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Nicolas Barbot, Member, IEEE, Ionela Prodan, Member, IEEE, Pavel Nikitin, Fellow, IEEE,

Abstract—This paper introduces a new method, called multi-
port load modulation, allowing one to improve the delta RCS of
any passive transponder. By switching simultaneously the loads
connected to a multi-port antenna, we show that the associated
delta RCS can be higher than the one predicted by the equations
of R. Green in 1963. We demonstrate analytically that the delta
RCS of the multi-port tag can be improved by 6 dB compared
to a single port antenna. This improvement corresponds to
an increase of the round-trip read range of 41%. This result
can still be improved if the modulation of the structural mode
adds constructively with the modulation of the antenna mode.
Simulation and measurement of a fully compliant dual-port tag
validate the model and achieve a large part of the predicted
improvement.

Index Terms—Differential Radar Cross-Section (RCS), EPC
Gen2, multi-port antenna, multi-port load modulation, Radio
Frequency Identification (RFID).

I. INTRODUCTION

Backscatter communicatons allows a transponder to transfer
information at a fraction of the complexity and cost of classical
transponders that use active components. Moreover, if the
power can be harvested from the electromagnetic wave sent by
the reader, fully passive transponders can be designed. RFID
technology is the most famous example which is used world
wild since more than 20 years now.

In the past, read ranges of RFID systems were limited
by the tag sensitivities, thus most of the research effort was
oriented to reduce the tag sensitivity. Over the last 20 years,
tag sensitivity has been improved by 1 dB per year on average.
Today, sensitive chips can be activated with a power as low
as −23 dBm. As a result, RFID system performance is no
longer solely limited by the tag sensitivity but also by the
reader sensitivity [1].

Optimization of the performance when the read range is
limited by the reader sensitivity is a recent research topic that
will take more importance in the future. The main idea is to
maximize the modulated power backscattered by the tag. This
power is linked to the backscattered field of loaded antennas
which has been understood since 1963 by R. Green [2]. In his
thesis, Green successfully decomposed the scattered field of a
loaded antenna into two different contributions, which are the
structural mode and the antenna mode. The first contribution
is the part of the scattered field which is independent of the
load connected to the antenna port. The latter contribution is
proportional to the reflection coefficient between the antenna
and the load and has the same properties as the transmit-
ting antenna. However, unlike other decompositions based on
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Fig. 1. Example of multi-port antenna composed of two ports: (a) single
structure, (b) two separated structures.

short circuit response [3], [4, Eq. (20)], and on open circuit
response [5, Eq. (10)], Green’s decomposition is based on
complex conjugate response [2, Eq. (14)] and can easily be
used to predict and bound all possible scattered field values
as a function of the load. These concepts have been used and
applied in the RFID technology to estimate the scattered field
and the efficiency of the transponders. More specifically, the
differential RCS of RFID tags (also known as delta RCS)
which has been introduced in [6] and extended in [7], has
been derived directly from Green’s work.

The delta RCS associated with a UHF RFID tag which can
switch between two states with complex reflection coefficients
Γ1 and Γ2 is equal to [2, Eq. (32)], [6, Eq. (6)], [7, Eq. (22)]:

σd =
λ2G2

4π

|Γ1 − Γ2|2
4

(1)

where λ is the wavelength, G is the gain of the antenna and
Γj is the complex power wave reflection coefficient between
the antenna and the load in the considered state:

Γj =
Zcj − Z∗

a

Zcj + Za
(2)

As remarked in [6], note that (1) is valid for any antenna and
any load. This quantity is also a bound on the modulated power
which can be backscattered towards the reader. From (1), we
can see that the distance between Γ1 and Γ2 can not be higher
than 2 since |Γi| is always lower than 1 for any passive loads.
Moreover, for passive tags, this bound is even lowered since
the default state has to be matched i.e., Γ0 = 0, thus maximum
distance can not be higher than 1.

