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Abstract—In backscatter radio systems, a passive (i.e., batteryfree) device (so-called tag) is able to transmit information by
harvesting energy from a carrier transmitted by an access point
or base station (so-called reader), thus enabling significant power
savings compared to traditional wireless communication schemes.
In this paper, the physical layer of a backscatter system is
revisited to develop a design framework encompassing the use of
multiple antennas at both the reader and the tag, as well as the
exploitation of symbol noncircularity through the employment of
a widely-linear equalizer at the reader. It is also outlined how
the choice of noncircular multilevel modulation formats can be
coupled with optimized power harvesting at the tag.

I. I NTRODUCTION
In recent years, with the proliferation of small
communication-enabled objects and the emergence
of the Internet-of-Things (IoT) paradigm, research on
backscattering communications (BCs) has been receiving an
increasing attention. Different from traditional communication
techniques, BCs enable small devices to communicate by
modulating the reflection of an incident (EM) electromagnetic
field. Significant applications of BCs are in radio frequency
identification (RFID) systems, where the information stored
in a lightweight device (the tag) is read by illuminating it
with a continuous-wave signal emitted by a close device (the
reader), which is able to decode the backscattered signal.
RFID systems operating in the ultra high frequency (UHF)
band have been recently standardized [1]. Other applications
of BCs are in the field of so called “ambient backscattering”
[2], [3], where two devices can communicate using ambient
radio-frequency (RF) signals, such as, e.g., those emitted by
television systems [2] or wireless local area networks [3].
The design of BC systems [4] involves interesting tradeoffs
between power efficiency [i.e., the ability of the device to
harvest direct current (DC) energy from the impinging RF
signal], reliability (in terms of symbol error probability), datarate, coverage, and complexity. In BC devices, the circuit input
impedance is switched between a matched state (where the device maximizes energy harvesting) and a number of deliberate
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mismatched states, which introduce amplitude and/or phase
modulation in the reflected wave. Existing RFID standards
[1] allows one to employ simple binary modulations, such as
binary amplitude-shift keying (BASK) or binary phase-shift
keying (BPSK). However, several studies consider the extension of BCs to higher-order modulations, such as quadratureamplitude modulation (QAM), typically 4-QAM or 16-QAM
[5], [6], allowing one to improve the data-rate performance. In
[6], in particular, the design of the BC system is carried out by
jointly taking into account the link reliability and the loss of
power harvesting capability due to backscattering modulation:
in the case of maximum likelihood (ML) detection and 4QAM modulation, it is shown that optimal constellations are
not square, but rectangular ones and, hence, they are non
circular [7]. In [8], [9] the introduction of multiple antennas
at the reader and tag is explored as a means of improving
communication reliability by pinhole diversity: indeed, the
backscattering link can be modeled as a dyadic backscatter
channel (DBC), a particular keyhole or pinhole channel [10],
where the pinholes are the tag antennas [9].
In this paper, focusing on UHF RFID-like systems, we
consider the design of a BC system employing multiple antennas at the reader and the tag, and exploiting the noncircular
properties [7] of the symbol constellations. Unlike previous
works [5], [6], symbol noncircularity is explicitly accounted
for in order to equalize the considered multiple-input multipleoutput (MIMO) DBC by means of widely-linear (WL) minimum mean-square error (MMSE) filtering [11]. A multilevel
constellation constrained optimization design is additionally
proposed that ensures noncircularity of the transmitted symbol
and improved power harvesting functionalities for the tag.
II. S IGNAL MODEL OF A BACKSCATTER RADIO SYSTEM
In a MIMO BCs system (Fig. 1) the reader is equipped with
NT transmit and NR receive antennas, whereas the passive
tag employs NB antennas. The ith reader antenna transmits
an unmodulated continuous waveform (CW) having amplitude
ci > 0, angular frequency ωc , and phase ψi ∈ [0, 2 π), with
1 ≤ i ≤ NT : such CW signals impinges on tag antennas and
are partly scattered back.
For 1 ≤ i ≤ NT , 1 ≤ p ≤ NB , and 1 ≤ n ≤ NR , the
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Figure 1. Block diagram of a MIMO backscatter radio system with NT
transmitter antennas, NR receiver antennas, and NB backscatter antennas.

