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Abstract— This paper investigates the problem of improving the
identification performance of a UHF RFID system inside a room.
We assume static reader, passive tags and availability of
commodity antennas. In sharp contrast to prior art that has
focused on free space or simple two-ray model, a ray-tracing
propagation model is developed that includes multipath in 3D
space. It is found that careful selection of reader antenna
placement and tilting must be performed to control destructive
interference effects. Furthermore, 3D coverage performance
gains on the order of 10% are observed by implementing tags’
diversity. Finally, a device that successfully manipulates
destructive interference is introduced.

I. INTRODUCTION
Radio Frequency Identification (RFID) is widely adopted in
several applications including asset management, product
tracking, logistics, inventory systems, security, location-based
services and many more. 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 Gen2 operating RFID reader can identify “passive” tags
within a few metres or “active” tags within tens of metres.
Despite the wide spread of the technology and the importance
of accurate read-region estimations, read-region is usually
defined from simplistic free-space equations [1]—[3]. The
site-specific nature of propagation has been neglected, while
the problem of planning an operational RFID network of readers has been overlooked.
In this paper, we treat 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 project that includes the design and implementation
of a pilot RFID system inside a hospital [4]. Passive tags are
attached to medical equipment, such as infusion pumps and
wheelchairs inside a room. Our goal is to maximize the
identification percentage within a given volume of interest, as
demonstrated in Fig. 1.
We developed a ray-tracing model, capable of including the
complex environment in the estimations process. The field
inside the volume of interest is calculated as the superposition

of several contributions arriving from diverse propagation
paths. The radiation pattern and the polarization of the
reader’s antennas as well as the tags’ antennas, the frequency
of operation, the constitutive parameters of the walls and the
transmission power are considered. Conclusions are derived
on antenna selection, antenna placement and orientation, tags’
diversity.
Finally, we propose the introduction of a switch-controlled
phase shifter in the feeding of a double antenna configuration,
capable of minimizing destructive-interference effects and
thus, boosting coverage performance and system reliability.

Fig. 1 Room representation with volume of interest.

II. PROPAGATION MODEL
A ray-tracing model [5], including the direct and the multiply reflected fields at each location is developed. Proper algorithms for the manipulation of vectors and their transformations among different Spherical and Cartesian coordinate systems have been realised.
For a linearly polarized antenna, the magnitude at distance
r of the radiated wave electric far-field component Einc is
given by:

Einc =

η PG
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r
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Pt is the transmission power in Watts, Gt(θ,φ) is the antenna’s
gain at angles θ, φ and η is the free-space impedance. In order
to model a circularly polarized antenna, another field vector,
orthogonal to the above with a π phase delay and its
corresponding radiation pattern is considered.
For each reflection, the incident field on the boundaries of a
wall is analyzed in two orthogonal vectors; one parallel to the
plane of incidence and one perpendicular. Then, the reflection
coefficients are calculated, by employing the recursive
formulation presented in [6]. A uniform 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 tangent of each layer
[7]—[8]. Each reflection might lead to a different phase shift
and magnitude-change of the vertically and the horizontally
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.
Each ray is traced until it reaches the receiving position. At
the receiver, the field from each path is decomposed in 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 Eitag , the total field at the tag’s antenna is given as the
phase sum of all contributions:
N
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where ri is the distance traveled by the ith ray and φi is the
phase shift of the specific contribution, due to the reflections

(

on the surrounding walls, G tag θitag , φitag

) is the gain of the

tag’s antenna at the angle-of-arrival θitag , φitag measured at a
spherical coordinate system centred at the tag and λ is the
wavelength of operation.
Finally, the power at the tag’s chip Ptag is given as:
2
λ 2 Etag
τ , (4)
Ptag =
4π 2η
where τ is the power transmission coefficient, expressing
mismatches between the chip’s impedance Zc=Rc+jXc and the
antenna’s impedance Za=Ra+jXa:
4 Rc Ra
τ=
, 0 ≤ τ ≤ 1 (5)
2
Zc + Za
Such detailed model represents the foundation for accurate
characterization of the multipath profile, and allows the
development of techniques that control interference effects, as
demonstrated later.

