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Abstract—The heterogenous wireless services and exponen-
tially growing traffic call for novel spectrum- and energy-efficient
wireless communication technologies. Recently, a new technique,
called symbiotic radio (SR), is proposed to exploit the benefits
and address the drawbacks of cognitive radio (CR) and ambi-
ent backscattering communications (AmBC), leading to mutualism
spectrum sharing and highly reliable backscattering commu-
nications. In particular, the secondary transmitter (STx) in SR
transmits messages to the secondary receiver (SRx) over the
RF signals originating from the primary transmitter (PTx) based
on cognitive backscattering communications, thus the secondary
system shares not only the radio spectrum, but also the power,
and infrastructure with the primary system. In return, the sec-
ondary transmission provides beneficial multipath diversity to the
primary system, therefore the two systems form mutualism spec-
trum sharing. More importantly, joint decoding is exploited at
SRx to achieve highly reliable backscattering communications.
In this article, to exploit the full potential of SR, we provide
a systematic view for SR and address three fundamental tasks
in SR: (1) enhancing the backscattering link via active load; (2)
achieving highly reliable communications through joint decoding;
and (3) capturing PTx’s RF signals using reconfigurable intelli-
gent surfaces. Emerging applications, design challenges and open
research problems will also be discussed.

Index Terms—Symbiotic radio, cognitive radio, ambient
backscattering communications, spectrum management, spec-
trum efficiency, energy efficiency, joint decoding, reconfigurable
intelligent surfaces, large intelligent antennas.
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I. INTRODUCTION

HE DEVELOPMENT of digitalized society depends

significantly on the advancements of wireless commu-
nication technologies. In order to further realize smart society,
a variety of emerging wireless services need to be developed,
such as holographic telepresence, Internet-of-Everything (IoE),
and collaborative intelligence, which will drive the dra-
matic growth in data traffic, massive access, and versa-
tile applications. According to the report from International
Telecommunication Union (ITU) [1], the global mobile traffic
will continue to grow exponentially and the overall mobile data
traffic is estimated to reach over 5000 EB per month in 2030.
The device density will increase substantially to hundreds of
devices per cubic meter and more than 125 billion mobile
devices worldwide will be attached to the wireless networks
by 2030 [2]. According to a study in [3], even just to support
Internet-of-Things (IoT) for healthcare, utility, and motorway
use, 76 GHz spectrum is required if dedicated spectrum is allo-
cated to each service. However, most of the radio spectrum has
been allocated to the existing services and applications, result-
ing in severe spectrum scarcity problem. The explosive growth
in data traffic and device density calls for novel technologies
to enhance the spectrum efficiency as well as energy-efficiency
of wireless communications.

In the past two decades, cognitive radio (CR) technology
has been extensively studied with the aim to enhance the
utilization efficiency of the radio spectrum [4]-[7]. This is
achieved through introducing secondary spectrum access to
the assigned spectrum. In particular, the secondary user in a
CR system is allowed to access the radio spectrum assigned
to the primary user in an opportunistic or spectrum shar-
ing manner. The opportunistic access is assisted by spectrum
sensing technologies, while in spectrum sharing model, the
secondary transmission from the second transmitter (STX) to
the second receiver (SRx) shares the same spectrum with the
primary transmission from the primary transmitter (PTx) to
the primary receiver (PRx). This is achieved by predicting the
interference level from STx to PRx to ensure that the caused
interference to the primary transmission is below a tolerable
threshold. Despite the notable advancements, the primary and
secondary transmissions in spectrum sharing model always
interfere with each other, which limits the enhancement of
the spectrum efficiency.

On the other hand, conventional transmitter design uses
power-consuming active components, including oscillators,
up-converters, and power amplifiers. Such active radio
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technology involves high power consumption, shortens bat-
tery life, and limits the development of the emerging services
in future wireless networks [8]. Recently, backscattering radio
technology has been exploited to design wireless transmitters
without requiring active components, thus the power consump-
tion of the transmitter can be greatly reduced. One example
of passive radio technology is ambient backscatter communi-
cations (AmBC) [9], in which the STx embeds its message
over the ambient radio frequency (RF) signals using backscat-
tering modulation [10]. The ambient RF signals can be TV
signal, WiFi signal, cellular signal, etc. In particular, by peri-
odically varying the load impedance at the STX, the reflected
signal from the STx contains different reflection coefficients
representing the transmitted symbols of the STx. Thus through
detecting the reflection coefficients, the SRx can decode the
messages transmitted from STx. For recent development on
AmBC, please refer to, e.g., [11].

In AmBC, the secondary and ambient communications form
a special spectrum sharing relation, and the design objective
at SRx is to recover the messages from STx only. Due to
the ambient nature of the RF sources, non-coherent detec-
tors have been extensively studied. For example, differential
demodulation is proposed in [9], and energy detection has
been considered in, e.g., [9], [12]-[16]. These non-coherent
receivers suffer from strong direct link interference from
the RF source, which degrades the detection performance
significantly. While there are proposals to avoid the direct
link interference using frequency shifting [17]-[19] or to
cancel out such interference using specific waveform fea-
ture of the RF source [20]-[23], the non-coherent nature of
the receivers makes it difficult for AmBC to achieve highly
reliable backscattering communications.

In this article, a new technique, called symbiotic radio (SR),
is investigated to exploit the benefits of CR and AmBC,
and address the drawbacks of these two techniques effec-
tively. Similar to CR, SR consists of two spectrum sharing
systems, the primary system and secondary system. However,
SR achieves mutually beneficial spectrum sharing rather than
interfering spectrum sharing in CR. As compared to AmBC,
SR achieves highly reliable backscattering communications
through joint decoding. Thus, SR is also termed cogni-
tive backscattering communications, which achieves enhanced
spectrum- and energy-efficiency for wireless networks.

This article is organized as follows. The SR basics
and backscattering communications for SR are presented in
Sections II and III, respectively. Then, in Sections IV and V,
the transceiver design, and resource allocation schemes for
SR are presented, respectively. Reconfigurable intelligent sur-
face (RIS)-assisted SR and full-duplex SR are addressed in
Sections VI and VII, respectively. Emerging applications,
design challenges, and open research problems will be dis-
cussed in the rest parts of this article.