Figure 2.

channels corresponding to the i → p reader-to-tag (forward)
link and to the p → n tag-to-reader (backscatter) link are
assumed to be frequency-flat and quasi-stationary: they are
modeled by the complex coefficients fpi and bnp , respectively,
which are constant within one transmission (e.g., one reading
of the tag), but are allowed to vary from transmission to
transmission. In the following subsections, we describe in
detail the signal models at the tag and at the reader.1

With reference to antenna mode scattering, a generic sample
of the symbol-spaced baseband-equivalent signal backscattered by the pth tag antenna can be expressed as

A. Backscattered signal by the passive tag
According to the antenna scatterer theorem [12], the EM
field backscattered from an antenna is divided [12] into loaddependent (or antenna mode) scattering and load-independent
(or structural mode) one: the former component can be
associated with re-radiated power and depends on the load
impedance, whereas the latter one can be interpreted as
scattering from an open-circuited antenna.
In a BC system, the tag acts as a digital multilevel
modulator, mapping each information symbol onto a set of
M waveforms by means of a proper variation of its chip
impedance [5]. To elaborate upon this point, Fig. 2 reports
the equivalent Thévenin circuit [13] of the pth (1 ≤ p ≤ NB )
antenna tag front-end, where the sine wave generator models
the sinusoidal voltage induced by the reader’s incident EM
field, Z a = Ra + j X a ∈ C is the antenna impedance,2 and
c
c
c
Zp,m
= Rp,m
+ j Xp,m
∈ C (1 ≤ m ≤ M ) are M distinct
values of the pth tag chip impedance, which determines the
antenna mode component of the backscattered field.
1 The fields of complex and real numbers are denoted with C and R,
respectively; matrices [vectors] are denoted with upper [lower] case boldface
letters (e.g., A or a); the field of m × n complex [real] matrices is denoted
as Cm×n [Rm×n ], with Cm [Rm ] used as a shorthand for Cm×1 [Rm×1 ];
the superscripts ∗, T, H, and −1 denote the conjugate, the transpose, the
conjugate transpose, and the inverse of a matrix, respectively; if A ∈ Cn×n
is nonsingular, A−∗ stands for (A∗ )−1 ; {a} and {a} are the real
and imaginary part of a ∈ C, respectively; the magnitude and phase of
a ∈ C are denoted with |a| and a, respectively; for any a ∈ Cn , a
denotes the Euclidean norm; rank(A), det(A), and tr(A) denote the rank,
the determinant, and the trace of A ∈ Cn×n ; Om×n ∈ Rm×n and
Im ∈ Rm×m denote the null and the identity matrices, respectively; matrix
A = diag(a0 , a1 , . . . , an−1 ) ∈ Cn×n √
is diagonal; {A}i1 i2 indicates the
(i1 , i2 )th element of A ∈ Cn×m ; j  −1 is the imaginary unit and the
operator E[ · ] denotes ensemble averaging.
2 We assume that all tag antennas are characterized by the same impedance.

Equivalent circuit of a multilevel passive backscattering device.

xp = Gp

NT


fpi ci ejψi

(1)

i=1

where Gp ∈ C is the power wave reflection coefficient [14],
whose squared magnitude |Gp |2 ≤ 1 measures the fraction of
the maximum power available from the generator (see Fig. 2)
that is not delivered to the tag chip.3 When the switch Sm is
closed, i.e., the chip impedance of the tag front-end is given
c
by Zp,m
, the coefficient Gp assumes [14] the value
Γp,m 

c
(Z a )∗ − Zp,m
.
c
Z a + Zp,m

(2)

c
It is worth noticing that, if (Z a )∗ = Zp,m
(impedance
matching condition), then Γp,m = 0: in this case, the tag
achieves maximum average power harvesting. Let Pmax denote
the average power harvested under the impedance matching
condition, when the switch Sm is closed, the power Php
harvested by the pth tag antenna during backscatter takes on
the value Πp,m  Pmax (1 − |Γp,m |2 ).
The backscattered signal xp in (1) is a scalar multiple of
Gp , whose values, given by (2), are determined by the tag
c
chip impedance Zp,m
. Therefore, a multilevel digital modulation can be realized for each tag antenna by mapping the
information symbols into the set Gp  {Γp,1 , Γp,2 , . . . , Γp,M }
of reflection coefficients. Such a mapping is also referred to
as backscatter or load modulation.
For 1 ≤ p ≤ NB , let ap ∈ C denote the symbol to be
transmitted by the pth antenna of the tag, which assumes
equiprobable values in the set A  {α1 , α2 , . . . , αM };4 the
following linear mapping between Gp and ap is typically
considered (see, e.g., [5]):

Gp = η ap

(3)

3 The reflection coefficient depends on the chip impedance that, in its turn,
depends on the chip input power. This dependence causes the reflection
coefficient to be nonlinear. A linearized model is assumed for the tag’s
reflection coefficient [15], where Gp does not depend on the incident power.
4 It is assumed that symbols transmitted by different tag antennas are drawn
from the same signal constellation.

