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Abstract—The market of passive UHF RFID has reached
a state where it is mainly cost-driven, although there
are desired features that remain elusive. Positioning, for
example, has seen a lot of research in the past years, but
no conclusive breakthrough. Due to limitations enforced by
tag design and regulations, such positioning systems are
inherently narrowband and thus vulnerable to multipath
propagation. Despite that, the UHF RFID channel is not
well-understood with respect to channel parameters such as
K-factor or RMS delay spread, which are vital parameters
for ranging accuracy.

We present an ultra-wideband channel measurement
setup aimed at the UHF RFID frequency range around
900 MHz and extending over a bandwidth of 1 GHz. Based
on channel measurements in a UHF-RFID warehouse gate,
we will also show the challenges positioning systems have
to face in such scenarios.

Index Terms—UHF RFID, ultra-wideband, channel
sounding, multipath propagation, warehouse portal, rang-
ing, positioning

I. INTRODUCTION

UHF RFID has come a long way since its early
stages in the 1970s and the first standardization in the
early 2000s [1]. Since then, it has become ubiquitous
in various applications from supply chain management
to laundry services. Even though UHF RFID is now a
widespread technology, reliable positioning is a feature
that is not yet available. There has been considerable
research on UHF RFID positioning during the last years,
but no conclusive breakthrough [2].

Foremost in the list of reasons for this are the need to
keep the tag simple (power consumption, costs) and the
very strict bandwidth limits of the UHF RFID frequency
band(s). As a consequence, the used ranging methods
are based on narrowband parameters such as return
link phases and thus especially vulnerable to multipath
propagation. A very good overview of such phase-based
ranging and positioning systems currently under research
can be found in [2].

Registering tagged objects moving through a portal
is a very common application of UHF RFID [3]. The

design of these gates is optimized to concentrate energy
within the gate, with devastating effects on narrowband
ranging systems. In this paper we present an ultra-
wideband measurement setup aimed at the UHF RFID
frequency range and show what challenges positioning
systems have to face in everyday portal applications.

This paper is organized as follows: Section II ad-
dresses the design of the ultra-wideband (UWB) an-
tennas that are necessary for UWB measurements in
the UHF frequency range. The measurement setup is
described in Section III, while the analyses methods of
the measured channels is explained in detail in Sec-
tion IV. Finally, measurement results are presented in
Section V, including ranging error estimates for a phase-
based ranging approach [4].

II. ANTENNA DESIGN
A. Tag Antenna

The tag antenna (receiver-/RX-antenna in the follow-
ing sections) is intended to be placed on a pallet with
different goods, of which dielectric properties may vary.
For that reason an antenna which preserves its proper-
ties (such as impedance matching in a wide frequency
range, radiation pattern, ...), independent of the dielectric
permittivity of the surroundings must be applied. Since
the direction to the reader is a-priori unknown, such
an antenna must maintain an omnidirectional radiation
pattern.

In the presented approach a broadband dipole antenna
for an operational frequency range of 0.7—1.2 GHz is
used. The schematics of the antenna, as well as the
photograph are shown in Fig. 1. It consits of two ellipses
which are arranged in a dipole-like structure on the
opposite sides of the substrate. As a substrate the Taconic
RF-33 with £,=3.3 is used. The antenna is fed by a
microstrip line, for which one of the ellipses serves as a
ground plane. The connector is soldered to the microstrip
line and the ground plane (cf. Fig. 1). The end of the
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Fig. 1.  Transparent model (left) and a photograph (right) of an
omnidirectional tag antenna (RX). Units are in cm.
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Fig. 2. Normalized horizontal/vertical gain pattern in dB: omnidirec-
tional tag antenna.

microstrip is connected to the second ellipse. A tapering
of the microstrip line’s width is used for the impedance
matching.

