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ABSTRACT
Backscattering communications have been recently proposed as an effective enabling technology for
massive Internet of Things (IoT) development. A novel application of backscattering, called ambient
backscattering (AmBC), has been gaining much attention, wherein backscattering communications exploit
existing RF signals without the need for a dedicated transmitter. In such a system, data demodulation
process is strongly complicated by the random nature of the illuminating signal, as well as by the presence
of the direct-link interference (DLI) from the legacy system. To overcome these shortcomings, one can
resort to noncoherent detection strategies, aimed at reducing or even nullifying the amount of a priori
information needed to reliably perform signal demodulation. In this paper, we investigate noncoherent
detection strategies for backscatter communications over ambient OFDM signals and solve the noncoherent
maximum-likelihood (ML) detection problem for a general Q-ary signal constellation. Additionally, we
derive a suboptimal detector, which takes the form of the classical energy-detector (ED), whose performance
is evaluated in closed-form. Finally, the performance of the proposed detectors is corroborated through
Monte Carlo simulations.
INDEX TERMS Ambient backscatter, noncoherent detection, maximum-likelihood criterion, energydetector, performance analysis.

I. INTRODUCTION

ITH the advent of Internet of Things (IoT) [1], [2],
where Internet extends into the real world [3] and
billions of devices sense the surrounding environment and
communicate without human intervention, a key issue is the
search for energy-efficient reliable sensing communication
protocols, which can support large-scale and seamless deployment by relaxing battery constraints. For this reason,
backscattering communications [4]–[8] have been recently
proposed as an effective enabling technology for massive IoT
development.

W

Backscattering refers to the process where a device transmits its information by reflecting and modulating an illuminating RF signal, without employing an active RF transceiver.
A well-known application of backscattering communications
is the RFID technology [9], [10], where an active device,
called reader, transmits an unmodulated RF signal towards a
certain number of passive tags, which reply by backscattering
the signal to transmit their data to the reader. Recently, a
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novel application of backscattering, called ambient backscattering (AmBC), has been gaining much attention [11], [12],
wherein backscattering communication exploits existing or
legacy RF signals (such as digital television, cellular, wireless
LAN, or Wi-Fi systems), without the need for a dedicated
transmitter. Differently from traditional RFID technology,
AmBC systems enable [11] device-to-device communication
and, furthermore, reduce EM pollution by opportunistically
leveraging on existing RF signals.
Although AmBC technology might have a significant impact on enabling low-power ubiquitous IoT, its diffusion
is still limited due to several problems that need to be
addressed. In particular, data demodulation at the AmBC
reader represents a challenging task, for two reasons. First,
the reader receives the weak backscattered signal together
with the unknown stronger direct-link interference (DLI)
generated by the RF legacy source. Second, different from
a conventional RFID system, the illuminating signal is an
unknown (random) modulated signal, which complicates
1
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backscatter signal detection.
DLI suppression in AmBC system is much more complicated than in RFID systems, where the DLI is an unmodulated signal that is generated by the reader itself whose
effects can be mitigated by resorting to analog and/or digital
self-interference suppression techniques [13]. Some recent
studies focus on the employment of multiple antennas at
the reader to improve the backscatter performance in highly
DLI-contaminated AmBC environments [14]–[18]. In [19],
the authors propose to employ two antennas at the tag,
with different transmit power levels, while in [20] a statistical covariance-based signal detection technique is considered, whose implementation requires the availability of large
amount of samples.
Other studies assume that the legacy system employs
Orthogonal Frequency Division Multiplexing (OFDM) and
mitigates the DLI by exploiting some structural properties of
the modulation format. In [21], the DLI is canceled out by
exploiting the unconsumed part of the cyclic prefix (CP) of
the OFDM symbols; the proposed receiver does not require
knowledge of the legacy RF signal, but requires estimation of
the strength of the backscatter channel and fails if the channel
delay spread is equal to the CP length (i.e., the unconsumed
part of CP is null). The authors in [22], instead, design the tag
modulation waveform so as to shift the backscattered energy
in correspondence of the null subcarriers of the ambient
OFDM signal and use an energy detector to blindly (i.e.,
without requiring knowledge of the ambient signal and/or the
channels) decode the tag information. This approach, however, requires a more complicated operation carried out by
the tag which, moreover, must know in advance the number
and positions of the null subcarrier in the legacy OFDM
signal. A cloud radio access network (C-RAN) architecture
has been recently proposed in [23] to jointly cope with
DLI suppression and imperfect channel estimation, which,
however, requires a high-speed wired fronthaul link to a
centralized cloud processor.
Due to the lack of knowledge of the RF legacy signal, the
adoption of coherent detection at the reader requires a pilotassisted channel estimation phase and a strong coordination
between the legacy and the backscatter systems. A viable
alternative is the use of semi-coherent or noncoherent detection strategies, aimed at reducing or even nullifying the
amount of a priori information needed to reliably perform
signal detection. In [24], modeling the ambient RF signals as
circularly symmetric complex Gaussian random processes,
a maximum-likelihood (ML) semicoherent detector for a
frequency-flat channel model is proposed, which, however,
requires some form of channel estimation. In [25], instead,
a ternary-symbol-based coding scheme is devised, which,
coupled with a maximum a posteriori probability detector,
assures a throughput increase, but still relies on the knowledge/estimation of the composite channels at the reader. A
noncoherent detection strategy for bistatic scatter radio is
devised in [8]. Increasing the complexity of the tag, use of
differential coding has been considered for AmBC systems
2

Figure 1: Ambient backscatter system consisting of a legacy
system (nodes 1 and 3), a tag (node 2) and a reader (node 4).