with η ∈ R. As a consequence, the power wave reflection
coefficient Gp and the harvested power Php can be modeled as
(discrete) random variables assuming equiprobable values in
the sets Gp and Pp  {Πp,1 , Πp,2 , . . . , Πp,M }, respectively.
Both η and the symbol constellation A of ap values in (3)
must be carefully designed. To fulfil the physical constraint
|Γp,m | ≤ 1, it is imposed that 0 < η ≤ 1 and the symbol
constellation is normalized such as |αm | ≤ 1 for each element
of A. Moreover, the choice of η governs the harvestingperformance tradeoff. Indeed, values of η closer to 1 allows
the tag to reflect increasing amounts of the incident field
back to the reader, resulting thus in greater backscatter signal
strengths, i.e., for a target symbol error probability (SEP) at the
reader, larger communication ranges. On the other hand, values
of η much smaller than 1 allow a larger part of the incident
field to be absorbed by the RF-to-DC conversion circuits of
the tag, hence improving power conversion at the expense of
backscatter signal strength.
Once η and A are chosen in accordance with certain criteria
and, thus, the set G is identified through (3), the impedance set
c
c
c
, Zp,2
, . . . , Zp,M
} corresponding to the designed
Zpc  {Zp,1
signal constellation can be obtained from (2) as follows
c
Zp,m
=

(Z a )∗ − Z a Γp,m
1 + Γp,m

(4)

where the antenna impedance Z a is given. It is noteworthy
c
is physically realizable if its
that, since the impedance Zp,m
c
resistive component is non-negative, i.e., (Zp,m
) ≥ 0, the
symbol constellation has to be designed by also taking into
account the following constraint
 a ∗

(Z ) − Z a Γp,m

≥0.
(5)
1 + Γp,m
c
using (4):
Other constraints may arise when calculating Zp,m
for instance, to reduce the physical size of the tag, it might
be required to use resistors and capacitors, by eliminating
inductive components [5]. In the sequel, for the sake of
mathematical tractability, we will consider constraint (5) only.

B. Received signal at the reader
A snapshot of the symbol-spaced baseband-equivalent signal received at the nth receive antenna can be written as
yn =

NB

p=1

bnp xp + dn + vn

(6)

vector model of the received signal
y = BGFc + d + v
NR ×NB

(7)

NB ×NT

and F ∈ C
collect the chanwhere B ∈ C
nel coefficients of the backscatter and forward links, respectively, i.e., {B}np  bnp and {F}pi  fpi , with
1 ≤ i ≤ NT , 1 ≤ p ≤ NB , and 1 ≤ n ≤ NR ,
the matrix G  diag(G1 , G2 , . . . , GNB ) ∈ CNB ×NB gathers
the reflection coefficients, which are linked to the symbols
transmitted by the tag through (3) and therefore represent
the desired information to be estimated at the reader, the
vector c  [c1 ejψ1 , c2 ejψ2 , . . . , cNT ejψNT ]T ∈ CNT is
known at the reader, d  [d1 , d2 , . . . , dNR ]T ∈ CNR , and
v  [v1 , v2 , . . . , vNR ]T ∈ CNR . Additionally, it results that
d = s + , where s  [s1 , s2 , . . . , sNR ]T ∈ CNR and
  [1 , 2 , . . . , NR ]T = H c ∈ CNR , with {H}ni  hni .
The signal model (7) defines a NT × NB × NR DBC [8],
[9]. According to such a model, signal propagation in a MIMO
backscatter radio system is described by means of a pinhole
channel. In the context of MIMO active wireless transceivers, a
pinhole channel is a MIMO link whose capacity is equivalent
to that of a single-input single-output link operating at the
same signal-to-noise ratio (SNR) as that of the MIMO link
[10]. In [9] it is shown that, in the BC channel, space-time
coding techniques allows one to exploit pinhole diversity,
whose asymptotic order is NB .
III. W IDELY- LINEAR EQUALIZATION OF A DBC
The main task of the reader is to reliably estimate from (7)
the symbol block a  [a1 , a2 , . . . , aNB ]T ∈ CNB transmitted
by the tag, whose elements are embedded in the diagonal
entries of G. With moderate or large number of antennas,
the ML receiver implemented with Viterbi’s algorithm might
have unaffordable complexity. This motivates looking for less
computationally expensive equalizing strucures as linear ones.
If the received vector y is noncircular (or improper) [7]
(see Section IV), WL equalizing structures [11] generalize
and outperform linear ones. Herein, we will focus on the
WL-MMSE criterion because it offers almost perfect symbol
recovery in high SNR regimes and its performance is easily
computable with accurate approximations. Thanks to its reduced complexity, the WL-MMSE equalizer may be used in
practice to successfully equalize DBCs.
To derive from (7) the mathematical structure of the WLMMSE equalizer, accounting for (3), it is mathematically
convenient to rewrite y as follows

