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EXECUTIVE SUMMARY 

 

This deliverable is the first among two intended to provide the results of the research 
conducted within task 2.1 "Characterization and modelling of wideband backscatter 
propagation". It is delivered 11 months after the beginning of the task, whose nominal 
duration is 18 months, i.e. about mid-task.  

It is essential for the educated design of the SELECT system to have a cute knowledge about 
the characteristics of the backscattering radio channel between the reader and the tags. This 
knowldege primarily addresses the signals of interest, backscattered and modulated by the 
tag and also those not wished, such as the clutter. The former is much less known than the 
usual radio channel, since the signals experience a two paths propagation in the air and also 
within the tag, which is not the case in usual one way radio systems. Further, we need to 
take into account in a very realistic way the various kinds of disturbances that a tag can 
experience in real life, when placed onto a variety of objects.  

For these reasons, task 2.1 addresses the development of a SELECT backscattering channel 
model, of interest in the SELECT system design, not only through large evaluations of the 
backscattering channel properties but at a finer scale, by providing a statistical based model, 
lending itself to incorporation into a UWB backscattering system simulator. 

Deliverable 2.1.1 addresses work that has started from the beginning of the project. Thus its 
inputs basically are gross specifications provided by WP1. Its outputs on the other hand 
mostly go to task 2.2, 2.3  and 2.5, which are respectively on the communication and 
backscattering schemes, on the localization techniques and on the overall system 
architecture.  

Deliverable 2.1.1 is an interim report, which means that most of the results here presented 
are not final ones, however they open the route very clearly to the way to proceed in order 
to provide the SELECT backscattering channel model.  
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INTRODUCTION: THE SELECT PROJECT 

 

The SELECT project focuses on studying innovative solutions enabling high-accuracy 
detection, identification, and location of objects/persons equipped with small ultra-low 
power tags using a network of intelligent self-configuring radio devices. Network 
functionalities will be enhanced to include the detection and tracking of moving 
objects/persons without tags eventually present in the same area. 

To achieve this goal, several technologies such as radio frequency identification (RFID), ultra 
wideband backscattering modulation, time reversal, relaying, and associated advanced 
algorithms, will be considered and partly or totally integrated in a demonstrator. This will 
require the design of multi-frequency/multi-technology tags for system-neutral 
identification along the use lifetime of a tag, based on advanced concepts in low-
consumption chip and antenna design. 

Innovative techniques will be considered to improve the location accuracy, increase tag 
energy efficiency and extend system coverage by a mixture of progress in the system 
architecture, in the detection and tag activation techniques, and in the complexity-
performance trade off of chip design. 

Special emphasis will be given to the analysis and design of “green” solutions by considering 
low complexity and low power tags through the exploitation of passive communication 
(without integrated tag batteries) as well smart cooperation strategies. 

Finally, single system components and the overall system performance will be validated 
through experimental characterization, hardware implementation, as well as simulation. 

Identification/detection reliability, tracking accuracy, power consumption will be amongst 
the major evaluation criteria. 

A wireless network integrating detection, identification, and location would lead to relevant 
improvements in the development of a wide range of advanced applications including 
logistics (package tracking) and supply chain management (SCM). 
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CONTENT 

 
SUMMARY 

The document first establishes a series of specifications for the tag and propagation parts of 
the model to establish. Then it rigorously exposes the electromagnetic phenomena at the 
heart of the modulated backscattering technique, allowing to express the whole evolution of 
the signals from the transmission part of the reader to its receiving part after going through 
propagation by the channel and within the tag. This is validated both by experiment and by 
full electromagnetic simulations. A specific works addresses the case of a UWB RFID tag in 
close proximity with metal pieces, which is an important type of material to consider on one 
hand and is reputed to be detrimental to RFID performance on the other. Interesting results 
are presented, beating down the common belief about this effect. 

Then the methodology to establish a validated statistical model, especially regarding the tag 
variability in its close environment is considered. The construction of a database of 
experimental and simulated results is discussed and described, together with preliminary 
results. The connection of a tag based model with a propagation model and the way to 
simplify their combining is addressed. 

Laboratory experiments of the backscattering propagation between a reader and a tag are 
described, showing the small magnitude of the signal of interest as compared to the clutter 
signal. Distance dependencies of these signals are provided, allowing to reach a first idea 
about the path loss aspects of these various signals. A discrete multipath based channel 
analysis is also carried out, based on the time honoured Saleh-Valenzuela cluster approach 
in order to describe the delay distribution of the multipaths. 