The measured gain patterns of the antenna in hori-
zontal plane (E-plane, elevation) and vertical plane (H-
plane, azimuth) are shown in Fig. 2. It can be noted that
the antenna exhibits an ultra broadband radiation. In the
E-plane two maxima, which are oriented perpendicular
to the antenna surface, are present. In the H-plane a
nearly omnidirectional radiation pattern over a wide
frequency range is achieved. In the higher frequency
range the antenna becomes larger w.r.t. the wavelength
and some discrepancy from the omnidirectional pattern
is observed. The results show that the antenna possesses
a dipole-like radiation over a very wide frequency range.

Fig. 3. Transparent model (left) and a photograph (right) of a single
reader antenna. Units are in cm.

B. Reader Antenna

The reader antenna characteristics must maintain a
directional radiation pattern. The operational frequency
range is, as in the case of the tag antenna, from 0.7 GHz
to 1.2 GHz. An ultra-wideband radiation with directive
pattern is achieved by the application of a tapered slot
antenna (also called Vivaldi antenna), which is shown in
Fig. 3. As a substrate the Taconic RF-30 with ¢,=3 is
used. It is fed by an SMA connector, which is soldered
to the microstip line at the top of the structure (see
Fig. 3). The electromagnetic wave is coupled to the
slot line by an aperture coupling. The slot is widened
and the structure is formed to the tapered slot, which
fulfils radiation conditions in a wide frequency range
(according to the traveling wave principle). The lower
cut-off frequency depends on the maximal opening of
the slot, i.e., on the height of the antenna.

The antenna exhibits a directive radiation behavior.
The main beam direction is conformal with the direction
pointed by the slot opening. The 3 dB-beamwidth is ap-
prox. 60—80 ° in the E-plane and approx. 130—160 ° in
the H-plane, depending on frequency. In order to assure
spatial selectivity of the system in the application (e.g.,
a gate), the beam in the H-plane should be narrowed.
For that purpose a 4 x 1 linear antenna array is used
(transmitter-/TX-antenna in the following sections). The
schematics of the antenna is shown in Fig. 4. Four
Vivaldi antennas are placed next to each other in the
distance of 20cm. The extension plane of the array is
in the H-plane of the single antenna, i.e., the horizontal
plane. Such an arrangement concentrates the radiation
in the respective plane and allows for the suppression of
the grating lobes. The measured radiation characteristics
for the elevation plane (E-plane) and the azimuth plane
(H-plane) are shown in Fig. 5. A very directive radiation
pattern in the azimuth plane is observed in the desired
frequency range. Aside from the main beam direction,
some side lobes and grating lobes are present. Their
amplitude is suppressed by approx. 13 to 16dB w.r.t.
the maximal gain at 0 °. In the elevation plane a wider
beam is observed. Within the main beam in this plane
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Fig. 5. Normalized horizontal/vertical gain pattern in dB: Vivaldi
4x1 array.

some small fluctuations of the gain values are present,
which are due to the coupling between the elements in
the array and weak resonances in the feeding network.
The form of the beam in the elevation plane is conformal
with the one of the single antenna.

ITI. MEASUREMENT SETUP
A. Description of the Environment

All measurements were performed in NXP’s Applica-
tion and System Center (ASC) in Gratkorn, Austria, to
ensure a realistic environment. The ASC is located in
a converted production hall with (partially) corrugated
metal walls and ceiling, and a steel-reinforced concrete
floor. Among other setups, the ASC is equipped with
a pallet mover that passes through several UHF RFID
gates, one of which was replaced by the presented
measurement setup. The entire hall is cluttered with
metal objects of different sizes (from boxes with screws
to a room-sized anechoic chamber).

pallet mover metal/absorber backplane
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Fig. 6. Gate setup (left: top view, right: back view): A product
pallet is placed on a pallet mover and transported through the gate
while recording channel transfer functions (pallet was stopped for each
recording).

