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Abstract—To piggyback information, the instantaneous-phase
shift (IPS) modulation toggles discrete phases on ambient RF
carriers, which is popular with advanced backscatter systems.
However, IPS has poor spectrum efficiency. It produces serious
spectrum sidelobes and prevents the formation of large networks.
In this paper, we propose frequency-phase shift (FPS) modula-
tion, a fine-grained RF switches toggling that modulates carriers
with a continuous phase shift. The phase continuity suppresses
spectrum sidelobes without disturbing the demodulation results.
We first apply FPS to optimize a ZigBee backscatter tag. ZigBee
signals, consisting of a non-single-tone header and a single-tone
payload, are transmitted as RF carriers. The backscatter tag
leverages FPS to modulate the single-tone for phase-continuity
data transmission. Further, the tag recycles the non-single-tone
header using sub-symbol codeword translation to improve carrier
utilization.

Through extensive experiments and field studies, we demon-
strate that FPS enables ZigBee transmissions with a bandwidth
of 2.4 MHz, which is 3x lower than that of Interscatter [1] and
much closer to active radios. The system prototype consists of
a microchip transmitter, a backscatter tag, and a commodity
receiver. Specifically, when the transmitter-to-tag distance is
within 5 centimeters, the system enables a goodput of 16.6 kbps at
a channel capacity of 16.8 kbps, and the communication distance
can be extended to 17 meters.

Index Terms—System; IoT; Backscatter; ZigBee

I. INTRODUCTION

The Internet of Things (IoT) is promising to build large
networks and supports upper applications with big data [2] [3]
[4]. However, active IoT radios are power-hungry and cannot
work sustainably. An active IoT radio generally consumes tens
of milliwatts and requires battery replacement frequently [5]
[6] [7]. It uses a local oscillator to produce an internal radio-
frequency (RF) carrier. The low-frequency (LF) baseband
signal containing upper information is mixed with the carrier
for wireless transmission. Both the local oscillators and RF
mixers are power-expensive, which limits the deployment of
active IoT radios.

In recent years, backscatter technology has attracted a lot
of interest for its ultra-low power consumption ( [8], [9], [10],
[11], [12], [13], [14]). The backscatter tag modulates ambient
signals (e.g., Wi-Fi, ZigBee, Bluetooth, LoRa, etc.) for RF
carriers and generally consumes tens of microwatts. The tag
is capable of reflecting ambient signals which pass across the
backscatter circuit. Backscatter works by producing baseband
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signals and correspondingly toggling the reflection coefficient.
It modifies the information (e.g., amplitude, phase, frequency)
of the carrier and retransmits the modified carriers over the
air.
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Fig. 1. Application snapshot. On the left, the tag occupies much more
spectrum and does interference with neighbor IoT radios. Specifically, when
its power is high enough, neighbor IoT radios fail to communicate with each
other. On the right, the spectrum-efficient backscatter tag works concurrently
with multiple IoT radios. A number of radios share spectrum resources and
transmit data concurrently.

The instantaneous-phase shift (IPS) modulation is popular
with advanced backscatter systems, such as Interscatter [1].
To piggyback information, IPS toggles discrete phase shifts
(e.g., 0, π

2 , π,−
π
2 ) on ambient RF carriers. The discrete phase

shift sequence (e.g., +π
2 ,−

π
2 ,+

π
2 ,−

π
2 , ...) produces serious

sidelobes and has poor spectrum efficiency, which worsens
the crowded spectrum. As shown in Fig.1, the spectrum-
inefficient backscatter tag does interfere with neighbor IoT
radios. Specifically, when its power is high enough, neighbor
IoT radios fail to communicate with each other. On the
contrary, the spectrum-efficient backscatter tag works concur-
rently with multiple IoT radios. Our evaluations in Section
V demonstrate that Interscatter enables ZigBee transmissions
with a bandwidth of 8.31 MHz, which greatly exceeds protocol
regulations.

In this paper, we present Frequency-Phase Shift (FPS)
modulation, a fine-grained RF switches toggling that produces
phase continuity to suppress spectrum sidelobes. Instead of
using a power-expensive pulse-shaping filter, the toggling
signal is binarized into square waves with various frequencies
and phases. Our evaluations show that FPS enables ZigBee
transmissions with a bandwidth of 2.4 MHz. Specifically, the
phase shift (ϕ0 → ϕ1) is achieved using a square wave with
an initial phase (ϕ0) and frequency (f = fshift+

ϕ1−ϕ0

2π∆T ). Fre-
quency is the ratio of phase shift over time (f = ∆ϕ

2π∆T ). fshift
indicates the frequency shift to avoid carrier interference.978-1-6654-8234-9/22/$31.00 ©2022 IEEE



∆T is the transition time. Since active receivers generally
demodulate signals with the sign (positive or negative) of
phase shift (ϕ1 − ϕ0), FPS does not disturb the demodulation
results. Further, it is applicable for multiple wireless protocols
(e.g., ZigBee, Wi-Fi, BLE).

ZigBee Transmitter Backscatter Tag ZigBee Receivers

Single toneH1 01…01H2

Fig. 2. System overview. The ZigBee transmitter provides RF carriers for
signal excitation. The backscatter tag takes FPS to modulate ZigBee single-
tone. Since RF carriers are dedicated resources for backscatter communication,
the tag also translates the non-single-tone header (H1) into another (H2) to
improve carrier utilization.

