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Abstract— RFID systems will soon become ubiquitous. This
paper provides insight into one way of viewing the operation
of high-frequency RFID systems that use passive tags. The
relationship between the impedance of the tag circuit and the
fields scattered by the tag are highlighted using two indepen-
dent numerical codes. In addition, analytical expressions and
numerical results for the scattered electric field are provided
for a dipole with an assumed sinusoidal current distribution.
Such results provide EMC engineers with an approximate method
of determining the fields scattered from passive, high-frequency
RFID tags.

I. INTRODUCTION

The radiation from particular elements in a system are of
great interest when dealing with EMC issues. RFID (Radio
Frequency Identification) systems are relatively new and are
of interest to EMC engineers. Such systems use a reader
(or interrogator) which communicates with a transponder (or
tag) via electromagnetic energy. In particular, electromagnetic
energy created by the reader impinges on the tag, which is
typically comprised of an antenna and special circuitry. The tag
typically uses the energy in some fashion to identify itself and
communicate with the reader. The precise way in which this
communication occurs depends on the type of RFID system
that is used. There are many characteristics which are used to
distinguish RFID systems [1]. Two of those are the power
source of the tag (passive, active or semi-passive) and the
frequency of operation. This particular paper examines certain
characteristics of passive, high-frequency tags. An excellent
review of RFID systems is provided in [1], and a very brief
introduction into pertinent characteristics is provided below.

Passive RFID systems are those in which all of the energy
needed by the tag to identify itself and communicate with the
reader is harvested from the energy sent to the tag by the
reader. In such systems the antenna of the tag is typically
connected to a rectifier circuit which then provides power to
the tag circuitry. The tag circuitry is designed in such a way
that the tag can identify itself, and (depending on the type
of system) also provide additional information to the reader.
Active and semi-passive (or battery assisted) tags have a source

of energy on the tag. Active tags use the on-board energy to
power the tag circuitry as well as to communicate with the
reader. Semi-passive (or battery-assisted) tags typically use the
on-board energy to power the tag circuitry, but communicate
with the reader using the harvested energy.

A wide range of frequencies are used for RFID systems,
and the operation of the system is keyed to the frequency.
For low frequency systems (e.g., 100 kHz - 30 MHz) the tag
is typically in the near-field of the reader. Loop antennas are
often used to inductively couple the reader and the tag for
such systems. One way to think about such systems is to use
concepts from antenna theory to relate the impedance seen by
the reader and the impedance of the tag. If Z1 is the impedance
looking into the system at the reader when the tag is present
it can be shown that [2]

Z1 = Z11 − Z2
12

Z22 + ZTAG
(1)

where Z11 and Z22 are the impedances seen by the reader
and the tag, respectively, if the other part of the system
was not there, and Z12 is the mutual impedance between
the tag and the reader. From (1) it is clear that there is
a direct relationship between the impedance that the reader
sees and the tag impedance. As such, one way for the tag to
communicate with the reader is to change the tag impedance,
ZTAG. As the tag circuitry carries out the function of changing
the tag impedance (e.g., by turning transistors on and off) the
corresponding information is detected at the reader.

Although the direct relationship between the reader and tag
is clear from (1) for systems where Z12 is considerable, the
means of communication may not be as obvious for systems
operating at frequencies high enough so that the tag is in the far
field of the reader. Direct inductive coupling (i.e., using loop
antennas) may not be the best choice for such systems. Such
high-frequency systems typically use resonant-type antennas to
communicate. The communication channel between the reader
and tag for such systems is sometimes described in terms of
the radar cross-section σ - which is also referred to as the
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scatter aperture [1].
In this paper we examine an alternative way of viewing

