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ABSTRACT This paper investigates a backscatter communications system that exploits ambient pilot
symbols used in existing standards based on orthogonal frequency-division multiplexing (OFDM), such as
IEEE802.11, in order to realize ultra-low power communications with longer transmission range and higher
data rate than conventional ambient backscatter systems. Twomodulation schemes, phase-shift keying (PSK)
and a new approach named delay-shift keying (DSK), are investigated for the proposed system, and the
optimal design of DSK is provided based on the theoretical upper bound of the symbol error rate (SER)
over double frequency-selective channels. An optimal maximum-likelihood (ML) detector is also developed
for the proposed system along with a feasible transmission protocol including channel estimation. Computer
simulation results reveal that, at a bandwidth efficiency less than 3 bits per channel use (bpcu), PSK achieves
the lowest SER while DSK achieves the lowest SER at efficiencies greater than 2 bpcu. The performance of
the proposed detector was comparable to that of the conventional joint ML detectors with a lower degree of
complexity, even when a limited number of subcarriers were available as pilot symbols.

INDEX TERMS Ambient backscatter communications (AmBCs), orthogonal frequency-division multiplex-
ing (OFDM), phase-shift keying (PSK), delay-shift keying (DSK), coherent detection, maximum-likelihood
(ML) detection, symbol error rate (SER).

I. INTRODUCTION
With the advent of the internet-of-things (IoT) era, con-
siderable numbers of battery-driven wireless devices, such
as sensors, will be installed, resulting in significant bat-
tery replacement costs. To address this, the use of ambi-
ent backscatter communications (AmBCs) has been an
active focus of research [2]. In [3], a backscatter trans-
mitter (BTx) was proposed and implemented based on
an on-off keying (OOK) approach, in which information
is transmitted by either reflecting or absorbing ambient
radio-frequency (RF) signals that are transmitted by existing
systems such as IEEE802.11 or TV broadcasting. By imple-
menting OOK with an RF switch, the BTx operated at
surprisingly low power levels, e.g., 0.25 µW at 100 bits
per second (bps) to 10 kbps. However, it is very difficult for
BTx systems to detect AmBCs signals; as a BTx backscat-
ters already-modulated signals from an ambient transmit-
ter (ATx), a backscatter receiver (BRx) must be used to
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demodulate weakly backscattered signals in the presence of
the strong interference produced by the ATx. One strategy
for addressing detection problems such as these is to take
the average of the received signals over a duration that is
longer than the ATx symbol rate to mitigate against the
effects of signal fluctuation produced by the ATx modu-
lation [3]. If the symbol rate of the BTx is sufficiently
less than that of the ATx, the BRx can extract informa-
tion by using both a low-path filter (LPW) and an energy
detector (ED). Although this simple approach solves the
detection problem, it inherently limits the resulting data rate
and bandwidth efficiency of AmBC. Another approach is
using noncoherent detectors based on maximum-likelihood
(ML) detection in AmBCs systems, where BTx adopts
coding, e.g., differential coding [4] and Manchester cod-
ing [5]. Unlike the aforementioned approach, these detec-
tors suffer from strong interference owing to the direct-link
signal.

BackFi, in which an IEEE802.11 access point is assumed
as the ATx, was proposed as an approach to increase the band-
width efficiency in [6]. Under BackFi, the BTx is equipped
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with M different shorted RF terminals and corresponding
RF switches. Each RF terminal comprises a transmission
line with a unique electrical length. The BTx then transmits
information by choosing an adequate RF path to achieve
M -ary phase-shift keying (M -PSK). The BackFi BRx is
assumed to be co-located with the ATx and to ‘‘perfectly
know’’ (have complete prior knowledge of) all ambient sig-
nals transmitted by the ATx. This enables the BRx to per-
fectly subtract self-interference from the received signals and
demodulate the backscatter signals from the BTx. However,
this assumption is not always valid, as some applications can
require the separation of the BRx and ATx; in such cases,
the BRx will no longer be able to successfully demodulate
the signals because it will not be able to detect and cancel
ambient signals.

To overcome this limitation, cooperative AmBC (CABC)
forM -PSK backscattered signals was proposed in [7]. CABC
employs a cooperative receiver (CRx) with the ability to
detect both backscatter and ambient signals, while the ATx
is assumed to use orthogonal frequency-division multiplexing
(OFDM). The CRx estimates the channel coefficient between
itself and the ATx using a pilot signal from the ATx, while
the BRx detects information transmitted by the ATx and BTx
simultaneously via a joint ML detector or detects the BTx
information via successive interference cancellation follow-
ing the detection of the ATx information. However, the CRx
introduces significantly enhanced computational complexity
to the BTx signal detection process, which is not preferable
in terms of AmBCs power consumption. To mitigate this
issue, [8] proposed an ED-based demodulation method. This
approach involves the use of a demodulator utilizing mul-
tiple EDs; if both the ambient and received signals follow
complex, zero-mean Gaussian distributions, which is true if
OFDM is employed at the ATx, the ED-based demodulation
functions as a multiple hypothesis testing approach based
on ML detection. Their numerical results, however, revealed
that the ED-based demodulation exhibits a high symbol error
rate (SER) error floor in the high signal-to-noise ratio (SNR)
region.