An FPS-based ZigBee backscatter system is shown in
Fig. 2. It consists of a commodity ZigBee transmitter, a
backscatter tag, and a commodity ZigBee receiver. The trans-
mitter transmits ZigBee signals, consisting of a non-single-
tone header (H1) and a single-tone payload, as an RF carrier.
The carrier is powerful and does interfere with the backscatter
communication. To eliminate carrier interference, the tag uses
an additional frequency shift (fshift) to produce signals on
the neighbor ZigBee channels [1] [11] [15]. Further, the tag
leverages FPS to modulate the single-tone for phase-continuity
ZigBee transmissions in a crowded spectrum. Due to the
scarcity of RF carriers, the tag recycles the non-single-tone
header using sub-symbol codeword translation to improve the
utilization, which re-customizes the header (H1) into another
(H2).

When the transmitter-to-tag distance is within 5 centimeters,
our evaluations in Section V show that our tag enables a
goodput of 16.6 kbps when the channel capacity (i.e., single
tone + non-signal tone) is limited to 16.8 kbps. Further, the
communication distance can be extended to 17 meters under
indoor line-of-sight scenarios. We believe that our system
can be applied effectively to enable ZigBee backscatter in
a crowded spectrum. In this paper, we make the following
contributions:

• We present FPS modulation, which is designed for RF
switch toggling and capable of improving spectrum ef-
ficiency. In Section III-A, we demonstrate FPS design
in detail and take ZigBee transmissions to validate its
bandwidth efficiency. Our evaluations show that FPS
enables ZigBee transmissions with a bandwidth of 2.4
MHz.

• We apply FPS practically to a ZigBee backscatter system
and improve carrier utilization. A transmitter transmits
ZigBee signals consisting of a non-single-tone header and
a single-tone payload for the RF carrier. The sub-symbol
codeword translation is introduced to recycle the non-
single-tone header.

• We build a hardware prototype on an FPGA platform
and perform comprehensive experiments to validate the
system’s effectiveness.

II. PRELIMINARIES

A. Active ZigBee transceiver

Active ZigBee transmitter ZigBee physical layer (PHY)
is IEEE 802.15.4 [16]. It supports data transmission of 250
kbps. An active ZigBee transmitter, as shown in Fig. 3(a),
spreads every four bits into one of the pseudo-random noise
(PN) chip sequences (c0, c1, ..., c30, c31), which is known as
the direct-sequence spread spectrum (DSSS). ci(0 ≤ i ≤ 31)
has a value of either 0 or 1. Branch I indicates an in-
phase component (c0, c2, ..., c28, c30), and branch Q indicates
a quadrature-phase component (c1, c3, ..., c29, c31). The chip
duration in each branch is 2Tc (Tc = 0.5µs) and there is a
time offset (Tc) in branch Q.
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Fig. 3. Architecture of active ZigBee transceiver.

A pulse-shaping filter translates an input chip into a digital
half-sinusoidal waveform and its expression is shown in (1).
1
Ts

is the filter sampling rate and nTs is the sample time.

p(nTs) =

{
sin(π nTs

2Tc
), nTs ∈ [0, 2Tc] input = 1

−sin(π nTs

2Tc
), nTs ∈ [0, 2Tc] input = 0

(1)

As shown in (2), the filter enables two characters for the
combination of branch I/Q: i) the phase shift between con-
secutive chip units (Tc) is limited within {+π

2 ,−
π
2 }, and m

counts it. ii) there is an additional frequency (fi) that enables
a continuous phase shift over time. ϕi represents the baseband
signal phase.

I(nTs) + j ∗Q(nTs)

= ±sin(π
nTs

2Tc
+

mπ

2
)± j ∗ sin(πnTs − Tc

2Tc
+

mπ

2
)

= ej(±π nTs
2Tc

+ kπ
2 )

= ej(2πfi(nTs)+ϕi)

m ∈ {0, 1}, k ∈ {0, 1, 2, 3},

fi ∈ {+ 1

4Tc
,− 1

4Tc
}, ϕi ∈ {0, π

2
, π,

3π

2
}

(2)

The baseband signal is then transformed into analog using a
digital-to-analog converter (DAC). Finally, it is up-converted
to radio-frequency (RF), and transmitted through an antenna.



ZigBee Receiver A simplified ZigBee receiver is shown in
Fig. 3(b). It is a transmitter reverse engineering. The signal
demodulation is based on the sign of phase shift between
consecutive chip units. The RF signal is first down-converted
to extract the baseband signal s(t) = I(t) + jQ(t). Then, an
Analog to Digital Converter (ADC) is used to obtain digital
I/Q samples s(n) = I(n) + jQ(n). An IF channel filter
takes I/Q samples as input and functions to eliminate out-
of-band noise. Finally, a symbol correlator calculates the sign
of phase shift sequence between consecutive chip units (Tc)
by sign(arctan(s(n)× s∗(n− 1))), where s∗(n− 1) denotes
the conjugate of s(n−1). The sequence is correlated with that
of standard ZigBee symbols. The closest symbol, which has
the minimum Hamming distance with the input sequence, is
despreaded into a bit stream.

B. Backscatter communication

𝑍0

𝑍1
Transmitter Receiver

Tag

Carrier signal Backscatter signal𝑍𝑎

Fig. 4. A conventional backscatter system architecture.

Transforming the LF baseband signal to the RF is power-
consuming. An active transmitter takes a local oscillator to
produce an internal RF carrier. The baseband signal is mixed
with the carrier so that the resulting signal is transformed to the
RF and contains baseband information. The process generally
consumes tens of milliwatts [5] [6] [7].

Fig. 4 shows a conventional backscatter architecture, which
consists of a carrier transmitter, a backscatter tag, and a
backscatter receiver. The transmitter provides ambient signals
(e.g., Wi-Fi, ZigBee, BLE, LTE, etc.) for the RF carrier,
whose expression is shown in Eq. (3). Ac, fc ,and ϕc are the
amplitude, phase, and frequency of the carrier. The carrier
is reflected when passing across the backscatter circuit. The
backscatter tag mixes the carrier with the digital baseband
signal by modifying the reflection coefficient (Γ(t)) [8] [11]
[17], which is shown in Eq. (4) and (5). ZL and Za are the
load and antenna impedance, respectively. ∗ is the complex-
conjugate operator.