Based on (1) and with the previous assumptions, a classical
half-wavelength dipole at 915 MHz has a maximal delta
RCS for passive (modulating between match and short) and
semi-passive (modulating between open and short) UHF tags
of −22.4 dBsm (57.5 cm2) and −16.4 dBsm (230 cm2)
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respectively. This delta RCS value directly limits the round-
trip read range of any UHF tags.

The objective of this paper is to design a new kind of
tags with improved delta RCS and round-trip read range. This
design relies on the concept of multi-port tag and multi-port
antenna. Multi-port tags are not new in the RFID literature [8]–
[10]. Usually, these architectures are used to provide diversity
in the forward link, which means that if one port experiences a
strong attenuation, the other port can still be used to maintain
a given performance. However, in the reverse link, all of these
works consider that a single port is backscattering at a given
time. This condition avoids any collision between different
tags and remains a foundation of the RFID protocol.

The proposed multi-port load modulation technique pre-
sented in this paper contrasts previous work in that the
different ports of the system have to switch at the same time.
This can also be seen as a “controlled collision” between
different ports which can improve both delta RCS and round-
trip read range. This technique is particularly useful for
semi-passive tags which are limited by the reader sensitivity.
Additionally, this concept has been observed and/or measured
experimentally on independent tags in [11]–[14]. Compared to
these works, this paper provides the analytic model allowing
one to predict the delta RCS as a function of the parameters
of the multi-port tag.

This article is an extension of [15]. Compared to the
conference paper, this extension includes a generalization of
the concepts to N ports (instead of 2) and the addition of a
theoretical model based on antenna array theory. Compared
to the general model, this simple model neglects the coupling
but allows one to easily predict the delta RCS of multi-port
antennas composed of several (identical) elements. Moreover,
this extension presents for the first time, a tag based on a
multi-port antenna with improved delta RCS which is fully
compatible with the EPC Gen2 protocol.

II. GENERAL MODEL FOR A MULTI-PORT ANTENNA

In the following, we consider a multi-port antenna which in-
cludes N distinct ports. In emission, this antenna can produce
an electric field when a voltage (and/or a current) is applied on
any of its ports. In reception, this same antenna can generate
a voltage (and/or a current) on any of its ports when a wave is
impinging the structure. Each port can be loaded by a (passive)
complex impedance value. Without any loss of generality, a
multi-port antenna can be composed of a single structure or
multiple structures, and ports can be placed anywhere on the
structure(s) as presented in Fig. 1. The model presented in
this section is general and can be applied to any multi-port
antenna. Note that the demonstration for a dual-port antenna
case is presented in [15].

A. RCS of a Loaded Multi-Port Antenna

The backscattering of fields by a loaded antenna has been
known since [2] where Green succeeded to decompose the
backscattered field into a structural mode and an antenna
mode. This decomposition became famous since that all pos-
sible amplitude and phase of the backscattered signal can be

Zc1

Zc2

Ei

=

−Isc1Zc1Za1

Za1+Zc1

−Isc2Zc2Za2

Za2+Zc2

Ei

=

Ei

+
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Za1+Zc1

+
−Isc2Zc2

Za2+Zc2

Fig. 2. Decomposition of the field backscattered by a multi-port antenna
composed of two ports.

easily predicted from the load connected to the antenna due
to Γ being a bounded quantity. Note that this derivation also
assumes a single port antenna. Consequently, the delta RCS of
a single-port antenna can, by definition, not be higher than (1).

On the other hand, if we consider the delta RCS of an
antenna with more than one port, then this quantity is, by
design, not bounded by (1) if loads on all ports can be switched
at the same time. The rest of this section generalizes the
procedure discovered by Green in the case of a multi-port
antenna.

