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Abstract—Symbiotic radio (SR) is a promising solution to
achieve high spectrum- and energy-efficiency due to its spectrum
sharing and low-power consumption properties, in which the
secondary system achieves data transmissions by backscattering
the signal originating from the primary system. In this paper,
we are interested in the pilot design and signal detection when
the primary transmission adopts orthogonal frequency division
multiplexing (OFDM). In particular, to preserve the channel
orthogonality among the OFDM sub-carriers, each secondary
symbol is designed to span an entire OFDM symbol. The comb-
type pilot structure is employed by the primary transmission,
while the preamble pilot structure is used by the secondary
transmission. With the designed pilot structures, the primary
signal can be detected via the conventional methods by treating
the secondary signal as a part of the composite channel, i.e., the
effective channel of the primary transmission. Furthermore, the
secondary signal can be extracted from the estimated composite
channel with the help of the detected primary signal. The bit
error rate (BER) performance with both perfect and estimated
CSI, the diversity orders of the primary and secondary trans-
missions, and the sensitivity to symbol synchronization error are
analyzed. Simulation results show that the performance of the
primary transmission is enhanced thanks to the backscatter link
established by the secondary transmission. More importantly,
even without the direct link, the primary and secondary trans-
missions can be supported via only the backscatter link.

Index Terms—Symbiotic radio (SR), orthogonal frequency
division multiplexing (OFDM), pilot design, signal detection,
channel estimation.

I. INTRODUCTION

Trillions of Internet-of-Things (IoT) devices will be con-
nected to the future sixth-generation (6G) network in order to

Part of this work was presented in IEEE GLOBECOM 22 [1]. This work
was supported in part by the National Key Research and Development
Program of China under Grant 2018YFB1801105; in part by the Key Areas
of Research and Development Program of Guangdong Province, China, under
Grant 2018B010114001; in part by the Fundamental Research Funds for the
Central Universities under Grant ZYGX2019Z022; and in part by the Program
of Introducing Talents of Discipline to Universities under Grant B20064.
(Corresponding author: Ying-Chang Liang.)

H. Chen is with the National Key Laboratory of Wireless Communications,
University of Electronic Science and Technology of China, Chengdu 611731,
P. R. China, and also with the Yangtze Delta Region Institute (Huzhou),
University of Electronic Science and Technology of China, Huzhou 313001,
P. R. China (e-mail: hhhaochen@std.uestc.edu.cn).

Q. Zhang and R. Long are with the National Key Laboratory of Wire-
less Communications, University of Electronic Science and Technology of
China, Chengdu 611731, P. R. China (e-mail: qqzhang_kite@163.com; ruizh-
elong@gmail.com).

Y.-C. Liang is with the Center for Intelligent Networking and Communi-
cations (CINC), University of Electronic Science and Technology of China,
Chengdu 611731, P. R. China, and also with the Yangtze Delta Region Institute
(Huzhou), University of Electronic Science and Technology of China, Huzhou
313001, P. R. China (e-mail:liangyc @ieee.org).

Y. Pei is with the Singapore Institute of Technology, 138683, Singapore
(e-mail: yiyang.pei@singaporetech.edu.sg).

support the immersive, intelligent, and ubiquitous services [2].
Such massive connections call for a large amount of spectrum
and energy resources. Symbiotic radio (SR) is a promising
technology to support this demand due to its spectrum sharing
and passive transmission nature [3]-[6]. Specifically, there
coexist two types of data transmissions in SR: the primary
transmission and the secondary transmission [4], [5]. In the
primary transmission, the primary transmitter (PTx) transmits
messages with an active radio frequency (RF) chain by using
the allocated dedicated spectrum. Sharing the spectrum of
the primary transmission, the secondary transmitter (STx)
modulates its information over the incident primary signal
by changing its antenna load impedance periodically, and
backscatters it to the cooperative receiver (CRx). Both the
primary and secondary signals are detected at CRx. During
this process, the secondary transmission can be achieved
without dedicated spectrum and high power consumption for
communications. Meanwhile, it provides beneficial multipath
instead of harmful interference to the primary transmission,
thus in return enhancing the performance of the primary trans-
mission. In [7], the authors study the fundamental mutualistic
mechanism between the primary and secondary transmissions.
The conditions on the symbol period ratio between the primary
and secondary signals are obtained to enable symbiosis in SR.
In [8], the capacity of multiple-input multiple-output (MIMO)
SR is investigated, where the reflection behaviors of STx and
the transmission of PTx are jointly optimized. Meanwhile,
SR has been widely investigated in different scenarios to
enable passive data transmission and enhancement to existing
communication systems [9]-[12]. In [9], STx assists the data
transmission of the macro cell and simultaneously serves
the micro users as a small cell base station (BS). In [10],
an unmanned aerial vehicle (UAV) is leveraged to empower
STx to transmit its collected environmental information to
BS, and meanwhile attains the assistance from the secondary
transmission.

Coherent receivers are typically used at CRx for jointly
detecting the primary and secondary signals in SR. In [13],
the optimal maximum-likelihood (ML) detector and subop-
timal detectors have been proposed. In [14], the maximal-
ratio-combining (MRC) based and successive-interference-
cancellation (SIC) based detections are investigated for various
SR systems. The active beamforming at PTx and the passive
beamforming at STx are jointly optimized to minimize the bit
error rate (BER) of the secondary transmission. In [15], the
symbiotic spatial modulation is proposed to help the receiver
to detect the primary and secondary signals, in which STx
requires the index information of the receiving antennas. In
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[16], the authors propose a transmission protocol for the SR
system with multi-STx. The message-passing based receiver
is investigated to jointly estimate the channel response, the
primary and secondary signals. All the above studies assume
the availability of full channel state information (CSI) at CRx,
or require comprehensive collaboration between PTx and STx,
which introduces significant overhead and cost to SR and
especially the cost-sensitive STx.

On the other hand, since the secondary transmission is
achieved via backscattering the primary signal, the primary
and secondary signals are mathematically multiplied in the
backscatter link [17]. In the case without the direct link from
PTx to CRy, it is difficult for CRx to directly decouple the
primary and secondary signals for the detection purpose due
to the signal multiplications in the backscatter link. However,
most existing receiver designs do not consider this scenario,
and may fail to work when the direct link is blocked.

Orthogonal frequency division multiplexing (OFDM) has
been widely applied in wireless communication systems, such
as digital audio/video broadcasting (DAB/DVB) and Wi-Fi
[18]. Hence, the extensively distributed OFDM systems are
available as the primary component in SR, and can share
their dedicated spectrum with the secondary transmission. The
pilot design for OFDM includes the block-type structure and
comb-type structure [19], [20]. Specifically, the block-type
structure inserts pilot signals at all the sub-carriers periodically,
while the comb-type structure inserts pilot signals at fixed
sub-carriers in each OFDM symbol. When the cooperation
is limited between the primary and secondary transmissions,
the conventional receiver of SR over OFDM carriers extracts
the secondary signal by measuring the changes of the effective
channel with the help of the block-type pilot structure [21].
Since it requires each secondary symbol to span a whole
OFDM data frame, the block-type pilot design significantly
limits the secondary data rate. To overcome this shortcoming,
the comb-type pilot design can be helpful when the secondary
data rate is much higher. Correspondingly, the pilot structure
and receiver design for SR over OFDM carriers need to be
further investigated.