C(t) = Ace
j(2πfct+ϕc) (3)

Γ(t) =
ZL − Z∗

a

ZL + Z∗
a

(4)

B(t) = Γ(t)C(t) (5)

In terms of RF carriers, the advanced ZigBee backscatter
systems can be classified into two classes: single-tone ZigBee
backscatter systems and non-single-tone ZigBee backscatter
systems. Non-single-tone ZigBee backscatter systems [11]

[17] use codeword translation to piggyback information, which
translates the carrier codeword into another codeword from
the same codebook. Two receivers are required for the carrier
and backscatter demodulation, which increases the deployment
cost. Further, the systems are productive-data dependent [15]:
the tag data is extracted by comparing the signal differences.
When the carrier signal is corrupted, we cannot extract tag
data even if the backscatter signal is error-free.

In comparison, a single-tone signal is an excellent candidate
for an external RF carrier. It has a constant amplitude, phase,
and frequency during the modulation. The resulting signal
can only be modified by the RF switch toggling. Thus the
backscatter tag is able to produce a signal arbitrarily without
knowing the carrier payload, which is attractive for a number
of backscatter systems [1] [8] [18].

C. Interscatter design

Interscatter [1] is known for exploiting BLE single-tone
to produce PSK-based signals, such as Wi-Fi and ZigBee.
The backscatter tag binarizes the baseband operations of
active radio and correspondingly generates a square wave
sequence. The sequence producing signals with discrete phase
shifts is referred as instantaneous phase shift (IPS) modula-
tion in this paper. Specifically, a square wave (T (t)) with
a constant frequency (∆f ) and various phase shifts (ϕT ,
e.g., 0, π

2 , π,
3π
2 ) is used for RF switch toggling. It can

be written as a combination of multiple sinusoidal signals
( 4
π

∑∞
n=1,3,5,7,...

1
n (sin(2πn∆ft + ϕT ))). Only the first har-

monic is the desired term. Other terms can be canceled out by
the receiver channel filter, so that has been crossed out in Eq.
(6). The backscatter signal generation (B(t)) for Interscatter
is shown in Eq. (7).
Ac, fc, and ϕc denote the carrier amplitude, frequency, and

phase, respectively. All of them remain constant during the
modulation. fshift shifts the backscatter signal to neighbor
channels such that avoids carrier interference. ϕT denotes the
tag bit information, which keeps constant during one chip unit
and transfers its state instantly.

T (t) = AT ((cos(2πfshiftt+ ϕT )

+

∞∑
n=3,5,7,...

1

n((((((((((
cos(2πnfshiftt+ ϕT )

+ jsin(2πfshiftt+ ϕT )

+

∞∑
n=3,5,7,...

1

n((((((((((
jsin(2πnfshiftt+ ϕT )))

= AT e
j(2πfshiftt+ϕT ) (6)

B(t) = C(t)T (t) = Ace
j(2πfct+ϕc)AT e

j(2πfshiftt+ϕT )

= AcAT e
j(2π(fc+fshift)t+(ϕc+ϕT )) (7)

ϕT ∈ {0, π
2
, π,

3π

2
}

The IEEE 802.15.4 [16] cumulates a phase shift (+π
2 or

−π
2 ) every Tc, which contributes to signal demodulation.

The blue lines in Fig. 5, modulating part of the ZigBee
symbol “0000”, show IPS phase shifts on channel fc+fshift.
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Specifically, when it comes to modulating +π
2 , IPS introduces

a positive phase shift ϕTi
= ϕTi−1

+ π
2 instantly to the

carrier. And when it comes to modulating −π
2 , a negative

phase shift ϕTi = ϕTi−1 − π
2 is conducted. Since an active

ZigBee receiver takes the sign of consecutive phase shifts for
signal demodulation, IPS enables receiver-compliant wireless
transmissions successfully.

Poor spectrum efficiency However, IPS has poor spectrum
efficiency. For example, the waveform of constant phase shifts
(+π

2 ,+
π
2 ,+

π
2 , ...) on channel fc+ fshift is shown in Eq. (8).

It has a 4T cycle. Eq. (9) shows the Fourier analysis with
infinite terms, that produces serious spectrum sidelobes. The
spectrum simulation in MATLAB is shown in Fig. 6(a). It
has a signal strength reduction of 15 dBm and 25 dBm on
neighbor BLE and ZigBee channels, respectively. It is known
that commodity BLE and ZigBee receivers generally have a
sensitivity of -97 dBm and -100 dBm [19]. This indicates that
the signal strength of IPS must be lower than -82 dBm and
-75 dBm to work concurrently with neighbor IoT devices. We
deploy an indoor ZigBee backscatter system and measure the
signal strength in various locations in Fig. 17. It demonstrates
that only 30% and 38% of locations satisfy the requirement.
Other devices suffer from poor spectrum efficiency.

s(t) =


ej(−

π
2 ), 4kT ≤ t < (4k + 1)T

ej(0), (4k + 1)T ≤ t < (4k + 2)T

ej(
π
2 ), (4k + 2)T ≤ t < (4k + 3)T

ej(π), (4k + 3)T ≤ t < (4k + 4)T, k ∈ Z

(8)

=
∑

k=±1,±2,±3,...

(
1

j2kπ
(1 + 2sin2(

kπ

2
)e−j kπ

2 )ej(
kπ
2T )t

+
1

2kπ
(1 + 2sin2(

kπ

2
)ej(−

kπ
2 ))ek

π
2T (t−T )) (9)

III. SYSTEM DESIGN

We introduce a novel modulation to improve the backscat-
ter spectrum efficiency. In this section, we first present the
modulation design and then show its practical application
for ZigBee backscatter. Commodity ZigBee radios provide
carriers consisting of a non-single-tone header and single-
tone payload. The tag leverages single-tone for reliable data
transmission. It also recycles the non-single-tone header using
sub-symbol codeword translation to improve carrier utilization.