Finally, the document highlights the perspectives of the work and the way to progress 
towards the SELECT backscattering channel model. 
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1. Introduction 

D2.1.1 is the first deliverable of task 2.1  "Characterization and modelling of wideband 
backscatter propagation". The activities and goals of this task, as contained in the DoW[1], is 
recalled below: 

In indoor environments, the knowledge of the effects of dense cluttered propagation is 
fundamental to evaluate the presence/position/motion of tags in an area. To distinguish tags 
from clutter it is necessary to characterize the backscatter properties of typical objects 
present in the environment, here modelled from measurements in the UHF and 3-10 GHz 
bands. This will enable the design of dedicated signal processing schemes in the subsequent 
tasks. The database of measurements will be analyzed and exploited all along the project for 
assessing system performance in realistic environments and for verifying propagation models. 

ARMINES will perform experiments for hierarchical statistical models of UHF-UWB 
backscattering, including antenna near-field effects suited to physical layer simulations. In 
this activity Armines will be supported by a 3rd party (ENSTA). LETI will perform antenna 
backscattering measurements in real indoor scenarios and will evaluate the influence of close 
environment to the antenna scattering properties for on-tag antenna designs in T3.3. CNIT 
will contribute to the measurement campaign for the extraction of synthetic propagation 
parameters to be used in signal processing techniques at system level. 

In this section, we first highlight the main issues involved in the analysis of the UWB 
backscattering channel, then detail the modelling objectives, in the context of the SELECT 
project, then express the specifications for these objectives given a number of initial inputs 
and anticipated outputs. 
 

1.1. Generalities 

SELECT targets a wide spectrum of applications where both long range detection of passive 
or semi-passive tags and their localization will be implemented. There are a variety of such 
applications and use cases, for which the deliverable D1.1 [2] addressed a list together with 
their main requirements. In particular, logistics in manufacturing companies, transportation 
and storage were the main industry sectors analysed in this document. The kind of products 
that can be handled even in such a limited context is extremely broad. If one extends it to 
other sectors such as distributors of consumer goods and appliances, the sector of 
construction to name a few, there is even more expected variability. 

In Figure 1-Figure 6 are shown a few such examples of potential use cases for RFID enabled 
with RTLS capability, according to need expressed in D1.1. It is quite obvious that the 
environmental operation conditions of the RFID system in these few cases will exhibit many 
differences as regards the radio issues between a reader and a tag. These varying conditions 
can be summarized as follows: 

In terms of the radio propagation channel: 

 Line of Sight (LOS) or Non Line of Sight (NLOS) propagation 

 areas with a few or with many obstructions between the reader and the tag 

 environments with few or with many metallic parts 
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In terms of tag placement: 

 tag fixed on metallic casing or object vs. a less disturbing material (plastic, wood, 
paper...) 

 tag placed on a flat plane vs. an object of uncertain shape 

 tag on a large container vs. on a small object 

 tag with a fixed (e.g. vertical) vs. a random orientation 

 

  

Figure 1. warehouse examples. Left: external block storage(paper products) ; right: internal rack storage. 
Extracted from D1.1 [1] 

 

 

Figure 2. use case in a manufacturing company. Extracted from D1.1 [1] 
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Figure 3. internal vs. external storage 

 

 

Figure 4. wood palettes in a manufacture or warehouse 

 

 

Figure 5. conveyor belt for luggage 
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Figure 6. metallic closets for items 

 

Clearly there is a large variability to be expected in the backscattering channel, given these 
considerations. The challenge presented to the SELECT consortium is to devise a 
backscattering channel model able to cope with this variability and at the same time be 
readily usable for the other project tasks, which need to exploit this model towards the 
architectural or technical design aspects of the project. 

 
1.2. Global model objectives  

The SELECT PERT diagram is recalled in Figure 7. Basically, Task 2.1 takes its inputs from WP1 
in terms of high level system specifications and from WP3 in terms of technical specifications 
related to the tag hardware aspects. The task outputs go to task 2.2 "Passive communication 
schemes based on signal backscattering" and task 2.5 "System architecture and multi-
functional networked readers". The objectives of the backscattering channel model stem 
from this project context. 

It will appear clearly below that the backscattering radio channel can be separated in three 
main blocks, which are: 

 the propagation channel between the reader and the tag, assuming ideal antennas at 
both sides 

 the reader antenna 

 the tag antenna  

These blocks are not fully independent for reasons explicited in the next sections, however 
there are ways to connect them as simply as possible, which is part of the clever way to 
model the backscattering channel. 