the communications aspect of high-frequency, passive RFID
systems. Instead of using the radar cross-section, we observe
that the current induced on the tag antenna is a function of the
impedance of the tag circuitry. The current induced on the tag
antenna radiates in all directions - including back towards the
reader. As the induced current changes with the impedance of
the tag so does the scattered field. As such, there is a direct
relationship between the impedance of the tag circuitry and the
scattered field observed at the reader. We examine this for the
situation when the electromagnetic field impinging on the tag
is a plane wave. This is carried out in a general sense using two
different numerical codes. In addition, closed-form expressions
are provided for the current induced on a dipole antenna and
the corresponding scattered field which can be used when
the current distribution on the tag dipole is approximately
sinusoidal (e.g., when the tag dipole is less than approximately
0.6 λ). The results are intended to provide additional insight
into the operation of high-frequency RFID systems. From an
EMC perspective, the closed-form expressions can be used to
approximate the electromagnetic field scattered from RFID tag
circuits. This information may prove useful to EMC designers
and engineers in estimating potential interference threats from
passive RFID systems.

II. EFFECT OF LOAD IMPEDANCE ON SCATTERED FIELD

In this section we examine the effect of the tag impedance
on the current induced on the tag, and the corresponding
scattered field. For high-frequency RFID systems the tag is
often in the far-field of the reader. We model this situation
two ways: by assuming that the field incident on the tag is
a plane wave, and by using two separate dipoles to model
the reader and the tag. The scenario is shown in Figure 1.
The initial simulations were carried out using the software
code MININEC Broadcast Professional [3], which is based
on the method of moments [4]. Three different loads were
used: ZL = 0 Ω, ZL = 10 MΩ, and ZL = 50 Ω to model a
short-circuit load, an open-circuit load, and something close
to a matched load. A half-wavelength dipole was used for the
tag antenna. The current distribution along the tag antenna
is shown in Figure 2. We note that the tag impedance has a
definite effect on the distribution of the induced current. As
such, it is reasonable to expect that this effect will also be
evident in the field scattered by the induced currents. Indeed
this is the case, as shown in Figure 3.

As mentioned earlier, the results shown in Figures 2 and 3
were obtained using MININEC Broadcast Professional. An-
other software tool that was recently developed by the authors
was also used for these simulations. QUICNEC (Quasi-Static
Inductive Capacitive Numerical Electromagnetics Code) is
based on the method of moments and is particularly useful
for evaluating electromagnetic scattering problems that contain
both electrically large and electrically small regions. In its
present form the electrically small regions in QUICNEC can
be comprised of materials characterized by complex values
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Fig. 1. Dipole antenna used for RFID tag.

of permittivity and permeability (thus allowing for capaci-
tive, inductive and lossy effects). A graphical user interface
(GUI) has been developed for QUICNEC that allows the
user to easily input an array of axially symmetric problems.
Source excitations include discrete voltage sources and/or
plane waves (with user-defined polarization, direction, am-
plitude and phase). More information on the background,
capabilities and limitations of QUICNEC can be found in [5]-
[7]. For the situation considered above the induced currents on
the tag dipole determined with QUICNEC were in excellent
agreement with MININEC. One of the options available in
QUICNEC is to determine the scattered fields at any desired
point in space. For the problem at hand, the length of the λ/2
dipole was fixed at the frequency fo and the scattered field was
determined at d=2λo (where λo is the free-space wavelength
at the frequency fo). The variation of this scattered field as
a function of frequency is shown in Figure 4 for the open-
and short-circuit loads. The variation of scattered field as a
function of distance from the dipole is also of interest. This
result is shown in Figure 5, where the distance from the tag
is in terms of the wavelength of operation.

The results provided in Figures 2 - 5 illustrate the point that
the operation of passive, high-frequency RFID systems can be
thought of in terms of how the induced current and resultant
scattered field vary with the impedance of the tag circuitry.
When the tag dipole is short enough so that the current
distribution is approximately sinusoidal (i.e., L <≈ 0.6λ) a
further step can be taken, as shown below.