A. FPS Design

20 dBm

25 dBm

(a) IPS spectrum

25 dBm

40 dBm

(b) FPS spectrum

Fig. 6. IPS and FPS spectrum.

We present a novel modulation that produces continuous
phase shifts on neighbor channels. The advantages of produc-
ing baseband with continuous phase shifts have been widely
demonstrated in literature [20] [21]. A continuous phase
shift helps to suppress spectrum sidelobes while the neigh-
bor channel communication eliminates carrier interference.
Specifically, it takes a square wave with various frequencies
(fshift ± fFP ) and phases (ϕT ) for the RF switch toggling.
The RF switch toggling parameterized with frequencies and
phases is denoted as FPS modulation. Its expression is shown
in (10), where the first component is the desired term and the
others can be eliminated by the receiver channel filter. Further,
the backscatter signal generation is shown in (11).

T (t) = AT ((cos(2π(fshift + fFP )t+ ϕT )

+

∞∑
n=3,5,7,...

1

n((((((((((((((
cos(2πn(fshift + fFP )t+ ϕT )

+ jsin(2π(fshift + fFP )t+ ϕT )

+

∞∑
n=3,5,7,...

1

n((((((((((((((
jsin(2πn(fshift + fFP )t+ ϕT )))

= AT (cos(2π(fshift + fFP )t+ ϕT )

+ jsin(2π(fshift + fFP )t+ ϕT ))

= AT e
j(2π(fshift+fFP )t+ϕT ) (10)

B(t) = C(t)T (t) (11)
= Ace

j(2πfct+ϕc)AT e
j(2π(fshift+fFP )t+ϕT )

= AcAT e
j(2π(fc+fshift+fFP )t+(ϕc+ϕT ))

• fFP is introduced to describe the rate of phase shift over
time, i.e., fFP = ∆ϕ

2π∆T . Toggling an RF switch at a
frequency (fFP ) over ∆T indicates that the backscatter
signal achieves a phase shift (2πfFP ∗ ∆T = ∆ϕ).
Specifically, when it comes to modulating phase shift
(ϕT → ϕG) over Tc, the backscatter signal is set to have
a frequency deviation (fFP = ϕG−ϕT

2πTc
) on the basis of

phase ϕT .
• fshift functions to eliminate carrier interference. It

backscatters signals to neighbor communication channels
such that the receiver channel filter helps to suppress out-
of-band noise (including signals on the carrier channels).



Further, fshift is generally much higher than a baseband
modulation frequency, which avoids the failure of RF
switch impedance toggling. For example, when it comes
to modulating ZigBee, fshift can be set to 5 MHz, whose
signal cycle is calculated as 0.2µs (t2). t2

2 ≪ Tc indicates
a success of backscatter signal generation.

The red lines in Fig. 5 show FPS phase shifts on chan-
nel fc + fshift to modulate ZigBee, which is continuous
between consecutive chip units. Specifically, when it comes
to modulating +π

2 on the basis of ϕ0, we set the frequency
deviation to be fshift+fFP = fshift+

π
2(2πTc)

and ϕT = ϕ0.
Both of them keep constant over Tc. Similarly, if we want to
modulate −π

2 on the basis of ϕ1, the frequency deviation is
fshift − fFP = fshift − π

2(2πTc)
and ϕT = ϕ1.

Spectrum efficiency FPS produces signals with phase
continuity. The continuous phase shift helps to reduce the
spectrum sidelobes, which improves the spectrum efficiency.
For example, when it comes to modulating the waveform of
continuous phase shifts (in Eq. (12)) on channel fc + fshift,
FPS has a single Fourier term in Eq. (13), which greatly
suppresses the spectrum sidelobes compared with Eq. (9). For
ZigBee transmissions, FPS has a spectrum simulation shown
in Fig. 6(b). The signal strength decreases over 25 dBm and
40 dBm on neighbor BLE and ZigBee channels. To avoid
interference on neighbor IoT channels (e.g., ZigBee, BLE),
the signal strength of FPS must be no more than -72 dBm and
-60 dBm, respectively. Our measurements shown in Fig. 17
demonstrate that over 50% and 95% of locations satisfy this
requirement. Section V evaluates the backscatter spectrum of
FPS-enabled ZigBee transmissions. Further, the signal strength
decreases over 60 dBm at a frequency distance of 20 MHz.
We believe that FPS is a brilliant candidate to improve the
spectrum efficiency for backscatter communications.

s(t) =


ej(

π
2T t−π

2 ), 4kT ≤ t < (4k + 1)T

e
π
2T t+j(0), (4k + 1)T ≤ t < (4k + 2)T

ej(
π
2T t+π

2 ), (4k + 2)T ≤ t < (4k + 3)T

ej(
π
2T t+π), (4k + 3)T ≤ t < (4k + 4)T, k ∈ Z

(12)

= ej(
π
2T t) (13)
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Fig. 7. FPS state machine.

State machine FPS-based ZigBee transmissions consist of a
sequence of phase shifts. It requires scheduling multiple square
waves for the backscatter signals generation. We first produce
square waves with two groups of frequencies ({fshift+fFP =

fshift+
π

2(2πTc)
, fshift−fFP = fshift− π

2(2πTc)
}) and design

a state machine to get their states transformation, which is
shown in Fig. 7. All of them are pending for the RF switch
toggling. Group one is marked with “0xx” and group two is
“1xx”. The first bit represents the sign of frequency deviation
subtracted by fshift while the others represent their phase
states. Fig. 7 specifies their mapping rules in detail. Further,
a toggling signal transfers its state due to the integral of
frequency deviation (±fFP = ± π

2(2πTc)
) over Tc.

