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Abstract—Backscatter modulation (BM), usually used for Ra-
dio Frequency Identifications (RFID), has the potential to be
exploited in wider range of applications such as Internet of
Things and wireless sensor networks. In this paper, we leverage
BM by increasing its down-link (from reader to tag) and up-
link (from tag to reader) range. We propose two active two-
way BM tag configurations, named parallel and series. For both
configurations, we use active loads in the tag modulators to
maximize the BM range and implement the desired backscattered
constellation, subject to no data loss in down-link path. Contrary
to most existing BM studies, we use Thevenin/Norton equivalent
circuit, only to calculate the received power at tag, while we
derive the tag backscattered power using the antenna scatterer
theorem. Moreover, we obtain a closed-form expression of the
average bit error probability (BEP) at reader in Rician fading
channel environment for both tag configurations. We compare
the proposed active BM tags with the conventional passive BM
tag. The simulation results prove that for an average BEP equals
to 10−4, an SNR improvement of up to 19 dB and 24 dB can be
achieved for parallel and series configurations, respectively.

Index Terms—Backscatter modulation, performance evalua-
tion, negative resistance, reflection amplifier, bidirectional am-
plifier, read-write backscatter tag, RFID tags, IoT, geometric
representation.

I. INTRODUCTION

THE history of backscatter modulation (BM) traces back
to the foundational paper of Stocksman in 1948 [1].

Stockman proposed a point-to-point communication, with the
carrier power generated at the reader and reflected back by
a modulating reflector at the BM tag. BM is based on the
reflection of electromagnetic waves. BM takes advantage of
the presence of reflection coefficient variations at the interface
between the tag antenna and its input load. By varying the
BM tag loads (Z1 to Zn), the reflection coefficient changes
and the reflected signal is modulated, as illustrated in Fig. 1.

This setup is capable of modulating data upon the original
waveform, which can be received and decoded. The BM tag
does not need to actively transmit any radio signal. This leads
to very low-cost implementations at the BM tag. Thus, BM
has found many applications among which Radio Frequency
Identifications (RFIDs) are the most prominent. Over the last
three decades, a great deal of effort has been focused on
using BM in manufacturing RFID tags with passive loads
and on/off keying (OOK) BM constellation to identify objects,
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Fig. 1: Backscatter modulation illustration.

which we call conventional RFIDs. However today, with the
growth of the global distributed network, known as the Internet
of Things (IoT), BM tags have potential to serve not only
in mere identification, but also as two-way communication
nodes, to write data back onto the multiple types of devices
comprising the IoT [2]. BM tags can also be integrated
with sensor nodes, which makes them capable of even a
larger variety of applications including both industrial [3]
and medical [4]. Recently, BM has been proposed for use in
full-duplex wireless communication systems in our previous
research [5]–[7]. In these studies, a full-duplex communication
system by means of BM is proposed to avoid self-interference
signal at end-user and the final throughput is derived to prove
that its performance is competitive compared to conventional
full-duplex system.

Here, we intend to exploit BM in two-way wireless commu-
nication systems such as IoT circuits, full-duplex communica-
tion and wireless sensor networks. In contrast to the approach
of passive and conventional one-way RFID tags, we do not
use BM to take advantage of its low-power requirements.
Instead, we employ active BM to allow the transmission of
two-way flows of data over the same carrier at the same time,
with improved communication range. Accordingly, we need to
overcome one-way and short-range communication limitation
associated with conventional BM tags due to the associated
two-way path loss. Recently, several prototypes of BM tags
succeeded to increase the backscatter communication range
by using reflection amplifier that amplifies the reflected signal
[8]–[11]. Recent researches also proposed to use appropriate
signal processing, system design and multiple antennas for
passive backscatter communications to extend the communi-
cation ranges, [12]–[16]. These techniques can be added to
active tags to further improve the range. In a two-way BM tag,
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demodulation and modulation are implemented at down-link
(from reader to BM tag) and up-link (from BM tag to reader),
respectively. Thus, we need to optimize the BM tag modulation
loads to provide sufficient power for the tag demodulator while
exhibiting maximal difference in the backscattered field. In
[17], [18] an analytical study has been carried out to optimize
the value of loads in a passive RFID tag to yield a four
quadrature amplitude modulation (4-QAM) BM constellation,
maximize the available power in the tag and achieve a bit error
rate (BER) that is no greater than a predetermined threshold
value.

In our paper, we propose two BM tag configurations with
active loads that implement two-way wireless communica-
tions. In order to have no data loss in the down-link path,
we set an additional requirement to the BM tag configurations
design. The received power at the BM tag demodualtors should
be at least equal to Pmatch, which is the amount of power
delivered to a conventional receiver demodulator when its load
is conjugate-matched to its antenna impedance. The proposed
BM tag configurations, which we name parallel and series
configurations, are analytically studied. By optimizing the
set of modulator loads that correspond to BM constellation
symbols, we a) maximize the BM communication range, b)
implement the desired BM constellation map such as QAM
and phase shift keying (PSK) at up-link, and c) guarantee
at least Pmatch at the BM tag demodulator. We propose a
new geometric representation for the optimization problem.
Compared to passive RFID tags, the proposed configurations
not only increase the communication range, but also enable
a two-way communication. The proposed configurations use
BM to avoid a separate transmitter (like active point to point
tags or ZigBee modules) and decrease cost, complexity and
power consumption considerably.
For the parallel BM tag configuration, we use negative resis-
tance as the modulator load in parallel with the BM tag de-
modulator. The negative resistance implementation process has
been thoroughly covered in [7], [19]–[21]. BM communication
is realized by switching among different values of negative
resistors. We use the Norton equivalent circuit (NEC) of the
BM tag and the antenna scatterer theorem (AST) to derive the
received and backscattered power at the BM tag, respectively.
By using the proposed geometric representation of backscat-
tered symbols, we can set the desired BM constellation map,
minimize the average bit error probability (BEP) at the reader
and have at least Pmatch delivered to the BM tag demodulator
in an oscillation-free condition.