for 1 ≤ n ≤ NR , where dn  sn + n accounts for both
y = ηBΣa + d + v = ηΨa + d + v
(8)
the structural mode scattering sn ∈ C, which is independent
T
T
T
NB ×NB
, with f Tp
of the tag chip impedances, as well as the leakage n from where Σ  diag(f 1 c, f 2 c, . . . , f NB c) ∈ C
NR ×NB
collects
the reader’s transmit unit (see Fig. 1), whereas vn ∈ C is denoting the pth row of F, and Ψ  B Σ ∈ C
parameters that are known at the reader. The forthcoming
thermal noise. Specifically,
the
antenna
leakage
term
can
be
NT
decomposed as n = i=1
hni ci ejψi , where hni the complex derivations of the WL-MMSE equalizer are based on the
channel coefficient between the ith transmit antenna and the following three assumptions:
nth receiver antenna of the reader.
(a1) the “composite” matrix Ψ, as well as the “structured”
By defining the vector y  [y1 , y2 , . . . , yNR ]T ∈ CNR and
disturbance (i.e., structural mode scattering plus readertaking int account (6), one obtains the following compact
to-reader leakage) vector d, are known at the reader;

(a2) the symbol vector a transmitted by the tag is zero-mean
and has correlation matrix Raa  E[a aH ] = σa2 INB ,
with σa2  E[|ap |2 ] > 0, and conjugate correlation matrix
Raa∗  E[a aT ] = ρa INB , with ρa  E[a2p ] ∈ C;
(a3) the noise vector v is zero-mean, with correlation matrix
Rvv  E[v vH ] = σv2 INR and conjugate correlation
matrix Rvv∗  E[v vT ] = ONR ×NR ; moreover, v is
statistically independent of a.
Assumption (a1) is reasonable since Ψ and s can be estimated at the reader using training symbols transmitted by the
tag, whereas the reader can alone estimate  = H c during the
silent periods of the tag. Assumption (a2) essentially states that
the tag implements a MIMO scheme with spatial multiplexing,
i.e., it transmits independent symbols over different antennas.
Moreover, on the basis of assumption (a2), the pth symbol
ap = (ap ) + j (ap ) transmitted by the tag is noncircular
(or improper) [7] if
ρa = E[2 (ap )] − E[2 (ap )] + 2 j E[(ap ) (ap )] = 0 . (9)
It is important to observe that, since |αm | ≤ 1 for each element
of A, then σa2 ≤ 1. Moreover, by invoking the CauchySchwartz inequality, it results that |ρa | ≤ σa2 . We will show in
Section IV that condition (9) is fulfilled when the constellation
design jointly accounts for equalization performance at the
reader and power harvesting at the tag. Finally, the fact that
Rvv∗ = ONR ×NR in assumption (a3) implies that the noise
vector is circular (or proper) [16].
Since d is known at the reader [see assumption (a1)], we
can consider the vector r  y − d = η Ψ a + v [see (8)]. The
input-output relationship of a WL equalizer [11] reads as
z = W1 r + W2 r∗ = W r̃

(10)

where W1 ∈ CNB ×NR and W2 ∈ CNB ×NR are filtering matrices, W  [W1 , W2 ] ∈ CNB ×2NR , and r̃  [rT , rH ]T ∈ C2NR .
From the expression of r, the augmented vector r̃ is given by
r̃ = η Ψ̃ ã + ṽ
where


Ψ̃ 

Ψ
ONR ×NB


ONR ×NB
∈ C2NR ×2NB
Ψ∗

(11)

(12)

ã  [aT , aH ]T ∈ C2NB and ṽ  [vT , vH ]T ∈ C2NR . In
accordance with assumption (a2), the correlation matrix of
ã can be expressed as
 2

σ I
ρa INB
Rãã  E[ã ãH ] = ∗a NB
∈ C2NB ×2NB . (13)
ρa INB σa2 INB
By using the formula for the determinant of block-wise
partitioned matrices, one has det(Rãã ) = (σa4 − |ρa |2 )NB ≥ 0,
which shows that Rãã is rank deficient if and only if (iff)
|ρa | = σa2 , i.e., there exists a mean-square linear dependence
between ap and its conjugate a∗p .5 Moreover, from assumption
(a3), one has Rṽṽ  E[ṽ ṽH ] = σv2 I2NR .
5 Such a linear dependence is exhibited by real symbol sequences and
complex modulation formats with offset [17].

