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Abstract

The reading range is one of the most critical performance indicators of radio-frequency identification (RFID) systems. It
depends on many physical and geometrical parameters. Typically, in the ultra-high-frequency band (UHF: 860 MHz to
960 MHz), the maximum size of the reading region is estimated by the free-space propagation model. This is based on the
Friis formula, even if much more accurate predictions may be accomplished nowadays by time-consuming electromagnetic
simulations, accounting for the antennas and the interaction with the nearby environment. This paper proposes a general
parameterization of the three-dimensional reading region. This done having introduced all of the accessible system data,
such as the emitted power, the reader and tag-over-object radiation patterns, and also the interrogation duty cycle, the
scenario features, and the safety regulation constraints. Within this framework, the opportunity and some improvements of
the free-space model are analyzed. They are compared with measurements and with more-accurate three-dimensional
simulations of realistic environments. The discussion demonstrates the validity range of the free-space approximations, and
evaluates-the improvement achieve-d by including the main interactions with the environment. The derivedformulas are ready
to use and to be applied for the planning and optimization of reader-tag networks.
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1. Introduction

T he radio-frequency identification (RFID) of objects [1] is now
a pervasive technology [2] in everyday life [3], and in more

advanced applications involving logistics, inventory management,
aide systems for disabled people, homeland and personal security,
distributed sensor networks [4], and mobile healthcare [5, 6]. A
basic RFID system comprises a radio-scanner unit, called a reader,
and a set of remote transponders, denoted as tags, which include an
antenna and a microchip transmitter with internal read/write mem
ory. In passive tags, the energy required to drive the microchip
comes from the interrogation system itself. A backscattering
modulation is achieved when the microchip acts as a switch to
match or mismatch its internal load to the antenna. A complete
survey on the features and the design methodology of antennas for
RPID technology in the ultra-high-frequency (UHF: 860-960 MHz)
band can be found in [7]. The present paper is the natural com
panion of that reference for that which concerns the propagation
issues.

The reading region is the ultimate performance parameter of
an RFID system that determines the applicability of this technology
to the specific context. With reference to passive UHF systems, the
reading region strictly depends on the power emitted by the reader,
the tag sensitivity and the realized gain, the orientation of the
antennas [8], and also on the nearby scenario [9]. Moreover, the
performance of a tag can not be disjoined from the kind and
dielectric properties of the object on which it is placed.

There are two segments of propagation for an RFID link:
reader-antenna to tag-antenna (unmodulated segment), and tag
antenna to reader-antenna (modulated segment). The path-loss
exponent of the two-way link in free space is approximately twice
that of a traditional one-way link in the same environment. How
ever, due to the poor sensitivity of the tag's microchip transponder,
the first segment is the bottleneck of the whole link. When the
reader is used for continuous interrogation, the electric field deliv
ered in the environment has to be compliant with the safety regula
tions of the specific country, as well as with the susceptibility of
nearby electronic equipment. The installation of a reader could
therefore be strongly affected by these constraints. The reader's
position and the emitted power selection will be the result of a
tradeoff between the maximum reading zone required for the par
ticular application and the safety issues.

The evaluation of the reading performance of a UHF passive
RFID system in cluttered environments is a complex problem,
owing to the effects of propagation, the tag characteristics, and the
kinds of objects to which the tags are stuck. Typically, a raw esti
mation of the maximum size of the reading region is given by the
Friis formula in free space [1], which may be inadequate to comply
with the presence of obstacles in real rooms. A very accurate pre
diction of the reading region is now affordable by using state-of
the-art electromagnetic computational tools. These permit repro
ducing both the properties of the antennas and the properties of the
propagation in realistic environments. However, their application is
time consuming. They are not useful that much in real planning
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and optmuzation tasks, WhICh, to the contrary, demand simple and
fast estimation tools. (2)

with Po being dependent on the specific environment.