By using the compensation theorem and then the superpo-
sition theorem, the field backscattered by a multi-port antenna
can be decomposed into the field backscattered by the antenna
with a short circuit on all ports plus the field generated by each
port loaded by a voltage generator while the other ports are
short circuited (see Fig. 2):

Es(Zc1, · · · , ZcN ) = Es(0, 0, · · · )−
N∑
i=1

ZciIsci
Zci + Zai

Eri (3)

By using (3) with a conjugate matching on all ports, we can
express Es(0, 0, · · · ) as:

Es(0, 0, · · · ) = Es(Z
∗
a1, · · · , Z∗

aN ) +

N∑
i=1

Z∗
ai

2Rai
IsciEri (4)

Also, short-circuit current on port i, Isci can be expressed as
a function of the conjugate currents:

Isci = Ii(Z
∗
ai)

2Rai
Zai

(5)

Thus, E(0, 0, · · · ) can be expressed only with the conjugate
currents:

Es(0, 0, · · · ) = Es(Z
∗
a1, · · ·Z∗

aN ) +

N∑
i=1

Z∗
ai

Zai
Ii(Z

∗
ai)Eri (6)

Finally, (6) can be substituted into (4) to obtain:

Es(Zc1, · · · , ZcN ) = Es(Z
∗
a1, · · · , Z∗

aN )

+

N∑
i=1

1

Zai

[
Z∗
ai+

2RaiZci
Zai+Zci

Ii(Z
∗
ai)Eri

]
(7)

which can more simply be expressed as:

Es(Zc1, · · · , ZcN ) = Es(Z
∗
a1, · · · , Z∗

aN )

−
N∑
i=1

ΓiIi(Z
∗
ai)Eri (8)
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Fig. 3. Graphical representation of the scattering of a multi-port antenna
composed of two ports. The figure is composed of two Smith charts corre-
sponding to the two antenna modes. Square root of the RCS of the dual-port
antenna is proportional to the length of the black plain line.

where Γi is the reflection coefficient at the considered port i:

Γi =
Zci − Z∗

ai

Zci + Zai
(9)

The RCS of the multi-port antenna can finally be extracted:

σ = 4πr2
|Es(Z∗

a1, Z
∗
a2)−∑N

i=1 ΓiI(Z∗
ai)Eri|2

|Ei|2
(10)

This RCS can also be expressed as a function of antenna
“gains” Gmi.

σ =
λ2

4π
·
∣∣∣∣∣A−

N∑
i=1

Gmie
jφiΓi

∣∣∣∣∣
2

(11)

with:

A =
4π

λ
Es(Z

∗
a1, · · · , Z∗

aN ) (12)

Gmi =
4π

λ
|Ii(Z∗

ai)Eri| (13)

φi = arg(Ii(Z
∗
ai)Eri) (14)

Note that Gmi are not equal to the gains of the antenna at
port i but are different quantities. Fig. 3 presents the different
quantities graphically. Note that the structural mode is not
bounded and can be inside or outside any Smith charts. The
antenna mode of port i is bounded by a circle of radius Gmi.
These two circles are represented by the two Smith charts and
each antenna mode can not be outside its respective circle. The
total antenna mode corresponding to the summation of each
port is bounded by a radius of

∑N
i=1Gmi. Finally the square

root of the RCS of the multi-port antenna is proportional to
the length between −A and the total antenna mode.

B. Delta RCS of a multi-Port Tag

Let’s now imagine that each port of this multi-port antenna
can be switched between two values:

Zc1 → (Zc11, Zc12)

Zc2 → (Zc21, Zc22)
...

ZcN → (ZcN1, ZcN2)

(15)

Note that the impedance change have to takes place at the
same time on all ports. This condition is particularly important
because if a single port is switched at a given time, the delta
RCS associated to each variation is directly given by (1) and
can not be improved.