The list of abbreviations commonly appeared in this article
is given in Table L.

II. SYMBIOTIC RADIO BASICS

SR is a cognitive backscattering communication system that
exploits the benefits and addresses the drawbacks of CR and
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TABLE I
LIST OF ABBREVIATIONS

Abbreviation | Description

AP Access Point

AmBC Ambient Backscatter Communica-
tions

AWGN Additive White Gaussian Noise

BER Bit-Error-Rate

BPSK Binary Phase Shift Keying

CMOS Complementary Metal Oxide Semi-
conductor

CR Cognitive Radio

DoA Direction-of-Arrival

FDSR Full-Duplex SR

IoE Internet-of-Everything

IoT Internet-of-Things

ITU International ~ Telecommunication
Union

MISO Multiple-Input-Single-Output

MMSE Minimum Mean-Squared-Error

MRC Maximum-Ratio-Combining

OFDM Orthogonal  Frequency Division
Multiplexing

PRx Primary Receiver

PTx Primary Transmitter

QAM Quadrature Amplitude Modulation

RF Radio Frequency

RIS Reconfigurable Intelligent Surface

RSR RIS-assisted SR

SISO Single-Input-Single-Output

SNR Signal-to-Noise-Ratio

SR Symbiotic Radio

SRN Symbiotic Radio Network

SRx Second Receiver

STx Second Transmitter

ZF Zero-Forcing

AmBC. The system model for a basic SR is shown in Fig. 1(a),
which consists of two systems, the primary system and sec-
ondary system. Different from CR that uses power-consuming
active RF chains at both PTx and STx shown in Fig. 1(b), the
SR uses backscattering radio technology to support the sec-
ondary transmission from STx to SRx, which greatly reduces
the power consumption. In particular, STx transmits its mes-
sages to SRx over the RF signals received from PTx by varying
the reflection coefficients, thus the secondary system shares
the spectrum, energy, and infrastructure of the primary system
with high spectrum- and power-efficiency.

More importantly, the two systems in SR operate in a col-
laborative manner in both the transmitter and receiver sides.
By doing so, joint decoding is exploited at the SRx to decode
both primary and secondary messages, thus avoiding the
interference issue, and achieving highly reliable backscatter-
ing communications. In return, the secondary system provides
multipath diversity to the primary system, yielding mutual ben-
efits between the two spectrum sharing systems. Therefore, SR
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(b) System model for CR.

Fig. 1. (a) System model for SR: PTx uses active radio to transmit messages
to PRx, and STx exploits backscattering radio to transmit messages to SRx
riding over the RF signals from PTx; and (b) System model for CR: PTx
transmits messages to PRx, and STx transmits messages to SRx by sharing
the same radio spectrum with the primary system. STx refrains its transmit
power to ensure that the caused interference level to PRx is below a tolerable
threshold. Solid lines denote transmissions from active radios, while dash lines
denote reflections from backscattering radios.

is also called cognitive backscattering communications which
achieves two challenging goals for wireless communications:

(1) enhanced spectrum efficiency using mutualism spec-

trum sharing;

(2) enhanced energy efficiency through highly reliable

backscattering communications.

The beneficial effect of the backscattering radio to pri-
mary system was first observed in [24], [25] and [26], and
the symbiotic relation between the two systems was revealed
in [27]. Later on, several studies on SR were published
in, e.g., [28]-[31]. SR has also been recently considered
as a potential solution for the six generation (6G) wire-
less networks, especially as an energy- and spectrum-efficient
massive access technology [32]-[35].

Despite the advantages of SR, several fundamental chal-
lenges need to be tackled in order to fully exploit the potentials
of SR. From Fig. 1(a), the backscattering link from PTx-STx-
SRx suffers from double fading, thus its strength is much
weaker than that of the direct link from PTx to SRx. It is
thus important to enhance the backscattering link such that
the mutual benefits to the primary and secondary systems
can be improved. On the other hand, the backscattering
radios can backscatter all ambient signals within a specific
frequency band, thus it is essential to capture which RF sig-
nals the secondary system wants to ride on. Finally, effective
transceiver designs are required in order to achieve highly
reliable backscattering communications.
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Fig. 2. Basic backscattering circuits.

In this article, we will address the following issues related
to SR:
(1) enhancing the backscattering link via active load and/or
multiple antenna elements;
achieving highly reliable communications through joint
decoding;

(3) capturing PTx’s RF signals using RIS.

When the STx is equipped with RIS, this system is called
RIS-assisted SR (RSR). Note in some cases, the PRx and SRx
in Fig. 1(a) can be the same node, which is to decode the
primary and secondary messages simultaneously. In addition,
when the PTx has full duplex functionality, it can be used
to decode the messages from STx, and this model is called
full-duplex SR (FDSR).

@

III. BACKSCATTERING COMMUNICATION FOR SR

In this section, we will introduce the backscattering princi-
ples, backscattering modulation, and schemes to enhance the
backscattering link via active load, which will serve as the
basis for SR.

A. Backscattering Principles

The basic circuit for backscattering radios is shown in
Fig. 2. Suppose that s(7) is baseband signal transmitted from
PTx, the RF output from the PTx antenna is ap(t) =
Re{,/ps(t)e/?™fct} where f. is the carrier frequency. Let
z(t) be the input to the backscattering circuit at STx, and
6(t) be the reflection coefficient, then signal reflected from
the backscattering circuit is (¢)z(t).

Let Z, and Zj; be the antenna and load impedances
of the backscattering circuits at STx, respectively. From the
antenna scattering theory [36], the electric field of the reflected
signal can be decomposed into two components, the struc-
tural mode backscattering component, and the antenna mode
backscattering component. The structural mode backscattering
component can be accounted into part of the environmental
multipath [37], while the antenna mode backscattering com-
ponent is determined by the mismatch between the antenna and
load impedances, yielding the reflection coefficient given by

AR

a
= 1
ZL,iJFZa M

7

Note when 7, ; = Z;, I'; = 0. Thus, by changing the value
of the load impedance with a switcher, the STx can generate
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the following time-varying reflection coefficient
o(t) =T, (2)

if load Zy, ; is switched on at time instant z.