The field at any point of a real environment Q, including
walls or scattering objects in general, can be obtained by applica
tion of a field projector, Po' to the reader's pattern:

which accounts for the impedance mismatch between the antenna

(ZA =RA + jZA) and the microchip (Zchip =Rchip + jZchip)'

The power collected by the tag's microchip is hence

(5)

(4)

(3)

2
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Two volumes can be defined: the reading volume, OR' and

the forbidden volume, OF' The reading volume is the portion of

the environment wherein the power collected by the tag exceeds
the sensitivity of the embedded microchip, and the tag is hence
activated. Since the collected power depends on the orientation of
the tag (the tag's gain is not isotropic), an angle-averaged gain
(simply GT in the following) is hereafter considered in the evalua-

tion ofEquation (5). The reading volume is expressed as

where Sin (z)= I~(rt /2Zo is the power density at any location

1:E Q, Gr ({),qJ) is the gain of the tag's antenna, and X accounts

for the polarization mismatch between the tag's antenna and the
incoming field. The reader typically emits a circularly polarized
field while the tag has a linearly polarized antenna, and hence
X = 0.5 in free space. The field undergoes a depolarization in a

complex environment, but for the sake of simplicity, the above
value is still assumed valid.

The tag is characterized by the sensitivity, Pc, of the micro

chip transponder, e.g., by the minimum radio-frequency power
required to make the microchip wake up, and by the power-trans
mission coefficient,

where t, (B'IIJ) =LR(B,IIJ)/!LR(B,IIJ)!, Zo is the free-space

impedance, and ko= 21[/A ,with A being the wavelength.

The accuracy of the derived reading region formulas were
tested by means of both measurements and simulations, for a typi
cal office room and a laboratory-like environment. The examples
demonstrated that the simplified models can be sufficiently accu
rate and fast to assist the deployment of RPID equipment concern
ing the position of the reader and the emitted power.

The purpose of this work is instead to discuss methods to
efficiently account for all (or most of) the system parameters of the
reader-tag environment. These include the tag's sensitivity, the
transmitted EIRP, the electromagnetic safety limits, and the
reader's radiation pattern. The formulas derived are intended to be
simple and easily applicable, even by the end user, e.g., the net
work installer. In particular, three models for the estimation of the
reading zone for UHF systems in real scenarios are addressed here,
having different levels of detail and computational complexity.

2. Reading, Forbidden, and
Useful Regions of an RFID System

We start from the observation that the antennas of several
commercial RPID systems' readers make use of planar antennas.
These are characterized by a main lobe having the shape of an
ellipsoid [18]. We develop general-purpose analytical models for
application to any reader antenna having a main lobe, which
require only data accessible via the equipment's datasheets, or eas
ily measurable (i.e., maximum gain, and the beamwidth over the
principal cuts). The first approach is based on the well-known free
space propagation model, but it has been reformulated in a system
perspective. The second model improves the previous one by
including the basic interactions with the environment. The pres
ence of a wall, or of any other big obstacle in front of the tag, is
accounted for by the two-ray paradigm, which still retains a com
plexity comparable to the free-space model. The last formulation
comprises a detailed mathematical model of the reader's antenna,
and an accurate representation of the environment's effects by
means of a beam-tracing tool. This is able to handle multipath in
the presence of walls, furniture, and even of humans. Although this
last approach is expected to be the most accurate approach, it is
undoubtedly not easily applicable. However, it is here considered
as the reference solution against which the opportunity and the
limitations of the other two models will be discussed.

A few recent papers address the RPID reading region from
different points of view. They can be roughly subdivided into two
classes: 1) work aimed at analyzing the RPID channel, where the
tag is replaced by a test receiving antenna in order to highlight the
effects of the environment [10-14]; 2) work aimed at analyzing the
performance degradation ofa tag placed onto real objects [15-17].

The reader can be characterized by the input power, P;n' and

by the radiation vector, L
R

({), qJ), of its antenna. In free space, the

radiated field of any antenna is expressed as

(6)

(1)

From Equations (2) and (5), the size of the reading volume depends
on the input power, on the reader's radiation pattern, and on the
microchip's effective sensitivity,

The source term, 1o, may be related to the antenna gain, GR , and

the input power, P;n' by simple mathematical manipulations:

- Pc
PC=-G '

TT
(7)
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which is a macro-performance indicator for the tag-over-object.
This gives the minimum radio-frequency power that such a tag has
to collect to exhibit the same averagedfree-space reading distance
ofan isolated perfectly-matched isotropic tag ( GTT = 1). This vari

able accounts for the performance degradation of the tag due to
losses of the object, and due to the impedance mismatch produced
by that [19]. In other words, a real tag attached over a body will
perform as a reference ideal tag having a higher power threshold
[20].