However, an important issue is the way to model the tag antenna, given the fact that it will 
often be strongly disturbed by the object on which it is placed [3]. We have seen above that 
these disturbances can be expected to change very much from one use case or one 
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particular realization to another, since both the materials of which the objects are made and 
their shape/size will vary in wide proportions. 

A similarly important issue, in the same spirit, is the variability of the propagation channel, 
for which the physical characteristics will change very much according to LOS or NLOS 
propagation and according to the number and the characteristics of the obstructions 
between the reader and the tag. 

On the other hand, as opposed to tags, readers will generally be placed in well controlled 
environments, at a sufficient distance from the major sources of radioelectric disturbances, 
such that reader antennas are essentially fully characterized by their nominal classical 
antenna parameters, such as antenna gain, antenna beam widh in azimuth/elevation and 
operational band width. 

 

 

 

 

Figure 7. SELECT PERT diagram 
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1.2.1. Global objectives related to the tag antenna 

The tag antenna model should be representative of the use cases considered above. The 
variability just described must, therefore, be taken into account in a suitable way. This 
means : 

 to take into account suitably the variety of tag antenna designs 

 to take into account suitably the variety of tag orientations 

 to take into account suitably the variety of radioelectric disturbances experienced by 
the tags 

Since the tag model must be incorporated into a global model of the backscattering channel, 
it must lend itself to the connexion with the propagation channel model 

 
1.2.2. Global objectives related to the propagation channel 

The channel model should describe how the information, related to the load modulation at 
UWB tag, propagates in representative environments. In particular it is very important to 
characterize the path loss and multi-path effect in backscattering propagation, by 
considering a number of different antennas and scenarios. Moreover from the system point 
of view a characterization of the clutter is needed in order to perform performance 
evaluation (T2.2 and T2.3). This means: 

 Characterize and model the UWB backscattering channel by employing a variety of 
tag antenna designs 

 Characterize and model the UWB clutter  

 Characterize and model the UWB backscattering channel by considering a number of 
possible tag placement on the objects.  

 
1.2.3. Global objectives related to the model use by Task 2.2 

The model used by Task 2.2 should evaluate the performance of the UWB backscattering 
system in a real multi-user scenario, where strong clutter and interference could be present. 
Thus, it is strongly connected to the previous two points since it needs as inputs:   

 A characterization of tag antennas performed by measurements and simulations 

 A suitable channel Model representative of typical UWB RFID environments  

 A characterization of the UWB clutter representative for SELECT scenarios. 
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1.2.4. Global objectives related to the model use by Task 2.5 

In Figure 1 is redrawn the general architecture of the SELECT system (from the DoW[1]). The 
backscattering channel model under consideration in this project therefore applies to both 
the reader/tag, reader/relay and relay/tag channels.  

As regards Task 2.5, the benefit of the existence of a backscattering channel model is to be 
able to test various SELECT system architectures in a quantitative manner, given that the tag 
detection range and tag localization accuracy are major issues for which the SELECT 
challenge is to improve them. 

The goal of the reader is mainly to provide extended coverage and/or to ease localization by 
the presence of extra anchors. As a consequence it is highly likely that relays will be placed 
at locations in open spaces, such as over rows in warehouses and in direct visibility from the 
main reader(s) with which it will communicate. In terms of model, one can then consider 
that the reader/tag and relay/tag channels will have similar general characteristics. 

On the other hand, the reader/relay channel is specific and obviously quite different from 
the reader/tag channel. By chance, this channel will connect a reader and a relay both in 
visibility (LOS case). In addition, since both the reader and the relay are expected to be 
located in controlled environments, the reader and relay radioelectric behaviours will be 
dominated by their nominal antenna characteristics, thus we do not need to devise a specific 
antenna disturbance model for the reader. This clearly simplifies the situation. 

 

 

Figure 8. General architecture of SELECT extracted from the DoW [1]). 
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1.3. Model specifications  

Two important specifications of the backscattering channel model have a general character 
and must be defined from the beginning. They are contained in the following subsection. 

 
1.3.1. Frequency range of validity 

It is well known that a channel model is valid in a well defined range of frequencies, outside 
which it should be used only cautiously. In the context of SELECT, the frequencies of interest 
are both in the UHF and the UWB band. 

UWB  

In USA, the UWB band is 3.1-10.6 GHz. However, the European regulations put more severe 
constraints on the use of UWB technologies than in the USA.  Figure 9 depicts the current 
status of the regulation in Europe. The band for which there is no more restriction than in 
USA is the 6 to 8.5 GHz band. The band from 3.1 to 4.8 GHz can be used in LDC (Low Duty 
Cycle) conditions, while the one from 4.2 to 4.8 GHz can be used in Detect and Avoid (DAA) 
conditions. 