There are a few ED-based demodulation schemes that
exploit, not the distribution, but the specific structure of an
OFDM signal [9]–[11]. According to the scheme proposed
in [9], BTx performs the binary backscatter modulation,
which takes into account the repeating structure involved in a
cyclic prefix (CP) of the OFDM signal, and BRx estimates
the backscatter signal via the ED exploiting the structure.
In [10], BTx shifts the ambient OFDM signals into the spe-
cific in-band null subcarriers to realize M -ary modulation,
and BRx extracts information by detecting the energy of
backscattered signals taking into account the amount of the
spectrum shift. However, BTx in [11] employs M -ary PSK
like in [8], and BRx demodulates the backscattered signals by
the ED that makes use of whole active-subcarriers of OFDM
signals and outperforms the ED proposed in [9]. Although
these schemes perform low-complexity detection exploiting
the specific structure of the ambient OFDM signals, the

detection is noncoherent detection, which induces perfor-
mance loss compared with coherent detection. Therefore,
an alternative AmBCs approach, which can perform coherent
detection like in [7], while reducing the detection complexity,
is strongly desired to achieve a longer transmission distance
between BTx and BRx, which is even more favorable for IoT
applications.

Motivated by the aforementioned problems and the relative
success of preliminary solutions, we aim to develop a new
AmBC system, which can increase the data rate and perform
low-complexity coherent detection, to meet the demands
of future IoT systems. To this end, we employ a specific
OFDM frame structure in current off-the-shelf communica-
tions systems, e.g., IEEE 802.11, long-term evolution (LTE),
which uses known pilot signals for channel estimation and
tracking of channel fluctuations. This structure is already
well understood and can therefore be exploited for AmBCs;
it has not been utilized in any state-of-the-art system thus
far [8]–[11]. Furthermore, we propose a new backscatter
modulation scheme called delay-shift keying (DSK), which
utilizes intentional delays via the designed analog circuits,
and demonstrate how to achieve optimal detection using the
proposed OFDM pilot-aided AmBCs and theoretically ana-
lyze SER performance in a system by applying both PSK and
DSK.

The primary contributions of this study are summarized as
follows:
• We establish a new AmBC system that, unlike conven-
tional approaches, exploits the use of pilot symbols in
its ATx-originatedOFDMsignals. In addition to conven-
tional PSK, the proposedmethod applies DSK, a tailored
backscatter modulation approach. DSK conveys data by
adding different propagation delays to produce OFDM
symbols with different subcarrier phase rotations within
a CP of the ambient OFDM system.

• We propose an optimal ML detector that exploits pilot
symbols in ambient OFDM signals to achieve PSK
and DSK without requiring demodulation of the ambi-
ent signals, resulting in low computational complexity.
Because the proposed detector requires multiple channel
state information (CSI) corresponding to the direct and
reflected paths between the ATx and BRx, we further
propose a practical protocol to estimate the associated
channel coefficients with the aid of pilot symbols.

• We derive the upper bound of the SER in closed
form for the most generalized case, namely for dou-
ble frequency-selective channels in which the channels
between both the ATx and BTx and the BTx and BRx
are frequency-selective. Based on the results of the SER
analysis, we develop an optimal DSK design.

• Based on the results of computer simulations,
we demonstrate that PSK achieves the lowest SER at
a bandwidth efficiency less than 3 bits per channel use
(bpcu), while DSK achieves the lowest SER efficiency
at bandwidth efficiencies greater than 2 bpcu. The per-
formance of the proposed detector is comparable to that
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of a conventional joint ML detector [7] with reduced
complexity, even when limited subcarriers are available
as known pilot symbols.

The remainder of this paper is organized as follows.
Section II describes the system model used in this study and
defines the mathematical representations of PSK and DSK
signaling. In Section III, we derive an optimalML detector for
the proposed AmBC and a feasible channel estimation proto-
col for the detector. We then derive the upper bound of the
SER over double frequency-selective channels and provide
the DSK design guidelines. In Section V, we demonstrate the
performance of the proposed system in terms of SER using
computer simulation. Finally, Section VI concludes the paper.
Notations: Lowercase letters, x, boldfaced lowercase let-

ters, x, boldfaced uppercase letters,X, and calligraphic letters
X denote scalars, vectors, matrix variables, and sets, respec-
tively. The Hermitian (conjugate transpose) of a matrix X
is denoted by XH. We use IN to denote the N × N identity
matrix. In addition, ‖x‖p denotes the `p norm of a vector x,
|X | denotes the cardinality of a setX , and CN (µ, σ 2) denotes
a circularly symmetric complex Gaussian distribution with
mean µ, σ 2.

II. SYSTEM MODEL
Fig. 1 shows a model of an AmBC system comprising
single-antennaATx, BTx, andBRx. It is assumed that theATx
employs OFDM for transmission, and the BRx has perfect
knowledge of the pilot symbols transmitted by the ATx. The
BTx is equipped with a rectifier for RF energy harvesting to
enable self-activation and a backscatter modulator to transmit
log2M information bits through either PSK or DSK signal-
ing. Once the BTx has been sufficiently charged, a micro
controller switches the antenna connection from the energy
harvester to the backscatter modulator, which is described in
detail later, and the BTx reflects ambient signals transmitted
by the ATx. In this paper, this reflected ambient signal is
referred to as a backscatter signal.

A. SIGNAL MODEL
We set (K × T + 2) as the number of OFDM symbols used
by the AmBC system, K ∈ N as the number OFDM symbols
for a backscatter symbol, T ∈ N as the number of backscatter
symbols in one transmission frame of the BTx, N ∈ N as the
number of subcarriers, and Nc ∈ N,Nc ≤ N as the length
of each CP, and define s̃k [i] ∈ Aa as a frequency-domain
signal at the i-th subcarrier of the k-th symbol, where Aa is
a modulation alphabet of ambient signals. The time-domain
signal transmitted by the ATx at the n-th time sample in the
k-th symbol is then given by [12]

sk [n] =
1
√
N

N−1∑
i=0

s̃k [i]W
−ni
N , k = 0, . . . ,KT ,KT + 1,

(1)

where WN , e−j2π/N . A transmitted signal with a CP
added at the beginning of sk [n] can then be defined as

FIGURE 1. System model of ambient backscatter communication.

sk,CP[n] , s[n]N for n = −Nc, . . . ,N − 1, where [n]N
denotes [n mod N ].