employs a rectifier circuit [9]. Typically, tag-to-reader
communication is binary modulated, with conjugate match of
tag's antenna to the IC chip in the first state and optimized
tag's design in the second state [10]; if the incident power is
sufficient to power up the tag’s IC, then the back-scattered
power at the reader is typically much greater than its sensitivity level [11]. Therefore, identification is accomplished if the
tag is powered up and coverage in this work depends on the
required minimum power to activate tag's chip. This quantity
is calculated in (4).
The corresponding measured power sensitivity of two major UHF Gen2 RFID chips varied between -11.5dBm and 12.5dBm [11]. Significantly improved sensitivity values have
been reported recently by major manufacturers, ranging from
-15dBm [12], [13] down to -18dBm [14]. However, it must be
emphasized that the nominal threshold may not be accomplished in the entire operating frequency band, due to the
variation of the tag IC impedance with frequency. Also,
depending on the material where the tag is attached to, one
should expect a gain loss [15] ranging from 1dB (for paper or
acrylic) up to more than 10dBs for aluminum surfaces, where
specialized tags need to be designed.
It is desired not to restrict the analysis in the following sections to a specific tag, but to include important parameters of
the problem, like polarization. We calculate the received
power, using the analytical ray-tracing model described in
(1)—(5), along three orthogonally arranged axes x, y, z, thus
taking into account the polarization state of the incident field
with respect to that of the tag’s antenna, on the tips of a cubic
grid. The radiation pattern of the tag’s antenna is considered
omni-directional with 0dBi gain, in order not to favour
specific directions-of-arrival of the different field’s components; the transmission coefficient τ is assumed equal to 1. A
tag is considered “identified” if the power at the polarization
axis of the tag is greater than the tag’s threshold.
Thus, for a given tag’s threshold, we can estimate the
coverage percentage, or identification percentage, in any area
or volume of interest and for any polarization of the tag’s antenna, including circular polarization or polarization-diversity
by evaluating the ratio of the points identified Nid over the
total number of gridpoints Ntot: Nid/Ntot. Some representative
results are given in Fig. 4, for a z-polarized tag at three different heights inside the room as well as in the entire volume of
interest (Fig. 1). The tag’s threshold is varied from -14dBm up
to -4dBm. These results are presented in the following section.

IV. ESTIMATION RESULTS
The target is to maximize the coverage percentage within a
volume of interest inside a room, as demonstrated in Fig. 1.
The available antennas are manufactured by “MTI Wireless”.
III. DEFINITION OF COVERAGE
The tags are expected to be both horizontally as well as vertiLiterally, a point in space is considered covered, if the cally attached to the objects of interest, depending on geomemodulated backscattered field (from a passive tag at that point) try of the latter. In order to transmit power polarized along the
reaches the reader with sufficient power, i.e. with power horizontal and the vertical plane, circularly polarized transmitabove reader's sensitivity threshold. In the case of passive ting antennas have been selected. One is the “MTUHF RFID tags, as examined herein, the radiated power from 242017/NRH” with 10dBic gain and dimensions equal to
the reader’s antenna is needed to power up the tag’s IC that

37cm×37cm and the other is the “MT-242032/NRH” with
7dBic gain and dimensions 19cm×19cm.
Initially, some characteristic results are demonstrated. The
“MT-242017/NRH” antenna is considered at the position
shown in Fig. 2, properly tilted, so as to illuminate the volume
of interest. The transmission power is set to 30dBm at the
frequency of 865MHz. The vertical walls and the ceiling are
modeled as reinforced concrete walls [7] with εr=6.5 and
tanδ=0.287. The floor is modeled as “wet ground” with εr=30
and tanδ=0.103 [8]. The power is calculated in the entire room
on the tips of a cubic grid spaced by 10cm. The received
power along an x-slice (Fig. 2) at x=2.5m for a z polarized tag
is given in Fig. 3. Similar results can be extracted for any
polarization axis and for any cut. By combining these results,
one can recognize 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 are
formed by processing the power results. In Fig. 4, the coverage results for a z polarized tag for increasing tag’s threshold
are given. Coverage curves are given in three selected heights,
at 0.5m, 1.2m and 1.8m above the ground, as well as aggregate results in the entire volume of interest (shown in Fig. 1).
Coverage performance is calculated at different heights, as we
seek for balanced performance in the entire volume of interest.
Similar plots are yielded for all polarization axes.