The WL-MMSE criterion amounts to minimizing (with
respect to W) the mean square error MSE(W)  E[ z−a 2 ].
If we introduce the following change of variables


W1 W2
W → W̃ 
(14)
∈ C2NB ×2NR
W∗2 W∗1
˜ W̃)  E[ z̃ − ã 2 ],
it is verified that 2 MSE(W) = MSE(
T H T
where z̃  [z , z ] = W̃ r̃ [see eq. (10)]. Consequently,
the optimal matrix Wopt  [W1,opt , W2,opt ], with W1,opt ∈
CNB ×NR and W2,opt ∈ CNB ×NR , minimizes MSE(W) iff


W1,opt W2,opt
W̃opt 
(15)
∗
∗
W2,opt W1,opt
˜ W̃). Solution W̃opt can be found by setting
minimizes MSE(
˜ W̃) with respect to W̃,
to zero the complex gradient of MSE(
H 2
H
thus obtaining W̃opt = η Rãã Ψ̃ (η Ψ̃ Rãã Ψ̃ +σv2 I2NR )−1 ,
from which, by using the formula for the inverse of block-wise
partitioned matrices, one gets
∗
−∗
W1,opt = η (σa2 ΨH − ρa ΨT R−∗
(16)
rr Rrr∗ ) (Rrr /Rr̃r̃ )
−1
W2,opt = η (ρa ΨT − σa2 ΨH R−1
(17)
rr Rrr∗ ) (Rrr /Rr̃r̃ )

NR ×NR
where Rrr /Rr̃r̃  R∗rr − R∗rr∗ R−1
is the
rr Rrr∗ ∈ C
H
Schur complement of Rrr in Rr̃r̃  E[r̃ r̃ ] ∈ C2NR ×2NR
and, according to assumptions (a2) and (a3), it results that
Rrr  E[r rH ] = η 2 σa2 Ψ ΨH + σv2 INR and Rrr∗  E[r rT ] =
η 2 ρa Ψ ΨT . As it is expected, when the symbols are circular [16], i.e., ρa = 0, it follows that W1,opt = Lopt 
η σa2 ΨH R−1
rr and W2,opt = ONB ×NR , i.e., the WL-MMSE
equalizer ends up to its linear counterpart.
The error-performance surface of the WL-MMSE equalizer
˜ W̃opt )/2
is given by MSEWL (η, |ρa |)  MSE(Wopt ) = MSE(
and it can be expressed as

η
tr(W̃opt Ψ̃ Rãã )
2
2
2
= σa NB − η σa tr(W1,opt Ψ) − η ρ∗a tr(W2,opt Ψ∗ ) . (18)

MSEWL (η, |ρa |) = σa2 NB −

By substituting the expression of Rrr∗ in (18) (Rrr does not
depend on ρa ), it can be verified that the MSE of the equalizer
(16)-(17) does not depend on the phase of ρa . Moreover, we
observe that the error-performance surface of the L-MMSE
equalizer is obtained by setting ρa = 0 in (18), thus yielding
MSEL (η)  MSEWL (η, 0) = σa2 NB − η σa2 tr(Lopt Ψ) . (19)
On the other hand, when the magnitude of ρa takes on its
maximum value, i.e., |ρa | = σa2 , it is readily checked that
W2,opt = ejρa W∗1,opt and, thus, one obtains
MSEWL (η, σa2 ) = σa2 NB − 2 η σa2 tr(W1,opt Ψ) .

(20)

At this point, we are in the position of studying the
behavior of the performance difference between the WLMMSE equalizer Wopt and its linear counterpart Lopt . To
this end, we report in Fig. 3 the ratio between the MSE
performances of the L-MMSE and WL-MMSE equalizers, i.e.,
Λ(η, |ρa |)  MSEL (η)/MSEWL (η, |ρa |), as a function of η
(governing the backscatter signal strength) and |ρa | (measuring

3

a given threshold; (c2) the symbols transmitted by the tag are
noncircular; (c3) inequality (5) is fulfilled for 1 ≤ m ≤ M .
According to constraint (c1), let η and |ρa | belong to the
the subset of (0, 1] × [0, σa2 ] characterized by the inequality
MSEWL (η, |ρa |) ≤ γth , constraint (c2) reads as


M
1   2 
αm  = |ρa | .
(22)


M 
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which is non-convex and a local solution can be found by
means of numerical algorithms (details are omitted).

Λ(η, |ρa |) versus |ρa | for different values of η.
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M
M
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M m=1
M m=1
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