By applying (8) for both states and then doing the differ-
ence, the total field variation can be obtained by:

∆Es = Es(Z
∗
a11, · · · , Z∗

aN1)− Es(Z∗
a12, · · · , Z∗

aN2)

−
N∑
i=1

Γi1Ii(Z
∗
ai1)Eri1 +

N∑
i=1

Γi2I1(Z∗
ai2)Eri2 (16)

The quantity expressed by (16) can be normalized to obtain
the delta RCS of the multi-port antenna:

σd = πr|Es(Z∗
a11, · · · , Z∗

aN1)− Es(Z∗
a12, · · · , Z∗

aN2)

+

N∑
i=1

Γi2Ii(Z
∗
ai2)Eri2 −

N∑
i=1

Γi1Ii(Z
∗
ai1)Eri1|2/|Ei|2 (17)

Equation (17) can also be expressed as a function of the
“gains” Gm:

σd =
λ2

16π

∣∣∣∣∣A1 −A2

+

N∑
i=1

Gmi2e
jφi2Γi2 −

N∑
i=1

Gmi1e
jφi1Γi1

∣∣∣∣∣
2

(18)

with:
Aj =

4π

λ
Es(Z

∗
a1j , · · · , Z∗

aNj) (19)

Gmij =
4π

λ
|Iij(Z∗

aij)Erij | (20)

φij = arg(Iij(Z
∗
aij)Erij) (21)

Equation (18) is the general form of the delta RCS of a multi-
port antenna. The term A1 − A2 is a modulation due to the
variation of the structural mode between the two states. This
term was not present for single-port antenna [see (1)]. Each
following term is proportional to Γij and corresponds to the
modulation of the antenna mode produced by each port. The
direct analysis of (18) states that if we can find a dual-port
antenna having good “gains” on both ports (Gmij ≈ G), then
delta RCS of a dual-port antenna can potentially be improved
by a factor of 4 (i.e. +6 dB) each time the number of ports
is multiplied by 2 provided that last two terms in (18) have
the opposite phase. This result can still be improved if the
modulation due to the structural mode adds constructively. In
terms of read range, assuming a free space environment, each
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Fig. 4. Geometry of the two dipoles impinged by a plane wave.

increase of the delta RCS of 6 dB represents an improvement
of 41% of the round trip read range [1] which is very
significant for overall RFID system performance.

III. MODEL WITHOUT COUPLING FOR A MULTI-PORT
ANTENNA

The previous section provides a model which is valid for
any multi-port antenna. Ports can be on the same or different
structures as presented in Fig. 1(a) and (b). However, this
model remains complex to use in practice since when one
load is changed at a given port, it can affect the parameters
of any other ports. To provide a simpler model, we reduce the
multi-port antenna to N identical structures spatially separated
in space [like in Fig. 1(b)]. Moreover, we assume that these
structures are not coupled, i.e., the current induced on a
structure does not affect the current of another structure. With
these assumptions, the backscattered field of the multi-port
antenna can be obtained by adding the backscattered field
produced by each element taken separately. Note that these
antennas represent only a small subset of the multi-port an-
tennas described in Section II. The rest of this Section presents
the simple case of a dual-port antenna. The generalization to
multi-port antennas is presented at the end of the Section.

A. RCS of a Loaded Multi-Port Antenna

To illustrate the approach, let us consider that the multi-port
antenna is composed of two dipole antennas separated by a
distance d. Fig. 4 presents the configuration and the notation
used in the following. In the farfield zone of the multi-port
antenna, the total backscattered field can be approximated by:

Es(Zc1, Zc2) ≈
Es0(Zc1)e+jkd cos θ + Es0(Zc2)e−jkd cos θ (22)

where Es0(Zc) is the scattered field of a single dipole located
at the origin. From Green’s thesis, we know that the field
scattered by a single-port antenna is equal to [2]:

Es0(Zc) = Es0(Z∗
a)− ΓI0(Z∗

a)Er0 (23)

Substituting (23) into (22) leads to:

Es(Zc1, Zc2) = Es0(Z∗
a)2 cos [kd cos θ]

− I0(Z∗
a)Er0

[
Γ1e

+jkd cos θ + Γ2e
−jkd cos θ] (24)

Note that this formula is a simplified form of [15, Eq. (11)]
[see also (8)]. Moreover when Γ1 = Γ2, (24) takes the
following simple form:

Es(Zc1, Zc2) =

[Es0(Z∗
a)− Γ1I0(Z∗

a)Er0]× 2 cos [kd cos θ] (25)

where we can recognize the field scattered by a single dipole
at the origin multiplied by a factor which depends on the
geometry of the multi-port antenna. Equations (24) and (25)
are actually similar to the antenna array theory [16, p. 249].
A special attention has to be paid that, in the general case i.e.,
when Γ1 6= Γ2, the array factor for the structural mode and
for the antenna mode are different. These two quantities are
equal only when Γ1 = Γ2.

