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Abstract

This work studies the three-dimensional (3D) identification performance of UHF RFID systems with commodity hardware.
Detailed three-dimensional propagation modeling is developed, with ray-tracing that allows examination of tag- as well as
reader-antenna diversity. It is shown that multipath can enhance identification performance compared to free-space
conditions. Furthermore, it is found that tag diversity can enhance identification performance on the order of 10%. Reader-
antenna diversity becomes beneficial only when special attention is given to controlling the destructive summation of the
transmitted fields and simple, general antenna-installation rules are provided. Performance can be further enhanced with the
introduction of a phase shifter or appropriate transmission scheduling, and various examples are discussed. Measurements
inside a room with a dense three-dimensional grid of passive RFID tags confirmed the results. Finally, a method to perform

power-measurements with commodity RFID hardware that exploits the sensitivity-during-read threshold of each tag is put
forth.

Keywords: Radiofrequency identification; RFID tags; UHF propagation; multipath channels; ray tracing; electromagnetic
measurements
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1. Introduction

Radio-Frequency Identification (RFID) has been widely
adopted in several applications, including asset management,
product tracking, logistics, inventory systems, security, location-
based services, and many more [1]. UHF RFID systems have
extended the identification range of the original LF or HF RFID
systems. Depending on the type of tags implemented, a UHF EPC
Gen?2 operating RFID reader can identify passive tags within a few
meters, or active tags within tens of meters. Elementary ideas on
backscatter-radio related to RFID systems were given in [2].

In order to acquire accurate read-region estimations, the site-
specific nature of propagation must be accounted for. Propagation
was analyzed stochastically in [3], where multipath was modeled
by a suitable Ricean or Rayleigh distribution. Hence, the probabil-
ity for successful identification of a tag could be evaluated. A sto-
chastic model, suitable for multiple reader and tag antennas, was
presented in [4], where diversity gains were investigated by utiliz-
ing multiple tags.

Recently, in [5], the authors proposed a model suitable for
single-lobe directional antennas that evaluates the “reliable” read-
ing region in the presence of multipath. They estimated a continu-
ous and strictly bounded “useful reading region” around the trans-
mitting reader’s antenna in a fashion similar to that in which the
free-space-model’s reading region is bounded and continuous. To
achieve that, they approximated the minimum resulting field of a
two-ray model, composed of the direct ray and a ray reflected from
the closest wall in the direction of reader antenna’s maximum gain.
The read-region was approximated by an ellipsoid, including the
reader antenna’s location, while its axes depended on the half-
power beamwidth of the antenna. The validity of the proposed
model in [5]_depends on the location and the direction of the
reader’s antenna with respect to the surrounding walls: the basic
assumption is that the direct field interacts with a single reflector.
Good agreement with measurements was demonstrated for repre-
sentative configurations. However, the model fails if two or more
antennas are fed via a splitter, as the resulting field, due to the
interaction of the two antennas, is complex and the corresponding
coverage region is not continuous, even in the vicinity of the
antennas, as demonstrated later in this work.

In this paper, we investigate the problem of maximizing the
coverage of a UHF RFID system operating inside a single room
with commodity RFID hardware. This represents part of a greater
study that includes the design and implementation of a pilot RFID
system inside a hospital [6]. Passive tags are attached to medical
equipment, such as infusion pumps and wheelchairs. The main
goal is to maximize the identification percentage within a given
volume of interest. In Figure 1, a room with the volume of interest
is shown.

In contrast to [5], we do not seek a continuous bounded vol-
ume where 100% coverage can be guaranteed. Instead, we try to
analyze major propagation effects taking place inside a room, and
to manipulate them, either to maximize the read-region in the
entire volume of interest, or to introduce minima at selected loca-
tions inside the room. Certain rules, applicable to any room,
regarding the selection of antenna(s) and their placement and ori-
entation are proposed. Furthermore, the tags’ polarization diversity
is investigated, and such performance gains are quantified. It is
shown that the successful-identification volume in a room, consid-
ering multipath, can be larger than the corresponding successful-
identification volume in free space. Finally, we propose and evalu-
ate two methods to improve coverage performance through the
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utilization of double-reader-antenna systems. The first method is
based on selective introduction of a controlled phase shifter in a
double-reader-antenna configuration. That method is capable of
minimizing destructive-interference patterns, and thus boosts
identification performance and reliability of the system. The sec-
ond method utilizes simple time-scheduling of the operation of
each reader’s antenna.

The core of our work is an analytic ray-tracing propagation
model. Critical parameters of the problem are carefully modeled,
including the radiation pattern, the transmission power, the polari-
zations of the readers’ antennas as well as of the tags’ antennas,
the frequency of operation, the constitutive parameters of the
walls, and polarization changes of the reflected field with respect
to the incident field.

All theoretical results were verified by extensive measure-
ments carried out in a room, where a three-dimensional grid, com-
posed of orthogonally polarized passive tags, was realized. A
method to use passive tags so as to carry out propagation meas-
urements is presented. Preliminary results of this work were pre-
sented in [7, 8], including the propagation model.

The propagation model is introduced in Section 2, and “suc-
cessful identification” is discussed in Section 3. Theoretical results
for single-antenna configurations are given in Section 4. These are
then compared with double-antenna configurations in Section 5.
Methods for improvement of coverage performance with double-
antenna configurations are given in Section 6, and the corre-
sponding measurements are presented in Section 7. Finally, a dis-
cussion in Section 8 concludes the paper.

2. Propagation Model

Ray-tracing is a common technique for acquiring detailed
site-specific propagation data in multipath environments [9]. A
ray-tracing model [10], including the direct and the multiple
reflected fields at each location, was developed. The operating fre-
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Figure 1. A representation of the room, including the volume
of interest.
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quency, the transmission power, the radiation pattern, the polari-
zation, the position, and the orientation of the transmitting antenna
were included in the calculation of the incident field. Proper algo-
rithms for the manipulation of vectors and their transformations
among different spherical and Cartesian coordinate systems have
been realized [11].

For a linearly polarized antenna, the magnitude of the radi-

ated-wave electric far-field component, E;,., at a distance r is

given by

Einc= UPIGI (0’¢)_1_ (1)
V 2z r

B, is the transmitted power in watts, G,(6,4) is the antenna’s

gain at angles 8,4, and 7 is the free-space impedance. In order to
model a circularly polarized antenna, another field vector,
orthogonal to the above, is considered, with a 7/2 phase differ-
ence.

