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Abstract—Backscatter communication (BackCom) networks
enable passive/battery-free Internet-of-Thing devices, providing
reliable, massive connectivity while ensuring self-sustainability,
low maintenance, and low costs. Effective channel codes and
decoding algorithms are necessary to achieve these objectives.
However, a comprehensive survey/review paper on such tech-
niques for BackCom networks has not been available. This paper
aims to fill this gap. Because tags have limited computational
resources, traditional coding techniques may not suit them. We
first describe the basics of BackCom, channel codes and their
relevant design parameters, and codes for general communication
networks. We address the BackCom limitations, requirements,
and channel characteristics. As conventional codes may not
seamlessly move to the BackCom arena, we identify the potential
BackCom coding techniques and multiple access schemes. We
further highlight potential approaches for addressing code im-
plementation complexity and reliability. Finally, we discuss open
issues, challenges, and potential future research directions.

Index Terms—Backscatter communications, Coding and de-
coding, Error correcting codes, Space-time codes, Multiple access
coding schemes.

I. INTRODUCTION

Backscatter communication (BackCom) was introduced by
Stockman in 1948 [1]. It allows a tag to communicate with a
reader without generating a radio frequency (RF) signal by the
tag. The backscatter tag simply reflects an incident RF signal,
and this reflection process is called backscatter modulation
[2] (Fig. 1). Backscatter tags are thus inexpensive and have
ultra-low energy requirements (a few nW–µW) because of
the simple RF design [3]. The receiver (reader) has its power
supply and RF components. The reader, a dedicated RF carrier
emitter, or an ambient legacy transmitter can generate the
incident RF signal. Section II will describe these.

Inexpensive, passive tags have significant and multiple ap-
plications, including logistics, inventory management, ware-
housing, manufacturing, energy industry, healthcare, agricul-
ture, aerospace and defense, farming, retail, sports, and many
more. The potential market will grow exponentially, e.g.,
parcel volume will reach 163.4 billion in China by 2025 and
220-262 billion globally by 2026 [4]. Hence, these potential
use cases and the market values will establish an excellent
platform for BackCom use.

Radio frequency identification (RFID) is the prime example
of commercial, short-range use of this technology. RFID
systems read data such as the electronic product code (EPC)
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and other relevant information stored on a tag attached to an
object [5]. There has been an enormous upsurge in RFID
use due to its diverse sectors such as medicine and health
care, agriculture, livestock, logistics, retail chains, and others
[6], [7]. According to industry research [8], the RFID market
will reach $35.6 billion by 2030 from $14.6 billion in 2022;
growing at a compound annual growth rate (CAGR) of 11.9%.

BackCom can also work with massive machine-type com-
munications (mMTC), one of the core fifth-generation (5G)
service areas. This approach enables the collection of a huge
volume of small data packets from large numbers of devices
simultaneously. mMTC supports applications using Internet of
Things (IoT) sensors, meaning that data can reduce energy
consumption, make work more efficient, or improve our lives
in other ways [9]–[11]. Over 2021-2026, the mMTC market is
expected to reach $3.1 billion, growing at a CAGR of 9.2%
[12]. Many mMTC devices will be less mobile, which reduces
demand for the handover of ongoing communications with
short delay-tolerant transmissions. Since mMTC typically in-
volves the automated transmission of infrequent, low-volume,
and non-delay-sensitive data via a massive number of devices,
it differs significantly from conventional mobile networks.

For example, an mMTC device must be ultra-low complex
and low cost. It also needs a long battery life, a 5Wh battery
allowing for a more than 10 years [13]. Hence, the devices
that require frequent recharging are not suitable. And the
number of mMTC devices might be 10× to 100× more than
mobile phones [13]. Additionally, at least 20 dB improvement
in coverage over conventional cellular networks is required
for machine-type communications (MTC) in 5G [11], [13].
Many technologies such as Bluetooth 5, Wireless Fidelity
(Wi-Fi), long term evolution (LTE) MTC, narrow-band IoT
(NB-IoT), and wake-up radios have the potential to meet
MTC network requirements [14], [15]. BackCom is another
emerging solution to facilitate MTC goals.

Billions of IoT devices will seek access to the Internet
[16], [17]. However, powering them is a significant chal-
lenge. Charging/changing batteries is inefficient and expensive.
Hence, passive IoT, also known as battery-free IoT, based on
energy harvesting (EH), is emerging [4], [18]–[20], which
supports ultra-low power consumption, i.e., 1 µW∼100 µW
[4]. Passive IoT requires (i) small packet transmissions, (ii)
connectivity for numerous low-energy and low-complexity
user devices, and (iii) uplink-dominated transmissions [21],
[22]. BackCom can thus enable passive IoT towards sixth-
generation (6G) network [3], [23]–[25].

However, due to the reliance on EH, backscatter tags are
extremely power limited (Section II-C). Moreover, double
path-losses and other impairments (Section IV) decrease the



2

(a) MoBC (c) AmBC(b) BiBC

αq(t)x(t)

RF Source/Reader

Tag
RF Source

Reader

Tag
RF Source

Reader

Tag

Mobile
x(t)

x(t)
αq

(t)
x(
t)

αq
(t)

x(t
)x(t)

x(t)

x(t) - Carrier Signal αq(t)x(t) - Backscatter Signal

Fig. 1: BackCom configurations.

TABLE I: Channel codes adopted in wireless standards.

Year Standard Channel code type Year Standard Channel code type
1992 GSM Convolutional 2011 3GPP v=V10.1.0 Convolutional, Turbo

1999 IEEE 802.11a/b Convolutional

2012

IEEE 802.16m Convolutional, Turbo,
Duo-binary

CDMA 2000 Convolutional, Turbo LTE-Advanced Convolutional, Turbo
TD-SCDMA Convolutional, Turbo IEEE 802.11ac Convolutional, LDPC2000
WCDMA Convolutional, Turbo,

Reed-Soloman IEEE 802.11ad Reed-Soloman, LDPC

2003 IEEE 802.11g Convolutional 2014 ISA100.11a No
2006 IEEE 802.16e Turbo, LDPC 2015 WIA-FA Convolutional, LDPC

2009
IEEE 802.11n Convolutional, LDPC 2018 5G (Release 15) LDPC, Polar

PNO/WSAN Repeat,
Cyclic redundancy check 2020 5G (Release 16) LDPC, Polar

achievable data rates and the communication distance [26].
Channel codes offer coding gains, which can help increase
the reliability and communication range. However, there are
challenges to adopting classical coding solutions to BackCom
networks. This survey article aims to explore those issues in
depth.

A. Channel Codes in Wireless Standards
Before discussing specific BackCom channel codes, we

briefly review channel codes for conventional wireless stan-
dards (Table I). Third-generation (3G) and fourth-generation
(4G) standards use turbo codes due to their high performance
and reliability [27], [28]. However, the 5G standardization
process of the 3rd generation partnership project (3GPP)
considers low-density parity-check (LDPC) codes and polar
codes [29], [30]. This change is due to the delay of iterative
decoding of turbo codes, a drawback for 5G, which requires
high rates and low delays. Since one code cannot meet all
5G requirements, 3GPP uses both of these. Section III-C and
Section V-C describe the pros and cons of them.

We can thus learn from the channel codes used for conven-
tional standards to design/select codes for BackCom systems.
Previous research has shown that poor selection of channel
codes will degrade the coverage, data rates, capacity, and other
quality-of-service (QoS) parameters. As well, channel codes
must satisfy 5G requirements (Section I). In particular, 5G
mMTC systems require energy-efficient, near-optimal short
codes with a strong error detection capability [31], [32], and
low-complexity decoding algorithms operating with partial or
no channel state information (CSI) [33].

B. Contribution and Organization
BackCom networks can enable massive connectivity, help-

ing to achieve sustainable IoT deployments and meeting the

needs of emerging applications. BackCom links are vulnerable
to excess path-losses and impairments, causing low rates and
limited range. Channel codes provide coding gains, which
can alleviate those impairments. However, conventional codes
may not work with ultra-low-power tags with low process-
ing capability. Thus, we need to develop codes matching
backscatter channel characteristics. However, this research
area has yet to be fully explored or developed. This article
thus comprehensively surveys existing coding solutions and
potential solutions for practitioners and researchers.

Although several surveys and tutorials cover a wide range
of BackCom topics, including architectures, physical layer,
benefits, limitations, and applications [34]–[39], only a few
consider coding aspects [24], [25], [40], [41]. Hence, we limit
our attention to those. In particular, [24] describes AmBC fun-
damentals, general architecture, challenges, design techniques,
applications, and research efforts/progress. It briefly describes
non-return-to-zero (NRZ), Manchester, Miller, and FM0. It
also discusses orthogonal space-time block code (OSTBC),
balanced code, short block-length cyclic channel code, and µ-
code. Overall, this discussion is extremely brief. Reference
[25] addresses the integral aspects of BackCom wireless-
powered networks and reviews their performance improvement
techniques, emphasizing large-scale networks. It also discusses
the pros and cons of some conventional coding schemes.
Besides, [40] discusses BackCom-based green IoT through
joint communication and sensing, operating principles, archi-
tecture, evolution, and applications. It has a brief discussion
of coding and modulation solutions. Moreover, reference [41]
specifically focuses on antenna design, RF system integration,
and advanced packaging technologies for BackCom systems.
It has an interesting discussion on rectifying antennas and
circuits, and waveforms for EH. The discussion on coding,
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however, is limited to future research directions.
To the best of our knowledge, no papers have focused on

coding techniques for BackCom. This paper thus fills this gap
exclusively (Fig. 2). Table II compares and contrasts our work
with related works.

We summarize the contributions of this paper as follows:
1) We start with the basics of BackCom systems. We briefly

discuss different BackCom configurations and describe
the two critical tasks of passive tags, namely backscatter
modulation and EH.

2) We address the general principles of channel codes,
their design guidelines, and encoding and decoding tech-
niques. We also highlight conventional codes that have
evolved with communication networks and standards
over the last few decades.

3) We then discuss the limitations and requirements of
BackCom networks by considering their specific channel
characteristics. We also provide several simulations to
highlight the performance in terms of capacity and bit
error rate (BER). These simulations demonstrate the
benefits of channel codes in BackCom.

4) We thus identify line codes, error-correcting codes, and
space-time codes (STCs) to improve reliability and data
rate while overcoming deeper fading in backscatter
channels. To this end, we summarize Backcom adopted
codes and give their performance simulations.

5) We also review codes to support concurrent trans-
missions of multiple tags, a critical requirement of
BackCom-assisted MTC networks.

6) Finally, we discuss the potential approaches to address
the implementation complexity and reliability. We also
touch upon open issues, challenges, and future research
directions.

We organized the rest of the paper as follows. Section II
describes different BackCom configurations and the critical
tasks of passive tags, including backscatter modulation and
EH. Section III discusses the basic principles of channel
coding (including channel capacity, code design criteria, code
rate, and coding gain) and describes the basic channel codes.
The interplay between coding and modulation and the antenna
effects on coding is also explained. Section IV discusses
the BackCom channel characteristics and requirements. We
address the potential BackCom coding techniques in Section
V. In Section VI, we summarize the coding schemes adopted
for BackCom. Section VII discusses multiple access coding
schemes for BackCom. Section VIII addresses the open issues
and future research directions. Finally, we conclude the paper
in Section IX. Table III and Table IV respectively summarize
the abbreviations and notations used in this article.

II. BASICS OF BACKCOM

The three types of BackCom are described below.
1) Monostatic Backscatter Communication (MoBC) Sys-

tems: These comprise a backscatter tag and a reader (Fig.
1 (a)). The reader first emits an RF signal to activate the
tag, which reflects it to communicate its data. Thus, the
RF emitter and the receiver of the reflected signal are
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Fig. 2: Outline of the main contributions of this survey.

co-located at the reader. However, because the RF signal
travels from the reader to the tag and back, the path-loss
doubles up [42]. Therefore, MoBC systems suit short-
range applications, e.g., RFID [5], [43].

2) Bistatic Backscatter Communication (BiBC) Systems: To
mitigate the double path-loss, the total distance traveled
by the RF signal must be minimized. This can be done
by dislocating the two functions of the reader. Thus, a
dedicated RF emitter transmits the RF signal reflected
by the tag. The reader receives the tag reflections. Thus,
this system can include multiple RF carrier emitters
to cover an area. These emitters’ locations should be
optimized to maximize coverage and performance. Each
tag can be close to at least one of these emitters. This
physical proximity boosts the EH capability of the tag.
Therefore, the BiBC configuration (Fig. 1 (b)) [42] offers
two advantages: (i) the ability to optimize the locations
of the RF emitters, and (ii) the lower fabrication costs of
the RF emitter and the reader relative to that in MoBC
[42], [44].

3) Ambient Backscatter Communication (AmBC) Systems:
However, a key problem with BiBC is the high
cost/complexity of dedicated carrier emitters. Is there
another way to find RF carrier signals? Ambient legacy
RF sources, e.g., cellular base stations (BSs), television
(TV) towers, and Wi-Fi access points (APs) are ubiqui-
tous and operate on a 24/7 basis. No cost is associated
with using such signals to the BackCom system. Tags
can thus use them to harvest energy and backscatter data



4

TABLE II: Summary of related works.

Reference Objective Contribution
(a) (b) (c) (d) (e) (f) (g)

[24] Comprehensive survey on AmBC ✓ ✗ ✗ ✗ ✗ ✗ ✓
[25] Wireless-powered networks integrated with BackCom systems ✓ ✗ ✗ ✗ ✗ ✓ ✓
[41] Antenna design and RF system integration for BackCom ✓ ✗ ✗ ✗ ✓ ✓ ✓
[40] Comprehensive survey from signal processing aspects ✓ ✗ ✗ ✗ ✗ ✓ ✓

This paper Comprehensive survey on potential BackCom coding methods ✓ ✓ ✓ ✓ ✗ ✗ ✓

(a) Fundamentals of BackCom (b) Coding techniques for BackCom (c) Gains of coding schemes in BackCom
(d) Multiple-access coding schemes (e) Practical experiments (f) EH aspects (g) BackCom challenges

EH Unit

Za

Data
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Micro
ControllerZi

Fig. 3: Passive tag.

(Fig. 1 (c)) [3], [45]–[47]. These ambient transmitters’
output power levels affect the tag’s harvested energy
level, which must exceed the sensitivity threshold of
tags. However, regulations from governmental agencies
such as the federal communications commission (FCC)
limit the RF output power levels. For instance, effective
radiated power (ERP) is 60 dBm in TV towers [48] and
36 dBm for cellular BSs [49].
This AmBC approach has several pros and cons. Us-
ing ambient RF sources rather than dedicated ones
saves costs and energy, benefiting IoT networks. New
spectrum allocations are unnecessary, avoiding licensing
and regulatory hurdles. However, legacy signals can
directly interfere with AmBC systems, limiting their
performance. The reader’s signal detection task is highly
challenging because the critical parameters of ambient
RF signals (e.g., power levels, phase, timing, and others)
are unknown. Furthermore, such ambient signals can be
unpredictable and uncontrollable. Finally, tag-reflected
signals can interfere with legacy receivers [21], [50].

A. Passive Tags

We can categorize tags into two types: (i) Active or semi-
passive tags and (ii) Passive tags. Active tags have both RF
circuits and a battery. Semi-passive tags include a battery but
no active RF modulation. Because of more power availability,
such tags can communicate over longer distances than passive
tags [51], [52]. Since we focus on passive tags only, we do
not further discuss active and semi-passive tags.

A passive backscatter tag (Fig. 3) comprises a low-
cost/power integrated circuit with limited processing capa-
bility, a passive backscatter modulator, and an RF energy
harvester. It thus harvests RF energy and operates using direct
current (DC) power derived from the RF signal from the
dedicated/ambient RF sources. Many practical applications of
passive tags are listed in [53], [54]. From the perspective of

this survey, the tag’s critical tasks are passive modulation and
energy harvesting. We describe these next.

B. Passive Backscatter Modulation

Passive modulation is a process where the tag does not use
an active circuit to map its data to an RF signal. Instead, the
tag utilizes a set of load impedances. By switching among
these, the tag can vary its signal reflection coefficient, which
is given by [3]

Γi =

{√
αiqb,i

=
Zi−Z⋆

a

Zi+Za
, i = 1, . . . , M̄ ,

0, i = 0,
(1)

where 0 < αi ≤ 1 is the fraction of power reflected at the
tag and q

b,i
is the normalized backscatter symbol selected

from a multi-level (M̄ -ary) modulation (i.e., |q
b,i
|2 ≤ 1).

Moreover, Zi is the load impedance of state i, Za is the an-
tenna impedance, and (·)⋆ is the complex conjugate operator.
When the load impedance perfectly matches to the antenna
impedance, we have Z0 = Z⋆

a . The reflection coefficient is
then zero.

Based on (1), on-off keying (OOK) and binary phase-shift
keying (PSK) modulation schemes, i.e., M̄ = 2, can be readily
implemented [5]. Higher-order modulations are also possible,
e.g., QPSK and 16-PSK [47], QPSK [55], [56], 16-quadrature
amplitude modulation (QAM) [57], [58], 32-QAM [59].

To illustrate this process, we next show the design of a
simple, passive modulator. It must generate a constellation
of modulated symbols. The load impedance value Zi must
be chosen appropriately to design these constellation points.
These values can be calculated from Γi or by utilizing the
Smith chart [3], [60], [61]. From (1), for real-valued antenna
impedance, i.e., Za = Ra, the load impedance Zi can be
calculated via

Zi =
1 + Γi

1− Γi
Za, i = 1, . . . , M̄ . (2)

Normalizing the load impedance Zi in (2), we have zi =
Zi/Ra = ri + jxi, where ri and xi are can be readily
derived from (2) [3, Section 3.4.1]. Note that normalized
load impedance resistance, ri, and reactance, xi, can be
obtained directly from the Smith chart [3]. Fig. 4 and Table
V summarize the QPSK and 8-PSK backscatter modulator
designs for |Γi|2 = 0.8, ∀ i. Similarly, the tag can implement
higher-order modulations such as M̄ -QAM and M̄ -PSK [3].
We omit the details for brevity.

Frequency shift keying (FSK) modulation too is sometimes
used for data communications. This modulation is widely
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TABLE III: List of abbreviations.