From (24), the RCS of the dual-port antenna can be esti-
mated by:

σ =
λ2G2

4π
· |A− ejφ1Γ1 − ejφ2Γ2|2 (26)

with:
A =

Es0(Z∗
a)

I0(Z∗
a)Er0

2 cos [kd cos θ] (27)

φi = ±kd cos θ (28)

and G the gain of the single element located at the origin.
Note that this formula is a simplified form [15, Eq. (14)] [see
also (11)].

B. Delta RCS of a Loaded Multi-Port Antenna

If we now assume that each port can switch (simultane-
ously) between two impedance values, the total field variation
can be obtained by:

∆Es = −I0(Z∗
a)Er0×[

(Γ11 − Γ12)e−jkd cos θ + (Γ21 − Γ22)e+jkd cos θ
]

(29)

Note that this formula is a simplified form [15, Eq. (19)] [see
also (16)]. Finally, the associated delta RCS can finally be
obtained by:

σd =
λ2G2

16π

·
∣∣(Γ11 − Γ12)e−jkd cos θ + (Γ21 − Γ22)e+jkd cos θ

∣∣2 (30)

Note that this formula is a simplified form of [15, Eq. (21)]
[see also (18)] which can easily be used to predict the delta
RCS of an array of loaded antennas. Moreover, compared
to (18), the structural mode modulation can not be predicted by
this simple model since the coupling is not taken into account.
Finally, in the case where this multi-port tag is loaded by loads
satisfying Γ11 − Γ12 = Γ21 − Γ22, e.g., using identical chips
at both ports, σd can be written as:

σd =
λ2G2

16π
· |Γ11 − Γ12|24 cos2[kd cos θ] (31)

where we can easily see that the delta RCS can be improved
by 6 dB compared to the single-port antenna composed with
a single element. Remember that this equation does not
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consider the structural mode modulation due to the coupling
between the two elements. Finally, the approach can easily
be generalized to N ports antenna composed of N (identical)
elements by recognizing the delta RCS of a single element
multiplied by the magnitude squared of the array factor:

σd = σd0 · |AF |2 (32)

where σd0 is the delta RCS of a single element and AF is
the array factor of the structure. Note that (32) is only valid
when Γ11−Γ12 = Γ21−Γ22 e.g., using identical chips at both
port. If this condition on the reflection coefficient can not be
satisfied, a generalization of (30) for the considered array has
to be used instead.

IV. SIMULATION

In this section, we still consider the two dipoles impinged by
a plane wave (see Fig. 4). Simulations have been realized with
NEC2, which is based on the Method of Moments numerical
simulation method. Each dipole has a length of 15 cm which is
approximately equal to λ/2 at 915 MHz and has been modeled
by 11 segments using the thin wire approximation. Moreover,
each dipole can be loaded at its center by a complex load.
Default state has been chosen at Zc11 = Zc21 = 10 + 100i Ω.
A plane wave impinges the structure with an angle (θ, φ) and
scattered field is collected using a farfield probe in the same
direction at a distance of 1 m.

The first study compares the two models proposed previ-
ously and the simulation using NEC2. The first model takes
into account the coupling whereas the second one is simpler
and assumes no coupling. Determination is based on (8)
and (25) for first and second model respectively. Moreover, for
the first model, independent simulations have been performed
to determine the values of each parameter (i.e., Zai, Γi, Eri,
I1(Z∗

aij). The scattered field is extracted for (θ = π/2, φ = 0)
as a function of the distance d between the dipoles. Results
are presented in Fig. 5 where we can see that the simulation
and the general model of the scattered field [see (8)] are
in a very good agreement (slight difference appears at the
second digit after the comma). Note that for this two dipoles
arrangement, the coupling can be expressed analytically [16,
p. 412]. However, analytical model for coupled elements is
not known for general structure (i.e., other than dipoles). The
simple model without coupling produces a less accurate results
especially when the distance between the two dipoles is small
due to the strong coupling between the two dipoles. For longer
distances (typically more than few wavelengths), the simple
model can easily replace the general model to predict the
scattered field.