For the same configuration shown in Fig. 2, we calculate
the field inside the room, assuming free-space conditions. By
comparing the coverage performance of the two cases in Fig.
6, assuming tags’ diversity as discussed in the previous paragraph, better coverage is accomplished when considering the
actual field. This is easily explained as follows: the mean expected power at each receiving location is greater than the
power in Free-space conditions, because in the geometry
examined herein a) the direct contribution is never obstructed,
and b) the “Reflected Field”, due to the surrounding walls is
added to the direct field, thus raising the mean expected power.
The problem in the real environment, due to multipath, is
the reliability of the coverage at any given point. At “freespace” conditions a position is covered depending only on the
transmitted power and the radiation patterns of the two antennas. In the “real room” coverage depends on the phase and
magnitude relations of the different contributions, causing the
creation of “coverage-holes” even at the vicinity of the antenna, due to destructive interference. In section V, a device is
proposed that reduces such effects.

C. One vs. Two Reader Antenna Configuration
By considering any of the available transmitting antennas,
at several configurations inside the room (different walls, center or corner, different tilting), part of the volume of interest to
the left or to the right of the antenna could not be covered, due
to the narrow 3dB beamwidth of the horizontal radiation patterns of the two antennas.
To overcome this limitation, five different double antennas
A. Tags’ Diversity
configurations were tested. Two of these setups that reveal
In the introduction it was mentioned that asset tracking in- important properties of the field inside the room are demonvolves wheelchairs and infusion pumps. Benefiting from the strated in Figs. 7—8. The two antennas are fed via a 3dB bitags’ low cost and small dimensions, combined with the directional power splitter/combiner and both transmit the
tracked-objects’ large dimensions, we can associate more than same signal. As a result, each antenna transmits at 3dB
a single tag with each object. To examine this case of diversity, smaller power level (27dBm) than in the single-antenna
we assume three tags polarized at x, y and z directions respec- configurations. Hence, a fair comparison with the single antively, attached to each object. In each location, successful tenna configurations can be carried out, given that the same
identification is guaranteed if at least one of the tags is pow- amount of power is radiated inside the room. In addition, as
ered up. The coverage performance assuming three or- the antennas were to be installed inside a patient’s room, the
thogonally arranged tags at each location is shown in Fig. 5. “MT-242032/NRH” with 7dBic gain antennas were selected,
Aggregate coverage increases by 10% at the -14dBm thresh- due to their significantly reduced dimensions, compared to the
old, reaching 89%, compared to the single z-polarized-tag case 10dBic antenna. The EIRP per antenna and per excitation axis
shown in Fig. 4. Even better improvement is recorded at is 31dBm; much smaller than the maximum limit in Europe.
Fig. 9 shows the power along a z-slice at 1.2m for a z-polargreater tag’s threshold.
ized tag for “Configuration 1” (Fig. 7). The hyperbolas, drawn
B. Actual Field vs. Free-Space Estimation
in Fig. 9, represent the geometric-space of the points in the
In the related literature, read-region is defined by the room with distances from the two sources d1, d2 respectively,
simplistic Friis free-space equation or at best the two-ray such that the direct fields from the two antennas contribute
model, accounting only for ground reflections [1]. Recently, with π phase difference, hence add destructively. Depending
in [2], the authors attempt to include multipath in the perform- on the magnitude of each direct contribution, the minimum
ance of a UHF RFID system, by considering a stochastic could be so large, that a tag at this location could not be
model to describe the variations of the field around a mean identified, despite of its small distance from the two antennas.
value that is estimated based on a simple two-slope path-loss Therefore, in this case, the two antennas form an antenna-armodel. On the contrary, this work is one of the first in the ray, creating minima at predictable locations.
Returning to the problem of maximization of coverage in
literature (to the best of our knowledge) that implements a
the
volume of interest (Fig. 1), it was desired a) to minimize
realistic, site-specific multipath model for RFID coverage
destructive interference effects, caused by the two antennas,
performance evaluation.