For the series BM tag configuration, we use a bidirectional
amplifier, an impedance matching circuit (IMCt) and a digital
phase shifter in series with the BM tag demodulator. The
bidirectional amplifier simultaneously amplifies both received
and backscattered signals at the BM tag. Different types of
bidirectional amplifiers have been proposed in the literature
and their implementation processes have been covered, [19],
[20], [22], [23]. By switching among different IMCts, bidirec-
tional amplifier gain and phase shifter values, the desired BM
constellation map is achieved. We use the Thevenin equivalent
circuit (TEC) of the BM tag and the AST to derive the
received and backscattered power at the BM tag, respectively.

Fig. 2: TEC and NEC of a receiving antenna.

Like the parallel configuration, we use the proposed geometric
representation of backscattered symbols to set the desired BM
constellation map, minimize the average BEP at the reader and
have at least Pmatch delivered to the BM tag demodulator in an
oscillation-free condition. As an example, we also implement
a 4-QAM constellation to meet all the mentioned optimization
criteria for both parallel and series tag configurations.
To conclude this study, we derive a closed-form expression of
the average BEP at reader in a Rician fading channel environ-
ment for both tag configurations. The simulation results show
that the series tag configuration provides better average BEP at
the reader, at the expense of demanding more complex circuit
elements with larger size and higher power consumption.
Notations: For the rest of this paper, we specify the parameters
of parallel configuration with superscript p and series configu-
ration with superscript s. We also use superscript n to specify
the parameters associated to each loads value in the parallel
configuration. Re(·) and Im(·) denote the real and imaginary
parts of the given parameter, respectively, while x∗ denotes the
conjugate of the complex number x and j is the imaginary unit
i.e. j2 = −1.

II. RECEIVING AND SCATTERING PROPERTIES OF
ANTENNA

To derive the received power at the tag antenna, we use
the TEC (NEC) to model the receiving antenna by a voltage
source and its series impedance (current source and its shunt
admittance). In this case, the voltage source is the voltage
induced on the antenna at its feed point when it is an open-
circuit (VOC), the source impedance is the antenna input
impedance (Zant) and the load impedance is the impedance
of the receiver connected to the antenna (ZL). The current
source (IS.C) is the current induced on antenna port when it
is a short circuit, Yant is the antenna input admittance and
YL is the receiver admittance, as all shown in Fig. 2. There
are number of articles, comments and responses to comments
trying to answer the question of how much power is scattered
by a receiving antenna [24]–[26]. Contrary to the prevailing
practice, the TEC/NEC can only be used to describe the
current at the load and cannot be relied upon for calculating
the scattered power. Instead the AST equation should be used
to derive the backscattered power at the tag antenna interface
[27]. Therefore, in contrast to common practice [17], [28], we
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Fig. 3: Proposed parallel BM tag configuration schematic.

use AST rather than TEC/NEC to correctly evaluate the tag
backscattered power. We use the AST, to derive the scattered
electric field Escat(r, θ, φ|ZL) of an antenna in free space at
point (r, θ, φ), loaded with impedance ZL, as [27],

Escat(r, θ, φ|ZL) =

structure-dependent︷ ︸︸ ︷
Escat(r, θ, φ|Z∗ant) −

load-dependent︷ ︸︸ ︷
ΓLI(Z∗ant)Er(r, θ, φ), (1)

where Escat(r, θ, φ|Z∗ant) is the same field as the scattered
electric field when the antenna is conjugate-matched (i.e.
ZL = Z∗ant), Zant is the antenna input impedance, ΓL =
(ZL−Z∗ant)/(ZL+Zant) is the conjugate matched reflection
coefficient at antenna interface, I(Z∗ant) is the current flowing
in the antenna when the antenna is conjugate-matched, and
Er(r, θ, φ) is the electric field generated by the antenna as a
radiator when excited by a unit current source.

III. BM TAG PARALLEL CONFIGURATION

In this section, we introduce the parallel configuration.
We first present the BM tag structure and then derive the
received and backscattered power expressions. Based on the
geometric representation of the backscattered symbols, we
optimize the BM tag modulator loads to implement the desired
BM constellation map while maximizing the backscattered
power and guaranteeing at least Pmatch at the demodulator.
We also consider an oscillation-free condition in the BM tag
design.

A. Parallel configuration schematic

The proposed parallel BM tag configuration includes three
parts: i) the antenna, ii) the modulator loads (Ymod), and iii) the
BM tag demodulator (Ytag), as shown in Fig. 3. Ytag indicates
the BM tag demodulator admittance. In this section we use the
NEC of Fig. 3 circuit to simplify equations and better illustrate
each part of the circuit. Fig. 4 describes the NEC in parallel
configuration. In Fig. 4, the load Ytag has complex value,
where its real part is the conductance Gtag , and the imaginary
part is the susceptance Btag . The antenna admittance is given
by Yant that has real and imaginary parts equal to Gant
and Bant, respectively. Without loss of generality, we set

Fig. 4: NEC for the proposed parallel BM tag configuration.