in [26], [27], and semi-coherent and noncoherent detection
approaches are examined. At high SNR and for large data
samples available at the reader, a noncoherent detector is
proposed in [28].
In this paper, we investigate noncoherent detection problem for backscatter communications over ambient OFDM
signals. The main contributions of the paper can be summarized as follows:
•

•

•

•

We formulate and solve the noncoherent ML detection
problem for a general Q-ary backscatter signal over
ambient OFDM modulation, by treating the DLI as an
unwanted signal, modeled as a random process that
is correlated, through legacy symbols, to the useful
backscatter signal contribution.
Relying on a minimal set of assumptions, a ML detector
is derived, which does not require a priori knowledge
about the instantaneous channels or legacy symbols and
does not entail complicated operations carried out by the
tag.
We particularize our detector to the case of on-off
keying (OOK) backscatter signaling and equal-energy
legacy symbols, by expressing the threshold detector in
closed-form.
We derive a suboptimal detector, which takes the form
of the classical energy-detector (ED), whose performance is evaluated in closed-form.

Moreover, we provide numerical results aimed at corroborating our design and study the effect of different parameters on the performance of the proposed detectors, such as
the number of OFDM subcarriers, the signal-to-noise ratio
(SNR) and the signal-to-interference ratio (SIR), i.e., the ratio
between the power of the backscatter signal and DLI.
The rest of the paper is organized as follows. In Section II,
we present the system model. In Section III, the noncoherent
ML detection problem is addressed. In Section IV, we derive
the suboptimal energy detector. In Section V, numerical results are reported and, finally, Section VI draws conclusions.
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II. SYSTEM MODEL

As depicted in Fig. 1, we consider a wireless network
composed by a legacy1 system, encompassing a transmitterreceiver pair (node 1 and 3), and an AmBC system, composed
by a single-antenna tag (node 2) and a single-antenna reader
(node 4). The tag is a passive device, i.e., it does not include
any active RF component, and uses the energy harvested from
the ambient RF signal to power up its circuit and perform data
communications by backscattering.
The legacy system employs OFDM with M subcarriers,
cyclic prefix (CP) of length Lcp < M , and symbol period T ,
whose symbols s[n] are modeled as random variables having
variance σs2 , E[|s[n]|2 ]. At the OFDM transmitter, the symbol vector s[n] , [s[nM ], s[nM + 1], . . . , s[nM + M − 1]]T
undergoes standard OFDM precoding, encompassing inverse
discrete Fourier transform (IDFT) and CP insertion; after
parallel-to-serial (P/S) conversion, it feeds a digital-to-analog
converter (DAC) operating at rate fs , 1/Ts = P/T , where
Ts is the sampling period and P , M + Lcp . Before being
transmitted over the wireless channel, the continuous-time
signal u(t) generated by the DAC is up-converted, giving
thus u
e(t) , Re{u(t) ej2πfc t }, where u
e(t) is the continuoustime bandpass transmitted OFDM signal and fc represents
the carrier frequency of the OFDM source.
From Fig. 1, the bandpass OFDM signal received at the tag
can be expressed as
ze(t) = Re{[u(t − d12 ) ∗ c12 (t)] ej2πfc (t−d12 ) }

(1)

where cik (t) denotes the baseband channel impulse response (CIR) between nodes i and k, for (i, k) ∈
{(1, 2), (2, 4), (1, 4)}, with multipath delay spread τik and
link propagation delay dik . Observe that, since the tag usually
contains only passive electronic components and performs
low-power analog operations, the thermal noise at the tag is
neglected [21], [22].
Let us denote with {b[`]}`∈Z the information symbols
that the tag wishes to transmit towards the reader (node
4), modeled as a sequence of i.i.d. random variables, with
variance σb2 , E[|b[`]|2 ]. Due to power limitations, the tag
usually transmits at much lower rates than 1/Ts ; in particular,
we will assume in the sequel that the tag transmission rate is
equal to 1/T , i.e., only one symbol b[`] is transmitted for
each OFDM block. Let b(t) be the continuous-time baseband signal transmitted by the tag; focusing, without loss
of generality, on the n-th OFDM symbol period, the signal
backscattered by the tag is given by
ye(t) , α b(nT ) ze(t) ,

for t ∈ [nT, (n + 1)T ]

On the basis of (1) and (2), after down-conversion and assuming the multipath channel spread of the link 1 → 2 → 4
much smaller than the symbol period T , it turns out that
the baseband signal received at the reader2 (node 4) can be
expressed as [23]
r(t) = α b(nT ) [z(t − d24 ) ∗ c24 (t)]
+ u(t − d14 ) ∗ c14 (t) + w(t)
= α b(nT ) [u(t − d12 − d24 ) ∗ c12 (t − d24 ) ∗ c24 (t)]
+ u(t − d14 ) ∗ c14 (t) + w(t)
= rBS (t) + rDLI (t) + w(t)

