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Abstract—This work considers a multi-antenna reader and
a generalized correlated radio-frequency (RF) source signal in
the ambient backscatter communication (AmBC) system. An
optimal combining detector (OCD) at the multi-antenna reader
is presented for the AmBC system, which detects the signal
information embedded by the tag onto a generalized correlated
RF source signal. The optimal combining detection statistic
for the considered system framework maximizes the signal-to-
interference-plus-noise ratio (SINR) at the reader. Further, the
receiver operating characteristic (ROC) plots for the proposed
optimal detector demonstrate superior performance over the
allied detectors.

Index Terms—Ambient backscatter communication (AmBC),
correlated signal, optimal combiner.

I. INTRODUCTION

Over the past few years, ambient backscatter communica-
tion (AmBC) systems have seen remarkable research progress.
The tag in AmBC uses the ambient radio frequency (RF)
signal to communicate with the reader, where the ambient
RF signal is generated for communication between the legacy
users, as illustrated in Fig. 1. Hence, AmBC has the poten-
tial to revolutionize the future of low-power devices-assisted
communication applications, such as smart homes, IoT net-
works, healthcare monitoring, and supply chain management
[1]. However, using ambient RF signals for communication
introduces a challenge to detecting a weak backscattered signal
in AmBC systems. The detection problem is challenging as
the reader has to detect a signal received from the tag in the
presence of an interfering RF source signal in the wireless
fading and low signal-to-noise ratio (SNR) regimes [2].

The AmBC systems mainly use the energy detector (ED)
because it’s simple to implement in scenarios with a single
antenna [3]–[5]. The authors in [6] have proposed a maximum
posterior (MAP) based detector, which, upon simplification,
reduced to the joint-energy detector [7]. Similarly, [8] also
proposed the maximum likelihood (ML) based detection,
which, upon simplification, converged to the ED.

The MAP-based optimal detector for the uncorrelated RF
source signal in the AmBC systems with multiple antennas
at the reader was presented in [9]. Under the multi-antenna
AmBC setting, [10] used to average the power from the
received signal to obtain the average power detector, [11] used
the maximum eigenvalue of the received signal covariance
matrix as a test derived from a maximum eigenvalue detector
(M-EVD), and [12] have proposed an optimal beamforming-
based ED. Further, for the multi-antenna setup in AmBC,
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Fig. 1: Ambient backscatter communication (AmBC) system architecture with
a single antenna RF source, a legacy receiver, a single antenna tag, and a reader
with M antennas.

authors in [13] proposed a MAP-based detection, whereas an
ML-based detector in [14]. Further, [15] presented a p-norm
based improved energy detector (IED). The above works [3]–
[15] focus on a scenario with uncorrelated RF source signals,
overlooking the potential correlation between the RF source
signals. In wireless communication networks/ scenarios, such
as cellular towers or Wi-Fi routers, the RF source signal
exhibits correlation due to shared interference [16]–[18].

This work presents an optimal combining detector at the
multi-antenna reader when considering a correlated RF source
signal in the AmBC systems. Section II presents a frame-
work with correlated RF source signal in the AmBC system
with multiple receive antennas at the reader. Further, section
III presents the formulation that maximizes the signal-to-
interference-plus-noise ratio (SINR) to get a detection statis-
tic for the optimal combining detector. Finally, Section IV
presents the simulation results to validate the performance
of the proposed optimal detector, and Section V presents the
conclusions and future directions.

II. SYSTEM MODEL FOR AMBC

Consider an AmBC system setup shown in Fig. 1 with
a single antenna Radio Frequency (RF) source to assist the
communication of legacy receiver, accompanied by a single
antenna tag/ backscatter transmitter and a reader/ backscatter
receiver with M antennas. The RF source broadcasts the
signal sn designated to the licensed user. Let C be the set
of complex numbers. The received symbol xn ∈ C at the tag
corresponding to the transmission of the RF source signal sn
at the nth sample is expressed by

xn = hstsn, (1)



where hst is the flat faded Rayleigh channel coefficient be-
tween the RF source and tag. Tag listens to the RF signal
to convey its information bits d ∈ {1, 0} to the reader [3]
corresponding to the change in the antenna impedance to
reflect/ absorb the signal, respectively. Let ζ be the efficiency
to backscatter the tag signal d ∈ {0, 1}. The tag transmission
rate is considered N times lower than the transmission rate
of the RF source signal. The backscatter signal xbn ∈ C from
the tag from (1) be expressed as

xbn = ζxnd. (2)

The channel coefficient hsrm between RF source and mth
antenna of reader, and the channel coefficient htrm between
tag and mth antenna of reader are know flat faded, each
following a complex Normal distribution with zero mean
and unit variance. For M antennas at the reader, as de-
picted in Fig. 1, these channel coefficient vectors can be
denoted as hsr = [hsr1 , . . . , hsrm , . . . , hsrM ]T ∈ CM×1 and
htr = [htr1 , . . . , htrm , . . . , htrM ]T ∈ CM×1, respectively. The
received signal vector yn ∈ CM×1 at the reader corresponding
to the backscatter signal xbn in (2) and the RF source signal
sn at the nth instant be expressed as

yn = hsrsn + htrxbn +wn (3)
= hsrsn + htrζhstsnd+wn, (4)

where the additive noise vector wn ∈ CM×1 follows a
complex normal distribution wn ∼ CN (0, σ2IM ). Use (2)
in (3) to get (4). Let the composite received signal vector
y = [yT

1 , . . . ,y
T
n , . . . ,y

T
N ]T ∈ CMN×1 at the reader corre-

sponding to M receive antennas be expressed as

y = Hsrs+Htrsd+w, (5)

where the channel coefficient matrices Hsr ∈ CMN×N and
Htr ∈ CMN×N are defined as Hsr = IN ⊗ hsr and Htr =
ζhst (IN ⊗ htr) where IN is a identity matrix of size N ×N
and ⊗ denotes the Kronecker product. The composite noise
vector w = [wT

1 , . . . ,w
T
n , . . . ,w

T
N ]T ∈ CMN×1 follows a

complex Normal distribution CN (0, σ2IMN ). The RF source
signal vector s be written as s = [s1, . . . , sn, . . . , sN ]T ∈
CN×1. The RF source signal vector s is assumed to follow a
multivariate complex Normal distribution with zero mean and
a covariance matrix Cs ∈ CN×N , i.e., s ∼ CN (0,Cs) [19].

