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A Sensing Platform For A UHF RFID System 
 

Young Ho Lee, Ivan Marsic 
 

Abstract: As the read range of passive UHF RFID broadens up to 11 meters compared to 1-meter range of HF RFID, passive tags have been used for 
many applications such as tracking medical devices and objects of daily living. The RF communication link between the reader antenna and tags for 
indoors exhibits intermittent loss of signal reception due to antenna orientation mismatch  and breakpoints within the antenna coverage area. We 
propose a design of a sensing platform for tracking objects using a UHF RFID system with passive tags that provides continuous signal reception over 
the coverage area. We first investigated causes of power loss for passive tags and then designed a sensing platform solution using antenna diversity. 
The causes of tag’s power loss were eliminated with angle and spatial diversity methods that can cover an arbitrary area of interest. We implemented 
this design in an indoor setting of a trauma resuscitation room and evaluated it by experimental measurement of signal strength at different points and 
angles in the area of interest. Our sensing platform supported complete coverage and uninterrupted interrogation of tags as they moved in the area of 
interest. We conclude that this sensing platform will be suitable for uninterrupted object tracking with UHF RFID technology in generic indoor spaces. 
 
Index Terms: UHF RFID system, sensing platform,  uninterrupted  interrogation..   

———————————————————— 

 

1 Introduction  
RADIO-frequency identification (RFID) technology has been 
used in a variety of areas for its primary function of identifying 
objects. Additionally, a new research area of object tracking 
has emerged based on a secondary function of providing 
received signal strength indication (RSSI) and received signal 
phase. In this area studies attached ultra-high frequency 
(UHF) RFID passive tags on objects to track objects and 
recognize activities [1][2][3][4]. Because passive RFID tags 
harvest energy from the interrogation signal of readers to 
activate, discontinuities in the reader signal within the working 
range will cause power loss of the tags. In the object tracking 
application, it is critical that passive tags receive activation 
power continuously from the reader signal. If readers cannot 
provide passive tags with proper power, the tags will not 
activate and respond to reader’s interrogation, making the 
direct tracking difficult. As the working range of UHF RFID is 
expanded up to 11 meters [5] compared to 1 meter of high 
frequency (HF) RFID, UHF signals have suffered more for 
signal discontinuities within the coverage. Several studies 
have indicated power loss of the passive UHF RFID tags 
[1][6][7][8]. Our study focused on the design of a sensing 
platform for a UHF RFID system to provide continuous signal 
reception for tracking objects based on RSSI which is the 
received signal strength information on backscatter from a 
passive tag at the reader. RSSI represents the measurement 
of the relative signal power between the reader antenna and 
the tag at a given location. We investigated the causes of 
power loss for passive tags and provided a sensing platform 
solution using angle and spatial diversity of antennas. We 
applied this platform to a crowded indoor setting of a trauma 
resuscitation room. The fast-paced, high-risk hospital 
environments such as trauma resuscitation and surgical 
operation can benefit from context-aware systems that 
recognize and analyze currently performed activities.  
 
 
 
 
 
 
 
 
 
 
 
 