B. Backscattering Modulation

By changing the load impedance periodically, the STx
can generate different reflection coefficients, which represent
the information to be sent to the SRx. The key issue for
backscattering modulation is to design an appropriate reflec-
tion coefficient set corresponding to the signal constellation
set Ac. Basically, the number of the load impedance states
attributes to the modulation order. Taking binary phase shift
keying (BPSK) as an example, the STx only needs two load
impedance states to represent symbols ‘—1’ and ‘1’. In order
to improve the transmission efficiency, high order modulation
schemes, like quadrature amplitude modulation (QAM), can
be developed. The relation between the complex constellation
point ¢; € A¢ and the reflection coefficient I'; is given by [38]
Ci

Fi:a~

; 3)
‘C‘max
where « accounts for the reflection efficiency of the cir-
cuits [10] and its value is generally 0 < o < 1 with the passive
load, and |c|maz = max e 4, |c| is the largest amplitude of
the constellation points, which is presented in the denomina-
tor due to the limitation that the passive reflection coefficient
cannot be greater than unity. Without loss of generality, we
normalize the constellation points such that |¢|mqez = 1. Once
the reflection coefficient I'; is given, the corresponding load
impedance Zy, ; is chosen as

Zy +1;7,
L = % 4)
3

C. Enhancing Backscattering Link

From Fig. 1(a), the backscattering link suffers from dou-
ble fading, and thus the strength of the backscattering link
signal in SR is much weaker than that of the direct link sig-
nal, which will limit the performance of the secondary system
and the improvement to the primary system. Typically, there
are two solutions to enhance the strength of the backscatter-
ing link. One is to amplify the backscattering link by using
an active load at the STx. The other is to introduce multiple
antenna elements or called RIS at the STx. The use of RIS in
STx can not only enhance the backscattering link, but also
capture the RF signals from desired sources using passive
beamforming, and its details will be discussed in Section VI.
Here, we mainly describe the amplification principle based on
the backscattering technology.

Recent advances in backscattering communications show
that the STx can take advantages of the active load, whose
resistance is negative, to amplify the incident signal [39].
Specifically, provided that the impedance of the active load is
Zr;=—Rp;+jXp;, Rp; >0, and the antenna impedance
is Zp = Rq+37Xa, R4 > 0, the reflection coefficient is then
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5, (n) 8,(n) sy (1)

(a) Primary transmission.
c(n)

(b) Secondary transmission.

Fig. 3.  TIllustration for SR transmissions: (a) Primary signal sp(n);
(b) Secondary signal c(n). One secondary symbol period covers K primary
symbol periods.

characterized with

2 2

T2 = (Rri+Ra)”+ (X1, + Xa)
o = 2 2

(Rp,i— Ra)” + (XL, + Xa)
which implies that the STx can amplify the incident signal.
Such signal amplification however needs additional biasing
source to support the active load, which can be realized

by Tunnel diodes [39]-[42] or complementary metal oxide
semiconductor (CMOS) technology [43].

> 1, &)

IV. TRANSCEIVER DESIGN FOR SR

As with every communication system, the receivers are
required to recover the messages transmitted from the trans-
mitters. In the proposed SR system, the PRx and SRx are
supposed to recover the primary and secondary information
messages, respectively. However, in order to fully exploit the
potentials of SR, we use joint decoding to recover both pri-
mary and secondary messages in each receiver. Note that
we assume the PRx and the SRx have the powerful compu-
tational capability to conduct the joint decoding. The joint
decoding scheme has many applications, e.g., human health
monitoring, in which the user’s mobile phone acts as a health
information collector by using the downlink cellular signals
and it jointly decodes the messages from the health monitoring
sensors and mobile phone. In what follows, we will first pro-
vide detailed description on the signal models and transceiver
design schemes. We will also compare SR with CR, and SR
with AmBC in details.

A. Signal Models

Denote Ts and 7. as the symbol periods for the primary
transmission and the secondary transmission, respectively. In
SR, we assume that each secondary symbol period covers K
(K is an integer) primary symbol periods, i.e., T, = KT,
as shown in Fig. 3. Denote ¢(n) € Ac as the nth symbol of
the secondary transmission and si(n) € As the kth primary
symbol within the nth secondary symbol period, where k& =
1,..., K. Note that synchronization between s;(n) and c(n)
is required for K = 1 to avoid spectrum growth, but for large
K, the spectrum growth due to asynchronous transmission of
si(n) and c(n) becomes negligible [44], [45].

We assume that the SRx has M, antennas and the channel
remains unchanged during a secondary data frame but may
vary from one frame to another. Denote by h,, 1 the channel
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coefficient from the PTx to the m-th receive antenna at the
SRx, by [ the channel coefficient from the PTx to the STx, and
by gm the channel coefficient from the STx to the m-th receive
antenna at the SRx. Let p be the average transmit power at
the PTx. The received signal at the SRx can be written as

yi(n) = v/Phisg(n) + v/phasg(n)c(n) +ug(n),  (6)

for k = 1,..., K, where hy = [hl,l,---,hMr,l]T7 g =

(91, -, g1,]T, hy = alg, and uy(n) ~ CN(0,0%1). In (6),

the first and second terms of the right hand side represent the
direct link and backscattering link components, respectively.
Similarly, the received signal at the PRx can be written as

zi(n) = /plisp(n) + /plasg(n)c(n) +vi(n), (7)

for £k = 1,..., K, where f; is the channel information from
the PTx to the PRx, q is the channel information from the
STx to the PRx, f = alq, and vi(n) ~ CN(O,O‘QI). Due
to the symmetry of the transmission structure in (6) and (7),
we consider the signal detection at SRx only. The extension
to the signal detection at PRx is straightforward.

B. Coherent Receiver Design

When pilot symbols for both primary and secondary trans-
missions are jointly designed and transmitted, the channel
responses hj and hp can be estimated at the SRx. Coherent
receivers [25], such as optimal maximum-likelihood (ML)
detector, linear detector, and successive interference cancel-
lation (SIC)-based detector, can be designed to jointly recover
the primary and secondary signals.