According to the DoW, the backscattering channel model should be devised from 
measurements in the 3-10 GHz band. Therefore, these measurements will cover at least this 
band whenever it is technically feasible in the project context. However, the consortium has 
made the decision to design the tag and the demonstrator for operation in the low 3.1-4.8 
GHz. Therefore the model will mainly be focused on this band, and it will be extended to the 
upper 6-8.5 GHz or to the whole 3.1-10.6 GHz only in restrictive conditions of use. 

 

 

Figure 9. Current status of UWB regulation in Europe 
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UHF  

The European band of interest is 865-868 MHz. Thus the SELECT backscattering channel 
model should cover this band. 

However RFID operating in the UHF band have been investigated for long and there is no 
sense in devising a specific SELECT model for UHF. Nevertheless, since the same tag 
incorporating a unique dual-band antenna will be operated both at UHF and UWB, the 
question naturally arises about the connexion between the tag (and the channel) 
characteristics in both bands. 

In Figure 10 is drawn the schematic structure of the SELECT tag architecture. The UHF and 
UWB parts of the device are fully independent, which means that it is not necessary to 
devise a UHF-UWB channel model that would take into account these connexions (or 
correlations) at the signal level. Clearly, only a rough connexion will suffice. In particular, the 
UHF-UWB channel model must be able to take into account in a consistent manner the path 
losses between the reader and the tag at both bands, but it is not necessary to correlate 
possible fading effects at UHF and such effects at UWB. In other words, while the mean 
received powers at UHF and UWB must be consistently modelled for a given channel, the 
instantaneous powers need not. 

In practice this means that it will necessary to relate the UWB path loss to the UHF path loss 
for a given propagation environment. 

 

 

Figure 10. Simplified block diagram of the SELECT Tag (battery is disconnected from the UHF part) 

(extracted from D1.2 [4]) 

 

1.3.2. Model specifications related to the tag antenna 

Given the general tag antenna modelling objectives indicated in section 1.2.1, the 
specifications for the tag antenna model are as follows: 

In terms of antenna characteristics: 
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 the model should cover all reasonably radiation directions, so that it could be 
hybridized with whatever multipath directions for whatever tag orientation 

 the model should cover both polarizations, for the same reasons as above 

 the model should apply both to the antenna ordinary gain (including possible losses) 
and to the realized gain (i.e. including the impedance mismatch between the source 

and the antenna). Since the source impedance may not necessarily be 50 , this 
means that the tag impedance should also be modelled 

In terms of radioelectric variability: 

 the model should derive from a sufficient number of tag antennas presenting 
variability in their properties to be considered representative of real world 
applications in many use cases of interest 

 the model should derive from measurements/simulations carried out in a sufficient 
number of radioelectric disturbances that can be considered representative of real 
world applications in many use cases of interest 

In terms of model use: 

 the model should express the various sources of variability mentioned above into a 
statistical model that can be exploited by the partners contributing to the SELECT 
backscattering channel model. This statistical model may be written in an algorithmic 
form readily programmable in usual computer languages. 

 
1.3.3. Model specifications related to the propagation channel 

Given the general propagation channel modelling objectives indicated in section 1.2.2, the 
specifications for the propagation model are as follows: 

In terms of channel characteristics: 

 the model should describe the multi-path effect as well as the large scale variation in 
backscattering communications 

 the model should be able to include the antenna effect, which is significant in the 
backscattering phenomena 

 the model should lend itself to describe the antenna backscattering (useful signal) as 
well as structural and clutter backscattering, which can affect system performance 

In terms of radioelectric variability: 

 the model should derive from a representative number of scenarios and tag antennas 
presenting variability in their properties. Given the large number of applications, only 
a subset of the possible scenarios can be measured in the scope of the project. The 
remaining applications will be addressed by combining channel models with 
simulated/measured tags. 

In terms of model use: 

 the model should express the various sources of variability mentioned above into a 
model that can be exploited within  tasks T2.2 and T2.3 
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1.3.4. Model specifications related to the model use by Task 2.2 

Given the general tag antenna and channel modelling objectives indicated previously, the 
model used by Task 2.2 should have the following specifications for the performance 
evaluation of the reader-tag communication: 

In terms of antennas characteristics: 

 The model should include measurements/simulations of different antenna Tag 
connected to the most relevant loads in order to express which kind of antenna can 
work properly in the SELECT scenario 

 The model should consider tag measurements/simulations performed for different 
excitation directions and different loads, to cover different tag orientations and 
positions in the SELECT scenario  

 The model should also derive from measurements/simulations of tag positioned in 
close proximity of different objects, to evaluate how materials and dimensions 
influence the communication Reader-Tag.  