To solve the above challenges, we are interested in the pilot
design and signal detection for SR in this paper. In particular,
we consider the case that the primary transmission adopts
OFDM. The main contributions of this paper are summarized
as follows:

o We first establish the system model of SR over OFDM
carriers, and then propose the pilot structure design for
both primary and secondary transmissions. Specifically,
each secondary symbol is designed to span an entire
OFDM symbol to preserve the channel orthogonality.
The comb-type pilot design is employed by the primary
transmission, while the preamble pilot design is used by
the secondary transmission.

« Based on the pilot structure design, we propose the signal
detection methods of the primary and secondary signals
utilizing estimated CSI. Specifically, by treating the sec-
ondary signal as a part of the composite channel (i.e.,
the effective channel of the primary transmission), the
primary signal can be detected with conventional channel

estimation and signal detection methods. The secondary
signal can be extracted after estimating the direct and
backscatter link CSI using the preamble pilots together
with the detected primary signals. Notably, the secondary
transmission in our proposed system is transparent to
PTx, which means PTx does not need to change its
transmitter or introduce any additional signaling overhead
in order to accommodate the secondary transmission.
Meanwhile, the detection of the primary and secondary
signals is decoupled even in the case without any direct
link.

o Then, we investigate the system performance with our
proposed scheme, including the BER performance with
both perfect and estimated CSI, the diversity orders of the
primary and secondary transmissions, and the sensitivity
to symbol synchronization error.

« Finally, simulation results show that a BER performance
gain for the primary transmission can be achieved by ex-
ploiting the beneficial backscatter link. More importantly,
the primary and secondary signals can still be recovered
through the backscatter link even when the direct link
is blocked. Additionally, our proposed SR system does
not require the secondary signals to have perfect symbol
synchronization with the primary ones, and it can tolerate
some levels of symbol synchronization errors.

Organizations: In Section II, we establish the SR system
model over OFDM carriers. In Section III, we propose the
pilot structure design and the corresponding signal detection
methods for the primary and secondary signals. In Section
IV, the BER performance with both perfect and estimated
CSI, the diversity orders of the primary and secondary trans-
missions, and the sensitivity to symbol synchronization error
are analyzed. In Section V, simulation results are presented
to evaluate the performance of our proposed system. Finally,
Section VI concludes this paper.

Notations: The lowercase and boldface lowercase letter a
and a denotes a scalar variable and vector, respectively. The
boldface uppercase letter A denotes a vector or a matrix. The
uppercase calligraphic letter A denotes a discrete and finite set.
|- | means the operation of taking the absolute value if applied
to a complex number, or the cardinal number if applied to a set.
C**® denotes the space of ax b complex-valued matrices. ||al|2
denotes the ly-norm of vector a. E[a] denotes the statistical
expectation of a. ® denotes the Hadamard product. o denotes
the conjugate of the scalar a. A~!, AT, and A™ denotes
the inverse, transpose, and conjugate transpose of the matrix
A, respectively. diag(a) returns a diagonal matrix whose
diagonal elements are included in a. R{a} denotes the real-
part operation. I, denotes an identity matrix of size a X a.
CN (s, X) denotes the circularly symmetric complex Gaussian
distribution with mean vector g and covariance matrix X.

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider an SR system consisting
of a single-antenna PTx, a single-antenna STx, and a single-
antenna CRx!. PTx, which uses an active RF chain, adopts

!The results in this paper can be easily extended to the multi-antenna case.
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Fig. 1: SR system model over OFDM carriers.

OFDM to transmit the primary signal to CRx. STx periodically
switches its reflection coefficient to modulate its secondary
information over the incident primary signal and backscatters it
to CRx. CRx needs to jointly detect the primary and secondary
signals.

Denote N as the number of OFDM sub-carriers. Let
s(n) £ [So(n), ..., Sk(n), ..., Sy—1(n)]T € CN*! denote the
block of the primary information signals transmitted during
the n-th OFDM symbol, where the element Sy (n) represents
the signals over the k-th sub-carriers. It is assumed that
Sk(n), k =0,...,N — 1 is modulated by M,-ary quadrature
amplitude modulation (QAM) with unit average power, i.e.,
E[|Sk(n)|?] = 1. Let A be the modulation alphabet of the
primary information signal, thus S (n) € As. At PTx, s(n) is
first transformed to the time domain with the N-point inverse
discrete Fourier transform (IDFT), which can be written as
follows

1
x(n) = \/—NWHs(n), (1)

where W is the N-point DFT matrix whose (p, ¢)-th element
is e K= (P=D(a=1) for p,q = 1,...,N. Then, a cyclic prefix
(CP) of length N, is appended to avoid inter-block interfer-
ence (IBI).

We assume that STx adopts M, -ary phase-shift keying
(PSK) to modulate its secondary information?. Denote ¢(n) €
A, the n-th transmitted secondary signal at STx, where A,
represents its modulation alphabet. It is assumed that the
symbol period of the secondary signal is the same as that
of the primary OFDM symbol. This means each secondary
signal spans an entire OFDM symbol. Furthermore, we assume
that STx can achieve perfect synchronization with the OFDM
symbol. In practice, this synchronization can be achieved and
maintained with the help of a known synchronization sequence
and the repeating CP structure of the primary signal [23],
[24]. For the case with imperfect symbol synchronization,
the tolerable range of symbol synchronization error will be
analyzed in Section IV-D.

Denote the channel impulse response (CIR) of the PTx-CRx
link, the PTx-STx link, and the STx-CRx link by hy, b and g,
respectively. For convenience, the PTx-CRx link is referred to
as the direct link, and the cascaded link from PTx to CRx via
STx as the backscatter link. We assume that the PTx-CRXx link,
the PTx-STx link, and the STx-CRx link are all frequency-
selective fading channels, with the corresponding number of
equally spaced time domain taps denoted as Lg, L;, and Lo,
respectively. Thus, the number of taps for the backscatter-link

21t is demonstrated that high-order PSK modulation can be achieved by the
backscatter phase modulator embedded in STx in [22].

CIR is given as Ly, = L + Lo — 1 due to the convolution of
b and g. We further denote h(n) as the CIR of the composite
link which combines the direct link and the backscatter link
multiplied by ¢(n). The number of taps for this composite link
is given by L = max{Lq, Ly, + dy}, where dj, is the discrete
propagation delay of the backscatter signal’. We can write
h(n) as h(n) = [ho(n), ..., hi(n), ..., hp_1(n)]T, where h;(n)
denotes the [-th tap of the composite-link CIR. Additionally,
a block fading channel model is utilized, assuming that the
channels of the direct- and backscatter-links remain constant
within each secondary data frame. These secondary data
frames consist of a maximum of Ny, secondary signals.

