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ABSTRACT The growing interest in backscatter communications as a low-powered solution in various fields
necessitates pushing the envelope of current backscatter systems in multiple frontiers, among which is spec-
tral efficiency. The increase in spectral efficiency can drive real-time applications such as augmented reality.
In most of backscatter-system applications such as radio-frequency identification, backscatter modulation is
implemented using binary schemes realized with square pulses, which are not spectral efficient. To address
the spectral efficiency concern, this article reviews—with a scope limited to prototyped systems—some of
the existing works in the literature that pertain to increasing the spectral efficiency of backscatter systems.
The prototyped systems can be grouped—based on the implementation technique used—into three groups:
High-order modulation, single-sideband modulation, and pulse shaping. Based on the current trends and
studied literature, the article concludes with discussions on some future directions and open-ended research
problems such as optimal pulse shaping, the use of artificial intelligence, multi-carrier modulation, and agile
modulation; which are all aim for overcoming the spectral-efficiency limit of contemporary backscatter
systems.

INDEX TERMS ASK, backscatter communications, PSK, pulse shaping, QAM, RFID, single sideband
modulation.

I. INTRODUCTION
Since its initial proposal [1], backscatter communications
(e.g., radio-frequency identification (RFID)1) continue to
receive growing interest beyond the supply chain industry.
With a plethora of applications in various fields such as
healthcare [2], crowd management [3], oil and gas indus-
try [4]; the need for a better utilization of the available
spectrum is a necessity. This need is not only driven by the
massive deployment of backscatter transponders, but also by
the requirement to co-exist with non-backscattered systems

The associate editor coordinating the review of this manuscript and

approving it for publication was Giorgio Montisci .
1Throughout this article, the terms backscatter communications and RFID

are used interchangeably although backscatter communications include
RFID. The rationale behind this use is that the majority of backscatter
communications applications are in the field of RFID.

such as Bluetooth Low Energy (BLE) and WiFi with which
the radio spectrum is shared.

Most of the available backscatter systems are in the field
of RFID. Therefore, these systems follow Electronic Product
Code (EPC) Generation 2 (Gen2) protocol [5],2 which gov-
erns the air interface of RFID systems. This protocol identi-
fies several parameters such frequency, modulation scheme,
and bandwidth. These parameters along with others rele-
vant to this article are presented in Subsection II-A. The
protocol, although mature, suffers from several limitations
that motivate industry and academia to go beyond what
Gen2 can offer. An example of such an effort appeared in
an academia-industry joint workshop entitled ‘‘What Should
Gen3 Be?’’ [7].

2These systems can also follow ISO/IEC 18000-63 standard [6]. However,
since this standard is not freely accessible, the analysis in the article assumed
Gen 2 protocol.

8332 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 11, 2023

https://orcid.org/0000-0003-0992-6806
https://orcid.org/0000-0003-1287-7697


M. Alhassoun: Spectrally Efficient Backscatter Systems: A Hardware-Oriented Survey

In Gen2 protocol, binary modulation schemes without a
pulse shaping filter are used for both uplink and down-
link data communication. The use of binary modulation is
driven by the low-powered, low signal-to-noise ratio (SNR)
nature of these systems. The low-powered nature is a mere
result of moving all of the computational functionalities and
power-hungry components away from the transponder (RFID
tag) to the interrogator (RFID reader). On the other hand,
the low SNR originates from the round-trip nature of these
systems alongwith passivity,3 which in addition to decreasing
the backscattered power, it makes the channel more suscepti-
ble to small-scale fading [8], [9], [10].

With binary modulation schemes, the full functionality of
backscatter communications is not properly utilized. There-
fore, in the high SNR scenarios, the use of binary modulation
offers a poor spectral efficiency. The same argument can be
applied to rectangular pulses in which a considerable amount
of energy is wasted in the form of spurious emission in
out-of-band channels. To overcome these limitations, several
research articles had implemented more spectrally-efficient
backscatter systems.

In this survey, a summary of existing research works that
successfully increase the spectral efficiency of backscatter
systems is presented. Although the research literature has a
myriad of proposals focusing on increasing the spectral effi-
ciency, few of these proposals had a working prototype. This
article focuses on the last—yet smaller—set of the proposals
since hardware limitations and implementation difficulties
are usually discussed in these articles.

This article structure is as follows: Section II presents
a summary of Gen2 protocol along with the metrics that
are usually used to evaluate and compare different designs.
Section III covers one technique of increasing the spec-
tral efficiency, which is high-order modulation. The second
technique, single-side band (SSB) modulation, is discussed
thoroughly in Section IV. The last technique, pulse shap-
ing, is presented in Section V. Finally, this article concludes
with a summary and research directions towards increas-
ing the spectral efficiency of backscatter communications.
Throughout this review, several acronyms and abbrevia-
tions are used, which are listed in Table 1 along with their
definitions.