For each reflection, the incident field on the boundaries of a
wall are analyzed in two orthogonal vectors: one parallel to the
plane of incidence, and one perpendicular to the plane of inci-
dence. The reflection coefficients are then calculated by employing
the recursive formulation presented in [12, Chapter 5.5.2.D, pp.
235-236]: a plane wave incident at an oblique angle upon N layers
of planar dielectric slabs that are bordered on either side by free
space is considered. The constitutive parameters of the wall are
taken into account by selecting the permittivity and the loss tan-
gent of each layer [13-16]. Each reflection might lead to a different
phase shift and magnitude change of the vertically and the hori-
zontally polarized components of the incident field, respectively,
thus leading to a change in the polarization state of the reflected
field with respect to that of the incident field.

The reflected field is considered to be the incident field in the
subsequent interaction with a wall. Finally, the ray is traced until it
reaches the receiving position. At the receiver, the field from each
path is decomposed into three orthogonally arranged axes, x, y, z.
Assuming that the electric field’s component of the ith ray along

the tag’s polarization axis is E[°®, the total field at the tag’s
antenna is given as the sum of all contributions:

N .
Elog _ Z G (el{ag’¢itag )Eitage_/(erﬁ+2m‘i/l+(pi) )

i=l

where 7; is the distance traveled by the ith ray, and ¢; is the phase
shift of the specific contribution due to the reflections on the sur-

rounding walls. G*¢ (Bl-lag %8 ) is the gain of the tag’s antenna at

the angle-of-arrival 8/, ¢/ | measured in a spherical coordinate
system centered at the tag. A is the wavelength of operation.

Finally, the power at the tag’s chip, F,, is given as
A2 Eng
P, =— T, 3
“8 " 4r 2n ®)

where 7 is the power transmission coefficient, expressing mis-
matches between the chip’s impedance, Z.=R.+ jX., and the

antenna’s impedance, Z, = R, + jX,:
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Such a detailed model provides the foundation for accurate char-

acterization of the multipath profile, and thus allows the develop-

ment of techniques that control propagation effects, as will be

demonstrated later.

3. Definition of Coverage

Literally, a point in space is considered to be covered if the
modulated backscattered field (from a passive tag at that point)
reaches the reader with sufficient power, i.e., with power above
reader’s sensitivity threshold. Equation (3) defines the power at a
passive tag’s circuit in the “sleep” state. If that power is strong
enough to “awaken” the tag’s IC, then the carrier is modulated and
backscattered to the reader. This process takes place by changing
the tag’s load from the “sleep” state to another load’s state [17].

The power scattered by the tag at an angle of departure 698, /%8
is given by

Pret = PG (0155 018 ) K. (5)

where F,. is the incident power at the tag given in Equation (3)
for r =1. K; is proportional to the radar cross section of the tag’s
antenna at modulating state i (i =0,1), and depends on the load
connected to the tag’s antenna at state i, the antenna’s impedance,
and the antenna’s structural mode, which is a load-independent
quantity [18]. In [17], it was shown that the selection of loads in
the two modulating states should take into account the antenna’s
reflection coefficients and the structural mode, so as to maximize
backscatter carrier power per bit, while minimizing the bit-error-
rate probability at the reader.

The power that arrives back at the reader’s antenna should be
calculated by implementing the analytical ray-tracing model pre-
sented in Equations (1) and (2), considering the tag to be the
transmitter and the reader to be the receiver.

3.1 A Note on the Reader’s Sensitivity

In the literature [5, 19], a passive tag is assumed “successfully-
identified” if the incident power at the tag is sufficient to power up
the tag’s IC. The tag-to-reader backscattered power is thus over-
looked in the calculations. Such an assumption is valid if the sen-
sitivity level of the reader is much smaller than the backscattered
power of any RFID tag marginally operating at the tag’s IC sensi-
tivity level. A few years ago, major manufacturers reported a
nominal sensitivity value of the chip of —14 dBm, which was
measured to be between —11.5dBm and -12.5dBm in [19].
Assuming a maximum effective isotropic radiated power (EIRP) of
35 dBm, the maximum path loss from reader to tag is of the order
of 48 dB for successful identification of a tag at —13 dBm. In such
a case, the mean backscattered power transmitted from the tag is at
best of the order of —16 dBm (part of the incident power is used in
the rectifier circuit). The power that reaches the reader is approxi-
mately —64 dBm. High-end RFID readers have a nominal sensitiv-
ity of =77 dBm to —80 dBm [20], hence an adequate margin exists
that validates the “successful identification” assumption.
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However, significantly improved sensitivity values have been
reported recently by major RFID IC chip manufacturers, ranging
from —15 dBm [21, 22] down to —18 dBm [23]. An improvement of
5 dB in the sensitivity of the tag is equivalent to 10dB in the
roundtrip of the field, so a backscattered power of —64 dBm would
now be -74 dBm, approximating the reader’s sensitivity level.
Therefore, in the near future, the entire reader-to-tag-to-reader
propagation channel must be considered, as identification of a tag
could be limited by the reader’s sensitivity.

In this paper, we adopt the assumption that the reader’s sensi-
tivity level is always smaller than the modulated tag’s back-scat-
tered power: the coverage threshold is defined by the desired
power to “awake” the tag’s chip, Py, .

At each location, we calculate the received power using the
analytical ray-tracing model described before along three
orthogonally arranged axes, x, y, z. With the above, the polariza-
tion state of the incident field with respect to that of the tag’s
antenna is taken into account. In Equation (2), we assume

G (0{"3 4% ) =1, V0%, 4% and in Equation (3), 7 =1. A tag

is considered “identified” if the power at the polarization axis of
the tag is greater than the tag’s threshold. The performance degra-
dation of a tag attached to different surfaces was given in [24],
ranging from 1 dB loss for paper or acrylic up to 10 dB for alumi-
num surfaces.

We define a binary variable, I; (P, ), which describes the

identification of a tag with awake threshold £, at location i:

res

1, ifP >P
Ii(PIhres)z{ rag = thres ©6)

denotes the received power at a tag at location i, given by

0, otherwise
Prg
Equation (3). For any tag’s threshold By, we can estimate the

coverage ratio, C (P,,,,es), or identification ratio, in any area or
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volume of interest and for any polarization of the tag’s antenna.
We actually consider a dense grid of M points in the volume of
interest, and calculate the ratio of the points that are identified,

M
D 1;(Pires ) to the total number of grid points:

i=1

1
C(P;hres)='A72]i(Plhres)' )]

4. Estimation Results

The aim is to maximize the coverage in a given volume of
interest inside a room, as shown in Figure I, with commodity
RFID hardware. Two circularly polarized antennas were available
[25]. One was the MT-242017/NRH, with 10 dBic gain and
dimensions of 37 cm x 37 cm, and the other was the MT-
242032/NRH, with 7 dBic gain and dimensions of 19 cm x 19 cm.
The radiation patterns with the half-power beamwidths of the two
antennas are given in Figure 2.

