscore the effectiveness of our multi-tone
approach in enhancing power harvesting performance.

8.2.3 Clock and data delivery. We evaluate clock and data delivery
performance by generating a 16-tone waveform with frequency
hopping and BPSK modulation at varying power levels. The BladeRF
output is fed into our tag prototype, and we measure the extracted
clock voltage and clock jitter after the 2 MHz BPF, as well as the
bit error rate (BER) of downlink communication at 200 kbps after
the 1 MHz BPF.

As shown in Fig. 20a, the clock voltage increases with higher
input power, while clock jitter shows a slight downward trend,
consistent with the expected improvement in SNR at higher power
levels. The maximum clock jitter observed is 1.09 ns at -30 dBm,
while jitter remains below 1 ns at all other power levels. Similarly,
Fig. 20b demonstrates robust data delivery, with BER staying below
10~* (bounded by the number of bits we collected) for input power
levels of -20 dBm and above, and remaining below 1072 even at
-30 dBm. These results confirm the effectiveness of our design in
delivering stable clock signals and reliable data communication,
even under low received power conditions. It is important to note
that at lower input power levels, the harvested power becomes
insufficient to sustain the functionality of passive IoT systems. As
a result, the performance of clock and data communication under
such conditions is less critical, as the system is unlikely to operate

8|-= 3in1 (16tone controlled phase) 60(-= 3in1
IVN (8tone random phase) RFClock + Downlink
-»- 16tone random phase

o
u
=]

Power Gain over Gen2
S
Average Vclk (mV)
2N WA
(=} (=} (=] (=}

N

o
o

20 10 B B
Input Power (dBm) Input Power (dBm)

(a) Power (b) Clock
Figure 19: Comparison with SOTA

effectively. The primary focus, therefore, remains on ensuring ro-
bust performance at power levels where the system is operational,
as demonstrated by the results at -30 dBm and above.

8.2.4 Comparison with SOTA. Since no prior work integrates pow-
ering, clocking, and downlink communication into a single opti-
mized system, a direct one-to-one comparison is not feasible. We
therefore evaluate the performance of 3IN1 against state-of-the-art
(SOTA) systems by comparing the key functionalities that repre-
sent the primary bottlenecks in passive IoT: wireless powering and
clocking.

For wireless powering, we compare our 16-tone, controlled-
phase waveform against the 8-tone, random-phase waveform used
by IVN [33]. To clearly isolate the benefits of our phase control,
we also include an intermediate 16-tone random-phase design in
the comparison. As shown in Fig. 19a, 3IN1 outperforms IVN at
all input power levels, achieving a gain ranging from 2.4x to 3.3X.
Notably, the 16-tone random-phase waveform yields negligible
improvement over the 8-tone version, confirming that the perfor-
mance gain stems not simply from the number of tones but from
our careful phase control, which optimizes the waveform’s PAPR.

For wireless clocking, we compare 3in1 to RFClock [2], which
uses a 2-tone signal. To ensure a fair comparison, we modify the
RFClock waveform to incorporate a BPSK downlink, mirroring the
multifunctionality of our system. The results in Fig. 19b demon-
strate that the average extracted clock voltage of 3IN1 is substan-
tially higher, with a gain of 2.1X to 5.0X across all power levels.
This improvement is attributable to our system co-design; without
it, the downlink signal inevitably distorts the clock tones in the
modified RFClock waveform, resulting in a lower clock voltage
after band-pass filtering.

8.3 Real World Performance

We evaluate the system’s performance in real-world scenarios, in-
cluding operating range, PMU cold-start time, Non-Line-of-Sight
(NLOS) conditions, and deep fading environments.

8.3.1 Range improvement. To evaluate the real-world indoor per-
formance of 31N1, we conduct an over-the-air test in a building
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corridor to determine its maximum operating range. The distance
between the prototype tag and the transmitter is varied from 1
m to 22 m in 3 m increments, while all other parameters remain
unchanged. At each distance, we measure the harvested power,
clock voltage, clock jitter, and BER.