(3)

for t ∈ [nT, (n + 1)T ], where rBS (t) , α b(nT ) [u(t − d12 −
d24 ) ∗ c12 (t − d24 ) ∗ c24 (t)] is the backscattered signal at the
receiver, which contains the backscatter information symbols
b[`] to be detected, rDLI (t) , u(t − d14 ) ∗ c14 (t) represents
the direct-link (i.e., link 1 → 4) interference from the OFDM
source, whereas w(t) is the additive noise, assumed to be
statistically independent of rBS (t) and rDLI (t).
Usually, the scaling factor3 α assumes small values and,
thus, the energy reflected towards the backscatter receiver
is less than that is harvested and/or dissipated by the tag,
due to antenna and modulator losses. Hence, the backscattered signal rBS (t) may be much weaker than the direct-link
interference rDLI (t), also because, differently from rDLI (t),
it suffers from round-trip channel attenuation, i.e., the links
1 → 2 and 2 → 4, making backscatter signal detection a very
challenging task.
Turning to the discrete-time signal model, let us define
Dik , bdik /Ts c and δik , dik − Dik Ts as the integer and the fractional part of the discrete-time propagation delay, respectively, of the link i → k, for (i, k) ∈
{(1, 2), (2, 4), (1, 4)}. Moreover, let Lik , bτik fs c denote
the channel memory and cik [n] , cik (n Ts + δik ), the
received signal (3) is sampled with rate fs = 1/Ts at time
epochs tn , n Ts , with n ∈ Z, yielding thus the sequence4

(2)

where 0 ≤ α ≤ 1 is a scaling factor, which takes into
account the scattering efficiency and the antenna gain of
the tag in the transmitting direction [5]. Timing acquisition
can be performed by both tag and reader by exploiting the
1 As in [11], the term legacy refers to existing wireless systems, such as,
e.g., DTV, cellular, W-LAN, or Wi-Fi systems. Details regarding the medium
access control (MAC) of the legacy system [29], [30] are omitted, since they
are irrelevant for the proposed detection structures.
VOLUME xx, 2018

ripetitive structure in the time domain of the legacy signal
[31]. A timing estimator can be designed, for example, by
searching for the peak of the correlation among repetitive
parts of the OFDM signal, without requiring the knowledge
of the ambient signal [21]; in the following, we will assume
that time synchronization has been acquired by both tag and
reader.

2 We suppose that a possible carrier frequency offset (CFO) has been
properly estimated and, subsequently, compensated [5].
3 Note that we are assuming a simplified harvesting model, neglecting the
possible nonlinear behavior of the energy harvesting circuit [32].
4 Equation (4) rigorously holds for bandlimited signals [33] and represents
a very good approximation in practice.

3
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We note that, for q1 , q2 ∈ {0, 1, . . . , M − 1}, with q1 6= q2 ,
it results

[21], [22]
r[n] = α b[nP ] (u[n − D12 − D24 ] ∗ c12 [n − D24 ] ∗ c24 [n])

∗
2
|E[Cik (q1 ) Cik
(q2 )]| ≤ E[|Cik (q1 )|2 ] = σik
.

+ u[n − D14 ] ∗ c14 [n] + w[n]
= α b[nP ]

Lc
X

c124 [k] u[n − Dc − k]

k=0

+

L14
X

c14 [k] u[n − D14 − k] + w[n] (4)

k=0

where c124 [n] , c12 [n] ∗ c24 [n] represents the composite
discrete-time channel of the link 1 → 2 → 4, modeled as a
causal FIR filter of order Lc , L12 +L24 , Dc , D12 +2 D24 ,
and we set, for notation simplicity, x[n] , x(nTs ). The
discrete-time additive noise w[n] is modeled as a sequence
of i.i.d. circularly-symmetric complex Gaussian5 random
2
variables, with variance E[|w(n)|2 ] , σw
.
The received stream r[n] first undergoes serial-to-parallel
(S/P) conversion and, then, is subject to CP removal and M point discrete Fourier transform (DFT), yielding thus [35]
r[m] , α C12 C24 s[m] b[m] + C14 s[m] + w[m]
where the entries of the diagonal matrices Cik
diag[Cik (0), Cik (1), . . . , Cik (M − 1)] are defined as
2π

Cik (q) , e−j M Dik q

Lik
X

2π

cik (`) e−j M `q

(5)
,

(6)

`=0

for (i, k) ∈ {(1, 2), (2, 4), (1, 4)}. It is worth noting that,
provided that the CP length is greater than the maximum
channel spread of the backscatter system, i.e., Lcp ≥ Lmax ,
max{Lc + Dc , L14 + D14 }, CP removal guarantees perfect
ISI suppression [35]. Due to the short distance among the
OFDM source (node 1), the tag (node 2) and the reader (node
4), one can assume that the channel spread of the backscatter
channel (Lc +Dc )Ts and that of the direct link (L14 +D14 )Ts
are much lower than the legacy OFDM channel spread,
and, consequently, the requirement Lcp ≥ Lmax is not very
restrictive in practice.
In the following, we assume fading Rayleigh channels by
ik
modeling the time-domain channel taps {cik (`)}L
`=0 as statistically independent circularly-symmetric complex Gaussian random variables [21], with variances E[|cik (`)|2 ] ,
2
σik
/(Lik + 1), for any ` = 0, 1, . . . , Lik . From (6) we note
that the DFT samples Cik (q1 ) and Cik (q2 ) are correlated
[23], for q1 6= q2 , i.e.,
∗
E[Cik (q1 ) Cik
(q2 )] =

q − q 
2
2π
σik
1
2
e−j M θik (q1 −q2 ) DLik +1
Lik + 1
M
(7)

where, for x ∈ R, we have defined the Dirichlet function
DN (x) ,

sin(πN x) −jπ(N −1)x
e
.
sin(πx)

5 Note that, in some wireless scenarios, the noise may be non-Gaussian,
but the proposed detectors can be suitably modified to account for the nonGaussian nature of noise [34].