II. PRELIMINARIES
Before discussing existing techniques that increase the spec-
tral efficiency of backscatter systems, some introductory
materials are presented. The topics covered in this section are
mainly in two areas: Gen2 protocol, a standard used for air
interface in RFID systems, and comparison metrics, which
allow us to compare and contrast various spectrally-efficient
proposals and techniques.

3These systems are passive in a sense that their tags do not have radio
transmitters.

TABLE 1. The list of abbreviations and acronyms.

A. Gen2 PROTOCOL
Gen2 protocol [5] defines the physical and logical require-
ments for RFID systems operating in the 860–960 MHz
frequency band. In this protocol, the tag is passive, which
requires that the reader talks first. The tag and reader are not
required to simultaneously talk, which makes the communi-
cation half duplex. The first release of the protocol was in
2004 and the latest revision was in 2018. An RFID system
characterized in Gen2 protocol has two components: Inter-
rogator (reader) and transponder (tag). In terms of frequency
band, Gen2 complaint systems operate in the ultra-high fre-
quency (UHF) band (precisely, 860–960 MHz). The channel
from the reader to the tag is called the downlink channel while
the channel from the tag to the reader is known as the uplink
channel.

Two parameters of Gen2 protocol are of particular interest
to this survey, which are modulation and data encoding. In the
case of the former, the downlink modulation can take one
of three variants of amplitude shift keying (ASK); namely,
single sideband amplitude shift keying (SSB-ASK), dou-
ble sideband amplitude shift keying (DSB-ASK), or phase-
reversal amplitude shift keying (PR-ASK). However, the tag
can implement binary phase-shift keying (BPSK) in addition
to ASK.

The downlink and uplink channels use different encod-
ing techniques. In the downlink channel, the reader uses a
pulse-interval encoding (PIE) technique in which the duration
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of data-0 (T0) represents the reference time interval. The
duration of data-0 ranges from 6.25µs to 25µs. On the other
hand, the duration of data-1 (T1) follows 1.5T0 ≤ T1 ≤

2.0 T0. Data encoding along with binary modulation result
in a downlink bit rate that ranges from 6.7 kbps to 128 kbps
assuming equiprobable data. On the tag side, the data encod-
ing techniques are either frequency modulation-0 (FM0) or
Miller-modulated subcarrier with 4, 8, or 16 transitions per
bit. Depending on the encoding technique, the uplink bit rate
ranges from 5 kbps to 640 kbps.

Gen2 protocol does not fully exploit battery-assisted (semi-
passive) tags. The use of this type of tags can support better
channel coding [11], high-order modulations, pulse shaping,
and SSB modulation while maintaining an acceptable SNR
with minimal power consumption.

B. COMPARISON METRICS
In the literature, three metrics are used in the characterization
of the spectral efficiency, which are bit error rate (BER), error
vector magnitude (EVM), and energy efficiency.

1) BER
Bit error rate (BER) is the least common metric in the lit-
erature. The computation of the BER depends on the mod-
ulation type and order along with the signal-to-noise ratio
(SNR) [12]. For a binary phase shift keying (BPSK) in an
additive white Gaussian noise (AWGN) channel, the BER is

BER = Q
(
d
2σ

)
, (1)

where d is the distance between the alphabet and Q(·) is
complementary distribution function given by [12]

Q(x) =
1

√
2π

∫
∞

x
e−t

2/2 dt. (2)

To compute the BER from the measured complex voltage at
the reader, we can use [13] and [14]

BER = Q
(√

1σRCS

2σ

)
= Q

(
|Vstate 1 − Vstate 2|

2σ

)
, (3)

where 1σRCS is the differential radar cross section (RCS)
of the tag, Vstate 1 and Vstate 2 are the average voltages cor-
responding to the modulation states 1 and 2, respectively; σ

is the one-dimensional noise variance. The noise power (and
hence its variance) are evaluated at the output of the receiver
matched filter.

One of the major drawback of this technique is that it
assumes that the noise is AWGN, which is not always the
case especially near DC in which other noise sources dom-
inate [15]. Therefore, an alternative technique is to send a
known sequence and perform a bit-by-bit comparison.

2) EVM
Another common metric for evaluating high-order mod-
ulation is the error vector magnitude (EVM), which is

defined [16] as

EVM = 100% ·

√√√√√√√√√√
N∑
k=1

|ŝkideal − ŝksample |
2

N∑
k=1

|ŝkideal |
2

, (4)

where N is the number of transmitted symbols, ŝkideal is the
normalized ideal location of the k th sample, and ŝksample is
the normalized demodulated k th sample. For AWGN chan-
nels, the relationship between EVM and SNR can be found
using [17] and [18]

EVM =

√
1

SNR
. (5)

For QAM modulated signals, BER is related to EVM
using [18] and [19]

Pb = 2
(
1 −

1
√
M

)
Q

(√
3 log2M
M − 1

1

EVM2 log2M

)
(6)

Equation (6) is valid for square modulation and when m =

log2M is even [19].