Other studies have used passive RFID tags for tracking 
medical objects as part of a context-aware system, but 
provided no specific sensing platforms to deal with power loss 
of passive tags [2][3][9][10]. In this paper, we present a 
platform based on a UHF RFID system to provide sensing free 
of power loss for UHF passive tags. This paper focuses on 
power loss of tags in indoor environments caused natural 
phenomena. Other sources of power loss, such as people 
moving around while doing their work and causing occlusions 
and reflections that introduce interference to RSSI 
measurements, will be addressed in our future work. Our key 
design aim was to provide uninterrupted reader signal over the 
area of interest with a nonintrusive system. The reader 
antennas or other related devices should not be in the paths of 
people’s work and equipment movement. The long range of 
UHF tags (11 meters) allows us to install RFID reader 
antennas on the room ceiling, since the height of the ceiling is 
typically no more than 4 meters. To provide uninterrupted 
reader signal, we investigated the main challenges causing 
the power loss: human occlusion, indoor multipath fading, and 
antenna orientation mismatch between the reader antennas 
and tags. First, because the radio signals of an RFID system 
cannot penetrate human body, tags occluded by people are 
rarely activated. To secure different paths of the reader signal, 
we employed multiple reader antennas located at the room 
ceiling. The number and exact locations of those antennas are 
calculated by accounting for the orientation mismatch and the 
breakpoints. Second, the orientation mismatch causes power 
loss, leaving passive tags inactivated and unable to provide 
information to the reader. Because the tag antenna is 
directional, there is power attenuation due to the orientation 
mismatch between the reader and the tag. Complete 
orientation mismatch will result in zero power delivered to the 
tag. We introduced angle diversity to prevent the power loss 
from the orientation mismatch. Third, the breakpoints also 
account for power loss of passive tags. Indoor radio signals 
undergo scattering, multipath, and delay spread, and the 
effects of these propagations include constructive and 
destructive interference [7][11][12]. While the constructive 
interference strengthens the radio signal, the destructive 
interference often makes deep fades, called ―breakpoints,‖ in 
which tags become undetectable even within the working 
range [12][13][14]. To cover this effect, we investigated 
breakpoints and introduced antenna diversity by arranging 
reader antennas at different angles over the area of interest. 
To address the above challenges and develop a sensing 
platform, we first modeled the workspace in our laboratory, 
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because the actual workspace cannot be used for time-
consuming system development. We used commercial off-the-
shelf (COTS) technology which includes an RFID reader, 
reader antennas and passive UHF tags. This paper makes 
three contributions. First, using simulation and experimental 
measurements we characterized power loss problems and 
demonstrated that a single antenna cannot continuously track 
tags within its own range due to breakpoints and orientation-
mismatch problems. Second, we presented a sensing platform 
design of a UHF RFID system with angle and spatial diversity 
as a solution to the power loss problems and applied it to a 
crowded indoor space. We then empirically verified the 
sensing platform by measuring RSSI at different locations and 
angles within the area of interest. Third, we successfully 
addressed power loss problems with continuous RFID data 
acquisition, eliminating power loss over the area of interest. 
This sensing platform with small modifications will be suitable 
for uninterrupted object tracking with UHF RFID technology in 
generic crowded indoor spaces. The rest of this paper is 
organized as follows. In Section 2, the related work on indoor 
propagation of the UHF RFID bands and reader antenna 
deployments is reviewed. In Section 3, the power loss 
problems of human occlusion, antenna orientation mismatch 
and breakpoints are investigated. The detailed design 
requirements and solutions are then presented for a indoor 
space. In Section 4, we verify the proposed sensing platform 
by measuring breakpoints and RSSI values at different angles 
in the area of interest. We conclude in Section 5. 
 

2 Related Work  
A study of wave propagation and backscatter communication 
link in an office environment using a network analyzer showed 
deep fades (―breakpoints‖) even within a line-of-sight [8]. They 
demonstrated that a simple statistical channel model in 
general does not hold for indoor propagation. Another study 

evaluated the minimum activation power of the tag (10 dBm) 
using a small anechoic chamber and showed that the signal 
strength of each UHF RFID channel (50 channels in the range 

902.75 – 927.25 MHz) met the 10 dBm turn-on threshold [6]. 
Based on their results, we localized the breakpoints by 
measuring the RSSI values in the area of interest and 
checking if the tag was below the turn-on threshold and did not 
respond to interrogation. We used these breakpoint locations 
as a design parameter of our sensing platform.  Tag’s signal 
power attenuation from orientation mismatch between the tag 
and reader antenna have been examined [5][20]. These 
studies, however, provided no design solutions for tag’s power 
loss. Our three-dimensional visualization of their model 
showed that at certain angles a far-below-the-activation power 
of the tag causes complete power loss, which we also verified 
experimentally. As a result, in an indoor environment there are 
breakpoints and orientation mismatches within a line-of-sight 
that cause tag’s power loss in the coverage of a reader 
antenna. Previous studies using passive RSSI ranging applied 
a single reader antenna to cover tags in the antenna range 
[15][16][17][18]. A single antenna is, however, inadequate to 
sense tags at all distances from the antenna due to the 
orientation mismatch and breakpoints, and it is not able to 
provide continuous tag reading even for tags within its 
coverage area. On the other hand, studies that used multiple 
antennas analyzed the dependence of application 
performance accuracy on different configurations of redundant 
antennas to determine the proper positions and number of 

antennas to cover the area of interest [2][3]. However, they did 
not analyze power loss of a tag nor designed a sensing 
platform systematically using the antenna specification. We 
also used multiple antennas for the area of interest. We, 
however, investigated radio specification of an RFID antenna 
and the causes of power loss of passive tags, and provided a 
sensing platform. 

