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RFID Antennas for the UHF Remote Monitoring of
Human Subjects
Gaetano Marrocco, Member, IEEE

Abstract—This paper addresses the design of passive and semipassive transponder antennas for radio frequency identification
applications involving the human body as the object to be tagged or
bio-monitored. A planar tag antenna geometry, that is based on a
suspended patch fed via a nested slot and is able to host sensors and
electronics, is here introduced. Guidelines for conjugate impedance
matching are given for different kinds of microchip transmitters,
within power limitations as well as space constraints. Finally, the
antenna matching performance is experimentally evaluated utilizing a body-tissue phantom.
Index Terms—Impedance matching, planar antenna, radio frequency identification (RFID), sensor networks, slot antenna.

I. INTRODUCTION
ADIO frequency identification (RFID) of objects and
remote control of devices has become very popular in
logistics, inventory management and bioengineering applications. Various kinds of data can be wireless transferred to
a local querying system (reader) from a remote transponder
(tag) that includes an antenna and a microchip transmitter. A
new frontier in this area is the wireless monitoring of people
within mobile healthcare services [1]–[5]. Thanks to the advances in low-power electronics, it is now feasible to envisage
sophisticated RFID-like devices integrating sensing and signal
processing ability [6]–[8], in addition to more traditional tagging operations. Such RFID systems could provide real-time
bio-monitoring (temperature, blood pressure, heartbeat, glucose
content, human behavior) and tracking of a person’s movement
within hospitals or domestic environments, as well as inside
extreme places such as a Space Capsule. These devices could
be passive, harvesting energy from the interrogating system,
semi-active when a battery is included only to feed the sensors, or fully active [9] where a local source directly feeds a
microcontroller as well as the transmitting radio. However, the
large battery packs required for active techniques, in addition
to the use of protruding antennas, are suboptimal for medical
use and additional issues have to be considered, such as the
compromise between a long battery-life and a miniaturized
design [8]. Moreover, when active tags are attached onto the
human body, or implanted, the resultant RF power deposition
inside tissue must be compliant with safety regulations [10].
Focusing on passive or semi-active systems, many RFID tag
antennas, for on-body application or implants, conventionally
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work in the HF band (13.56 MHz) or below. These devices are
typically fabricated as multi-turn coils, [11] as in the case of
wristbands or insulated capsules. At this frequency the antenna
performs well around liquids and human tissues but the activation range is generally smaller than 1 m due to the fast attenuation of the magnetic field with the distance. On the other
hand, UHF devices (860–960 MHz), although more influenced
by high dielectric targets, may in principle promise larger activation ranges.
Together with the microchip sensitivity, the tag antenna plays
a key role in the RFID system performance, such as the reading
range and compatibility with the tagged object. In the case of
RFID with sensing capability, the antenna should be additionally suited for electrical and physical integration with sensor
electronics.
Antennas for UHF omnidirectional tags are typically designed as modified printed dipoles. To miniaturize the size
and achieve inductive input reactance required for microchip
impedance matching, modified meander line configurations
are commonly adopted [12]–[14]. Meander line antennas are
however not well suited to host sensors. PIFA and IFA like
antennas [15]–[17], requiring a ground plane, could instead
provide space to allocate electronics and they have been already
experimented as conventional tags attached over dielectric and
metallic objects. Nevertheless, since they work as miniaturized
antennas, small bandwidth and poor efficiency are expected.
Miniaturization is however not the most critical issue in on-body
application in the UHF band.
Conventional general-purpose tags are designed in free space,
but when on-body applications are required, the strong pattern
distortion and the efficiency loss, caused by human body dissipation and scattering, need to be taken into account in the
first stage of the design. Although considerable publications are
available about on-body antennas used for microwave heating
[18] as well as for radiometric [19] and radar sensors [20] and
for implanted devices [10], [21], the design of UHF RFID antennas for on-body applications is not a common topic since it
involves conjugate impedance matching to microchip transmitters having high capacitive input reactance.
This contribution addresses the design of planar antennas
placed onto the human body working in the UHF RFID band
and introduces a tag antenna configuration of simple geometry
having impedance tuning capability and the possibility to host
electronics packaging. In Section II, energetic and technological
constraints, which must be considered in order to allow activation of a passive on-body tag with a given antenna gain, are
discussed. The proposed antenna geometry, a suspended patch
sourced via a nested shaped slot, is evaluated with reference to
simplified human models in Section III. Guidelines and design
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charts are then given for matching the antenna to complex loads
(Section IV). Next, some examples permit discussion of the
matching properties in the case of a low- and high-impedance
microchip, the performance sensitivity to human body size
(Section V), and the maximization of the available space for
sensor packaging (Section VI). Finally, an experimental study
on fabricated prototypes (Section VII) validates the numerical
investigation.
II. ENERGETIC CONSTRAINTS
transmitted by
Having fixed the effective power
of the tag microchip (i.e.
the reader and the sensitivity
the RF power required to the microchip electronics to turn on
and to perform back-scattering modulation), the maximum activation distance of the tag along the ( , ) direction [22] is given
by

(1)
where

Fig. 1. Geometry of the proposed nested-slot suspended-patch antenna. The
microchip transmitter should be placed in the central gap having size g d.