We define h1[n] ∼ CN (0, β1,n) as the channel impulse
response (CIR) of a channel between the ATx and BRx and
β1,n as the variance explaining the large-scale fading such in
terms of, e.g., path-loss and shadowing. By assuming (KT+2)
block-fading (i.e., a constant signal over (KT + 2) OFDM
symbols), the signal received via the channel from the ATx to
the BRx in the k-th symbol duration can be written as [12]

yd,k [n] =
L1−1∑
l=0

h1[l]sk,CP[n− l] =
L1−1∑
l=0

h1[l]sk [n− l]N ,

(2)

where L1 is the number of multi-paths. Here, we refer to
yd,k [n] as the signal of a direct link.

The BTx also receives an ambient signal expressed as

wk,in[n] =
L2−1∑
l=0

h2[l]sk [n− l]N , (3)

where h2[n] ∼ CN (0, β2,n) is the CIR between the ATx and
BTx when there are L2 multi-paths. Throughout K OFDM
symbols, the BTx will reflect the ambient signal wk,in[n] for
backscatter modulation. For a BTx-reflected signal in the
time-domain wk,out[n], the signal received from the BTx at
the BRx can be expressed as

yb,k [n] =
L3−1∑
l=0

h3,k [l]wk,out[n− l]N , (4)

where h3[n] ∼ CN (0, β3,n) is the CIR between the BTx and
BRx over L3 multi-paths. Here, we refer to yb,k [n] as the
signal of a backscatter link.
The total received signal at the BRx for n = 0, . . . ,N − 1

and k = 0, . . . ,KT + 1 can be expressed as

yk [n] = yd,k [n]+ yb,k [n]+ vk [n], (5)
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where vk [n] ∼ CN (0, σ 2) is a zero-mean additive white
Gaussian noise (AWGN) with noise power σ 2. The received
signal in the frequency domain at the i-th subcarrier is then
given by

ỹk [i] =
1
√
N

N−1∑
n=0

yk [n]W ni
N . (6)

To enable the vector representation of the signal model
in (6), we define s̃k ,

[
s̃k [0], · · · , s̃k [N − 1]

]T
∈ AN×1

a ,

wN (n) , 1
√
N

[
1,W n

N ,W
2n
N , · · · ,W

(N−1)n
N

]T
∈ CN×1, and

vk , [vk [0], · · · , vk [N − 1]]T ∈ CN×1. For matrix represen-
tation, we further define

W ,
[
wN (0) wN (1) · · · wN (N − 1)

]
∈ CN×N , (7)

Hi ,



hi[0] 0 · · · hi[1]

hi[1] hi[0]
. . .

...
... hi[1]

. . . hi[Li − 1]

hi[Li − 1]
...

. . . 0

0 hi[Li − 1]
. . . 0

...
...

. . .
...

0 0 · · · hi[0]


∈ CN×N ,

(8)

for i = 1, 2, 3. The model can then be rewritten as

ỹk = WH1WHs̃k +WH3BmH2WHs̃k +Wvk , (9)

where Bm ∈ AB is the N × N matrix of m-th backscat-
ter modulation and AB of size |AB| = M is an alphabet
of the backscatter modulation matrix. Here, we define the
SNR as

SNR ,
EH2,H3,k

[∥∥WH3BmH2WHs̃k
∥∥2
2

]
Ek
[∥∥ṽk∥∥22] , (10)

where ṽk , Wvk is the equivalent noise vector in the
frequency domain.

B. AMBIENT OFDM PILOT-AIDED BACKSCATTER
COMMUNICATIONS
Based on the system model described above, we propose an
AmBC system inwhich, because the BRx knows the structure
of the pilots employed in the ATx, the system can exploit
subcarriers with known pilots for channel estimation, trans-
mission, and detection. Mathematically speaking, the ARx
perfectly knows the pilot symbol s̃k [i] in the corresponding
i-th subcarrier of the k-th OFDM symbol—knowledge that is
not utilized in conventional AmBCs. Without loss of general-
ity and for the sake of brevity of explanation, we assume that
the ATx continuously transmits OFDM symbols composed
of only pilot signals in subsequent sections. This assumption
is reasonable because, under the IEEE 802.11 standard, for
example, four subcarriers in each OFDM symbol always

FIGURE 2. Frame structure of IEEE802.11 as an example of an ambient
OFDM-based system.

FIGURE 3. PSK-based backscatter modulator comprising M loads with
different load impedances.

transmit pilot signals, whereas the first OFDM symbol in the
frame transmits only pilots, as illustrated in Fig. 2 [13]. This
partial availability of known subcarriers will be discussed in
detail in Section V.

In the proposed AmBC system, the bandwidth efficiency
can be defined as follows

R ,
log2M
K

[bpcu], (11)

sinceK OFDM symbols are utilized for anM -ary backscatter
modulated signal. In what follows, we describe two specific
backscatter modulations including our proposed modulation
named DSK for this AmBC system.