Denote the direct-link channel frequency response (CFR),
the backscatter-link CFR, and the composite-link CFR by
Hy £ [Hd70, ---,Hd,k, ...,Hd)N_l]T € (CNXl, H,
[Hb,oa-'-,Hb,ka'--aHb,N—l]T S (CNXl, and H(n)
[Ho(n), ..., Hp(n), ..., Hy—1(n)]T € CN*1, where Hgy,
Hy i, and Hy(n) denote the corresponding CFR at the k-th
sub-carrier, respectively. By defining the matrix consisting of
the first L columns of W as Fy € CV*L, the composite-link
CFR can be derived from the composite-link CIR as

H(n)=Frh(n). 2)

(1> 11>

Similarly, the direct- and backscatter-link CFR can be derived
from the corresponding CIR by Hy = F 1hy and Hy =
(F Ll_)) © (FLg), respectively, where hy, b, and g denote the
zero-padded PTx-CRx link CIR of hg, the zero-padded PTx-
STx link CIR of b, and the zero-padded STx-CRx link CIR
of g with the zero padding length of L — L4, L — Ly, and
L — Lo, respectively.

We assume that the CP length N, is larger than the number
of taps for the composite link L. Upon receiving the signal,
CRx will first remove the CP and perform the /N-point DFT.
Then, the received signal of CRx in the frequency domain

Y(n) £ [Yo(n),.,Ye(n),....Yy_1(n)]T € CN*! can be
written as
Y (n) = /PrS (n) (Hq + ¢ (n) Hy) + U (n)
= VPrS(n)H (n) + U (n), 3)
where Pr is the transmission power, S(n) = diag(s(n)),

H(n) = Hgq + ¢(n)Hy is the composite-link CFR, and
U (TL) L [UO (TL) g eeny Uk(n), ceey UN_1 (n)]T ~ CN(O, U2IN)
is the frequency domain additive white Gaussian noise
(AWGN). Here, Yj(n) and Ug(n) denote the received signal
and AWGN at the k-th sub-carrier.

We have four observations from (3). First, the primary
signal experiences single-tap channels in the frequency domain
thanks to the channel orthogonality of OFDM. Second, dif-
ferent from the conventional OFDM channels where the CFR
remains constant over several OFDM symbols, the composite-
link CFR in our system may change from one OFDM symbol
to another due to the embedding of the secondary signal. Third,
even when the direct link is blocked, the composite link still

3Since STx is generally deployed near PTx or CRx to avoid the severe
backscatter path loss, the delay of the backscatter signal compared with the
direct signal can be negligible in most scenarios. To take a more global
approach to our proposed system, the delay is thus considered in this paper.
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Fig. 2: Pilot structure of SR system over OFDM carriers.

exists to carry the primary signal. Hence, the primary signal
can still be recovered in such a case. Last, ¢(n) is transmitted
over all sub-carriers. Thus, there exists a spreading gain as can
be seen in (15), (24), and (27) in Section IV.

ITII. PILOT STRUCTURE AND RECEIVER DESIGN

In this section, we will first present our proposed pilot struc-
ture, which is used for channel estimation. Then, based on
the proposed pilot structure, we design the receiver signal
detection methods to first detect the primary signal followed
by the secondary signal.

A. Pilot Structure

Since each secondary signal spans an entire OFDM symbol,
the channel orthogonality among the OFDM sub-carriers is
preserved. Since the composite-link CFR H (n) varies in each
OFDM symbol due to the secondary signal ¢ (n), the block-
type pilot design, where pilot signals are inserted periodically
in all sub-carriers, does not work. In this paper, we adopt
the comb-type pilot design for the primary transmission,
which transmits pilot signals at fixed sub-carriers in each
OFDM symbol. In this way, we can track the variation of
the composite-link channel in each OFDM symbol.

As illustrated in Fig. 2(a), we consider that there are N, sub-
carriers carrying pilot signals in each OFDM symbol while the
other (N — Np) sub-carriers carrying primary data signals.
By treating the secondary signal as a part of the composite
channel, H (n) can be estimated with the help of the comb-
type pilots in each OFDM symbol.

On the other hand, for the purpose of the secondary signal
detection, CRx needs to acquire the CSI for both the direct
and the backscatter links. To do so, we employ fixed pream-
ble pilots in each frame of secondary signals. Specifically,
two pilot symbols, which are respectively ¢(0) = 1 and
¢(1l) = —1, are assigned at the beginning of each secondary
data frame to separately estimate the direct-link CFR Hy and
the backscatter-link CFR Hj,. As a result, the composite-link
CFRs corresponding to the two pilot symbols can be written

as H(0) = Hq + Hy, and H(1) = Hyq — Hy,. Thus, Hy and
H;, can be estimated accordingly.

It is noted that although we use the pilot symbols of 1 and
—1 as an example, they are not limited to these values. For
the preamble pilot design of the secondary transmission, we
have the following theorem.

Theorem 1. Leveraging T (T > 2) pilot symbols arranged
for the secondary transmission, the minimum variance of the
estimated direct- and backscatter-link CFRs can be achieved
when the pilot symbols satisfy Z:;(} c(n) =0 and |c(n)|* =
L,n = 0,..,T — 1. With the estimated composite-link CFR
H(n), the estimation of the direct- and backscatter-link CFRs
can be respectively derived as

= =
0 = — H B = — T H
Hi= ZB H(n), Hy,= HZ:% c(n)H(n). @)
Proof: Please see Appendix A. [ ]

B. Primary Signal Detection

From (3), to detect the primary signal, we need to estimate
the composite-link CFR H (n). We assume that N}, is equal
to or larger than the number of taps for the composite link L.
Utilizing the pilot-based channel estimation method, we first
estimate the composite-link CIR h (n). Then we can derive
the composite-link CFR as H (n) = Fph (n). Finally, we can
detect the primary signals by using the single-tap equalizer.
Specifically, denote the k-th row of Fy, by f{'. By defining
the matrix Fj, £ [fy,, .., fi, ] € CNo*L where ky, ..., k;, are
the pilot sub-carriers indices, the composite-link CFR at the pi-
lot sub-carriers can be written as H, (n) = Fph (n) € CNex1,
With the known pilot signals inserted in each OFDM symbol,
the received signal at the pilot sub-carriers is expressed as

Y, () = V/PrS,Hy (n) + Uy (n)
=+/PrS Fpyh(n)+ U, (n),
where S, € CMe*M is a diagonal matrix, the diagonal
elements of which are the pilot signals, and U,, (n) € CVox!
is the AWGN at the pilot sub-carriers. We assume the pilot

signals are selected with the unit modulus, i.e., SESP =1 Np-
Thus, h (n) can be estimated as

h(n) = GoY, (),

5)

(6)

where Go = (PrFLF,) Y, PrFHSH is the least-square-
error (LSE) estimator [25]. After that, the composite-link CFR
can be derived from the estimated CIR h (n) as

H(n) =F.h(n), @

where H(n) £ [Ho(n), ..., Hy(n), ..., Hy_1(0)]%, and Hy(n)
represents the estimation of the composite-link CFR at the k-th
sub-carrier.

Since the primary signal experiences the single-tap channel
in the frequency domain as presented in (3), the primary signal
at the k-th sub-carrier can be easily detected with the help of



Hy,(n) as follows

S(n) = i
k(n) = arg min

Hi(n)
| Hy(n)|?
Note that the primary signal is detected without requiring

the knowledge of the secondary signal, which means the sec-
ondary transmission is transparent to the primary transmission.