2

is the tag gain and the factor
(2)

is the power transmission coefficient which accounts for the
impedance mismatch between the antenna
and microchip
. Since the microchip
includes an energy storage stage, its input reactance is strongly
capacitive. Most of the available RFID microchips in the UHF
band exhibit an input reactance roughly ranging from
to
or more, while the real part is about an order of magnitude smaller or less. Thus, the antenna impedance should be
inductive in order to achieve conjugate matching. Beyond the
the power collected by the tag falls below the midistance
crochip sensitivity and the tag is unreachable.
The presence of the human body with its high permittivity and
conductivity will be advantageous for antenna miniaturization
but will also induce strong power absorption with respect to free
space.
The maximum radiated power by the reader is constrained to
local regulations, in particular 3.2 W EIRP within the 865.6867.6 MHz band (Europe) and 4 W EIRP within 902–928 MHz
(USA).
Microchip sensitivity is continuously improving, reducing
from 1 mW in the year 2001 to some tenths of a microwatt
in today’s current products, or even less in the state of the art
ASICS [23].
From (1) it can be deducted that, according to the European
could achieve a
regulations, antennas with
maximum reading distance of 5 m or more, which is in principle
suited to human body monitoring within a medium-size room,
. Even
provided that the microchip sensitivity is less than 10
longer links can be obtained according to the US regulations.
III. THE NESTED-SLOT SUSPENDED PATCH
The proposed antenna layout is an H-shaped slot placed onto
a suspended patch, hereafter denoted as nested-slot suspended

Fig. 2. Stratified elliptical cylinder model of the human thorax for the design
of bio-compatible tags. The size of the cylindrical cross-sections is reported in
Table I. Cylinder height: 40 cm.

patch (NSSP) antenna (Fig. 1). This layout is able to host sensors
and, thanks to the small slot, inductive reactance can be easily
achieved. To electrically isolate the antenna from the skin, and
to permit tag bio-compatibility, it is assumed that the tag will be
attached onto the body through a thin silicone substrate. Since
the slot sizes are comparable with the patch surface, the radiation features are related to both the slot and patch size. In particular, the maximum antenna gain is mainly fixed by the patch
side , while the impedance tuning can be changed by acting
on the slot sizes and .
Just for example, it is hereafter supposed that the tag is attached onto the human torso. However, the same design methodology can be extended to different body regions. For the purpose
of antenna design, a simplified reference model of the human
torso defined as a stratified elliptical cylinder (Fig. 2) with physical parameters (Table I) obtained from tissue database in [24], is
considered. Two different torso sizes are used, referred to as thin
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Table I
PHYSICAL AND GEOMETRICAL PARAMETERS OF THE LAYERED ANATOMICAL
MODEL IN FIG. 2 AT 870 MHz

placed onto the body through a 4 mm-thick
size
and
. All of the
silicone slab with parameters
electromagnetic analyses are performed by means of the FDTD
method [26], having modeled the thin-man in the free space. The
patch is considered to be copper, with ohmic losses taken into
account in the numerical simulations by means of the superficial
impedance.
A. Square Dipole Mode
The limiting case of a square planar dipole is obtained (Fig. 3,
case 0) when the slot degenerates into a gap (
and
). Such an antenna, which is nearly resonant
in the RFID UHF band, presents a small reactance to achieve
impedance matching to the microchip. The antenna gain has
been found to be rather distorted with respect to the free space,
, to
ranging from 6.3 dB in front of the antenna
13 dB along the side
and to 17.6 dB along the
. For this antenna, the body model and
cylinder rear
effective permittivity medium
silicone slab act as an
(the same antenna resonates at 1.8 GHz in the free space, instead
of 0.7 GHz when attached to the torso model).
B. Dumbbell Mode
When the slot width is sensibly smaller than the external
(Fig. 3, case 1), a typical RLC behavior can be obside
served with strong reactance peaks. The resonant frequency
can be roughly related to the H-slot sizes, [27], [28], through
. As the size increases, the resonance moves toward the DC and the reactance’s peak reduces.
The input resistance is quite large close to the resonant frequency. The vertical surface electric current density (at 870
MHz) on the patch is not equi-verse and therefore the antenna
with respect to
maximum gain is reduced
the square dipole.
C. Broadband Patch Mode

Fig. 3. Antenna input impedance for some choice of the H-slot parameters (size
in [mm]). In all the cases the fixed sizes are L = 50 mm, d = g = 2 mm,
and the thin-man model is considered. Arrows indicate the flow of the surface
current density at 870 MHz. The shadowed strip defines the RFID band covering
all regions of the world.