In the second study, both ports are switched simultaneously
(from Zc11 = Zc21 = 10 + 100i Ω to Zc12 = Zc22 =
10−100i Ω). Delta RCS is extracted by using two independent
simulations (one in each state) and compared to both models
(with and without coupling), with the results presented in
Fig. 6. Here again, we can see that the general model perfectly
fits the simulation. Simple model provides a good approxima-
tion only when the distance between the two dipoles is higher
that few wavelength. Below this distance, simple model cannot
be used accurately.
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Fig. 5. (a) Magnitude and (b) phase of the scattered field (in the first state)
as a function of the distance between the two dipoles.
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Fig. 6. Delta RCS as a function of the distance between the two dipoles
when the two ports are switched simultaneously.
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Fig. 7. Delta RCS as a function of the angle φ when the two ports are
switched simultaneously.

Finally, delta RCS is plotted, for a fixed distance of d =
20 cm between the two dipoles, for θ = π/2 and for all
φ values. Results are presented in Fig. 7. Here again, the
general model is in perfect agreement with the simulation.
The simple model without coupling is able to predict the delta
RCS with an accuracy of 2 dB (for this specific d value).
Higher accuracy can be obtained for lager distances. Moreover,
Fig. 7 also presents, in dashed line, the delta RCS of a single
port antenna composed of a single dipole and switching with
the same impedance values (from Zc1 = 10 + 100i Ω to
Zc2 = 10 − 100i Ω). In this specific case the delta RCS
is independent of φ and equal to −17.96 dBsm. Thus we
can see that the delta RCS of a multi-port antenna can be
improved compared to a single-port antenna composed with
the same element. From Fig. 7, for φ = π/2 the maximum
delta RCS predicted by the simple model is −11.96 dBsm,
which is exactly 6 dB higher than the single port antenna.
More interestingly, the maximum predicted by the general
model (and by the simulation) is equal to −9.98 dBsm (see
also Table 2 in [15]). This represents an improvement of 8 dB
compared to the single-port antenna where 6 dB are due to
the increased gain and 2 dB are due to the structural mode
modulation (i.e., the coupling between the two elements). This
result is significant for future design of new RFID tags with
improved delta RCS.

V. OPTIMIZATION OF THE IMPEDANCE VALUES

For a given N -port antenna, an interesting question arises
of how to optimize the 2N impedance values to maximize
the delta RCS. This optimization can be done based on the
two previously presented models leading to two different
approaches. In the following, we consider the previously
studied multi-port antenna composed of two dipoles separated
by a distance of 20 cm. The reader is assumed to be placed
facing to the dipoles (i.e., θ = π/2, φ = π/2). Different
multi-port antennas and configuration can be addressed using
the same approach.

TABLE I
OPTIMIZATION OF THE STATES OF DUAL-PORT TAG AT 915 MHZ.

Time slot 1 Time slot 2

Z0
c1j (Ω) 20 + 0i 30 − 100i

Z0
c2j (Ω) 50 + 100i 100 + 0i

Za1 (Ω) 61.69 − 25.79i 64.04 − 27.62i

Za2 (Ω) 63.16 − 30.80i 66.82 − 28.31i

φ1j (rad) −1.910 −1.830

φ2j (rad) −1.7713 −1.7570

arg(A1 −A2) (rad) −1.942

Γ1j −0.9923 − 0.1239i 0.9932 − 0.1165i

Γ2j −0.9875 + 0.1576i 0.9831 − 0.1833i

Zc1j (Ω) 0 + 26.76i 0 − 1114i

Zc2j (Ω) 0 + 36.19i 0 − 692.9i

σd (dBsm) −7.153

A. Model without coupling

For the model based on an antenna array (see Section III),
the procedure is trivial. Assuming Γ11 = Γ21 and Γ11 = Γ21,
maximization of (30) can be achieved by choosing any Γi1
and Γi2 values such that:

|Γi1 − Γi2| = 2 (33)

which means that the two points have to be placed on a
diameter of the modified Smith chart. Note that if the multi-
port tag has to harvest the power from the reader, the default
states on each ports have to be matched i.e., at the center of the
modified Smith chart. Note that the procedure is equivalent to
the optimization of the loads of a single-port tag. The achieved
delta RCS of the multi-port antenna is, in this case, 6 dB
higher than the delta RCS of a single element. Thus, based
on the simple model, the maximum achievable delta RCS for
the multi-port antenna considered in Section IV is equal to
−16.4 + 6 = −10.4 dBsm.

B. General model

This model is more complex but also more accurate than
the simple model based on an antenna array since it takes into
account the coupling between the elements.

In this case, the objective of the optimization procedure
is to align each antenna mode terms to the structural mode
in order to obtain a (constructive) summation. Assuming that
the antenna parameters (i.e., A1, A2 and φij) are known, Γij
values have to chosen such such that:

arg(A1 −A2) = φij + arg(Γij) (34)

Moreover, choosing |Γij | = 1 to maximize the distance
variation leads to:

Γij = ej(A1−A2−φij) (35)

Finally, knowing Γij , the associated impedance values can be
extracted with:

Zcij =
ZaijΓij + Z∗

aij

−Γij + 1
(36)

It is interesting to notice that the determination of A1, A2,
φij and Zaij requires the knowledge of the impedance values.
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Tag H47

CPSCPS CPS

Dipole Dipole Dipole

Fig. 8. Photograph of the tags used in the study. Left: single-port tag. Right:
multi-port tag. The original H47 tag based on the Monza 4D chip is presented
for reference.

Thus, in order to apply (35), an initial impedance set values,
called Z0

cij , is first chosen to estimate the antenna parameters.
Then Γij and Zcij are computed based on the antenna parame-
ters. Note that, if the coupling is important, (35) can be applied
iteratively (by carefully re-computing the antenna parameters).
Results of this procedure are presented in Table I and shows
that maximum delta RCS can reach −7.1 dBsm. This result
has been obtained using a single iteration of the algorithm.
Direct comparison with the antenna array theory indicates
that the coupling plays an important role and allows the tag
designer to obtain an improvement of 10.4 − 7.1 = 3.3 dB
compared to the antenna array theory.

VI. FULLY COMPLIANT UHF MULTI-PORT TAG

A. Dual-Port Tag

Dual-port tags can be realized using at least two backscatter
modulators. Designs can be obtained from [17] for example by
adding a second backscatter modulator. Moreover, in [15], a
proof of concept was proposed based on two independent tags.
While this approach was able to validate the improvement of
the delta RCS, the EPCID value of the multi-port tag has not
been read due to the random nature of the RFID protocol. This
paper proposes, for the first time, a fully compliant multi-port
RFID tag based on

• a commercial UHF chip available off the shelf.
• a homemade aluminum dual-port antenna
Most of the RFID chips only have two pads which are

connected to the arms of a dipole-like antenna (usually through
a matching structure such as T-matching). However some chips
have four pads. For example the Impinj Monza 4 chip has
four pads called RF1+, RF1-, RF2+ and RF2-. These four
pads work by pairs which means that (RF1+, RF1-) and
(RF2+,RF2-) are fully isolated from each other. This design
was introduced to achieve an orientation insensitivity of the
tag under linear polarization of the reader. By connecting two
dipoles oriented at 90◦ to the two pairs of port, a tag can
be activated irrespectively of its orientation. An example of

Dual-port tag
PC

Tagformance

Fig. 9. Photograph of the proposed bench based on the Voyantic Tagformance
reader in real environment.