1) ML Detector: Let ¢(n) € Ac and si(n) € As, the
ML detector recovers X, (n) = [51(n),..., 5k (n), &(n)]7T
by searching the candidate with minimum squared error, i.e.,

K
Xpi(n) = argmin > |lyg(n) — /phisg(n)
C(H)E.Ac, k=1
sk(n)EAs,VEk

— /Phasy(n)c(n)]?. ®)

Note the ML detector only requires to search K|Ag||.As]
possible symbol sets. This is achieved by the following steps.
Firstly, we apply spatial domain maximum-ratio-combining
(MRC) to decode s;(n) conditioned on each c¢(n) candidate in
Ag and obtain 3 (n)| (). Then, we obtain the estimated ¢(n)
with the minimal squared error by searching all the condi-
tional estimates S (n)|(,,) for each c(n). Finally, we obtain the
estimated 5y (n) = 3j(n)[3(,) corresponding to the estimated

2) Linear Detectors: The received signal at PRx can be
written as yj(n) = /pHx(n) +ug(n), where H = [hy, ho],
x;(n) = [s5(n),s;(n)c(n)]T. Linear detectors, such as
MRC, zero-forcing (ZF), and minimum mean-squared-error
(MMSE) detectors, can be used to extract x(n), and then
si(n) and c(n) are recovered from xj(n). Specifically, the
received signal can be simplified as

¥(n) = pHX(n) + u(n), )

where §(n) = [y1(n).....yx(n) T € CHEXL H = ding

{H,... H} € CMEX2K 3(pn) = [x1(n),...,xx(n)]T €
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C2Ex1 and u(n) = [ug(n),...,ug(n)]T € CM-EX1 Then,
the linear detectors extract X(n) by

X(n) = Ty(n), (10)
where T = diag{Ty;...,Tg} € C2KXM-K and the
corresponding T}, is given as follows:

hi' | by }
; , for MRC
[nw | o
T, =4 (HTH) HY, for ZF, (11)

—1
(HHH+ %12) HY, for MMSE,

where I is a two-dimensional identity matrix. After the lin-
ear detection, the primary and secondary symbols can be
recovered by

sk(n) = argmin [sp(n) — Zpp—1(n)|, V& (12)
Sk('fL)G.As
= Top(n)
¢(n) = argmin c(n) — = , (13)
c(n)eAckE::l (n)

where Iy (n) is the k-th element of X(n). Compared with the
ML detector, the linear detector has lower complexity at the
cost of performance degradation.

3) SIC-Based Detectors: SIC technique can be used to
decode sp(n) and c(n). Firstly, the primary symbol s (n) is
estimated by using linear detector. Then the receiver subtracts
the direct link signal with the estimated Sj(n) and detects
the secondary symbol c(n) by the MRC estimator. Finally, the
receiver re-estimates primary symbol si(n) using MRC by
treating estimated ¢(n) as a part of channel. Compared with
the linear detectors, the SIC-based detectors have better bit-
error-rate (BER) performance at the cost of a slightly higher
computational complexity.

In [25], various types of detectors mentioned above are
studied for flat fading channels and frequency-selective fading
channels. For both kinds of channels, the BER expressions for
all detectors are derived in closed forms. As shown in Fig. 4,
the existence of the secondary transmission can enhance the
BER performance of the primary transmission due to the addi-
tional multipath provided by the backscattering link and the
secondary transmission can achieve reliable performance by
sharing the spectrum, power, and infrastructure of the pri-
mary system. In particular, the BER performance of s;(n)
achieves around 3 dB signal-to-noise-ratio (SNR) gain when
A~ = 0 dB compared to the case without secondary transmis-
sion. Meanwhile, the BER performance of both s;(n) and c(n)
improves as K increases. Specifically, the BER performance
of c¢(n) achieves around 3 dB SNR gain when K increases by
two times due to the spreading gain for the secondary trans-
mission. Note that the performance of the coherent detector is
much better than the traditional energy detector at the cost of
additional complexity for signal processing.

C. Semi-Blind Receiver Design

When the SRx knows the STx pilots only and partial knowl-
edge about the primary transmission is available, semi-blind
receiver can be designed to recover the secondary message.
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—4#— ML detector, A v =-10dB, K=20
—%— ML detector, A v=0dB,K=20
= & ML detector, A v =-10dB, K=40
—©— Without Secondary Transmission

0 2 4 6 8 10 12 14 16
Direct link SNR (dB)

(a) BER of the primary signal si(n).

),

BER of ¢(n|

=)
IS

1
£

=4~ Constellation-learning, A v =-10dB, K =20
=0~ ML detector, A v =-10dB, K =20 .
L | ==~ Constellation-learning, A v =-10 dB, K = 40
=8~ ML detector, A v=-10dB, K =40

—#— Constellation-learning, A v =0dB, K =20
—8— ML detector, A v=0dB, K=20

v
EH

. . . . .
0 2 4 6 8 10 12 14 16
Direct link SNR (dB)

(b) BER of the secondary signal c(n).

Fig. 4. BER performance of: (a) primary QPSK signal s, (n); (b) secondary
BPSK signal c(n) with My = 2, where A~ is the SNR ratio between the
direct link signal and the backscattering link signal.

Particularly, machine-learning detectors have been designed
to recover the secondary message by using clustering frame-
works [46]. The constellation learning-based signal detection
scheme uses the constellation characteristic of the primary
symbol to decode c¢(n). The received signals, yj(n), naturally
fall into clusters, which can be divided into two groups, cor-
responding to the secondary symbols “—1" or “1”. Thus, only
two secondary labels are sent before secondary data transmis-
sion to map the two groups into the secondary symbols. It is
worth noting that the cluster centroids can be represented by a
small number of parameters, which can be learned using small
sets of data. Fig. 4 (b) shows that the constellation learning-
based detector can achieve comparable performance as the
optimal detector with perfect knowledge of the channels. In
addition, blind classification methods can be used to by SRx to
recognize the modulation scheme of the primary system [47].