Y p,nmod = βnGtag + jBmod + Gmod with βn ∈ C. Bmod and
Gmod are chosen so the following equations hold

Bant +Bmod +Btag = 0, and Gmod +Gant = Gtag. (2)

Thus the modulation load has extra passive parts Bmod and
Gmod which are added in parallel to βnGtag to cancel out the
imaginary parts of the antenna and tag and match the real part
of the antenna admittance to the real part of tag admittance.
We add the matching parts and include them in our model to
maximize the received signal in a non-backscattering mode.
Using Eq. (2), the equivalent circuit of Fig. 4 is simplified
as shown in Fig. 5. Note that 1 6 n 6 M , where M is the

Fig. 5: Simplified NEC of the proposed parallel BM tag configuration.

total number of the backscattered symbols. BM is realized via
switching among different values of βn. The admittance for
the load connected to the antenna is

Y p,nL = βnGtag +Gtag. (3)

The conjugate matched reflection coefficient seen at the an-
tenna port is

Γp,nL = − βn
βn + 2

. (4)

B. Received and backscattered power

The received power at the BM tag demodulator is calculated
using the NEC of the parallel configuration as

P p,nr =
1

2Gtag
|Ip,ntag |2, (5)
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where Ip,ntag = IS.C

2+βn
is the current at the demodulator. Thus,

the demodulator received power corresponding to each βn is
derived as

P p,nr =
1

2

|IS.C |2

|2 + βn|2
1

Gtag
. (6)

The backscattered power can be derived from the backscat-
tered electric field as follows

P p,nscat =
1

2z
|Ep,nscat|2, (7)

where z is the is the characteristic impedance of the transmis-
sion medium. In free space z = 377 Ohm. Ep,nscat is the BM
tag backscattered electric field associated with each modulator
load and is calculated using the AST expression of Eq. (1), as

Ep,nscat(r, θ, φ|Z
p,n
L ) = I(Z∗ant)Er(r, θ, φ)(Ast − Γp,nL ), (8)

where Ast = Escat(r, θ, φ|Z∗ant)/(I(Z∗ant)Er(r, θ, φ)) is the
antenna structural mode and Γp,nL is given by Eq. (4) for the
parallel configuration. Note that Ast has a complex value,
which depends on the material and geometry of the antenna,
a method to compute the value of Ast has been proposed
in [29]. Substituting Eq. (4) in Eq. (8) and setting E0 =
I(Z∗ant)Er(r, θ, φ), we have

Ep,nscat(r, θ, φ|Z
p,n
L ) = E0

(
Ast +

βn
βn + 2

)
. (9)

The backscattered electric field can represent the backscattered
constellation symbols in BM communication. E0 has a fixed
value for each antenna and does not change with different
loads. Thus, we define the backscattered constellation symbols
as follows

Spn =
Ep,nscat(r, θ, φ|Z

p,n
L )

E0
= Ast +

βn
βn + 2

. (10)

Ast has a fixed value for all backscattered symbols, while
the second term changes with the modulator loads and takes
different values for each backscattered symbol.

C. Optimization of loads – geometric representation

1) Tag demodulator received power constraint: In BM
communication systems, the loads connected to the antenna
(Zp,nL ) are not conjugate-matched to the antenna impedance
and a portion of the received power is reflected toward the
reader. This results in downlink data loss compared to a
conventional receiver, where the load is conjugate-matched to
the antenna. However, by using active loads in BM tag config-
urations, we can amplify the received power and compensate
for the downlink power loss. Thus, we set the following
requirement to the received power at the BM tag demodulator

P p,nr ≥ Pmatch =
1

8

|IS.C |2

Gtag
, ∀n ∈ {1, ..,M}, (11)

where Pmatch is the power delivered to the BM tag demodu-
lator when there is no BM and the demodulator is conjugate-
matched to the antenna (conventional receiver circuits). Thus,
the demodulator received power constraint is derived in terms
of the modulator loads as

1

2|2 + βn|2
≥ 1

8
, ∀n ∈ {1, ..,M}. (12)

(a)

(b)

Fig. 6: Backscattered symbols constellation plane corresponding (a)
Eq. 12 (hatched area) and Re(βn) ≥ 0 (dotted area), and (b) Eq. (12)
and −2 + ε ≤ Re(βn) (hatched area).

Since each value of βn maps to its corresponding backscat-
tered symbol (see Eq. (10)), Eq. (12) can be rewritten as
follows∣∣∣∣ Spn −Ast

1− Spn +Ast
+ 1

∣∣∣∣ ≤ 1, ∀n ∈ {1, ..,M}. (13)

Note that backscattered symbols have real (xpn) and imagi-
nary (ypn) values in the In-phase/Quadrature (IQ) constellation
plane, Spn = xpn + jypn, and the antenna structural mode also
has a complex value, Ast = a + jb. Thus, Eq. (13) can be
mapped to the IQ constellation plane as follows

(xpn − (a+ 1))
2

+ (ypn − b)2 ≥ 1. (14)



5

Eq. (14) represents the area outside the unit circle centered at
(a+ 1, b), shown by the hatched area in Fig. 6(a). For passive
loads, Re(βn) ≥ 0, which maps to the interior of the circle
defined by (xpn− (a+ 0.5))2 + (ypn− b)2 ≤ 0.25, as illustrated
by the dotted pattern in Fig. 6(a).

2) Tag free-oscillation constraint: Any active circuit has
the potential to become unstable and start to oscillate. This
potential increases as the gain increases [30]. Based on Eq.
(9), as βn moves toward -2, the backscattered gain and the
risk of having oscillation increase. Thus, in order to stabilize
the circuit and guarantee no oscillations, a tighter bound on
Re(βn) should be applied by setting a new offset, ε > 0, as

Re(βn) ≥ −2 + ε, ∀n ∈ {1, ..,M}. (15)

Eq. (15) is mapped to the area inside the circle centered at
Cpst = (a+ 1− 1

ε , b) with radius 1
ε , in the constellation plane,

as
(xpn − (a+ 1− 1

ε
))2 + (ypn − b)2 ≤ (

1

ε
)2. (16)

For Re(βn) < −2, the net resistance of circuit is negative,
causing an unstable oscillation.