C. BACKSCATTER MODULATOR
The backscatter signal wk,out and modulation matrix Bm
depend on the BTx modulation scheme. In this section,
we investigate the use of PSK and DSK for BTx modulation.
In the following analysis, we define the information alphabet
as X , {x0, . . . , xm, . . . , xM−1} of size |X | = M .

1) PHASE-SHIFT KEYING (PSK)
The proposed modulation scheme is based on the use of
impedance-mismatching [8], [14]. As shown in Fig. 3,
the PSK-based backscatter modulator comprises a switching
circuit and M loads with different impedances. In the BTx,
a micro-computer controls a switch connecting the antenna
with loads corresponding to each transmission information.
If we define ZA and ZL,m as the impedance of the antenna
and the m-th load, respectively, the reflection coefficient of
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FIGURE 4. Illustration of the effect of imperfect synchronization between
ATx and BTx.

the BTx when using the m-th load is given by [8], [14]

0m ,
ZL,m − ZA
ZL,m + ZA

= |0m|ejθm , (12)

and the backscatter signal can be expressed as

wk,out[n] = |0m|ejθmwk,in[n]. (13)

This backscatter communication process, which is known
as PSK, can be regarded as a mapping function lθ : X → Aθ ,
where Aθ , {θ0, . . . , θm, . . . , θM−1} represents the phase
alphabets of BTx.

For simplicity, we assume that the attenuation of each
reflection coefficient is |00| = |01| = · · · = |0M−1|. Then,
letting αp , |00|, (13) can be rewritten as

wk,out[n] = αpejθmwk,in[n], (14)

and the matrix of PSK modulation can then be defined as

Bm , αp


ejθm 0 · · · 0
0 ejθm · · · 0
...

...
. . .

...

0 0 · · · ejθm

 ∈ CN×N

= αpejθm . (15)

Note that (15) implies that the transmission of the BTx is
synchronized to the ambient OFDM signals. If the ATx and
BTx are not synchronized, the switching at the BTx will not
occur at the start of the OFDM symbol; instead, it will start
arbitrarily at the first symbol of K consecutive OFDM sym-
bols composing one backscatter symbol, as shown in Fig. 4.
This synchronization error causes inter-subcarrier interfer-
ence and inter-symbol interference in the first OFDMsymbol,
leading to performance degradation. However, this degrada-
tion can be easily compensated for by removing the first
OFDM symbols at the receiver, resulting in (K − 1) OFDM
symbols without interference, as depicted in the figure. When
K is sufficiently large, the effect of this removal is negligible.
This assumption is reasonable because the data rate of the
BTx is usually even lower than that of the ATx. In contrast,
as the data rate of the backscatter system approaches that
of the ATx, this removal is not negligible, thereby requiring
more accurate synchronization. In this case, the proposed
AmBC system can exploit a practical timing synchronization

FIGURE 5. DSK-based backscatter modulator comprising M delay circuits
with different propagation lengths.

scheme proposed in [9], which can be performed using a
preamble in the ambient OFDM signals. Therefore, in the
remainder of this paper, we assume ideal synchronization
between the ATx and BTx, which was also assumed in the
literature [7], [9], [10].

2) DELAY-SHIFT KEYING (DSK)
Fig. 5 shows the DSK-based backscatter modulator, which
comprises M delay circuits with different propagation pat-
terns for reflection. Note that these delay patterns can be
realized through transmission lines such as surface acoustic
wave (SAW) or bulk acoustic wave (BAW) filters, which
are widely used in mobile devices in the market as filters
at their RF front-ends [15] because of advantages in terms
of their small size and light weight. SAW and BAW fil-
ters basically operate by first converting the incident elec-
trical signals into acoustic waves through a piezoelectric
material, and then converting them back into the electrical
waves upon propagation with the speed of sound in the
device. As the wavelength in these filters is shorter than
that of an electromagnetic guide by a factor of 105, such
filters can allow for a lower propagation velocity, enabling
the delay of hundreds of nanoseconds [16]–[18]. Note that
the BAW filters are more suitable than the SAW filters in
practice when the center frequency of ambient signals is
above 1 GHz [15].

When transmitting information xm, the BTx reflects
wk,in[n] with a delay of dm time-samples.1 We refer to this
process as DSK, and it can be regarded as the mapping
function ld : X → Ad, whereAd , {d0, . . . , dm, . . . , dM−1}
represent the delay alphabets of BTx. For the sake of simplic-
ity, we assume that all the delay circuit attenuation factors are
identical; accordingly, the backscatter signal of DSK is given
by

wk,out[n] , αdwk,in[n− dm], (16)

where αd ∈ [0, 1) is an attenuation coefficient of the BTx
defined by the insertion loss (attenuation) of SAW or BAW
filters. Although this loss depends on their implementa-
tion, the typical value has been reported as being less than

1To avoid inter-symbol interference, the maximum delay dM−1 + L2 +
L3 − 2 at the BRx should not exceed the length of the CP, Nc [13]. The
performance of the proposed AmBC system with DSK does not degrade due
to the maximum channel delay as long as the condition is satisfied.
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2 dB [18]. Thus, the DSK-based modulation matrix Bm is
given by

Bm ,

{
αdIN (dm = 0),
αdTdm (dm 6= 0),

(17)

where

T ,


0 0 · · · 0 1
1 0 · · · 0 0
0 1 · · · 0 0
...

...
. . .

...
...

0 0 · · · 1 0

 ∈ {0, 1}N×N . (18)

Note that, without the time synchronization between the
ATx and BTx, the switching of delay circuits may cause
inter-subcarrier interference at the first OFDM of the K
OFDM symbols corresponding to one DSK symbol. Consid-
ering the above discussions, we do not consider this effect and
assume ideal synchronization here.