As shown in Fig. 21, a higher number of tones consistently results
in greater harvested power, with the Gen2 waveform yielding the
lowest power at all distances. Specifically, at 22 m, the 16-tone signal
enables the tag to harvest 1 yW, while the Gen2 waveform harvests
only 0.1 yW—a 10X improvement. To achieve the same harvested
power as the 16-tone signal at 22 m, the Gen2 setup would need
to operate within a maximum range of 7 m, which demonstrates
a 3X gain on operating range. Similarly, the distances at which
3IN1 can harvest 1.5 uW and 3 uW are 19 m and 13 m, respectively;
for Gen2, they are 7 m and 4 m, corresponding to 2.7X and 3.25X
improvements. Given that passive RFID tags consume only 0.6 uW
[39], the power harvested by 3INI even at 22 m is sufficient to
operate such tags, either continuously or with a practical charge-
operate duty cycle.

Fig. 22a shows that while the clock voltage decreases with in-
creasing distance, the clock jitter remains stable. The maximum
clock jitter is 1.08 ns at 22 m, while at shorter distances, it remains
below 1 ns, well within the acceptable range for passive IoT devices.
The BER results, presented in Fig. 22b, indicate that BER stays be-
low 10~ within 19 m and remains below 1072 even at 22 m. These
results demonstrate that 3IN1 significantly extends the operating
range of passive IoT systems while maintaining reliable power,
clock, and data delivery, making it highly suitable for real-world
applications.

8.3.2 PMU cold-start time. The efficiency of a PMU is highly de-
pendent on the input DC voltage level, and PMUs typically require
a minimum input voltage for cold start [51]. Cold-start time is a
critical parameter for evaluating the power harvesting efficiency
of battery-free tags, as long cold-start times remain a significant
barrier to their widespread deployment. To assess this, we measure
the time required for the PMU’s DC output to stabilize at 1.3V, a
suitable voltage level for low-power microcontrollers (MCUs) and
peripheral circuits [4].
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As shown in Fig. 23, the number of tones significantly impacts
the cold-start time. With more tones, the PMU can cold-start at
lower input power levels. For a 16-tone signal, the PMU can cold-
start with as little as -19 dBm input power, whereas a 1-tone or
Gen?2 signal requires at least -10 dBm to initiate the process. At -10
dBm input power, the Gen2 signal takes 7.6 minutes to cold-start
the PMU, while the 16-tone signal achieves the same in just 24
seconds—a 19x improvement. This dramatic reduction in cold-start
time demonstrates the superior efficiency of 3i1n1 and opens the
door to new application scenarios for battery-free devices.

8.3.3 Non-line-of-sight. We evaluate the performance of 31N1 un-
der three Non-Line-of-Sight (NLOS) scenarios, each with a different
type of blocking material between the tag and the transmitter: (i) a 3
cm thick wooden door, (ii) a 1 cm thick glass window, and (iii) glass
window combined with aluminum blinds, as illustrated in Fig. 24a.
The tag is placed at distances of 5 m and 10 m from the transmitter.
As shown in Fig. 25, across all blocking materials, the 3iN1 tag con-
sistently harvests significantly more power than the Gen2 baseline,
with gains ranging from 6.2X to 14.4X. Meanwhile, the wireless
clocking jitter remains around 1 ns, and the downlink BER stays
near 10™*. These results demonstrate the robustness and superior
performance of 3IN1 compared to the baseline in real-world NLOS
environments.

8.3.4 Deep fading. We evaluate the performance of 3invI under
deep fading conditions by placing the tag at five locations within an
office environment: (i) near a computer monitor, (ii) near aluminum
blinds, (iii) near a wooden door, (iv) under a metal cabinet, and (v)
behind stacks of paper boxes, as shown in Fig. 24b. The transmitter
is positioned 5 m away from the tag. Due to space constraints, we
reduce the transmit power by 5 dB to emulate a longer-range sce-
nario. As shown in Fig. 26, despite the presence of strong reflectors
causing deep fading, 3IN1 consistently achieves a power harvesting
gain of 7.1X to 36X over the Gen2 baseline. Moreover, the wireless
clocking jitter remains below 1 ns, and the downlink BER stays
under 10™* across all five locations, demonstrating the robustness
of 3iN1 in challenging multipath-rich environments.
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9 DISCUSSION

Uplink Desgin. While 3in1 primarily addresses the downlink bot-
tleneck in passive IoT systems, existing uplink designs can be readily
integrated into our architecture. With wireless clocking enabled
by 3in1, frequency-shifting backscatter communication [61] can
leverage the precise clock to enhance performance, making it a
natural complement to our design. Alternatively, Impulse Radio
Ultra-Wideband (IR-UWB) [43] offers a promising solution, en-
abling low-power, high-data-rate communication without requiring
carrier generation. A clock amplification stage, as demonstrated in
prior works [1, 2], can be readily incorporated for uplink modula-
tion. Additionally, harmonic components generated by multi-tone
self-mixing in the rectifier stage may serve as potential carriers for
the uplink.