4.1 Representative Results

The 10 dBic-gain antenna was considered at x=1.5m,
y=0.1m, z=2m, tilted with an angle of 20°, as shown in Fig-
ure 2. The transmission power was set to 30 dBm at a frequency of
865 MHz. The walls were modeled as single-layer reinforced con-
crete walls of 40 cm thickness, with &, =6.5 and tan¢ =0.287
[14]. The power was calculated in the entire room on the tips of an
orthogonal grid with a 10 cm spacing. The received powers for a z-
polarized tag along a z slice, a y slice, and an x slice are shown in
Figures 3a-3c, respectively. Similar results were extracted for the
x- and the y-polarized field for any cut inside the room. By com-
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Figure 2. A representation of a single-antenna configuration and the radiation patterns of the available antennas.
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Figure 3a. The received power for a z-polarized tag at
z=1.2m.
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Figure 3b. The received power for a z-polarized tag at
y=3.5m.
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Figure 3c. The received power for a z-polarized tag at

x=2.5m.
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Figure 3d. The coverage performance of a z-polarized tag at
three heights as a function of increasing the tag’s threshold.
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Figure 3e. The coverage performance of z-, x-, and y-polarized
tags as a function of the tags’ diversity.
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bining these results, one could identify the dominant propagation
mechanisms responsible for the field’s interference patterns inside
the room, due to multipath, and then properly move the antenna
inside the room, manipulating the resulting field as desired.

As discussed in the previous section, coverage plots were
formed by processing the power results, as defined in Equation (7).
In Figure 3d, coverage curves for z-polarized tags are given at
three selected heights — 0.5 m, 1.2 m, and 1.8 m above the ground
— as well as aggregate results in the entire volume of interest. Cov-
erage was evaluated at several heights, as we sought balanced
performance over the entire volume of interest. In Figure 3e,
aggregate coverage results are given for x-, y-, and z-polarized
tags. The performance for a y-polarized tag was significantly
worse than the performance for an x- or a z-polarized tag because
the reader antenna’s circular polarization was distributed mainly
along the x-z plane. The field along the y axis resulted mainly from
the 20° down-tilt of the antenna for the configuration of Figure 2.
In the same plot, coverage performance is also evaluated for a case
of “Tag Diversity,” explained below.

4.2 Tag Diversity

Asset-tracking involves several objects, e.g., wheelchairs and
infusion pumps in a hospital. Benefiting from the tags’ low cost
and small dimensions, we can associate more than a single tag with
each object. To examine the case of diversity, we assumed an x-, a
»-, and a z-polarized tag attached to each object. In each location,
successful identification was guaranteed if at least one of the three
tags was powered up. Aggregate coverage increased by 10% at the
—14 dBm threshold, reaching 89%, compared to the single
z-polarized tag, as shown in Figure 3e. Even better improvement
was recorded at a greater tag threshold. Notice that this type of
diversity was different than the multiple-tags case analyzed in [4],
where all tags were assumed to share the same ID, and thus
modulated the reader’s signal in the same manner.

4.3 Planning Rules for Antenna Selection
and Placement Applicable to any Room

As a basic planning rule, the reader’s antenna(s) should be
installed within the volume of interest. Otherwise, part of the
transmitted power in the vicinity of the reader is wasted in a vol-
ume where tags are not expected. As a consequence, antenna
placement centrally on the ceiling should be avoided. In addition,
in the volume of interest the radiated field of any ceiling patch
antenna is expected to be polarized along the xy plane, thus failing
to identify z-polarized tags. Even if a ceiling antenna includes
z-polarized elements, a null is expected below the antenna, hence
within the volume of interest, for the corresponding z-polarized
field. Expected tag polarization when attached to target equipment
should be carefully considered during the planning process. Over-
looking this factor could result in poor performance, even in the
vicinity of the reader’s antenna.

Implementation of omnidirectional antennas in RFID systems
is usually impractical. Such antennas demand inconvenient place-
ment in the center of the volume of interest, so that all energy
would be efficiently radiated.

As a consequence, the most convenient locations for reader
antenna(s) placement inside the volume of interest are the vertical
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walls. Hence, single-lobe directive antennas represent the obvious
choice. It is noted that a vertically polarized antenna must be tilted
in order to introduce fields along the horizontal plane. Tilting
implies that the antenna must be installed at a certain height so that
the radiation pattern illuminates the volume of interest. Instead, a
circularly polarized antenna radiates in the vertical and the hori-
zontal planes without tilting. From such a perspective, this type of
antenna allows for greater flexibility in terms of placement.

Focusing on antenna-placement along a vertical wall, con-
sider the antenna of Figure 2, moved close to the vertical edge of
the room, e.g., at x=0.1m, and away from the center of the wall.
A strong, first-order reflection is introduced by the adjacent wall
(to the left of the antenna, for example), due to the corresponding
shallow grazing angle of the incident field. As the strong reflected
field interacts with the direct field, it introduces deep fading in the
vicinity of the wall. Even if a corner-placed antenna is properly
tilted towards the room’s interior, fading still exists, since the
geometrical conditions are unaltered: it is simply exhibited at
smaller power levels.

Therefore, reader antenna(s) should be placed away from
corners, centrally on the surface of the vertical walls, so that the
volume of interest is illuminated.

Depending on the actual dimensions of the room, an antenna
with a proper radiation pattern should be selected. A single-lobe
antenna with 3 dB horizontal and vertical beamwidths, denoted as
Apygg and  AB4g, respectively, has a gain expressed by

G(dB)=10log;o{K/(AB345A0345)} [18]. By substituting the val-

ues for Agyyp, ABsyp, G (in dBic) of the available MTI antennas

[25] in the above formula, we derived a value of K =~27570,
which yields an error of £0.2dB.

To evaluate the desired antenna’s gain, one must estimate the
desired received power for a linearly polarized tag located at the
most distant point from the antenna in the volume of interest.
Hence, the antenna’s desired gain can be evaluated by substituting
the desired received power, P, , in the Friis free-space formula, and

then solving for the reader’s antenna gain, G, assuming a known
maximum transmission power, e.g., | W. A suitable value for P, is

B = Fype +Lpo[+Lpa[: where Lp,,/ denotes polarization mis-

matches (3 dB is recommended), and L, denotes the absolute

pat
difference of the antenna’s gain at the direction of the receiver
minus the maximum antenna gain (again, 3 dB is a reasonable
value). Having calculated the desired antenna gain, parametric
curves with the variation of Agyqg and Af;yg can be constructed.