III. FEASIBLE PROTOCOL FOR CHANNEL ESTIMATION
AND PILOT-AIDED DETECTION
In this section, we first review the conventional detectors
proposed in [7] based on the system model described in the
previous section and then describe the optimal ML detector
for the proposed AmBC and a feasible channel estimation
protocol for the proposed detector. Without loss of generality,
we assume T = 1 as follows.

A. CONVENTIONAL JOINT ML DETECTOR
For convenience, we let u , [1, 1, . . . , 1] ∈ {1}1×N ,
H̃ , WH1WH

+ WH3H2BmWH
∈ CN×N , h̃ , uH̃ =

[h̃[0], . . . , h̃[N − 1] ∈ C1×N , and h̃[i] be the i-th element of
h̃. The joint ML (JML) detector is then given by [7]

B̂m = argmin
Bm∈AB,s̃k∈AN×1

a

K−1∑
k=0

∥∥∥ỹk − H̃s̃k
∥∥∥2. (19)

The number of searches in (19) is K |AB||Aa|
N , indicating

that a conventional BTx has a high complexity owing to a
high number of subcarriers N and a large ambient modu-
lation size |Aa|. To reduce this complexity, we apply the
low-complexity joint maximum-likelihood (L.-C. JML) detec-
tor proposed in [7].

B. CONVENTIONAL LOW-COMPLEXITY JOINT ML
DETECTOR
The L.-C. JML detector [7] estimates ambient signals for
a given backscatter signal. For a given backscatter signal
candidate, (6) can be rewritten as

ỹk [i] = h̃[i]s̃k [i]+ ṽk [i], (20)

where h̃[i] is the frequency-domain whole-channel coeffi-
cient at the i-th subcarrier, including the backscatter signal,
and ṽk [i] is the AWGN at the i-th subcarrier at the k-th symbol
duration. Using the maximum-ratio-combining method [19],

the estimated ambient signal at the i-th subcarrier is obtained
as

̂̃sk [i] = argmin
s̃k [i]∈Aa

∣∣∣∣∣∣∣
h̃[i]∗∣∣∣h̃[i]∣∣∣2 ỹk [i]− s̃k [i]

∣∣∣∣∣∣∣
2

. (21)

The L.-C. JML detector then estimates the optimal
backscatter signal. Setting ̂̃s , [̂sk [0], . . . , ŝk [N − 1]],
the optimal backscatter matrix is given by

B̂m = argmin
Bm∈AB

K−1∑
k=0

∥∥∥yk − H̃̂s̃k
∥∥∥2. (22)

Although the number of searches undertaken by the L.-
C. JML detector is only NK |AB||Aa|, this number grows
linearly with the subcarrier andmodulation sizes,N and |Aa|,
respectively. Accordingly, the proposed pilot-aided detector
is designed so that it does not require the estimation of
ambient signals.

C. PROPOSED DETECTOR AND CHANNEL ESTIMATION
To accurately detect the backscatter signal, the BRx must
eliminateWH1WHs̃ and estimateH2 andH3 from (9). To this
end, the BTx and BRx use the communication protocol illus-
trated in Fig. 6, in which each transmission frame is divided
into three phases: 1) channel estimation of the direct link,
2) channel estimation of the backscatter link, and 3) data
transmission. In phase 1, the BTx connects the antenna with
a dummy load to absorb incident signals; as a result, the BRx
receives only ambient signals via direct linkage. The signal
received by the BRx in this phase is given by

ỹP1 =WH1WHs̃+WvP1 , (23)

where s̃ and vP1 are the phase 1 pilot ambient signal and
AWGN, respectively. Note that the pilot ambient signal s̃
is identical in all phases. The BRx estimates H1 from (23)
and leverages H1 for the subsequent phases. In phase 2,
the BTx reflects the ambient signal, which is 0-th backscatter
modulated, to the BRx. Thus, the signal received at the BRx
in this phase is given by

ỹP2 =WH1WHs̃+WH3B0H2WHs̃+WvP2 , (24)

where vP2 is the AWGN in phase 2. As the modulation matrix
Bm of PSK is given as a scaled identity matrix in (15), for
m = 0, 1, . . . ,M − 1 the product of Bm and H2 is obviously
commutative. On the other hand, as themodulationmatrixBm
of DSK and H2 are circulant matrices, H2Bm = BmH2 [20].
Thus, the received signal at the BRx in (24) can be rewritten
as

ỹP2 =WH1WHs̃+WH3H2B0WHs̃+WvP2 . (25)

Although the joint channel matrix H3H2 in (25) cannot
be separated [6], by using the estimated H1 from phase 1,
the BRx can estimate H3H2 from (25) instead. Finally,
in phase 3 the BTx transmits information to the BRx using
PSK or DSK, as shown in (9).
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FIGURE 6. Protocol of channel estimation and data transmission under the proposed AmBC system.

Based on the protocol described above, the BRx can obtain
channel matrices corresponding to the direct and backscatter
links. Based on this, the optimalML detector for DSK is given
by

B̂m=argmin
Bm∈AB

K−1∑
k=0

∥∥∥ỹk−WH1WHs̃−WH3H2BmWHs̃
∥∥∥2.
(26)

Because it uses pilot ambient rather than payload signals,
it is seen from (26) that the proposed detector uses only
K |AB| searches, which is less than what is required under
conventional and L.-C. JML detectors [7].