3. The Free-Space Model

In free space, the power density is

The reading and the forbidden volumes are hence bounded by the

surfaces rR (e, rp) and rr (e, rp), respectively given by

The condition inside Equation (6) is hence rewritten as

The modulated segment of the reader-tag link - which considers
the backscattered power from the tag to the reader - is less critical,
since the sensitivity of the reader is far better than that of the tag
[11]. The above introduced reading volume will be therefore
accepted as the overall link distance.

(12)

(11)

The above formulas are generally evaluated for the maximum gain
of the reader's antenna and of the tag's antenna, but in such a way
that the information on the reading volume's shape is lost. As pre
viously discussed, the angle-averaged GT is considered here to

account for random orientation of the tag. The angular dependence
of the reader's antenna gain has to be instead preserved, but such
information is not generally available in the equipment's datasheet.
However, starting from the consideration that the most-used reader
antennas are circularly polarized patches [1, 10-12, 18], the main
beam of the radiation pattern is roughly approximated by an ellip
soid the larger axis of which is half the maximum gain. The
smaller axis may be related to the antenna's beamwidths over the
principal planes. Under this hypothesis, it is assumed - and
experimentally verified later on - that the reading region is also
approximated by an ellipsoid:

(9)

1
(E(r))r 1° (E) = rEO: QV > 1F 0 - E '

o

The forbidden region is the place where the effective electric
field, averaged over a prescribed time interval, Tav' is higher than

the maximum value, Eo, allowed by the local safety regulations. In

general, the reader can interrogate the environment according to a
given repetition period, To . Denoting by Tcom the time duration of

a typical reader-tag communication, the duty-cycle is d = Tcom/TO •

The forbidden region is therefore

where (E (r))Tav= .JdE(r) is the time-averaged field of the

reader.

Finally, the place wherein tags are activated and the emitted
field is also compliant with safety and electromagnetic-compatibil
ity requirements is indicated as the safe reading region :

(10)

In free space, the reading region is a scaled volume ofthe radiation
pattern of the antenna. However, in the presence of obstacles, it is
shaped by the scattering phenomena. In particular, in an indoor
environment where many scattered fields contribute to the power
received by the microchip, this region is not completely uniform,
i.e., not a path-connected space, showing jagged zones (Figure 1)
due to the interference fringes of different contributions. However,
jagged zones are not useful for quantifying the extension of the
reading region, because a variation of a few centimeters in the tag's
position could cause an intermittent and unreliable response.
Hence, the real useful reading region , 0 u , which is ultimately

relevant in applications, is the fringe-less path-connected portion
(Figure 1).

The key parameters affecting 0 u are the reader's antenna

beamwidth or gain, the input power, the interrogation rate, the
tag's effective sensitivity, and, finally, the particular scenario. The
forbidden region generally extends in close proximity to the
reader's antenna, and hence the useful reading region is expected to
be a hollow volume.

Figure 1. A schematic representation of the RFID regions
referred to a specific choice of reader power, radiation pattern,
tag sensitivity, and for a particular multipath scenario. Os is

the safety reading region, 0 u is the fringeless useful reading

region, and OF is the forbidden region.
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where the antenna, placed at x = 0, radiates toward x> O. The
ellipsoid's axes are related to the RFID system's parameters, such
as the emitted EIRP, the tag's sensitivity, and the reader antenna's
half-power beamwidths on the principal planes (BWxy and BWxz ) '

In particular, with reference to the geometrical construction in Fig
ure 2 and by exploiting the definition of half-power beamwidth , the
point A is enforced to belong to the ellipsoid. After some mathe
matical manipulations, the ellipse's axes are hence

BW
BW sin~

x~ 2
tan 2 BW '

..fi-cos~
2

Figure 3. (a) The power received by the tag in the presence of a
perfectly conducting wall, as estimated by the two-ray model.
(b) The minimum received power. The power axis is in nor
malized units.

where ~={y,z} , EIRP=P inGRmax,and GRmax is the maximum

gain of the reader's antenna occurring at the broadside direction
(/Po =0°, Bo =90° , in Equation (11)) in the case of the antenna

families considered. For later use, we also define rFS = rR (Bo,/Po)
as the free-space maximum reading distance.