To select the right toggling signal, our tag first picks the
signal group according to the sign of frequency deviation.
Then, a toggling signal in the group is selected based on the
backscatter signals phase state transformation. For instance,
to backscatter the ZigBee symbol “0000” in Fig. 5, our tag
first enables a toggling signal noted with “100” to produce a
frequency deviation fshift+fFP at an initial phase 0. For the
next chip unit, a signal noted with “101” produces a frequency
deviation fshift + fFP on the basis of phase π

2 . Further,
a signal noted with “010” is used to modulate a frequency
deviation fshift − fFP at a phase of π.

B. Single Tone Generation
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Fig. 8. Spreading factors and packet length for ZigBee transmissions.

We apply FPS for the first time to build a novel ZigBee
backscatter system in the crowded spectrum. As shown in Fig.
2, our system consists of a commodity ZigBee transmitter, a
ZigBee backscatter tag, and a commodity ZigBee receiver.
The transmitter provides the tag with an ambient ZigBee
carrier. The FPS-based backscatter tag modulates the carrier
to produce ZigBee. The receiver is able to demodulate the
backscatter signal without any modification. In the section,
we show the details of ZigBee carrier generation. We follow
the basic idea of Interscatter [1], which provides the tag a
single-tone carrier using a commodity BLE. The advantages
of single-tone carriers have been shown in the preliminar-
ies. Differently, our system in Fig. 2 takes ambient ZigBee
transmissions to enable single-frequency tones, which is more
preferred to work in a native ZigBee network.

ZigBee generation shown in (1) indicates that a specified
chip sequence has the possibility of generating a single-tone.
When we specify branch I with “101010...” (i.e., I(t) =
cos(2πft)) and branch Q with “101010” (i.e., Q(t) =
sin(2πft)), their combination produces a positive single-
tone: s(t) = I(t) + jQ(t) = cos(2πft) + jsin(2πft) =
ej2πft. Also, branch I specified with “101010...” (i.e. I(t) =
cos(2πft)) and branch Q with “01010...” (i.e. Q(t) =



−sin(2πft)) produce a negative single-tone: s(t) = I(t) +
jQ(t) = cos(2πft) − jsin(2πft) = e−j2πft. Unfortunately,
ZigBee radios adhere to IEEE 802.15.4 [16] generally take
DSSS to spread every four bits into one of the 32-chip
PN sequences, whose spreading factor is 8. It specifies chip
sequences constantly and none of them satisfy our needs.

We are pursuing ZigBee radios that do not strictly ad-
here to the IEEE 802.15.4, but are capable of transmitting
single-tone. Our survey shows that Microchip Technology
produces ZigBee radios (e.g., ATMEGA256RF2, AT86RF233,
AT86RF231, etc.) that support various spreading factors for
data rate control. As shown in Fig. 8, ZigBee packets comprise
a synchronization header (SHR, which does synchronization
for packets), a PHY header (PHR, which defines the number
of data bits in PSDU), and a PHY service data unit (PSDU,
which carries the data bits). The spreading factors of SHR
and PHR are determined with 8, whereas PSDU supports
multiple spreading factors (1,2,4,8). When the spreading factor
is set to 1, one bit is spread into one chip unit. It indicates
that we are capable of producing chip sequences arbitrarily.
Further, our investigations show that when the scrambling
register (SOFT MODE) in the low spreading factor modes is
disabled, a bit “0” represents a negative frequency deviation
(−500 kHz), and a bit “1” represents a positive frequency
deviation (+500 kHz). PSDU filled with a constant “0” or
“1” produces a single-tone working at ±500 kHz from the
central frequency.

In conclusion, we use commodity radios to transmit ZigBee
carriers consisting of a non-single-tone header (SHR+PHR)
and a single-tone payload. Our tag is expected to adhere
to IEEE 802.15.4 packets, which is the PHY layer of all
ZigBee radios. It is notable that the single-tone transmitter
can also be replaced by other single-tone transmitters (e.g.,
BLE), which doesn’t affect the FPS modulation. The carrier
has an IEEE 802.15.4 compliant header whereas the payload
is eight times lower than that of IEEE 802.15.4. Transmitting
packets with the same PHR, the IEEE 802.15.4 has a payload
length of 8t0 while the carrier is t0. An intuitive idea, simply
modulating the single-tone carrier, is popular with advanced
systems (RBLE [15], Interscatter [1]). The idea is easy to
deploy whereas causes a waste on the non-single-tone carrier.
Directly reusing the carrier PHR randomizes the demodulation
for the remaining 7t0.

C. Codeword Translation

To maximize carrier utilization, a sub-symbol codeword
translation on the non-single-tone carrier is attractive to
deploy on our tag. It recycles the carrier header by re-
customizing it into another. The carrier header information
is pre-communicated to our tag through ON-OFF keying.

Codeword translation As shown in Fig. 9, the RF carrier
(E(t) = ej(2πfet+ϕe)) follows the expression shown in (2),
where fe = fc ± fi and ϕc ∈ {0, π

2 , π,
3π
2 }. fc is the carrier

central frequency. To transmit symbols (B(t) = ej(2πfBt+ϕB))
on channel fc+fshift, our tag implements a sub-symbol (i.e.,
chip) level codeword translation without damaging the symbol
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Fig. 9. Codeword translation for non-single-tones.

structure. Specifically, a toggling signal (T (t) = ej(2πfT t+ϕT ))
is determined by the difference in frequencies and phases
between the carrier and backscatter chip units, i.e., T (t) =
B(t) ∗ E

′
(t) = ej(2π(fB−fe)t+(ϕB−ϕe)). To translate one

chip ej(2πfet+ϕe) into ej(2πfBt+ϕB), the toggling signal is
parameterized with fT = fB − fe and ϕT = ϕB − ϕe.
Since each ZigBee symbol consists of a sequence of chips,
our design works for carrier utilization improvement.
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Fig. 10. Timing error analysis.