In [48], classification via k-nearest neighbors is used to
recover the STx symbols. The strong direct link signal is
firstly eliminated through projecting the received signal at the
SRx into its orthogonal space using the estimated direction-
of-arrival (DoA) information of the direct link signal. Then
proper beamformer at the SRx is designed to construct a test
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statistic, which is classified to recover the transmitted sec-
ondary symbol by using the k-nearest neighbors classification
algorithm. Note that the DoA information can be estimated by
the conventional Bartlett beamforming method. The semi-blind
receivers can achieve better performance than the traditional
energy detector at the cost of higher computational complexity.

D. Comparison of SR With CR

CR is an enabling technology to support efficient utilization
of the radio spectrum, in which the secondary user is allowed
to reuse the frequency bands assigned to the licensed primary
user in an opportunistic or spectrum sharing manner [4]-[7].

For the opportunistic manner of CR, the secondary user car-
ries out spectrum sensing to detect the spectrum holes where
the assigned frequency bands are not being utilized at a par-
ticular time by the primary user. After sensing the spectrum
hole, the STx transmits messages to the SRx on the iden-
tified spectrum hole and simultaneously frequently monitors
the operating spectrum to ensure that the PTx is not active.
Once the PTx is active, the secondary user needs to vacate the
operating spectrum for the primary transmission. The activity
model of the primary users can be used to assist for such oper-
ation [49]. Such model can be used to describe the coexistence
between LTE and WiFi spectrum sharing system [50].

For the spectrum sharing manner of CR, as shown in
Fig. 1(b), the secondary transmission coexists with the pri-
mary transmission at the same time, as long as the caused
interference to the primary transmission is below a tolerable
threshold. To calculate the caused interference at the PRx, the
STx is required to predict the channel information from the
STx to the PRx. Moreover, the STx needs to know the toler-
able threshold at the PRx to protect the primary transmission.
With the above knowledge, power control is conducted at the
STx to guarantee that there is no excessive interference to the
PRx. The power control problem under either additive white
Gaussian noise (AWGN) or fading channels with either the
peak or the average interference power constraints are studied
in [51]-[53]. The iterative water filling algorithm is commonly
used to solve the optimal power allocation problem, in which
the large gain channels are allocated with high power while
the small gain channels are allocated with low power or no
power.

Nevertheless, the primary and secondary transmissions in
spectrum sharing model always interfere with each other,
which limits the enhancement of the spectrum efficiency for
CR. The secondary transmission in SR however can benefit
the primary system due to the introduction of the multipath
diversity. On the other hand, both PTx and STx in CR are with
power-consuming active RF chains while SR provides power-
dimensional sharing and infrastructure-dimensional sharing
through backscattering radios in addition to the spectrum shar-
ing. In particular, the energy efficiency of SR is BstRe
where R, is the primary transmission rate, R. is the sec-
ondary transmission rate, and p is the transmit power at the
PTx, which means the transmit power of PTx can support
not only the primary transmission but also the secondary
transmission. Therefore, compared with the CR technology,
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the SR technology can achieve mutual benefits and multiple
dimensional resource sharing with high spectrum-, energy- and
cost-efficiency. Note that the SR technology achieves high
spectrum-, energy- and cost-efficiency at the cost of high
system overhead. For example, the secondary system obtains
the modulation scheme of the primary system by information
exchange or signal classification methods, leading to additional
system overhead.

E. Comparison of SR With AmBC

In AmBC, the primary and secondary systems are indepen-
dently designed, thus the secondary system has no information
about the primary system, such as modulation scheme, pilots,
frame structure, etc. As such, the channel state information is
difficult to acquire and noncoherent detection, such as energy
detection that just classifies the average received energy into
several categories, is commonly used to recover the secondary
symbols [9], [12]-[16], [54].

In [9], the differential coding is used at the STx to avoid the
channel estimation. The SRx firstly detects the STx transmit-
ted symbols with energy detector and then uses the differential
decoding to recover the transmitted information. The BER
performance of the energy detector with differential coding
under the signal-antenna PRx is analyzed in [12]. In [13], the
joint energy detection is used to recover the STx information,
in which the differential coding characteristics is combined
into the energy detector for better performance. In [14], the
pilots are transmitted at the STx to assist symbol recovery
based on energy detection instead of using differential cod-
ing. To achieve high data rate of the secondary transmission,
the high-order modulation, M-PSK, is employed for backscat-
tering at the STx in [15] and the optimal multilevel energy
detector is used to recover the STx messages. Moreover,
in [16], the STx transmits information by adjusting three
states: positive and negative phase backscatter, and non-
backscatter. Then, the corresponding detector at the SRx is
designed to extract STx information. Manchester coding and
differential Manchester coding are adopted at the STx in [54]
to perform reliable detection and the corresponding detectors
are proposed to recover the STx information.

Despite the above notable receiver design for AmBC, the
energy detector suffers from a large performance loss since it
treats the direct link signal as undesired interference. There
are some proposals to avoid the direct link interference or
to cancel out such interference. Specifically, in [17]-[19], the
STx shifts the primary signal to an adjacent non-overlapping
frequency band to avoid the direct link interference while this
technique produces two sidebands, which may interfere with
other communications. Waveform design at the STx is applied
in [20]-[23] to cancel out the direct link interference by
exploiting the cyclic prefix structure when the PTx transmits
orthogonal frequency division multiplexing (OFDM) signals.

While the proposals to avoid the direct link interference
or to cancel out such interference can enhance the receiver
performance, the non-coherent nature of the receivers makes
it difficult for AmBC to achieve highly reliable backscattering
communications. However, in SR, the primary and secondary
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TABLE II

COMPARISON OF SR WITH CR AND AMBC
Technology | CR AmBC SR
Operating Active Backscatter-| Backscatter-
mechanism ing ing
Spectrum Yes Yes Yes
sharing
Power shar- | No Yes Yes
ing
Transmit No No Yes
collabora-
tion
Joint decod- | No No Yes
ing
Relationship | Interference | Interference | Mutualism

systems work in collaborative manner, through which not only
the PTx and the STx can be jointly designed, but also each
receiver can jointly decode the primary and secondary mes-
sages. As a result, the existence of secondary transmission
in SR can in return enhance the performance of the primary
system.

To conclude, the detailed comparison among CR, AmBC,
and SR is summarized in Table II.