IV. THEORETICAL ANALYSIS AND DESIGN OF DSK
Here, we derive the upper bound of the SER for the pro-
posed AmBC system over double frequency-selective chan-
nels under the assumption—based on the application of the
protocol described in Section III-C—that the BRx perfectly
knows the corresponding CSI. Based on this upper bound,
we also provide a design criterion for the DSK.

A. PERFORMANCE BOUNDS OF PROPOSED SYSTEM
We denote transmitted and erroneously decoded signals as
xm , Bms̃ and x̃m , Bm̃s̃, respectively, where Bm,Bm̃ ∈ AB,
m 6= m̃. The conditional pairwise error probability (PEP) is
given as

Pr
(
xm→ x̃m|H2,H3

)
, Q

(√
2γ
)
, (27)

where Q(·) is a Gaussian-Q function defined as

Q(x) ,
1
√
2π

∫
∞

x
exp

(
−
t2

2

)
dt, (28)

and γ is

γ =
K · SNR

4

∥∥H3H2(xm − x̃m)
∥∥2
2 , (29)

because the matrix W is a unitary matrix. Applying the
Chernoff bound to (27), we obtain

Pr
(
xm→ x̃m|H2,H3

)
≤ exp

(
−
K · SNR

4
d2(xm, x̃m)

)
,

(30)

where d2(xm, x̃m) ,
∥∥H3H2(xm − x̃m)

∥∥2
2. From this,

we obtain the upper bound of the average PEP of the proposed
system, i.e., the SER, as

Pe ≤
1
M

∑
xm

∑
x̃m 6=xm

exp
(
−
K · SNR

4
d2(xm, x̃m)

)
. (31)

To simplify the analysis of the SER, we assume a uniform
delay power profile and utilize the following approxima-
tion [21]:

d2(xm, x̃m) ≈
L2∑
`2=1

|h2(`2)|2‖H3(xm − x̃m)‖22. (32)

This approximation involves the assumption that L2 ≥ L3,
which we can assume without loss of generality here.

We consider the L3 × (N + L3 − 1) matrix Xm, which
corresponds to xm and is defined by

Xm ,


xTm 0 · · · 0

0 xTm
. . .

...
...

. . .
. . . 0

0 · · · 0 xTm

 . (33)

We can then write (32) as

d2(xm, x̃m) ≈
L2∑
`2=1

|h2(`2)|2
L3∑
`3=1

λ(`3)|β3(`3)|2, (34)

where λ(`3) denote the `3-th eigenvalues of the matrix
D(m, m̃) , (Xm − X̃m)(Xm − X̃m)H ∈ CL3×L3 and β(`3) are
zero-mean complex Gaussian random variables with variance
1/L3. Note that, although we should consider a deliberately
designed delay of DSK, without loss of generality, we can
analyze the performance using the assumption that all pilot
symbol elements of the ATx, s̃, are equal to one as the
Euclidean distance is not affected by a unitary transform.
Case 1: L2 > L3: We first define the random vari-

able Y = X1X2 with X1 =
∑L2
`2=1
|h2(`2)|2 and X2 =∑L3

`3=1
λ(`3)|β(`3)|2. Substituting (34) into (27) and averag-

ing the resulting expression with respect to Y , we obtain

Pr
(
xm→ x̃m

)
≤ EY

[
exp

(
−
K · SNR

4
Y
)]

= 8Y (ω)
∣∣
jω=−K ·SNR

4
, (35)
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where 8Y (ω) is the characteristic function of Y . 8Y (ω) can
be evaluated as

8Y (ω) =
∫
∞

0
fX1 (x1)8X2 (ωx1)dx1, (36)

where fX1 (x1), x1 ≥ 0 is the probability density function
(PDF) of X1 and 8X2 (ω) is the characteristic function of X2,
which is expressed as

8X2 (ω)
∣∣
jω=−K ·SNR

4
=

L3∏
`3=1

(
1+

K · SNR
4L3

λ(`3)
)−1

(37)

because each |β(`3)|2 follows an exponential distri-
bution with the rate parameter L3. In addition, each
h2(`2) is modeled as a zero-mean complex Gaussian
random variable with variance 1/L2, and therefore X1
is a chi-squared random variable with 2L2 degrees of
freedom.

fX1 (x1) =
LL22
0(L2)

xL2−11 e−L2x1 , (38)

where 0(·) is the Gamma function. Therefore, (36) can be
written as

8Y (ω)
∣∣
jω=−K ·SNR

4
=

LL22
0(L2)

(
K · SNR
4L3

)−L3
×

L3∏
`3=1

(λ(`3))−1
∫
∞

0

xL2−11 e−L2x1∏L3
`3=1

(
4L3

K ·SNR·λ(`3)
+ x1

)dx1. (39)

Assuming K · SNR/(4L3)� 1, (39) yields

8Y (ω)
∣∣
jω=−K ·SNR

4
=

LL22
0(L2)

(
K · SNR
4L3

)−L3
×

L3∏
`3=1

(λ(`3))−1
∫
∞

0
xL2−L3−11 e−L2x1dx1. (40)

Using the integral form given by [22, p.346,3.381.4],
we obtain

8Y (ω)
∣∣
jω=−K ·SNR

4

= LL32
0(L2 − L3)
0(L2)

(
K · SNR
4L3

)−L3 L3∏
`3=1

(λ(`3))−1, (41)

in which the following relationship is utilized:∫
∞

0
xν−1 exp(−µx)dx =

1
µν
0 (ν) . (42)

By substituting (35) and (41) into (31), we obtain the upper
bound of the SER performance of the proposed system for
L2 > L3.
Case 2: L2 = L3: In this case, the integration in the last

term of (40) diverges, and therefore the high-SNR approxi-
mation is unusable. Hence, an alternative method to compute

8Y (ω) is required. Using partial fraction expansion, (39) can
be transformed into the following tailored form:

8Y (ω)
∣∣
jω=−K ·SNR

4
=

LL22
0(L2)

(
K · SNR
4L3

)−L3 L3∏
`3=1

(λ(`3))−1

×

∫
∞

0
xL2−11 e−L2x1

 Ne∑
n=1

mn∑
i=1

an,i(
4L3

K ·SNR·λn
+x1

)i
 dx1, (43)

where Ne, λn, and mn represent the number of unique eigen-
values of D(m, m̃), the n-th unique eigenvalue, and the geo-
metric multiplicity of λn, respectively. After some mathemat-
ical manipulation, (43) can be calculated as a summation that
includes the exponential-integral function [22, 3.35].