It is also a busy environment, both physically and
electrically: During the measurements, people were mov-
ing around (not within the gate), creating a time-variant
and thus realistic environment. Also, as the ASC is a
test center for RFID, several UHF-readers were active
throughout the entire hall and cell phones were used
close to the gate setup. Tests have shown that cell
phones and UHF readers increase the noisefloor by
approximately 20 to 30 dB for individual measurements.
Even though these changes in the noisefloor are quickly
time-varying due to modulation, there was no perceivable
influence on the presented analyses.

B. Description of the Gate Setup

The entire setup outlined in Fig. 6 was constructed
like a UHF-RFID portal: The transmitter arrays were
positioned 3 m apart (front to front) to the left and right
of the pallet mover. The antenna heights (floor to center)
were 0.5m (TX2) and 1.5m (TXI), respectively. The
backplanes behind the transmitter antennas (80x 195 cm)
are made of metal. This setup is designed to concentrate
as much energy as possible within the gate and to be able
to use the gate reflection to read a tag even when the di-
rect path is blocked by the pallet. All measurements were
also performed with absorber! backplanes of similar size
to asses the influence of the metal backplanes.

Measurements with two different pallets were done:
The first pallet consisted of a wooden scaffold with a
polyurethane foam slab for receiver antenna mounting
that was kept at a safe distance from the metal pallet
mover (Fig. 7). This setup ensures wave propagation
close to free space, thus forming a baseline for changes
created by product pallets. The second pallet consisted of
packed liquid cleaning agents in bottles, as well as some
aluminum-packed candies (Fig. 8) and is considered
a reference for strong distortions by NXP. A detailed
schematic of this pallet (not to scale) along with receiver
antenna positions can be found in Fig. 9.

'Emerson & Cuming ECCOSORB AN-79; reflectivity approx.
—20dB



Fig. 7.  Photograph of a gate setup with “free space” pallet and
metal backplanes. The transmitter arrays are positioned on the stands
to the left and right of the pallet mover, while the receiver antennas
are mounted on the polyurethane foam slab. Note that the coordinate
system is not at its origin.

Fig. 8. Photograph of a gate setup with “ETSI” pallet (liquid cleaning
agents in bottles) and absorber backplanes. The receiver antennas are
mounted on the polyurethane foam slab left of the pallet. Note that the

coordinate system is not at its origin.
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Fig. 9. Pallet with liquid cleaning agents: Back view (left) and side-
view from TX2 (right). The pallet is considered a reference pallet
for heavy distortions (“ETSI pallet”). A photograph can be found in
Fig.8. The upper part of the receiver plane is visible to both transmitter
antennas, while the lower part is visible only to TX2. Receiver antennas
were kept at a distance of 10cm from the liquids.
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Fig. 10. Measured channels: TX at ports 1 and 2, RX at ports 1
through 4. Feedback might also be a problem for ranging systems,
thus also S7; and S22 have been recorded. Shadowing properties of a
product pallet and feedback for bistatic ranging setups can be analyzed
via Sa1. As tag to tag communication/ranging is not an issue in UHF
RFID, receiver to receiver channels have not been recorded.

The receiver antennas were fixed at different z- and
z-positions on polyurethane foam slabs, which were
mounted on the pallet. The pallet was incrementally
moved through the gate while recording. After each pass
through the gate, the receivers were re-positioned, and
the pallet was transported through the gate again. The
spacing between two adjacent measurements in x, y, and
z was chosen to be 10 cm to have a sufficiently high res-
olution within the gate while keeping the measurement
time manageable. The entire set of all measurements for
one receiver (lines in y) thus forms a plane in zy or yz.

All antennas were vertically polarized. Because the
tag antenna gain has a minimum along this dimension,
the floor reflection is considerably attenuated for some
positions. It is also important to note that the cables to
the receiver antennas are very critical in such setups; they
have to be placed and fixed very carefully to minimize
their influence on the measurement results.