V. RESOURCE ALLOCATION FOR SR

Resource allocation at the relevant nodes in SR plays an
important role to fulfill the desired performance requirements
for both primary and secondary transmissions. By proper
resource coordination, the overall SR system performance can
achieve a global optimum. In this section, we first describe
the achievable rates of the primary and secondary systems,
based on which, we then address the resource allocation
schemes for different setups, covering single-antenna PTX,
multiple-antenna PTx, and full-duplex STx.

A. Achievable Rates

From (7), the primary symbol, sg(n), is in both the
direct and backscattering links, thus the receiver can treat
the backscattering link as an additional path when decoding
the primary symbols. As such, the achievable rate R of the
primary system satisfies

] + cfy|?
log2<1+p||102 2)

R < E,. . (14)

This upper bound is achieved when c(n) is perfectly decoded.
For large K, such perfect decoding for c(n) becomes possible
due to the spreading gain. When K = 1, however, it is a chal-
lenging task to perfectly decode the secondary signal c(n) at
the receiver. In this case, a worst situation happens when the
backscattering link signal is thoroughly treated as interference
when decoding the primary symbols. Thus we have

pllfr]?
Rs >logy| 1+ —————— . (15)
’ ( pllEa|® + 02
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For the secondary system, sy (n) is firstly decoded and then the
SRx cancels the interference from the direct link signal. Thus
when decoding c(n), the primary signal s;(n) can be viewed
as a spread-spectrum code with length K [21]. For K = 1, the
achievable rate of the secondary system is given by [31]

hosi (n 2
Re=Eq (n) [logg (1 n p||01§2()||>] . (16)
For large K, the achievable rate becomes [31]
1 Kp|/hg|®

The outage and the ergodic performance of the SR with
K =1 are analyzed in [28] and the analytical results show that
at high SNR region, the ergodic rate of the secondary trans-
mission increases by about 3 bit/s/Hz when the SNR increases
10 dB. For large K, the ergodic rate of SR under multi-antenna
PTx and PRx are analyzed in [55] and the upper bound of the
secondary rate increases with the number of receive anten-
nas M, and decreases with the transmission period K, scaling
like % logo(KM,) at high SNR region. The achievable rate
region of SR for large K under binary modulation at STx is
analyzed in [26] and the results exhibit that the rate region of
SR is strictly larger than that of the conventional time division
multiple access (TDMA) scheme.

B. Single-Input-Single-Output (SISO) Primary Channel
For single-input-single-output (SISO) primary channel, the
PTx is able to control its transmit power and the STx
is able to adjust its reflection efficiency to fulfill specific
performance metric requirements. The power and reflection
efficiency constraints can be described as follows:
o Peak Transmit Power Constraint: Let Py be the peak
power available at the transmitter, the power constraint is
given by

p < Ppg. (18)

o Average Transmit Power Constraint: When the long-term
power budget P, is considered, we have

E[p] < Pyy. (19)

The expectation is usually taken over the channel real-
izations.

o Reflection Efficiency Constraint: The reflection efficiency
« can be adjusted in each fading block. It needs to satisfy
the constraint:

0<a<l (20)

With the aforementioned constraints, the weighted sum
ergodic rate maximization problem under the peak/average
power constraint is considered in [30]. Specifically, by jointly
optimizing the transmit power p at the PTx and the reflection
efficiency « at the STx, the ergodic weighted sum rate is max-
imized under either long-term or short-term transmit-power
constraint over the fading states. It is shown that the larger
the « is, the better performance for both systems is obtained,

1249

due to the mutualism of the two systems. Compared to the
ergodic rate optimization in the CR networks [53] where the
secondary system has to keep its interference level to the pri-
mary receiver below a pre-designed threshold, the STx in the
SR does not need to consider the interference constraint. The
power allocation problem under the average power constraint
for three SR paradigms is considered in [27] and the outage
probabilities for these paradigms based on the optimized a and
p are analyzed in [56]. It is shown that under different trans-
mission schemes, there are different relationships between the
achievable rates of the primary and secondary transmissions.

C. Multiple-Input-Single-Output (MISO) Primary Channel

For multiple-input-single-output (MISO) primary channel,
spatial degrees of freedom can be exploited to balance the
objectives of the primary and secondary systems. Here are
some constraints to be considered:

o Transmit Beamforming Constraint: For a given power

budget Py, the transmit beamforming vector v should
satisfy the following constraint

[v[|? < Py. 1)

e Primary Transmission Rate Constraint: In the scenario
where the primary system is sensitive to its transmit
rate, the rate constraint should be considered, which is
described as

Rs > Rs, (22)

where R, is the minimum primary transmission rate
requirement.

o Secondary Transmission Rate Constraint: The secondary
transmission rate constraint is given by

R. > R., (23)

where R, is the minimum secondary transmission rate
requirement.

Considering the above constraints, by optimizing the trans-
mit beamforming vector and the transmit power at the PTXx,
the weighted sum rate maximization problem and the trans-
mit power minimization problem have been studied in [31].
By solving these optimization problems, the proposed SR
not only enables the opportunistic transmission for the sec-
ondary system, but also enhances the primary transmission
by properly exploiting the additional signal path provided by
the secondary transmission. Moreover, the achievable rate of
STx in finite block-length regime is considered in [57] and
both of transmit power minimization and energy efficiency
maximization optimization problems under the achievable
throughput constraints are formulated to design the beamform-
ing vector at the PTx.

D. Full-Duplex STx

The STx can be designed with full-duplex function [29],
[58], where the STx is able to absorb a fraction of the incident
signal to decode the messages from PTx, and simultaneously
transmit its own information to the SRx by backscattering the
remaining part of the incident signal. In [29], a full-duplex STx
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is considered in the SR and the achievable rates of secondary
system with Gaussian and QAM codewords are derived, based
on which, the power minimization problem is formulated to
design the reflection efficiency at the STx as well as the
beamforming vector at the PTx. The results show that the
SR with full-duplex STx outperforms the optimally designed
half-duplex scheme.