A similar representation also holds for the forbidden-region

boundary, rdB,/p) , provided that ax = ~60d EIRP/(2Eo) as

deduced from Equation (12). Moreover, for typical readers ' anten
nas with circular polarizat ion, the radiation pattern exhibits a rota
tional symmetry, and hence ay = az .

x 4. The Two-Ray Model

z

Figure 2. The geometrical construction for the determination
of the axes of the ellipsoid approximating the free-space read
ing zone.

(15)
[

-jkr G ]
P [

r ] e -jk(1j+r2 )
0° JO = --+--e ,

r 1j +r2

In a real environment, the useful reading region (nu) may be

smaller than that in free space, due to the interference of the radi
ated field with that scattered by walls and objects inside the envi
ronment itself. In a case where the reading range is quite short (i.e.,
of the order of one meter), the most important interactions would
involve only objects (scatterers) placed in the neighborhood of the
antenna [11]. In particular, objects placed in front of the antenna
give a greater contribution to the interference than those placed lat
erally, owing to the directivity of the antenna. For this reason, it is
assumed that among all possible contributions, the contribution
coming from the largest scatterer in front of the antenna is domi
nant. Additionally , to further simplify calculation, the main scat
terer is modeled as a flat wall, placed at distance D in front of the
reader's antenna. A simple two-ray model is then able to estimate
how much nu is reduced. The radiated field interferes with that

reflected by the obstacle, and hence the field projector for a single
scalar component of the field [21] becomes

where G is the Fresnel reflection coefficient of the obstacle, and
the symbol" 0 " is used to indicate the scalar field. The other sym
bols are shown in Figure 3.

To estimate the new maximum reading distance, r2rays ' by

the two-ray model, the reader's main beam is first assumed to be
normally oriented toward the wall's surface (scatterer), and the
projector Po is estimated along the main-beam direction, e.g.,

\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
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1j + r2 =2D - r in Equation (15). If the reader's antenna is instead

tilted by an angle r with respect to the wall, the two-ray model is

again applied, replacing D with Djcosr .

The right-hand side of Equation (16) is always positive or

zero for 0 < r2rays < I~[ . That equation can hence be reduced, in

this condition, to a second-order polynomial:

By varying r , Po gives an oscillating function, with mini

mum values at points rm =D-m4 , m=1,2,.... The power col

lected by the tag's microchip is also oscillating as the tag moves
along the line joining the reader's antenna to the obstacle, as shown
by curve a in Figure 3. The distance r2rays' at which the minimum

power (curve b in Figure 3) collected by the tag equals the effective
microchip sensitivity, can be estimated using Equation (8) with the
field projector in Equation (15), by solving the following equation : 2

3

D=

r =0.5

2 4 6 8 10 12 14
r
FS

[m)

2

2

D=1

r =1.0

2 4 6 8 1012 14
r
FS

[m]

6

5

E 4

J 3

Figure 4. The maximum reading distance (r2rays ) from the two

ray model as a function of the corresponding free-space estima
tion (rFS)' for different mutual distances, D, between the

reader and a front wall having a reflection coefficient of I' .

(16)_ EIRP 121 I [ 1
2

Pc=X--1l- --
( 4JT)2 r2rays 2D - r2rays '

where [= IGI .

rirays -[2D+(1 + r) rFS ]r2 rays + 2DrFS =O. (17)

One of the two solutions is not included in (0, 2D ), and hence it
1+[

is dropped. For the particular case of a perfectly conducting wall
(T = I), the maximum reading distance predicted by the two-ray
model simply reduces to

deduced from L
R

(e,<p). Several rays contribute to the field at a

point of the environment. The field projector, Po in Equation (2),

is hence

K

Po {lR (e,~)] ="IjJe,~).Mk(e,~)e-jkSk , (19)
k=1

(18)

Some diagrams of r2rays , plotted in Figure 4 for different val

ues of distance, D, and for two cases, [= I and [= 0.5 , permit
evaluating the maximum two-ray model reading distance as a
function of the free-space prediction .

For small values of rFS with respect to D, e.g., when the

interaction between the reader and the tag only occurs within a very
short range, the estimation by the two-ray model is linear with the
free-space model's outcome, with values of r2rays very close to

rFS ' When the rFS increases, the difference between the two mod

els is instead more evident. Guidelines for the application of the
two-ray model with respect to the system parameters will be dis
cussed in the analysis section.