 

3 The Sensing Platform Configuration 
Our sensing platform is designed to provide uninterrupted 
interrogation signals to passive UHF tags attached on tracked 
objects as they are moved around the area of interest. The 
communication protocol of the UHF RFID system, EPC Class-
1 Generation-2 standard, supports a multi-access method for 
the interrogation of multiple tags using a variation of the 
slotted Aloha protocol [27]. Each individual tag, however, must 
receive sufficient interrogation signal power in order to activate 
and respond. The main impediments to reading passive UHF 
RFID tags uninterruptedly include human occlusion, 
orientation mismatch, and breakpoints. This section describes 
those impediments and key design aspects of the sensing 
platform. 

 

A. Human Occlusion 
A key impediment to tracking objects used in work with 
passive RFID tags is human occlusion. When objects are used 
during work, it is likely that the direct radio signals of reader 
antennas will be blocked by people, rendering passive tags 
unreadable. Because the direct line-of-sight signal carries the 
most power to activate passive tags but cannot penetrate 
human body, occluded tags receive insufficient energy to 
activate. Full occlusion causes loss of signal from the reader 
antenna, while partial occlusion weakens the signal strength 
and results in flawed information reads. To address these 
issues, we placed reader antennas where they would most 
likely have greatest visibility of moving tags: on the ceiling 
above the area of interest. To verify this choice, we observed 
the work of trauma teams during trauma resuscitation, and 
found that the ceiling area just above the patient bed best 
ensured a line-of-sight between reader antennas and tagged 
medical objects. 
 

B. Power Loss from Antenna Orientation Mismatch 
In general work scenarios, tagged objects could be oriented in 
any direction in three-dimensional space. Passive RFID tags 
harvest energy from radio signals of the RFID reader for their 
operation. The angle between the tag and reader antenna is at 
random, and the tag could become unreadable at certain 
angles due to power loss from antenna orientation mismatch. 
If there is a significant power loss in harvesting energy, tags 
cannot activate and respond to the reader interrogation. If the 
tag antenna is directional and the short side of tag is 
perpendicular to reader’s antenna axis, the power received by 
the tag tends to be zero (Fig. 1(a)). The tag parallel to reader’s 
antenna axis receives the maximum power from the reader 
antenna (Fig. 1(b)). The one-way power loss factor (PLF) [20] 
and power loss in dB are: 

 

Power Loss Factor (PLF) = )cos(            (1) 

Power Loss (PL) in dB = 
)cos(

1
log20


  (2) 
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where  is the angle between the reader antenna axis and the 
direction of tag’s long side (Fig. 1(a)). In the short-side 

direction of the tag, the power loss is infinite at   = 90
o
 while 

there is no power loss (PL = 0 db) in the long-side direction at 

  = 0
o
. We measured in our laboratory the received signal 

strength at different tag orientations (Error! Reference 
source not found.). All measurements were performed at the 
same distance of 2 meters from the reader antenna, repeated 
150 times for each orientation, and averaged. Zero power is 

obtained at orientations around 90, making the tag 
unreadable due to complete power loss. To compensate for 
zero values of PLF, another reader antenna needs to be 
placed at an angle different from that between the tag and the 
first antenna. The antennas should be at different angles to 
avoid the situation when the tag is perpendicular to both 
reader antennas simultaneously. There are omnidirectional 
RFID tags that are insensitive to orientation. They have bigger 
square antennas compared to slim rectangular antennas of 
directional RFID tags. However, due to the square shape and 
larger size, omnidirectional tags may be difficult or impossible 
to attach to small objects. 