VI. RIS-ASSISTED SR (RSR)

RIS is a two-dimensional artificial structure including
multiple reflecting elements and each reflecting element is
able to reflect the incident signal with different reflection
coefficients. With the assistance of RIS, the SR system can
capture the direction of the signal from the PTx and enhance
the strength of the backscattering link. For RSR, the STx in
Fig. 1(a) is just an RIS. The PTx transmits information to
the PRx, and the RIS as a STx embeds its messages over the
primary RF signals to the SRx by using backscattering radio
technology.

In RSR, let M} be the number of reflecting elements at RIS,
s(¢) the baseband form signal transmitted from PTx, 0, (t) the
reflection coefficient at the mth element, the backscattering
link signal received at SRx in baseband form becomes

My
y(t) = Z gmOm ()l s(t) + u(t), (24)

m=1
where I, is the channel response from the PTx to the mth
element of RIS, gy, is the one from the mth element to the
SRx, and u(?) is the additive noise at the receiver. Generally,
the reflecting elements are passive and both the amplitudes
and phase shifts of each element can be adjusted, yielding
|01 (1)|? < 1,¥m. For some applications, constant amplitude
constraint is imposed on ., (¢) and in this case, only the phase
shifts of the reflecting elements can be adjusted. Thus when the
STx does not carry its own massages, the reflection coefficients
can be chosen such that the objectives of the primary system
are maximized. Thus the actively studied RIS [59]-[69] is in
fact a special case of RSR.

When the reflection coefficients, 6,,(t), are time-invariant
and are chosen properly, the received SNR in (24) of the
backscattering link increases quadratically with the number
of reflecting elements [59]-[62]. When backscattering modu-
lation is used, the information at the RIS can be represented
by the time-varying reflection coefficients, through which the
performance of the secondary transmission is enhanced due to
the increase of SNR and the beneficial performance gain to the
primary transmission has also been observed [70], [71]. With
reference to Fig. 1(a), even when the direct link from PTx-
PRx is considered, the backscattering link from PTx-RIS-PRx
can still enhance the performance of primary transmission by
optimizing 6, (¢) with the side information, such as chan-
nel information. Thus, RSR is one solution to enhance the
backscattering link signal to further enhance the performance
of the primary and secondary transmissions.

On the other hand, as long as the RIS has the chan-
nel information, it can carry out passive beamforming by
designing the reflection coefficients 6,,, Vm, with which, the
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PRx

Fig. 5. System model for full-duplex SR: the PTx transmits primary sig-
nal to the PRx, and receives the STx signals as a SRx. Solid lines denote
transmissions from active radios, while dash lines denote reflections from
backscattering radios.

RSR system can capture the intended PTx signal instead of
backscattering all the ambient signals, and thus it can avoid
undesired interference at the SRx [71].

In [70] and [71], RSR is considered to enable the secondary
transmission as well as to enhance the primary transmission
via intelligently reconfiguring the wireless communications.
By jointly designing the active transmit beamforming at the
PTx and the backscattering beamforming at the RIS, the
achievable rate for the secondary system is maximized with
MISO primary channel under the primary rate constraint and
other practical constraint in [70], and the transmit power is
minimized with MIMO primary channel under some rate con-
straints for the SR in [71]. Both of the above studies show
that with proper beamforming design, not only the secondary
transmission can be successfully conducted, but also the pri-
mary performance with RIS assistance is superior to that
without RIS.

VII. FuLL-DUPLEX SR (FDSR)

If the PTx is with full-duplex function, as shown in Fig. 5,
the PTx can not only transmit primary signal to the PRx but
also receive the STx signals as a SRx, which is called FDSR
system.

Denote by 37 the self-interference channel at the PTx and
(2 the composite channel coefficient from the PTx to the STx
and further to the PTx. The received signal at the PTx can be
written as

Ye(n) = /pPrsk(n) + /pB2sp(n)c(n) + ug(n),

where uy(n) ~ CN(0,02). Clearly, when the PTx recovers
the STx message, it suffers from the self-interference caused
by the transmitted signal. Due to the fact that the PTx has
the exact information of sj(n), the first term in (25) can
be canceled by using the self-interference cancellation tech-
nique. As such, the STx messages can be recovered with a
high performance.

The FDSR system is firstly proposed in [72], where the
WiFi access point (AP) is designed to have the full-duplex
function and the WiFi AP can decode the backscatter signals
from the STx in the process of transmitting data to normal

(25)
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WiFi users. The prototypes and experiments show that the
communication rate can achieve 5 Mbps at a range of 1 m.
The information-theoretic capacity of both the primary and the
secondary systems of FDSR is derived in [73]. The analytical
results show that the primary system can turn the backscatter
signal into a form of multipath diversity under some reason-
able conditions and the secondary transmission can achieve
significant data rate with relatively short distances. In [74],
throughput and ergodic capacity expressions are derived for
the FDSR system with a full-duplex STx and the simulation
results show that this FDSR system outperforms both con-
ventional full-duplex and half-duplex. Furthermore, resource
allocation at the relevant nodes are conducted to fulfill the
desired performance requirements. In [75], the PTx transmits
OFDM signals to the PRx and simultaneously receives the
signals backscattered from multiple STxs in a TDMA man-
ner. The backscatter time and reflection efficiency of each STx,
and the subcarrier power allocation of the PTx are designed by
maximizing the minimum throughput among all STxs under
the primary rate constraint and other practical constraints. In
addition, the single STx case with closed-form solutions is
considered and the throughput region, which characterizes the
Pareto-optimal throughput trade-offs among all STxs, is ana-
lyzed. In [76], the PTx transmits information to multiple PRxs
by using TDMA and multiple STxs backscatter messages to
the PTx by using TDMA. The sum secondary transmission
rate maximization problem is studied to design the backscatter
time, transmit power at the PTx, and the reflection efficiency
at each STx under the primary rate constraint.

VIII. APPLICATIONS

The mutualism spectrum sharing and low power consump-
tion nature of SR makes it suitable as a massive access
technology for 6G and beyond [32]-[35]. In this section,
we address three emerging applications of SR, including e-
health, smart home, and environmental monitoring, riding over
different types of primary networks.