4

Obtaining a manageable closed-form expression for the noncoherent detector by taking into account the correlation
among the OFDM subchannels is mathematically intractable.
To simplify the problem, we will neglect the correlation
among the subchannels [36], and model Cik (q), for (i, k) ∈
{(1, 2), (2, 4), (1, 4)} and any q = 0, 1, . . . , M − 1, as i.i.d.
circularly-symmetric complex Gaussian random variables,
2
with zero-mean and variances E[|Cik (q)|2 ] = σik
.
Relying on (5), the SIR can be defined as
E[kα C12 C24 s[m] b[m]k2 ]
(8)
E[kC14 s[m]k2 ]
∗
∗
trace{E[|b[m]|2 C12 C24 s[m] sH [m] C24
C12
]}
= α2
∗
H
trace{E[C14 s[m] s [m] C14 ]}
2
2
trace{E[|C
12 | ] · E[|C24 | ]}
= α2 σb2
(9)
trace{E[|C14 |2 ]}
σ2 σ2
(10)
= α2 σb2 12 2 24
σ14

SIR ,

where we have exploited the statistical independence among
the involved variables.
As regards the legacy system, it is worthwhile to note that
the backscattered signal (2) is also received by the legacy
OFDM receiver (node 3), resulting in a weak interference
contribution, which affects the direct OFDM signal propagated through the link 1 → 3. More precisely, the signal
backscattered by the tag may create additional paths on the
link 1 → 3, increasing the corresponding multipath delay
spread and possibly causing a performance degradation of
the legacy OFDM system, due to the presence of ISI after
CP removal. However, as shown in [35], if the CP duration
spans more than the maximum delay spread between the
direct channel (i.e., 1 → 3) and the composite channel (i.e.,
1 → 2 → 3), the legacy system might even achieve a
small performance gain. In [35] it is proven, indeed, that
the presence of AmBC can increase the ergodic capacity of
the legacy system, since the interference generated by the
backscatter communication results in a form of diversity for
the legacy system.
III. NONCOHERENT MAXIMUM-LIKELIHOOD
DEMODULATION

In this section, we address the problem of noncoherent ML
demodulation of AmBC signals. The strict constraints in
terms of available energy, memory and computational complexity strongly limit the length of the transmitted backscatter packets, complicating, in practice, training-based [23]
channel estimation required for coherent detection of the
backscatter symbols b[m] at the reader. On the other hand,
the reader does not usually have a priori information about
the legacy transmission, which is also required to perform
coherent detection, motivating the need to study noncoherent
VOLUME xx, 2018

detection structures. To design a demodulator that operates
without the assumption that the legacy symbols s[m] and the
channels Cik for (i, k) ∈ {(12), (2, 4), (1, 4)} are known
at the node 4, we first evaluate the ML function of the
transmitted backscatter signals conditioned on the value of
s[m] and Cik and, then, average over them [37].
In the following, we assume that backscatter modulation is memoryless, whose symbols b[m] are independently and equiprobably drawn from a finite-size set B ,
{β0 , β1 , . . . , βQ−1 }. Without loss of generality, we restrict
our attention to the time interval [0, T ] and, for simplicity of
notation, we omit hereinafter the temporal variable m. The
detector has to decide among the Q hyphotheses
Hq :

r = α C12 C24 s βq +C14 s+w

q = 0, 1, . . . , Q−1

on the basis of the observation of r; the adopted decision rule
is


b̂ , arg max E C12 ,C24 ,C14 ,s fr|C12 ,C24 ,C14 ,s (r; βq )
βq ∈B

(11)
where fr|C12 ,C24 ,C14 ,s (r; βq ) is the multivariate probability
density function (pdf) of the received vector r, under the
q-th hyphotesis Hq , conditioned on C12 , C24 , C14 , and s.
By invoking the conditional expectation rule [38] and the
statistical independence among C12 , C24 , C14 , and s, the
decision rule (11) can be rewritten as
b̂ , arg max E s [E C24 [ EC14 [ E C12 [fr|C12 ,C24 ,C14 ,s (r; βq )]]]] .
βq ∈B

(12)

Lemma 1: The noncoherent detector expressed by (12) is
equivalent to
b̂ , arg max E s
βq ∈B

"M −1
Y

2

gkq |rk | ; βq

#


(13)

1

is related to the modified Bessel function
Z
1 +∞ −ν−1 −z(t+t−1 )
t
e
dt .
Kν (z) =
2 0
For ν = 0, it is known as leaky aquifer function, because it
is used to describe water levels in pumped aquifer systems
with finite transmissivity [39]. Closed forms of this function,
in terms of modified Bessel functions and error functions,
exist only for ν = 1/2 − n, with n ∈ N ∪ {0}. However,
by using expansions of this function that are designed for
specific parameter ranges, the leaky aquifer function can be
computed very efficiently [41]. Moreover, also in its integral
form, it can be easily and efficiently implemented through
standard quadrature routines [39], provided by common software packages (e.g., Matlab, Mathematica).
A special case occurs when equal-energy legacy symbols
are transmitted and the tag employs equiprobable OOK signaling (on-off), for which σb2 = 1/2. In this case, the decision
rule (13) reduces to
M
−1
Y
k=0

2
σw
2 γ exp
σ24



 2




2
σw

exp σ2δkγ
K0 |rδkk| , σ2δkγ
,

2 γ
σ24

kq
kq
kq
24
24


for γkq 6= 0; (14)