Yiln)—S|.  ®

C. Secondary Signal Detection

Since the secondary transmission is achieved by passive
backscattering at STx, the secondary signal ¢ (n) becomes a
part of the composite-link CFR H (n) as follows

H (n) = Hyc(n) + Ha. 9)
Thus, ¢ (n) can be estimated as follows
¢(n) = arg min I:AI—E (ﬁ (n) — ﬁd) -, (10)
e A | [ H|[3

where ﬁ(n), ﬁd, and ﬁb are the estimations of the
composite-, direct-, and backscatter-link CFRs, respectively.
From (10), we notice that the composite-, direct-, and the
backscatter-link CFRs need to be estimated first to detect the
secondary signal. Thus, precise channel estimation is crucial
for the detection of ¢ (n).

_Even though the estimation of the composite-link CFR
H(n) has been obtained before detecting S(n), such estima-
tion is achieved with only the pilot signals at the IV, sub-
carriers. To improve the accuracy of the channel estimation,
the detected primary signals S (n) at all the N sub-carriers
can be reused for the channel estimation. Here, we provide
two methods to estimate H (n). One is directly performed in
the frequency domain, and the other is operated in the time
domain, utilizing the correlations among the sub-carriers.

1) Method 1: With the detected primary signals S (n), the
channel estimation can be performed directly in the frequency
domain with the received signal Y (n). Utilizing the LSE
estimator, the estimated composite-link CFR is obtained as

H(n) = GY (n), (11)

where G = (SH(n)S(n))~'8H (n) /v/Pr is the LSE esti-
mator as a diagonal matrix.

2) Method 2: Similar to the channel estimation in Section
III-B, the composite-link channel can be firstly estimated in
the time domain and then transformed to the frequency domain
[25]. Utilizing the LSE estimator, the estimated composite-link

CFR can be obtained as
H(n) = F,G2Y (n), (12)

where Gy = (FESH(n)S(n)FL ) FESH (n) /y/Pr. For the
case that the primary signals have the unit modulus, i.e.,

§H@)§(n) = Iy, the estimator is simplified as Go =
F[S"(n)/(NV/Pr).

Remark 1. Since the correlation of the elements in H (n)
is considered in Method 2, the performance of Method 2 is
expected to be better than that of Method 1, which will result

in a performance gain for the detection of ¢ (n). On the other
hand, the computation complexity of Method 1 is denoted
by O(N) since the diagonal matrix inversion can be directly
derived. For the general case, the computational complexity of
Method 2 mainly depends on the matrix inversion, and thus
is denoted by O(L3 + L?N'), which is higher than Method 1.
Thus, Method 1 can be adopted when the computation capacity
of the secondary transmission is limited. Otherwise, Method
2 can be used for better performance of channel estimation.

With the knowledge of H (0) and H (1), Hy and H,
can be estimated accordingly. Recall the two pilot symbols
allocated at the beginning of the secondary data frame, which
are ¢ (0) =1 and ¢ (1) = —1. The composite-link CFR of the
pilot symbols are H (0) = Hq + H, and H (1) = Hy — Hy,,
respectively. Thus, we can estimate Hy and Hy, as follows

Hy = % (ﬁ (0) +ﬁ(1)), (13a)
H, = % (ﬁ (0)— H (1)) (13b)

Once H, and Hy, are obtained, we can extract ¢ (n) from
H (n) based on (10).

D. Overall Detection

Based on the description above, we summarize the joint signal
detection as follows. With the received frequency-domain
samples Y (n), we first estimate the composite-link CFRs
H(n) and then use it to detect the primary signals S(n).
Next, based on the detected primary signals, the composite-
link CFRs are estimated again via Method 1 or Method 2.
After that, the direct- and backscatter-link CFRs Hy and Hy,
are estimated. Finally, the secondary signals ¢(n) are detected.

Algorithm 1 Joint primary and secondary signal detection.

Input: The received frequency-domain samples Y (n), Vn €
{0,1,...; Npmax — 1}.

Output: The primary signals g(n) and the secondary signals
c(n), Vn € {0,1,...; Nypax — 1}.

1: for n =0 t0 Nyax — 1 do

2. Estimate H(n) by (6) and (7).

3: Detect S(n) by (8).

4:  Estimate H(n) by (11) or (12).

5. end for R

6: Estimate Hy and Hj, by (13).

7: for n = 2 to Npyax — 1 do

8:  Detect ¢(n) by (10).

9: end for _

10: return S(n) and ¢(n), Vn.

Remark 2. The block of primary signals in one OFDM symbol
and the secondary signal are jointly detected by the optimal
ML detector [13]. The computation complexity of the two-
step ML detector can be derived as O(N M. My). For the case
with high-order modulation of the secondary transmission or a
large number of OFDM sub-carriers, the arithmetic cost can be
very high for CRx. As for our proposed method, the primary
signals of one OFDM symbol can be detected first, followed by
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the detection of the secondary signals. Thus, the computation
complexity of our proposed detection method can be derived
as O(M.+ N M,). Together with the computation complexity
of channel estimation in Remark 1, the arithmetic cost of our
proposed receiver is lower than the ML detector.

The block diagram of our proposed system is shown in
Fig. 3. To provide a more detailed explanation of the system
procedure, we consider each primary data frame to consist of
two parts. The first one is the frame head, which includes a
known sequence used for accurate timing synchronization to
find the start of one data frame. The second one is the data
component, which holds the primary signals for transmission.
In the previous sections, we consider the case that the data
frames of the primary and secondary transmissions are aligned
with each other, and timing synchronization is performed be-
fore signal detection. Nevertheless, the received secondary data
frame can be delayed compared with the received primary data
frame since STx is first awakened by the primary signal, and
then decides to transmit its secondary data frame immediately
or later. For the delayed case, the timing synchronization for
the primary and secondary data frames can be performed
separately as presented in Fig. 3. Specifically, after the signal
reception at CRx, the timing synchronization for the primary
data frame can be performed at the beginning with the con-
ventional method, such as using the cross-correlation between
the known sequence in the frame head and the received time-
domain signals [26]. For the secondary data frame, the timing
synchronization can be performed by the cross-correlation
between the preamble pilots and the estimated CFRs H(n),
Vn, after the composite-link channel re-estimation. Notice that
the preamble pilot number of the secondary data frame needs
to be increased to a number of more than two for better
synchronization performance.

IV. PERFORMANCE ANALYSIS

In this section, we characterize the performance of the pro-
posed system by analyzing the BER performance with both
perfect and estimated CSI, the diversity orders of both the
primary and secondary transmissions, and the sensitivity to
symbol synchronization error. Without loss of generality, we
consider that PTx and STx adopt M,-ary QAM and M -ary
PSK modulation schemes, respectively. Note that the analysis
can be easily generalized to other modulation schemes.

A. BER Performance with Perfect CSI

Recall that the primary signal detection relies on the CSI
for the composite link, while the secondary signal detection
requires the CSI for both the direct and backscatter links.
Hence, we assume the CSI for the composite link is perfectly
known for the primary signal detection, and the CSI for both
the direct and backscatter links is perfectly known for the
secondary signal detection*. Based on this assumption, the
BER performance can be accordingly derived.