3) ENERGY EFFICIENCY
The third metric that appears frequently in the literature of
backscatter communications is the energy efficiency. Mathe-
matically, energy efficiency (EE) is defined as [20]

EE [bit/Joule] =
Data rate [bit/s]

Energy consumption [Joule/s]
. (7)

Basically, EE states howmany bits can be transmitted per unit
energy. The driving motive is that we have a unit energy and
we want to send as many bits as possible. The situation in
backscatter systems is the exact opposite. In fact, energy is
scarce and the objective is to send as many bits as possible
using the minimal possible energy. Therefore, the majority of
backscatter literature —from a hardware perspective—uses
the following definition for the energy efficiency4

Energy Efficiency =
Energy consumption [Joule/s]

Data rate [bit/s]
, (8)

which has a unit of [Joule/bit]. Throughout this paper, the
definition in (8) is used unless stated otherwise.

III. HIGH-ORDER MODULATION
As indicated in Section II, RFID systems commonly use
binary modulation techniques for both reader-to-tag and
tag-to-reader links. Increasing the modulation order would
increase the spectral efficiency but consequently increases
that BER for a given SNR. To design a high-order backscatter
modulator, the impedance of the transponder antenna—as
shown in Figure 1—should vary between more than two

4To differentiate the definitions, we are spelling the word in the case of
(8) and using the abbreviation for (7).
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FIGURE 1. A simplified block diagram of a backscatter modulator.
Z1, Z2, . . . , ZN are the load impedances. The switching between
impedances takes place in accordance to the sensor data.

states in the case of high-order ASK and PSK. However, for
a quadrature amplitude modulation (QAM) scheme, another
independent channel should be added.

The variation in the antenna impedance can be accom-
plished using one of three methods:

1) Lumped elements. In this case, the antenna is connected
to a switch, which in turns connects to discrete resistors,
inductors, and/or capacitors.

2) Delay lines. In this case, the length of the transmission
line is used to synthesize the required impedance.

3) Solid state. In this case, the change in biasing voltage
of a transistor or a diode changes their impedances.
If the antenna is connected to the solid state device, the
antenna impedance changes too.

The first and third techniques are more common than the
second one since delay lines require increasing the physi-
cal dimensions of the backscatter transponder. Furthermore,
variation of the impedance using switching circuit offers
robustness to the impedance variation with respect to the
incident power but at the expense of not having a flexible
design. The situation is the exact opposite for a solid-state
based impedance variation.

A. LUMPED ELEMENTS
In this case, the impedances in Figure 1 are simply a combina-
tion of resistors, capacitors, and/or inductors. The backscatter
modulator switches between different impedances. The result
is a backscattered field with distinct complex electric field per
impedance [22].

1) GENERAL WORK
In the literature, one of the earliest designs was imple-
mented by Thomas et al. [21] (see also [16] for earlier analy-
sis and [23] for amore advanced version) in which a four-state
load modulator (shown in Figure 2) is used with all capacitors
or combinations of capacitors and inductors. The achieved
BER is 10−5 in a controlled environment. In order tomake the
CMOS integration more feasible, Thomas et al. [21] showed
that an only resistor-capacitor combination can replace an
inductor. The major drawback of this implementation is that

FIGURE 2. A circuit diagram of a 4-PSK/4-QAM backscatter modulator
(
 2012 IEEE [21]).

FIGURE 3. The backscatter modulator in [26](
 IEEE 2020 [26]).

the minimum distance between the constellation points is
reduced since only the lower half of the Smith chart is used,
which in turn results in a high BER. The method of varying
the impedance could be also applicable to near-field RFID
systems such as [24] and [25].

High-order modulation can be also implemented using a
combination of power division and lumped-element termina-
tions. For instance, Gong et al. [26] designed a backscatter
tag—shown in Figure 3—implementing a 16-QAM modu-
lation and operating at 2.4 GHz. In the designed tag, three
π -type LC networks emulate the performance of a Wilkinson
power divider with 90◦ phase shift. The LC networks modu-
late the phase of the backscattered signal while the amplitude
modulation is accomplished via an array of resistors. The
authors in [26] were able to achieve a data rate of 4 Mbps
while consuming only 1µW. The overall QAM modulator is
fabricated on 0.18µm 1P6M standard CMOS process.

2) APPLICATIONS
In the research literature, several applications and use cases
of backscatter communications could benefit from imple-
menting a faster data rate using high-order modulation. One
of these applications is ambient backscatter communica-
tions [27] in which the source of the incident signal is an
ambient source such as an FM radio. As an example, the
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throughput of an FM ambient backscatter system can be
increased using four frequency-shift keying (4-FSK) modu-
lation scheme, which appears in the work of Wang et al. [28]
who developed a backscatter modulator with a bit rate of
3.2 kpbs and an energy efficiency of 3.46 nJ/bit.