For example, for a maximum distance of 5m, a transmission
power of 30 dBm, P. =—-14 dBm+6 dB =-8 dBm. At an operat-
ing frequency of 865 MHz, the desired reader antenna’s gain is
G =7.16dBic. Parametric curves with the variation of Agyqg Wwith
respect to Afyp for three antenna gains are given in Figure 4.

Depending on the volume of interest, one should select an antenna
with the most appropriate pattern, and then select a commercially
available antenna that best matches the desired characteristics. For
example, if the height of the volume of interest is small, say 1 m
(ranging from 1 m to 2 m in height), Af34g = 50° can be selected,

thus allowing for a wider Agsyg =110°. This assures better cover-

age to the left and to the right of the antenna’s boresight. The char-
acteristics of the two available antennas are marked in Figure 4.

IEEE Antennas and Propagation Magazine, Vol. 53, No. 1, February 2011
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Figure 4. The variation of the horizontal as a function of the
vertical 3 dB beamwidth of single-lobe circularly polarized
antennas with different typical gains.

If the volume of interest is not adequately covered by a single
antenna, multiple antennas can be selected, as analyzed in Sec-
tion 5.

4.4 A Note on Parameters not Considered
in the Model that Influence the Field
Inside the Room

In an operational room, furniture or other equipment exists
inside the room, thus influencing the distribution of the field in the
volume of interest. Such scatterers are expected to introduce
minima and maxima in their vicinity, where the direct field could
be comparable to the introduced scattered field. The size of the
induced variations with respect to the estimated field pattern of an
empty room greatly depends on the electromagnetic and geometri-
cal properties of the scatterers. For example, a plastic board hung
on a wall is expected to have a negligible effect, whereas a metallic
table will strongly affect the field in its neighborhood. In addition,
moving people are expected to influence the field, when present.

Misplacement and movement of the aforementioned scatter-
ers can be treated as different states of a Markov chain. At each
state, all objects of interest are considered at fixed locations, and
the field is analytically computed, either by a ray-tracing technique
or other methods from computational electromagnetics.

4.5 Actual Field Compared to
Free-Space Estimation

A comparison is presented below between the coverage per-
formance of a system operating in “free-space” conditions and one
operating in “real” multipath conditions, for the same calculation
volume. The received power of a z-polarized tag along a y slice at
3.5 m for the configuration of Figure 2 is presented in Figure 5a.
This result is compared with the corresponding estimations of the
actual field given in Figure 3b. Multipath creates both constructive
and destructive interference patterns. The former results in covered

IEEE Antennas and Propagation Magazine, Vol. 53, No. 1, February 2011

areas at greater distances compared to free space, but the latter
leads to minima and “holes” in the field’s pattern inside the room,
which limit the reliability of the reader’s read-region at any dis-
tance.

Better coverage was recorded when considering the actual
field over free-space conditions (Figure 5b). In free-space condi-
tions, coverage at any point was calculated deterministically by
Equations (6) and (3), taking into account the radiation pattern of
the antenna, resulting in a strictly bounded coverage volume
around the reader’s antenna. In multipath conditions, coverage
depends on the locations of the walls, as well as on unknown
parameters, such as the electromagnetic properties of the walls.
Covered areas arise beyond the “free-space bounded volume” due
to constructive summation of the direct field with scattered com-
ponents. A statistical analysis is carried out below.

Equations (6) and (7) state that the coverage ratio for a given
threshold grows as the power in the volume of interest grows. It is

z-polarized power at y=3.5m

7 axis of the room (m)

1 15 2
x axis of the room (m)

Figure Sa. The received power for a z-polarized tag at
y =3.5m, assuming free-space conditions.

Free-Space vs. Real Conditions with Tags' Diversity
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Figure Sb. The coverage performance assuming free-space
conditions as a function of the actual field, considering three
orthogonally polarized tags at each location.
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shown below that the mean expected power at each position inside
a room is greater than the corresponding power calculated in free-
space under the following conditions:

1. The line-of-sight (LOS) field is not obstructed for any
point inside the volume of interest.

2.  The phases of the different field contributions can be
regarded as independent random variables, uniformly
distributed in [0,2 rz].

Let E; denotes the field at a random location inside a room
due to the direct contribution, and let E; denote the ith of the M

reflected/scattered contributions arriving at the same location with
phase 6;. The total field, E, is

) M )
E=Ee/+ Y Ee% . (8)
—— i1
LOS &
Reflected/Scattered

The power, P, is proportional to the square of the electric field:

2 * Y J6, Y -6,
P~|E["=EE" = Z(:)Eie i Z(:)Eie i
i= i=
O]

.M
=Y E} +2) EE;cos(6,-6;).

i=0 izj

The phase, §;, of each field contribution is treated as an independ-
ent random variable uniformly distributed in [0,27r]. Let ¢ be a
random variable, defined as

(0=0i“0-. (10)

It can be shown that the probability density function of ¢, speci-
fied by the proper convolution of the probability density functions
(pdfs) of 6;,6;, is given as [26]

V(2x) (27 +x), ~21<x<0
f(,(x):l 1/(27)* (22 -x), 0O<x<2r . (1)

0, otherwise

The mean expected power, E [P] , of Equation (9) is given as

M
E[P]~ E{ZE? +2) EE; cos(6;-0;)
i=0 i#f

(12)
M
=Z(:)E,-2 +2Y E;EE[cos(¢)].

i#j

From Equation (11), it can be shown that E [cos(qﬁ)] =0. There-

fore,
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M M
E[P|~XE'=Ej+ Y E 2E. (13)
i=0 LOS =l LOS

Reflected/Scattered

Hence, if the line-of-sight contribution is not obstructed, and the
phases of the scattered/reflected components can be considered as
independent random variables uniformly distributed in [0,27r],

then the mean expected power at any location inside the room is
equal to or greater than the free-space direct field. Equality holds
when the scattered field is zero.

5. One-Reader-Antenna Compared to a
Two-Reader-Antenna Configuration

5.1 Single-Antenna Configurations

We considered any of the available transmitting antennas at
the center of one of the walls, as it is shown in Figure 2. Part of the
volume of interest could not be covered, because of the narrow
3 dB beamwidth of the horizontal radiation patterns of the avail-
able antennas. Even worse performance was recorded by placing
the antennas at the corners of the room for several heights and
tilting selections, for the reasons analyzed in Section 4.3. The idea
of implementing two antennas instead of one in various configura-
tions was then tested as a preferable solution.