Abbreviation Definition Abbreviation Definition
3GPP 3rd Generation Partnership Project ML Maximum-Likelihood
3G/4G/5G/6G Third/Forth/Fifth/Sixth-Generation mMTC Massive Machine-Type Communication
ACK Acknowledgment MoBC Monostatic Backscatter Communication
AmBC Ambient Backscatter Communication mOSTBC Modified Orthogonal Space-Time Block Code
AP Access Point MPA Message Passing Algorithm
ARQ Automatic Repeat-for-Request MTC Machine-Type Communication
AWGN Additive White Gaussian Noise NAK Negative Acknowledgment
BackCom Backscatter Communication NB-IoT Narrow-Band Internet of Thing
BCH Bose-Chaudhuri-Hocquenghem NOMA Non-Orthogonal Multiple Access
BER Bit Error Rate NR New Radio
BiBC Bistatic Backscatter Communication NRZ Non-Return-to-Zero
BPSK Binary Phase-Shift Keying OSD Ordered Statistics Decoding
BS Base Station OSTBC Orthogonal Space-Time Block Code
BUTQ Block-Level Unitary Query PDF Probability Density Function
CAGR Compound Annual Growth Rate PEP Pairwise Error Probability
CBMA Coded-Backscatter Multiple Access PLoRa Passive Long-Range
CDMA Code Division Multiple Access PN Pseudo-Noise
CRC Cyclic Redundancy Checks PSK Phase-Shift Keying
CSI Channel State Information QAM Quadrature Amplitude Modulation
CSS Chirp Spread Spectrum QoS Quality-of-Service
DC Direct Current RF Radio Frequency
DPSK Differential Binary Phase-Shift Keying RFID Radio Frequency Identification
EH Energy Harvesting RM Reed-Muller
EPC Electronic Product Code RS Reed-Solomon
ERP Effective Radiated Power RZ Return-to-Zero
FDMA Frequency-Division Multiple Access SC Successive Cancellation
FEC Forward Error-Correction SCL Successive Cancellation List
FER Frame Error Rate SCMA Sparse Code Multiple Access
FFT Fast Fourier Transform SER Symbol Error Rate
FSA Framed Slotted ALOHA SIC Successive Interference Cancellation
FSK Frequency-Shift Keying SISO Single Input Single Output
GRAND Guessing Random Additive Noise Decoding SNR Signal-to-Noise Ratio
GSM Generalized Spatial Modulation STBC Space-Time Block Coding
HARQ Hybrid Automatic Repeat-for-Request STC Space-Time Code
I/Q In/Quadrature-phase STTC Space-Time Trellis Codes
i.i.d. Independent Identical Distributed TDMA Time-Division Multiple-Access
IoT Internet of Thing TV Television
LDPC Low-Density Parity-Check UFQ Uniform Query
LDS Low-Density Signature/Spreading UHF Ultra-High Frequency
LLR Log-Likelihood Ratio UMTS Universal Mobile Telecommunications System
LTE Long Term Evolution URLLC Ultra-Reliable Low Latency Communication
MAP Maximum A-Posteriori UTQ Unitary Query
MIMO Multiple-Input-Multiple-Output Wi-Fi Wireless Fidelity

adopted in BiBC which can also facilitate multiple access
schemes [62], [63]. It is interesting to see how a passive tag
can implement FSK and similar modulations, which is unlike
the details mentioned above for constant-envelope modulations
such as QPSK. For instance, to implement binary FSK, carrier
signal frequency fc is switched between two frequencies
fi, i ∈ 1, 2, according to the bit values, {0, 1} [42], [63]–
[66]. Specifically, the tag switches between two distinct re-
flection coefficient values, Γi, i ∈ 1, 2, with different rates
fi for corresponding bits {0, 1}, respectively. The waveforms,
ui(t), i ∈ 1, 2 shows the fundamental frequency component
of a 50% duty cycle square waveform of frequency fi and
random initial phase Φi ∈ [0, 2π), given as [63]

ui(t) = u0 +
Γ1 − Γ2

2

4

π
cos (2πfit+Φi) , i ∈ {1, 2}, (3)

where u0 is a constant depending on the tag antenna structural
mode and the tag reflection coefficients Γi [61].

A complete summary of BackCom modulation schemes,
along with their performance, is provided in [3], [25].

C. Energy Harvesting

The other critical task of the tag is to harvest energy to
power itself. The tag employs an EH circuit to convert RF to
DC. The key parts of such systems are the antenna and rectifier
circuit that allows the incident RF power to be converted into
DC energy. For further details on EH circuits, we refer the
reader to [41].

The EH unit is characterized by two key parameters:
sensitivity and energy transfer efficiency, which significantly
influence the tag’s performance, range, and reliability. The
sensitivity is the minimum power required to wake up the
EH circuit. This activation threshold for commercial passive
RFID tags is about −20 dBm [53], [54]. On the other hand,
the RF-to-DC conversion efficiency - the ratio of input power
to output power - is determined by the performance of the
receiving antenna, the impedance matching network between
the antenna and the rectifying circuit, and the overall power
conversion efficiency of the rectifier [67]–[70]. Practical EH
units can output from ∼1 µW to ∼100 µW [41].

The EH unit operates one of the two modes [71]: (i) time-
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TABLE IV: Notations

Notation Definition Notation Definition
M̄ Modulation order C STC matrix
Za Antenna impedance ca space-time codeword
Zi Tag’s load impedance Din Interleaver depth
Γi Tag’s reflection coefficient M,N Transmit and receive antennas

α = |Γi|2 Fraction of power reflected at the tag L Tag’s antennas
R Coding gain δ Diversity gain
k, n Information bit sequence and codeword length µ Rate gain
dmin Hamming distance qb Tag’s signal
d, c Information bits and codeword ph Tag’s harvested power
T STC block length η EH circuit conversion efficiency
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Fig. 4: Examples of QPSK and 8-PSK backscatter modulator designs.

TABLE V: Examples of QPSK and 8-PSK backscatter modulator designs.

Modulation scheme Index Γi zi (Ω)
1 0.57 + j0.57 0.69 + j2.24
2 −0.57 + j0.57 0.13 + j0.41
3 −0.57− j0.57 0.13− j0.41

QPSK

4 0.57− j0.57 0.69− j2.24

8-PSK

1 0.74 + j0.31 2.18 + j3.79
2 0.31 + j0.74 0.35 + j1.45
3 −0.31 + j0.74 0.16 + j0.65
4 −0.74 + j0.31 0.11 + j0.20
5 −0.74− j0.31 0.11− j0.20
6 −0.31− j0.74 0.16− j0.65
7 0.31− j0.74 0.35− j1.45
8 0.74− j0.31 2.18− j3.79

switching mode, where EH and data processing (e.g., informa-
tion sending/decoding) operations occur in two distinct time
slots, and (ii) power-splitting mode, where both operations
occur simultaneously but each is allocated a fraction of the
RF power captured by the antenna. However, for passive
tags, the power-splitting mode is widely implemented [72]. To
understand how it operates in this case, we consider the tag to

use M̄ -ary modulation, (1). The power-splitting (PS) ratio can
be variable or fixed. As mentioned earlier, the tag uses a set of
impedance values to generate the signal constellation. When
the tag load impedance matches the antenna impedance, i.e.,
Zi = Za for i = 0, resulting in Γ0 = 0 and the absorption
state. In this state, the tag completely harvests energy without
reflecting the RF signal.

With a fixed PS ratio or M̄ -ary PSK, the reflection coeffi-
cients of all other impedance values have a constant magni-
tude, i.e., |Γi|2 = αi = α. Hence, the received power at the tag
antenna, Pa, is split, and αPa is used for data communication
and the remaining Pb = (1 − α)Pa for EH. On the other
hand, when the tag employs M̄ -ary ASK, the reflection
coefficient depends on the data value, i.e., |Γi|2 = αi, and
hence the PS ratio varies. Therefore, the reflected power at
the tag, i.e., αiPa, changes accordingly. Then, the rest, i.e.,
Pb = (1−αi)Pa, is used for EH. Regardless of the modulation
scheme, the EH rectifier converts the incident RF power to a
DC voltage to power the tag.

To model an EH circuit and quantify the amount of har-
vested power, the linear EH model is convenient and ana-
lytically tractable. As the name implies, it suggests that the
harvested power is given by Ph = ηPb, where 0 < η ≤ 1 is
the power conversion efficiency (PCE). However, energy har-
vesters comprise nonlinear components (e.g., diodes, resistors,
capacitors) and the output power is a nonlinear function of the
input power; that is (i) high input powers cause a saturation
plateau, (ii) the output of the EH circuit drops to zero if the
input RF is below the sensitivity level. Thus, the linear model
does not represent these key nonlinear properties. Thus, several
nonlinear EH models may more accurately model practical EH
circuits, including a piece-wise linear function [73], a rational
function [74], a polynomial function [75], a sigmoid function
[76], or an improved sigmoid function [77], and a nonlinear
model based on error function [78].

Another EH parameter is the activation threshold. The
system needs RF signals that “wake up” tags – the activation
process. Thus, the activation threshold is the minimum of
incident RF power to wake up a tag. It is around -20 dBm
for some tags, but values even below -20 dBm are highly
desirable. Thus, decreasing the activation threshold and also
improving the PCE are desirable [79], i.e., low activation
thresholds enable the tag to harvest power at low input powers,
and high PCE ensures that more DC power is available to the
tag for coding, modulation, and other operations.

Overall, the EH process yields only a limited amount of
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power to the tag, e.g., 5 µW harvested power in 1.8GHz to
2.5GHz using crossed dipole antenna and full-wave rectifier
[80]. Thus, passive tags are power limited, a fact that has great
ramifications for the choice of codes.

III. BASICS OF CODING

This section provides a brief background on channel coding,
decoding, and code design guidelines.

Fig. 5 represents a general digital communication link to
transport data packets. The channel encoder and modulator
are the key components of the transmitter side. The channel
encoder maps data bits to coded bits based on the channel
code. We will discuss popular channel codes in Section V.
The modulator maps the code bits to complex or real symbols
to create the transmitted signal. For brevity, we do not discuss
this process here. As the transmitted signal travels through
the channel, noise, interference, and other impairments can
occur. Thus, the receiver gets a distorted version of it. The
receiver then maps it back to data bits. To do that, the receiver
eliminates the effects of noise, interference, channel fading,
and others. As this process is not perfect, the decoded bits
may contain some errors. Channel codes will help detect and
correct those bit errors and thus will significantly improve
system performance.

The encoder adds extra bits (parity bits) to the original
data bits (Fig. 5). These parity bits are computed according
to the channel code. The original data bits and parity bits
together form codewords. Each codeword is then mapped to
a sequence of symbols that are sent through the channel. The
decoder performs the reverse operation of the encoder, and it
detects and/or corrects errors during transmission. As per Fig.
5, demodulation and decoding may be combined to extract
data from the received signal.

Channel capacity is a tight upper bound on the reliable
information transfer rate over the channel. This concept has
been central to the development of modern wired and wireless
communication systems, and the advent of novel error correc-
tion codes achieves performance close to the channel capacity
[81]. A rigorous statement of this notion is expressed by the
following theorem.

Theorem 1. Shannon’s Noisy Channel Coding Theorem: If
the rate of transmission R is less than the channel capacity,
for any given probability of error Pe, there exists length n0

such that codes of length n exceeding n0 can decode with a
probability of error less than Pe.

Theorem 1 suggests that an arbitrarily low error probability
is achievable if a sufficiently long code is employed for
information rates less than capacity [81, Section 1.12.7]. This
theorem guarantees that such codes exist but does not tell
how to find them. Nevertheless, practical codes have been
discovered with low-complexity decoding and high error-
correcting capabilities. Before discussing them, we define
some basic terms.

A. Channel Coding Design Criteria
These depend on the characteristics of the channel and the

QoS parameters. Before describing those, we first introduce
some relevant coding parameters.

• Hamming Distance: It is the number of bit differences
between two codewords v = (v1, v2, . . . , vn) and w =
(w1, w2, . . . , wn), both of length n, i.e.,

dH(v,w) = |{i|vi ̸= wi, i = 1, · · · , n}|, (4)

where |A| is the number of elements in set A. Hamming
distance is useful for the characterization of the error
detection and error correction capabilities of a code. The
minimum Hamming distance between any two distinct
codewords of a code is denoted by dmin. A code with
minimum Hamming distance dmin can detect up to
(dmin − 1) errors and can correct up to (dmin − 1)/2
errors [82].

• Coding Gain: This is the signal-to-noise ratio (SNR)
difference required between uncoded and coded systems
to achieve the same probability of error [81]. Coding
gain is expressed in dB units. A tradeoff exists between
coding gain and complexity; long codes can provide
larger coding gains at the cost of increased decoding
complexity.

• Code Rate: It is the ratio of the number of data bits (k)
to the total number of bits (n) in each codeword. Thus,
the code rate R = k/n. As R → 0, the ability to correct
and/or detect errors increases. However, since the added
(n− k) bits do not carry information, physical resources
such as bandwidth and power expended to transmit them
constitute an inefficiency.

The minimum Hamming distance, dmin, determines the
error correction/detection capability of a coding scheme. Con-
sequently, maximizing dmin helps to minimize the probability
of errors. This is done by generating sets of symbol sequences
having larger distances than with uncoded sequences, while
not sacrificing data rate or increasing system bandwidth. To
that end, the standard channel code design criterion is to
maximize dmin among the set of all possible codewords.
However, for the non-fading, additive white Gaussian noise
(AWGN) channel, the minimum Euclidean distance among all
possible codeword pairs is the design criterion.

Other factors also affect the design of channel coding
schemes (Fig. 6). Hence, designing a coding scheme for
a particular channel involves many design trade-offs. For
example, an optimized code may achieve a lower BER or
better coding gain, but it may increase decoding complexity
and transmission delay or reduce the throughput [83]–[85].
Therefore, design trade-offs must be carefully considered.
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B. Encoding and Decoding Processes

As per Fig. 5, channel encoder adds redundant bits to its
input bits d = (d1, · · · , dk) and generates a codeword c =
(c1, · · · , cn), n ≥ k. The transmitter maps the codeword to
a signal sent through the channel. The demodulator converts
the channel output into a sequence of symbols to be fed to
the decoder. These decisions may be “hard” (e.g., a particular
bit is 0 or 1), or “soft” (e.g., the likelihood of a particular bit
being 0 or 1). The decoder exploits the code’s redundancy to
correct/detect the bit errors.

To decode the data and estimate the transmitted bits d
(embedded in codeword c), the decoder processes the output
of the channel, y. The channel is specified by the conditional
probability distribution P (y|c) given that c was transmitted.
This distribution P (y|c) is called the likelihood function.

An optimal detector minimizes the probability of error Pe

for c, i.e., [81], [86]

Pe,min = minP (c ̸= ĉ), (5)

where ĉ is the codeword output by the decoder. A popular
choice is the maximum likelihood (ML) rule.

Theorem 2. Let C be the collection of all codewords, i.e.,
C = {c1, · · · , cm}. The ML decoder outputs the most probable
codeword by maximizing P (y|cj)1, i.e.,

ĉ = maxcj∈C P (y|cj). (6)

The ML rule minimizes the error probability when all
codewords are equally likely. Otherwise, the maximum a pos-
teriori (MAP) rule may be used, which maximizes P (c|y) ∝
P (y|c)P (c), with prior probabilities P (c).

Decoders can be iterative or non-iterative types. The latter
includes syndrome decoding, nearest-distance decoding, alge-
braic decoding for Reed-Solomon (RS) and Bose-Chaudhuri-
Hocquenghem (BCH) codes, and viterbi decoding for convo-
lutional codes [87]. Turbo decoding with component MAP
decoders for each component [88], [89], the sum-product
algorithm and min-sum decoding for LDPC codes [90], [91],
are among the iterative decoding algorithms (see Section V-C).

These algorithms can be hard-decision and soft-decision
decoders [81]. The former makes a final decision on the most
likely codeword, while the latter gives soft information in the

1In (6), C can be considered as the set of transmitted signal vectors induced
by the chosen channel code and modulation.

form of probabilities or log-likelihood ratios (LLRs)2, on each
bit of the codeword. On the other hand, all iterative decoding
algorithms use soft-decision algorithms.

C. Error Control Methods

Channel impairments such as noise and interference cause
bit errors in transmit data packets and thus significantly impact
system performance. Thus, many error control techniques
have been developed, which can be classified into [92]: (i)
automatic repeat-for-request (ARQ) and (ii) forward error-
correction (FEC).

1) ARQ Schemes: ARQ is an error control strategy based
on the idea that if a received codeword contains bit errors, the
receiver can request that the sender retransmit the codeword
several times until it is received without errors. Thus, the
receiver must be able to detect the presence of errors in
the received codeword. A channel code can enable this task.
Commonly, a cyclic redundancy check (CRC) code3 is used
to encode the message bits prior to transmission. The receiver
uses the code to detect the presence of bit errors. If bit
errors are detected, the receiver asks for retransmissions. We
can generally classify these schemes into (i) stop-and-wait
ARQ, (ii) go-back-N ARQ, (iii) selective-repeat ARQ, and
(iv) incremental-redundancy ARQ.

In stop-and-wait ARQ, the sender transmits a codeword and
waits for the receiver to respond with an ACK or negative
acknowledgment (NAK) signal. If an ACK is received, the
sender transmits a new codeword; otherwise, it retransmits
the same one. This strategy is inefficient because the sender
must idle for an ACK or NAK signal. The go-back-N strategy
eliminates this idle waiting time by letting the sender transmit
codewords continuously while waiting for ACK or NAK
signals. If a NAK is received for a particular codeword, the
sender retransmits that codeword and the (N − 1) subsequent
codewords during the round-trip delay. This helps in the
preservation of codeword ordering at the receiver.

Like go-back-N ARQ, in selective-repeat ARQ, the sender
continuously transmits codewords. However, the sender re-
transmits the codeword corresponding to the NAK. The code-
words contain headers used for identification and re-ordering
at the receiver. This method has a greater throughput than the
go-back-N ARQ because only one codeword is retransmitted,
instead of N . However, additional buffer space is needed at
the receiver to allow for block re-ordering.

In incremental-redundancy ARQ, when the transmitter re-
ceives a NAK message, it sends additional bits to the receiver.
The decoder employs those extra bits and the received code-
word to recover the original data. The process is repeated until

2The LLR for a bit b ∈ {0, 1} is defined as LLR(b) =
log(p(b = 0)/p(b = 1)) [81].

3It is a type of linear block code (cyclic codes - Section V-C), which is
mainly used for error detection purposes. It is defined by a unique monic
generator polynomial g(x) of degree n − k; an (n, k) CRC code appends
n − k checksum bits to k message bits. It can detect (i) error bursts with
length up to n − k, (ii) any combination of dmin − 1 errors, and (iii) any
error pattern with an odd weight if g(x) has an even number of nonzero
coefficients [93]. For a wide set of configurations, [94], [95] list optimal
CRC generator polynomials. In 5G NR systems, 16-bit CRC (CRC-16) and
24-bit CRC (CRC-24) are specified for downlink transmission [29].
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the data is retrieved or declared lost. More details of ARQ
schemes can be found [92].

2) FEC Codes: FEC algorithms add an extra number of
coded bits (e.g., parity bits) to data bits, allowing the receiver
to detect and correct errors without ARQ [96]. Various FEC
codes have been developed throughout the evolution of mod-
ern communication networks and standards. However, linear
codes are widely used due to simpler encoding and decoding
processes (Table I). They can be block codes or convolutional
codes which are briefly described below.

• Linear block codes: A (n, k, dmin) linear block code C,
with the code rate R = k/n, transforms a message of
k bits into a codeword of n > k bits by adding n − k
redundant parity bits, and dmin is the minimum Hamming
distance of the code, which determines the error detecting
and correcting capability [81]. Linearity implies that the
sum of two codewords is another codeword, and the all-
zeros word is a valid codeword. Thus, the minimum
Hamming distance dmin is the smallest weight of the
nonzero codewords in the code. The codewords are
generated according to

c = dG, (7)

where c ∈ C is the codeword for message d, and G is the
k × n generator matrix, all with entries from {0, 1}. To
perform error detection, one uses (n−k)×n binary parity
check matrix H such that, HGT = 0, or equivalently
cHT = 0, where (·)T is the transpose operator. The H
matrix lists the parity-check equations that each codeword
must satisfy. Therefore, a linear block code is uniquely
specified by G or H.
Perhaps the most well-known linear block codes are
Hamming codes, characterized by m = n − k and
n = 2m − 1, for any positive integers m ≥ 3. They have
dmin = 3 and can correct single-bit errors only or detect
up to two-bit errors. BCH, RS, Polar, and LDPC codes
are other ones for conventional communication systems
and BackCom (Section V-C).
Encoding any linear block code requires the multipli-
cation of G by d, (7). This entails k multiplications
and k − 1 additions for each coded bit. Nevertheless,
for a systematic code, the first k bits are simply the
message bits. However, each of the remaining n−k parity
bits requires O(k) operations. Thus, the overall encoding
complexity is O(nk) [81].