3) Optimization through geometric representation: The
new bound for βn is the union of the tag demodulator received
power constraint (Eq. (14)) and the tag free-oscillation con-
straint (Eq. (16)) areas, as shown by the hatched area in Fig.
6(b). This area is inside the circle centered at (a+1− 1

ε , b) with
radius 1

ε and excluding the area limited by the circle centered
at (a + 1, b) with radius 1. Each backscattered symbol Spn,
being represented as

Spn = Cpst+
√
Epne

j(θpn+ψ
p), ∀n ∈ {1, ..,M}, (17)

can be placed on the circle with center at Cpst = (a+1− 1
ε , b)

and radius
√
Epn. Note that Cst is the DC term due to

backscattering from the antenna (antenna structural scattering).
We take into account the antenna structural scattering term
when evaluating the average backscattered energy. However,
for an average BEP derivation, only the distance between
backscatter constellation points matters and this term should
be omitted. θpn is the phase of each symbol and ψp is the
rotation of all symbols. By choosing the backscattered symbols
on the circumference of the hatched circle, Epn is maximized
and both the demodulator received power and oscillation-free
constraints are guaranteed.

D. 4-QAM example

In this section, a 4-QAM BM constellation scheme is
implemented as an example. We set the constellation symbols
in the feasible area of Fig. 6(b) and calculate the value of
modulator loads corresponding to each symbols. The 4-QAM
constellation symbols are Sp1 , S

p
2 , S

p
3 , and Sp4 , shown in Fig.

6(b). These symbols are chosen for maximum distance among
the backscattered symbols. For each of these symbols, the
corresponding modulator load admittance is calculated and
given by Y p,nmod in Table I where ε = 0.06, ψp = 0, Ast = 1
and Bmod = Gmod = 0 (the antenna and demodulator are
conjugate-matched). Otherwise, Bmod and Gmod should be

(a)

(b)

Fig. 7: (a) Average received power at the BM tag demodulator, and
(b) average power of backscattered symbols.

added to Y p,nmod. We also report the corresponding values of βn
for Gtag = 1/50 Ohm.

The average received power at the BM tag demodulator is
calculated as

P pave =
1

4

4∑
n=1

P p,nr =
1

4

4∑
n=1

4

|2 + βn|2
Pmatch, ∀n ∈ {1, .., 4},

(18)
which is plotted as a function of ε, as shown in Fig. 7(a). As
ε gets smaller values (moves toward the oscillation point), the
average power delivered to the tag demodulator increases. The
average power of backscattered symbols is calculated as

Epave =
1

4

4∑
n=1

Epn = (
1

ε
)2, ∀n ∈ {1, .., 4}, (19)

Epave as a function of ε is plotted in Fig. 7(b). As ε gets
smaller, the average backscattered symbols power increases.
The average received power at the BM tag demodulator and
the backscattered symbols power show the same behavior.
Thus, as we move toward oscillation point, both demodulator
received power and backscattered symbols power increase.

IV. BM TAG SERIES CONFIGURATION

In this section, we introduce series tag configuration. Like
the previous section, we first present the proposed BM tag
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TABLE I: 4-QAM constellation symbols example and their corresponding βn and modulator loads. Y p,n
mod

Sp
1 -26.4+11.7j β1 -1.94+0.024j Y p,1

mod -0.038+0.0005j
Sp
2 -2.88+11.7j β2 -1.94+0.144j Y p,2

mod -0.038+0.0029j
Sp
3 -2.88-11.7j β3 -1.94-0.144j Y p,3

mod -0.038-0.0029j
Sp
4 -26.4-11.7j β4 -1.94-0.024j Y p,4

mod -0.038-0.0005j

Fig. 8: Proposed series BM tag configuration schematic.

structure and derive the received and backscattered power.
Based on the geometric representation of the backscattered
symbols, we optimize the BM tag modulator loads to im-
plement the desired BM constellation map, maximize the
backscattered power and guarantee at least Pmatch at the
demodulator.

A. Series configuration schematic

The proposed series BM tag configuration includes six parts:
i) the antenna, ii) the antenna impedance matching circuit
(IMCa), iii) the digital phase shifter, iv) the bidirectional
amplifier (Bi-Amp), v) the impedance matching circuit of
the tag demodulator (IMCt), and vi) the BM tag demod-
ulator (Ztag), as shown in Fig. 8. Bidirectional amplifiers
are two-port amplifiers, which can amplify the incoming
signal along both directions. Digital phase shifters are used
to change the phase of electromagnetic waves, controlled by
digital bits. The digital phase shifter, bidirectional amplifier,
and tag demodulator have standard input impedance equals
to Rmatch (usually 50 Ohm), and the antenna is matched
with them using the IMCa. To implement a BM link, we
make a deliberate mismatch (Γst ) using the IMCt at the tag
demodulator interface. Γst is the reflection coefficient seen at
the BM tag demodulator interface. The IMCt is a passive
lossless impedance matching circuit which transfers Ztag to
KRmatch, where K is a positive real number. The value of K
and bidirectional amplifier gain G, determine the amplitude of
the backscattered symbols. In order to modulate the amplitude
of backscattered signal, we vary K, using an RF switch at the
IMCt port. The symbol phases are set using the phase shifter.
Therefore, to implement a PSK constellation, K and G are
fixed. To generate a QAM constellation, we can change the
amplitude of the backscattered symbols by varying the values
of K via switching among different IMCt structures.

B. Received and backscattered power

To make the equation more trackable, we fixed the values
of G and K and switched among different values of the phase

Fig. 9: TEC of the proposed series BM tag configuration.

shifter (M-PSK constellation). The received power at the BM
tag demodulator, denoted by P sr , has the same value for all
different values of the phase shifter and is derived using the
TEC of the proposed series configuration, shown in Fig. 9. We
assume to have a phase shifter with average insertion loss Lps,
and lossless impedance matching circuits. We also assume that
the bidirectional amplifier has the same forward and backward
power gain G. Based on the TEC shown in Fig. 9, the received
power at KRmatch is

P sr =
1

2
KRmatch|IsL|2 where (20)

IsL =
√
GLps

VOC
Rmatch +KRmatch

.

Thus,

P sr =
1

2

(
VOC
K + 1

)2
GLpsK

Rmatch
= PmatchGLps

4K

(K + 1)2
.

(21)
We use the AST to derive the backscattered power at the

series BM tag interface

P s,nscat =
1

2z
|Es,nscat|2 with Es,nscat(r, θ, φ|Z

s,n
L ) = E0(Ast−Γs,nL ).