When the slot width is nearly similar to the antenna side
(Fig. 3, case 2), the flow of the vertical component of the surface current is unchanged on the whole conductor, as in a patch
is slightly
geometry, and the antenna gain
larger than in the previous configuration. The input reactance
exhibits values of the order of 100 , still larger than in the case
of the square dipole. This reactance is slowly variable with the
frequency and in particular it remains nearly constant within the
860–960 MHz band (which includes Europe, USA and the RFID
frequency allocation of other countries).
D. Doubly-Folded Dipole Mode

man, resembling a boy or a woman, and as thick man. These configurations have been preferred to a more conventional layered
or homogeneous half-space geometry with the intent of evaluating the tag gain, and hence the activation range, also in the
back and on the side of the body.
Depending on the shape and on the size of the internal slot,
the antenna mainly acts either as a square dipole, a dumbbell
-slot [25], a broadband patch or as a doubly folded dipole.
The impedances in Fig. 3 are shown for antennas of external

When the size and increase until the slot fills nearly
the whole patch surface (Fig. 3, case 3), a folded dipole mode
is achieved but the reactance becomes
capacitive in the band of interest, and therefore it is not suited
to achieve conjugate matching to the microchip transmitter.
An increase in the size of the sourced conductor mainly
provides a capacitive contribution to the tag impedance, and it
in all the examples
will be fixed to a thin value
considered.
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Table II
POWER TRANSMISSION COEFFICIENTS OF THE NSSP ANTENNA, WHEN FED TO
DIFFERENT MICROCHIP TRANSMITTERS

Fig. 4. Parametric exploration of maximum gain (at  = 90 ,  = 90 ) and
input impedance of the NSSP antenna when changing the slot size fa; bg and
keeping the other parameters fixed to L = f40 mm; 50 mmg, d = 2 mm and
g = 2 mm. Frequency: 870 MHz. Thin-man model.

IV. CONJUGATE MATCHING PERFORMANCE
The NSSP antenna features are explored here by relating the
input impedance and gain to the geometrical parameters with
the goal of obtaining impedance charts for conjugate matching
to typical RFID microchips.
Fig. 4 shows the variation in impedance and maximum gain
is changed, for the cases of
when the H-slot aspect ratio
and
antennas used with the thin-man
model. It can be observed that the gain variation is mainly related to the size , while the reactance and the inductance are
affected by both and , showing a broad and non-monotonic
behavior. A similar result has also been found for different external sizes of the antenna
, where the
impedance variation is reduced (small ) or enlarged (large ).

A proper choice of these parameters therefore offers some degree of freedom to achieve conjugate matching to the microchip
transmitter. This is demonstrated in Table II where the slot sizes
have been chosen from Fig. 4 to maximise the power transmission coefficient to some typical microchips. The thin-man
torso model is still considered in this case.
antennas permit
It can be observed that the
a larger matching freedom than the
configuration,
and a factor larger than 0.75 has been obtained in most of
, even
the cases. Matching performance deteriorates
designs, for those microchips having both
with
a large impedance phase angle and large reactance. It is however expected that better performance could also be obtained by
adding further degrees of freedom to the slot shape, for instance
by introducing properly optimized multiple ridges instead of the
single central one.
In general it is shown that matching capabilities improve for
large configurations.
To further investigate the features of the NSSP antennas
with respect to the external size , two layouts obtained
from the matching charts in Fig. 4 are now considered in
full detail. The first configuration is matched to a microchip
(referred to as chip.1) with small impedance phase angle
[29], while the second configuration
utilizes a microchip (chip.2) with a high impedance phase angle
[23].
The best matched antennas to chip.1 show a mainly horizontal
H-slot (Fig. 5) with a power transmission coefficient almost
unitary, provided that the external side is larger than 30 mm.
The vertical size of the slot mainly affects the reactance and
remains nearly unchanged when increasing the patch side. As, the maximum reading dissuming a chip sensitivity of 100
for the
patch. The
tance is about
, even for
maximum distance becomes larger than
the smallest
tag, in the case of microchips with a
or less.
sensitivity of 10
When using the high impedance phase angle chip (Fig. 6)
the matching H-slot has a predominantly vertical size while the
width decreases as the external length enlarges in order to
keep the antenna input resistance low. The maximum activation
distance which can be obtained with this high performance chip
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Fig. 5. Best-matched antennas to a chip having small input impedance phase
angle ( 57 ). Frequency f = 870 MHz. EIRP = 3:2 W . Thin-man torso
model.