As is apparent from (41) and (43), the diversity order of
the proposed system is L3, which corresponds to a minimum
number of path delays. The analysis further implies that the
SER performance can be improved linearly with increas-
ing K . As the upper bounds depend on the product of eigen-
values such as the determinant of D(m, m̃), it is necessary to
maximize the determinant to minimize the SER performance.
Accordingly, in the next subsection, we discuss the method of
designing the DSK delay alphabet in a manner that minimizes
the SER.

B. DESIGN OF DELAY ALPHABETS IN DSK
The design of the DSK delay alphabet plays an important
role in determining SER performance. Given the assumed
structure of s̃, the head of elements FHs̃ are non-zero while
the other elements are zero. Thus, the position of the non-zero
element of xm is shifted based on the delay dm.
It is apparent from the structure of xm that, if the positions

of the non-zero elements in rows Xm − Xm̃ do not overlap,
the off-diagonal elements in D(m, m̃) vanish and the eigen-
values of D(m, m̃) become the largest eigenvalues. Hence, all
the differences between dm and dm̃, i.e., |dm − dm̃|, should at
least be more than L3 − 1.
Although the theoretical analysis in the previous subsec-

tion ignored the coupling of H2 and H3, it revealed that
the SER performance can be maximized if all differences
between dm and dm̃ are larger than the number of path delays.
Since the maximum path delay is L2+L3−2, the criterion for
the optimal design of the delay alphabet Ad is consequently
given by

|dm − dm̃| > L2 + L3 − 2. (44)

The validity of this criterion will be confirmed in the next
section.

V. NUMERICAL RESULTS
In this section, we evaluate the SER performances of the
proposed AmBC system based on the results computer simu-
lations. In the following analysis, we assume perfect chan-
nel estimation, and therefore that the channel matrices of
the direct and backscatter links are ideally available. Unless
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FIGURE 7. SER performance of 4-DSK as a function of 1d .

otherwise specified, the simulation settings were N = 64,
Nc = 16, K = 1, L1 = L2, and αp = αd = 1.2 Furthermore,
all channels followed a uniform power delay profile.

A. DSK VS. PSK
We first confirmed the validity of the delay alphabet design
criterion. Fig. 7 shows the SER performance of a 4-DSK
scheme in terms of the minimum difference defined as
1d , min |dm − dm̃|, where SNR = 0 dB and Nc are
both assumed to be smaller than dM−1 + L2 + L3 − 2.
As shown in the figure, the SER for each set of L2 and
L3 gradually decreased as 1d increased, reaching nearly
constant values at 1d > L2 + L3 − 2. These numerical
results confirm the validity of the design criterion described in
Section IV-B.
Fig. 8 shows the upper bound derived in Section IV for

cases in which L2 = 4, L3 = 2, and Nc exceed dM−1 +
L2+ L3− 2 for allM . This result indicates that, although the
proposed DSK is inferior to PSK atM = 2 and 4, it is robust
against increases inM as its performance loss is less than that
of PSK. DSK yields the Euclidean distance at the sequence
level bymodulating all subcarriers; by contrast, PSK arranges
only one complex plane. This difference between the two
backscatter modulation approaches accounts for the relation-
ship shown in Fig. 8.
We then compared the empirical and theoretical SER per-

formance of the AmBC system using computer simulations.
Fig. 9 shows the empirical SER performance of the proposed
AmBC system forM = 2 and 8 along with the upper bounds
derived in Section IV. It is apparent that the theoretical anal-
ysis in Section IV accurately derived the upper bound of SER
performance of the proposed method. The empirical results
showing the relationship between DSK and PSK are given

2Under an AmBC configuration, the BTx is sufficiently close to the BRx,
and therefore the distance between the ATx and BRx is slightly longer than
that between the ATx and BTx. As a result, the number of paths L1 and L2
will in all likelihood be identical.

FIGURE 8. Upper bounds of SER performance by proposed AmBC system
with (L2, L3) = (4, 2).

FIGURE 9. SER performance of proposed AmBC system and upper bounds
derived in Section IV for M = 2 and 8.

in Fig. 8, from which it is seen that the theoretical analysis
presented in this paper is accurate for the case L2 > L3.

We investigated the SER performance of the proposed
AmBC system in the special case for which L2 = L3. Fig. 10
shows the SER performance of the proposed method with
4-ary modulation at L2 = L3 = 2. Along with the asso-
ciated plots, the analytical SERs derived in Section IV are
shown in the figure. It is seen from the figure that the
analytical performance derived in Section IV provides an
accurate upper bound. It is also apparent that the bound
in the low-SNR regime is tighter than that in the case
L2 > L3 because the high-SNR approximation is not
applied.