1) Primary transmission: Since each secondary symbol
spans an entire OFDM symbol, the backscatter link can be
regarded as a beneficial multipath component to the detection
of S(n). Given Hy and Hy,, the BER of the primary trans-
mission can be derived as

1 1
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where the Q-function is Q(z) = (1/v2m) [* e~ /2du, and
D is the set of the indices for the data sub-carriers. We can see
that P, is dependent on the composite-link channel, which
is relevant to the secondary signal.

2) Secondary transmission: In SR, the BER of the sec-
ondary transmission is theoretically coupled with the BER
of the primary transmission. The exact BER expression of
the secondary transmission involves nonlinear multivariable
equations, which need to be solved by iterative-based method
[7]. For simplicity, we consider the case that the primary signal
is perfectly detected, in which the result can be regarded as the
lower bound of the BER of the secondary transmission. With
a Gray code used in the M.-PSK mapping, we can obtain the
approximate BER [27] of the secondary transmission in the
high SNR regime as

2 . 7\ Pr|H|;
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where I'; = E[|1/Sk(n)|?]. We notice that P. . is dependent
on the backscatter-link channel and that a stronger backscatter
link will result in a lower BER for the secondary signal
detection. Moreover, a spreading gain can be achieved by the
combination operation over all the sub-carriers.

5)

B. BER Performance with Estimated CSI

Firstly, we can rewrite the estimation of the composite-link
CFR Hcs(n) by

H.(n) = H(n) + €(n), (16)

4We note that this assumption of perfect CSI has no effect on the detection
process of our proposed receiver. Even though this assumption implies perfect
knowledge of secondary signals for the primary signal detection, detection
errors may still occur for the secondary signal detection due to the noise term
in the receiver signal. Moreover, it should be noted that the BER performance
with perfect CSI indicates the best performance that our proposed receiver can
achieve, regardless of the channel estimation methods adopted.



where Heg(n) can be replaced by H(n) or H(n), and €(n)
is the channel estimation error. To further analyze the effect
of the channel estimation on the BER performance, we first
derive the sufficient statistics for the detection of the primary
and secondary transmissions, and then calculate the SNR with
the channel estimation error, in order to obtain the BER
performance with estimated CSI.

1) Primary transmission: Denote the channel estimation
error from (6) and (7) by €g(n), which can be expressed
as €9 (n) = FrGoUp (n). The k-th element of €y (n) is
distributed as eg x(n) ~ CN(0, o* £ (FHF,, )~ fy./ Pr).

The k-th element of H(n) can be rewriten as Hy(n) =
Hi(n)+e€o k(n). From (8), the primary signal at the k-th sub-
carrier Sy, (n) is detected from the following sufficient statistic

H (n \/P_T|Hk )? Sk (n) +
\/P_T%k n)Sk(n)+(Hi(n)+€o 5(n) Ui(n) .

Since the channel estimation is performed in each OFDM
symbol, €g  (n) varies with n. We regard the first term in
the right-hand side of (17) as the desired signal and the other
terms as the effective noise. Given the secondary signal c, the
SNR of Sy (n) is given by

PT|Hdk+Cku|2
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When the pilot signals are allocated at equally spaced sub-
carriers, we can obtain the fact that FEFp = Nply,. And the
SNR of Sj(n) can be rewritten as
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Comparing with the case of perfect CSI, we can notice that the
SNR of Sk(n) is degraded since the noise power is amplified
by a positive number larger than one. Meanwhile, the BER of
the primary transmission with estimated CSI can be written as
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We notice that P, s is dependent on the composite-link CFR,
as well as the numbers of the pilot sub-carriers and taps for
the composite link. A larger number of pilot sub-carriers IV,
or a smaller number of taps for the composite link L will lead
to a lower BER.

2) Secondary transmission: We consider the BER of the
secondary transmission with perfectly detected primary signal.
We first analyze the BER of the secondary transmission via
Method 1 as follows. Denote the channel estimation error
via Method 1 in (11) as €;(n), which can be expressed as
€1(n) = G1U(n). The estimation error is distributed as

€1(n) ~ CN(0,02(SH(n)S(n))~1/Pr).

From (13), we can rewrite fId and fIb as

€1 (0) + €1 (1)
2
€1(0)—e (1)
2
where €4 = (€1 (0)+€1 (1)) /2 and €, = (€1 (0)—e1 (1)) /2.
We observe that €¢g and €, are correlated with each other.
Meanwhile, €4 and €, are fixed for the detection of the

subsequent c¢(n) in each secondary data frame.
Recalling the detection of ¢ (n) described in (10), ¢ (n) is
detected from the following sufficient statistic

HI (ﬁ (n) — ﬁd)
= (Hp, + e,)" (Hye (n) + €1 (n) — €q)
=(Hy + e,)" Hpye(n) + (Hp + &)™ (61 (n) — eq) .

Given €4 and €, we can obtain the BER performance for one
secondary data frame. By calculating the expectation of the
BER concerning €4 and €y, the average BER with estimated
CSI can be obtained as follows

Hy = H, + = Hg + e, (21a)

H, = H}, + = H, + e, (21b)

(22)

Hb—i—eb (Hbc—ed)

\/QPT(||Hb|2+€b Gb)

However, it is challenging to derive the closed-form expression
of (23).

We regard the first term in (22) as the desired signal and the
other terms as the effective noise. Unlike €4 and €;(n) which
contribute to the effective noise, we notice that €, contributes
to both the desired signal and the effective noise. In the high
SNR regime, the contribution of €, to the desired signal can
be negligible. Thus, we can obtain the following theorem.

Theorem 2. Given Hy, the SNR of ¢ (n) with estimated CSI
via Method 1 can be expressed as

. (23)
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where Ty = E[|1/S(n)|*]. If the primary signals have a

constant modulus, i.e., |Si(n)|* = 1, the SNR can be simplified
as

Pr ||Hy |
W = —— ” 3”; : (25)
7 (2F1 + 4PTHHb||§)
Proof: Please see Appendix B. [ ]

Comparing with the case of perfect CSI, we notice that

the average power of the effective noise of (24) is enlarged
by a factor of (2I'7 + %), which is a positive
number larger than 2I"; > 2. This indicates that the SNR of
¢(n) is degraded by the channel estimation error. Furthermore,
the BER of ¢(n) with estimated CSI via Method I can be

expressed as

2 T
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Next, we analyze the BER of the secondary transmis-
sion via Method 2 as follows. Denote the channel esti-
mation error via Method 2 in (12) as €z (n), which can
be expressed as €3 (n) = FpGoU(n) and distributed
as € (TL) ~ CN (0,UZFL(FESH(H)S(H)FL)_lFIE/NPT)
From (21), €4 and €, can be derived by replacing €; (n) with
€2 (n), as well as the sufficient statistic in (22). Since it is
challenging to derive the closed-form of the matrix inversion
of (FESH(n)S(n)FL)~!, we assume that SH(n)S(n) = In
and derive the approximate SNR expression of ¢(n). Similarly,
we can obtain the following theorem.