0

Fig. 7. Activation regions r (; ) < d
(; ) on the horizontal and vertical
planes for the L = 50 mm antennas in Fig. 5 and Fig. 6 as computed from (1),
having supposed EIRP = 3:2 W and the thin-man model.
Fig. 6. Best-matched antennas to a chip having large input impedance phase
angle ( 83 ). Frequency f = 870 MHz, EIRP = 3:2 W . Thin-man torso
model.

0

(

, [23]) is theoretically more than 8 m
.
, i.e. the volume
The activation region
where the power collected by the tag is larger than the chip senantennas and
sitivity, is shown in Fig. 7 for the
having assumed a 3.2 W EIRP radiated by the reader. It can be
,
observed that, with low-power microchips
the useful activation regions are quite significant all around the
body.
V. ANTENNA SENSITIVITY TO TARGET SIZE

An important issue is the change in the impedance matching
of the NSSP antenna when a different sized body is to be tagged.
anIn the following numerical experiment, two
tennas (one involving chip.1 and the other chip.2) have been
optimized for maximum at 870 MHz utilizing the thin-man
model. Afterward, the same antennas have been evaluated on
the thick-man torso. The matching performance for these cases
is shown in Fig. 8. As expected from the impedance curves in
Fig. 3, the power transmission coefficient associated with the

horizontal H-slot coupled to chip.1 is only slightly frequency dependent. For this type of antenna the input impedance is quite
unchanged over a broad band and thus is not significantly affected by the torso size. Instead, for the vertical H-slot configuration connected to chip.2, is rather sensitive to frequency
changes, as well as to the torso size.
VI. SENSOR PACKAGING
The previous sections considered NSSP antennas that are
symmetric with respect to both the and axis. However this
geometry offers additional degrees of freedom in the position
of the slot and in the connection to the microchip. In particular,
alternate configurations are possible which can increase the
available space for additional electronics. Fig. 9 shows, for
instance, a modified version of the geometry in Fig. 5 where the
slot has been relocated close to one of antenna edges, leaving
free more than half the metallization area. Also the position of
the microchip has been moved to one of the slot sides in order
to simplify the connection of the microchip transmitter to the
sensor stage.
Having optimized the antenna shape to the thin-man model,
in
the obtained power transmission factor is
the considered 860-960 MHz RFID band, while slightly smaller
are obtained when attaching the same
values
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2 2

Fig. 10. Copper prototype of a NSSP antenna designed for a 20 20 20 cm
muscle-like box matched to chip.1. Antenna size, according to the geometry in
Fig. 1: L = 60 mm, a = 13 mm, b = 25 mm, g = 3 mm, copper sheet
thickness: 0.2 mm. Only a half-plane of the antenna has been fabricated since
it is provided with an image plane. Coaxial (SMA) connector is in the reverse
side of the image plane.

Fig. 8. Power transmission coefficient, in the world RFID band (including Europe, USA, and Japan) of the L = 50 mm antennas in Figs. 5 and 6 matched
to their respective microchips at 870 MHz. Comparison between the thin- and
thick-man cylindrical model.

Fig. 11. Half-plane NSSP antenna in front of a Perspex cubic phantom filled
with tissue-equivalent solution made of deionized water, saccharose and sodium
chloride. The antenna and the box are placed over a 1 m 1 m copper image
plane.

2

Fig. 9. Example of on-body tag (size in [mm]), matched to chip.1, having maximized the available space for sensors and battery.

antenna to the thick-man torso. The overall tag performances
are nearly the same as for the centered slot configuration, but
in the thick-man arrangement a lower antenna gain is achieved
due to the stronger power absorption in a larger body. Similar
results can be obtained when considering the tag that is matched
to chip.2.
VII. EXPERIMENTAL VALIDATION
The impedance matching features of the NSSP antenna
have been experimentally verified on fabricated prototypes.
To analyze the antenna independently of the microchip and
reader characteristics, the input impedance of the antenna has
been directly measured. In order to avoid the need of a balun,
a monopole-like configuration has been considered with half
the NSSP placed vertically over an image plane with a coaxial
connector in the back face.