 σw2 exp − |rk |2 ,
δk
δk

for γkq = 0

2
2
2
|βq |2 |sk |2 , δk , σw
+ σ14
|sk |2 , and
with γkq , α2 σ12
Z +∞
−1
K0 (x, y) =
t−1 e−x t−y t dt
1

denoting the leaky aquifer function [39].
Proof: See Appendix .
We observe that the noncoherent detector depends on
the squared values of the received symbols rk , for k =
0, 1, . . . , M − 1, as expected.
Remark 1: When constant-modulus legacy symbols are
transmitted, the terms |sk |2 are all equal and, thus, the statistical average with respect to s in (13) can be discarded.
Remark 2: From (13), it is apparent that the backscatter
system can employ only non constant-modulus constellations, for which |βi | =
6 |βk | with i 6= k. It is well-known
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Remark 3: The function
Z +∞
−1
Kν (x, y) =
t−ν−1 e−x t−y t dt

k=0

where

gkq (|rk |2 ; βq ) ,

PQ
1
2
[40] that the average energy E = Q
i=1 |ai | required
for transmission of a constellation
with equiprobable points
PQ
{ai }Q
i=1 is minimized if
i=1 ai = 0, i.e., if its center of
gravity is at the origin. Since non constant-modulus constellations employed for noncoherent detection do not satisfy
this condition, they require, for a given error probability,
an expenditure of energy higher than that of their constantmodulus counterparts [40].


δ
|rk |2
K0
, 2
2 γ
σ24
δ σ24
γ


M −1
1 Y σ2
|rk |2
w
≷
exp −
(15)
δ
δ
0
δ





k=0

2

2
σ12

σs2

2
2
where γ = α
and δ = σw
+ σ14
σs2 become
independent of the subcarrier index k. Through a few simple
manipulations, taking the logarithm of both sides of equation
(15) yields
 

M
−1
X
1
1
|rk |2
δ
2
krk +
log K0
, 2
≷η
(16)
δ
δ σ24 γ
0
k=0

with η denoting the detector threshold given by
 2


σ γ
δ
η , M log 24 exp − 2
δ
σ γ
 24
≈ M log 2 SIR exp[−(2 SIR)−1 ]

(17)

where the last approximation holds for vanishingly small
noise [see eq. (10)]. Therefore, in this scenario, the noncoherent demodulator (16) operates by comparing with
a suitable threshold the sum of two contributions: the
first one is a scaled version of the squared envelope of
5
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the received signal,h whereas
 2 the second
i one is given by
PM −1
g(r) , k=0 log K0 |rδkk| , σ2 δkγkq , with r ∈ HC ,
24

[−Rmax , Rmax ]M and Rmax , max{|r0 |, |r1 |, . . . , |rM −1 |}.
The rigorous analytical evaluation of the bit-error-rate
(BER) for the proposed noncoherent detector represents a
very challenging task; for this reason, we will evaluate
its performance through numerical simulations reported in
Section V. In the next section, instead, we will propose
a suboptimal version of the backscatter detector for on-off
signaling, whose performance will be evaluated analytically.

IV. SUBOPTIMAL ENERGY DETECTOR FOR
ON-OFF-KEYING BACKSCATTER SIGNALING

A suboptimal detector for backscatter communication
can be derived
the function g(r) ,
i
h by 2approximating
PM −1
|rk |
δk
with a circular version of
2 γ
k=0 log K0
δk , σ24
kq
h  2
i
δ
2
it, i.e., g(r) ≈ gC (krk ) , log K0 krk
,
,
δ
σ2 γ
24

with r no longer belonging to the hypercube HC ,
[−Rmax , Rmax ]M with Rmax , max{|r0 |, |r1 |, . . . , |rM −1 |},
but to the M -dimensional hypersphere HS , {r ∈ RM :
krk2 ≤ Rmax } of radius Rmax , inscribed into HC . In this
case, the decision rule (16) can be expressed as
 

1
1
δ
krk2
krk2 + log K0
, 2
≷η
(18)
δ
δ σ24 γ
0
which shows that the decision is based on the squared envelope of the received signal krk2 . Therefore, relying on the
monotonicity of the left-hand side of (18) as a function of
krk2 , detector (18) can be expressed as
1

krk2 ≷ 

(19)

0

with  ≥ 0 properly determined, which assumes, thus, the
form of the classical energy-detector. Exact computation of
 would require numerical inversion of the strongly nonlinear function on the left side of (18); to avoid such a
cumbersome task, we alternatively choose  as the threshold
which minimizes the error probability of the energy-detector.
Its expression is provided by the following lemma:
Lemma 2: The minimum error probability threshold opt
is given by

2
λ̄0
1
1
2
opt = 
2 λ̄0 − λ̄1 + σw (M − 1) log
4
λ̄1
1/2
1/2
λ̄0 − λ̄1
(20)
with
λ̄0

,

2
M σs2 σ14

(21)

λ̄1

,

2
2
2
M σs2 (α2 σ12
σ24
+ σ14
).

(22)

(19), conditioned on C12 , C24 , C14 , and s, is given by
Z
1 +∞
fkrk2 |C14 ,s (r; 0)dr
P (e|C12 , C24 , C14 , s) =
2 
Z 
1
+
fkrk2 |C12 ,C24 ,C14 ,s (r; 1)dr (23)
2 0
where fkrk2 |C14 ,s (r; 0) (fkrk2 |C12 ,C24 ,C14 ,s (r; 1)) denotes
the pdf of the squared envelope krk2 , conditioned on C14 ,
and s (C12 , C24 , C14 , and s), when the transmitted backscatter symbol is equal to b = 0 (b = 1). From [42], it results that fkrk2 |C14 ,s (r; 0) and fkrk2 |C12 ,C24 ,C14 ,s (r; 1) are
noncentral chi-square pdfs with P
2 M degrees of freedom
M
and noncentral parameters λ0 , k=1 |C14 (k)|2 |sk |2 and
PM
2
2
2
λ1 ,
k=1 |α C12 (k) C24 (k) + C14 (k)| |sk | , respectively. Therefore, the two integrals in (23) can be expressed in
terms of the generalized Marcum’s Q function [42], yielding
thus
s
"
r !
λ0