We finally discuss the choice of M and K to achieve a
given bandwidth efficiency. Fig. 11 shows the empirical and
theoretical SER performance of the proposed AmBC system
with M = 2 and K = 1 and with M = 4 and K = 2 for
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FIGURE 10. SER performance of proposed AmBC system and upper
bounds derived in Section IV for (L2, L3, M) = (2, 2, 4).

1 bpcu where the delay alphabet is set to satisfy 1 = 4 for
4-DSK. From the figure, it can be concluded that a smaller
M leads to a lower SER performance for both PSK and
DSK. This explains that the loss of the minimum Euclidean
distance obtained by doubling M is greater than 3 dB, which
is obtained by doubling K . Furthermore, an increase in theM
is accompanied by an increase in the size of the transmitter,
which is not preferable for major applications investigated in
this study. We therefore conclude that a minimum value of
M must be chosen to achieve a given bandwidth efficiency.
Note that K can alleviate the requirement of synchroniza-
tion between ambient and backscatter systems. Additionally,
the value of K should be increased if the number of loads or
delay circuits is fixed, and if the application requires a better
receiver sensitivity.

The results presented in this subsection demonstrate that
our theoretical analysis approach was effective at appropri-
ately designing the delay alphabet and predicting the behavior
of the proposedAmBC system for double frequency-selective
channels.

B. PROPOSED ML VS. CONVENTIONAL JOINT ML
DETECTOR
In this subsection, we compare the SER performance of the
proposed AmBC system with that of the conventional AmBC
system proposed in [7]. We focus on the case for whichM =
4 and set the DSK delay alphabet asAd = {0, 4, 8, 12}. There
are assumed to be four pilot subcarriers for the payload and
the associated indices are set as 11, 25, 39, and 53 based on
IEEE802.11a [13].

The SER performance for the case in which
L2 = L3 = 1, i.e., the case of double flat-fading channels,
is shown in Fig. 12, in which the results obtained by the
proposed AmBC system exploiting preamble and payload
pilot symbols are labeled ‘‘Proposed, preamble’’ and ‘‘Pro-
posed payload’’, respectively. The results obtained by the
conventional system employing quadrature PSK (QPSK)

FIGURE 11. SER performance of proposed AmBC system with different
combinations of M and K for 1 bpcu.

FIGURE 12. SER performances of proposed and conventional AmBC
systems with (M, L2, L3) = (4, 1, 1).

and 16-ary quadrature amplitude modulation (16QAM) as
ambient modulation are denoted by ‘‘L.-C. JML, QPSK’’ and
‘‘L.-C. JML, 16QAM,’’ respectively. For simplicity, these
notations are used throughout this subsection. As shown in
the figure, in the case in which it exploits preamble pilot
symbols, the proposed system significantly outperforms the
conventional system and the computational complexity of
its optimized ML detector is lower than that of the detector
proposed in [7]. Similarly, in the case in which it exploits
payload pilot symbols, the proposed system performs com-
parably to the conventional system in the low-SNR regime.
This result suggests that the proposed system can perform in
a manner comparable to conventional approaches even when
a limited number of subcarriers is available as known pilot
symbols.

We then investigated the SER performance of the two
approaches over double frequency-selective channels. Fig. 13
shows the SER performance for (M ,L2,L3) = (4, 4, 2). Note
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FIGURE 13. SER performance of proposed and conventional AmBC
systems with (M, L2, L3) = (4, 4, 2).

that the 1d of Ad, a factor considered in this subsection,
does not satisfy 1 > L2 + L3 − 2. However, as is seen
from Fig. 7, the performance gap owing to this difference is
negligible and the value of1d can be set to avoid inter-carrier
interference, i.e., dM−1+ L2+ L3− 2 ≤ Nc. This result indi-
cates that, when using preamble pilot symbols, the proposed
AmBC system can achieve a lower SER than the conventional
approach over the entire SNR range. Although the perfor-
mance gap in the high-SNR regime is smaller than that shown
in Fig. 12, the proposed method consistently outperforms the
conventional method. However, in exploiting payload pilot
symbols, the proposed scheme underperforms the conven-
tional method, as is also demonstrated in the results shown
in Fig. 12. Nevertheless, at sufficiently large SER values,
the proposed method can utilize payload pilot symbols to a
attain a SER below 10−2 if the SNR is sufficiently large.
This suggests that the proposed AmBC system is capable
of achieving superior SER performance even if a few pilot
subcarriers, i.e., payload pilot symbols, are used to convey
the BTx information.

VI. CONCLUSION
In this paper, we proposed a new AmBC system utilizing
a well-understood, OFDM-based ambient system common
structure. To implement the proposed AmBC, a feasible
transmission protocol for channel estimation and two mod-
ulation schemes, PSK and DSK, were investigated and an
optimal ML detector with a reduced degree of complexity
relative to conventional joint ML detectors was proposed.
To design the proposed DSK scheme, the upper bound of its
SER performance was derived in a closed form. Numerical
results confirmed our theoretical analysis and demonstrated
that PSKmodulation achieves the lowest SER values at band-
width efficiencies of less than 3 bpcu while DSK modulation
achieves the lowest SER values at bandwidth efficiencies
greater than 2 bpcu. As a more practical evaluation condition,

we investigated the performance of the proposed method
when a limited number of subcarriers is available as pilot
symbols and demonstrated that the proposed detector could
perform comparably to a conventional method with an ML
detector that is less complex than a conventional joint ML
detector. The proposed approach can achieve higher band-
width efficiency with reduced detection complexity and is
suitable for use in existing systems that utilize OFDM;
therefore, it can be considered a viable option for use
in the ultra-low power communications systems of the
IoT era.
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