The channels shown in Fig. 10 were measured for each
position and in the frequency range of f=0.5..1.5 GHz
with 1 MHz stepsize using a Rohde&Schwarz ZVA-24
network analyzer (NWA) with 4 ports. This stepsize
results in a maximum time delay of roughly 1 s (max-
imum path length 300 m), which was found to be fully
sufficient in this environment. The bandwidth resolution
of the NWA was 10kHz and conducted power set to
0dBm, resulting in a noisefloor of roughly —100dBm
and thus an effective dynamic range of 100 dB.

IV. DESCRIPTION OF PERFORMED ANALYSES

The recorded complex S-parameters for all receiver
positions are analyzed as shown in Fig. 11. The indi-
vidual analyses are described in detail in the following
subsections.
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Fig. 12. Correlations in the spatial domain: The transfer function at

each point is correlated with its neighbors and the resulting correlation
coefficients are averaged to obtain a single coefficient.

A. Spatial Domain

Calculation of the average spaced-distance correlation
function (SDCF), i.e., the correlation of the channel
transfer function at each point with its nearest neighbors,
is performed by averaging the correlation coefficients
between the center and all its neighbors (Fig. 12).
Note that this averaging neglects the inherent direction-
dependence of the correlation.

B. Frequency Domain

The frequency domain analysis consist solely of cal-
culating the coherence bandwidth B, (cf. [5]) at several
thresholds (50, 70, and 90 %). We have also implemented
moment-based estimates of the K-factor [6], [7] and
estimates of the RMS delay spread Trvs based on level
crossing rates [7]. However, for our measurements, these
estimators have been found to be unreliable due to the
unknown and considerably angle-dependent (and thus
position-dependent) gain patterns of the used RX and
TX antennas.

C. Time-Domain

To obtain the channel impulse response (CIR) out
of the channel transfer function (CTF), the spectrum is
windowed by a Parzen window and transformed using
a discrete Fourier transform (DFT). The CIR is subse-
quently truncated to remove artifacts created by cyclic
convolution and re-normalized to the correct power level.
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Fig. 13.  Sequence of operations on the power-delay-profile: Peak
detection (1), stop point detection (2), noisefloor and -threshold calcu-
lation (3), and LOS detection (4).

All calculations done for the time-domain analysis
are based solely on the squared magnitude of the CIR,
the power-delay-profile (PDP). The central part of the
analysis is the partitioning of the PDP, as illustrated
in Fig. 13: After simple peak (maximum) detection, a
heavily filtered version of the PDP is created in order
to detect the delay 7 where the profile drops below the
noisefloor (max. excess delay; denoted stop point here).
To ensure a robust detection, the noisefloor is considered
to be reached if the filtered version does not change
by more than 3dB for at least 200 ns. The choice of
these values is arbitrary, but should reflect the shape
of the PDP. As all measurements were performed in an
enclosed hall without connecting corridors to other halls,
clusters are not an issue. Thus, as a third step, everything
after the stop point is considered noise and averaged
to create the noise threshold, which is calculated using
mean and standard deviation of the noise, the dispersive
properties of the used window, and an additional margin
of 10dB. This margin takes the slightly higher noise
level prior to the LOS component into account. The
LOS path is defined to be the first component at or
above this noise threshold. If the maximum peak is
below the threshold, the recorded impulse response is
considered noise-only. In a last step, interpolation around
the detected LOS path is used to increase resolution.

Following the partitioning of the channel impulse
response, several values are calculated (cf. [5]):

e LOS power and delay, taking the deformations by
the used window’s main lobe into account (see
below)

o K-factor w.r.t. the LOS component (important for
ranging) and w.r.t. the peak component (‘“Ricean
K-factor”)

e RMS delay spread with correction of the bias cre-
ated by windowing (see below)

It is of vital importance here to consider the effects
of the used window on all calculations: Not only will
the window’s main lobe broaden the LOS peak (if there
is a peak in the first place), but the strongest sidelobe
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Aa, mainlobe width 2Ad. The considered mainlobe for the presented
measurements consists of 5 points, hence > 99.99 % of the window
power is within the main lobe.

will also shift energy from the possibly very strong LOS
peak to the noisefloor that precedes the LOS path. If this
sidelobe is sufficiently pronounced and not considered in
the threshold calculation, the artifact will be identified
as LOS component. These distortions introduced by
windowing are factored in at four different points (cf.
Fig. 14):

1) The noise threshold is increased by the gain differ-
ence of minimum and maximum mainlobe sample
(Aa).