5.2 Double-Antenna Configurations

Double-antenna configurations are shown in Figure 6. The
two antennas are fed via a 3 dB bidirectional power split-
ter/combiner. As a result, each antenna transmits at a 3 dB smaller
power level (27 dBm) than does a single-antenna configuration.
Hence, a fair comparison with the single-antenna configurations
can be carried out, given that the same amount of power is radiated
inside the room. In addition, as the antennas are to be installed
inside a patient’s room, two MT-242032/NRH antennas with
7 dBic gain were selected, due to their significantly reduced
dimensions compared to the 10 dBic antennas. The EIRP per
antenna and per excitation axis was 31 dBm, smaller than the
maximum limit in Europe. In the following results, the threshold
was set to —11 dBm, instead of —14 dBm, in order to account for
the 3 dB reduction of power per antenna, while the transmitted
power was preserved at 30 dBm.

An important property of the double-antenna configurations
is demonstrated in Figure 7. The power along a z slice at 1.2 m for
a z-polarized tag for Configuration 2 is given. The hyperbolas
drawn in Figure 7 represent the geometric space of the points
where the direct fields from the two antennas contribute with x
phase difference, and hence add destructively:

|d|—d2|=(2k+1)ﬂ./2, k=0,1,..., (14)
where d|, d, denote the corresponding distances from the two

sources, and A is the wavelength in free space. Depending on the
magnitude of each direct contribution, the minimum could be so
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Configuration |

4m

Tx1 Position: (x,y,z)=(0, 0, 1.2)
Orientation (Hor, Ver)=(75°, 0°)

Tx2 Position: (x,y,z)=(0, 0, 2)
Orientation (Hor, Ver)=(35°, 9°)

Configuration 2

24

Tx1 Position: (x,y,z)=(0.1, 3, 1.5)
Orientation (Hor, Ver)=(0°, 30°)

Tx2 Position: (x,y,z)=(0.1, 1, 1.5)
Orientation (Hor, Ver)=(0°, 30°)

Configuration 3

Tx1

TR——. P -

3m

Tx1 Position: (x,y,z)=(1.5, 0.1, 2)
Orientation (Hor, Ver)=(90°, 20°)

Tx2 Position: (x,y,z)=(1.5, 0.1, 0.5)
Orientation (Hor, Ver)=(90°, 0°)

Figure 6. Representations of the double-antenna configura-

tions.
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Configuration 4

z4 s

3m

Tx1 Position: (x,y,z)=(0.1, 2, 2)
Orientation (Hor, Ver)=(0°, 0°)

Tx2 Position: (x,y,z)=(1, 0.1, 1.5)
Orientation (Hor, Ver)=(90°, 0°)

Configuration S

' Perspective
|
1

Tond
=T

3m

Tx1 Position: (x,y,z)=0.1, 2, 2)
Orientation (Hor, Ver)=(35°, 25°)

Tx2 Position: (x,y,z)=(0.1, 2, 2)
Orientation (Hor, Ver)=(-35°, 25°)

Figure 6 (continue). Representations of the double-antenna
configurations.

y axis of the room (m)

z-polarized power at z=1.2m

0.5 1 15 2 25
x axis of the room (m)

dBm

Figure 7. The received power for a z-polarized tag at z=1.2m
for Configuration 2.
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z-polarized power at z=1.2m

dBm

y axis of the room (m)

05 1 15 2 25
x axis of the room (m)

Figure 8. The received power for a z-polarized tag at z=1.2m
for Configuration 5.
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Figure 9. The coverage performance for the five double-
antenna configurations, assuming tag diversity.

large that a tag at this location could not be identified, despite its
small distance from the two antennas. Similar results were
extracted for Configurations 1, 3, and 4. Deep fading was intro-
duced at predictable locations determined by Equation (14),
depending on the positions of the two antennas. Therefore,
“directing the two antennas towards the volume of interest” is not
a sufficient condition for coverage maximization. On the contrary,
“holes” were introduced, even in the vicinity of the two antennas,
due to destructive summation of the strong direct contributions of
the antennas. The corresponding coverage ratio, defined in Equa-
tion (7), was worse than the coverage ratio for the single-antenna
configuration of Figure 2, as demonstrated in Figure 9. However,
the predictability of the arrangement of the “holes,” described by
Equation (14), can be exploited when a minimum is desired at a
specific region, e.g., the sensitive volume of the patient’s body
above each bed.
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For coverage maximization, the two antennas must be placed
so that:

1.  The power from each antenna is radiated towards the
volume of interest.

2. Each of the two antennas illuminates a different part of
the volume of interest, so that destructive summation of
the direct fields from the two antennas is small.

These constraints were well satisfied by Configuration 5, shown in
Figure 6. The two antennas illuminated different parts of the room,
making sure that the 3 dB horizontal beamwidths of each of the
antennas radiated into different angular segments. A z slice at
1.2 m of the z-polarized received power is shown in Figure 8.

The coverage performance of all five configurations of Fig-
ure 6 is shown in Figure 9. Configuration 5 ensured 93% coverage
at —11 dBm. Notice that Configuration 1 recorded a poor 77% cov-
erage, due to destructive-interference effects. By comparing the
coverage performance of Configuration 5 with the corresponding
performance for the single-antenna configuration, also shown in
Figure 9, a better coverage percentage was accomplished at the
expected tags’ thresholds, despite the fact that each of the two
antennas radiated at a 3 dB smaller power level. The reason was
that the transmitted power was better directed towards the volume
of interest.

6. Coverage Improvement

Despite the fact that 93% coverage was accomplished with a
double-antenna configuration, fed via a 3 dB splitter, it was found
that all other double-antenna configurations suffered from destruc-
tive-interference effects, causing severe degradation of the cover-
age performance of the system. It was shown that directing the
power towards the volume of interest is not a sufficient condition
for effective planning. Control of destructive-interference effects
represents an equally important parameter of the problem. In any
case, the expected coverage performance remains vulnerable to
technicians’ installation errors, tags’ inferior performance when
attached to the tracked object [24], etc. In this section, different
solutions are proposed, aimed at the maximization of the coverage
performance by introducing active devices in the configuration,
while abiding by the maximum EIRP constraints.

6.1 Introduction of a Phase Shifter

The potential to introduce a device capable of eliminating or
minimizing the destructive-interference effects was investigated.
As discussed earlier, the two antennas introduced “holes” in the
surrounding area, based on the magnitude and the phases of the
transmitted fields. The desired task is to “control” the locations of
the holes and properly “move” them inside the room.