(22)
We set the backscattered symbols to the normalized backscat-
tered electric field, Ssn = (Ast − Γs,nL ), where Γs,nL is the
power reflection coefficient seen at the input port of the phase
shifter. To derive the expression of Γs,nL , we first need to find
the reflection coefficient ΓsB , seen at the bidirectional amplifier
interface. ΓsB depends on the structure of the bidirectional
amplifier. Using the bidirectional amplifier circuit proposed
in [22], ΓsB can be expressed as

ΓsB = −GΓst = −G
(
K − 1

K + 1

)
. (23)

Therefore, Γs,nL is given by

Γs,nL = ΓsBe
−j2θnphLps = −GLps

(
K − 1

K + 1

)
e−j2θ

n
ph , (24)
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where θnph is the phase of the phase shifter for backscattered
symbol Ssn. Since the backscattered waves pass the phase
shifter twice, we set the phase shifter delay as

θnph = −θ
s
n

2
= −2n− 1

2M
π, ∀n ∈ {1, ..,M}, (25)

where M is the constellation size, θsn is the phase of each
backscattered symbol Ssn and ψs represents the rotation of all
symbols. Thus, the backscattered symbols, Ssn, can be defined
by

Ssn = Ast+GLps
K − 1

K + 1
ej(θ

s
n+ψ

s), ∀n ∈ {1, ..,M}, (26)

C. Optimization of loads – the geometric representation

1) Tag demodulator received power constraint: For the
proposed series BM tag configuration, we set the same power
requirement at the tag demodulator as for the parallel config-
uration,

P sr ≥ Pmatch. (27)

We derive upper and lower bound of K, using Eq. (27) and
Eq. (21), as

KL︷ ︸︸ ︷
(
√
GLps −

√
GLps − 1)2 ≤ K ≤

KU︷ ︸︸ ︷
(
√
GLps +

√
GLps − 1)2 .

(28)
Eq. (28) shows that to guarantee the tag demodulator power
constraint, for a given value of G, K ∈ [KL,KU ]. Also
increasing the gain of the bidirectional amplifier or decreasing
the loss of the phase shifter increase the range of K. Note that
K determines the value of P sr , see Eq. (21). For example, if
K = 1 then P sr = GLpsPmatch, and if K = KL or K = KU

then P sr = Pmatch.
2) Tag oscillation-free constraint: For the series configura-

tion, the oscillation-free constraint is related to the gain of the
bidirectional amplifier. There are several types of bidirectional
amplifiers proposed in literature [22], [31]–[33]. In this section
we are not concerned about the oscillation criteria in the
circuit, since G is reported for the oscillation-free condition.

3) Optimization through geometric representation: Each
value of K maps to its corresponding backscattered symbol,
see Eq. (26). Thus we can rewrite Eq. (28) in terms of Ssn, to
derive the geometric representation of feasible backscattered
constellation area,

|Ssn −Ast| ≤
√
GLps

2 −GLps, ∀n ∈ {1, ..,M}. (29)

For the complex constellation symbols in IQ plane, Ssn =
xsn + jysn and Ast = a + jb, Eq. (29) maps to the circle

centered at (a, b) with radius
√
GLps

2 −GLps, shown by the
hatched area in Fig. 10,

(xsn − a)2 + (ysn − b)2 ≤ GLps
2 −GLps. (30)

Note that each backscattered symbol Ssn is represented as

Ssn = Csst +
√
Esne

j(θsn+ψ
s), ∀n ∈ {1, ..,M}, (31)

and can be placed on a circle with center Cst = (a, b) and
radius

√
Esn = GLps

∣∣∣K−1K+1

∣∣∣.

Fig. 10: Backscatter symbols constellation plane corresponding to
KL ≤ K ≤ KU .

D. 4-QAM example

In this section a 4-QAM BM constellation scheme is imple-
mented, as an example. We use the geometric representation of
Fig. 10 to choose the backscattered symbols Ssn. The 4-QAM
constellation symbols Ss1 , S

s
2 , S

s
3 and Ss4 are picked, as shown

in Fig. 10. These symbols are chosen on the circumference
of the hatched circle to maximize the distance among the
backscattered symbols. As shown in Fig. 10, on the circumfer-
ence of the hatched circle K = KU and Esn = GLps

2−GLps.
For G = 13 dB, Ast = 1, ψs = 0 and Lps = 3 dB,
backscattered symbols and their corresponding phase shifter
values are given in Table II. The average received power at

TABLE II: 4-QAM constellation symbols example and their corre-
sponding phase shifter values.

Ss
1 7.7+6.7j θ1ph −22.5◦

Ss
2 -5.7+6.7j θ2ph −67.5◦

Ss
3 -5.7-6.7j θ3ph −112.5◦

Ss
4 7.7-6.7j θ4ph −157.5◦

the BM tag demodulator for 4-QAM constellation is

P save =
1

4

4∑
n=1

P s,nr = PmatchGLps
4K

(K + 1)2
,∀n ∈ {1, .., 4},

(32)
For a fixed value of G and Lps, we plotted P save as a function
of K in Fig. 11(a). At K = 1, P save = GLpsPmatch and at
K = KL or K = KU , P save = Pmatch. If K /∈ [KL,KU ],
then P save < Pmatch. The average power of the backscattered
symbols for 4-QAM constellation is calculated as

Esave =
1

4

4∑
n=1

Esn =

(
GLps

K − 1

K + 1

)2

, ∀n ∈ {1, .., 4},

(33)
Esave is plotted in Fig. 11(b) as a function of K for a fixed
value of G. At K = 1, Esave = 0 , and at K = KL or
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(a)

(b)

Fig. 11: (a) Average received power at the tag demodulator, and (b)
the average backscattered symbols power.