2) The true LOS position is assumed to be close to
Ad after the threshold crossing.

3) For K-factor calculations, +2 samples around the
LOS position are considered to be part of the LOS
component.

4) The bias for the RMS delay spread created by
windowing [8] is corrected. It should be noted
though that this bias is merely 0.75 ns for the used
Parzen window.

V. MEASUREMENT RESULTS

For the sake of brevity, the majority of measurement
results shown here are limited to the most realistic setup:
The gate with metal backplanes and the liquids (“ETSI”)
pallet. As mentioned above, this pallet is considered a
reference and is thus also a good benchmark for ranging
and positioning. Photograph and schematic of the setup
can be found in Figs. 8 and 9, respectively.

We will start our analysis with the incident power
level at the tag. This is the single most important value
for the analysis of state-of-the-art UHF RFID systems,
as it is directly connected to read rates and thus to the
most important performance metric for RFID users. A
comprehensive analysis of the incident power distribu-
tion in a portal application can be found in [3]. The
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Fig. 15. Incident power level [dBm] at the tag for 35.2dBm
(EIRP) conducted power at 868 MHz and TX2; empty gate with
absorber/metal backplanes

circular line structure created by standing waves within
the empty gate predicted by simulations in [3] and [9]
can also be observed here: Fig. 15 shows some vertical
circles created by the floor reflection for the absorber
backplanes, as well as pronounced standing waves in
horizontal and vertical planes for the metal backplanes.
Things change considerably when a pallet enters the
gate: Fig. 16 shows the power distribution for TX1 and
TX2. The standing wave pattern is destroyed by the
moving pallet (which is highly reflective itself). A slight
circular structure (created by the floor reflection) can be
observed after the pallet has left the gate (y > 1m).

Even though the incident power level at a certain
frequency is a vital metric for UHF RFID, its importance
to ranging and positioning is minimal. On the other
hand, the K-factor w.r.t. the direct (LOS) path and the
RMS delay spread are of paramount importance here,
and shown for the liquids pallet in Figs. 17 and 18,
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Fig. 16. Incident power level [dBm] at the tag; 35.2dBm (EIRP)
conducted power at 868 MHz; TX1 (top) and TX2 (bottom); “ETSI
pallet”, metal backplanes; view from TXI.
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Fig. 17. K-Factor [dB] w.r.t. the LOS component for TX1 (top) and

TX2 (bottom); “ETSI pallet”, metal backplanes; view from TXI.

respectively. Considering the reflective properties of the
used materials (metal backplanes, a metal pallet mover,
a steel-reinforced concrete floor, and a cubic meter
of liquids), it comes at no surprise that the K-factor
only exceeds K ~ 5dB when the receiver is directly
in front of the transmitter array (y = —30..30 cm). Still,
considering that the distance to the array in this case
is less than one meter, K-factors are surprisingly low.
The same is true for the RMS delay spread, which is
above 10ns for almost the entire gate. For comparison,
this delay of 10ns corresponds to a path length of 3m
in free space.

Fig. 19 shows a comparison of the K-factor w.r.t. the
direct path for metal and absorber backplanes. As can
be seen, the K-factor inside the gate drops considerably
for the metal backplanes.