A. E-Health

Human health monitoring is one of the most promising
applications for 6G. By placing a number of health monitoring
sensors, such as pulse and temperature monitors, implantable
devices on the body, instant health status can be transmitted
to a central unit [77]. The size and power consumption for
health monitoring devices are two major concerns for system
design [8]. Traditional wireless sensor communication tech-
nologies, such as Bluetooth and Zigbee, are not suitable for
this application since the active communication scheme will
cause high power consumption and the heat generated during
communications may be harmful to the body, especially for
the implantable sensors.

SR is a promising technology to overcome the above chal-
lenges due to the following reasons. First, the information
transmission uses a passive way and thus the power consump-
tion is ultra-low. Second, the basic backscattering radio circuits
is very simple, so the size of the health monitoring devices
can be very tiny. Last but not least, the health monitoring

1251

sensors can use the existing cellular infrastructure to transmit
messages, which is beneficial and economical for service
providers. For example, the user’s mobile phone can act
as the center for health information collection by using the
uplink/downlink cellular signals.

B. Smart Home

Smart home is another promising application in future
wireless networks, in which almost all ubiquitous electronic
devices within a house are connected to build an automatic and
intelligent home environment [78]. In such a scenario, commu-
nications among different electronic devices generally feature
low data rate and low power consumption, which places SR as
the promising solution for smart home by backscattering the
WiFi signals in the house. Specifically, a WiFi access point
(AP) installed in the house or the user’s mobile phone can
be the information center for monitoring the home environ-
ment status, such as air quality, room temperature, and usage
of electronic devices.

C. Environmental Monitoring

Environmental monitoring represents the processes for con-
tinuously monitoring the environment status, such as atmo-
spheric and weather conditions, through deploying wireless
sensors [79]. The power consumption for the wireless sen-
sors and the transmission range are two major concerns for
the system design. SR can be considered as an environmental
monitoring network due to its low cost and low power-
consumption. Specifically, all the monitoring devices sense
the environmental conditions and then feedback them to the
receivers by modulating their messages over the strong broad-
cast TV signals. Compared with the other wireless techniques,
such as LoRa and NB-IoT, the SR technology uses the existing
cellular network infrastructure with lower power consumption
and low cost, and thus is easier to be widely deployed.

IX. CHALLENGES AND OPPORTUNITIES

SR is a promising solution to achieve spectrum-, power-
and cost-efficient communications. There are however some
critical limitations, challenges, and open research problems,
which need to be addressed.

A. Channel Modeling and Estimation

It is important to establish accurate channel models to cap-
ture the essential behavior of the backscattering channels. In
particular, due to the multiplicative nature of the backscat-
tering channels, there are additional channel properties to be
considered, such as rank-deficient, channel correlation and so
on. There are some channel estimation schemes to estimate
the cascade backscattering channels, e.g., [80]-[83]. However,
most of them are with high complexity. It is highly desired to
design low complexity algorithm or conduct joint channel esti-
mation and signal detection. Besides, considering the massive
devices, pilot symbols need to be carefully designed to support
effective channel estimation, yet to avoid pilot contamination.
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B. Performance Metrics

In SR, the secondary system shares the spectrum, energy,
and infrastructure of the primary system, and in return, the
secondary system provides multipath diversity to the pri-
mary system. Thus, the SR technology achieves multiple
dimensional resource sharing with high spectrum-, energy-
and cost-efficiency. However, the current performance met-
rics mostly focus on the one-dimensional resource. It is very
important to propose a new performance metric to measure
the resource utilization of multi-dimensional resources. In this
article, we give an example of the performance metric for
multi-dimensional resource sharing, i.e., F = Rsf”;’%, where
Rgym 1s the sum rate in one system and r; is the f—tfl dimen-
sional resource, such as energy, bandwidth, or infrastructure
(hardware cost).

C. Hardware Design

The synchronization between the primary and secondary
symbols at the STx is a considerable problem. The carrier
phase and timing recovery circuitry in the traditional synchro-
nization algorithm requires the oscillator component, which is
power-consuming [84]. Thus, it is very important to design a
low complexity signal synchronization algorithm for the STx
to track the primary signals on the RF level. Another con-
siderable problem at the receiver is how to capture the weak
backscattering link signal from the strong direct link signal.
The use of active load or multiple antennas at the STx is one
solution to enhance the strength of the backscattering link sig-
nal. However, considering the fact that both active load and
the use of multiple antennas consume power, it remains an
open problem on how to design energy-efficient active load
and multiple antenna solutions.

D. Symbiotic Radio Network

A symbiotic radio network (SRN) is composed of multiple
STxs, and each STx needs to be associated with one primary
link for information transmission. One of the critical issues
for SRN is to design an appropriate user association scheme
to maximize the overall performance. Considering the scale
and the density of SRN, it is difficult to model the dynamic
SRN accurately. Artificial intelligence (Al) technology and the
plenty of data generated in SRNs open up great opportunities
for the problem, e.g., [8§5]-[87]. Then, another important chal-
lenge for SRN is to dynamically manage the limited resource
in order to fulfill the wireless communication requirements.
For example, effective data and computing offloading schemes
on a short time scale need to be designed to reduce the latency,
and the spectrum is assigned on a large time scale to enhance
the spectrum efficiency.

E. Security and Privacy

Security and privacy are always critical in wireless commu-
nication systems. Due to the symbiotic relationship between
the primary and secondary transmissions in SR, if one attacker
disrupts the primary transmissions, the secondary transmission
may be affected. It is an urgent problem to design a suitable and
effective policy to ensure the security and privacy of the SR.
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X. CONCLUSION

In this article, we have provided a systematic view on
SR, a cognitive backscattering communication system, and
have highlighted the large potential of SR in future wire-
less networks to achieve: (1) enhanced spectrum efficiency
using mutualism spectrum sharing; and (2) enhanced energy
efficiency through highly reliable backscattering communi-
cations. Three fundamental aspects of SR are discussed,
including system model, transceiver design, and resource allo-
cation schemes. RIS-assisted SR and full-duplex SR are also
presented. Emerging applications and some design challenges
are discussed. SR is a communication system with hybrid
active and backscattering radios, and the actively studied RIS
is a special case of the SR proposed in this article. We foresee
that the future wireless networks will be having more hybrid
radios in the system [88], and hope this article provide an
effective guidance for the future work in this emerging and
fantastic field.
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