WiFi-based ambient backscatter systems are one of the
key applications in which high-order modulation can be
used. For instance, Kim et al. [29] used four distinct loads
(made of lumped elements) to modulate the ambient WiFi
signal. In the design of [29], the antenna is connected to
four ports with different capacitor values and the change
in the capacitor value affects the received signal strength
indicator (RSSI) as well as the channel state information
(CSI) of the WiFi packet. This change in RSSI and CSI can
be detected by a nearby mobile device. Using this technique,
the achieved data rate is 60 kbps, which is limited by the
duration of a WiFi packet. Another design is proposed by
Wang et al. [30] in which the baseband data are mixed with
an on-board intermediate frequency (IF) oscillator.5 In [30],
the authors were able to implement a QPSK and achieve a
communication range of 91 m. Furthermore, Qian et al. [31]
implemented a 4-PSK modulator for ambient tag-to-tag
communications.

Current WiFi standards use multi-input multi-output
(MIMO) techniques, which results in spatially diverse
channels. To exploit this spatial diversity, Zhao et al. [32]
designed an ambient system that achieves a throughput
of 50 kbps for a single stream and 1 kbps for double
streams [32]. A universal version of [32] appeared in the
work of Yang and Gong [33] in which any number of
streams can be used. In [33], the backscatter modulator
can implement PSK (in the work, the authors implemented
QPSK) to all OFDM symbols except those in the preamble.
In the demodulation stage, the phase pattern in the pilot
symbol—which is known to commodity WiFi receivers—is
subtracted from the incoming streams. The average phase of
all streams is used to estimate the phase of the backscattered
signal.

Backscatter communications find also applications in
the field of biosensing. For instance, Rosenthal et al. [34]
developed a neural recording device (NueroDisc) that uses
differential QPSK (DQPSK) (implemented with lumped
components) scheme to achieve a rate of 6.25 Mbps with
a power consumption of 77.5µW—yielding an energy effi-
ciency of 12.4 pJ/bit. The design in [34] was at UHF fre-
quency band. Other variants of [34] exist such as [35], [36],
and [37].

Although the main focus of this work is on radio-based
backscatter systems, the use of high-order modulation with
a lumped-element modulator recently finds an application
in underwater backscatter communications. For instance,
Afzal et al. [38] used a piezo-acoustic backscatter system

5Elaboration on IF backscatter tags is deferred to the solid-state based
designs.

FIGURE 4. The circuit diagram of a retrodirective Van Atta array
implementing QPSK modulation (
2012 IEEE [41]).

implementing 4-QAM to increase the throughput of under-
water backscatter communications.

B. DELAY LINES
The second method for implementing high-order modula-
tion is through adding delay lines. This method is common
when implementing phase shift keying (PSK). However, this
method is the least common method since the addition of
delay lines increases—in general—the physical dimensions
of the tag. Nonetheless, successful implementation of delay
lines appeared in the literature. For instance, 4-QAM at
5.8 GHz [39], [40] and QPSK at 5.8 GHz [41]. To shed some
light on the details of the aforementioned designs, the work
of Trotter et al. [41] used a Van Atta array (more informa-
tion on this type of arrays [42], [43], [44]) with two single
pole four throw (SP4T) switches that switch between four
distinct microstrip lines, which differ in length by a quarter
wavelength (λ/4) as shown in Figure 4. The λ/4 difference
between the lines translates to a 90◦ phase difference between
adjacent symbols, which resemble—if plotted on the complex
plane—a QPSK constellation.

A novel implementation of high order-modulation incor-
porating delay lines appeared recently in the work of
Meng et al. [45] in which a four-element Van Atta retrodi-
rective array is used to increase the backscatter range
as well to implement QPSK modulation. In the design
of [45]—shown in Figure 5—the outer antennas are reserved
for phase-quadrature data while the inner antennas are dedi-
cated to the in-phase data. At any instant, the phase different
between the two pair of antennas is ±90◦. In the design
of [45], baseband data are mixed with IF frequency and used
to control the phase of the array. The IF data are designed
such that the only one side band spectrum is used. The latest
design by the same group replaced the delay lines by lumped
elements [46] in which a steerable beam can be generated.

C. SOLID-STATE DEVICES
One of the common methods for implementing high-order
modulation is through the change in the impedance of a
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FIGURE 5. A four-element retrodirective array in [45] (
 IEEE 2021 [45]).

solid-state device (diode and/or transistor) in response to a
biasing voltage. This technique is versatile, integratable, and
flexible.