Consider the direct field at receiving location A from the two
antennas Tx; and Tx,, positioned at random places inside the

room, as demonstrated in Figure 10. Let E; with phase ¢, be the
field at a tag located at A from Tx,, and let E, with phase ¢, be
the field at the same tag from Tx,. Assuming that the two anten-
nas radiate in phase, we have ¢ =2zn /A and @, =27r, /A,
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The two antennas radiate in-phase
Tx1
E,
E=(E} +E; +2E\E, cos(ﬁ?))"2
E SR
v An X=-0 phase shift is introduced
— in Tx2
=0 sz 12
e E"=(E} + E; +2E,E, cos(6 + X))
Switch 0°
——<: x° Antenna 1
3dB Splitter ——
Antenna 2

Figure 10. Introducing a switch-controlled phase shift in the feeding of one antenna.

where #,r, are the path lengths from Tx; and Tx, to A, respec-

tively. The two contributions can be represented as two vectors
with magnitudes E|,E,, respectively, forming an angle

8 =¢, —¢,, as shown in Figure 10 (top right). The magnitude of

their sum is
3. 3 1/2
E= [El +Ej +2EE, cos(p -0, )]
(15)
2 5 1/2
B [El +E5 +2EE, cos(0)] X

Notice that when exciting Tx, with an X phase delay with respect

to Txy, the phase difference at A  becomes
0'=¢, —p,+ X =6+ X . The field at A is then given by
o (2, g2 172
E =[E, +E2 +2E,E, cos(«9+X)} . (16)

By selecting X =+z, we have cos(6+7)=-cos(6): hence,

destructive interference becomes constructive. We propose the
introduction of a switch, as shown in Figure 10 (bottom), which
controls the feeding of one of the antennas. It either does not insert
a phase delay and hence the two antennas radiate in phase, or it
does introduce a x phase shift. In the two states of the switch —
assuming that all other conditions such as the transmission power,
propagation conditions etc., are unaltered — the field at a random
position inside the room is then given by Equations (15) and (16),
respectively. A tag is identified if it is powered up in at least one of
the two states of the switch. By introducing additional phase shifts,
e.g., £x/2 (Figure 11), the maximum of the cosine term, shown in
black-dotted line, always takes large positive values, leading to
greater combined fields in the volume of interest at the expense of
greater complexity of the switching system.

Even though the proposed method exploits principles of
traditional antenna-array synthesis, [27-30], where beamforming is
accomplished by properly phase shifting the excitations of discrete
elements, some key differences are noted:

1. No specific beam pattern is sought. As long as a =«
phase shift is introduced, then a minimum in one state

of the switch becomes a maximum in the other state.
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Figure 11. The variation of the cosine term for several phase
shifts. The maximum of the resultant cosine term is also
shown.

Therefore, simplicity and ease of installation are
insured.

2. The antennas need not be placed close to each other.
Instead, they can be distributed anywhere in the volume
of interest, e.g., on opposite vertical walls inside the
room. In such a case, we cannot define the double
antenna’s radiation pattern in the volume of interest,
because the latter lies between the two antennas. In tra-
ditional antenna-array theory, the radiation pattern is
evaluated on the surface of a sphere centered at the
array, enclosing it.

We have repeated the simulations for the five double-antenna
configurations shown in Figure 6 by considering the introduction
of a single phase shift equal to x. The results are shown in Fig-
ure 12. By comparison with Figure 9, the coverage performance of
the system was boosted, reaching at least 93% in all cases. It is
interesting that nearly identical performance was recorded for all
configurations. The importance of the introduction of the proposed
phase shifter is that coverage is no longer vulnerable to installation
errors or the need for careful fine-tuning of processes. Instead, it
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Double antenna configurations with phase shifter
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Figure 12. The coverage performance of the five double-

antenna configurations, after the introduction of the proposed
switch-controlled phase shift X =—

seems that good performance is accomplished anywhere you place
the antennas inside the room, as long as they both radiate towards
the volume of interest. The switching phase shifter then eliminates
destructive interference patterns.

It must be emphasized that the insertion of the phase shifter
can eliminate destructive interference effects caused by different
sources (two antennas herein), and not effects created by the mul-
tipath of a single antenna configuration. The reason is that by
inserting a phase delay in a single antenna configuration, the same
delay is physically inserted in all multiple-reflected/scattered com-
ponents that reach the tag. The same phase differences are thus
preserved among the different components that constitute the total
field. Therefore, introduction of a switch-controlled phase shifter
represents an option only when multiple transmitting antennas are
involved.

6.2 Alternative Transmission of
Multiple Antennas

Another possibility for improving the performance of the sys-
tem is to implement two antennas, but to schedule their transmis-
sions in different timeslots. As a consequence, there will be no
interaction between them. The benefit is twofold: 1) the 3 dB
losses of the passive splitter are avoided, and thus all the power is
transferred to the active transmitting antenna; and 2) the imple-
mentation of two antennas instead of one allows better directing of
the transmitted power towards the volume of interest. The results
for the five configurations of Figure 6 are shown in Figure 13.
Better performance was recorded in three cases (Configurations 2,
4, and 5), and worse performance occurred in the other two cases
(Configurations 1 and 3), compared to the results of Figure 12.

6.3 Phase Shifter Combined with
a Power Amplifier

Finally, we have repeated the simulations including the intro-
duction of the 7 phase shifter, assuming in addition a 3 dB power
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amplifier to compensate for the passive-splitter losses. In terms of
maximum allowable radiated power, it is possible to introduce
such an amplifier, since the EIRP per antenna remains smaller than
the corresponding limit. The results are shown in Figure 14. The
best coverage performance was accomplished, reaching a maxi-
mum close to 98% coverage. Coverage remained above 90%, even
at —10 dBm. All configurations demonstrated similar performance
because of the switch-controlled phase shifter, as discussed earlier.