• Convolutional Codes: These operate on a continuous
stream of bits. The structure of the generator matrix
of such codes makes the encoding operation a form of
filtering - or convolution. For an (n, k,K) convolutional
code, at each time step, k bits are shifted through a set of
K registers and n new bits are produced by performing a
convolution, in modulo-2 arithmetic, of the data stored in
the registers, leading to the code rate R = k/n [81], [92].
The integer K is called constraint length, i.e., encoder
memory; the output is a function of the current input and
the previous K − 1 inputs. The memory must be large
enough to increase the minimum distances and reduce

error probabilities, but complexity increases exponentially
with K [92].
There are several decoders for convolutional codes. The
Viterbi algorithm is the most commonly used one based
on the trellis diagram of the code [87]. It can be either
hard-decision or soft-decision, with a 2 dB gain for the
latter [97].
Turbo codes are a class of convolutional codes adopted
by the 3G universal mobile telecommunications system
(UMTS) [27] and 4G LTE mobile standards, and 4G NB-
IoT standard [28], [98]. A turbo encoder concatenates two
parallel convolutional encoders, which are separated by
an interleaver [89]. It accepts a data block of k bits and
rearranges the order of the bits based on a predetermined
interleaving pattern. Thus, each convolutional encoder
produces a k-bit parity block which is then concatenated
together with a third replica of the data block, to generate
a n-bit encoded block.

On the other hand, a hybrid ARQ scheme (HARQ) leverages
a combination of FEC and ARQ to ensure the reliable and
robust delivery of data packets. HARQ offers significant
advantages over ARQ schemes for relatively large packet
lengths and for high noise and/or interference levels [99].
To this end, CRC is used with the adopted channel codes
in different wireless standards, e.g., 3G UMTS [27], 4G LTE
mobile standards, 4G NB-IoT standard [28], [98] and 5G and
5G NR [29], [30] (see Table I).

D. Interplay Between Coding & Modulation

The channel’s expected noise primarily determines the se-
lection of channel code and the modulator design, interfer-
ence, and distortion characteristics [100]. Cooperation between
channel coding/decoding and modulation/demodulation can
greatly improve efficiency. For example, when a channel
imposes severe bandwidth limitation, modulation methods that
use spectral spectrum shaping techniques to minimize distor-
tion and simplify decoding are preferred [101, Chapter 6].
Otherwise, design options may be used that lowered the
required SNR ratio for greater bandwidth occupancy.

Channel coding always forces the system to use a larger
constellation to keep the same data rate as an uncoded system
[102]. Going to a larger constellation reduces the distance
between the symbols, which implies a higher BER at the
output of the demodulator. However, the BER is significantly
reduced at the channel decoder output. For instance, compared
to uncoded QPSK, coded 8-PSK with a trellis code of rate
two lowers the SNR to achieve a given BER. Specifically, this
reduction amounts to a 3.3 dB coding gain at a BER of 10−5

[103].
To reduce the BER, the code rate can be lowered, which

increases the code’s redundancy at the cost of bandwidth
expansion. Trellis Coded Modulation (TCM), however, can
improve the reliability of a digital link without bandwidth
expansion or reduction of data rate. It treats the coding and the
modulation as one operation [104]. TCM includes a k/(k+1)-
rate convolutional coder and M̄ -QAM/M̄ -PSK modulator. The
decoding process then uses a Viterbi decoder with a soft metric
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- the Euclidian distance from the constellation point. One
of the first commercial applications of TCM was high-speed
telephone modems that use substantial constellation sizes to
reach data rates up 33 kbits/s over the telephone line [102].

Adapting the modulation and coding rate to the channel fad-
ing can also increase average throughput, reduce the required
transmit power, or reduce the average probability of bit error
by taking advantage of favorable channel conditions to send
at higher data rates or lower power – and by reducing the
data rate or increasing power as the channel degrades [105].
Adaptive modulation and coding use the CSI to determine
the order of the modulation and the coding scheme. In LTE
and 5G-NR [106], radio link quality is estimated based on
channel quality indicator (CQI), which is reported by the user
equipment and measured based on the cell-specific reference
signal and channel state information reference signal in LTE
and 5G-NR, respectively [107], [108]. The better the radio
conditions, the higher CQI and the higher the coding rate.
Modulation and coding rate is thus determined to maintain
the error probability, not more than 10%.

E. Antenna Effects on Coding
Besides coding, multiple transmit/receive antennas can pro-

vide diversity (δ) and multiplexing (rate) gains (µ) [109].
These are functions of the number of transmit and receive an-
tennas M and N, respectively. MIMO creates multiple spatial
channels by exploiting rich-scattering channels. For instance,
when compared to single input single output (SISO), (M,N)
MIMO can increase the data rate by a factor of min(M,N)
[109]. The latter is obtained by exploiting the independent
fading gains affecting the same signal, i.e., the number of
independent paths traversed by each signal, which has a
maximum value of MN [109]. Between these two gains, there
is a fundamental trade-off: for example, maximum rate gain,
attained by simultaneously sending independent signals, has
no diversity gain, whereas maximum diversity gain, attained
by simultaneously sending the same signal from all antennas,
has no rate gain [109]. This curve depicts the maximum
achievable diversity gain, δ∗(µ), as a function of µ. For
example, the piecewise-linear function connecting the points
(i, δ∗(i)) denotes the trade-off curve for a code with block
length T ≥ M + N − 1, where i ∈ {0, 1, . . . ,min(M,N)}
and δ∗(i) ≜ (M − i)(N − i) (Section V-D) [109].

Fig. 7 depicts the diversity-rate trade-off for M = 8 and
N = 4. We observe that the maximum values for µ and δ
are min(M,N) and MN , respectively. It also demonstrates
that the maximum diversity gain is only possible with zero-
rate gain, and the maximum rate gain is only possible with
zero-diversity gain.

Given a specific antenna configuration and those gain trade-
offs of MIMO, the challenge is to design codes that achieve
high rates, high diversity orders, and low decoding complexity.
To do this, space-time block codes (STBCs), space-time trellis
codes (STTCs), and layered STCs, which use the degrees of
freedom in both space and time, have been developed [109].
We discuss these in more detail in Section V-D.

The number, M , of transmit antennas significantly impacts
space-time code designs. For M = 2, the Alamouti code

Fig. 7: Diversity-rate trade-off for (8,4) MIMO channel.
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Fig. 8: A single-antenna BackCom setup. We will refer to the source-to-tag, tag-to-reader,
and source-to-reader channels as forward, backscatter, and direct channels, respectively.

provides full diversity at the full data rate (one data symbol
per channel use). However, for M > 2, no complex valued
STBCs with full diversity and full data rate exist [109].

A subset of transmit antennas can be selected on demand
to form spatial modulation (SM) [110] to increase the coding
gain for low decoding complexity [111]. In SM, the transmit
antenna on/off status provides an additional dimension to
send bits, and therefore both STBC symbols and antenna
indices convey information, increasing the rate. We discuss
the resulting BER and spectral efficiency in BackCom systems
(Section VI-C). Additionally, Multiple receive antennas (N )
also leverage power gain, and receive diversity gain to increase
the received power and enhance signal detection, thereby
improving the BER and communication range (Section VI-C)
[112]–[114].

IV. BACKCOM CHANNELS AND CHARACTERISTICS

This section discusses these and provides the simulations of
the capacity and BER. We also quantify the performance gains
due to using channel codes in BackCom. These are transmit
power reductions, rate gains, and communication distance
improvements.

A. Single-Antenna Nodes

For simplicity, we start with single-antenna nodes (Fig. 8).
The reader receives the data signal via the tag-to-reader, h2,
(backscatter) and the RF source-to-tag, h1, (forward) channels.
This gives rise to three different cases of the effective channel
coefficient seen by the reader:



11

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10
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1) It is h1h2 for AmBC,
2) It is h2

1 for MoBC because of the co-located RF source
and the receiver,

3) It is h1h2 for AmBC because of the dislocated RF source
and the receiver.

Such channels form a product or dyadic channel, i.e., the
product of the forward link and backscatter link. It has
the following properties: (i) if the forward and backscatter
channels are frequency selective, the product channel will be
the convolution of the two channel responses. Convolution
results in a longer channel impulse response and dispersed
peaks [26], (ii) correlation between h1 and h2 for closely
spaced or co-located transmitter and reader antennas degrades
the overall channel [34], [115], [116], and (iii) the statistics of
the worst of h1 and h2 dominates the statistics of the BackCom
channel [117]. These unusual characteristics will play a key
role in the performance of BackCom systems and thus be
considered in code designs.

Generally, the overall statistics of a dyadic channel are dras-
tically different from a one-way channel, resulting in deeper
and more frequent small-scale fading [26]. To see this, in Fig.
9, we plot the envelope probability density function (PDF) of
the single-antenna dyadic channel for different Nakagami-m
factors4. The conventional Nakagami-m channel PDFs are also
plotted for comparison. Independent forward and backscatter
links are assumed while each PDF has been normalized to unit
power, i.e., E{α2} = 1, where α is |h1| or |h2|.

To quantify the deeper fading of the dyadic channel, we use
the coefficient of variation (cv), which measures the dispersion
of a random variable. The cv of X is defined as the ratio
between the mean and the standard deviation of X. For
wireless channels, high cv values of α show deeper fading
and vice versa. Hence, a low cv tends to avoid deeper fading.

4The parameter m can model a myriad of channel fading conditions. For
instance, m = 1 models Rayleigh fading, m > 1 models less severe fading,
including Rician channels (m ≈ (Kr + 1)2/(2Kr + 1), where Kr is the
Ricean factor), and m → ∞ gives an AWGN channel [118].
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Table VI lists it for the dyadic backscatter and conventional
channels (Fig. 9). It clearly reveals the deeper fading effects of
the dyadic channel, leading to outages and higher error rates.

The diversity order measures how many independent copies
of the transmitted signal are available at the receiver. These
copies are created by means of multiple time and/or space
channels by using multiple antennas at the transmitter and/or
receiver sides. Diversity gains help to overcome the effects
of fading [105]. Performance analysis techniques can also
be developed based on conventional analysis methods [119],
[120]. The diversity order of a conventional (1, 1) Nakagami-
m channel is m, whereas a (1, 1, 1) dyadic channel has
the diversity order of min(m1,m2). Thus, the statistics of
the worst of forward and backscatter channels dominate the
BackCom link performance [117].

B. Multiple-Antenna Nodes

With M -RF source, L-tag, and N -receiver antennas, the
dyadic channel is described by the tuple (M,L,N) (Fig. 10).
The so-called pinhole effect can be observed in this dyadic
channel. The pinhole concept arises in conventional MIMO
channels. The ratio between the MIMO channel capacity and
that of the SISO channel is equal to r, which is the rank of the
MIMO channel matrix. Under rich-scattering channels, r is the
smaller number of M and N . Essentially, r is the multiplexing
or rate gain described earlier (Section III-E). However, due to
spatial correlation, the rank can collapse to one, which is the
pinhole or keyhole effect. This effect can also be observed in
BackCom networks.

Each tag antenna behaves as a pinhole, i.e., it collects
all incoming multipath components and reflects them to the
reader (Fig. 10). Thus, the propagation paths converge at
the tag. Such channels are also known as keyhole, dyadic,
or double-fading channels [115], [116], [121]. The pinhole
channel shows severe small-scale fading even under the line-
of-sight conditions [65]. The link envelope (received signal
envelope) correlation can occur between propagation paths that
terminate or originate on the tag antenna [34], [115].

However, multiple tag antennas provide additional sta-
tistically independent pinhole diversity. Therefore, multiple-
antenna tags will create pinhole diversity gain, which in turn
enhances the BER performance [116].
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TABLE VI: The coefficient of variation of α.

cv m = 1 m = 2 m = 3

Dyadic 78.7% 53.0% 42.5%
Conventional 52.3% 36.3% 29.4%

We next study different practical BackCom setups in terms
of capacity and BER.

C. Performance Evaluation of BackCom

As before, we consider an RF source (carrier emitter), a
backscatter tag, and a receiver (reader) (Fig. 8). For the AmBC
setup, the carrier signal is an ambient modulated RF signal
for a typical legacy transmission (primary user), while for
BiBC and MoBC systems, the carrier signal is a dedicated
ummodulated RF signal. In fact, MoBC systems utilize a co-
located RF source and receiver.

For the system (Fig. 8), the RF source transmits the RF
signal s, where E[|s|2] = 1, and both reader and tag receive it.
The tag harvests energy from the RF signal and reflects it with
its signal q

b
to the reader. We assume that, the direct channel

f and the forward and backscatter channels are modeled as
v = ζ

1/2
v ṽ, where v = {f, h1, h2}, ṽ ∼ CN (0, 1) captures

the quasi-static Rayleigh fading, and ζv accounts for path-
loss, which is modeled via free-space path-loss model [122].
Moreover, we assume a constant tag reflection coefficient, i.e.,
|Γi|2 = α in (1). The received signal at the reader is then

yR =
√

Ptfs+
√

Pt

√
αh2h1sqb

+ wR, (8)

where the first term,
√
Ptfs, is the direct link signal, the

second term,
√
Pt
√
αh2h1sqb

, is the backscattered signal, and
wR is the AWGN noise at the reader having zero mean and
variance σ2

w, i.e., wR ∼ CN (0, σ2
w). Besides, Pt is the transmit

power at the RF source. Note that, for the MoBC setup, both
the tag-terminated channel (h1) and tag-originated channel
(h2) are equal, h1 = h2.

For a typical AmBC setup, as in the other two setups,
the reader decodes with successive interference cancellation
(SIC)5, i.e., Tb = NsTs where Tb is the tag’s symbol duration,
Ts is the primary symbol duration, and Ns ≥ 1 is an integer.
The received signal after SIC is thus given as

ŷR =
√

Ptf(s− ŝ) +
√
Pt

√
αh2h1sqb

+wR, (9)

where ŷR ∈ CNs×1 is the received signal vector after SIC, in
the tag’s symbol duration. In (9), the first term is the residual
interference due to the imperfect SIC, where s ∈ CNs×1 is the
modulated RF signal vector and ŝ ∈ CNs×1 is the estimates of
s, i.e., s = ρŝ+ e, where e ∈ CNs×1 is the estimation error,
i.e., e ∼ CN (0, σ2

e/[1 + σ2
e ]I), statically independent of the

ŝ, and ρ = 1/
√

1 + σ2
e (0 ≤ ρ ≤ 1), determines the quality

5For a passive IoT network of tags coexisting with a primary network,
the reader can be considered as a common receiver that decodes the signals
of both the ambient RF source (primary) and the backscatter tag [46]., i.e.,
assuming perfect CSI, it first decodes the direct link legacy signal (primary),
subtracts it from the received signal yR to decode the backscatter data. The
direct link signal is typically much stronger than the backscatter link signal. It
is therefore reasonable to assume that the rate of the backscatter tag is equal
or lower than the rate of the primary transmission.
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Fig. 11: The achievable rate as a function of tag-reader distance for dST = 5m,
dSR = 7m, α = 0.9 and Pt = 10 dBm. For MoBC setup, dST = dSR and
dSR = 0m.

of the estimation [123]. Besides, wR ∈ CNs×1 is the noise
vector.

The channel capacity of the AmBC system is the maximum
of the mutual information between input and output:

CTag = max
P (q

b
)
I(q

b
; ŷR) (10)

Thereby, the average achievable backscatter rate can be given
as6

RTag =
1

Ns
E
[
log2

(
1 +

αPt∥s∥2|h2h1|2

Pt∥s− ŝ∥2|f |2 + σ2
w

)]
. (11)

Next, we consider both the tag and the primary trans-
missions have the same symbol rate, i.e., Ns = 1, and
provide simulations to evaluate the achievable rate7 and BER.
Moreover, AWGN variance is σ2

w = 10 log10(N0BNf ) dBm,
where N0 = −174 dBm/Hz, B = 10MHz is the bandwidth,
and Nf = 10dB is the noise figure.

Fig. 11 depicts the average achievable bacscatter rate as a
function of the tag-reader distance (dSR) for different Back-
Com setups. As observed, due to backscattering and the dyadic
path-losses, the achieved rate is low. As the tag-reader distance
increases, the achieved rate decreases. For the AmBC setup,
the tag achieves the rates of 0.5 bps/Hz and 0.2 bps/Hz for
dSR = 2m and dSR = 4m, respectively.

Fig. 12 plots the average achievable rate trade-off between
the primary and the backscatter transmissions as a function
of the tag reflection coefficient (α). As α approaches zero,
the primary achievable rate reaches a maximum, whereas the
backscatter achievable rate becomes infinitesimal since the tag

6When the tag’s rate is lower than the primary rate, the primary signal
can be viewed as a spread-spectrum code. Thus, with perfect SIC, the SNR
for decoding tag’s symbol increased by Ns times at the cost of symbol rate
decreased by 1/Ns [46].

7For Ns = 1, the tag’s signal interferes with the primary signal and
the average achievable primary rate can be computed as RPrimary =

E
[
log2

(
1 +

Pt|f |2
αPt|h2h1|2+σ2

w

)]
. This is only applicable to AmBC systems,

as dedicated RF signals used in MoBC and BiBC are unmodulated.
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Fig. 12: The primary rate versus the tag rate as a function of the reflection coefficient
(α) for dST = 5m, dTR = 2m, dSR = 7m, and Pt = 10 dBm.
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Fig. 13: The achievable primary rate versus the achievable rate of the tag as a function
of the AmBC tag reflection coefficient (α) for Ns = 5, dST = 5m, dTR = 2m,
dSR = 7m, and Pt = 10 dBm.

does not reflect any signal. On the other hand, when the α
approaches unity, the backscatter achievable rate reaches its
maximum, and the primary achievable rate slightly degrades
due to interference from the backscatter transmission. There-
fore, for a given α, the achievable rates of the primary and
BackCom can be obtained by traversing the trade-off curves.
We also consider Ns = 5, i.e., Tb = 5Ts in Fig. 13, where
the tag’s signal is treated as a multi-path component, not
interference, for the primary transmission (see [46, Sec II-B]).

The BER of the three BackCom setups is investigated in
Fig. 14 and Fig. 15. To study the effects of FEC codes, we
use cyclic BCH code (Section V-C) to encode tag data. Fig.
14 shows that FEC codes can reduce the BER for the same
transmit power compared to the uncoded system (e.g., coding
gain). In particular, for the AmBC setup, a BER of 10−1 is
achieved at 14 dBm and 21 dBm of transmit powers for the
coded system and uncoded one, respectively. Therefore, FEC
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Fig. 14: The BER versus the transmit power at the RF source for dST = 5m, dTR =
2m, dSR = 7m, and α = 0.8. The tag uses BCH(31,6) code and BPSK. MoBC and
BiBC tags reflect an unmodulated carrier signal. AmBC tags reflect a BPSK-modulated
carrier. For MoBC setup, dST = dSR = 5m and dSR = 0m.
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Fig. 15: The BER versus the tag-reader distance for dST = 4m, dSR = dST +dTR,
Pt = 20 dBm and α = 0.8. The tag uses BCH(31,6) code and BPSK. MoBC and
BiBC employ an unmodulated carrier signal. AmBC employs a BPSK modulated carrier.

codes lower the required transmit power for a certain BER
and eventually increase the range (Fig. 15).

V. CODING TECHNIQUES IN BACKCOM SYSTEMS

This section discusses coding requirements for BackCom,
RFID coding techniques, line codes, FEC codes, and space-
time codes.

The signal attenuation in the tag-to-reader and the emitter-
to-reader channels depends on distances between nodes, lo-
cation, propagation environment, and others. It can seriously
limit capacity and reliability. Channel codes can help to alle-
viate this problem [124]–[126]. But code design for BackCom
networks is different from that for conventional networks and
is challenging due to several reasons: (i) tags can only do
simple processing because of significant energy constraints
(Section II-A), (ii) the capacity-approaching codes, such as
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turbo and LDPC codes (Section III-C and Section V-C, respec-
tively), require long codes, which is problematic for tags, and
(iii) there are currently no coding standards for non-coherent
and BackCom systems [125], [127], [128]. Thus, we need
novel or existing coding schemes to extend the communication
range, enhancing the application potential of BackCom.

Coherent decoding requires the availability of CSI, which is
typically estimated with pilot signals [129]–[131]. The quality
of estimated CSI depends on several factors and determines
the BER performance [132]. However, the passive tag itself
may not be able to transmit long pilot sequences for accurate
CSI estimation. Moreover, CSI estimation is also affected
by channel impairments such as multi-path fading, shadow-
ing, noise, Doppler shifts, and interference. Consequently,
the poor quality of CSI may degrade performance, resulting
in high error floors. Rather than CSI estimation, we may
use non-coherent encoding/decoding techniques, which are
robust against fading [133]. They avoid CSI and achieve low
complexity and cost. Thus, they may be exploited to enhance
BackCom systems.