The coherence bandwidth (correlation in frequency
domain) is shown in Fig. 20, while the spaced-distance
correlation function (correlation in spatial domain) can
be found in Fig. 21. As can be seen, the 90 % coher-
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Fig. 18. RMS delay spread [ns] for TX1 (top) and TX2 (bottom);
“ETSI pallet”, metal backplanes; view from TXI.
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Fig. 19. K-Factor [dB] w.r.t. the LOS component for TX2; empty
gate with absorber/metal backplanes
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Fig. 20. 90 % coherence bandwidth [logl0(Hz)] for TX1 (top) and
TX2 (bottom); “ETSI pallet”, metal backplanes; view from TXI.
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Fig. 21. Spaced-distance correlation function at A = 12 cm for TX1
(top) and TX2 (bottom); “ETSI pallet”, metal backplanes; view from
TXI.

ence bandwidth is in the range of 50 MHz inside the
gate when in direct line of sight, and around 1 MHz
outside the gate. Correlations at a length (distance) of
12 cm, which is 20..60 % of a wavelength for the given
frequency range, are above 90 % for most of the gate.
The estimated coherence length (70 %) is around 1..2
wavelengths outside the gate, if the direct path is blocked
by the pallet, and several wavelengths inside the gate.
Curiously, the coherence distance is almost independent
of the used backplane.

Last, but not least, the error for a phase-based ranging
method [4] with a frequency spacing of 1 MHz is shown
in Figs. 22 and 23. Note that these are the errors for the
path TX—RX and a single ranging estimate.

Fig. 22 shows the expected value (bias) of this esti-
mate. Outside the gate, the combined non-line-of-sight
(NLOS) paths are stronger than the direct LOS path
by far, leading to a heavily biased estimate. Said bias
ranges from below 10cm inside the gate provided the
LOS path is not blocked by the pallet, and reaches up to
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Fig. 22. Expected value (bias) log10([m]) of a single 2FCW estimate
w. A f = 1 MHz for TX1 (top) and TX2 (bottom); “ETSI pallet”, metal
backplanes; view from TXI1.
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Fig. 23. Standard deviation log10([m]) of a single 2FCW estimate w.

Af = 1MHz for TXI (top) and TX2 (bottom); “ETSI pallet”, metal
backplanes; view from TXI.

20 m outside the gate. The standard deviation for a single
estimate (Fig. 23) ranges from roughly 1.5m in front
of the transmitter (at a distance of less than a meter!)
to 30 m outside the gate. Note that the wavelength of
the offset frequency (1 MHz) is 300 m; thus the phase
difference is still non-ambiguous. As the standard de-
viation can be reduced by successive/independent range
estimates, classification “inside/outside gate” still might
be possible. In fact, the bias will help for such a
classification, as it will quickly shift the range estimate
to outside the gate (note the almost linearly increasing
bias in this logarithmic plot).

VI. CONCLUSION

We have presented a measurement setup for channel
sounding in the UHF RFID frequency band. Using
this setup, we have done extensive measurements in a
UHF RFID portal scenario under realistic conditions.
The presented measurements are widely consistent with



previous measurements in this portal [3] in terms of
narrowband power levels.

The design of UHF RFID portals is optimized for
best possible read rates, employing metal backplanes to
concentrate energy within the portal. This design has
devastating effects on narrowband ranging systems, as
it reduces K-factors w.r.t. the LOS component by more
than 10dB and increases the RMS delay spread by
factors. Is should also be noted that the channel inside
such a portal is highly deterministic [2], [3]. Any ranging
system has to deal with K-factors w.r.t. the direct path
in the range of 5..10 dB at best, and RMS delay spreads
above 10ns even at distances below one meter.

RMS delay spreads outside the gate (but still with an
unobstructed direct path) reached 60 ns in our measure-
ments, while K-factors dropped well below 0 dB. In this
aspect our results correspond well with measurements at
distances up to 20 m in an industrial environment [10].
It follows that the exterior of the gate, i.e., everything
outside the space spanned by the metal backplanes, has
to be treated as non-line-of-sight, even if the direct
path is unobstructed. Furthermore, we find that previous
short-range measurements in the UHF band [8] and
other short-range channel models like IEEE 802.15.3a
[11] (based on meas. [12], [13]) are too optimistic for
UHF RFID gates even when considering the worst case
scenario of these models.
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