Theorem 3. Given Hy, the SNR of ¢ (n) with estimated CSI
via Method 2 can be expressed as

2
(2) _ PT HHb”Q . (27)
¢ 2 3Lo?
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Proof: Please see Appendix B. ]

From (25) and (27), we notice that the detection per-
formance of the secondary transmission is dependent on
the backscatter-link CFR. Besides, the BER performance of
Method 1 is also dependent on the number of OFDM sub-
carriers [N, and that of Method 2 is dependent on the number
of taps for the composite link L. The BER performance of
Method 2 is much better than that of Method 1 from the terms
of the SNR due to the fact that NV > L. Meanwhile, the BER
of ¢(n) with estimated CSI via Method 2 can be expressed as

2 ™
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For the case of other preamble pilot arrangements which
satisfy the conditions in Theorem 1, €4 and €}, can be derived
according to (4) and (13). Furthermore, the results of the BER
performance can be easily extended as in Appendix B.

C. Diversity Order

To further analyze the diversity orders of the primary and
secondary transmissions, we consider a stochastic channel
description and analyze the average BER performance.

1) Primary transmission: Since the secondary transmission
is transparent to the primary transmission and the channel
coding is not considered in our proposed system, the primary
transmission can be regarded as an uncoded OFDM transmis-
sion. The channel can have a null on or close to the OFDM
sub-carrier. In other words, each sub-carrier channel may be
in a deep fade, and the detection of the corresponding primary
signal may fail [28]. Even though the probability of such
failed detection may be relatively low for each sub-carrier, the
loss of the diversity caused by such events can be significant
when the channel exhibits frequency-selective fading. As a
result, the uncoded OFDM has the diversity order of only one
[29]. By adopting a precoder such as a linear precoder before
the DFT operation at PTx, the diversity order of the primary
transmission can be efficiently increased over Rayleigh fading
channels with multiple taps [30].

2) Secondary transmission: We consider the average BER
of the secondary signal with perfect CSI and perfectly detected
primary signal. Without loss of generality, we consider that
M. = 2 for simplicity. We assume that the channel taps of
the backscatter link are equally spaced and Rayleigh fading
with zero mean and equal power 0. Denote the normalized
backscatter-link CIR by hy, = hy,/o,. Hence, |hy||3/0?
follows the Chi-square distribution with 2L}, degrees of free-
dom, whose probability density function (PDF) is given by
mx“_leﬂ” with z > 0. Furthermore, the average BER
of the secondary signal can be derived as

o [2Pr|Hy |5 \| @ 2P| hyf5
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where 4 = /1 /(1+m), and v, = Proi/(10?) is the
average backscatter link SNR. In (29), (a) holds from the fact

that the channel gain is equal in both the time and frequency
domains, and (b) and (c) hold based on [27].

(29)

From (29), we can notice that ]58_’C decreases significantly
when the number of taps for the backscatter link Ly, increases.
With respect to 7, we can derive the negative slope of the
BER curve in the high SNR regime which is called diversity
order as

(30)

Notice that the diversity order for the secondary transmission
is Ly, which means that the secondary transmission can obtain
a frequency diversity gain from the backscatter link in our pro-
posed SR system. This is because the secondary transmission
can be regarded as a single-carrier transmission with repetition
code, where each secondary signal c(n) has (N + Ncp)
repetitions in the time domain. Since the backscatter-link
channel has Lj, taps, CRx can receive delayed replicas from
Ly, branches of diversity with respect to each repetition.
Leveraging the structure of OFDM, the received repetitions
with their replicas are transformed into the frequency domain
for combination and detection. As a result, the repetition code
brings an SNR gain due to the block-fading channel model.
And the backscatter-link channel brings a frequency diversity
gain of L, for the secondary transmission. For the case with
estimated CSI, the approximate diversity order of L, can
be obtained for the secondary transmission, which can be
validated in Section V.
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Fig. 4: The received primary and secondary signals with the symbol
synchronization error &.

D. Sensitivity to Symbol Synchronization Error

Recall that perfect symbol synchronization between the
OFDM symbol and the secondary signal is assumed at STX in
Section II. However, the distorted synchronization sequence
at STx due to the potential deep fading of the PTx-STx
link, and the hardware impairment may lead to symbol syn-
chronization error. Such symbol synchronization errors can
increase the number of taps for the composite link, and
cause the composite-link channel to change within one OFDM
symbol, which can affect the channel orthogonality among the
OFDM sub-carriers. In addition, it can also lead to the failure
of channel estimation for the composite-link channel, if the
number of taps for the composite link exceeds that of the
pilot sub-carriers. As a result, both primary and secondary
signal detection can be affected. Even though symbol syn-
chronization is crucial, our proposed system does not require
absolute perfection of symbol synchronization between the
primary and secondary signals. In the following, we will derive
the tolerable range of symbol synchronization errors such that
our proposed system can still work well.

Firstly, we denote the discrete synchronization error be-
tween the OFDM symbol and the secondary signal by & €
[0, N + N¢p — 1) as illustrated in Fig. 4, which means that
each secondary symbol is delayed for ¢ discrete samples
compared with the start of the corresponding OFDM symbol.
As presented in Fig. 5, the number of taps for the composite
link can be rewritten as L = max{Lq, Ly + dp + £}. Recall
that the CP length NN, should be no less than the number of
taps for the composite link to avoid the IBI, i.e., N, > L —1.
Two cases are discussed for the value of L4. For the first case
that Lq > Ly + dy, + &, the synchronization error ¢ has no
impact on the number of taps for the composite link L. As
long as N, > Lq — 1, the channel orthogonality can remain.
For the second case that Ly < Ly, 4+ dy, + &, the channel
orthogonality can be maintained when N, > Ly, +dp +§ —1.
As a result, the channel orthogonality among the OFDM sub-
carriers can be preserved when £ € [0, Nep — Ly, — di, + 1.
Otherwise, the loss of the channel orthogonality can cause the
IBI and inter-channel interference (ICI) [31], and further affect
the primary and secondary signal detection.

On the other hand, when Lgy < Ly +dp, + & < N,,
the increase of ¢ can enlarge the number of taps for the
composite link L. Since the number of channel taps to be
estimated increases, the performance of estimation in (6),
(11), and (12) is correspondingly degraded. However, the
composite-link CFR can still be estimated successfully. When
Ly +dp+& > Ny, we notice that the matrix /PrS,F}, in (5)
is not of full column rank. Thus, the channel estimation in (6)
with N, pilot sub-carriers may fail. Furthermore, the primary
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Fig. 5: The direct-, backscatter-, and composite-link CIRs with
symbol synchronization error &.

signal detection and thereafter the secondary signal detection
can be affected when £ > Ny, — Ly, — dp.

In summary, we consider the case that® Ly + dy, < Lq <
N, < N, as an example to explain the effect of symbol
synchronization error and obtain its tolerable range. When £ €
[0, La — Ly, — dy), there exists no effect on the performance
of our proposed system. When § € (Lq — Ly, —dp, N, — Ly, —
dy], the composite-link channel can still be estimated by (6),
(11) and (12), but the estimation performance will degrade.
The primary and secondary signal detection can be affected
accordingly. Since our proposed system can still work well
when the symbol synchronization error £ is in the previous
two ranges, we obtain the range of tolerable synchronization
error as [0, N, — Ly — dp]. On the other hand, when { €
(Np — Ly, — dy, Nep — Ly, — di, + 1], the channel estimation
in (6) may fail, which has a more significant impact on the
primary and secondary signal detection. When & € (N, —
Ly —dy+1,N + N¢p — 1), besides the previously described
impact on the channel estimation in (6), the introduction of
the IBI and ICI can also affect the detection of the primary
and secondary signals. In order to avoid ¢ falling outside the
tolerable range, the CP length N, and the number of comb-
type pilots N, can be designed to be larger, or STx can be
equipped with more accurate synchronization circuits.