Synchronization The sub-symbol level codeword transla-
tion requires a toggling signal to synchronize with an RF
carrier. We first simulate the backscatter operations on the
tag to investigate the synchronization requirements. We use
USRP N210 working at 20 MSPS to get active ZigBee radios
I/Q samples. Then, we impose frequencies and phase shifts
on the I/Q samples to emulate the codeword translation,
which follows the principle discussed before. Further, an
incremental synchronization error from -250 ns to 250 ns is
introduced to the digital I/Q samples. The processed samples
are retransmitted through the antenna. Commodity ZigBee
receivers (CC2650) assess symbol error ratio (SER). As shown
in Fig. 10, synchronization errors of up to ± 100 ns will not
lead to significant BER degradation. Envelope detectors are
popular in estimating the excitation signal’ s arrival, which
set a threshold on the amplitude for signal detection. We
take AD8313 in our prototype, whose response time is 40
ns in theory. In our implementation, we evaluate that over
50% synchronization errors are limited to 100 ns, which is
acceptable for our synchronization requirements.



Backscatter tag receiver design We adopt ON-OFF keying
to decode the carrier instructions, which follows the design
shown in [8]. Specifically, a high amplitude at a length of L1

is decoded as a bit “1” and a low amplitude at a length of L0 is
decoded as a bit “0”. We design a packet structure, consisting
of a synchronization header, a PHY header, and PHY service
data unit (follows the structure in IEEE 802.15.4), to modulate
the carrier instructions.

IV. IMPLEMENTATION

ZigBee transceiver We adopt an ATMEGA256RF2 radio
[22] for carrier transmission and an off-the-shelf TI CC2650
for ZigBee reception. The transmitter sets the spreading factor
to be 1 and fills the payload with a constant “0”s to generate
a negative single tone, whose frequency is -500 kHz from
the central frequency. Its PHR is filled with 127 and supports
a 127(bytes) ∗ 8(bits) ∗ 0.5(µs) = 508µs single-tone. The
transmission power is set to 4 dBm and the packet rate is
100 packets/s. For simplicity, the transmitter works on ZigBee
channel 12 (i.e., 2410 MHz) constantly in our evaluations.
The backscatter tag produces IEEE 802.15.4 packets, which
is the PHY layer of all ZigBee radios. Our receiver can use
commodity ZigBee devices without any software or hardware
alternation. Fig. 11(a) shows a real picture of the ZigBee
transmitter (in the left), ZigBee receiver (in the right), and
backscatter tag (in the middle).

Backscatter tag Our tag prototype consists of an RF front-
end circuit and an FPGA, which follows the mainstream
backscatter tag design [8] [23] [11] [1]. The RF front-end
circuit includes an envelope detector and an RF switch. The
envelope detector is AD8313 [24]. Its output is connected to
a comparator, which functions to eliminate noise and sets a
threshold for downlink instructions decoding. The RF switch
is composed of ADG902 [25]. It has different impedance
and can be controlled by an FPGA output for backscatter
signals generation. We take XILINX ZYNQ 7000 for baseband
processing and modulate the signal on ZigBee channel 14 (i.e.,
2420 MHz), where the frequency shift (fshift) is set to 10
MHz.

Deployment cost The RF switch consumes 1.8 mW and the
detector is 78 mW. The prototype FPGA for different modula-
tions has a resource utilization in TABLE I. IPS requires four
square waves with a constant frequency and four phases for
the RF switch toggling. FPS requires eight square waves split
into two groups. Each group has a constant frequency and four
phases. FPS consumes more hardware resources than IPS. Fur-
ther, the FPGA power simulation is shown in TABLE II. FPS
improves spectrum utilization and power consumption at the
same time. In contrast, Interscatter [1] builds an IC prototype,
which consumes 8.51 µW for the baseband signal generation,
9.79 µW for the backscatter modulator, and 28 µW in total. It
benefits from the miniaturization following Moore’s law. Our
prototype consists of off-the-shelf components. It is built to
validate the system’s effectiveness.

Experiment setup Our experiment setup is shown in Fig.
11(b). Our tag works in line-of-sight (LOS) scenarios and

TABLE I
RESOURCE UTILIZATION

Slice LUTs Slice Registers BUFGCTRL MMCME2 ADV
FPS 171 57 9 1
IPS 168 54 5 1

TABLE II
POWER ANALYSIS

Signals Clocks Logic MMCM Total
FPS 1mW 1mW 1mW 121mW 124mW
IPS 1mW 1mW 1mW 106mW 109mW

non-line-of-sight (NLOS) scenarios. The distance between the
carrier transmitter and the backscatter tag is fixed at 5 cm. We
move a commodity ZigBee receiver gradually away from our
tag and evaluate the system performance.

V. EVALUATION

A. Single tone generation

We first evaluate the single-tone carrier transmitted by
a commodity ZigBee radio (ATMEGA256RF2). Its exposed
antenna is first connected to a PXIe-5663 RF Vector Signal
Analyzer (VSA), which shows the carrier spectrum. The
carrier packet is filled with a constant “0”s or “1”s. Fig. 12(a)
and (b) show that their frequency deviation is ±500 kHz from
the central frequency, which follows the expression in (1).