K = KU , Esave = (GLps)
2−GLps. Fig. 11 shows that there is

a tradeoff between the received power at the tag demodulator
P save and backscattered symbols power Esave. As the value
of K moves closer to KL or KU , Esave increases but P save
decreases. This is contrary to the parallel configuration, where
when ε moves toward 0, both Epave and P pave increase.

V. AVERAGE BIT ERROR PROBABILITY

Since we guaranteed at least Pmatch at the tag demodu-
lators, the average bit error probability (BEP) at the reader
will be used to compare the two proposed active BM tag
configurations: Series and parallel. Due to the particularity of
the channel between the BM tag and the reader, the distribution
of the signal-to-noise ratio (SNR) should be studied before
handling the conditional BEP and then the average BEP.

A. SNR distribution

We define P pd and P sd as the received power at the reader for
the parallel and series BM tag configurations, respectively. We
derived their expressions using the AST for a fading channel
as

P p,sd = PtG
TX
d Lrt|ut.uinc|2G2

tLtr|ur.uscat|2GRXd |hrthtr|2

× |Ast − Γp,sL |
2 +NtFt|Γp,sL |

2Ltr|htr|2 +NrFr, (34)

where Pt is the transmitted power from the reader to the tag,
GTXd and GRXd are the reader’s transmitter (TX) and receiver
(RX) antenna gains, Lrt and Ltr are path-loss associated

with signal from reader-to-tag and tag-to-reader, and |ût.ûinc|
and |ûr.ûscat| account for the possible polarization mismatch
between (incident waves and tag antenna) and (backscattered
waves and reader antenna), respectively. hrt and htr are the
normalized reader-to-tag and tag-to-reader channel gains. Nt
and Ft are thermal noise power and noise figure at the tag,
amplified by tag backscattered gain and received at the reader
through channel htr with path loss Ltr. Nr and Fr are thermal
noise power and noise figure at the reader. It has been shown in
[34], that the equivalent noise at reader due to the tag thermal
noise is much less significant than the reader’s own thermal
noise. Thus, the instantaneous SNR at reader, γp,s, that is
given by

γp,s = γ0|hrthtr|2|Ast − Γp,sL |
2, (35)

where γ0 is the average SNR received at the reader, normalized
by the backscattered symbol power, given by

γ0 =
PtG

TX
d

NrFr
Lrt|ut.uinc|2G2

tLtr|ur.uscat|2GRXd . (36)

The backscatter symbol, Sp,s = Ast − Γp,sL , is given by Eq.
(17) and (31) for parallel and series BM tag configurations,
respectively. The offsets Cpst and Csst do not contribute on the
BEP derivation. The contributed SNR in BEP, γp,seff , for the
parallel and series configurations is

γp,seff = γ0|hrthtr|2Ep,save. (37)

The measurements in [35] showed that the backscattered signal
has deeper fades than the signal from a one-way link because
the fading on the backscattered signal is the product of the
downlink fading and the uplink fading. Thereby, the best
model to fit the backscattered signal fading is the product
Rician distribution. It is worth mentioning that some mea-
surements of the product Rician distribution parameters were
described in [35]. Furthermore, it was proven in [36] that the
Rician distribution is valid for line of sight (LOS) models,
and that the product-Rician with independent segments is
valid for local area, the measurements therein affirm that the
backscatter channel can be approximated by a product-Rician
distribution with independent segments for monostatic and
bistatic scenarios, where the reader transmitter and receiver
antennas are separated and adequately spaced. In addition,
in [37], the channel segments in RFID system were assumed
independent, based on CDF measurements. Hence, the channel
coefficients, |hrt| and |htr|, are modeled by Rician distribution
with probability density function (PDF) given in [38, Eq.
(2.15)] and distribution factors krt and ktr for downlink and
uplink, respectively. The PDF of the product of two indepen-
dent Rician random variables, |hrthtr|2, can be obtained in
integral form. However, an infinite sum representation was
derived in [39], where low number of terms can be considered
with small truncation errors, depending on the Rician factors
(e.g. for ktr = krt = 3 dB, the truncation error reduces to
10−15 with 600 terms). For that reason and by considering a
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change of variable, the PDF of the SNR can be derived using
[39, Eq. (24)] as

fp,sγeff
(γ) =

2κe−ktr−krt

γ0E
p,s
ave

∞∑
g,l=0

kgtrk
l
rt

(g!l!)2

(
κγ

γ0E
p,s
ave

) g+l
2

×Kg−l

(√
4κγ

γ0E
p,s
ave

)
, (38)

where κ = (1 + ktr)(1 + krt) and Kg(·) is the g-th order
modified Bessel function of the second kind [40, Eq. (9.6.24)].

B. Average BEP

Through an additive white Gaussian noise (AWGN) chan-
nel, the conditional BEP of 4-QAM constellation map is given
in [38, Eq. (8.16)] by

ηp,se = Q
(√

γp,seff

)
, (39)

where Q(·) is the Gaussian Q function [38, Eq. (4.1)]. The
average BEP is obtained by averaging the conditional BEP
over the distribution of the SNR

ηp,se =

∫ ∞
0

ηp,se fγp,s
eff

(γ)dγ. (40)

Thus, by substituting Eq. (38) and Eq. (39) in Eq. (40), we
get the average BEP as follows

ηp,se =
2κe−ktr−krt

γ0E
p,s
ave

∞∑
g,l=0

kgtrk
l
rt

(g!l!)2

∫ ∞
0

(
κγ

γ0E
p,s
ave

) g+l
2

(41)

×Q(
√
γ)Kg−l

(√
4κγ

γ0E
p,s
ave

)
dγ.