Integration with Beamforming. While our approach focuses
on single-antenna multi-tone waveform optimization for efficient
power, clock, and data delivery, it is orthogonal to beamforming
techniques. In fact, beamforming could complement our system by
further extending the operating range. Inspired by prior work [57],
multiple helper devices could be deployed to perform collaborative
beamforming, directing power towards tags more efficiently. Such
an approach could mitigate spatial inefficiencies and improve power
availability in challenging environments.

Scalability and Concurrent Operation. A key advantage of our
system is its inherent scalability. Our approach enables simulta-
neous downlink power, clock, and data delivery to an arbitrary
number of tags. Since the powering and clocking signals are broad-
cast globally, they are inherently available to all tags simultaneously.

Ruirong Huang and Renjie Zhao

For the downlink, multiple access can be achieved using a straight-
forward Time-Division Multiple Access (TDMA) scheme, drawing
a parallel to established protocols like EPC Gen2 RFID. Since differ-
ent tags may operate asynchronously—some in a sleep state, some
receiving downlink communication, and others transmitting uplink
signals—this allows for efficient time-multiplexed operation with-
out requiring strict synchronization. This flexibility is particularly
beneficial in large-scale passive IoT deployments, where dynamic
power demands and communication patterns vary across tags.

Security and Privacy. The proposed 16-tone design, combined
with frequency hopping, provides inherent robustness against jam-
ming attacks. This resilience is achieved through a self-mixing
mechanism; even if a subset of tones is compromised by a jam-
mer, the remaining uncorrupted tones are sufficient to generate
the necessary clock and downlink signals. A notable side-effect of
this architecture is that a strong jamming signal, rather than dis-
abling the system, can paradoxically enhance its power harvesting
performance by increasing the available RF energy for scavenging.
Regarding security, privacy is maintained as the powering and
clocking signals contain no user data, preventing information leak-
age through these channels. For the downlink data channel, stan-
dard encryption techniques can be readily applied in sensitive en-
vironments. This allows for a flexible security model, though it
necessitates a trade-off between the computational overhead of
encryption and the desired level of data confidentiality.

Future Work. Several avenues remain open for future exploration.
First, refining the uplink strategy by evaluating the energy-efficiency
and reliability of different backscatter and IR-UWB implementa-
tions will be critical. Second, the integration of beamforming with
multi-tone WPT could enhance both range and efficiency, warrant-
ing further study. Third, integrating a wireless sensing modality to
create a 4IN1 system is an opportunity for future research. Lastly,
investigating advanced scheduling mechanisms to dynamically al-
locate power and communication resources based on tag priority
and application needs will be essential for scaling the system in
real-world deployments.

10 CONCLUSION

We present 3iN1, a novel multi-tone system that jointly optimizes
wireless power delivery, high-precision clocking, and robust com-
munication to overcome key limitations of passive IoT technol-
ogy. By leveraging high-PAPR multi-tone signals and carefully
controlling its phase modulation and frequency spacing, 3INI en-
hances energy harvesting, enables wireless clocking, and ensures
robust downlink communication without disrupting power trans-
fer. We implement 3IN1 using a software-defined radio (SDR)-based
transmitter and a custom-built passive tag. Real-world experiments
demonstrates significant performance gains, including a 6X im-
provement in power conversion efficiency, 3X increase in operating
range (up to 22 m), and 19X faster cold-start time compared to the
Gen2 UHF RFID protocol. Simultaneously, 3IN1 delivers a clock
signal with zero offset at 2 MHz and < 1 ns jitter, along with a high-
speed 200 kbps downlink achieving a bit error rate (BER) below
1073—all while remaining fully compliant with FCC regulations.
These results highlight 31N1 as a major advancement toward effi-
cient, long-range passive IoT deployment in real-world applications.
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