5. The Ray-Tracing Model

The scattering phenomena occurring in a complex environ
ment such as an office or a store may be handled by a ray-tracing
calculation based on Geometrical Optics (GO) and the Uniform
Theory of Diffraction (UTD) [22]. The source of the electromag
netic field is assumed to be placed sufficiently far from the scat
tering objects so as to neglect the two-way coupling between
objects inside the environment and the reader's antenna, which can
therefore be modeled as a point source with a radiation pattern

where sk is the optical path ofthe kth ray, and M k is a dyadic that

takes into account the GOIUTD coefficients of each field compo
nent and the spreading of the field. The reference simulated data
were produced by a custom [23, 24] three-dimensional ray tracer.

The application ofthe ray tracer requires the antenna's radiat
ing vector as in Equation (2), but this information is generally not
easily accessible by the end user. However, useful data could be
numerically estimated once a detailed description of the antenna's
geometry is available, or may be otherwise achieved by measure
ment. A different approach is instead considered here. Having in
mind that most of the readers' antennas are circularly polarized
patches, it is possible to develop an analytical model of the radia
tion vector, L

R
(e, <p), which could be accomplished with the

knowledge of one or two accessible parameters .

The model of the reader includes (Figure 5) two couplets of
horizontal and vertical uniform magnetic lines over an (x, z) infi
nite ground plane:

M v =Avo(z ±f)rect(y,f)g,
(21)

where L is the length of the current line, and the coefficients Av,

Ah ={O, ± I, ± j} are for linear (horizontal or vertical) or circular

polarization. This geometry is a reasonable model of a slot, a cir-
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of the ellipsoidal approximation of the reading region and of the
two-ray models in both normal and oblique incidence. In all of the
geometries considered, the measurements were efficiently executed
by taking advantage of the ID-modulated response of the RFID tag,
which permitted discriminating among the simultaneous responses
coming from a multiplicity of tags. The experimental setup
included a commercial UHF reader (CAEN-A948), connected to a
circularly-polarized patch antenna radiating at 865 MHz, with a
beamwidth BW = 67°, and a maximum gain Gmax = 8dB.

The reading region was referred to a commercial TAG (EPC 1
GEN2 LAB-ID UHIOO) having an effective sensitivity Pc =56I!W.

To speed up the measurements, the tag was replicated Nr times

along a 2 m long wooden leg at positions §.n = ndrs, and the ID of

the nth tag was univocally associated with its relative position, sn '

The wooden leg was then translated in the environment (along the

line i) at discrete positions lm' so that for any mth line of the

resulting (§.n ,lm) grid, the Nr tag's responses were therefore col

lected and discriminated by the association §.n B IDn (see Fig

ure 7a). For any (n, m) measurement positions, the laptop control
ling the reader stored the ratio R(n, m) between the number of

valid readings of the nth tag and the number of interrogations. A
location was considered to belong to the reading region if

R(n,m) >90%.

PEC

M

x
_._- - -4-- -.y

»»»
L

Figure 5. The geometry of the model of the reader, including a
vertical and a horizontal array of uniform magnetic-current
lines.

cularly polarized patch [25], as well as of its folded or inverted
variants (PIFA). The gain or beamwidth of real readers can be
approximately reproduced by changing the parameter L. By the
formalism in [26], the corresponding radiation vectors are

(25)

BW(L)=151.6-243.7L+125.0L2 •

Do (L) =4.15+11.11L,

11
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9
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:!'!.
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1.2 1.40.80.80.40.2
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6.1 The Ellipsoidal Approximation of the
Reading Region

The ellipsoid's axes, ax=1.71m and ay=1.35m, were

evaluated by Equation (14). The reference ray-tracing data were
produced by means of the reader model in Equation (24), wherein
the equivalent antenna size, L, was estimated by Equations (25).

To test the ellipsoidal model for the reading zone in free
space, the reader and the line of moving tags (Figure 7a) were
placed 2.25 m from the ground, so that the effect of the ground
reflection would be negligible [21]. As can be seen in Figure 7, the

(23)
. sin [koJ.. cos BJ

f (B,Ip)=_L4sinB 2 qJ .
-v Jr cosB-

6. Experimental Validation

For the case of circular polarization (Av = I, Ah = ±j), the maxi

mum directivity and the 3 dB beamwidth variation with the geo
metrical parameter L, as computed from the model in Equa
tion (24), are shown in the chart of Figure 6, together with the fol
lowing polynomial fitting:

The above formulas are intended to estimate the model's size, L,
and to reproduce the radiation vector of a real reader by Equa
tion (14), as required by the ray-tracing model, once the gain or the
beamwidth are available from the datasheet.