To find a compact expression for Eq. (41), an integral of
the form

∫∞
0
xg+l+1Q(x)Kg−l(ax)dx should be evaluated for

some positive number a. Using alternative expressions of the
Q function and the Bessel function in terms of the Meijer’s
G function (MGF) [41, Eq. (2.9.1)], available in [42, Eq.
(8.4.14.2)] and [41, Eq. (2.9.19)], respectively, the integral
becomes an integral of the product of two MGFs, which can be
solved using the integral identity [41, Eq. (2.8.4)]. Therefore,
the average BEP of 4-QAM BM scheme can be expressed as

ηp,se =
e−ktr−krt

2
√
π

∞∑
g,l=0

kgtrk
l
rt

(g!l!)2
G2,2

2,3

[
2κ

γ0E
p,s
ave

∣∣∣∣ 1, 12
1 + g, 1 + l, 0

]
.

(42)

VI. SIMULATION RESULTS

This section shows some selected numerical results sup-
ported by Monte Carlo MATLAB R© simulations to illustrate
the average BEP at the reader. To compare the proposed tag
configurations, we used γ0 as the reference SNR and plotted
the average BEP derived in Eq. (42), versus γ0. We assume
4-QAM constellation scheme and the maximum backscattered
power as an example. To conclude the paper, we also com-
pare the average BEP normalized to DC power consumption
to evaluate the performance of parallel/series configurations,
passive tags, active point to point tags and ZigBee modules.
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Fig. 12: Average BEP at the reader for the parallel BM tag configu-
ration. The lines denote the analytical results while the cross markers
denote the Monte-Carlo simulations.

A. Parallel BM tag configuration

For the parallel configuration, we run the simulations and
plot the average BEP at the reader, for different values of
Re(β) and maximum backscattered power, shown in Fig. 12.
Note that the value of the average backscattered symbols
power Epave can be derived from the value of Re(β), based
on Eq. (19). We assume Rician fading with Rician factors
krt = ktr = 2.7 dB [35]. We set three different values of
Re(β): −1.78, −1.75, and −1.69. These numbers are practical
values that set the circuit far from the oscillation point, since
they correspond to reflection gain of 18.4 dB, 17 dB, and
14 dB, respectively. Based on [43], a tunnel-diode reflection
amplifier starts to oscillate for more than 20 dB gain. Thus, for
Re(β)>-1.82 (ε > 0.18), the circuit stays stable and this choice
guarantees no oscillations. We also plotted the average BEP of
passive BM tags to better highlight the impact of active loads
on the reader average BEP. Like parallel and series BM tags,
the maximum backscattered symbols power for a passive tag is
the square of its constellation circle radius. The constellation
circle of passive tags is shown with the dotted area in Fig. 6(a).
Thus, Epassiveave = (0.5)2. For example of tunnel-diode based
negative resistance the DC power consumption is 0.2 mW [44].
As expected, if we pick Re(β) close to the oscillation point,
the backscattered power increases and the average BEP at the
reader decreases as a result. For the conventional passive BM
tag, the reader needs γ0 to be at least 47 dB to guarantee an
average BEP of 10−4. For the parallel BM tag configuration,
we decreased this value to 31 dB, 29 dB and 28 dB for
Re(β) = −1.69, Re(β) = −1.75 and Re(β) = −1.78,
respectively. Based on the approximate theoretical expression
of [8, Eq. (19.20)], for 19 dB SNR gain at the reader, the up-
link range increases up to 60 %. It is noticeable that this range
gain is achieved at the expense of more complex, larger and
battery-dependent circuit compared to a passive tag circuit.
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Fig. 13: Average BEP at the reader for the series BM tag configura-
tion. Phase shifter insertion loss=3 dB. The lines denote the analytical
results while the cross markers denote the Monte-Carlo simulations.

B. Series BM tag configuration

For the series BM tag configuration, we plot the average
BEP for G = 8 dB, G = 11 dB, and G = 13 dB, and
phase shifter insertion loss of 3 dB, as shown in Fig. 13.
Note that the average backscattered symbols power is derived
from the values of GLps based on Eq. (33). We chose these
values of gain based on [19], where oscillation starts after
15 dB gain for a transistor-based bidirectional amplifier. The
transistor-based bidirectional amplifier in [19] consumes 2.4
mW DC power and for a 6-bit digital phase shifter from
QORVO, with part number QPC2108, this number is 2 mW.
We set K = KL to maximize the backscattered power and
assume Rician fading with Rician factors krt = ktr = 2.7
dB. Like the parallel configuration, we also plot the average
BEP at the reader for passive BM tags. As expected, by
increasing the gain of the bidirectional amplifier the average
BEP at the reader decreases. Note that high-gain bidirectional
amplifiers (generally all amplifiers) are prone to oscillate.
Thus, there is a tradeoff between the gain and stability of
the amplifier, which should be taken into account. Compared
to a passive tag, for G = 8 dB, G = 11 dB and G = 13
dB, a maximum SNR gain of 15 dB, 22 dB and 25 dB
could be theoretically achieved at the reader for an average
BEP of 10−4. The SNR gains achieved in series BM tag
configuration are larger than the SNR gains in parallel BM
tag configuration. The reason lies in the BM tag configurations
design. In the series tag configuration, we can set the receive
power at tag demodulator to the least acceptable value Pmatch,
and backscatter the rest of power toward the reader. Also the
backscattered signal is amplified two times by the bidirectional
amplifier, which further increases the backscattered power.
Contrary to the series tag configuration, in the parallel tag
configuration the received power at tag demodulator and the
backscattered power increase together.