 
C. Breakpoints  
Another source of signal loss for passive tags is due to 
breakpoints. Breakpoints occur because of multipath fading 
and cannot be avoided in natural indoor environments 
[7][8][12]. When a tag is located in a breakpoint, it may be 
unreadable even within the range of the reader antenna. A tag 
outside of breakpoints usually produces between 90% to 100% 

query response rate (Error! Reference source not found.). A 
tag within a breakpoint receives insufficient signal power to 
activate and produces low RSSI values and low query 
response rates, below 50% and down to 0%, depending on 
how deep the tag is within a breakpoint.        
 

Query response rate=
readerthebyattemptsqueryof #

tagthefromresponsesof#
     (3) 

 
To analyze multipath fading, some studies have used 
microcell modeling with a ray-based approach [21][22]. A 
typical ray-based model for the received power is [14]: 
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Where  is the wavelength of the RFID frequency, Pr and Pt 
are respectively the received and transmitted powers, hr, ht are 
the heights of the reader and tag antennas, gr, gt are the 
antenna gains, and d is the distance between the tag and 
reader antenna. In our sensing platform scenario, reader 
antennas are attached to the ceiling and tags are attached to 
objects used during work, and both antenna types have fixed 
gains. Thus, hr, ht, gr, and gt are invariable and Eqn. 4 can be 
simplified to Eqn. 5: 
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Where A and B are constants. In this model, the parameters 
that affect the breakpoint locations are the operating frequency 
and the distance between a tag and a reader antenna. Based 
on Eqn. 5, we modeled the breakpoints in Error! Reference 
source not found. according to the distance between the 
antenna and the tag, with frequencies of 902 and 928 MHz 
(passive UHF RFID frequency band in the United States is 
between 902–928 MHz [24]). The UHF RFID band is divided 
to 50 channels and one of the 50 channels is used randomly 
for 0.4 seconds. Note that the frequency differences in the 
UHF RFID band have little effect on the location of breakpoints 
(Error! Reference source not found.).  

Z
Y

X

Reader 
Antenna (b) No power loss(a) Power loss

θ 

Y'
Y'

 
Fig. 1. Power loss due to the orientation mismatch between a tag and 

a reader antenna. (a) The tag perpendicular to the reader antenna 
receives a minimum power, close-to-zero. (b) The tag parallel to the 

reader antenna receives the maximum power of reader signal. 

regardless of rotation on the x-axis. 
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This model, however, does not account for reflections and 
defections by small objects and assumes that scatter is 
produced by large flat surfaces such as walls [6] and the 
breakpoints could be inconsistent from the actual breakpoints 
for indoors environment with furniture and other objects. 
Therefore, we estimate breakpoints by measuring RSSI values 
in the area of interest. From the examination of the human 
occlusion the reader antenna is supposed to be located on the 
ceiling area right above the working area,  a patient bed, for 
the setting. We measured RSSI values with the reader 
antenna at four different locations that make angle diversity for 
tackling the antenna orientation mismatch problem. The four 
locations are right above one third and two third of two long 
sides of the working area rectangle. The measurement of the 
signal strength takes place within the area of interest to track 
tagged objects with uninterrupted reading of passive RFID 
tags. Fig. 5 shows RSSI versus distance from the four 
observed locations; zero RSSI values indicate breakpoints. 

 

Because antenna heights and gains are fixed and only the 
antenna location of the working area is changed within the 
area of interest, the varying of the breakpoints from the four 
observed locations remains within 8 cm. Experimentally 
measured breakpoints from the four locations appear at 0.28 
and 1.08 meters with a tolerance of ±4 cm. From this 
measurement we then define the location of breakpoints and 
the reader antenna coverage on the patient bed height level to 
design the sensing platform. The location of breakpoints is 
0.28 m from the reader antenna and the antenna coverage is 
considered to be 1.01 m (Fig. 6(b)). We include a margin for 
stability because the distance between the end of the second 
breakpoint (110 cm) and the actual coverage boundary (130 
cm) is quite short with close-to-zero-power areas. Due to 
breakpoints one antenna for one zone does not fully cover its 
reading range and another antennas are need to compensate 
each other’s breakpoints. Breakpoints can be avoided by 
spatial diversity that employs multiple antennas at different 
positions. The next section describes our sensing platform 
design that tackles the above impediments for using passive 
UHF RFID. 