1) GENERAL WORK
Using a transistor-based implantation, Correia and Car-
valho [47] presented a 4-QAM backscatter modulator oper-
ating at 2.45 GHz by connecting the tag antenna to four
branches each of which is terminated with a MOSFET as
shown in Figure 6. The change in the gate voltage between
0 and 0.6 V results in specific points in the constellation
diagram. Each point represents a case in which one transistor
is active and the remaining three are inactive. A key limitation
in the design of [47] is that increasing the modulation order
results in an increase in the number of transistors. In other
words, the relationship between the number of transistors
and the modulation order is 1-to-1. To overcome this issue,
a later work by the same group [48] showed the possibility of
designing a 16-QAM backscatter modulator using a Wilkin-
son power divider as shown in Figure 7. The power divider
has a branch that is delayed by 45◦ compared to the other,
which creates a round-trip phase delay of 90◦. Compared to
the design in [47], the design in [48] use intermediate values
of the gate voltage to create different impedance levels, which
result in different complex modulation levels. The authors
were able to achieve a bit rate of 120 Mbps with an EVM of
16.7% and an energy efficiency of 6.7 pJ/bit. Reducing the bit
rate to 60 Mbps results in an EVM of 10.3% with an energy
efficiency of 16.7 pJ/bit.

An improvement to the system in [48] by the same authors
appeared in [49] in which an energy harvester is opti-
mized at 1.7 GHz (backscatter communications take place at
2.45 GHz). At the reader, an equalizer is used to achieve an
energy efficiency of 61.5 fJ/bit using a 16-QAMmodulator at

FIGURE 6. The backscatter modulator in [47] in which V1 through V4 are
the biasing voltages for the four MOSFET devices (
 IEEE 2016 [47]).

FIGURE 7. The backscatter modulator in [48] with an added Wilkinson
power divider.(
 IEEE 2017 [48]).

a bit rate of 960 Mbps with a power consumption of 59µW.
Going along the line of dual-frequency implementation, Cor-
reia and Carvalho [50] designed a dual-band backscatter
modulator using a dual-band Wilkinson power divider that
operates at 900MHz and 2.45 GHz. The dual-band tag imple-
ments a 4-QAM modulation scheme and achieves an energy
efficiency of 54 fJ/bit. The same research group also imple-
mented a mm-wave (at 24 GHz) QAM modulator using 130-
nm BiCMOS technology [51]. In their design, the authors
implemented 16-, 32-, and 64-QAM modulation schemes.

One the earliest implementations of high-order modulation
is through the combination power division and PIN diodes,
which appeared in the work of Winkler et al. [52] as a mod-
ulator for UHF-based RFID tag emulator. In their design, the
power division is achieved using a two-wayWilkinson power
divider. The outputs of the divider feed a low-pass filter—in
one branch—and a high-pass filter in the other branch. These
two filters are 45◦ out of phase and the terminals of these
filters are connected, separately, to PIN diodes as shown in
Figure 8. The current of the diodes are controlled by the I
and Q data. For testing purpose as well, Muralter et al. [53]
proposed a computational UHF RFID platform compatible
with commodity software-defined radio (SDR) in which the
backscatter modulator consists of a dual-gateMOSFET. Each
gate voltage is controlled by an independent stream of data,
which yields three distinguishable reflection states.

Besides the aforementioned designs, several designs exist
that are a mixture of two or more approaches. One of which is
that proposed by Reed et al. [54] who used a combination of
transistors (GaN HEMT) and varactor diodes to implement
16-QAM. The transistor controls the real part of reflection
coefficient while the varactor diode controls the reactive part
of the reflection coefficient.
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FIGURE 8. A circuit diagram of the QAM modulator in [52]
(
 IEEE 2010 [52]).

FIGURE 9. The circuit diagram of backscatter tag with an IF mixer in [55]
(
 IEEE 2015 [55]).

2) IF MIXING
A key feature of passive and semi-passive backscatter
transponders is their low-power consumption. This criterion
is accomplished through the avoidance of having radio trans-
mitters on the tag. To go beyond what a standard system can
achieve, some researchers implemented high-order modula-
tion while maintaining a low power consumption by having
an active source that is used purely for mixing at an interme-
diate frequency. For instance, Shirane et al. [55] designed a
backscatter tag with a transceiver and a power management
unit operating at a carrier frequency of 5.8 GHz. The tag has
asymmetrical uplink and downlink. The downlink modula-
tion is OOK while that for the uplink is 32-QAM. To reach
such a high-order modulation while consuming minimal
power, an intermediate frequency (IF) quadrature modulator
operating at 96 MHz is used as shown in Figure 9. The power
consumption of the tag is 133µW and the achieved energy
efficiency is 45.2 pJ/bit. A recent design by Ide et al. [56]
added a beamforming capability to the IF-backscatter sys-
tem. Furthermore, IF backscatter mixing can be used as a
5G relay [57], which is beyond what standard backscatter
systems can do.

Mixing an IF frequency with mm-wave frequency can
also facilitate high-order modulation at mm-wave frequen-
cies. For example, Kimionis et al. [58] designed a 24.5 GHz
backscatter modulator on a flexible substrate. The authors
tested BPSK, QPSK, and 16-QAM modulation schemes. For
BPSK and QPSK, the data rate was set to 1 Gbps and the
IF subscarrier operates at 2 GHz. However, for the 16-QAM,
the data rate is increased to 2 Gbps. In this case, the system

achieves an energy efficiency of 0.17 pJ/bit with a BER of
8% and an EVM of 12.37%.