. . • • sin[-cosBsinlpqJ+coslp~]
f h (B,Ip) =L[-cosBsmlplp+coslpft.] " -
- Jr - sin e sine'

(22)

The total radiation vector is obtained by the array approach:

L R (B,Ip) = AvLh cos[kotcos BJ++AhLv cos[kotsinBsinlpJ .

(24)

The accuracy of the proposed two-ray model when applied to
realistic configurations is discussed here by means of some exam
ples involving both measurements and reference simulated data. In
particular, the presented experimentation addressed the validation

Length l/1..

Figure 6. The directivity and beamwidth of the model of the
reader with respect to the geometrical parameter, L. The
dashed lines indicate the polynomial fitting.
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ellipsoidal region agreed reasonably with the- measurements and
the ray-tracing data .

6.2 Validation of the Two-Ray Correction

Reader~ -.

1
1

- IDon 1

I = I
I - --+ I

2.25m _ I1 _

1 - I1 1

Grou nd

Figure 8a. The measurement setup, with the reader looking
towards the ground.

A second set ofmeasurements concerned the reader 's antenna
pointing toward the ground (Figure Sa), in order to test the two-ray
model correction. Measurements were performed outdoors. The
reader 's antenna was placed 2.25 m from the ground, while the
measurement points were placed with a 5 cm step along vertical
lines laying on a principal plane of the antenna. Figure 8 gives a
comparison between measurements and the three methods for
transmitted EIRP of {1.2, 3.2}W. It was worth noticing that the
maximum reading distances predicted by the two-ray model were
1.7 m (1.2 W EIRP) and 2.5 m (3.2 W EIRP), significantly differ
ent from the over-estimated free-space distances (2.8 m and
4.57 m, respectively).

Measurements clearly showed the uniform reading zone as
well as the interference fringes correctly estimated by the ray

~-------- ------

iy/~,."", ,0-, / / /r 0-1 /
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1.5
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Figure 7a. A sketch of the setup for the reading region meas
urement. The reader was placed far from the ground verti
cally, and a wooden leg, hosting a number of tags, was trans
lated over the x-y plane.

Figure 8b. The simulated and measured reading zones: The
gray region is the ray-tracing prediction; the continuous-line
ellipse indicates the two-ray model's prediction; the dotted-line
ellipse is the free-space model's prediction. The measurements
are shown by means of circles (reading locations) and cross
markers (non-reading locations).

5 r-----,-----r---r-----,-- ---r----,

EIRP=1.2W

Figure 9. The reading zone for the case of the reader's antenna
tilted 60°: a comparison between the two-ray model and meas
urements. The representation convention is as in the previous
figure.
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Figure 7b. The measured and estimated reading regions in free
space corresponding to 1.6 W EIRP transmitted power. The
circles and cross markers respectively identify reading and
non-reading locations, as deduced from measurements over a
horizontal 0.6 x 0.6 m grid at 2.25 m from the ground. The
ellipse shows the free-space model prediction.
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Figure 11. As in Figure 10, but for a laboratory-like room (5.5 m x 6 m x 3 m).
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"tracer, which was confirmed as a reasonable tool for producing ref
erence data. The ellipsoidal based simplified models gave rather
different results. In particular, the pure free-space model also
included the fringes (wherein the RPID link was not reliable) in the
reading region. The two-ray model instead produced a more-con
servative estimation of the only uniform reading region, in good
agreement with measurements, dropping out the interference
fringes. Similar results were found in the case where the reader's
antenna was tilted by an angle of 60° with respect to the normal
axis to the ground (Figure 9). Again, the two-ray model was able to
correctly extract the useful boundary region.

-a side wall, one meter from the floor. The corresponding reading
zones computed by the three models are shown in Figure 10
(office) and in Figure 11 (laboratory). The forbidden zones were
referred to a very severe maximum field limit Eo= 6 V/m nns (as

per the Italian regulations) for the worst case of continuous interro
gation (d = I ).