A. RFID Coding Techniques

RFID, commercial implementation of BackCom, adopts line
codes [5], [64], [65], e.g., FM0 and Miller codes, due to
their simplicity, along with CRC-16 to ensure the integrity
of data transmission. In passive ultra-high frequency (UHF)
Gen2 RFID, the tag communicates with the reader in a slot
through framed slotted ALOHA (FSA)-based scheme [5].
The interrogator (reader) recovers tag data using two types
of command sets {ACK,EPC} and {Read,Data} in the
identification and read procedures, respectively. Initially, the
reader transmits a query command that sets up communication
parameters, such as tag rate, number of slots and the tag line
code (i.e., FM0 vs Miller). Upon receiving the query from the
reader, the tag picks a random value in the range (0, 2q − 1),
where q is an integer between 0 and 15, and loads this value
into its slot counter. For 0 value, the tag backscatters a 16-bit
random or pseudo-random number (RN16). The interrogator
then acknowledges the tag by sending an ACK with the
same RN16. When the tag receives it correctly, it replies and
backscatters the reply including the protocol control (PC) bits
(16 bits), the EPC bits (minimum of 96 bits) and the 16-bit
CRC (CRC-16). This procedure is the identification process.
On the other hand, in the read procedure, the tag replies to
the read command and backscatters its reply comprising a
header (a 0-bit), memory word (data with variable length),
16-bit tag identifier (handle) and CRC-16 which is calculated
over the 0-bit header, memory words, and handle. We note that
there is option of activating an extra pilot sequence, that could
be further exploited for channel estimation and respective
coherent detection. The tag-to-reader link is thus protected
with a CRC-16 along with with FM0/Miller codes.

Nonetheless, designing feasible BackCom channel codes
remains a challenge since (i) lack of coding standards because
BackCom systems are still in infancy, and (ii) passive tags
have limited resources. By considering these factors, we next
present several current and potential BackCom channel codes.

0Data

Clock

1 0 0 1 1 1 0 1

NRZ

Manchester

Fig. 16: NRZ and Manchester. NRZ: “1” represented by a high voltage value and “0”
represented by a low voltage value. Manchester: “1” and “0” represented by a high-to-
low and a low-to-high transition at the middle of the clock period, respectively [64].

B. Line Codes

Line coding, also known as digital baseband modulation
(transmission), maps binary data into a baseband digital signal
[65], [82]. Line codes have varying degrees of complexity.
For instance, simple unipolar schemes employ the presence or
absence of a voltage to represent a binary one or a binary zero,
whereas more complicated multilevel schemes use different
signal amplitudes to represent a distinct group of binary
digits [82]. The simplest line codes are preferable for low-
speed asynchronous transmission (< 32 kbps), where data is
transmitted in short blocks. Thus, the receiver can synchronize
itself with the transmitter at the beginning of each incoming
block. For high-speed synchronous applications (56 kbps to
100Mbps), where larger blocks of data are sent, timing and
other factors such as noise and the DC component become
significant factors. Thus, those applications must use more
complex line codes.

There are five main categories of line coding schemes:
(i) unipolar, (ii) polar, (iii) bipolar, (iv) differential (multi-
transition), and (v) multi-level [82]. The unipolar, polar, and
bipolar line codes are further categorized as either NRZ or
return-to-zero (RZ) schemes.

We next briefly discuss some line codes.
• NRZ: For NRZ, the 1’s and 0’s are clocked from the

data to output voltages (Fig. 16). Despite its simplicity,
it presents problems if the data have long runs of 1’s or
0’s because these may be misunderstood as the presence
of a DC voltage, leading to synchronization failures [64].

• Manchester Codes: This is a variation of NRZ encoding
that ensures a transition in the middle of the clock cycle,
thus allowing the receiver to extract the clock signal from
the data signal (Fig. 16) [64]. Because of the frequent
transitions, this code consumes up to approximately twice
the bandwidth of the original signal. The physical layer
of Ethernet local area networks (LANs) uses Manchester
encoding.

• FM0 Codes: The FM0 coding (Fig. 17) uses several basis
functions for generating FM0 (bi-phase space) encoding.
It offers four possible waveforms, two for each bit. It
inverts the baseband phase at every symbol boundary (a
phase inversion between bits “1” and “0” or “0” and “1”);
a data-0 has an additional mid-symbol phase inversion.
Therefore, the decoder only needs to determine if any
phase inversion at the center of the symbol [5]. FM0
signaling shall always end with a “dummy” data-1 bit at
the end of a transmission (Fig. 17 (c)). FM0 has the same
spectrum as a Manchester-encoded signal. With a shift in
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Fig. 17: FM0 basic function, encoding, and end of signaling. There is a phase inversion
between symbols “1” and “0”, and a phase inversion at the center of symbol “0” (no
phase inversion at the center of symbol “1”) [5].

time of one-half of a data bit period, an FM0 signal can
be represented as a Manchester encoded waveform, albeit
with a different set of informative 1s and 0s constituting
the data.

• Miller Codes: These offer four possible waveforms, two
for each bit [5], [66]. Fig. 18 shows the basic functions
and an example of Miller code. The Miller sequence shall
contain exactly two, four, or eight subcarrier cycles per
bit [134, Section 3.4]. The waveforms of the tag for
information bit “1” do not change the line level at the
middle of the bit, whereas the waveforms for bit “0”
do. Additionally, the starting line level of each waveform
must be opposite than that of the preceding waveform.
The exception to that rule is when there is transmission
of bit “1” after bit “0”; in that case, the line level at the
start of both waveforms must be the same. Miller codes
always end with a “dummy” data-1 bit at the end of a
transmission (Fig. 19).
The baseband Miller code’s subcarriers can be eliminated
at the receiver via XOR operation with the system’s
synchronous clock. The signal waveform obtained at this
stage is similar to the signal of the FM0 code (Fig. 20)
and can be easily decoded [135].
Several subcarriers (transitions per bit) are added to each
bit of Miller code, which results in higher bit duration,
while FM0 code has only one subcarrier. FM0 provides
faster communication rates but is less robustness to noise.
On the other hand, Miller encodings allow for increasing
levels of noise resistance at the expense of slower tag
data rate. Moreover, higher Miller indices provide better
interference rejection (collision tag separation) at the cost
of lower tag data rates [136].

Table VII describes the pros/cons of these line codes.
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Fig. 18: Miller basic function and encoding. A phase inversion occurs between two
consecutive symbols “0” and another in the middle of a symbol “1” [5], [135]. Miller-
modulated subcarrier, i.e., Miller-M̂ , is obtained by multiplying the baseband Miller
encoded data with a square wave whose frequency is M̂ times that of the baseband data
[134].
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Fig. 19: Miller end of signaling [5]. The transmission ends with a “dummy” data-1 bit.
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Fig. 20: Subcarrier elimination in Miller-2 [135]. Data is the baseband signal after
subcarrier removal which is similar to the signal of FM0 code.
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TABLE VII: Popular line codes.

Line codes Advantages Disadvantages

NRZ codes • Ease of generation
• Relatively low bandwidth requirement [137, Section 28.2]

• Signal distortion due to DC component
• Synchronization failures due to the absence of

voltage transitions
• No error detection capability
• Weak error rate performance

Manchester
codes

• DC balanced
• Easy clock recovery and synchronization
• Better than NRZ error rate [137, Section 28.2]

• The minimum bandwidth is twice that of NRZ
• No error detection capability [137, Section 28.2]

FM0 codes
• DC balanced
• Data-embedded timing
• High data rate

• Less robustness to noise/interference compared
to Miller codes [135]

• High bandwidth requirement [134, Section 3.6]
• No error detection capability

Miller codes

• DC balanced
• Timing information is embedded in data
• Good interference and noise rejection
• High separation efficiency for collision tags [135]
• Low bandwidth requirement compared to

Manchester codes [134, Section 3.4]
• Good error rate performance

• Lower data rate compared to FM0 [136, Section 8.5.2]
• Lower data rate by increasing the number of

sub-carriers [136, Section 8.5.2]
• No error detection capability [137, Section 28.2]

Remark 1. Tags can use differential encoding, albeit with
a slight degradation in error performance. That will reduce
the complexity of the receiver and avoid power-consuming
training sequences needed for channel estimation [50], [138]–
[140]. Specifically, differential encoding works when the chan-
nel is unknown but is unchanged over a coherence interval that
spans several (two) symbol durations. The data is encoded as a
change rather than absolute values of the signals. Differential
coding is popularly applied to PSK-signalling, where the
information bits are encoded as the phase difference between
current and previous symbols. For differential BPSK (DPSK),
the encoding operation can be expressed at the bit level. Thus,
the output of the differential encoder is given as

bn = bn−1 ⊕ dn, (12)

where ⊕ is the XOR operation, bn and bn−1 are is the
transmitted bit at the current time instant, is the transmitted
bit at the previous time instant, and dn is the binary message
bit of the tag (dn ∈ {0, 1}) to be transmitted at the current
time instant. At the receiver, dn is decoded with a similar XOR
operation [138].

Using (12), 180o phase ambiguity can be resolved, which
is enough for the binary case. However, for a general M̄ -
array case, an M̄ -fold phase ambiguity occurs. The differential
encoder can thus be formulated as [141, Section 3.5.2]

bn = bn−1 exp(j
2π

M̄
dn), (13)

which is equivalent to

φn − φn−1 =
2π

M̄
dn, (14)

where bn = ejφn , and φn = 2π(n − 1)/M̄, n = 1, . . . , M̄ .
Therefore, differential encoding maps the nth information
symbol dn into the phase change from the last transmitted
symbol bn−1 to the following one bn. At the receiver, the phase
difference between the signals received at two subsequent
symbol samples is used for detection. In general, the energy
efficiency of M̄ -DPSK is quit poor for M̄ ≥ 8 [100].
These designs are thus rarely found in practice when energy
efficiency is the primary concern.

C. Error Correcting Codes

These can increase the reliability of the backscatter link
and the communication range [62], [63], [125], [142]–[144].
Although long FEC codes approach the channel capacity,
they consume significant computations and power and need
accurate CSI. Passive tags, as mentioned before, have limited
memory, energy, and computational power. Thus, CSI acquisi-
tion is challenging. Hence, existing long FEC codes may need
substantial changes to be adopted for BackCom [63].

Adopting FEC codes to power-constrained and low-
complexity backscatter tags needs several properties: (i) near-
optimal short FEC codes and low-complexity encoders [31],
[145], (ii) significant error detection capability at low over-
heads, (iii) low-complexity decoding algorithms operating with
limited or no CSI [33], [62], [146]. Decoding delays could
limit the potential number of tags served by a single receiver.

These concerns show that channel coding design for
BackCom systems with the aim to achieve a favorable trade-off
between complexity and reliability remains an open research
problem. To this end, a modified version of short block length
FEC codes, e.g., polar codes [142] and cyclic codes [143],
[144], have been developed for BackCom systems.

One problem with short channel codes is that the coding
gain will drop off and the gap to the Shannon capacity will
increase [145], thereby channel capacity losses are experi-
enced8. Moreover, short channel codes have small minimum
Hamming distance, small bit-error correction capability and
cannot overcome the deep fading effects which are even more
frequent in BackCom systems, due to the product of two
fading channels [125]. To overcome this difficulty, interleaving
techniques, which provide time diversity efficiently [147],
can be employed with the FEC codes with relatively small
codeword length [63], [148]. With the help of interleaving,
signal diversity can be achieved such that burst errors affects
bits of different codewords rather than consecutive bits of the
same codewords. The main drawback of this technique is the

8The utilization of relatively smaller (than larger) packets in low rate
applications, such as environmental monitoring, in conjunction with the need
for multi-user detection, is preferred to reduce the processing delay.
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added delay at both the transmitter and receiver. In particular,
for an interleaving depth Din

9, both the tag and the receiver
(reader) need to process a block of Din codewords upon trans-
mission and reception, respectively. Due to the limited tag’s
memory, relatively small values of Din should be considered.
One insightful approach to overcome this limitation is to take
advantage of mathematical structure of the adopted FEC codes
to reduce the memory requirement [63]. For instance, for a
cyclic code C(k, n, dmin), interleaving C with the interleaving
depth Din results in another cyclic code with the same min-
imum distance of dmin, i.e., CDin(Dink,Dinn, dmin) [149].
Thus, instead of processing Din blocks of n bits each, the tag
can easily produce the interleaved code with a shift register
encoder of (n− k)Din memory elements.

Coherent detection/decoding, which relies on accurate CSI
estimation, seems formidable in BackCom. Accurate channel
estimation may require long enough training signals, which
is time-consuming and energy-intensive [150]. Passive tags
however possess inherently limited resources and have strict
energy constraints and are unable to support such training or
pilot signals [139]. Moreover, compared to conventional sys-
tems, backscatter link introduces multiple challenges, (i) the
passive tags may reflect ambient sources, which are unknown
to the reader. If the reader performs coherent detection, it
requires a pilot-assisted channel estimation phase and strong
coordination between the legacy and the BackCom system
[50], [139], [140], [151], and (ii) a tag further introduces
additional parameters, e.g., tag reflection coefficients and scat-
tering efficiency, and the reader may not know them [63]. A
solution to overcome these challenges of coherent detection is
the non-coherent detection/decoding approach (Section VI-D)
[62], [125], [140], [152] .

Next, we briefly review the principles of popular FEC codes
(linear block codes) adopted in BackCom systems.

1) Cyclic Codes: A cyclic code has the property that a
cyclic shift of a codeword is another codeword [81]. A (n, k)
cyclic code has a unique monic generator polynomial g(x) of
degree n − k, i.e., g(x) = g0 + g1x + g2x

2 + · · · + xn−k,
which is a factor of (1 + xn). For example, g(x) of degree 5
can be g(x) = (1 + x)(1 + x + x4) or g(x) = (1 + x)(1 +
x + x2 + x3 + x4) [81]. Each codeword can be generated as
c(x) = m(x)g(x), where m(x) is a message polynomial of
degree k − 1.

Cyclic codes have efficient encoding and decoding algo-
rithms and thus find applications in various systems. Examples
of cyclic codes include:

• CRC Codes: These are mainly used for error detection
purposes. An (n, k) CRC code can detect (i) error bursts
with length up to n−k, (ii) any combination of dmin−1
errors, and (iii) any error pattern with an odd weight if
g(x) has an even number of nonzero coefficients, e.g.,
g(x) = x12 + x11 + x3 + x2 + x + 1 for 12-bit CRC
(CRC-12) and g(x) = x16 + x15 + x2 + 1 for 16-bit
CRC (CRC-16) [93]. For a wide set of configurations,
optimal generator polynomials can be found in [94], [95].

9The choice of Din usually depends on how delay tolerant is the system
and the channel coherence time [147].

In 5G NR systems, CRC-16 and 24-bit CRC (CRC-24)
are specified for downlink transmission [29].

• BCH Codes: BCH codes, a generalization of Hamming
codes, are among the best cyclic codes in terms of
their error-correcting capability. They can be designed
to correct almost any required number of errors. In
general, for any positive integers m ≥ 3 and te < 2m−1

(error-correcting capability), there exists a binary te-error-
correcting BCH code, denoted BCH(n, k, dmin), with
codeword length of n = 2m − 1, parity bit number of
n− k ≤ mte and minimum distance of dmin ≥ 2te + 1.
For example, BCH(15,11) has g(x) = x4 + x + 1
[93]. BCH codes can be decoded via syndrome decoding
[153], which allows for simple decoding hardware. The
Berlekamp-Massey (BM) decoder (a bounded distance
decoder) is the standard decoder for BCH codes [92].

• RS Codes are a subset of non-binary BCH codes. Each
RS symbol represents two or more bits. For a given
(n, k, dmin) RS code, n and k are the numbers of the
message and codeword symbols. Thus, there are n−k par-
ity symbols. RS codes are efficient because they achieve
the Singleton bound as dmin = n − k + 1. They can
correct up to te = (n− k)/2 errors. They are especially
effective against burst errors because RS codes operate on
the symbol level. A burst of bit errors can be mapped to
a few symbols, which can be corrected efficiently [93].
A general form of the generator polynomial is g(x) =
(x−αi)(x−αi+1) . . . (x−αi+2te), where α is a primitive
element of the Galois field [93]. For example, the g(x)
of RS(15,11) is g(x) = x4 +α13x3 +α6x2 +α3x+α10

and has the minimum distance 5 [93].
• Reed-Muller (RM) codes: For any integer m ≥ 0 and

0 ≤ r ≤ m, there exists an RM code, denoted by
RM(r,m), which has the length n = 2m and minimum
Hamming distance dmin = 2m−r. The message length
is k =

∑r
i=0

(
m
i

)
[154]. The algebraic RM channel

codes have an effectual error-rate performance under ML
decoding, even for short lengths [155]. RM(2,5) has the
best coding gain over all RM codes up to length n = 32
[154].

2) Polar Codes: These recently-developed linear block
codes can achieve channel capacity and have simpler encoding
and decoding algorithms [156]. Consequently, 5G wireless
standards already incorporate them [157], [158]. They are
based on the concept of channel polarization, where a channel
is either noiseless (ideal) or useless [156]. Thus, a channel is
split into n sub-channels, each with a capacity zero or one.
Thus, I(W ) number of channels will become perfect channels
with no noise, while the remaining channels, n− I(W ), will
become completely noisy. The former ones, also known as
reliable or noiseless channels, are used to transmit information,
whereas the latter ones communicate zero information or
frozen bits.

Consider length-n polar codes of rate R with k = n × R
information bits. The encoder encodes the data for an input
binary sequence, d, so that there are n−k frozen bits or fixed
bit positions. As a consequence, for the given input sequence,
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the encoder generates the output sequence, c, as follows:

c = dFn = d(F2)
⊗m, (15)

where m = log2(n), A
⊗m denotes the m-th Kronecker power

of matrix A, and F2 =

[
1 0
1 1

]
.

Polar codes can be decoded in several ways. First, succes-
sive cancellation (SC) decoding has been proposed. As well,
successive cancellation list (SCL) decoding, CRC-aided SCL
(CRC-SCL) decoding, and adaptive successive cancellation
list (adaptive-SCL) decoding have been proposed [159]–[162].
Nonetheless, 5G NR adopts the SC-based decoder due to
higher error correction performance.

3) LDPC Codes: These use sparse parity-check matrices
and bipartite graphs. They received massive interest due to
the development of belief propagation algorithms. LDPC
codes, when combined with such algorithms, can achieve
near-Shannon capacity [163]. When the block length is large,
LDPC codes provide better performances, greater flexibility,
and reduced decoding complexity than turbo codes. They also
allow for parallel processing and simple hardware implemen-
tation, while high throughput ensures efficient decoding. The
applications include optical, and 4G mobile communications,
digital subscriber loop (DSL), and others. Others are second-
generation digital video broadcasting (DVB-S2) and world-
wide interoperability for microwave access (WiMAX) and 5G
wireless standards [9].

The LDPC encoding is a two-stage process. First, a sparse
parity-check matrix is selected via randomization. Second, the
codewords are generated with it. LDPC codes can be decoded
with the bit-flipping algorithm, sum-product algorithm, loga-
rithmic sum-product algorithm, and min-sum algorithm [90],
[91]. Among these, bit-flipping algorithms are the fastest and
simplest [164], [165], making them suitable for high-speed
and error-tolerance applications. However, because they can
correct only a small fraction of correctable errors, they do
not perform well on finite-length codes but need longer codes
[164]. To improve performance, many versions have been
developed, including weighted bit-flipping, gradient descent
bit-flipping, parallel bit-flipping, and serial bit-flipping [164].