III. ANALYTICAL EXPRESSIONS FOR INDUCED CURRENT

AND SCATTERED FIELDS

Passive, high-frequency RFID systems often use resonant
antennas for the tag. An example of such an antenna is a
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Fig. 2. Current distribution on tag antenna.

.986 f f 1.014 f
0

.2

.4

.6

.8

1

R
el

at
iv

e 
M

ag
ni

tu
de

 o
f E

z 
(V

/m
)

Frequency (MHz)
o o o

0 Ω
50 Ω
10M Ω

Fig. 3. Field scattered by tag dipole operating at frequency fo.

tuned dipole. The current distribution for such antennas is
approximately sinusoidal [8]. Assuming that the RFID tag is
in the far field of the reader, analytical expressions can be
determined for the current induced on the tag antenna and
the resulting scattered field. These expressions are in terms of
the load impedance of the tag antenna, and may provide the
EMC engineer with a means of approximating the interference
potential of RFID systems.

Referring to Figure 1 the expression for the scattered field is
determined by writing the open circuit voltage (Voc) developed
on the tag antenna in terms of a sinusoidal current induced
on the antenna. The relation between Voc and the current
flowing in the tag load can be determined from Figure 6
where Voc is the open circuit voltage, ZA is the antenna input
impedance and ZL is the impedance of the load [2]. Using
such an equivalent circuit we can write an expression for the
maximum current Im flowing along the antenna, from which
we can determine the scattered field. Results are presented
comparing the analytical results for the scattered fields to those
determined from QUICNEC and MININEC.
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Fig. 4. Frequency variation of field scattered 2λo from tag dipole
designed for operation at frequency fo (QUICNEC results).
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Fig. 5. Variation of scattered field from tag dipole at frequency fo
(QUICNEC results).

A. Derivation of Analytical Expressions

Consider the geometry of the dipole of length L in free-
space shown in Figure 1. A plane wave Einc is defined
to represent a source in the problem with a ẑ component
propagating in the −y direction. As mentioned earlier, Einc

can be thought of as coming from a reader which is in the
far-field of the tag. The current on the dipole is assumed to
be sinusoidal and can be written as [8]

I(z) = Imsin

[
β(

L

2
− |z|)

]
(2)

where |z| ≤ L
2 and Im is the maximum current on the antenna.

Using (2) the induced emf method can be used to express Voc

as [2],[8]

Voc =
−1
I(0)

∫ L/2

−L/2

I(z′)Eincdz′ (3)

=
−1
I(0)

∫ L/2

−L/2

Imsin

[
β(

L

2
− |z′|)

]
Eincdz′
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Fig. 6. Free Space Dipole Equivalent Circuit.

where I(0) is the current at the dipole terminals. If we assume
Einc is a constant value, it can be shown that Voc can be
written as

Voc = −2Einc

β
tan

(
βL

4

)
. (4)

Using voltage division in Figure 6, VL can be written as

VL =
ZL

ZL + ZA
Voc = ZL ∗ I(0) = ZL ∗ Imsin

(
βL

2

)
. (5)

Substituting (4) into (5) and solving for Im gives

Im =
−Einc

(ZL + ZA)βcos2

(
βL
4

) . (6)

(6) gives us an expression for maximum current on the antenna
in terms of the incident field, the antenna input impedance, and
the load on the antenna terminals. We note that the expression
for the scattered field can be determined at any point r̄ in free
space around the antenna by evaluating [8]

Ez(r̄) = −j30Im

[
e−jβr1

r1
+

e−jβr2

r2
−2cos

(
βL
2

)
e−jβr0

r0

]
(7)

where β = 2π
λ , r0 = |r̄|, r1 = |r̄+ − r̄|, r2 = |r̄− − r̄|, and

r̄± = ±L
2 ẑ.