7. Measurements

Distributed tag measurements along a given surface were
reported in [31-33]. In [31, 32], the authors validated a stochastic
M x Lx N reader-to-tag-to-reader propagation model [4], where M

Double antenna configurations - alternative transmission
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Figure 13. The coverage performance of the five double-
antenna configurations, assuming that the two antennas did
not transmit simultaneously.
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Figure 14. The coverage performance of the double-antenna
configurations, assuming a switch-controlled phase shifter plus
a 3 dB power amplifier.
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Orientation (Hor, Downtilt)=(90°, 0°)
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Measurements” Configuration [11
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Tx1 Position: (x,y,z)=(1.3, 0, 1.45)
Orientation (Hor, Ver)=(90°, 0°)

Tx2 Position: (x,y,z)=(2.2, 0, 1.45)
Orientation (Hor, Ver)=(90°, 0°)

Figure 15. Schematic diagrams of the five different antenna
configurations that were measured.
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Oricentation (Hor, Ver)=(60°,20°)

Figure 15 (continued). Schematic diagrams of the five different
antenna configurations that were measured.

is the number of transmitting antennas, L is the number of tags,
and N is the number of receiving antennas. Two custom tags were
constructed and moved along a surface of 30 cm x 30 cm at 1 cm
intervals. A custom receiver demodulated the backscattered power,
which was mapped within a range of 40 dB. In [33], the authors
used 25 tags on a 5 x 5 planar configuration to measure the radia-
tion pattern of a horn antenna at a distance of 25 cm from the
aperture. The purpose of the measurements, presented next, was to
validate the theoretical findings shown in the previous sections
regarding polarization-tag diversity, introduction of the switch-
controlled phase shifter, discrimination of “holes” due to the envi-
ronment from those due to the antennas, etc. Instead of measuring
the backscattered power at the reader as in [31-33], a different
technique that employed only commodity RFID hardware is pre-
sented.

The measurements were carried out inside a 3.5mx 3 m
room. 120 ALN-9662-SH RFID tags, manufactured by Alien [34],
were hung at two levels: at heights of 130 cm and 185 cm above
the floor, equally spaced at 50 cm intervals along the x, y, z axes,
as represented in Figure 16 and photographed in Figure 17.
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Figure 16. The setups for the measurements and the tags’ loca-
tions.
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Figure 17. The tags formed a three-dimensional measurement
grid for the x- and z-polarized components of the transmitted
field.

Two tags were suspended side-by-side at each position by
using a cotton string: one was vertically polarized and the other
was horizontally polarized along the x axis. The ALN-9662-SH tag
was powered by Alien’s Higgs 3 UHF RFID IC, which has a
nominal “sensitivity during read” threshold of —18 dBm [23]. The
radiation pattern of the tag’s antenna is similar to that of a dipole,
and was given in [34]. Each tag’s location along with its unique ID
was stored in a database. Hence, when a tag’s ID was read by the
RFID reader, the location of the specific tag in the room was
retrieved from the database.

The Speedway IPJ-R1000 UHF Gen2 RFID tag reader [20]
was connected to the transmitting antenna(s) via a single antenna
port. The reader’s transmission power was reduced from 30 dBm
to 15 dBm in steps of 1 dB at 4 s intervals. The 4 s period was
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selected as it was found experimentally that it represented a suffi-
cient timeframe for all 120 installed tags to be identified, provided
that the power level at each tag’s IC was sufficient.

Five different antenna configurations were measured, as
shown in Figure 15. For each configuration, both available antenna
types were installed and measured. All double antenna configura-
tions were measured twice: with and without a delay line con-
nected to the feeding of Tx;, as shown in Figure 17 (top right),

thus measuring the performance of the proposed phase shifter. The
length of the delay line was equal to 13 cm, approximating the
desired 180° phase delay in the feeding of one of the antennas,
assuming a typical refractive index of the line approximately equal
to 1.4 with respect to free space at the operating frequency of
865 MHz. The losses of the reader-antenna feeding cable were
measured to be 0.6 dB. The additional losses of the delay line were
0.1 dB. The available power splitter had an insertion loss of 4 dB
(in addition to the 3 dB coupling loss per antenna). The typical
insertion losses for a commercial low-cost quality splitter are less
than 0.2 dB [35].

Two types of measurement results were extracted: propaga-
tion results and coverage results.

7.1 Propagation Results

The idea was to use the tags in order to measure the power
level of the signal transmitted by the reader at each tag, and thus
create three-dimensional power plots inside the measurement vol-
ume. One method would be to measure the received backscattered
power at the reader, and to then calculate the power at the tag, pro-
vided 1) that a known injective (one-to-one) function that relates
the incident field at the tag’s antenna to the modulated field radi-
ated by the tag’s antenna exists; and 2) that the channel is station-
ary within the incident-to-backscattered time period. However,
such an injective function cannot be defined, due to the limiter at
the output of the rectifier’s circuit: the limiter affects the input
impedance of the tag’s chip for large incident power levels, and
thus the modulated backscattered power [36, pp. 101-103].

Another method would be to exploit the constant tag’s
“sensitivity-during-read” threshold. By reducing the reader’s
transmitted power, T, from T, =30dBm to 15 dBm, we could

identify the minimum transmission power level, T}’"i” ,i=1..,60,
for which each of the 60 installed tags, per axis of polarization,
was identified. Since we know that at 7;”"", the power at the ith

tag’s IC, F;,’,Ees, was —18 dBm [23], we could estimate the corre-
sponding received power, B, at the location of the tag and for

the tag’s polarization axis. As explained in Section2 and
expressed in Equations (2)-(4), the power at the tag’s IC repre-
sented the total contribution of multipath components arriving
from different directions. Each component’s field could not be
measured. The product of the tag’s maximum gain with the trans-

mission coefficient, v, at 865 MHz was G™“& r=-0.5dB [34].

max
Since we could not measure each component’s field separately and
the direction of arrival of the measured field was not necessarily at
the direction of maximum gain of the tag’s antenna, we considered
1.5 dB additional losses due to the radiation pattern of the tag’s
antenna. Hence, we assumed G™7=-2 dB. The corresponding
power, F,,., at the location of the tag was then —16 dBm:
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PpresldBm] = RIS, [dBm]- G"*87[dB]. (17)

Finally, the measured received power at the location of the ith tag,

P,., corresponding to a reader transmission power level

Tyax = 30 dBm, was

Piiw = Lipres + (Tmax - Timm ) i (18)

For example, for T/™" = 18dBm, we had

Py, =—16 dBm+ (30 dBm—18 dBm)=-4 dBm.

The proposed method allowed us to map the measured
received power within a dynamic range of 15 dB, limited only by
the available minimum and maximum transmission-power settings
of the reader. By measuring the field in the entire volume of inter-
est, we could identify maxima and minima inside the room, as
demonstrated in the characteristic results of Figures 18 and 19. In
these figures, the MT-242032/NRH 7 dBic antenna was connected
to the reader in Measurements Configuration II. Figure 18 shows
the measured received power as calculated by Equation (18) for
the vertically polarized tags, and Figure 19 shows the measured
field for the horizontally polarized tags. The locations of two
important scatterers are also mapped in these figures.