The sum-product algorithm operating on the factor graph
can effectively decode long-length LDPC codewords [166],
[167]. The factor graph (also known as the Tanner graph)
is a representation of the parity check matrix of the code.
The algorithm relies on the difference between two probability
values and is sensitive to the quantization effects [167], [168].
The enhanced version of the sum-product algorithm, i.e., the
logarithmic sum-product algorithm, can substantially reduce
the required quantization levels by adopting the logarithmic
likelihood ratio [167]. The min-sum algorithm is essentially a
simplified version of the logarithmic sum-product algorithm. It
trades precision for speed by eliminating the need for addition
in the message update process, which may increase the number
of iterations [90], [169].

D. Space-Time Codes

Recently, researchers have adopted MIMO backscatter to
improve the reliability and data rates while overcoming fad-

ing [116], [170]–[172]. MIMO channel codes are known as
STCs. These spread symbols across space (i.e., antennas) and
time. Highly optimized STCs can reap both multiplexing and
diversity gains. Another advantage is that STCs do not require
the availability of CSI at the transmitter. There are two types
of STCs [173]: (i) STBC and (ii) STTC. An STBC maps
a block of input symbols to a matrix output with columns
representing antennas and rows representing time slots. STBCs
may not provide coding gain unless concatenated with an outer
code. Their main advantages are diversity gains and simple
decoding. A popular class of STBCs is the OSTBC [112].
Any two columns of an OSTBC code matrix are mutually
orthogonal. This property has two fundamental consequences.
First, it enables a simple ML decoding (Theorem 2) with linear
processing. Second, it helps achieve full transmit diversity
given uncorrelated fading channels.

STTC, however, operates on one input symbol at a time,
resulting in a sequence of vector symbols whose length
represents the number of antennas. Similar to SISO trellis-
coded modulation, STTC provides a coding gain. The key
advantage of STTC over STBC is that it provides both coding
and diversity gains. However, the main downsides are the
design challenges and the need for high-complexity encoders
and decoders [174].

STCs for conventional MIMO channels with L-transmit
antennas and N -receiver antennas are designed with two im-
portant criteria: (i) rank criterion and (ii) determinant criterion.
First, let D ∈ CT×L be the code difference matrix as

D = C−C′, (16)

where C ∈ CT×L is the transmitted code matrix (an STC
codeword) of duration (block length) T and C′ is the decoded
code matrix at the receiver. Then, the pairwise error probability
(PEP) of the general STC is given as [175]

P (C → C′) = P (D) ≤

(
r∏

i=1

λi

)−N (
ϵ̄x
4N0

)−rN

, (17)

where r is the rank of D, ϵ̄x is the average symbol energy, and
N0/2 is the power spectral density of AWGN per dimension
at the receiver. Moreover, λi’s are the non-zero eigen values of
AT ≜ D+D, where (·)+ is the Hermitian transpose operator.

1) Rank Criterion: The matrix D must have full rank
for any codewords C and C′ to achieve maximal LN
diversity. Diversity order of rN is achieved if matrix D
has a minimum rank of r over the set of two tuples of
different codewords. Thus, the STC rank design criterion
is to maximize Mconventional(C) = rank(D), for all
codewords difference matrix D [175].

2) Determinant Criterion: The minimum determinant of A
over all possible combinations of different codewords
corresponds to the STC diversity gain. Thus, the design
target is to make this determinant as large as possible to
maximize the diversity gain [175].

However, analytical closed-form solutions for PEP in Back-
Com are challenging [114], [176]. Nonetheless, it has been
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proved that for a (M,L,N) dyadic backscatter channel10

with constant continuous wave transmit signal across all M
antennas and T time slots, uniform query (UFQ)11, and full
CSI at the receiver, for an OSTBC, the PEP can be bounded
above by [51], [112],

P
(
C → C

′
)
= P (D) ≤ 1

2

(
4

SNR

)LN

× exp

(
4L

SNR

)
Γ

(
1−N,

4

SNR

)L

,(18)

where Γ(·, ·) is the upper incomplete gamma function [177,
Eq. (8.350.2)].

The best known OSTBC is the Alamouti code [178], whose
code matrix (rows denote time and columns denote antennas)
is given by12

CAlamouti =

(
ca1 ca2

−ca∗2 ca∗1

)
, (19)

where ca1 and ca2 are two symbols from a standard signal
constellation. For the diversity order defined as

δ ≜ limSNR→∞ −
logP

(
C → C

′
)

log SNR
, (20)

OSTBCs can achieve δ = L (δ = 2 for Alamouti code) in
dyadic backscatter channel under UFQ [112].

Unlike [112], which considers UFQ at the reader transmitter,
i.e., all the M query antennas send out the same signals over T
time slots, reference [176] investigates unitary query (UTQ)13

which can create time diversity within channel coherent time
for the (M,L,N) backscatter channel. Fig. 21 shows that with
a uniform query, the channel behaviour is quasi-static, i.e., it
changes every T time slots (symbol times). In contrast, with
a unitary query, the channel changes every 1 symbol time.
Therefore, by employing the UTQ, the channel is independent
for each symbol time in ideal situations, and thus the risk of
all codewords in the coherent time being wiped out decreases.
This type of time diversity within the coherent time does not
exist in the conventional one-way channel. In asymptotic high
SNR regimes, the PEP performances of STCs with the UTQ
and the UFQ in the (M,L,N) dyadic backscatter channel can
be measured by [176]

10A general (M,L,N) dyadic backscatter channel (BiBC setup which
employs spatially separated transmit (query) and receive antennas) has M
query antennas, L tag antennas and N receiving antennas [51], [112]. The
received signal at the receiver, over T time slots is represented by matrix
R ∈ CT×N , as R = ((QH) ◦C)G + W, where Q ∈ CT×M is the
query matrix, the query signals sent from the M transmitting antennas to the
tag over T time slots (i.e., T symbol times), H ∈ CM×L is the the forward
sub-channels, C ∈ CT×L is the coding matrix, where the tag transmits coded
or uncoded symbols from its L antennas over T time slots; and G ∈ CL×N

is the backscattering sub-channels. Besides, ◦ is the Hadamard product, and
the matrix W is the same size as that of R, representing the noise at the N
receiving antennas over T time slots. Typically, both H and G are modeled
as full rank matrices with independent identical distributed (i.i.d.) complex
Gaussian entries, and W is the AWGN matrix.

11The uniform rank-1 query matrix is given as QUFQ = [1/
√
M ]E, where

E is a matrix with dimension T ×M and all its elements are 1 [176].
12Each OSTBC code matrix is created from a set of vector information

symbols ca ∈ CRT that belong to some symbol alphabet [112].
13The full-rank unitary query matrix QUTQ satisfies QUTQQ

H
UTQ = I [176].
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Fig. 21: Time diversity comparison between uniform query and the unitary query. The
unitary query creates time diversity within channel coherent time for the (M,L,N)
backscatter channel [176].

MUnitary(C) =

T∑
t=1

min(N, |Dt|0), (21)

MUniform(C) = min (N × rank(D), L), (22)

where |X|0 is the L0 norm of X, and Dt is the tth row of
the code difference matrix D. Thus, the design criterion is
to maximize the above quantity for all D. Therefore, when
UFQ is employed, no matter how many antennas are there and
whatever the STC is, the performance bottleneck is determined
by L, i.e., MUniform(C) ≤ L. In contrast, the UTQ can break
through this bottleneck and bring a significant improvement,
MUnitary(C) ≤ TL [176].

Therefore, the conventional and backscatter channels have
different STC design criteria. In the former, full rank is
essential for all codewords difference matrices to maximize
the diversity order; however, in the backscatter channel full
rank is not needed, and other metrics must be satisfied.

Some MIMO BackCom space-time coding and beamform-
ing approaches can achieve a large performance gain [114],
[176], [179], [180]. Specifically, a 2× 2 STC which performs
substantially worse than the Alamouti code in the conventional
channel, performs much better in the backscatter channel
and achieves almost the same performance as the Alamouti
code [179]. Furthermore, a tag can implement this code
with significantly lower circuit complexity than that of the
Alamouti code, making it more desirable for low-cost and
hardware-limited tags. Therefore, many overlooked STCs with
lower circuit complexity may perform well in BackCom. This
provides potential research opportunities.

VI. SUMMARY OF BACKCOM CODING SCHEMES

Due to recent research, BackCom technology, applications,
and scalability are improving. However, there are different
and more challenging communication requirements and lim-
itations than conventional networks. Nevertheless, conven-
tional techniques, such as higher-order modulations, MIMO,
channel codes, and others have been adopted to improve
communication range, reliability, energy efficiency, and data
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rates of BackCom. Specifically, channel coding, mitigating
interference and noise, can significantly improve BackCom
performance. Hence, we next review adopted coding schemes.

A. Line Coding

NRZ and Manchester have been widely adopted in RFID
[65], [181]. Differential Manchester encoding14, a modified
version of Manchester coding, has been also implemented for
AmBC [140]. However, the NRZ code loses synchronization
with long runs of “0” or “1”, and the Manchester code ef-
fectively doubles the bandwidth usage. Thus, Miller and FM0
techniques (with the maximum rate of one-half) are usually
adopted in existing BackCom systems (i.e., UHF Class-1 Gen
2 RFID [5], BiBC, and AmBC systems) because of their
advantages, such as enhanced signal reliability, reduced noise,
and simplicity [2], [5], [66]. However, energy consumption
differs widely between transmitting/receiving bit “0” and a bit
“1” under FM0 and Miller codes, i.e., the transmitting bit “0”
consumes much greater energy than that for a bit “1” [182].
A wireless identification sensing platform in [182] has in fact
measured the energy consumption of transmitting/receiving
bits “0” and “1” under FM0 baseband encoding.

To exploit this energy consumption disparity, [182] investi-
gates an energy-efficient data delivery scheme that generates
a codebook with more bit “1”s than bit “0”s. The codebook
of size 2k is shared between the sender and the receiver.
Each codeword has n bits for a k-bit data block. The receiver
recovers the original data by using the shared codebook. There
are several challenges with this code: (i) the codewords are
of equal length n, which imposes a decoding delay of at
least n bit duration and (ii) to save more energy, large k is
needed, increasing the memory to hold the codebook. Hence,
this code fails with limited-memory tags. To overcome this
limitation, it is modified to only encode the blocks with the
number of energy-consuming bits being equal to or greater
than an encoding threshold, which is determined through an
optimization problem [183]. Hence, this update has a smaller
codebook size. The sender also uses two different data rates
R1 and R2 to transmit codewords and uncoded k-bit blocks,
respectively.

Discussion: With the line codes, the only available variable
to adjust the link’s reliability and rate is the symbol period, and
the physical layer aspects of backscatter are overlooked [184].
Accordingly, despite their simplicity, the line codes do not
provide robust performance under poor link conditions. They
cannot achieve the targeted quality to satisfy the emerging
requirements, such as high data rates, long communication
range, and robustness [51]. More sophisticated coding schemes
are thus required. Adapting FEC codes, primarily designed
for active radios, is one practical solution [142]–[144]. For
instance, STCs can further increase the reliability of multi-
antenna tags [51], [112].

14Each bit is represented by the presence or absence of a change compared
with the previous bit, i.e., no change denotes “0” while change denotes “1”
[140].

B. Error Correction Coding
To enhance the reliability, lower the transmit power, and

increase the communication range, FEC/CRC codes (Section
III-C) have been developed for MoBC, BiBC, and AmBC
channels. We next summarize these developments.

1) Codes for MoBC networks: These networks include
RFID networks. Reference [185] investigates Hamming and
RS codes and achieves coding gains of 1 dB and 4 dB in low-
power, small message wireless networks [186], for passive
UHF Gen2 RFID communications over two noise models
AWGN and burst noise to capture the effect of channel
imperfections. Tags use these codes to reply to an ACK
command (EPC bits). Hamming code (7, 4) is used, which
can correct single bit error only or detect up to two bit errors.
The Hamming code suffers from bad reads; which are the
corrected received messages that still contain errors. To resolve
that, the Hammming code is applied over the entire EPC
memory content including CRC-16 to identify the bad reads.
This approach could eliminate up to 50% of retransmissions
required in the CRC only approach in AWGN channels.
However, in the burst noise model, it performs similar to CRC
only, both having a retransmission rate above 30% with a burst
noise probability of 0.025.

To correct burst errors, an RS code with 8-bit and 16-
bit symbols capable of correcting one symbol is further
investigated. With the burst noise model, the retransmission
rates of the RS code are less than 18% and 4%, respectively,
for burst noise probabilities up to 0.025.

RFID tags can also adopt cyclic BCH codes [187], yielding
a coding gain up to 8 dB compared to the uncoded case.
However, they also suffer from bad reads. Thus, data spreading
technique, e.g., FM0 or Miller-2/4/8, is further utilized to iden-
tify the bad reads. The proposed approach with BCH(255,239)
code, which can correct two errors and may additionally detect
decoding failures, improves the transmission time in certain
SNR range compared to CRC based communication.

Moreover, [188] investigates improved-rate 4/6 and 6/8 -
channel block codes, balanced block code, for RFID tags to
address the need for high data rates in limited bandwidth
scenarios. A balanced codeword has the same number of
1s and 0s. Reference [189] shows that there are n̄ balance
codewords for n output bits, where n̄ = n!/[(n/2)!]

2.
To design a codebook of a k/n-balanced block code, for

a given k input bits (k = ⌊log2 n̄⌋, where ⌊a⌋ is the largest
integer less than or equal to a), the frequency spectrum of
each of the resulting balanced n̄ codewords is calculated and
2k codewords with the deepest spectral nulls at DC are kept;
the remaining codewords are discarded. Output codewords are
then assigned to a Grey-coded ordered set of input bits.

Their experimental results show that the balanced block
code increases the throughput by 50% compared to FM0
without penalties in cost, complexity, and power consumption.
The throughput of the 6/8 and 4/6 -balanced codes are
respectively 1.5 and 1.33 times higher than FM0. Moreover,
the balanced code can detect a single-bit error readily, as the
decoder can readily check if 1s and 0s are the same or not.

2) Codes for BiBC networks: Interleaved RM channel
code and cyclic BCH codes have been adopted for BER
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Fig. 22: The impact of interleaving on the BER performance of the coded bistatic setup
over Rayleigh fading, i.e., {f, h1, h2} ∼ CN (0, 1), employing binary FSK and the
cyclic BCH code.

reduction or equivalently range increase [63], [125]. Com-
pared to the uncoded case, RM(32,16,8) with FSK mod-
ulation15(Section II-B) at 1 kbps bit-rate and non-coherent
detector can increase the tag-reader range by roughly 10 addi-
tional meters for 13 dBm RF-source power at 867MHz [125].
Moreover, the interleaved BCH code considerably improves
the BER performance, increasing the reliability and commu-
nication range [63]. Specifically, with coherent ML detection
(Theorem 2) and FSK, the required SNR to achieve the BER
10−2 is 16.25 dB for depth-6 interleaved BCH(31,11,11) code,
while it is 20 dB without interleaving (Fig. 22). Thus, inter-
leaving yields about a 4 dB gain. Moreover, a coherent coded
system with perfect CSI provides significant gains compared
to the state-of-the-art non-coherent uncoded receiver.

A larger distance between the reader and the tag is critical
because that allows more tags to be deployed economically.
Coding can thus be utilized to increase this distance. For a
short BCH code, If a tag is 10m from the RF exciter and
uses a short BCH code, the reader can receive the tag’s signal
with coherent ML decoding. The tag-reader distance can be
up to 150m for 1% to 5% BER [63].

With non-coherent decoding, the choice of BCH or RM
codes depends on fading parameters and the design choice for
extra diversity (that depends on dmin) vs extra power gain (that
depends on code rate) [62]. In particular, with non-coherent
decoding and full interleaving16 [147], BCH(31,11,11) outper-
forms RM(32,16,8) under Rayleigh fading, while they perform
similarly under Rician fading. For no fading, the latter slightly
outperforms the former.

15Multiple access can be naturally facilitated by FSK; each tag within an
area can be associated with a unique frequency, thus enabling frequency-
division multiple access (FDMA) [63], [190].

16For a fully interleaved system, DinTb ≤ Tcoh, where Din is the depth
of the interleaver, Tb is the bit period and Tcoh is the channel coherence time
[147]. A fully interleaved coded system achieves the diversity order dmin

under ML non-coherent decoding, with classical FSK and Rayleigh fading
[62], [147].

3) Codes for AmBC networks: Adaptive coding schemes,
e.g., polar codes, are effective when the tag’s data bits are
mapped into reliable virtual channels and the code rate is
automatically adapted based on channel quality [142]. The
identification of channel quality can help to improve perfor-
mance and throughput. Specifically, in ambient long-range
backscatter, e.g., passive long-range (PLoRa) [191], which
can support communications over several kms, the packet
reception rate considerably decreases with range, an under-
utilization of the backscatter link capacity. In contrast, many
bytes are received correctly over long communication dis-
tances. Channel polarization thus helps the effective utilization
of correct bytes, thereby providing reliable and relatively high-
rate transmissions across large areas. An encoder is proposed,
which comprises two modules: a virtual channel selector and
a redundant bit generator; the tags initially encode information
bits with a high code rate and then add redundant bits
according to the decoding requirement of the receiver, which is
estimated based on the frozen bit error ratio (FBER). The tag
can adjust automatically to a suitable effective code rate for
different channel qualities. Moreover, a small coding matrix
is saved to overcome the memory overhead, and large coding
matrices are computed iteratively.

At the receiver, the decoding block includes three modules
(Fig. 23 (a)): (i) LLR calculator of data bits for each packet
using a metric independent of the signal power, (ii) an LLR
combiner that merges the LLR provided by different frames
to enhance the decoding performance, and (iii) bit decision
module. This coding scheme reduces the storage overhead of
the coding matrix and energy consumption by several orders
of magnitudes, desirable for resource-constrained backscatter
tags. This experiment considers an outdoor scenario, where
the tags, the RF source (active LoRa node), and the reader are
deployed without being blocked by any object, and the RF
source-to-tag distance is 1m. To demodulate the tag’s data,
the reader first performs a fast Fourier transform (FFT) on
the multiplication of the incoming chirp and a down chirp
(negative frequency slope with time), and an FFT on the
multiplication of the tag’s chirp and a down chirp. This scheme
can achieve up to 11.5× throughput gain or extends the range
limit by 1.9× compared to PLoRa with a Hamming code, with
20 dBm transmit power at the active LoRa node. Specifically,
for a spreading factor of 12, the maximum transmission
distances of PLoRa and the proposed scheme are about 1.1 km
and 2.1 km, respectively.

Reference [143] investigates RS codes to improve the
reliability of tags reflecting Wi-Fi signals to communicate
(Fig. 23 (b)). Wi-Fi signals inherently have silent periods
with varying lengths [193], making tag reflections unreliable.
Within the silent periods, the reflected bits of a tag are
thus consecutively lost, resulting in a burst error channel.
To address this, the authors develop an optimized RS code
with adaptive rates compatible with Wi-Fi characteristics to
maximize efficiency while satisfying reliability. The reader
performs the optimization process due to the tag’s limited
power, and an index indicating the optimal RS code parameters
is feedback to the tag. The optimization algorithm includes
three steps: (i) estimating the probability distribution of the
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Fig. 23: Hardware designs for Polar code [142] and RS code [143].

on/off periods of Wi-Fi traffic, (ii) the Markov model for
the state transitions, and (iii) RS code optimization to ensure
reliability. The experiment is conducted in a 4×6m2 office. A
commercial WiFi router transmits regular WiFi signals packet-
by-packet as the excitation, the tag which is located 0.3m
and 0.6m away from the WiFi AP and the reader antenna,
respectively, reflects the excitation signals to a receiver while
conveying its information. The tag shifts the frequency of the
reflected signal to another channel to avoid interference. This
scheme can achieve significant frame error rate (FER), and
BER gains, i.e., %99 error correction in some scenarios.