It is worth noticing that the boundary of nF could be pre

dicted with good accuracy by just the pure free-space formula, This
was revealed to be even more adequate for duty cycles d < 1, or for
less-severe exposure-field levels, for instance, Eo= 20 V/m or

7. Numerical Case Studies
Table 1. The maximum size of the forbidden region

estimated by the free-space model.

The proposed models were applied to some reference scenar
ios, comprising both empty rooms and rooms equipped with fur
niture and people. This was done in order to provide useful refer
ence information for reader positioning and powering, as well as to
support discussion of some guidelines for propagation-model
selection. In particular, the various zones previously introduced
were evaluated for some representative values of the power emitted
by the reader's antenna and of the tag's effective sensitivity: EIRP
of {0.5, 3.2}W, and Pe ={10,50, lOO} uw. For instance,

Pc = 10 l-lW might represent a very sensitive tag (Pc = 10 l-lW)

placed over a lossless object, while Pc = 100 l-lW might describe

either a tag equipped with the same microchip as before, but placed
over a lossy object, or a low-sensitivity tag (Pc = 100 l-lW) over a
lossless object.

The reader's parameters were the same as used in the previ
ous experimental section.

7.1 Empty Rooms

Two empty rooms, with sizes of 5.5 m x 3 m x 3 m (an office
room) and 5.5 m x 6 m x 3 m (a laboratory or a shop) were interro
gated by a reader the antenna of which was placed at the middle of

EIRP
Duty Cycle

Eo [V/m]
[W] 41.3 20 6

1.0 rr =0.24m 0.49 1.63
3.2 0.5 0.17 0.35 1.15

0.1 - 0.15 0.52
1.0 - 0.27 0.91

1.0 0.5 - 0.19 0.64
0.1 - - 0.29
1.0 - 0.19 0.64

0.5 0.5 - - 0.46
0.1 - - 0.20

Figure l2a. A photo of a typical lab environment populated by
sitting students.
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Figure l2b. A mathematical model of a typical lab environment populated by sitting
students (shadowed boxes).
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Table 2. The electromagnetic parameters of the lab
environment at 870 MHz.

Material a
E:

[S/m)

Walls, floor, ceiling 6.00 0.02

Furniture, door 2.05 0.02

Muscle-like man 55.00 0.94

Window glass 3.70 0.00

5

4 5

4

35

_ 3
E

>25 1

,:1 ~
I,

05

2 3 4
X (m)

Figure 17a. The reading region on a horizontal plane (1 m
from the floor) for a populated room, when the reader was
placed at the ceiling and emitted 1 W EIRP (Pc = 10 J.1W). The

dashed lines indicate the free-space model 's reading region.

Figure 17b. The reading region on a vertical cut for the same
situation as in Figure 17a.

1.375.Jl = 41.3 VIm, as fixed by the European recommendations

[27]. Depending on the transmitted EIRP, the forbidden region
could extend up to 1.5 m in front of the reader. For other combina
tions of emitted power, duty cycle, and maximum-allowed field,
the resulting maximum extensions, rF, of the forbidden region as

computed by the free-space model are reported in Table 1. Only
distances larger than ),/2 are shown. The estimated size of the for-
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bidden region was always smaller than 50 cm for Eo ~ 20 VIm.

However, it could be greatly reduced for duty cycles d < 1. For
instance, assuming a typical inventory communication between the
reader and a tag, Team = 30ms [28], ten interrogations per second

( To = 0.1 s) would produce a duty cycle of d = 0.3, and hence the

forbidden distance would be halved with respect to the case of
continuous interrogation.

The practical reduction of the extension of the reading region
caused by the interference fringes is more significant as the free
space reading zone approaches the walls. The two-ray model,
applied for a wall reflection coefficient r = 0.5 , is in general able
to locate the minimum uniform reading region. However, within
the energy conditions for which the maximum reading distance
predicted by means of the free-space approximation exceeds the
obstacle distance (e.g., rFS > D), the two-ray prediction tends to

saturate (from Equation (18)) to a constant value
r2rays ~ 2D/(1+r) . This means that the size of the corresponding

ellipsoid becomes unaffected by further increases of radiated
power. The extension of the side part of the reading region with
respect to the reader's position, e.g., the minor axis of the ellipsoid,
may be therefore underestimated. For example, this effect is clearly
visible in Figure 11 for the case Pc = 10 jlW and an EIRP of

3.2 W, where the two-ray ellipse cut out an important part of the
reading region.

Based on these observations, it is roughly proposed to apply
the two-ray model when the maximum reading distance predicted
by the free-space approximation falls within the range
D/2 < rFS < D . Instead, for rFS» D, the free-space model is

more useful. It is worth mentioning that in the case rFS < D/2 ,

both ofthe models give comparable results.