V. SIMULATION RESULTS

In this section, we present the simulation results to evaluate
the performance of our proposed system and validate our BER
analysis.

We consider the primary system which has N = 64 OFDM
sub-carriers with N, = 8 equally spaced pilot sub-carriers.
The CP length is set as N, = 16. The numbers of taps for
the direct link and the backscatter link are set as Lq = 4
and Ly, = 2. The channel taps are modeled as Rayleigh
fading with equal average power. The large-scale fadings
of PTx-CRx, PTx-STx and STx-CRx links are modeled as
Ba = 1073d %, B = 1073d7™, and B = 1073d; "2,

5The backscatter link from PTx to CRx via STx experiences double fading
with significant attenuation, resulting in some taps having amplitudes that
are nearly zeros and can be considered negligible. Thus, we assume that
Ly, +dy, < Lq. Additionally, the CP length N¢p is normally larger than the
pilot sub-carrier number Np, [20]. Besides when N, < Np, the results can
be easily derived accordingly.
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Fig. 6: BER of the primary transmission versus the direct link SNR.
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Fig. 7: BER of the secondary transmission versus the direct link SNR.

respectively. The distance of PTx-CRx link is set as dq = 200
m. STx lies on the line that connects PTx and CRx, resulting
in the distances of PTx-STx and STx-CRx links satisfying
di 4+ de = dg. The path-loss exponents of PTx-CRx, PTx-STx
and STx-CRx links are set as vq = 2.5 and v{ = vy = 2,
respectively. The noise power is set as 02 = —80 dBm. We
define the SNR ratio as Ay = ,/3qa = S152/Pd4, where
A, = PrfB1B2/0? and 49 = PrB4/c? are the backscatter-
and direct-link SNR, respectively. The transmission power Pr
is determined by the value of the direct-link SNR 74 in the
following. Unless otherwise specified, the distance of PTx-STx
link d; is set as 3.83 m and thus Ay = —30 dB. The delay of
the backscatter signal is set as 1 sample. We consider that the
primary information signals are modulated by 16-QAM, and
the secondary signals are modulated by 8-PSK. The average
BER results are obtained over 10° channel realizations.

Fig. 6 depicts the BER performance of the primary trans-
mission versus the direct link SNR. The distance from PTx
to STx is set as 0.12 m, and thus the SNR ratio is Ay = 0
dB. We observe that the theoretical results coincide with the
simulated ones for the cases with perfect CSI and estimated
CSI. Compared with the case of no backscatter link, we find
that the backscatter link can provide a performance gain to the
primary transmission. For example, at the BER level of 1073,
a gain of 3 dB can be achieved when Ay = 0 dB. On the
other hand, the diversity order of the primary transmission is
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Fig. 8: BER of the secondary transmission versus the direct link SNR
with different backscatter link channel setups.

1 due to the adopted uncoded OFDM scheme.

Fig. 7 depicts the BER performance of the secondary
transmission versus the direct link SNR with our proposed
two channel estimation methods. First, we observe that the
theoretical results are consistent with the simulated ones for
Method 1, as well as the approximate results for Method 2.
Next, we can see that although the errors of S (n) degrade
the BER performance of the secondary transmission in the
low SNR regime, as the direct link SNR increases, the BERs
with the detected primary signal coincide with the BERs with
the perfectly detected primary signal. This is because few
errors of the primary signal within each OFDM symbol have
negligible impact on the detection of ¢ (n). Moreover, Method
2 outperforms Method 1 as analyzed in Section III-C, since
Method 2 utilizes the channel correlation among all the sub-
carriers.

Fig. 8(a) depicts the BER performance of the primary and
secondary transmissions versus the SNR ratio A~y. The direct
link SNR is fixed as yq = 27 dB. We observe that better BER
performance of the secondary transmission can be achieved
with the increase of A~y since the stronger backscatter link can
lead to a larger SNR of the secondary signal. Furthermore, a
BER performance gain to the primary transmission becomes
more significant when Ay > —10 dB, which is negligible
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Fig. 9: BER of SR versus the distance from PTx to STx.

when A~y < —10 dB.

Fig. 8(b) depicts the BER performance of the secondary
transmission via Method 2 versus the direct link SNR with
different backscatter channel fading settings. Specifically, we
consider four settings, which include an AWGN channel and
Rayleigh fading channels with 1, 2, and 4 taps. We can see that
different channel fading settings can bring different diversity
gains to the secondary transmission. In particular, for the 1-,
2-, and 4-tap Rayleigh fading channels, frequency diversity
orders of 1, 2, and 4 can be achieved in the high SNR
regime with Method 2, which is consistent with the analysis
in Section IV-C. Combining the observations in Fig. 8(a) and
Fig. 8(b), the performance of the secondary transmission can
be improved by enhancing the gain and the number of channel
taps for the backscatter link.

Fig. 9 depicts the BER performance of the primary and
secondary transmissions versus the distance from PTx to STx.
Notice that the results of the distance from 100 m to 200 m are
symmetrical with the results in Fig. 9. Firstly, the BER perfor-
mances of the secondary transmission with the two proposed
methods worsen as the distance increases. Meanwhile, we note
that the SNR ratio also becomes smaller with the increase
on the distance. This is because the multiplicative fading in
the backscatter link becomes more severe, and the strength of
the backscatter link weakens. Consequently, the backscatter-
link SNR decreases, leading to a worse BER performance of
the secondary transmission. Meanwhile, the BER performance
gain to the primary transmission turns almost null when the
distance increases from 0.1 m to 1 m. This indicates that
the BER performance can be better for both the primary and
secondary transmissions when STx is located close to PTx or
CRx.

Fig. 10(a) depicts the BER performance of the primary
transmission versus the direct link SNR by using our proposed
receiver and the two-step ML receiver [13]. Since the compu-
tation complexity of the ML receiver is high, their modulation
orders are set as My = 4 and M. = 2, respectively. Firstly, we
observe that our proposed receiver can achieve almost the same
BER performance as the ML receiver when the perfect CSI is
acquired. On the other hand, with estimated CSI of Method
1, our proposed receiver outperforms the ML receiver. When
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Fig. 10: BER of SR versus the direct link SNR by using our proposed
receiver and the two-step ML receiver [13].

the accuracy of the estimated CSI is better via Method 2, the
ML receiver outperforms our proposed receiver slightly. At the
BER level of 1073, the ML receiver with Method 2 obtains an
SNR gain of about 1 dB compared with our proposed receiver.

Fig. 10(b) depicts the BER performance of the secondary
transmission versus the direct link SNR by using our proposed
receiver and the two-step ML receiver. We notice that our
proposed system can achieve almost the same BER perfor-
mance with the ML receiver when the estimated CSI is used
via both Method 1 and Method 2. For the case of perfect CSI,
the ML receiver outperforms our proposed receiver slightly in
the high SNR regime. In summary, our proposed receiver can
achieve the BER performance extremely close to the two-step
ML receiver with lower computation complexity.