2
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Fig. 6. (a) The size of the patient bed. (b) Top view of reader’s antenna 

coverage with one breakpoint. 

 

D. Sensing Platform Design 
As mentioned, physical phenomena and human occlusion 
during the handling of tagged objects hinder continuous 
reading of passive RFID tags. These impediments constrain 
the location of reader antennas to the ceiling area and require 
antenna diversity to mitigate the power loss from orientation 
mismatch and breakpoints. Another constraint is the distance 
between the reader antenna and the area of interest because 
the coverage area of interrogation signal is proportional to the 
distance to the tag(Fig. 6). Single-room indoor environments 
usually restrict the coverage area. For example, at 1.9 m 
distance between the reader antenna on the ceiling and RFID 
tags on a desk, the coverage area is a circle of radius 1 m.  

 

No power outside 
of beam

Radiation Angle θ 

Reader
Antenna
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DRadius  )2/tan(

 
 

Fig. 7. Beam approximation for a directional reader antenna. 
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Our theoretical solution for antenna configuration is derived to 
meet the following requirements: 
 
R1: The area of interest should be completely covered by 
at least two antennas to achieve (i) angle diversity and 
eliminate orientation mismatch of the reader and tag antennas, 
and (ii) spatial diversity to eliminate breakpoints. 
R2: Breakpoint regions of different antennas must not 
overlap to avoid any remaining breakpoints. 
R3: The number of antennas should be minimized 
because of cost and esthetic reasons. 
 
Although our method works for any shape of the area of 
interest, for simplicity we assume a rectangular area of length 

ℓ and width w (Fig. 6(a)); in our target domain of trauma 

resuscitation ℓ is 2 m and w is 0.75 m. We also assume that 

the beam pattern of a reader antenna is cone-shaped (Fig. 7) 
[25], and that all reader antennas have identical coverage 
(1.01 m radius) and breakpoints (single circle of 0.28 m radius), 
as shown in Fig. 6(b). To meet Requirements R1–R3 under 
the given assumptions, we use a geometric approach in 
determining the adequate number and positions of the reader 
antennas. Given the identical characteristics of reader 
antennas, any irregular positioning of antennas would require 
more than necessary antennas (violating Requirement R3) or 
would have gaps in coverage (violating Requirement R1). It 
follows that only a regular positioning of antennas would meet 
all the requirements (Fig. 8(a)). There are three regular tilings 
of the plane [23]: the triangular tiling, the square tiling, and the 
hexagonal tiling, which can be obtained by composition of 
triangular tiles (Fig. 8(c)). It is known that the hexagonal tiling 
(and, by extension, the triangular tiling) produces the densest 
circle packing in the plane [23], which means that it packs the 
greatest number of antennas of all regular tilings. To meet 

Requirement R3, we chose the square tiling to cover the area 
of interest which produces the least dense circle packing. 
Therefore, we met Requirements R1–R3, addressing the 
problems of breakpoints and orientation mismatch (Fig. 8(d)). 
 

4 Experimental Results 
 

A. Hardware Setup for the Sensing Platform 
First experiments took place in our laboratory, arranged to 
model a real trauma room in terms of size and surroundings. 
We built the sensing platform using commercial off-the-shelf 
(COTS) equipment from Alien Technology, including RFID 
reader ALR-9900, four circularly polarized antenna ALR-9611-
CRs, and a passive UHF tag ALN-9740. The operating 
frequency range of the system is 902.75 – 927.25 MHz with 
frequency hopping. The number, spacing and dwell time of 
hopping channels are 50, 500 KHz, and <0.4 seconds, 