C. Parallel and series tag comparison

To compare the proposed parallel and series BM tag con-
figurations, several factors should be weighted, which include
but are not limited to the circuit complexity, the power con-
sumption, the size, the BEP at the reader, the received power
at the tag demodulator and the feasibility of implementing the
desired BM constellation map. These factors must be ranked
by importance for individual applications. The comparison
through all the mentioned factors between the two proposed
configurations is beyond the scope of this paper. In this paper,
we just compare the parallel and series BM tag configurations
based on the average BEP at the reader. In the series tag
configuration, we consider the transistor-based bidirectional
amplifier structure proposed in [19], which oscillates for
G > 15 dB. To sit far from oscillation point, we consider G=10
dB (5 dB less gain). In the parallel tag configuration, we used
a tunnel diode-based negative resistance parallel with the the
tag demodulator as a one-port reflection amplifier. Based on
[43], it starts to oscillate when its reflection gain is more than
20 dB. Again, to be on the safe side and away from oscillation,
we picked 15 dB gain (5 dB less than oscillation border) of
reflection amplifier which corresponds to Re(βn) = −1.7.
Here, we also add the plot for bidirectional amplifier gain
of 15 dB, to compare the series and parallel configurations,
when both have the same reflection gain. The results are
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Fig. 14: Comparison between parallel and series tag average BEP at
the reader. Phase shifter insertion loss=3 dB. The lines denote the
analytical results while the cross markers denote the Monte-Carlo
simulations.

shown in Fig. 14. For the same oscillation-free constraint (5
dB less than oscillation border gain), the series configuration
shows better performance in case of average BEP at the
reader. For the same gain condition (G=15 dB and Re(β)=-
1.7), the series configuration has maximum SNR gain of 12
dB is compared with parallel configuration at average BEP of
10−4. The bidirectional amplifier and digital phase shifter used
in the series configuration are complex circuits with higher
power consumption compared with the parallel configuration
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elements, which is the price of better BEP performance at the
reader.

D. Average BEP normalized to DC power consumption

In this section, we normalize the average BEP at reader
to the DC power consumption of i) passive RFID tag, ii)
parallel configuration, iii) series configuration, iv) active point
to point RFID tag, and v) ZigBee module. To do so, we use
the following assumptions:

1) The value of reader’s DC power consumption can vary
based on application and standard used in its structure.
For a gain-adjusted active RFID reader (217002) from
GAORFID company, the total DC power consumption
is 450 mW.

2) a) In the parallel configuration, for the tunnel diode
based negative resistance, the DC power consump-
tion is 0.2 mW. For the micro-controller and RF
switch, we refer to AT89S51 ATMEL and RF
switch 63DR Mini-Circuit as an example where
the consumed DC power are 75 mW and 150 µW,
respectively. We set Re(β) = −1.78.

b) The series configuration consumes 2.4 mW +2
mW= 4.4 mW for bidirectional amplifier and
phase shifter. The micro-controller AT89S51 AT-
MEL and RF switch 63DR Mini-Circuit use a DC
power of 75 mW and 150 µW, respectively. The
bidirectional gain is G = 13 dB and phase shifter
insertion loss is 3 dB.

3) For active point to point RFID tags, there are also
different prototypes with various values of power con-
sumption. We refer to [45], which studied three different
prototype of active RFIDs. As an example we consider
an active IEEE 802.11 RFID tag which uses 300 mW
power.

4) For ZigBee, we refer to Zigbee Module (802.15.4)
XBee, from Digi International. Based on its data sheet,
the battery power consumption is 396 mW for PRO
model.

5) For the BM group, the channel gain is |hrthtr|2, while
for an active point to point RFID tag and ZigBee it is
|htr|2.

6) In active point to point RFID tag and ZigBee, there is
a one-way path loss associated with the signal, Ltr.

In order to normalize the average BEP at reader to the DC
power consumption of each tag, we used a normalization
coefficient NPC at the effective SNR derivation (Eq. 37), as
follows:

i) For the passive RFID tag, NPC=1.
ii) For the parallel configuration, NPC=(reader

DC power consumption)/(reader DC power con-
sumption+ parallel DC power consumption).

iii) For the series configuration, NPC=(reader
DC power consumption)/(reader DC power con-
sumption+ series DC power consumption).

iv) For the active P2P RFID tag, NPC=(reader
DC power consumption)/(reader DC power con-
sumption+ active DC power consumption).

v) For the ZigBee module, we set NPC = 0.5, since
ZigBee is a separate wireless node and not associated
with a reader.

The simulation results of the re-derived average BEP at
reader normalized to DC power consumption are shown in Fig.
15. As one can see, parallel and series configuration perform

Fig. 15: Average BEP at reader normalized to DC power consumption
at each tag structure.

better than passive tag. In the low SNR regime (large distance
between reader and tag), active point to point RFID tag and
ZigBee outperform passive and parallel/series configurations.
This is due to a one-way path loss associated with non BM
structures, where the signal falls as the square of the distance
(1/r2), rather than a two-way path loss in BM structures
(1/r4). Note that for non BM structures, the BEP curve slope
is half of the BM structures, since the path loss and channel
gain in non BM depend on the square root of BM. Thus, the
average BEP falls quicker as we increase γ0 for parallel and
series configuration compared to an active tag and a ZigBee
module.
In the high SNR regime, on the other hand, the proposed par-
allel and series configurations start to outperform active point
to point RFID and ZigBee. Parallel and series configurations
consume less DC power compared to point to point RFID tag
and ZigBee. Please note that by increasing G and decreasing
Re(β), the backscattered gain is increased and even a better
performance in parallel/series configurations can be obtained.
It is worth mentioning that better performance of active RFID
tag and ZigBee comes with the price of having a separate
transmitter in the tag, with large complexity, cost and power
consumption.

VII. CONCLUSION

In this paper, we propose two active two-way BM tag
configurations. The first BM tag configuration, called parallel
configuration, uses a negative resistance in parallel with the
tag demodulator. The second BM tag configuration, called
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series configuration, uses a bidirectional amplifier in series
with the tag demodulator. Using AST and TEC/NEC, we
accurately model and optimized each BM tag configuration
to provide at least a power Pmatch at the tag demodulator
while exhibiting maximum difference in the backscattered field
and implementing the desired constellation map. For both
BM tags, we propose a new geometric representation of the
backscattered symbols to optimize the tag modulator loads.
We derive a closed-form expression of the average BEP at the
reader in a Rician fading channel environment and use it to
compare parallel and series configurations with a conventional
passive BM tag. The simulation results allow us to conclude
that, compared to a passive BM tag circuit, the proposed BM
tag configurations can implement the desired constellation and
considerably increase the communication range.
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