7.2 Coverage Results

For each power-transmission level, we measured the number
of identified tags per polarization axis, and divided it into the cor-
responding total number of same-polarization tags. Also, in order
to evaluate tag diversity, for each transmission power level, we
measured the tags’ diversity identification percentage by consid-
ering each position as identified if either the vertically or the hori-
zontally polarized tag at that position was identified. The corre-
sponding coverage plot for the Measurements Configuration II for
both polarizations and tag diversity is given in Figure 20. Cover-
age improvement, on the order of 10% for transmitted power
smaller than 24 dBm, was recorded by implementing tag diversity.

7.3 Performance Evaluation

7.3.1 Single-Antenna Configurations

The identification performance of the single-antenna
Measurements Configurations I and II, assuming tag diversity, is
shown in Figure 21. Better performance was recorded in both con-
figurations when the 10 dBic antenna was connected to the reader,
benefiting from the increased gain combined with the reduced
dimensions of the measurement volume:
width x length x height=2.5m x2mx0.5m. As a result, the
narrow beamwidth of the 10 dBic antenna was sufficient for the
correspondingly narrower measurement volume with respect to the
actual wall-to-wall dimensions of the room.

7.3.2 Double-Antenna Configurations

As discussed earlier, the double-antenna configurations were
measured with and without the delay line of Figure 17. The
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resulting field patterns inside the room were notably different in
the two measurement states, verifying the theoretical benefits of
the introduction of the proposed phase shifter. Two characteristic
results are shown in Figures 22 and 23, corresponding to Meas-
urements Configuration IV (7 dBic antennas), with and without the
delay line, respectively. The locations of the antennas are also
drawn. Two important remarks are appropriate in connection with
these figures. First, when the two antennas radiated with no phase
difference, a minimum was recorded centrally in the room (Fig-
ure 22), due to destructive interference of the direct field of the
two antennas, which vanishes upon insertion of the delay line
(Figure 23). Second, a second minimum is shown in Figure 22, in
the vicinity of a strong scatterer at the top-left area of the room.
This minimum could not be shifted by inserting the phase delay
(Figure 23), because it resulted from the interaction of the trans-
mitted field with the environment; hence, all related contributions
were equally delayed.

A representative result, demonstrating the identification per-
formance gain by implementing the proposed phase shifter, is
shown in Figure 24 for Measurements Configuration Il for the
7 dBic antennas. In Figure 25, the combined (with and without the
delay line) performance of all double-antenna configurations with
both antenna types is presented. The corresponding coverage
results for the best single-antenna configuration are also given as a
reference. In order to carry out a fair comparison, we assigned
4 dB losses in the single-antenna case, equal to the insertion losses
of the available splitter (not the 3 dB splitting loss per antenna).
Hence, . the 30 dBm transmission power level of Measurements
Configuration II in Figure 25 corresponded to the 26 dBm meas-
ured identification percentage of the same configuration, shown in
Figure 21. This was considered “fair” as the insertion losses of a
quality commercial splitter are of the order of 0.1 dB [35]. Three
double-antenna configurations were comparable to, and in some
cases. slightly better than, the best single-antenna configuration.
Measurements Configuration V. was expected to have slightly
worse performance. The main reason was that due to the horizontal
and vertical tilting, a significant y-polarized component was
transmitted, which was not received by any tag (only x and z
polarization were measured). This fact also explains why Configu-
ration Il demonstrated the best performance, since all the trans-
mitted energy of the circularly polarized antenna was distributed in
the x- and z-polarization axes.

Finally, in Figure 26, we measured the performance of the
scheme proposed in Section 6.2, where each of the antennas in the
double-antenna configurations transmitted in a unique timeslot.
The best single-antenna performance is given as a reference. As
expected, good performance was experienced, for the reasons dis-
cussed earlier.

8. Discussion

In this paper, planning rules for the identification of passive
tags inside a room from a UHF RFID system were extracted theo-
retically and verified experimentally. The problem was investi-
gated in for the three dimensions of space. A ray-tracing site-spe-
cific model was developed, accounting for all propagation factors
of the problem. Their effects on the system’s performance were
thoroughly analyzed.

Multipath creates constructive and destructive interference
patterns inside a room. It was shown that the coverage perform-
ance inside a room with no other obstacles could be better than the
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performance exhibited in free-space conditions in the same volume
as the one limited by the room’s walls, depending on the size of
the volume. This was due to the entrapment of a greater part of the
radiated field inside the room. However, the reliability of “cover-
age” at a given point in “real conditions” was challenged: “holes”
of coverage were introduced in the volume of interest.

In single-antenna configurations, “holes” existed due to the
interaction of the transmitted field with the environment. They
were typically expected in the vicinity of the walls or other scatter-
ers located in the room, because in these regions, the magnitude of
the scattered field was comparable to that of the direct field.

In multiple-antenna configurations, “holes” were also formed
due to the interaction of the transmitted fields from the two anten-
nas. This property can be exploited advantageously, if minima of
the field are desired in specific locations inside a room (e.g., the
sensitive volume, where a patient lies above the bed).

If coverage maximization is sought, a single-antenna
configuration should be preferred, in order to avoid the additional-
destructive interference patterns. However, when the radiation
pattern of a single antenna is inadequate, then multiple-antenna
configurations can be exploited. In such a case, several methods
were put forward to minimize “coverage holes” in the volume of
interest. One was to place the antennas in such manner that mini-
mum interaction among them is maintained in the volume of inter-
est. As a simple rule, the 3 dB angular volumes of the radiation
patterns of the antennas should not cross. A better idea is to
implement the proposed switch-controlled phase shifter in the
feeding path of one of the antennas. In the two states of the switch,
the minima, due to the direct field of the antennas, are shifted. In
such a case, interaction between the antennas acts beneficially for
the performance of the system, and should be sought in the plan-
ning process. A last method is to schedule the transmission of each
of the antennas, allowing only one antenna to operate at each time.
The benefit of this technique is the avoidance of the 3 dB splitting
coupling per antenna, and the avoidance of the destructive interfer-
ence patterns due to the antennas’ interaction. The proposed meth-
ods can be combined with others, as in [4], discussed earlier, or in
[37], where power-optimized waveforms, suitable for operation of
the charge-pump of a passive tag, were shown, and greatly
improved the identification performance of future RFID systems.

Finally, tags’ polarization-diversity gains of the order of 10%
were found. Such a scheme could be implemented when the
dimensions of the target object allow.
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