UHF tag designed using this approach, Impinj reference design
H47, is presented in the left corner of Fig. 8. Today, these
designs are not common since most of the reader antennas
use a circular or dual-linear polarization [18].

In this section, a multi-port tag based on a Monza 4 chip
fully compliant with the RFID protocol is proposed. Note that,
due to the design of the Monza 4 chip, Γ1j = Γ2j (i.e., it is
not possible to have a different load value on each port). The
multi-port tag is based on the Impinj reference design H47
(see left corner of Fig. 8) where the two dipoles have been
cut away to keep only the T-matching network and the chip.
The proposed multi-port tag is based on two dipoles of length
15 cm separated by 20 cm and is, in principle, identical to
the design simulated in Section IV. Two transmission lines
based on coplanar stripline are used to connect the dipoles
to the matching network. A picture of the proposed multi-
port tag is presented in Fig. 8. Note that the current located
on the transmission line corresponds to traveling waves and
does not radiate any power. On the other hand, the currents
on the two dipoles are not traveling wave and consequently
produce a radiated power. For comparison purposes, a single
port tag has also been realized by using a single dipole and a
single transmission line for comparison purposes. Note that
both tags have been realized by hand using metallic tape
placed over a PET substrate. This manual method suffers from
important limitations in terms of minimum separation distance
(especially with the CPS line) which affect the performance of
both tags in received and backscattered power, however, both
tag are affected in a similar way.

B. Multi-port Tag Characterization

Since this multi-port tag is based on a fully compliant
UHF chip, tag characterization can easily be realized with
commercial testbench such as Voyantic Tagformance [19]
which can read the EPCID. A picture of the proposed setup is
presented in Fig. 9. Note that custom testbench such as [20]
could have also been used instead. In the following, the
proposed multi-port tag is characterized in terms of:
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Fig. 10. Delta RCS as a function of the frequency for the proposed multi-port
tag and for the single-port tag.
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Fig. 11. Round-trip read range as a function of the frequency for the proposed
multi-port tag and for the single-port tag.

• delta RCS;
• round-trip read range.
Using the commercial testbench, the backscattered power

received by the reader is measured at the activation power of
the tag. From this backscattered power, the delta RCS of the
dual-port tag can be estimated and compared to the one of the
single-port tag. Results are presented in Fig. 10 where we can
see that the delta RCS of the multi-port tag outperforms the
one of the single-port tag. The difference between the two tags
is a function of the frequency but is higher than 6 dB between
860 and 890 MHz and higher than 3 dB between 845 and
950 MHz which is a significant result.

Moreover, the round-trip read range of the dual-port tag can
be estimated from the measured delta RCS values. Results are
presented in Fig. 11, assuming an equivalent radiated power of
36 dBm and a reader sensitivity of −75 dBm and an operating
frequency of 915 MHz. We can see that the round-trip read
range can be improved by more than 41% in the band 860–890

and by 19% in the 845 and 950 MHz band using a dual-port
tag. This results is in agreement with the analytical model and
the simulation results.

Finally, since the tag is based on a commercial UHF chip,
it means that the tag is fully compliant with the ECP Gen2
protocol. Thus this multi-port tag can be read by any UHF
reader and can participate in any inventory round with any
other single-port tags.

VII. CONCLUSION

This paper shows that the delta RCS of a transponder can be
improved if we modulate simultaneously multiple ports of its
antenna. This contribution can allow tag designers to increase
the delta RCS of a transponder by a factor 4 (i.e., +6 dB)
which corresponds to a round-trip read range improvement
of 41%. The concept has been verified in simulation and
measurement. The first multi-port tag fully compliant with the
ECP Gen2 protocol is proposed. This multi-port tag allows one
to validate the delta RCS improvement but also to be read with
any UHF reader.

A natural continuation to this work will be to combine
multi-port harvester and multi-port backscatter modulator into
a single chip. This architecture could represent an interesting
candidate for the next generation of RFID chips.
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