B. Spectrum efficiency

We evaluate the bandwidth of different modulations. A
PXIe-5663 RF Vector Signal Analyzer is used to measure
the occupied bandwidth containing over 99% RF energy. A
commodity ZigBee radio (ATMEGA256RF2) transmits IEEE
802.15.4 packets continuously. Our tag takes single-tone car-
riers to transmit packets with IPS and FPS. Fig. 13 shows
their occupied bandwidth. A commodity ZigBee radio has a
bandwidth of 2.38 MHz. IPS has a bandwidth of 8.41 MHz,

(a) System prototype.

TX

RX

Tag

TX Tag

NLOS

LOS

(b) LOS and NLOS deployment.

Fig. 11. Experiment setup.
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Fig. 12. The spectrum of single-tone carriers.
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Fig. 13. Frequency spectrum of commodity ZigBee radios, IPS, and FPS modulation.

which is 3.5x greater than the active radio. FPS occupies a
bandwidth of 2.38 MHz, which is the same as active radios.
Bandwidth efficiency is ηB = R/BW , where R denotes
the chip rate. Since the ZigBee chip rate of 2 Mchip/s, the
bandwidth efficiency of IPS and FPS are calculated as 0.23
bps/Hz and 0.84 bps/Hz, respectively. FPS has a bandwidth
efficiency improvement of 3.5x over IPS.

C. Communication performance

We evaluate the system performance in both LOS and
NLOS scenarios. Fig. 14 and 15 show the Goodput (calculates
the throughput of packets with correct CRC checksum), Bit
Error Ratio (BER), and Received Signal Strength Indicator
(RSSI), respectively.

We also evaluate Interscatter design, whose basic idea is
to generate a BLE advertising single-tone carrier. However, a
normal BLE advertising packet can only build a 31(bytes) ∗
8(bits) ∗ 1(µs) = 248µs single-tone, which is unable to
support a complete ZigBee packet with a minimum length
of 288 µs (SHR+PHR+Payload (1 byte) +CRC). Instead,
we use the BLE advertising extension packets transmitted
by Nordic nRF52840 to produce a maximum length of
60(bytes)∗8(bits)∗1(µs) = 480µs single-tone carrier. Its non-
single-tone is calculated as 20(bytes)∗8(bits)∗1(µs) = 160µs
and supports 75 % ( 480

160+480 ) carrier utilization in theory. The
BLE transmitter is set to 8 dBm and working at 2410 MHz
constantly.

1) LOS: As shown in Fig. 14(a), the uplink distance of our
tag can be extended over 17 meters and the maximum goodput
achieves 16.6 kbps. The carrier has a non-single-tone header
of 192 µs and a single-tone PSDU of 508 µs, whose channel
capacity is calculated as 16.8 kbps and represented as red lines
in the figure. The goodput of our tag has utilization of over
98% on the carrier. Without codeword translation on the non-
single-tone header, the tag has a maximum carrier utilization
of 72% in theory. Further, the BLE carrier (non-single-tone
header + single-tone payload) provides Interscatter with a
channel capacity of 7.8 kbps. Its maximum goodput achieves
5.76 kbps. Fig. 14(b) and (c) evaluate the BER and PER for
our system. The BER doesn’t exceed 10−2 till 14 meters and
gradually increases to 1.3% when the uplink distance is 17
meters. The RSSI decreases from -60 dBm to -70 dBm. In
contrast, Interscatter seems to have worse performance, which
may contribute to the reduced signal strength.

2) NLOS: Fig. 15 shows the performance of our tag work-
ing on the NLOS scenarios. The carrier transmitter and our tag

are put in a separate room. There is no direct path to propagate
wireless signals such that the signal quality decreases. Fig.
15(a) evaluates the system goodput. The uplink distance can
be extended to 14 meters and its goodput achieves 3.3 kbps.
It can be observed that the goodput of FPS decreases to 0.8
kbps till 12 meters. Fig. 15(b) shows that the BER doesn’t
exceed 10% within 14 meters. Fig. 15 (c) shows the RSSI
variance when the uplink distance increases. In contrast, the
performance of Interscatter working on the BLE single-tone
is similar to our tag.

D. IPS vs FPS

We use IPS and FPS to modulate ZigBee single-tone. Fig.
16 show the performance of different modulations. When their
signal strength is similar to each other, the system has a similar
performance. Fig. 16 (a) shows the BER performance and Fig.
16 (b) shows the RSSI performance. In the evaluation, we
show that the BER of different modulations is similar to each
other.

E. Signal strength

Our tag takes a single-tone carrier for signal excitation
and adopts two modulation technologies (i.e., IPS and FPS)
for the backscatter packet generation. The tag is placed at
different locations and its distance from the excitation source
is gradually increased from 1 meter up to 20 meters. Fig.
17 shows their signal strength distribution, respectively. It
demonstrates that the backscatter signal strength can be over
-60 dBm for practice. Half of the signal strength distribution
can be over -70 dBm.

F. Interference on neighbor devices

Interference on BLE Bluetooth Low Energy (BLE) [26]
operates in the 2.4 GHz band over 40 channels with a
bandwidth of 2 MHz. One pair of BLE connections is used
to investigate the effect of different modulation technologies
(IPS and FPS modulation) on neighbor BLE devices. A BLE
transmitter (CC2650) is working at 0 dBm and the transmis-
sion rate is 16 packets/s. Our tag has been put neighbor to
the BLE receiver (CC2650) and their distance is fixed at 0.5
meters. Then, the communication distance between the pair
of BLE transceivers is gradually increased in a straight line
along the hallway. IPS modulation occupies a bandwidth of
8.41 MHz. It affects neighbor four BLE channels which are
symmetrical around the central frequency of the IPS-enabled
ZigBee channel. FPS modulation concentrates its energy at
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Fig. 14. Backscatter Goodput, BER, and RSSI in the LOS deployment.
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Fig. 15. Backscatter throughput, BER, and PER in the NLOS deployment
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Fig. 16. The performance comparison of IPS and FPS.
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Fig. 17. CDF of backscatter signal RSSI.