To enhance AmBC detection without requiring the param-
eters of the RF source, cyclic BCH code is adopted in [190],
with the tag using a hybrid form of FSK-BPSK modulation,
a frequency-shifted form of binary phase shift keying (S-
BPSK). Semi-coherent detection is then derived, assuming
no information about the AmBC carrier, while the tag and
channel introduced random phase is estimated. Considerable
performance improvement can be achieved, and ambient car-
rier modulation can constructively enhance the performance
under certain conditions. In particular, when the channel and
the ambient signal parameter vary between successive bits,
the best BER performance is achieved; the required SNR to
achieve the BER 0.06 is 6 dB, while it is 10 dB and 14 dB
when the ambient signal parameter remains constant for the
duration of the tag packet (with varying channels between
successive bits) and the uncoded case (ML detection with
perfect CSI), respectively. This performance improvement is
the result of the channel code being fully utilized.

The authors in [192] propose a three-state coding technique,
i.e., the tag can be non-reflecting, reflecting, and negative-
reflecting, to increase the throughput. The first two states are
the same as conventional states. However, the tag switches
its antenna impedance to reflect RF signals with an inverse
phase in the third state. Thus, the tag requires three differ-

ent reflection coefficients from three impedance loads. For
the RF ambient transmit signal s(n), an OOK modulated
signal, the tag transmits its binary signal b(n) to the reader
through positive and negative backscattering of s(n) and non-
backscattering. Specifically, the tag signal is described as: (i)
backscattered signals with the same phase (b(n) = 1), (ii)
backscattered signals with an inverted phase (b(n) = −1),
and (iii) no backscattered signals (b(n) = 0). The reader then
uses a MAP detector. This three-state scheme reduces the BER
to 10−3 with 15 dB of the transmitted SNR and increases the
throughput to 10−1 bps/Hz with 20 dB of the transmitted SNR.

Table VIII shows the FEC coding schemes for BackCom. It
briefly summarises the experimental setups, the desired goals
and outcomes, and the tag complexity for different schemes.

Discussion: FEC codes and ARQ schemes offer more
flexibility and benefits than line codes. Due to the tag’s limited
memory and processing capabilities, short linear block codes
are more suitable. Therefore, cyclic FEC codes and modified
versions of polar suggest themselves. Besides, bit interleaving
can provide time diversity. Moreover, the challenge of CSI
estimation suggests non-coherent detection/decoding methods.
These could achieve acceptable performance compared to
coherent ones.

Short channel codes may help ultra-reliable low latency
communication (URLLC), mMTC, and control applications
[89]. Thus, research has improved the flexibility (i.e., a wide
range of use cases), complexity, and error correction capabili-
ties [31], [89], [145]. We highlight several potential approaches
to address the complexity and reliability of BackCom next.

For short codes, ordered statistics decoding (OSD), a near
ML soft-decision algorithm, works well [31], [145]. It achieves
a manageable complexity in conventional channels [146] and
can be evaluated for BackCom with BCH and other codes.

In conventional channels, polar codes outperform LDPC
codes in short block lengths and low code rates without
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TABLE VIII: Summary of BackCom codes.

Setup† Ref. RF
source

Tag
type

Coding
scheme

Tag modu-
lation

Detection
method

Design goal Performance gain Tag complexity

[185]
Reader Passive Hamming(7,4)

+CRC-16
OOK/BPSK ⊖ Error detection

and correction
Eliminates up to 50% re-
transmissions under AWGN,
0.74% error correction.

O(n) encoding complexity.

RS-16/RS-
32 +CRC-16

OOK/BPSK ⊖ Burst error de-
tection and cor-
rection

Decreases the retransmission
rate under burst noise (less
than 18% for 16-bit symbols
for burst noise probabilities
up to 0.025).

O(n logn) encoding com-
plexity.

[187]
Reader Passive BCH(255,239)

+Miller-4
OOK ⊖ Erroneous

packets
detection/
BER reduction

8dB coding gains compared
to Miller-4, only.

–MoBC

[188]
Reader Passive Balanced

block(6/8 -
4/6)

BPSK ⊖ Throughput in-
crease

50% throughput improve-
ment. The throughput of
the 6/8 and 4/6 -balanced
codes are respectively 1.5
and 1.33 times higher than
FM0. It can detect a single
bit error.

706/166 transistors are re-
quired to implement the log-
ical operations of hard wired
6/8 - 4/6 encoder.

BiBC

[125]
Carrier
emitter

Semi-
passive

RM(32,16,8) FSK Non-
coherent

BER reduction/
Range increase

10m range improvement
for tag-reader distance,
with 13dBm transmit
power at the RF source and
Din = 2.

O(kn) storage/memory to
save the generator matrix.
Storage overhead and added
delays proportional to Din.

[63]
Carrier
emitter

Semi-
passive

BCH(31,11) FSK Coherent
ML

BER reduction/
Range increase

Tag-reader ranges by 150m
for BER on the order of
1% − 5%, with 13dBm
transmit power at the RF
source.

(n−k) memory elements in
shift register encoder.

[142]
Ambient
LoRa
signal

Passive/
PLoRa
tag

Polar CSS∗ FFT cal-
culations

Throuput
increase

11.5× throughput improve-
ment / extending the range
limit by 1.9× compared
to PLoRa with Hamming
code, with 20dBm transmit
power at the RF source.

Two antennas at the tag to
synthesize a LoRa signal.
Perform binary operations to
obtain coding matrix, reduc-
ing storage overhead.

[143]
WiFi
signal

Passive RS(63,13) OOK Matched
filter

BER reduction/
Reliability im-
provement

99% BER reduction. The
BER and FER could be re-
duced to 10−6 when the
silent period is short enough.
High reliability against the
random alternation of on and
off states of WiFi signal.

Hankel matrix encoder.
Computational complexity
and memory proportional to
k(n − k).

[190]
Complex
normal
signal∗∗

Passive/
Semi-
passive

BCH(31,11) S-BPSK♢ Semi-
coherent

Detection
improvement
without
knowledge
of the carrier
signal

The BER reduces to 10−3

with 11dB SNR under vary-
ing channels and varying am-
bient signal parameter be-
tween successive bits.

Frequency switching at the
tag.

AmBC

[192]
OOK-
modulated
signal

Passive Three-state‡ Three-state
signal

Coherent
MAP

Throughput in-
crease

> 50% throughput im-
provement. The BER reduces
to 10−3 with 15dB SNR.

Three impedances at the tag.

† These works consider single-antenna nodes, except [142], where the ambient RF source and the tag are with two antennas.
‡ Note that this coding scheme is different from FEC codes. ∗ Chirp spread spectrum ∗∗ The ambient signals can attain various modulation

schemes, e.g., BPSK, QPSK, and FM modulations. ♢ Frequency-shifted form of BPSK ⊖ Detection methods are not discussed in the respective
works.

an error floor [145]. Short polar codes demonstrate their
effectiveness using the CRC-aided SCL decoder [159], where
a set of parallel SC decoders generates a list of candidates
for the given channel output. The adaptation of short polar
codes with CRC-aided SCL decoders in different BackCom
configurations is thus worth investigating.

Using guessing random additive noise decoding (GRAND)
offers significant complexity advantages for the short and high-
rate codes in conventional channels [194]. GRAND, an ML
decoding algorithm, attempts to identify the noise that corrupts
the codeword, rather than directly finding the codeword itself.
This algorithm is thus a universal decoder, applicable to
any block code. For example, CRC codes can correct errors
with GRAND decoder [195]. Specifically, the GRAND CRC
decoder provides at least equivalent decoding performance

compared BCH codes and CRC-aided polar codes, with ultra-
low encoding complexity. GRAND decoders are also effective
against burst errors, providing effective error correction with-
out using interleaving, which causes delays [196]. Thus, the
GRAND decoder, both hard and soft decision versions, can
be evaluated for BackCom to reduce complexity and delays
while mitigating fading effects and improving reliability.

C. Space-Time Coding

Due to its low complexity (encoding and decoding) and high
performance, classical OSTBC is widely adopted in indus-
trial standards and attractive for power-limited and hardware-
limited BackCom [51], [112]. Reference [112] thus inves-
tigates STCs to improve the data rate and reliability of
BiBC systems (i.e., RFID with separate transmit and receive
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antennas at the reader) with multi-antenna passive tags and
uniform query at the reader transmitter. The upper bound on
the PEP, leading to estimates of the (asymptotic) diversity
order, is derived for known orthogonal STCs with UFQ at the
transmitter, as given in (18). While adding multiple antennas
to the receiver (reader) is a natural solution, the number of
antennas per tag is limited by the tag’s form factor. Hence
the performance gain is investigated with a limited number
of tag antennas. The diversity order depends only on the
number of tag antennas but not the number of receive antennas,
i.e., adding additional transmit/receive antennas has no impact
on the asymptotic PEP. However, the number of receive
antennas affects the coding gain and the SNR threshold at
which the maximum diversity order is achieved. The authors
investigate the error performance of OSTBCs and STTCs.
OSTBC achieves the maximum diversity order equal to the
number of tag antennas, with linear decoding complexity.
While, STTCs achieve the same diversity order but with higher
decoding complexity since they require viterbi decoding.

Despite [112], which consider UFQ at the reader transmitter,
reference [176], investigates UTQ (Fig. 21) and derives the
design criteria of STCs with UTQ and UFQ by calculating the
PEP in a BiBC setup. When the reader uses UFQ, regardless of
the number of antennas and the type of STC, the performance
bottleneck is determined by the number of tag antennas, L.
In contrast, the use of UTQ can overcome this bottleneck and
bring a significant improvement [176]. An improvement as
large as 5 dB to 10 dB could be achieved comparing with the
UFQ in a BiBC setup [176].

Reference [114] further investigates the joint design of
reader and tag signals and modified OSTBC (mOSTBC)
for MIMO BiBC systems and showed that the diversity
order achieved rises from the number of tag antennas L to
min(M,N) × L. OSTBC with UTQ [176] may not properly
incorporate the query diversity and OSTBC. Motivated by this,
the authors propose the block-level unitary query (BUTQ) at
the query end and present the corresponding mOSTBC at the
tag end. In particular, the BUTQ is defined by the query matrix
Q = Q0 ⊗ 1M , where Q0 is a unitary matrix, ⊗ is the
Kronecker product and 1M = (1, 1, · · · , 1)T. The modified
coding matrix, C = 1M ⊗ C0, i.e., C = (C1, · · · ,CM )T,
where C1 = C2 = · · · = CM = C0, with C0 being an
original OSTBC.

Example 1. For a 2 × 2 × 2 dyadic backscatter channel, let
C0 = CAlamouti and Q0 = I2. The design pair for mOSTBC
with BUTQ, the BUTQ matrix and the corresponding modified
Alamouti code, is respectively given as

Q =


1 0
1 0
0 1
0 1

 , (23)

C =


ca1 ca2

−ca∗2 ca∗1
ca1 ca2

−ca∗2 ca∗1

 . (24)

The asymptotic symbol error rate (SER) is derived for
the mOSTBCs with BUTQ. The diversity order that can be
achieved is min(M,N)× L [114]. Moreover, unlike OSTBC
with UTQ at the query end, this scheme enjoys linear decoding
complexity, same as OSTBC with UFQ at the query end.

STCs have been also investigated when the reader uses
the same set of antennas for transmission and reception, i.e.,
MoBC setup [113]. For an N × L MoBC channel17, the
maximum diversity order is NL/2, the half of that of the con-
ventional MIMO channel, that can be achieved by mOSTBC
and BUTQ design pair. Moreover, this scheme significantly
outperforms the OSTBC with UTQ in asymptotically high
SNR regimes, indicating that the latter cannot achieve the
maximum diversity order. Table IX, summarises the achievable
diversity orders for different design pairs for monostatic and
bistatic channels.

A 2×2 OSTBC, a rotation of the Alamouti code, is proposed
for MIMO BackCom, given as [198]

Cproposed =

√
2

2

(
ca1 + ca2 ca2 − ca1
ca∗1 − ca∗2 ca∗1 + ca∗2

)
. (25)

In BiBC and MoBC channels with UFQ and BUTQ at the
query end, the PEP performances of both (25) and Alamouti
code are the same with BPSK. And, under UTQ, (25) has
lower PEP than the Alamouti code. It always has a better
duty cycle, which increases the availability of backscattering
signals, reducing outages.

Reference [179] also proposes a simple 2 × 2 STC for
BackCom by removing the minus and conjugate signs from
the Alamouti code, i.e.,

Csimple =

(
ca1 ca2
ca2 ca1

)
. (26)

This STC achieves almost the same performance as the
Alamouti code in backscatter channels with considerably lower
complexity (Fig. 24). It achieves the same performance as
the Alamouti code under UTQ. Under the BUTQ scheme,
however, its performance is slightly worse. With BPSK, when
employing the Alamouti code, each tag requires four different
reflection coefficients with four different load impedances. On
the other hand, for the simple STC, each tag antenna requires
only two different reflection coefficients, i.e., four for both tag
antennas. Hence, the number of load impedances is reduced
from four to two.

Note that (26) performs worse than the Alamouti code
in conventional MIMO wireless channels (Fig. 25). Thus,
existing simple codes, which do not perform well in the MIMO
channels, may work well in the backscatter channel.

The work [199] further investigates the joint design of
the generalized spatial modulation (GSM). GSM exploits the
antenna index as an extra dimension to be exploited [200], and
STC for BiBC setup. With GSM and the Alamouti scheme
in two transmitting antennas, the SER performance improves
significantly, and transmit diversity is realized.

17For a general N × L MoBC channel, the reader employs the same set
of antennas for transmission and reception (as a full-duplex setup [197])
and the forward and backscatter channel have the same channel gains, i.e.,
H = GT. Consequently, the monostatic backscatter channel is given as
R =

(
(QGT) ◦C

)
G+W.
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TABLE IX: Diversity order comparisons for BackCom systems.

Channel model MoBC BiBC Conventional
Achievable diversity order NL/2 [113] Not Known NL
STC with UFQ < NL/2 ≤ L [112] –
OSTBC with UFQ < NL/2 L [112] –
STC with UTQ ≤ NL/2 Can be larger than L with proper design [176] –
OSTBC with UTQ < NL/2 L [114] –
mOSTBC with BUTQ NL/2 L×min(M,N) [114] –
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Fig. 24: The BER performances of Csimple and Alamouti code in 2× 2× 2 backscatter
channels with BPSK. The STCs are ML decoded. All channels are Rayleigh fading.
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Fig. 25: The BER of Csimple and the Alamouti code for the 2× 1 conventional channel
with ML coherent detection for BPSK and Rayleigh fading.

OSTBCs have also been investigated for AmBC when
the tag and the reader are equipped with multiple antennas
[180]. First, an approximate linear MIMO ambient backscatter
channel model is derived to simplify the detection process
by using conventional MIMO techniques. Then, two coherent
detectors and a non-coherent detector are provided based on
the proposed channel model. The non-coherent detector is
based on differential OSTBC where neither the transmitter

nor the receiver requires CSI. The proposed linearized and
normalized MIMO channel model is accurate when there
are two antennas at the tag but becomes less accurate when
the number of antennas is increased. Moreover, compared to
single-input single-output (SISO) AmBC systems, OSTBC and
differential OSTBC can effectively enhance BER performance.

Table X shows the STCs for BackCom.
Discussion: MIMO tags and the reader can use STCs and

OSTBCs for diversity and multiplexing gains. Some STCs can
provide diversity gains without needing CSI at the transmitter.
Moreover, for differential OSTBCs, neither the transmitter nor
the receiver requires CSI. Multiple antennas at the reader also
improve the coding gain and SNR threshold, ultimately decid-
ing the diversity order. To this end, different STCs have been
developed for BackCom systems. Unexpectedly, some may
perform worse than the Alamouti code in conventional MIMO
wireless channels but achieve almost the same performance as
the former in backscatter channels, with lower tag complexity
[179]. Thus, one may trawl existing codes to identify the ones
that perform well in backscatter channels.

Signal detection when the reader has no CSI is a critical
challenge in BackCom systems. This is because the channels
have different fading characteristics than the traditional one-
way channels (Section IV). As well, pilot-based channel
estimation methods may not be feasible for passive tags. In
AmBC, the reader does not know the RF source parameters
(such as bandwidth, transmit power, and waveforms). Non-
coherent detection and decoding methods may overcome those
limitations. In the following, we describe them.

D. Non-coherent Detection/Decoding for BackCom

Coherent detection requires good CSI. Pilot sequences (i.e.,
predetermined known symbols) are sent for this purpose.
However, with time-division-duplexing, we can exploit chan-
nel reciprocity. Thus, CSI can be obtained from the reverse-
direction channel estimates on the same frequency range. For
example, the base station can perform channel estimates in
cellular networks and feed them back to the users.

However, such techniques may not adapt to BackCom
networks. The reason is that the tags have strict energy
limitations and may not transmit their own pilots [201], [202].
A solution could be non-coherent detection/decoding methods
[42], [62], [125]. In particular, reference [125] investigates
a non-coherent decoding scheme for a BiBC setup. The tag
adopts an interleaved RM code with FSK modulation. The
receiver uses a square-law detector to generate the soft LLR
information. For the same system, a non-coherent decoding
rule is developed in [62] based on the composite hypothesis
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TABLE X: Summary of the STCs in BackCom.

Setup† Ref. Quary signal Coding Modulation Performance gain & summary

[113]
UFQ/BUTQ mOSTBC/OSTBC BPSK/2-ASK The BER of 2-ASK degrades 3dB than that of the BPSK.

mOSTBC+BUTQ reduced to the Repetition code of order N , when
L = 1.MoBC

[198]
UFQ/UTQ/BUTQ Rotated Alamouti BPSK/QPSK Same BER as that of the Alamouti under BUTQ and UFQ. Better

BER performance than that of the Alamouti under UTQ. Higher
outage capacity than that of the Alamouti.

BiBC

[112]
UFQ OSTBC/STTC QPSK Adding additional transmit/receive antennas has no impact on the

asymptotic PEP. Receive antennas affects the coding gain and the
SNR threshold for the maximum diversity order.

[176]
UTQ STC BPSK BER improvement as large as 5dB to 10dB in mid-range SNR

regimes, compared with UFQ.

[114]
UFQ/UTQ/BUTQ mOSTBC/OSTBC BPSK/QPSK The data rate of mOSTBC+BUTQ is 1/M of that of UTQ and

UFQ under the same modulation. Under the same data rate,
mOSTBC+BUTQ achieves ∼7dB coding gain at BER 10−5,
compared to the OSTBC with UTQ and UFQ.

[198]
UFQ/UTQ/BUTQ Rotated Alamouti BPSK/QPSK Same BER as that of the Alamouti under BUTQ and UFQ. Better

BER performance than that of the Alamouti under UTQ. Higher
outage capacity than that of the Alamouti.

[179]
UTQ/BUTQ Simple STC BPSK Same BER as that of the Alamouti under UTQ. Slight BER

degradation compared to Alamouti under BUTQ. Reduced tag
circuit complexity compared to that of Alamouti.

[199]
Unmodulated
carrier signal

Alamouti+GSM
(GSMA)

BPSK/QPSK Enhanced performance in terms of SER compared to the GSM with
the use of combined spatial and time modulation; a coding gain of
∼ 8 dB at BER 10−2, with a spectral efficiency 3bps/Hz.

AmBC [180]
Complex
Gaussian signal

OSTBC/Differential
OSTBC

BPSK Enhanced BER performance compared to SISO AmBC under both
coherent and non-coherent detection.

† These works consider multiple-antenna source and reader, except [180] which considers single-antenna RF source, and [199] which considers single-
antenna RF source and reader.

test. For depth-6 interleaved BCH(31,11,11) code, the coherent
ML detector offers a 3 dB performance gain compared to
the non-coherent one. However, the BER gap narrows for
higher interleaving depth. The non-coherent receiver has less
computational complexity.