3) APPLICATIONS
As in the case of lumped-element-based modulators, ambient
backscatter communication is one of the applications that
benefit from using a transistor-based, high-order, and variable
impedance modulator. In the literature, several implementa-
tions of transistor-based backscatter modulators were target-
ing the increase in data throughput of ambient backscatter
systems. For instance, Daskalakis et al. [59], [60] designed a
4-PAM backscatter modulator operating at the FM frequency
band (87.5-108 MHz). The modulator comprises a sensor,
a microcontroller, a 5-bit digital to analog converter (DAC).
The sensing data feed the microcontroller, which in turn
passes the data to the DAC, which controls the gate-voltage
level. The system in [59] and [60] achieves a bit rate of
345 bps with an energy efficiency of 78.2 nJ/bit.6

The solid-state based backscatter system can be extended
to acoustic communications. For instance, Christensen et al.
[61] designed an ultrasound backscatter system for brain
implants. The system implements a 4-ASK scheme achieving
a date rate of 280 kbps.

4) ADVANCED TECHNIQUES & CONSIDERATIONS
A backscatter transponder is required to communicate its
identity with the interrogator. If the transponder is connected
to a sensor, the sensing data are communicated too. In order
to simultaneously communicate the two types of information,
a novel technique called piggyback modulation is proposed
by Chen et al. [62], [63]. In their proposed design (shown
in Figure 10), simultaneous identification and sensing of
backscattered signals is achieved by varying the antenna
impedance in response to the sensor data along with the
impedance of the RFID application-specific integrated circuit
(ASIC). The simultaneous change in the two impedances
results in a four states as shown in the constellation plot of
Figure 10. The variation of the antenna impedance is done
through the use of a coupling loop. Since the constellation
in Figure 10 does not lend itself into a well-known modu-
lation, an advanced demodulation technique is needed. The
authors in [63] experimented with 4-ASK and quasi 4-QAM
demodulation techniques. The experiment showed that the
quasi 4-QAM demodulation is the superior technique. Piggy-
back modulation is a powerful approach to tap into existing
infrastructure, which results in a rather agile system.

Nonuniform modulation appeared also in the work of
Ebrahimi-Asl et al. [64] in which a dual-loaded bowtie
antenna is used to implement a quasi 32-QAM. Along the line
of non-conventional (and nonuniform) modulation, Thomas
and Howe [65] showed that by using an input/output pin in an
off-shelf general-purpose microcontroller, 32 different states

6The authors in [60] also discussed the use of 10.2 kbps, which achieves
an energy efficiency of 27.7 nJ/bit.
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FIGURE 10. The piggyback modulator of [63]. (a) Circuit design. (b) Signal constellation. (
 2011 IEEE [63]).

per pin7 can be implemented. These 32 states result in a four
nonuniform clusters of points in the complex0 plane yielding
a quasi 4-QAM modulation scheme. Another design using a
similar approach appeared in the work of Vision et al. [67]
in which two general-purpose input/output (GPIO) pins of a
PIC microcontroller are connected directly to the two arms
of a dipole antenna. The design in [67] implements a 4-QAM
modulation scheme. In fact, the designs in [65] and [67] show
that high-order modulation can be implemented simply by
using commercial off-the-shelf components, which signifi-
cantly simplifies the design.

Going beyond 4-QAM, one of the overlooked issues
related to high-order modulation is the constellation shape.
In their recent work, Matos et al. [68] compared the per-
formance of 16-QAM backscatter modulators with differ-
ent constellation shapes operating at 2.45 GHz in terms of
power consumption and symbol error rate (SER). The authors
compared star-, hexagonal-, square-, and rectangular-QAM
and concluded that for an SNR from 0 to 6 dB, all but
rectangular-QAM perform approximately the same. How-
ever, for an SNR greater than 6 dB, Star-QAM outper-
forms the others and the performance gap—in terms of
SER—increases with the increase in SNR.

D. SUMMARY AND CONCLUDING REMARKS
To summarize the work done in the field of high-order mod-
ulation, Table 2 lists some of the exemplary designs covered
in this section along with their specifications. For the sake
of brevity, the related designs—which by themselves are
significant—are listed too.

IV. SINGLE SIDEBAND (SSB) MODULATION
One of the challenging problems that hinders the co-existence
of backscatter systems with other wireless standards is

7The 32 states are specific to the off-the-shelf microcontroller, which
is [66].

the interference caused by adjacent channels. The problem
becomes more pronounced when one sideband of the spec-
trum does not experience strong interference while the other
does. In such a situation, half of the signal energy is being
compromised. Another issue that might arise in such a case
is when the channels of both sidebands are the only available
channels for transmission with minimal interference. In both
scenarios, using SSB modulation would increase the spectral
efficiency.