2.38 MHz. When our tag backscattering packets on ZigBee
channel 2420 MHz, BLE transceivers are set to work on
neighbor two BLE channels for evaluation, where we denote
2422 MHz as channel 1 (CH1) and 2424 MHz as channel 2
(CH2).

Fig. 18(a) shows the BER comparison for neighbor BLE
devices. It shows that BLE devices working on CH1 greatly
suffer from IPS poor spectral efficiency. Its BER exceeds
10% at a communication distance of 7 meters. Besides, BLE

devices working on CH2 have a communication distance
limitation of 15 meters. Its BER exceeds 10% when the
distance exceeds 14 meters. Further, BLE devices working
on CH1 and CH2 have a BER of no more than 1% when
the communication distance reaches 18 meters. Our analysis
demonstrates that IPS modulation affects the performance of
neighbor BLE devices even if they are working on other
BLE channels. Fig. 18(b) shows the Packet Error Ratio (PER)
comparison for neighbor BLE devices. Fig. 18(c) shows their
RSSI degradation with the communication distance increasing.

Interference on ZigBee ZigBee has a channel bandwidth
of 5 MHz. We investigate the effect of different modulation
technologies on the neighbor ZigBee connections. Our tag is
set to backscatter ZigBee packets on 2420 MHz. One pair of
ZigBee transceivers is set to communicate on the neighbor
ZigBee channel (2425 MHz, denoted as CH1). The distance
between the backscatter tag and the ZigBee receiver (CC2650)
is fixed at 0.5 meters. The ZigBee transmitter (CC2650) is
working at 0 dBm and the transmission rate is set to be 9
packets/s. We gradually move the transmitter away from the
ZigBee receiver.

Fig. 19(a) shows the BER comparison of neighbor Zig-
Bee devices suffering from different modulation technologies.
When the tag transmitting packets with IPS modulation, Zig-
Bee devices working on CH1 have a communication distance
of 7 meters. Their BER exceeds 10% at a distance of 6 meters.
It indicates that ZigBee connections suffer from IPS spectrum
inefficiency greatly. In comparison, ZigBee devices working
with FPS-enabled transmissions have a communication dis-
tance of over 10 meters. Further, their BER will not exceed
1% till 6 meters.
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Fig. 18. BER, PER, and RSSI of neighbor BLE devices
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Fig. 19. BER, PER, and RSSI of neighbor ZigBee devices

Fig. 19(b) shows the PER comparison of neighbor ZigBee
devices. When the tag transmits packets with FPS modulation,
the throughput stays at 250 kbps till 15 meters. However,
when the tag adopts IPS mode, the communication distance
is limited to 10 meters. Fig. 19(c) shows their RSSI with
an increasing communication distance. Our analysis above
demonstrates that IPS introduces a great effect on neighbor
ZigBee devices while FPS enables a novel way to co-exist in
a crowded spectrum.

VI. DISCUSSION

Carrier transmission Backscatter tags leverage various
RF signals ( [27], [15], [28], [17], [29], [30], [31], [32],
[33], [11]) for excitation carrier. RBLE [15] takes ubiquitous
BLE radios for excitation carriers and builds a reliable BLE
connection, whose communication distance can be extended to
56 meters in an outdoor environment. LScatter [27] leverages
continuous LTE ambient traffic to modulate information, and
the throughput achieves 13.63 Mbps. FreeRider [11] leverages
ambient 802.11g/n Wi-Fi, ZigBee and Bluetooth for excitation
carrier.

Modulation technologies The state-of-art (SoA) backscat-
ter systems adopt various modulation technologies to transmit
bit stream ( [10], [11], [34], [35], [32], [36], [37], [38], [39],
[40], [41]). FM backscatter [10] takes 2-FSK to modulate
ambient FM signals at a rate of 100 bps. Specifically, two
different frequencies are used to represent bits “0” and “1”.
It also uses a combination of 4-FSK and frequency division
multiplexing to enable a higher data rate (1.6 kbps and
3.2 kbps). IBLE [35] takes GFSK to modulate information,
whose Packet Error Ratio (PER) achieves 0.04% at the uplink
distance of 2 meters. It takes RF switch control to emulate the
GFSK phase shift and shows a bandwidth of 0.678 MHz. By

controlling the switching of the finite state RF switch, we can
change the bandwidth of each harmonic of the backscattered
signal, but we cannot eliminate other harmonics besides the
primary harmonic. These harmonics, although lower in energy
than the primary harmonics, may interfere with other channels.
pulseShaping [41] redesigned the RF front-end to eliminate
as many harmonics as possible by continuously changing the
backscatter wash. In addition, JUDO [40] proposes a low-
power RF transmitter mode. It uses a tunnel emitter locally
to generate analog baseband signals and RF signals to achieve
local mixing in a low-power way, thereby eliminating multiple
harmonics with a total system power consumption of 100
microwatts.

Downlink improvement People are concerning the lim-
itation of the transmitter-to-tag distance. There are many
possible solutions: Multiscatter [17] improves the carrier signal
strength. Passive DSSS [42] transmit carrier with a 20 dB
processing gain. Its distance can be extended to 4 meters.
All of them can be candidate solutions for the limitation.
SyncScatter [43] deploys an RF amplifier on the tag to improve
the downlink distance. It reaches a distance of 30+ meters.

VII. CONCLUSION
In this paper, we propose FPS modulation, which enables

backscatter communications with high spectrum efficiency. We
also build a novel ZigBee backscatter system to validate the
modulation effectiveness. The system uses ZigBee single-tone
for RF carrier. Further, a sub-symbol codeword translation is
applied to maximize carrier utilization.
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