Finally, it is important to clarify that the two-ray model only
accounts for the front wall and not for the side walls, which mar
ginally affect the power level in the room. As a consequence,
similar ellipsoids will represent the reading region in rooms of dif
ferent sizes (as in Figure 10 and Figure 11) having the same reader
to-front-wall distance, with reasonable accuracy.

7.2 Realistic and Populated Rooms

The previous lab-like room is now considered with furniture
and humans. The photo in Figure 12 shows a room of the Antenna
Lab of the University of Roma Tor Vergata in a typical working
day. The mathematical model considered for the ray-tracing pre
diction included tables, filing cabinets, windows, and a metal shelf.
The tables' legs were metallic pipes, and the sitting personnel were
simply modeled as muscle-like boxes of size 50 x 30 x 130 cm.
The electromagnetic parameters of the media considered are given
in Table 2. The reader was placed as before, 1 m from the floor.
The metal shelf was placed in front of the reader at a distance
D=5.5m.

The first set of results (Figure 13) concern the case without
the sitting persons, and hence the interference fringes were pro
duced by the front metal shelf and, in minor quantity, by the furni
ture. As previously discussed for the empty room in Figure 11, the
free-space model failed in the case where
2.7 m [D/2] < rFS < 5.5 m [D], and the boundary of the reading

volume may be overestimated even up to 2 m. Instead, the two-ray
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Figure 14. The electric field (rms values) in the populated lab when the reader emitted
3.2 W EIRP, as predicted by the ray-tracing model.
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Figure 16. The electric field (rms values) in the populated lab when the reader was placed
in the middle of the ceiling and emitted 1.0 W EIRP: results predicted by the ray-tracing
model.
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model also gave conservative results in this more-complex con
figuration.

The diagram in Figure 14 shows the ray-tracer-calculated
electric field corresponding to a transmitted power of 3.2 W EIRP
for the case of a lab populated by people. The absorption and shad
owing effects caused by the human bodies were clearly visible, and
they might have appreciably modified the size of the reading range
(Figure 15).

While the extension of the forbidden region (again referred to
Eo =6VIm nns) retained the same shape as in the previous case of

an empty room, the presence of humans produced holes in nu.
These were more evident as the ratio EIRP/ Pc became higher.

Neither the free-space nor the two-ray models were able to cor
rectly account for the presence of people. However, the two-ray
approximation of the reading range retained an overall accuracy
comparable to the empty-room case, except for the presence of the
holes.

It is interesting to note that the blockage effect of furniture
and people may be greatly mitigated if the reader is placed at the
ceiling (Figure 16). In this case, the useful reading region was
much larger than when the reader was placed at a side wall (Fig
ure 17). Since D = 3m and rFS = 6.13 m > D, the free-space

model can be considered accurate for predicting the reading region,
as visible in Figure 13. We found that nearly the whole room could
be covered with a single reader emitting just 1 W EIRP.

8. Conclusion

The proposed systematic formulation for the reading range of
the reader-tag platform includes the most relevant parameters of an
RFID link. The pure free-space model has been demonstrated to be
inadequate for those configurations of system parameters involving
highly scattering objects and intermediate values of interrogation
power . Nevertheless, such an approximation may still be valid
when the reader-tag interaction takes place within only a small
portion of the room, far from the scatterers, e.g. when the reader
emits very low power or the tags have poor sensitivity.

Instead, the two-ray model works reasonably well in those
conditions where the free-space-prediction model fails. Therefore,
the combination of both the models according to the suggested
guidelines could be useful for embedding into computer-coverage
optimization tools.

More complex applications, involving the presence of many
obstacles disturbing the line-of-sight communications, should be
instead handled by an accurate ray-tracing tool. With the help of
the given interpolation/identification chart, such a tool may be
applied to the most commonly used reader's antennas, at the
expense ofhigber computational complexity for the end user.
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