Differential coding (Remark 1) and non-coherent detectors
are investigated for AmBC systems [50], [138]–[140]. In
particular, [50] uses the difference between two consecutive
symbols to design the optimal detector and the detection
threshold. Reference [139] also designs an ML detector from
the joint PDF of the received signals corresponding to two con-
secutive differentially encoded symbols. An energy detector is
also derived to alleviate the computational complexity. With
8-PSK ambient RF source, the BER can be reduced to 10−4

at an SNR of 20 dB. However, in [50] and [139], the detection
threshold should be estimated first, causing a communication
delay. To overcome that, reference [140] adopts differential
Manchester coding at the tag and develops a non-coherent
Manchester detector. This detector jointly considers the energy
difference of two adjacent symbol intervals. Thus, decision
threshold estimation is no longer needed and the symbols can
be detected immediately. This approach reduces the BER that
those in [50], [139]. The BER can also be reduced under
unknown deterministic ambient signals than complex Gaussian
ambient signals.

A non-coherent detector is also derived when the tag
uses NRZ coding (OOK modulation) [203]. A key insight
is that its performance cannot be improved by simply in-
creasing the ambient RF source power without interference
avoidance/cancellation or increasing the number of primary
samples. However, the signal-to-interference can be improved
for short tag-to-reader distances. Two detectors are designed

in [152], which require neither CSI nor the knowledge of RF
source power and noise variance. In the high SNR regime,
they can achieve the performance of a chi-squared detector,
which tests if the sample variance equals a specified value.

Experiment: To provide insights, we consider a BiBC sys-
tem and investigate the effects Repetition-5, Hamming(7, 4),
BCH(31, 11), and RS(3, 15) with 4-bit per symbol, on the
BER performance. Here, bits are interleaved with FSK mod-
ulation, and the reader performs coherent and non-coherent
detection/decoding [62], [63], [125].

Fig. 26 and Fig. 27 respectively depict the BER of the
codes with coherent and non-coherent detection techniques. As
observed, using interleaved short codes can enhance the BER
performance. In particular, with coherent detection, interleaved
Hamming, Repetition, BCH, and RS codes offer gains of
respectively 2.1 dB, 7.37 dB, 10.7 dB, and 12.8 dB at BER
10−2, compared to the uncoded setup. Moreover, with non-
coherent detection, the same codes offer 4.5 dB, 8.89 dB,
11.8 dB, and 15.6 dB gains at BER 0.02, compared to uncoded
non-coherent detection. It is also observed that the uncoded
non-coherent detection experiences 4.21 dB loss at BER 0.2.

Discussion: Coherent detection/decoder requires accurate
CSI, which is typically acquired via pilot symbols. However,
passive tags have limited power and cannot support long pilot
sequences. For short channel codes, pilot overhead consid-
erably reduces the rate at low to intermediate SNRs [204].
Better decoding is thus required with short channel codes [33].
Non-coherent detection can be viewed as a joint estimation of
the channel and the data. Hence, if properly optimized, it can
be efficient, albeit at the expense of higher complexity [205].
Recently, a pilot-free polar-coded scheme was proposed for
conventional channels. It jointly estimates CSI and data with
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Fig. 26: The BER versus the transmit power at the RF source for an interleaved-coded
bistatic setup with dST = 5m, dTR = 2m, and α = 0.8. The channel coherence
time and the interleaver depth are Tc = 32 and Din = 8. The channels are Rayleigh
faded, i.e., {h1, h2} ∼ CN (0, 1), and the tag uses binary FSK.
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Fig. 27: The BER versus the transmit power at the RF source for an interleaved-coded
bistatic setup with dST = 5m, dTR = 2m, and α = 0.8. The channel coherence
time and the interleaver depth are respectively Tc = 32 and Din = 8. The channels
are Rayleigh faded, i.e., {h1, h2} ∼ CN (0, 1), and binary FSK is used at the tag.

a similar complexity of the coherent receiver with perfect CSI
[206]. Such novel ideas may also work for BackCom systems.

Fig. 28 provides an outline of existing BackCom codes.

VII. MULTIPLE ACCESS CODES FOR BACKCOM

Multiple access algorithms are fundamental to support re-
liable massive connectivity for low-cost and hardware-limited
tags. We review several solutions for that.

Of course, the two classical multiple-access methods are
(i) FDMA [63], [190] and (ii) time-division multiple-access
(TDMA) [210], [211]. In FDMA, each tag will use a different
frequency to communicate with the reader. Thus, it must be
able to shift the frequency of the incident RF signal during
the reflection process. However, the basic tag design does not
readily support frequency shifting operations (Section II-A).

Although a tag can be suitably modified to generate multiple
frequencies, that will increase its cost. Additionally, the energy
expenditure for generating multiple operating frequencies may
exceed the energy harvesting capacity. Thus, adopting FDMA
could be challenging for large-scale deployments of tags.

On the other hand, TDMA is more often used [211], which
requires timing synchronization. A preamble of a sequence
of known bits is typically transmitted to help synchronization
purposes [42], [212], [213]. Tags thus access the medium
with either deterministic (e.g., tree-search) or probabilistic
such as FSA-based schemes (EPC protocol in Section V-A)
[5]. However, the reader serves as a centralized control node,
coordinating frame size. For example, in the EPC protocol, the
reader divides time into Ns slots (Ns = 2q , where q controls
the number of time slots). Tags randomly selects a slot for their
data transmission. To reduce the risk of collisions, Ns should
be large enough, which tends to reduce spectral efficiency
due to many empty slots. In large-scale deployments, TDMA
is thus inefficient and fails to meet the distributed network
requirements.

A. Sparse Code Multiple Access
Sparse code multiple access (SCMA), a code domain ap-

proaches for non-orthogonal multiple access (NOMA), maps
input bits to codewords using multi-dimensional constellations
[124], [214]–[219]. SCMA allocates each resource block to
only a subset of active users, resulting in a sparse structure.
In contrast to low-density signature/spreading (LDS), SCMA
users map their input bits to multi-dimensional constella-
tions to spread their information rather than repeating QAM
throughout their pre-assigned resource blocks, making it more
robust and complex [216]–[218]. For example, if each user
is allocated to two resource blocks, LDS repeats one QAM
symbol across both resource blocks, while SCMA transmits a
separate symbol across each resource block. To this end, LDS
can be considered a special case of SCMA, which employs the
repetition of QAM in multi-dimensional constellations. SCMA
systems can be overloaded depending on the spreading factor,
i.e., the number of multiplexed users can exceed the number of
resource blocks. Due to the sparsity of codewords, the message
passing algorithm (MPA) detection is feasible with a moderate
degree of complexity [216]–[218]. In addition, the shaping
gain of the multi-dimensional codebook is a primary source
of performance improvement for SCMA over LDS.

SCMA has been proposed to facilitate uplink MTC services
[216]–[218]. The SCMA codebook is designed using lattice
constellation design principles, and the steps are summarized
as follows [217]:

1) Design a multi-dimensional constellation based on the
required rate. For instance, heuristic optimization is
used for low-rate constellation design, whereas the N -
fold Cartesian product of Z2 is used for higher-rate
constellation design, where Z is a set of integers.

2) An optimal rotation matrix is applied to the base con-
stellation to control the dimensional dependence, power
variation, modulation diversity or signal space diversity
order, and the minimum product distance of the constel-
lation while preserving a constant Euclidean distance.



28

BackCom Coding

Code
Design

Code Rate

BER

Coding Gain

Implementation
Complexity

Transmission
Delay

Effective
Throughput

System
Bandwidth

Channel
Characteristics

MoBC

• NRZ - [64], [65], [181], [207]
• Manchester - [64]
• Miller - [5], [66]
• FM0 - [5], [182], [183]

• Rotated Alamouti⋆‡† + BPSK/QPSK - [198]
• OSTBC‡† + BPSK/2-ASK - [113]

• Hamming + BPSK - [185]
• RS + BPSK - [185]
• BCH + OOK - [187]
• Balanced Block Code + BPSK - [188]

Line Codes

STC

FEC Codes

BiBC

• NRZ - [42], [207]
• Miller - [208]
• FM0 - [208]

• OSTBC/STTC‡ + QPSK - [112]
• OSTBC⋆ + BPSK - [176]
• OSTBC⋆‡† + BPSK/QPSK - [114]
• Rotated Alamouti⋆‡† + BPSK/QPSK - [198]
• Simple STC⋆† + BPSK - [179]
• Alamouti with GSM + BPSK/QPSK - [199]

• RM + FSK - [125]
• BCH + FSK - [63]

Line Codes

STC

FEC Codes

‡ - UFQ † - BUTQ⋆ - UTQ

AmBC

• Differential Manchester - [140]
• Miller - [209]
• FM0 - [2]

• OSTBC/Differential
OSTBC + BPSK [180]

• RS + OOK [143]
• BCH + S-BPSK [190]
• Polar + CSS [142]
• Three-State Coding [192]

Line Codes

STC

FEC Codes

Fig. 28: Summary of the BackCom codes.

3) Shuffling the multi-dimensional constellation along real
and imaginary axes to reduce decoding complexity while
maintaining dependency among the complex dimensions
of the resultant multi-dimensional constellation.

As mentioned before, the tag implements passive modu-
lation by switching among load impedances (Section II-B).
These can be chosen to create 2D signal constellations. As a
result, tags can implement multi-dimensional modulation and
coding schemes. However, advanced modulation and coding
schemes, such as an adaptive power ratio in conventional
power-domain NOMA or infinite-length channel coding, may
not be available with low-complexity tags. Therefore, code-
domain NOMA based on sparse coding is preferable over
power-domain NOMA in BackCom, particularly in AmBC
applications [124]. Specifically, SCMA offers three desirable
properties that are suitable for massive connectivity:

1) Grant-free Uplink Transmission: Backscatter tags can
employ sparse coding to transmit data using a prede-
fined codebook. It can accommodate massive and burst
uplink traffic in the absence of a request-grant method.
Thus, low latency is achievable without scheduling and
resource allocation [124].

2) NOMA: Sparse code encodes data in multi-dimensional
complex codewords, which provide additional degrees of
freedom than conventional two-dimensional BackCom
modulation. As a consequence, sparse coding can enable
concurrent RF transmissions, and an iterative MPA can
efficiently handle multiple-access interference [124].

3) Projected M̄ -Ary Modulation: The conventional tag
modulators can achieve M̄ -ary modulation by load
modulation (Section II-B), which, however, increases
the form factor of the tag for large M̄. On the other
hand, sparse coding can represent M̄ -ary data with a
few constellation symbols using the codeword projec-
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Fig. 29: Structure of the backscatter tag and the receiver for coded backscatter [221].

tion/expansion approach. Therefore, tags can implement
M̄ -ary modulation without affecting their form factors.

The duty cycle is defined as the ratio between the times
taken to transmit data and harvest RF energy. It can be
exploited to support massive connectivity by utilizing sparse
coding and NOMA [124], [220] In addition, the data rates of
backscatter tags tend to be low. Thus, when tags modulate their
data signals via high-rate legacy RF signals, the latter becomes
a virtual spreading sequence that provides a diversity gain
[124]. Therefore, the combination of SCMA and BackCom
may achieve the goals of massive connectivity, high data
rates, and cooperative diversity, which can help to achieve IoT
networks [124].

B. Coded-Backscatter Multiple Access

To meet the requirements of high capacity and distributed
control of large-scale networks, in [221], a coded-backscatter
multiple access (CBMA) scheme has been proposed based
on a direct sequence spread spectrum, which is resistant to
fading and can support simultaneous transmissions. CBMA
employs a correlation-based detector because it is challenging
to coordinate all tags via sending control signals, resulting
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in asynchronous transmission, which significantly impacts the
spread sequence’s orthogonality [221]. The backscatter signal
is weak and strongly affected by the distance between the tag
and the reader, degrading performance because of the well-
known near-far effect. The tag may not use conventional power
control because of its circuit limitations and not having RF
circuits to generate RF signals. Thus, CBMA helps in this
context by allowing the tags to adjust their antenna impedance
to achieve a power control mechanism [221].

CBMA utilizes pseudo-noise (PN) codes to encode tag data
like asynchronous code division multiple access (CDMA).
Unlike synchronous CDMA, if all tag signals have the same
received power, the signals from other tags will appear as noise
when the reader decodes one tag’s signal. Therefore, the power
control scheme adaptively adjusts the tag impedance to opti-
mize the overall system capacity. The backscatter tag performs
framing, encoding, power selection (impedance selection),
on/off modulation, and frequency shifting. The encoding block
at the tag uses a PN code to generate the transmit bit sequence.
For instance, if the tag transmits ”10” with a PN code ”01001”,
the encoded data is then ”0100110110”. The tag transmits this
sequence via on/off modulation. The reader exploits the mutual
orthogonality of PN sequences to decode the data (Fig. 29).
This scheme can achieve a multi-tag bit rate up to 8 Mbps
with tag-receiver distance up to 5m.

C. Buzz Multiple Access

Due to limited tag resources, there are two major challenges
in deploying BackCom networks.

1) Device Identification: a tag depends on the reader
to schedule its medium access because they cannot
hear other tags [222]. However, the reader does not
know which tag wants to transmit. As a result, current
backscatter systems use an identification phase before
access, which consumes significant time, e.g., the RFID
EPC Gen 2 standard requires 30%−60% of transmission
time for device identification [5]. At a high level, the
reader splits the total time into slots, and each tag that
wants to transmit selects a random temporary ID and
transmits it in a random slot. Some tag signals may then
collide. Collisions must be eliminated to improve the
reliability. However, to avoid collisions, the total number
of time slots must be fairly large, which reduces spectral
efficiency because of the number of unoccupied slots.

2) Rate Adaptation: Due to their ultra-low power, tags
employ passive backscatter modulation of on-off keying
and BPSK [65]. This limits the capacity of tags to
adapt their rate depending on channel conditions, i.e.,
they cannot transmit more bits per symbol to boost the
bandwidth efficiency when the channel is better, and also
to drop the bit rate in a poor channel to improve the
robustness [223]. Such adaptation requires the reader to
send feedback to each tag to adjust its redundancy level.
However, since backscatter signals are short and bursty,
such feedback is not cost-effective [222].

Therefore, to improve both reliability and efficiency, Buzz
multiple access has been developed [220]. It considers tags as

if they were a single virtual sender, and then treats collisions
as a code across the bits sent by different tags. However,
instead of simply allowing tags to collide repeatedly, resulting
in multiple copies of the same collision and hence ineffective
decoding, Buzz allows each tag to transmit only in a small
random subset of collisions. This also reduces the amount of
overhead on the tags themselves. Thus, the resultant code is
sparse and rateless, which means that nodes can collide indef-
initely until the reader acquires enough collisions to decode
[220]. Consequently, Buzz makes use of the code’s sparsity
and ratelessness to enable fast identification and distributed
rate adaptation. Moreover, Buzz considers the entire network
and adapts the aggregate bit rate of all backscatter tags to
channel conditions. In Buzz, since each tag only contributes
to a small random subset of collisions, the resulting sparse
codes with a low density can be decoded using a linear
time decoder based on belief propagation, similar to LDPC
codes. Nonetheless, unlike LDPC codes, which are centralized
block codes, codes of Buzz are distributed as well as rateless.
Because of these properties, Buzz enables automated bit rate
adaptation in BackCom [220].

D. µ-Code

Some of the conventional coding principles can be leveraged
to increase the BackCom range. For example, CDMA uses a
pseudo-random sequence to encode the information; and the
receiver synchronizes with the transmit signal and decodes
the information by correlating with the pseudo-random codes.
However, the tag may find correlation and synchronization
are complicated and challenging. Thus, these conventional
coding approaches must be modified for BackCom systems.
To this end, reference [224] introduces a low-power encoding
technique to increase the communication range and ensure
concurrent transmissions for AmBC. The µ code employs
a periodic signal rather than a pseudo-random sequence to
represent data. The intuition is that periodic signals can be
detected without the need for phase synchronization when the
receiver knows their frequency. Hence, a code is designed to
mimic the sine wave. Since the backscatter tag supports only
two states, i.e., absorbing and reflecting states, a periodic al-
ternating sequence of bits “0” and “1” is adopted. Specifically,
the one bit is encodes by the chip sequence “101010 · · · 10”
and the zero bit is encoded by the chip sequence “0000 · · · 00”.
Moreover, a decoding algorithm is designed which can decode
the backscatter signal with neither phase information nor
analog-to-digital Converters.

The receiver design has four main components: an envelope
detector circuit, In-phase (I)/ Quadrature phase (Q) correlation
circuits to compute |I| and |Q|, an addition circuit to compute
|I| + |Q| and a thresholding circuit that outputs “0” and “1”
bits. This structure enables backscatter tags to communicate
directly with each other at distances of tens of meters and
while separated by multiple walls. It can also provide orders
of magnitude increase in the communication rate and range
of AmBC systems. In particular, with 1 kHz analog hardware,
RFID tags can mutually communicate at a rate of 3.33 bps
at ranges greater than 90 feet, given an incident RF power of
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TABLE XI: Multiple access coding techniques.

Ref. Coding technique Setup Tag type Number of tags Data rate Distance
[124] SCMA AmBC Passive 8 8.26Mbps† 5m
[220] Buzz MoBC Passive/Semi-passive 16 Rateless <1.8m

[221] CBMA AmBC Active 10 8Mbps† ≤5m

[224] µ-code AmBC Passive – 1 kbps‡ <24.4m

[225] NetScatter MoBC Active 256 500 kbps† 2m
† Throughput, ‡ Per tag.

0 dBm. Moreover, it supports multiple concurrent transmis-
sions in a battery-free tag network.

E. Distributed Chirp Spread Spectrum Coding

Achieving a reliable and high coverage transmission for a
tag is a challenging task due to the weak backscatter signal,
which may be near to or below the noise level. Therefore,
establishing reliable connectivity of many tags is even more
difficult. To accomplish this goal, reference [225] proposes
NetScatter, a unique network protocol with a multiple access
coding scheme. It combines chirp spread spectrum modulation
and on-off keying. It can support up to a thousand concurrent
tags while requiring just 2MHz of total bandwidth, and the
coding scheme satisfies four essential constraints: (i) it allows
hundreds of devices to transmit simultaneously on the same
frequency band, (ii) it can operate below the noise level while
maintaining reasonable bit rates, (iii) low-power tags perform
the coding procedure, and (iv) the reader can decode all tag
signals with a single fast Fourier transform operation, reducing
receiver complexity. In contrast, the AP of an existing chirp
spread spectrum system transmits a continuous wave signal
to each tag for backscattering and encoding bits with distinct
chirp cyclic shifts. The method [225] allocates a separate chirp
cyclic shift to each concurrent device. Each tag then conveys
bits by using on-off keying over these cyclically shifted chirps.
Additionally, in existing chirp spread spectrum systems with
ND number of tags, each one sends log2(ND) bits using
ND cyclic shifts, whereas the proposed design allows for ND

concurrent tags, each of which transmits a single bit utilizing
on-off keying, resulting in a potential gain of ND/ log2(ND).
However, practical implementation of this system is difficult
due to two reasons.

1) Near-Far Effect: The signal from a nearby tag can
dominate the signal from a tag far away.

2) Timing Synchronization: It is difficult to accurately syn-
chronize hundreds of tags in time due to hardware
variations and propagation delays of different tags.

Reference [225] provides several techniques to overcome those
issues: (i) a power-aware cyclic shift allocation method in
which lower SNR tags employ different cyclic shifts than
higher SNR tags, (ii) a zero-overhead power adaptation tech-
nique that accounts for channel variations over time by having
backscatter devices estimate their SNR at the AP using the
signal intensity of the AP’s query signal, and (iii) to address
the time synchronization issue, introduce gaps between cyclic
shifts to guarantee that concurrent tags can be distinguished
and decoded.

Table XI summarizes BackCom multiple access codes.

Remark 2. The concurrent transmissions of multiple tags by
exploiting coding schemes might incur overhead on the tag
side [226]. One solution is to extend the reader’s decoding
capacity and shift the workload from the tag to the reader
[226]–[230]. Specifically, reference [226] design a parallel
decoding scheme where the reader decodes the collided tag
signals according to signals’ transition probabilities between
different combined states, which are shown to be highly stable
and traceable18. A graphical model is thus constructed based
on the trajectory of the signals in the I-Q domain, and the
collided tags are then decoded by tracking the graph. This
approach can work and resolve the collided signals under
highly dynamic and unpredictable backscatter systems without
relying on the stability of signal features. In particular, in a
5-tag collision case, the throughput of 450 kbps is achieved.