1
QM
,
P (e|C12 , C24 , C14 , s) =
2
2
2
σw
σw
s
!#
r
λ1

+1 − QM
,
. (24)
2
2
σw
σw
At this point, the error probability P (e) may be computed by
statistically averaging, with respect to C12 , C24 , C14 , and s,
the conditioned error probability P (e|C12 , C24 , C14 , s), i.e.,
P (e) = E[P (e|C12 , C24 , C14 , s)]; however, by invoking
the strong law of large numbers, we observe that, when the
number of subcarriers M is sufficiently large, the noncentral
parameters λ0 and λ1 converge almost surely to their means
2
2
2
E[λ0 ] = M σs2 σ14
, λ̄0 and E[λ1 ] = M σs2 (α2 σ12
σ24
+
2
σ14 ) , λ̄1 , respectively, and thus the error probability P (e)
of the energy detector can be approximated for M  1 as

s

r
1
 
λ̄0
P (e) ≈ QM 
,
2
2
2
σw
σw

s
r
λ̄

1
 . (25)
+1 − QM 
,
2
2
σw
σw
By equating to zero the first-order partial derivative of (25),
one obtains the following equation

λ̄


 e− 2 σ0w2

M −1
(λ̄0 )1/2
− 2 σ2
w
 2 e
I
2
 λ̄ M2−1 M −1
σw
0

λ̄


− 2 σ12
1/2 
w
e
(λ̄1 )
− M −1 IM −1
= 0 (26)
2

σw
2
λ̄
1

where Im (a) is the modified Bessel function of the first kind
2
[43]. For small σw
values, we may use the approximation

Proof: The error probability of the envelope detector
6
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(27)
Finally, by taking the logarithm of both sides of (27) and
solving with respect to , we obtain (20).
By substituting the expressions of λ̄0 and λ̄1 into (20),
2
it turns out that, as the noise power σw
approaches zero,
the optimal threshold assumes the following approximated
expression
opt ≈ 0,opt

SIR
√
1 + SIR − 1 + 2 SIR

(28)

2
2
with 0,opt , 41 α2 M σs2 σ12
σ24
, which is a monotonically
decreasing function of the SIR. In particular, when the SIR
tends to infinity (i.e., when the direct-link interference contribution is negligible), the optimal threshold value tends
to 0,opt , which represents the minimum error probability
threshold in the absence of direct-link interference; on the
contrary, as the SIR decreases (i.e., the DLI increases), the
energies of the received signals under the two hypotheses
b = 0 and b = 1 tend to increase and, correspondingly, the
optimal threshold opt .

V. NUMERICAL RESULTS

In this section, we provide simulation results aimed at evaluating the performance of the proposed noncoherent detectors.
We assume that the OFDM system, operating at fc = 500
MHz, employs quaternary PSK (QPSK) modulation and consider two different scenarios [44], whose system parameters
are listed in Table 1. The considered network topology is
depicted in Fig. 1, where the distance between nodes 2 and
4 is set to ζ24 = (0.5 · λ), with λ = 0.6 m denoting the
wavelength, when SNR = 20 dB, γ = 3/4π, whereas the
distance ζ12 between nodes 1 and 2 can vary.
The channel taps are modeled as circularly-symmetric
complex Gaussian random variables, with path-losses given
2
by [45], [46] σik
= c2 /(4πfc ζik )2 , for (i, k) ∈
{(1, 2), (2, 4), (1, 4)}, where c = 3·108 m/s is the light speed.
The channel memories are chosen accordingly to Table 1,
whereas the discrete-time propagation delays are fixed to
D12 = D24 = D14 = 0. We assume that the BD adopts
OOK modulation and set α = 0.6.
M
Lcp
L12
L24
L14

scenario 1
512
40
8
1
3

scenario 2
1024
80
12
2
6

Carlo trials, with each run using a different set of symbols,
channels and noise samples, and compare the performance
of our proposed detectors with that of [21]. In particular,
we implement the CP-based energyPdetector proposed in
Lcp −1
2
[21], based on the test statistic σ21 J
Lmax |r(n)| , where
w
J , Lcp − Lmax denotes the unconsumed part of the CP
and is equal to J = 31 and J = 66 for the scenarios 1 and
2, respectively. Moreover, we assume, for the determination
of its corresponding threshold, perfect knowledge of the
composite channel of the link 1 → 2 → 4. It is worth
noting that the detector [21] requires the existence of an
unconsumed part of the CP, which should be sufficiently long
to ensure a suitably high SNR at the reader, and, furthermore,
relies on the estimation of the strength of the instantaneous
backscatter channel as well as the maximum channel delay
spread Lmax .
In Fig. 2, we focus on the scenario 1 and report the ABER
as a function of the ratio ζ12 /λ, the distance ζ24 between
the tag and the reader is fixed to (0.5 · λ) and the distance
ζ14 between the ambient source and the reader is derived
2
2
−
through the Carnot’s cosine law as ζ14 = (ζ12
+ ζ24
1/2
2 ζ12 ζ24 cos γ) ; from (10), the SIR values corresponding
to the distances considered turn out to be equal to −3.05,
−3.73, −4.16, −4.45, −4.66 and −4.82 (in dB).
The detectors under comparison are the following:
• the CP-based ED [21];
• the proposed Suboptimal ED employing the threshold
(20);
• the proposed Noncoherent ML (16).
From this figure, it is apparent that, in this scenario, both
the proposed noncoherent demodulators outperform the CPbased ED; the performance gain tends to monotonically
decrease as the tag moves away from the ambient source,
i.e., as ζ12 /λ increases or, equivalently, SIR decreases. The
10