Fig. 11 depicts the BER performance of the primary and
secondary transmissions versus the backscatter link SNR in
the case where the direct link is absent. We consider the
two-step ML receivers with and without our proposed pilot
structure as the benchmark schemes. First, without the use of
the pilot structure, the ML receiver cannot detect the primary
and secondary signals correctly in the absence of the direct
link, as it fails to remove the coupling between the primary and
secondary signals in the backscatter link. Conversely, the ML
receiver with the pilot structure can successfully detect primary
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Fig. 11: BER of SR versus backscatter-link SNR without direct link.

and secondary signals, since our proposed pilot structure aids
the ML receiver in decoupling the primary and secondary
signals by providing the reference signals within each block of
primary signals. Moreover, our proposed receiver is also able
to successfully detect the primary and secondary signals thanks
to our proposed pilot structure. This is because the secondary
signal is treated as a part of the composite channel during the
primary signal detection, enabling the primary and secondary
signals to be decoupled during detection. Additionally, it
is observed that the BER of the secondary transmission is
much better than that of the primary transmission due to the
spreading gain in detecting the secondary signal. Furthermore,
the BER curves for the secondary transmission via Method
1 and Method 2 are almost the same due to the bad BER
performance for the primary transmission in low SNR regime.

Fig. 12 depicts the BER performance of the primary and
secondary transmissions via Method 2 versus the symbol
synchronization error &. Firstly, we observe that the primary
and secondary signals can be successfully detected when the
error ¢ is in the tolerable range. For the case with estimated
CSI, the BER performance degrades since the number of taps
for composite link L increases and the estimation accuracy
decreases. When 5 < ¢ < 14, the number of comb-type
pilots is smaller than L, which leads to the failure of channel
estimation for primary signal detection. The BER performance
of the primary transmission significantly degrades, while the
influence on the secondary transmission is negligible. This is
because the composite-link channel is estimated again for the
secondary transmission with the help of the detected primary
signals, the number of which is still larger than L. Meanwhile,
there exists no effect for the case with perfect CSI. When
& > 15, the insufficient CP results in severe IBI and ICI to the
primary and secondary transmissions. The BER performance
of both the primary and secondary significantly degrades for
the case of both perfect and estimated CSI. To sum up, our
analysis of symbol synchronization errors is validated. And our
proposed receiver can endure the errors when it falls within
the tolerable range.

VI. CONCLUSIONS

In this paper, we have proposed a pilot design and the signal
detection method for an SR system where the primary trans-
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Fig. 12: BER of SR versus symbol synchronization error.

mission adopts OFDM. To preserve orthogonality among the
OFDM sub-carriers, the secondary signal has been designed
to span an entire OFDM symbol. The comb-type pilot design
and preamble pilot design have been utilized by the primary
and secondary transmissions, respectively. Furthermore, the
detection methods of the primary and secondary signals have
been studied with pilot-assisted channel estimation. The BER
performance with both perfect and estimated CSI, the diver-
sity orders of the primary and secondary transmissions, and
the sensitivity to symbol synchronization errors have been
analyzed. Simulation results have shown that the proposed
system can allow the primary transmission to achieve a BER
performance gain while enabling the secondary transmission.
In particular, even without the direct link, the primary and sec-
ondary transmissions can be supported via only the backscatter
link. Additionally, our proposed SR system does not require
the secondary signals to have perfect symbol synchronization
with the primary ones and it can tolerate some level of
synchronization errors.

APPENDIX A
PROOF OF THEOREM 1

Stack the estimated composite-link CFRs of the 7' preamble
pilot symbols together as

H(0) 1 ¢0) €(0)

—|: : o G1)
~ = : @ln H, : )
H(T-1)] [1 «(T-1) e(T-1)

b C

where €(n) is the estimation error of H(n) and we assume
that €(n) ~ CN(0,0%Iy). Notice that the model in (31)
follows the linear model. In order to estimate [H , H|T, the
number of preamble pilot symbols needs to satisfy 7' > 2. The
corresponding minimum variance unbiased (MVU) estimator
can be derived as the LSE estimator [32]. Thus, the CFRs can
be estimated as

—~ ~. 17T _
(a7 A7 =(c"c) ' cb, (32)



Furthermore, the corresponding covariance matrix of the esti-
mation can be derived as
-1
¥ =07 (CMC)
T—1
2 T En:() C(n) I
= Te T-1 % T—1 2| @IN
don—o C'(n) X2, le(n)]

To minimize the variance of the estimation or the trace of
3, the matrix CHC needs to be a diagonal matrix [32], i.e.,

T—1 .G .
> o ¢(n) = 0. Furthermore, the minimum variance can be
attained with the maximum of the diagonal elements of CHC,
ie,|c(n)?=1,n=0,...,T—1. As a result, the estimation
of the direct- and backscatter-link CFRs can be derived as (4).
The covariance matrix can be derived as ¥ = 025y /T.

-33)

APPENDIX B
PROOF OF THEOREM 2 AND THEOREM 3

We present the proof for Method 2 here and the proof
for Method 1 can be similarly derived. Recalling the error
expression and distribution illustrated in Section IV-B, the
variance of the zero-mean equivalent noise in (22) can be
derived as

Ji:E“hEe(n)f] —HEUhEedf} +E[|ef e(n)|]| +E[|eff €al]
_ 3|y o
= 2pr +E

Recall that €4 = (€(0) + €(1))/2 and eq = (e(0) + €(1))/2.
Since €(n) is i.i.d. with respect to n, the last two terms in
(34) can be derived as

[|ete(n)]] +E [|efeal] - (34)
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We take the term E[|€(0)e(0)|?] in (35) for example. With
Method 2, the estimation error can be expressed by
1
€(0) =F,G,U(0) = N—\/]TTFLFIL{SH(O)U(O).

Recall the fact that F'F;, = N1, By replacing the expression
of €(0), we can obtain

E[[€%(0) e ()] = E [*(0)e(0)" (0)e(0)]

? . (35)

(36)

_NQLP%E (U™ (0)8(0)F, FY8(0)U(0))°]
1 N—-1N—-1 ) , T 2
- 5" > U} (0) Sk (0) ££,U, (0) S}, (0)
(@) 1 N—-1 N—-1
= Nopz E{1U, (0) Uk, ()] £ i, 6516+
N PT k1=0 ka#k1
N—-1 N-1
> > E[lUn OF Uk OF] #uti6,+ 6D

k1=0 k2 #k1

N—-1
> E|[Ue O] st
k=0

13

®_o
- N2P2
o (L*+L)o*

@t l)ot (38)

Pr

where (a) holds from the fact that U(0) is i.i.d. with respect
to k, (b) holds from f{'f;, = L and E[|U(0)|*] = 204, and (c)
holds from ||F,F!||2 = N2L. Similarly, we can obtain that
E[le(0)e(n)?] = Lo*/P2% and E[e(0)e(0)] = Lo?/Pr.
Thus, o2 can be derived, as well as the SNR expression of

n

the case with Method 2.
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