For SSB modulation, the passband signal can be written
as [19] and [69]

sSSB(t) = g(t) cos (2π fct) ± ĝ(t) sin (2π fct), (9)

where g(t) is the baseband pulse and ĝ(t) is the Hilbert
transform of g(t). The plus and minus signs correspond to
the lower and upper sidebands, respectively. Equation (9)
resembles a special case of 4-QAM; however, in general, SSB
transmits the same stream of data through two channels while
QAM transmits two streams of data over two channels. The
distinction between them becomes clearer when writing their
complex passband representation. That is [19],

sSSB(t) = ℜ{Am
[
g(t) ± jĝ(t)

]
exp (j2π fct)}, (10)

where m = 1, 2, . . .M and M is the size of the alphabet.
On the other hand, QAM modulation can be written as [19]

sQAM(t) = ℜ{(Ami + jAmq)g(t)ej2π fct }, (11)

where Ami and Amq are the two independent streams of data
in in-phase and quadrature channels, respectively.

A. EXISTING WORK
The work on SSB backscatter modulation is rather recent
compared to both high-order modulation and pulse shap-
ing. It is, however, motivated by the co-existence of
the RFID technology with other wireless communications
technologies.
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TABLE 2. Summary and key features of the work in high-order backscatter modulation systems.

One of the earliest designs in the literature appeared in
the work of Rosenthal and Reynolds [69] who studied the
co-existence of backscatter communications with BLE tech-
nology. In their work, the generation of the Hilbert transform
of the signal can be achieved by noticing that the Hilbert
transform of baseband square pulse is equivalent to delay-
ing the pulse by a quarter period as shown in Figure 11.
Therefore, we have two dependent streams of data. These
two streams control an SP4T switch that switches between
four distinct impedances. Referring to Figure 11, the key
difference between 4-QAM and the BPSK SSB (the one
used in [69]) is depicted in the state machine. In the latter,
a transition to the same state is not permissible while in the
former, we can have transition to the same state. The design
in [69] yields a sideband suppression of 10 dB while having
a spectral efficiency of 198 pJ/bit. An improvement to this
design is presented by the same authors [70] in which induc-
tors are replaced by CMOS digitally-tuned capacitors (DTC)
for better integration. The same authors also used SSB to
implement an all digital OFDM backscatter modulator [71],
[72] with five subcarriers achieving a data rate of 1.25 Mbps
with a spectral efficiency of 160 pJ/bit. In [72], delta-sigma
modulation block is added to the tag before the digital to
analog converter (DAC) (i.e., an RF switch) to reduce the
quantization noise around the subcarriers.

In some of the designs available in the literature, a com-
bination of high-order modulation and SSB modulation
is used to simultaneously increase the spectral efficiency

while reducing the interference from the image. For exam-
ple, Wang et al. [30] achieved a sideband image rejection of
17 dB. Another design appeared in the work Meng et al. [45]
in which an image rejection of 18 dB is achieved.

V. PULSE SHAPING
Most of backscatter modulators are based on square pulses.
The rationale behind that is the stringent requirements for
minimizing the on-tag power consumption. Despite this,
some proof-of-concept designs exist in the literature.

A. THE NEED FOR PULSE SHAPING
Backscatter systems operate in a congested spectrum and
naturally, a low-powered communication. Such a require-
ment become problematic8 in the microwave and millimeter-
wave (mm-wave) frequencies in which these systems need
to co-exist with other local area network (LAN) standards.
Therefore, out-of band emission needs to be reduced. The
textbook approach from a waveform perspective is to change
the nature of the baseband waveform.

Since out-of-band energy is wasted, an important metric to
consider is the energy efficiency, which is defined differently
from the one in (8). In fact, the definition given in (8) looks
into the efficiency from the tag perceptive. In other words,
the efficiency in (8) assumes all emitted energy are captured

8Some nonlinearity effect such as those in [73] and [74] becomes
significant.
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FIGURE 11. The structure of the SSB modulator in [69]. (a) Circuit
topology. (b) Smith chart representation of ideal impedances. (c) State
machine representation for the impedance switching. 
 IEEE 2019 [69].

by the reader. In practise, the reader and the channel are both
bandlimited, which implies that only radiated energy within
the bandwidth of the system is actually contributing to the
data communication. In such a case, the energy efficiency
could be defined as follows [75]

Actual Energy Efficiency = Energy Efficiency · LBW,

(12)

where the first term in the right-hand side is the efficiency in
(8) and LBW is the bandwidth loss (unitless) and is defined
as [75]

LBW =
In-band Energy
Total Energy

. (13)

B. EXISTING WORK
The backscatter literature is not rich in this area as a result of
the complexity added to the tag, which must be averted. Nev-
ertheless, few exemplary designs have promising results. For
instance, Kimionis and Tentzeris [75] developed a systematic
approach to synthesize different pulses and experimentally
validated their approach using a square root raised cosine
(SRRC) pulse. In their design, pulse shaping can be gener-
ated using either a PIN diode or an FET, both approaches
are shown in Figure 12. To synthesize the desired pulse,
the authors established a functional mapping between the
reflection coefficient of the modulator and the biasing voltage
of the diode or the FET. The authors also investigated the
use of both binary modulation and 4-PAM. In addition, pulse
shaping can be used to implement high-order modulation at
mm-wave frequencies [58].