0

10 -1

ABER

Im (a) ≈ ea and rewrite (26) as



1/2
1/2
  M2−1 

1/2 λ̄0 − λ̄1
λ̄0
λ̄1 − λ̄0


exp
=
.
exp −
2
2
σw
2σw
λ̄1

10

-2

10 -3

10 -4

CP-based ED
Suboptimal ED
Noncoherent ML

1

1.33

1.67

2
12

2.33

2.67

/

Figure 2: ABER versus ζ12 /λ (scenario 1).
Table 1: Some simulation parameters for the two considered
scenarios.
We evaluate the average BER (ABER) through 105 Monte
VOLUME xx, 2018

Suboptimal ED pays a performance penalty with respect to
the Noncoherent ML detector, which is traded-off for a lower
complexity burden. Numerical results not reported here show
7
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Figure 4: ABER versus ζ12 /λ (scenario 2).

Figure 3: ABER versus SNR (scenario 1).

10

10

ABER

that the three detectors under comparison exhibit similar
performances when ζ12 is kept fixed and, instead, the distance
ζ24 between the ambient source and the tag varies, as we
expected from the theoretical ABER expression (25).
Moreover, we have compared the theoretical ABER curve
of our Suboptimal ED, obtained implementing (25), with
that obtained via Monte Carlo simulation and the results, not
reported here for simplicity, show that both curves perfectly
match.
In Fig. 3, we report, for the scenario 1, the ABER curve as
2
a function of the signal-to-noise ratio SNR , σs2 /σw
, when
ζ12 = (1.67 · λ) and ζ24 = (0.5 · λ). Results show that both
Noncoherent ML detector and Suboptimal ED perform better
than the CP-based ED for all the considered SNR values.
The Suboptimal ED, however, exhibits worse performance
than the Noncoherent ML detector over the entire range of
the SNR; the unsatisfactory performance of the Suboptimal
ED, for SNR ranging from 0 to 16 dB, is basically due to the
fact that energy-detectors produce high detection error at low
SNR [20].
To analyse the dependence of our proposed detectors on
the number of subcarriers M , we have reported in Fig. 4 the
ABER as a function of ζ12 /λ for the scenario 2, characterised
by M = 1024 and Lcp = 80. The CP-based ED, which
exploits only the energy of the unconsumed portion of the
CP, of length J, performs comparably to the latter scenario;
the proposed detectors, instead, which make use of the energy
of the entire OFDM block, perform significantly better, especially when the reader is very close to the ambient source.
Finally, in Fig. 5 we have reported the ABER of all the
detectors under comparison as a function of the SNR for
the scenario 2. The performance results of the two proposed
detectors are in good agreement with those obtained for the
scenario 1.
It is worth noting that, for both the considered scenarios,
when SNR assumes values exceeding 24 dB, the performance
of the Noncoherent ML detector and Suboptimal ED exhibit

2.33

/
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-4

0

2

4

6

8

10

12

14

16

18

20

22

24

26

SNR [dB]

Figure 5: ABER versus SNR (scenario 2).

a BER floor, due to the presence of residual DLI, which
cannot be canceled out by increasing SNR. The CP-based
ED, instead, does not suffer from this problem, since it uses
for backscatter detection a DLI-free portion of the OFDM
block.
Finally, we analyse the performance of the proposed
Noncoherent ML detector for higher-order modulations; in
Figs. 6 and 7, we report the ABER as a function of ζ12 /λ
and SNR, respectively, for both the scenarios 1 and 2, when
the tag uses a ternary constellation. In particular, recalling
that, from (13), the backscatter system can employ only
non constant-modulus constellations, we assume that the
backscatter symbols are independently and equiprobably
drawn from the ternary set B = {0, 1/2, 1}. The system
parameters for the two considered scenarios are chosen according to Table 1; the distance between the nodes 2 and 4
is equal to ζ24 = (0.33 · λ), whereas we set SNR=24 dB,
for Fig. 6, and ζ12 = (1.67 · λ), for Fig. 7. As expected, by
increasing the constellation size, Noncoherent ML detector
VOLUME xx, 2018



1
1
2
fr|C12 ,C24 ,C14 ,s (r; βq ) =
exp − 2 kr − α C12 C24 s βq − C14 sk
2 )M
(π σw
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M
−1
Y
1
1
2
|r
−
α
C
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(k)
s
β
−
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(k)
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|
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−
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12
24
k q
14
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(π σw
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2
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M
−1
Y
1
1
2
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(π σw
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Figure 6: ABER of the Noncoherent ML detector versus
d12 /λ for scenarios 1 and 2 and ternary constellation.
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Figure 7: ABER of the Noncoherent ML detector versus SNR
for scenarios 1 and 2 and ternary constellation.

exhibits a performance degradation with respect to the OOK
case, in both scenarios, which, however, is compensated by
an increase of the spectral efficiency.
APPENDIX. PROOF OF LEMMA 1
VI. CONCLUSIONS