Discussion: BackCom systems require innovative codes to
achieve massive connectivity. SCMA, CBMA, Buzz multiple
access, µ code, and distributed chirp spread spectrum coding
support this goal. These schemes are explicitly designed
for BackCom while considering its limitations and channel
characteristics. Thus, they can provide massive connectivity,
high capacity, enhanced reliability and efficiency, and extended
communication range. Parallel decoding also supports these
goals by extending the reader’s decoding capacity.

VIII. OPEN ISSUES AND FUTURE RESEARCH DIRECTIONS

BackCom research has advanced its capabilities and co-
existence with other wireless technologies. However, suitable
coding standards are yet to emerge. Thus, this section outlines
some challenges, open issues, and future research directions.

A. Encoder and Decoder Complexity

The complexity of a channel encoder and decoder impacts
hardware resource requirements and energy consumption. In
5G NR, mMTC applications impose strict complexity re-
strictions, especially for passive tags (Section II-A). Thus,
these IoT devices must work continuously without recharging
while requiring minimal hardware resources and energy. These
constraints impact the channel encoder and decoder [89].

Existing channel codes (Section V) require numerous com-
putational resources, significant power, and accurate channel

18A typical backscatter tag encodes its data by reflecting and absorbing
the carrier wave, resulting in two possible states: High and Low; a ND-tag
collision case creates 2ND combined states, each state is a linear combination
of ND tag’s signal state, i.e., S = [S1, . . . , SND

], where Si = High or Low.
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estimation. Hence, adapting such codes to power-constrained,
low-complexity backscatter tags brings many practical chal-
lenges [142]. For instance, these codes incur significant en-
coding overhead (e.g., storing the generating matrix). Rate
adaptation codes require the transmitter to adjust the code
rate depending on the channel state. However, CSI estimation
is difficult because of tag hardware limitations. On the other
hand, reducing the decoding complexity will decrease the
latency and power consumption, but at the penalty of in-
creasing BER. These trade-offs call for careful design of low-
complexity encoders and decoders while taking into account
tag limitations [142]. For instance, to reduce the encoding
complexity and storage requirements of rate adaptation codes,
coding matrices for several code lengths can be generated
by matrix iterations, instead of storing them [142]. Besides,
optimal code designs can be shifted from the tag to the reader,
and the results can be fed back to the tag [143]. GRAND
decoders also offer low complexity and delays with good BER
performance [195].

B. Reliability

Reliability is the accuracy of delivered information bits
from one node to another within a specified latency constraint
[231], [232]. Increasing it reduces retransmissions and latency.
However, if mMTC and other IoT systems use backscatter,
reliability is affected by wireless interference, eavesdropping,
routing issues, distance limitations, and others. Although chan-
nel coding can mitigate them, significant research advances
may be needed.

To find viable codes for BackCom, the following four fac-
tors are important: (i) a low error floor, (ii) simple decoding al-
gorithms with simple hardware realizations, (iii) high through-
put decoding, and (iv) the burst error correction capability
[232]. Thus, increasing the minimum Hamming distance, using
concatenated or derived codes, adopting optimized decoding
algorithms, and integrating interleaving/de-interleaving, have
been tried [232]. Specifically, non-binary codes, e.g., non-
binary polar codes [233], increase the minimum Hamming
distance. Thus, they achieve higher error-correcting ability, and
non-binary symbols map readily to high-order modulations
[234]. Concatenated RS and polar codes [235], [236], can
improve the BER and reduce the error floor, depending on
different combinations of inner and outer code rates. Parallel
decoding structures and sophisticated low-complexity decod-
ing algorithms can also reduce latency and power consumption
while reducing the BER [237].

However, such coding techniques may have to be carefully
adopted for BackCom because of the dyadic path-loss and the
limited capability of tags. Hence, further research is needed.

C. Physical Layer Security

Critically, 6G technologies need enhanced security and
privacy [238]. However, because tags have limited computing
and communication capabilities, BackCom systems cannot
support robust protection schemes with highly secure encryp-
tion. Thus, they are vulnerable to potential security attacks,
reducing their performance and reliability [239]–[241]. The

most common such attacks are jamming, eavesdropping, and
detection of covert (DoC). Jamming is an active attack that
intentionally causes malfunctions (e.g., denial of service). For
instance, an attacker can generate artificial noise to cause
the target nodes to suffer from the denial of service as long
as their operating channels can be identified. By contrast,
eavesdropping and DoC are passive forms of attack, which
extract private information or detect the presence of a target by
monitoring wireless channels. Compared with active attacks,
passive attacks are challenging to detect [240].

Physical layer security techniques, which exploit properties
of the wireless medium to achieve secure communication,
are another solution for BackCom [240]. For instance, strong
jamming signals can be leveraged to facilitate BackCom. The
tag can then harvest energy from them for its operations
[242]–[244]. Deception strategies defend against the jammers
that only attack the channels once they detect the activities
of target nodes. For instance, the tag sends a fake signal
to mislead the jammers and weaken them by wasting their
energy [245]. Beamforming design, transmit antenna selection,
directional transmission, artificial noise generation, and relay-
aided transmission are some other physical-layer techniques
[240]. In particular, to combat eavesdropping attacks, the
legitimate transmitter may adopt a beamforming design to
direct the information signals towards its legitimate desti-
nations and the artificial noise signals towards illegitimate
destinations, thereby improving the secrecy rate [246]. In
addition, depending on the channel condition, the legitimate
transmitter may select one (or more) of its antennas to transmit
artificial noise to jam the eavesdropper while causing minimal
interference to its legitimate destinations [247].

The adaptation of sophisticated codes can also contribute
to security enhancement [238]. However, the inherent charac-
teristics of BackCom networks are (1) the tags have limited
energy availability and limited processing capabilities and
(2) the cascaded channels cause deeper fading events. Thus,
designing secure channel codes that match these inherent
characteristics is still an open problem. One possibility may
be developing secure polar coding schemes.

D. Machine Learning for Channel Coding

Machine learning techniques are increasingly being lever-
aged in wireless networks. Their application for coded systems
is emerging [248]–[253]. For example, neural decoders trained
using gradient-based methods [249] can improve the belief
propagation (BP) algorithm. This approach generalizes the
basic BP algorithm by assigning weights to the edges of
the Tanner graph, which are subsequently trained using deep
learning techniques. These decoders can learn both the channel
and the linear code simultaneously, improving decoder per-
formance without increasing computational complexity [249].
Moreover, [250] proposes a concatenated polar and LDPC
code. It encodes data blocks with a polar code and applies an
LDPC code. The receiver first applies the Belief propagation
algorithm to recover each LDPC codeword. This decoded
sequence is subsequently segmented and fed into multiple par-
allel deep neural networks for further decoding, which reduces
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decoding delays. This scheme has a reduced time complexity
and provides BER gains [250], [254]. In particular, AmBC
systems, which rely on legacy ambient signals, can use a
separate channel coding scheme on top of the primary system’s
channel coding scheme, and the receiver can recover data from
both systems using a machine learning-based decoder. Overall,
there is ample room for further development of machine-
learning coding techniques in the BackCom space.

Machine learning-based signal detection may overcome
the necessity for channel estimate in traditional BackCom
signal detection methods [255]. They aim to use only a
few (training) pilots without explicitly estimating relevant
channel parameters. Specifically, signal detection algorithms
for AmBC systems are developed in [256]–[260]. To this
end, the signal detection problem can be transformed into
a clustering problem [256]. As a result, two constellation
learning-based signal detection algorithms are developed for
when the tags reflect constellation-modulated ambient RF
signals. Moreover, the authors in [257] develop supervised
machine learning techniques, including the support vector
machine and the random forest method. Moreover, reference
[258] uses a deep transfer learning approach to detect the tag’s
signal. The works [259] and [260] further address the channel
estimation. The pilot-based channel estimation problem is
modeled as a denoising problem. A deep residual learning
approach is developed to learn the residual noise and recover
the channel coefficients from the noisy pilot signals. This
method achieves the performance of the optimal minimum
mean square error (MMSE) estimator given the knowledge
of the channel correlation matrix.

E. Synchronization

This refers to the timing alignment between the transmitter
and receiver. Timing offsets and carrier frequency offsets
cause synchronization errors. Tight synchronization enables
the functioning of multiple access schemes and serves many
purposes, including location, proximity, energy efficiency, mo-
bility, and others. Synchronization among massive numbers
of devices is challenging because of hardware variations and
propagation delays. Erroneous synchronization reduces achiev-
able throughput and communication range while increasing
inter-symbol interference (ISI).

In the context of BackCom networks, tags must be able to
synchronize using incident RF signals. However, synchroniza-
tion is computationally expensive, and the power consumption
increases exponentially at lower incoming signal power levels
[213]. Tags may not synchronize well because of their limited
hardware and the passive modulation [213]. Thus, much more
research is needed on this topic.

Wi-Fi backscattering may use a simple low-power energy
detector synchronization scheme, but with low accuracy (of
2 µs at −20 dBm input power) [261]. The only work that ex-
plicitly investigates the accurate synchronization of BackCom
with Wi-Fi is reference [213]. Hence, effective strategies and
techniques for BackCom based on various wireless standards
must be identified to achieve the minimum required synchro-
nization accuracy and desired high sensitivity with µW level

power consumption. Furthermore, synchronization schemes
that allow multiple tags to coexist without mutual interference
must be investigated further [262].

F. Interference Management/Mitigation

Unlike in conventional channels, interference regeneration
occurs in BackCom. The reason is that a backscatter tag
reflects all incident signals and interference signals [263]. The
reflected signal has the same frequency as the carrier signal
(unless the tag shifts the frequency). This causes direct link
interference for BackCom systems while generating additional
interference for the primary system, particularly in AmBC
[264], [265]. Because the same device is used for trans-
mission and reception, the same primary interference causes
self-interference in MoBC. Since the tags reflect modulated
or unmodulated carrier signals, the amount of interference
also depends on the locations of primary transmitters and
backscatter tags, as well as the primary transmit power [264].
Multiple access interference and co-channel interference (CCI)
are other major limiting factors in large-scale BackCom
systems. The former occurs when multiple tags transmit in
the same frequency resource, whereas CCI occurs in links
that reuse the same frequency channel. To limit interference
on primary (legacy) networks, tags may communicate over
spectrum holes, which may be identified via energy detection
[266]–[268]. Thus, more dynamic and opportunistic spectrum
usage by tags should be further investigated.

These interference signals can affect the performances of
both the AmBC system and the primary system [263]–[265],
[269]. Hence, it is essential to analyze the statistics of these
interference distributions and their impact on the primary
and BackCom system performances. To do this, research
must model and analyze BackCom-generated interference.
One analytical tool is the theoretical framework of stochastic
geometry. It gives tools for analyzing and modeling the spatial
distribution of wireless nodes [265], [270].

Managing interference is possible with spread spectrum
techniques in BackCom, taking advantage of its low data rates
[263], [271]. Furthermore, interference alignment and interfer-
ence cancellation techniques also can be used [272]. Large-
scale BackCom networks can manage interference through
position management, frequency allocation, communication
range control, scheduling, and multiple-access schemes.

IX. CONCLUSION

Coding schemes can improve the reliability and range
of BackCom. This paper thus presented a comprehensive
overview of such channel codes. First, we reviewed the fun-
damentals of BackCom and channel codes and their relevant
design considerations/parameters. To set the background for
potential BackCom codes, we first examined common coding
schemes for general communication networks. We addressed
the limitations and requirements of BackCom systems and the
characteristics of BackCom channels. We identified potential
BackCom codes and discussed the multiple access coding
schemes. We highlighted potential solutions for dealing with
code complexity and reliability. Finally, we discussed some
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open issues, challenges, and potential future research direc-
tions.

REFERENCES

[1] H. Stockman, “Communication by means of reflected power,” Proc. of
the IRE, vol. 36, no. 10, pp. 1196–1204, 1948.

[2] V. Liu, A. Parks, V. Talla, S. Gollakota, D. Wetherall, and J. R. Smith,
“Ambient backscatter: Wireless communication out of thin air,” ACM
SIGCOMM Comput. Commun. Rev., vol. 43, no. 4, p. 39–50, Aug.
2013. [Online]. Available: https://doi.org/10.1145/2534169.2486015

[3] D. T. Hoang, D. Niyato, D. I. Kim, N. V. Huynh, and S. Gong, Ambient
Backscatter Communication Networks. Cambridge University Press,
2020.

[4] “3GPP TSG RAN Meeting −94e, Study proposal on Passive IoT, 8A.1
(from RP-213368),” Dec. 2021. Available Online: https://www.3gpp.
org/DynaReport/TDocExMtg--RP-94-e--60214.htm.

[5] “EPC radio-frequency identity protocols generation-2,
UHF RFID standard, specification for RFID air interface
protocol for, communications at 860-960MHz,” July 2018.
Available Online: https://www.gs1.org/sites/default/files/docs/epc/
gs1-epc-gen2v2-uhf-airinterface i21 r 2018-09-04.pdf.

[6] D.-L. Yang, F. Liu, and Y.-D. Liang, “A survey of the internet
of things,” in Proc. of the 1st Int. Conf. on E-Business Intelli.
(ICEBI 2010). Atlantis Press, Dec. 2010/12, pp. 524–532. [Online].
Available: https://doi.org/10.2991/icebi.2010.72

[7] A. Al-Fuqaha, M. Guizani, M. Mohammadi, M. Aledhari, and
M. Ayyash, “Internet of things: A survey on enabling technologies,
protocols, and applications,” IEEE Commun. Surveys Tuts., vol. 17,
no. 4, pp. 2347–2376, 4th Quart. 2015.

[8] “RFID market by offering (tags, readers, software & services), tag type
(passive, active), wafer size, frequency, form factor (card, implant, key
fob, label, paper ticket, band), material, application & region - global
forecast to 2030,” Available Online: https://www.marketsandmarkets.
com/Market-Reports/rfid-market-446.html.

[9] “3GPP TR 38.913 - 5G; study on scenarios and require-
ments for next generation access technologies, V14.3.0 Rel. 14,”
Aug. 2017. Available Online: https://portal.3gpp.org/desktopmodules/
Specifications/SpecificationDetails.aspx?specificationId=2996.

[10] M. Stoyanova, Y. Nikoloudakis, S. Panagiotakis, E. Pallis, and E. K.
Markakis, “A survey on the internet of things (IoT) forensics: chal-
lenges, approaches, and open issues,” IEEE Commun. Surveys Tuts.,
vol. 22, no. 2, pp. 1191–1221, 2th Quart. 2020.

[11] M. Dohler and T. Nakamura, 5G Mobile and Wireless Communica-
tions Technology, A. Osseiran, J. F. Monserrat, and P. Marsch, Eds.
Cambridge University Press, 2016.

[12] “Massive machine type communication market - growth, trends,
covid-19 impact, and forecasts (2022 - 2027),” Jan. 2022. Avail-
able Online: https://www.researchandmarkets.com/reports/5239364/
massive-machine-type-communication-market.

[13] P. Andres-Maldonado, P. Ameigeiras, J. Prados-Garzon, J. Navarro-
Ortiz, and J. M. Lopez-Soler, “Narrowband IoT data transmission
procedures for massive machine-type communications,” IEEE Netw.,
vol. 31, no. 6, pp. 8–15, Nov. 2017.

[14] N. Xia, H.-H. Chen, and C.-S. Yang, “Emerging technologies for
machine-type communication networks,” IEEE Netw., vol. 34, no. 1,
pp. 214–222, 2020.

[15] S. Andreev et al., “Understanding the IoT connectivity landscape: a
contemporary M2M radio technology roadmap,” IEEE Commun. Mag.,
vol. 53, no. 9, pp. 32–40, 2015.

[16] W. Zhou, Y. Jia, A. Peng, Y. Zhang, and P. Liu, “The effect of IoT new
features on security and privacy: New threats, existing solutions, and
challenges yet to be solved,” IEEE Internet Things J., vol. 6, no. 2, pp.
1606–1616, Apr. 2019.

[17] K. Shafique, B. A. Khawaja, F. Sabir, S. Qazi, and M. Mustaqim,
“Internet of things (IoT) for next-generation smart systems: A review
of current challenges, future trends and prospects for emerging 5G-IoT
scenarios,” IEEE Access, vol. 8, pp. 23 022–23 040, Jan. 2020.

[18] Qualcomm, “Setting off the 5G advanced evolution,” Jan. 2022.
Available Online: https://www.qualcomm.com/news/onq/2021/12/10/
setting-5g-advanced-evolution.

[19] “3GPP TSG Meeting −95e, New SID: Study on ambient
power-enabled Internet of Things, SA1 (from SP-220085),” Mar.
2022. Available Online: https://portal.3gpp.org/ngppapp/TdocList.
aspx?meetingId=60289.

[20] D. Ma, G. Lan, M. Hassan, W. Hu, and S. K. Das, “Sensing, computing,
and communications for energy harvesting IoTs: A survey,” IEEE
Commun. Surveys Tuts., vol. 22, no. 2, pp. 1222–1250, 2th Quart. 2020.

[21] N. H. Mahmood et al., “White paper on critical and massive machine
type communication towards 6G,” arXiv preprint arXiv:2004.14146,
Apr. 2020.

[22] C. Bockelmann et al., “Massive machine-type communications in 5G:
Physical and MAC-layer solutions,” IEEE Commun. Mag., vol. 54,
no. 9, pp. 59–65, Sep. 2016.

[23] R. Duan, X. Wang, H. Yigitler, M. U. Sheikh, R. Jantti, and Z. Han,
“Ambient backscatter communications for future ultra-low-power ma-
chine type communications: Challenges, solutions, opportunities, and
future research trends,” IEEE Commun. Mag., vol. 58, no. 2, pp. 42–47,
Feb. 2020.

[24] N. Van Huynh, D. T. Hoang, X. Lu, D. Niyato, P. Wang, and D. I.
Kim, “Ambient backscatter communications: A contemporary survey,”
IEEE Commun. Surveys Tuts., vol. 20, no. 4, pp. 2889–2922, 4th Quart.
2018.

[25] F. Rezaei, C. Tellambura, and S. Herath, “Large-scale wireless-powered
networks with backscatter communications—A comprehensive survey,”
IEEE open j. Commun. Soc., vol. 1, pp. 1100–1130, July 2020.

[26] D. Kim, M. Ingram, and W. Smith, “Measurements of small-scale
fading and path loss for long range RF tags,” IEEE Trans. Antennas
Propag., vol. 51, no. 8, pp. 1740–1749, Aug. 2003.

[27] “3GPP TS 25.212 - universal mobile telecommunications system
(UMTS); multiplexing and channel coding (FDD), V10.1.0 Rel.
10,” May. 2011. Available Online: https://www.etsi.org/deliver/etsi ts/
125200 125299/125212/10.01.00 60/ts 125212v100100p.pdf.

[28] “3GPP TS 36.212 - LTE; evolved universal terrestrial radio access (E-
UTRA); multiplexing and channel coding, V13.8.0 Rel. 13,” July. 2018.
Available Online: https://www.etsi.org/deliver/etsi ts/136200 136299/
136212/13.08.00 60/ts 136212v130800p.pdf.

[29] “3GPP TS 38 212 - 5G; NR; multiplexing and channel coding, V16.2.0
Rel.16,” July 2020. Available Online: https://www.etsi.org/deliver/etsi
ts/138200 138299/138212/16.02.00 60/ts 138212v160200p.pdf.

[30] “3GPP TS 38.212 - technical specification group radio access net-
work; NR; multiplexing and channel coding, V17.2.0 Rel. 17,”
June 2022. Available Online: https://portal.3gpp.org/desktopmodules/
Specifications/SpecificationDetails.aspx?specificationId=3214.
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