Fig. 2 Representation of a single antenna configuration
Fig. 3 Received power for a z-polarized tag at
in top view and side view.
x=2.5m.

Fig. 5 Coverage percentage, assuming 3 orthogonally
polarized tags at each location.

Fig. 4 Coverage percentage of a z-polarized tag
for increasing tag’s threshold.

Fig. 6 Coverage performance assuming free
space conditions vs. the actual field, considering
3 orthogonally polarized tags at each location.
Fig 7 Configuration 1.

Fig. 9 Received power for a z-polarized tag at z=1.2m
for “Configuration 1”.

Fig. 10 Received power for a z-polarized tag at
z=1.2m for “Configuration 2”.

while b) radiating power towards the desired volume. These
constraints are well satisfied by “Configuration 2” shown in
Fig. 8. The two antennas illuminate different parts of the room,
so that the 3dB horizontal beamwidths of each of the antennas
radiate at different angular segments. A z-slice at 1.2m of the
z-polarized received power is shown in Fig. 10.
The coverage performance of the two configurations of Fig.
7 is shown in Fig. 11, assuming tags’ diversity. “Configuration 2” ensured 93% coverage at -14dBm. By comparing the
coverage performance of “Configuration 2” with the
corresponding one for the single antenna configuration, shown
in Fig. 2, better coverage percentage is accomplished at the
expected tags’ thresholds, as demonstrated in Fig. 11, despite

Fig 8 Configuration 2.

Fig. 11 Coverage performance of the double
antenna configurations vs. the single antenna one.

the fact that each of the two antennas radiates at 3dB smaller
power level. The reason is that the transmitted power is better
directed towards the volume of interest.
V. INTRODUCING A PHASE-SHIFTER
Despite the fact that 93% coverage was accomplished with
a double antenna configuration, fed via a 3dB splitter, it was
found that the remaining 4 double antenna configurations suffer from destructive interference effects, causing severe
degradation of the coverage performance of the system.
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 addition, the expected coverageperformance remains vulnerable to technician’s installation
errors.
As discussed earlier, the two antennas behave as an array
introducing "holes" in the surrounding area based on the
magnitude and the phases of the transmitted fields. The desired effect is to "control" the locations of the holes and properly "move" them inside the room.
We propose the selective introduction of a phase-delay in
the feeding path of one of the antennas controlled by an electronic switch (Fig. 12). A switch controls feeding of one of the
antennas, either with zero phase delay (hence the two antennas
radiate in phase) or introducing a π phase delay. Thus in the
two states of the switch the "holes" in the room are displaced
since destructive interference occurs at different positions
inside the room and the coverage performance of the system is
boosted. The proposed device can only manipulate destructive
interference caused by the destructive sum of contributions
from different antennas and not those minima, caused due to
the field originated by the same antenna (e.g. due to scattering).
In five different configurations, including 3 setups not
shown, where coverage was as low as 76%, identification is
increased above 93% with tags’ diversity (Fig. 13). Another
important benefit of the introduction of the phase-shifter is
that the system can tolerate technicians' installation errors.
The planning rule is simplified to “directing the energy towards the area of interest”, while “maintaining some interaction between the two antennas”, in order to produce switchcontrolled interference patterns.
VI. CONCLUSIONS
A ray-tracing site specific propagation model has been
developed for accurate UHF RFID systems’ planning. Coverage optimization inside a single room for a static RFID reader,
assuming only passive tags was investigated. The problem has
been treated in a 3 dimensional volume. It was shown that
tags’ diversity can greatly enhance the identification percentage of the system. Careful reader antenna placement must be
performed in order to minimize destructive interference effects caused by the surrounding environment. When several
antennas are used, additional interference effects due to the
phase-sum of the fields from the antennas are inserted.
Destructive interference effects create minima even at the
vicinity of the antennas and should be controlled. We propose
the introduction of a switch controlled phase shifter in the
feeding of one of the antennas in order to displace the locations of the coverage holes in the two states of the switch, thus
increasing the reliability and the coverage performance of the
system.
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Fig. 12 Introducing a switch controlled phase-shift in the feeding of one
antenna.

Fig. 13 Coverage performance of the 5 double antenna configurations, after
the introduction of the proposed switch-controlled phase shift π.
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