Thus using (6), (7) can be written as:

Ez(r̄) = j30
Einc

(ZL + ZA)βcos2

(
βL
4

) ∗

[
e−jβr1

r1
+

e−jβr2

r2
− 2cos

(
βL
2

)
e−jβr0

r0

]
, (8)

where the general expression for the input impedance ZA in
(8) can be determined from [8]

ZA =
j30

sin2

(
βL
2

)
∫ L/2

−L/2

[
e−jβs1

s1
+

e−jβs2

s2

−2cos
(

βL
2

)
e−jβs0

s0

]
sin

[
β(

L

2
− |z′|)

]
dz′ (9)

where s0 =
√

a2 + (z′)2, s1 =
√

a2 + (z′ − (L/2))2 and
s2 =

√
a2 + (z′ + (L/2))2.

Therefore (8) provides us with an analytical means of
evaluating the back scattered field at any given frequency from
a passive tag as long as the sinusoidal current is preserved on
the dipole. The result provided in (8) clearly illustrates the

relationship between the scattered field and load impedance
of the tag dipole.

B. Results

To validate the expression in (8) the thin wire dipole in
Figure (1) with length L = .06m and radius a = 1mm was
evaluated. The incident electric field was a plane wave defined
to have a 1V/m magnitude and zero phase. The induced
currents and electric field scattered back in the direction of the
reader were determined with QUICNEC ([5]-[7]), MININEC
Broadcast Professional [3], and the expressions provided above
for a load impedance of 0Ω and 50Ω. Excellent agreement
between QUICNEC and MININEC results is obtained for
the current magnitudes and phases. We also note that the
maximum current determined from the closed form solution
provided in (6) is a very good approximation of the actual
values. This same trend holds true for the electric fields
scattered 1 m from the tag dipole, which are shown in Figure
7. We can see in Figure 7 that the scattered field is much larger
for the short-circuit case.
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Fig. 7. Scattered Field 1 m from tag for ZL = 0 and ZL = 50 Ω.

IV. CONCLUSION

In this paper we examine an alternative way of viewing
the communications aspect of high-frequency passive RFID
systems. In particular we observe that the current induced
on the tag antenna and the corresponding scattered field are
both functions of the impedance of the tag circuitry. This is
examined assuming that the RFID tag is in the far field of the
reader so that the electric field incident on the tag antenna can
be approximated as a plane wave. The method of determining
the relationship between the induced current and scattered field
for any dipole antenna is shown using two computational pack-
ages (QUICNEC and MININEC Broadcast Professional). In
addition, closed-form analytical expressions are provided for
the current induced on a dipole antenna and the corresponding
scattered field which can be used when the current distribution
on the tag dipole is approximately sinusoidal. Results from the
analytical expressions compare very well to those obtained
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with established numerical methods for thin wire dipoles. The
correlation between the expressions and the numerical results
provide confidence in the results from the relatively new
QUICNEC software which can be used to provide backscatter
information in an RFID system. In addition, (8) provides a
very clear relation between the backscattered field and the
load impedance of a dipole which can be used by designers
of RFID systems and by EMC engineers in their effors to
approximate the fields scattered from passive, high-frequency
tags. It should be noted, however, that the usable range of
RFID systems not only depends on the magnitude of the
scattered field, but also on the maximum distance at which the
tag can harvest enough energy to activate the circuitry (i.e., for
the tag to turn on) [9]-[11]. Maximum tag power is harvested
when the tag antenna impedance is the complex conjugate of
the tag load impedance (i.e., ZA = Z∗

L). Since the system
only functions properly when the tag circuitry is active, the
tag load typically toggles between the conjugate match state
and some other impedance, rather than between short-circuit
and open-circuit states. The packaged impedance of the tag
circuitry (i.e., in the power-harvesting state) is typically quite
capacitive (e.g., ZL = 16 − j350 Ω [11]). As such, although
the means of viewing RFID operation presented in this paper
are valid, the assumptions made of using a dipole antenna
in free space are not strictly applicable for many systems.
Since conjugate matching requires the antenna impedance to
be primarily inductive (with a small real part) various other
antenna designs are employed.
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