III. OPTIMAL COMBINING DETECTOR (OCD)

This section presents a framework to optimally combine the
received signal at the reader that maximizes the SINR. For the
combining vector b ∈ CMN×1 that maximizes the SINR [20]
for the received signal y at the reader in (5) be equivalently
expressed as

bHy = bHHsrs︸ ︷︷ ︸
Intereference Term

+bHHtrsd︸ ︷︷ ︸
Signal Term

+ bHw︸ ︷︷ ︸
Noise Term

. (6)

The SINR expression FSINR(b) in (10) for the framework
in (6) considering an optimal combining vector b [20] be
expressed to

FSINR(b) =
E
{
|bHHtrsd|2

}
E {|bHHsrs|2}+ E {|bHw|2}

(7)

=
E
{
d2
}
bHHtrE

{
ssH

}
HH

trb

bHHsrE {ssH}HH
srb+ bHE {wwH}b

(8)

=
0.5bHHtrCsH

H
trb

bHHsrCsHH
srb+ σ2bHb

(9)

=
bHQtrb

bHQsrb
. (10)

In (7), E{·} represent the expectation operator. Equation (8)
is simplified using the independence between the terms d, s,
and w. The factor of 1

2 in (9) appears due to the equally
likely tag bits d ∈ {0, 1}. Further in (10), Qsr ∈ CMN×MN

and Qtr ∈ CMN×MN are defined as Qsr = 2(HsrCsH
H
sr +

σ2IMN ) and Qtr = HtrCsH
H
tr , respectively. To derive the

optimal combining vector b under limited power one needs to
maximize the SINR, expressed as

max
b

FSINR(b),

s.t. ∥b∥ ≤ 1. (11)

The optimal combining vector b from the optimization frame-
work has a closed form solution and is obtained [21] by choos-
ing the eigenvector corresponding to the maximum eigenvalue
of the matrix A = Q−1

sr Qtr. The cost function in (11) is
maximized for the optimal combining vector bopt that aligns
with the eigenvector corresponding to the largest eigenvalue
of A. Hence, the optimal combining detector (OCD) for the
multi-antenna reader when considering correlated RF source
signal in AmBC system be derived as

TOCD(y) = bH
opty

d̂=1

≷
d̂=0

γ. (12)

Let d̂ be the detected tag bit at the reader and γ the detection
threshold. Next section discusses the simulation results.

IV. SIMULATION RESULT

Consider an AmBC system (5) having the elements of the
channel coefficient matrices Hsr and Htr are drawn from
a standard complex Gaussian distribution. To generate the
correlated RF source signal vector s, for the applications
discussed earlier [16]–[18], that follow a complex Normal
distribution with zero mean and covariance matrix Cs, i.e.,
s ∼ CN (0,Cs). The RF source signal vector covariance
matrix Cs is given by Cs = UΣUH , where U is a unitary
matrix and Σ is a diagonal matrix with the principal diagonal
containing values evenly spaced, and normalized by the power
Ps, between 1 and N . The transmission rate of the RF source
is twice that of the tag signal, i.e., N = 2. The transmitted
backscatter tag symbol d ∈ {0, 1} takes binary values with
equal probability with ζ set to unity and an additive white
noise vector w following a complex Gaussian distribution
with zero mean and covariance matrix σ2IMN . The proposed
OCD detection statistic TOCD(y) in (12) is compared with the
allied detectors, where M-EVD has a similar implementation
complexity.
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Fig. 2: ROC Plots for the proposed optimal combining detector (OCD) in (12) (a) when compared with ED [4], M-EVD [11], IED [15], and MF at SINR
= {−5, 0, 5} dB, (b) for SINR = 5 dB for different reader antennas M ∈ {1, 2, 3, 5}, and (c) for various values of interference power Ps ∈ {0.01, 0.5, 1}.

Fig. 2a compares the receiver operating characteristics
(ROC) performance of the proposed OCD with the ED [4], M-
EVD [11], IED [15] and MF in AmBC systems with M = 3
at different SINR levels. Figure illustrates a superior ROC
performance trend of the proposed OCD at different SINR
levels. Fig. 2b illustrates the ROC performance of the OCD
with a change in the receive antenna M at the reader. An
improvement in the detection performance is observed with
an increase in M . In Fig. 2c, the ROC plot compares different
interference power levels Ps of the OCD and is observed an
improved performance with the decrease in Ps.

V. CONCLUSIONS AND FUTURE WORK

This work presented an OCD at multiple antenna reader
considering a generalized correlated RF source signal in an
AmBC system. The proposed OCD outperformed the state-of-
the-art ED, M-EVD, IED, and MF detectors when considering
correlated RF source signal samples. In future, the presented
framework with correlated RF source signal can be used to
analyse the system performance, present closed form expres-
sions and implement over testbed for real-world validation.
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