The human body has been experimentally simulated by a simplified phantom used in previous studies on compliance tests of
mobile communication devices [32], [33]. The phantom consists
,
) having 5 mm
of a cubic box made of Perspex (
thickness and 20 cm width. The box is filled up to a height of 20
cm with a tissue-simulating liquid made with deionized water,
saccharose and sodium chloride [34]. By different concentrations of these basic components, this phantom can represent the
trunk of a child or even a human head.
NSSP antenna
The initial fabricated prototype is a
which has been specifically designed for a muscle-like phantom,
(see the physical parameters in Table I) and has been optimized
at 870 MHz) to the low-impedance phase angle chip
(
. The antenna has been fabricated by
means of a 0.2 mm copper sheet (Fig. 10) directly attached onto
the phantom‘s external side at the box-ground interface, as in
Fig. 11. Due to the presence of the insulating Perspex layer, the
silicon slab is not required to isolate the antenna from the liquid.
Measurements have been performed at the Toxicology and
Biomedical Sciences Section of the ENEA Casaccia Research
Centre. The dielectric parameters of the liquid phantom and the
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Fig. 12. Input impedance and power transmission coefficient for the 60
mm-side NSSP contacting the muscle-like liquid phantom (" = 54:5 5%,
 = 0:9 5%) when the antenna has been designed to be matched to chip.1
(Z
= 73 j 113 ). Data refer to the full-size antenna (measurement
data have been doubled). Markers at 850, 870, 910, 950 MHz.

6

6

Fig. 13. Input impedance and power transmission coefficient for the 60
mm-side NSSP, which was designed for a muscle-like phantom, and is now
measured and computed when the box is instead filled with a different fluid
having parameters " = 44:9 5% and  = 0:85 5%. Markers are the
same as in the previous diagrams.

6

6

0

antenna impedance have been measured by means of an HP
85070 dielectric probe and an HP 8753C Vector Network Analyzer.
Fig. 12 shows the comparison, after the coaxial cable de-embedding, between the numerical simulations and the measured
impedance for an experimental liquid phantom with muscle-like
,
). Data refer to the
parameters (
full-size antenna, i.e. the measured impedance has been doubled.
Close agreement can be observed between the simulated
model and the fabricated prototype in terms of the resistance
and especially for the reactance. A better than 95% power
transmission coefficient can be achieved in the world UHF
RFID band.
Afterwards, to check the sensitivity of the antenna impedance
when changing the body parameters, a second measurement was
conducted for the same antenna coupled to a fluid with permitand
tivity and conductivity
(which could be representative of the human head). Resulting
comparison of measurement and simulation (Fig. 13) shows that
the matching condition is still preserved within the entire band
considered.
A smaller, second prototype NSSP antenna was fabricated
and designed to be optimally matched
with size
to chip.1 when the antenna is attached to a head-like liquid
and
). The achieved
phantom (
power transfer coefficient is slightly worse than for the
antenna. This is expected from the parametric analysis
in Section IV where it is verified that the matching property of
the NSSP antenna degrades with reduction in the antenna size.
In this case good agreement with the simulated model (Fig. 14)
is also observed, with the measured greater the 75% in the
world RFID band

Fig. 14. Input impedance and power transmission coefficient for the 50
mm-side NSSP contacting the head-like liquid phantom (" = 44:9
5%
and  = 0:85 5%) when the antenna has been designed to be matched to
chip.1. Antenna sizes: a = 15 mm, b = 20 mm, g = 3 mm Data refer to
the full-size antenna (measurement data have been doubled). Markers at 850,
870, 910, 950 MHz.

6

6

VIII. CONCLUSIONS
The proposed antenna configuration seems to be attractive
to achieve effective conjugate impedance matching to different kind of microchips without affecting the external size.
Preliminary simulations have demonstrated that, provided the
microchip transmitter is sensitive enough (RF activation power
), the tag may be activated from a
equal or less than 10
distance of 3 m up to 10 m depending on the mutual position
between the reader and the tag. This could permit continuous
monitoring of a moving human subject in a large room or
within a medium-size corridor.
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The activation distance is affected by the size of the human
body due to power dissipation which causes a larger reduction
of antenna gain for large bodies.
When the NSSP geometry is tuned to microchip transmitters with small and medium reactance, the resulting antenna exhibits a bandwidth large enough to cover the worldwide UHF
RFID range, including Europe, the USA and Japan. These features have also been verified experimentally by measurements
of a fabricated device radiating into a liquid phantom simulating
human tissues.
The significant metallization area available in the NSSP geometry makes the proposed antenna a good candidate to host
sensors and the required electronics.
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