respectively. The power of RF transmitter is ≤30 dBm. The 

reader antenna dimensions, and gain are 28.4 19.5 4.3 cm, 
and 6 dBi max. The tag dimensions are 98.2 12.3 0.08 mm 
and the read range is up to 11 m [5]. The RFID reader and a 
desktop computer were connected with network cables to a 
router for TCP/IP communication. This reader provides RSSI 
and IDs of tags and does not detect the phase of tag signal. 
The communication protocol between the reader and the 
passive tag is the EPC Class-1 Generation-2 standard [26]. 
After the sensing platform was developed in our lab (Fig. 8(d)), 
it was deployed in our target domain, trauma resuscitation 
room of a Level 1 trauma center (Fig. 9), a place where a 
medical team works closely spaced around the patient [19]. 
The four antennas were attached on the ceiling at 2.65 m 
height, facing down to the floor, and 75 cm apart from each 
other along each horizontal axis. 
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B. Experimental Results for Angle Diversity 
To verify the antenna angle diversity for the area of interest 
around the patient bed, we measured how RSSI’s depends on 
tag’s orientation at points A, B and C (Fig. 9). Points A and B 
were chosen within the area of interest at the greatest 
distance from the diversity antennas. Angle differences at 
larger distances are smaller, which means that points A and B 
were the worst-case points for angle diversity. Point C was 
chosen so that two antennas (#1 and #2) and the tag were 
lying on a line, although the tag was at a lower height. Point C 
was also in the range of antennas #3 and #4 (Fig. 9), which 
were other diversity antennas for this point. Since other points 

in the area of interest were symmetrical relative to the reader 
antennas (Fig. 9), Points A, B and C represented all the worst-
case points for angle diversity. Fig. 10 shows how RSSI 
depends on tag orientation at these three points. The RSSI 
was measured 150 times at orientation increments of five 
degrees and then averaged. Zero RSSI indicated zero power 
due to complete power loss from antenna orientation 
mismatch. None of zero RSSI angles at Points A, B and C 
overlapped. Therefore, our sensing platform eliminated zero-
power points for all orientations of the tag in the area of 
interest. 

 
 

 
 

C. Experimental Results for Breakpoint Cancellation 
We measured the four circular breakpoints in the area of 
interest (the patient bed) cvered by the four antennas (Fig. 
8(d)). The measurements were obtained so that one antenna 
at a time was activated and a tag was moved along the y-axis 

on a grid (Fig. 11) over the patient bed, with tag’s long side 
facing the active antenna. For each location, query response 
rate was acquired with 500 trials. Breakpoints were identified 
as the points where the measured query response rate (Eqn. 3) 
was below 25%. Finally, all four antenna centers were aligned, 
and their breakpoints superimposed to specify the maximum 
areas of breakpoints. The furthest breakpoints occurred at 
about 36 cm from an antenna (Fig. 11). Therefore, if the 
distance between antennas is greater than 72 cm, there will be 
no overlaps of breakpoints. Because in our sensing platform 
(Fig. 8(d)) the antennas are at 75 cm apart from each other, 

their breakpoints did not overlap and Requirement R2 from 
Section 3.D was fully met. Note that the widest breakpoints 
appeared about 8 cm wide along the central direction of each 
antenna beam (Fig. 11), facing the center of the patient bed 
(Fig. 8(d)). The breakpoints on edge directions of the bed were 
sparse and narrow. The bed edges were less affected with 
breakpoints, because they experienced fewer reflected radio 
signals than the central area of the bed. 

 
 

5 Conclusion 
Applications of UHF RFID passive tags have expanded from 
simply indentifying objects to tracking objects in various work 
and home settings. However, uninformed configurations of 
reader antennas may experience power loss at tags even 
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within their coverage area, rendering them inadequate for 
continuous tracking of tags. We identified the causes of the 
power loss as breakpoints and antennas angle mismatch 
between the reader and a randomly oriented tag. Breakpoints 
are created from indoor radio signal propagation and cannot 
be avoided. We presented a UHF RFID sensing platform that 
addresses the power loss problems using angle and spatial 
diversity. Our design provides uninterrupted coverage of the 
area of interest, eliminating the power loss problems and 
allowing continuous tracking of tags. We applied this sensing 
platform in a hospital trauma bay. We measured RSSI and 
query response rates for breakpoints and angle mismatch, and 
found no points with significant power loss. We conclude that 
this sensing platform provides uninterrupted tracking of RFID-
tagged objects in indoor settings. 
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