In the microwave frequencies, Tang et al. [76] designed
an integrated circuit implementing a transmit pulse shaping
along with symbol pre-distortion operating at a frequency

FIGURE 12. PIN diode (a) and FET (b) implementations of a
pulse-shaping transponder (
 IEEE 2016 [75]).

FIGURE 13. A 5.8 GHz transponder with pulse shaping (
 IEEE 2016 [76]).

of 5.8 GHz and transmitting at a rate of 54 Mbps. Pulse
shaping is implemented by oversampling the data signals
that feed the R and C discrete impedance banks as shown in
Figure 13. The oversampled data are then passed to a finite
impulse response (FIR) filter whose coefficients are opti-
mized to reduce the adjacent channel power ratio (ACPR).
The smooth transition between impedance states reduces the
out-of-band emission and hence reduces ACPR making the
backscatter system compatible with the requirements of the
IEEE 802.11 standard. In addition, symbol pre-distortion is
achieved by having more states than needed—the modulation
requires only four states since it is QPSK—and the states are
manually optimized to reduce the EVM.

Another promising work appeared in [77] in which a Gaus-
sian pulse-shaping was synthesized using FET with different
gate voltages. The design uses voltage divider network with
control signals that create different sets of the voltage levels.
The generated discrete levels translate to quantized pulses
that are more feasible to generate in a low-powered devices
compared to continuous pulses. Experimentally, the reported
adjacent channel power ratio is 7.5 dBc.
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VI. CONCLUSION AND FUTURE DIRECTIONS
In this article, a summary of existing designs that tar-
get increasing the spectral efficiency of backscatter sys-
tem—with proven prototypes—is presented. As shown in
this article, three techniques are common to increase the
efficiency, which are: high-order modulation, SSB modu-
lation, and pulse shaping. Among these three techniques,
high-order modulation is the mature one with a plethora
of designs while the last two are less common. On the
other hand, using either SSB or pulse-shaping techniques
may result in an increase the device complexity and physi-
cal size, which in turns increases the cost of implementing
these techniques compared to their high-order modulation
counterpart.

Looking into the literature, advancements in wireless tech-
nologies, and future of connectivity; co-existence with other
wireless standards is very critical, which requires significant
work on a less-investigated areas of SSB modulation and
pulse shaping. In fact, several concerns are needed to be
addressed. These concerns are: optimal pulse shaping, role
of artificial intelligence (AI), multi-carrier modulation, and
agile modulators.

A. OPTIMAL PULSE SHAPING
Although the literature has designs that implement pulse
shaping. An unanswered question is what is the optimal pulse
shaping? In fact, the nature of backscatter communications
imposes several limitations in terms of power consumption,
synthesis of the required pulse, and spectral efficiency. Using
the quantization method in [77], we can synthesize any pulse
but some might be easier to implement than others. Another
point to consider is the location of pulse shaping filter, would
it be more efficient if it is moved to the interrogator? These
open-ended problems can be a research direction for future
co-existence of backscatter communications with other stan-
dards.

B. ARTIFICIAL INTELLIGENCE
One of the applications of AI in physical-layer commu-
nications in for modulation classification [78], [79]. using
AI-assisted classification, high-order modulation can be
detected at the receiver even with moderate or low SNR.
A more optimistic approach is design an end-to-end commu-
nication system in which modulation and demodulation are
performed with the aid of AI.

C. MULTI-CARRIER MODULATION
One of the techniques that shaped the wireless communi-
cations technologies in recent years is the use of OFDM.
In the backscatter literature, few designs have explored
OFDM or OFDM-like modulation such as [71], [72],
and [80]. In fact, multi-carrier modulation offers a com-
promise between double-fading nature of backscatter chan-
nels [10], low-power consumption constraint, fast data rate,
and system complexity.

D. AGILE MODULATION
In some situations, the SNR is low, which requires reducing
the data rate to increase the reliability of the communica-
tion link. In other cases, however, the SNR is high but the
data rate is low since the system is designed for the worst
case scenario. Therefore, a universal backscatter modulator is
needed. One solution is at the stage when the communication
channel between the tag and reader is established, the latter
can estimate the SNR and instruct the former to use a specific
modulation scheme. A feasibility study, power budget calcu-
lations, and communication protocol are topics that require
further investigation before implementing such a system.
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