This paper dealt with noncoherent detection problem for
backscatter communications over ambient OFDM signals.
Relying on a minimal set of assumptions, we studied and
solved the noncoherent ML detection problem for a general
Q-ary signal constellation; in addition, we derived a suboptimal detector, which takes the form of the classical energydetector (ED), and evaluated its performance in closed-form.
Both receivers do not require knowledge or estimation of
the instantaneous CSI and ambient OFDM signal. Numerical
results showed that our proposed detectors can achieve low
bit-error-rate at small distances of the tag from the ambient
OFDM source, for moderate SNR values. The achievable biterror-rate improves as the number of subcarriers increases.
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Recalling that w is modeled as a circularly-symmetric
complex Gaussian random vector, with covariance matrix
2
Kww , E[w wH ] = σw
IM , the multivariate conditional
pdf of the received vector r, under the q-th hyphotesis, can
be expressed [38] as in equation (30) at the top of this page.
Exploiting the statistical independence among the sub−1
channels {C12 (k)}M
k=0 , the statistical average of (30)
with respect to C12 reduces to the expression given by
(31) at the top of the page. At this point, we observe
that, conditioned on C24 (k), C14 (k) and sk , the term
α C12 (k) C24 (k) sk βq + C14 sk − rk , Xkq appearing in
(31) is distributed as a complex Gaussian random variable,
2
with mean mk , C14 (k) sk − rk and variance σkq
,
2 2
2
2
2
α σ12 |C24 (k)| |βq | |sk | . It can be proven that the pdf of
9
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|Xkq |2 is given by
f|Xkq |2 (x) =

out to be equal to
√
( x + mk )2
2
2 σkq
!#
√
( x − mk )2
u(x) (32)
+ exp −
2
2 σkq

1
2 )1/2
(8πxσkq

"

!

exp −

and the associated moment-generating function (MGF)
M|Xkq |2 (s) assumes the following form


s |mk |2
exp 1−2
2
s
σ
kq
M|Xkq |2 (s) , E|Xkq |2 [exp(s · |Xkq |2 )] =
.
2 )1/2
(1 − 2 s σkq
(33)
On the basis of (33), the statistical average (31) can be, thus,
expressed as
E C12 [fr|C12 ,C24 ,C14 ,s (r; βq )]


M
−1
Y
1
1
1
2
M
−
=
|Xkq |
2 )M
2
2 )M
(π σw
σw
(π σw
k=0


|C14 (k) sk −rk |2
1
M
−1 exp − σ 2 1+ 1 α2 σ 2 |C (k)|2 |β |2 |s |2
Y
24
q
k
w
2
12
σw
×
. (34)
1
2
2
2
2
2
1 + σ2 α σ12 |C24 (k)| |βq | |sk |
k=0
=

w

Statistical average with respect to C14 is now in order. Let
Yk , C14 (k) sk − rk , it results that, conditioned on sk , Yk is
2
Gaussian distributed, with mean −rk and variance σ14
|sk |2 .
Hence, invoking again the statistical independence among
−1
{C14 (k)}M
k=0 , after some calculations, the average of (34),
conditioned on C24 and s, can be expressed as
1
E C14 [E C12 [fr|C12 ,C24 ,C14 ,s (r; βq )]] =
2 )M
(πσw



|C14 (k)sk −rk |2
1
M
−1 EC14 (k) exp − σ 2 1+ 1 α2 σ 2 |C (k)|2 |β |2 |s |2
Y
24
q
k
w
2
12
σw
×
1
2
2
2
2
2
1 + σ2 α σ12 |C24 (k)| |βq | |sk |
k=0
w


1
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2
M
−
Y
2
2
2
2
2
2
|Y
|
k
1
σw +α σ12 |C24 (k)| |βq | |sk |
=
1
2 )M
2 σ 2 |C (k)|2 |β |2 |s |2
(π σw
1
+
α
24
q
k
12
σ2
k=0
w

M
−1
2
Y
1
σw
=
2
2 |s |2
2
M
2
2
2
(πσw )
σw + α σ12 |C24 (k)| |βq |2 |sk |2 + σ14
k
k=0


2
|rk |
exp − 2
2
2 |s |2
2
σw + α σ12 |C24 (k)|2 |βq |2 |sk |2 + σ14
k
(35)

where (33) has been taken into account.

2
Since C24 (k) ∼ CN (0, σ24
), its squared value |C24 (k)|2 ,
for k = 0, 1, . . . , M − 1, is distributed as an exponential ran2
dom variable, with parameter 1/σ24
. Therefore, the statistical
average of (35) with respect to C24 , conditioned on s, turns
10

E C24 [E C14 [E C12 [fr|C12 ,C24 ,C14 ,s (r; βq )]]]


2 Z +∞
1
σw
|rk |2
x
dx
= 2
exp −
− 2
σ24 0
γkq x + δk
γkq x + δk
σ24




δk
|rk |2
σ2
δk
K0
(36)
= 2 w exp
, 2
2
γkq
σ24 γkq
σ24 γkq
δk σ24
2
2
where we let γkq , α2 σ12
|βq |2 |sk |2 6= 0, δk , σw
+
2
2
σ14 |sk | , and
Z +∞
−1
K0 (x, y) =
t−1 e−x t−y t dt
1

is the leaky aquifer function [39].
When γkq = 0, e.g., if the backscatter and/or legacy constellation contains the information symbol zero, the statistical
average of (35) with respect to C24 , conditioned on s, is
evaluated as
E C24 [E C14 [E C12 [fr|C12 ,C24 ,C14 ,s (r; βq )]]]

 Z +∞


2
σw
|rk |2
x
exp −
exp − 2 dx
= 2
σ24 δk
δk
σ24
0


2
σw
|rk |2
=
exp −
. (37)
δk
δk
The decision rule (13) is finally obtained by averaging
(36) or (37) with respect to the statistical distribution of the
OFDM legacy symbol s.
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