In terms of propagation channel: 

 The model should include measurements/simulations of UWB backscattering channel 
that is representative of a real RFID channel and accounts for multipath and channel 
distortion. It could also integrate directly all the information relating to the antenna 
and its orientation 

 The model should include measurements of the UWB static/dynamic clutter for 
different and variegated environments. Given the characterization of the clutter 
component and its temporal evolution, the model can separately evaluate how it 
affects the communication.  

In terms of model use: 

 the model should express if it is possible to perform the tag detection in a real and 
multi-user scenario, and in positive case if it is possible to establish a reliable 
communication reader-tag. 

 
1.3.5. Model specifications related to the model use by Task 2.5 

Based on the considerations of section 1.2.4 , the backscattering channel model should lend 
itself suitably to test quantitatively several SELECT architectures, in the case of differing 
environments, the existence or the absence of relays, the density of tags, the type of objects 
on which they are placed etc.  

As a consequence the model should be able to combine all individual radioelectric 
characteristics, such as reader/relay propagation channel, relay/tag channel, tag 
radioelectric characteristics, nominal reader antenna characteristics and nominal relay 
antenna characteristics. 
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2. Electromagnetic analysis of RFID backscattering 

In this section, we carry out a detailed electromagnetic analysis of the reader/tag system, 
which will be at the ground of the way the backscattering channel will be modelled, based 
on data obtained from full simulations and from measurements. 

 
2.1. Using the effective height for tag reception 

 

Figure 11. Ideal reader antenna (transmitting) and tag antenna (receiving) in LOS 

 

Let us consider an ideal reader antenna with internal impedance (purely real) Rref and unit 
gain (isotropic), nondephasing. The antenna of interest has internal impedance Za and 
complex gain G. The field radiated at distance r by the ideal antenna is: 
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Here we used the total radiated power 
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Figure 12. Ideal reader antenna (receiving) and tag antenna (transmitting) in LOS 
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From reciprocity, the 2nd configuration gives the same current I as the top drawing on the 
right. When the antenna of interest is used as a radiator, let us call Eant the field generated at 

the location if the ideal antenna. The ideal antenna effective area is 




4

2

. The power 

received into a matched load is 
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22
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refref IR  , where Iref is the current in 

the matched load. This current is obviously a factor 2 less than the short-circuit current. 
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using  120  

This means that, using for instance a commercial electromagnetic software code like WIPL-D 
[6] under an excitation e=1V that computes the normalized (dimensionless) quantity 
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exp
E , the effective height of the antenna of interest is directly obtained from 

these computed fields. The expression is valid for whatever polarization and whatever 
antenna (complex) input impedance. Notably, E can be seen as a transfer function relating 
the excitation voltage e to the voltage amplitude into the radiated spherical wave. For 

instance if the (real) antenna impedance is R, the accepted power is 
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isotropic antenna the radiated power is 
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 302E . This means that 1E   if R = 30  and different from 1 otherwise. 
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2.2. Application of superposition and reciprocity principles 

 

Figure 13. The RFID system with multipaths 

 
In a multipath scenario described by a discrete channel model, the EMF of the tag writes: 
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60
is the tag effective height1 in the direction of the incoming wave i of (complex) 

amplitude2
ieA  expressed in V/m. 

In the tag, we have: 

 

Figure 14. Electric circuit equivalent for the tag in reception 
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iA can be seen as a transfer function relating the excitation voltage on the reader's antenna 

terminals to the field complex amplitude for path i. Of course this transfer function contains the 
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When the tag is short-circuited, we have: 
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CC Ae
Z

EMF
i E





60
 

Very generally speaking, irrespective of the nature of the (non magnetic) channel, the 
reciprocity principle allows to exchange the voltage source and the short-circuit as follows: 

  

Figure 15. Application of reciprocity to the reader/tag system 

 

In the right-hand side diagram, the iCC current results from a certain electromotive force e0 
feeding the reader's antenna impedance Z0. 

 

Figure 16. Electric circuit equivalent for the reader receiving the backscattered signal 
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Figure 17. Superposition principle applied to the reader/tag system 
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The backscattering antenna mode implies to compute the electromotive force in the reader, 
due to the voltage developed at the tag. We use the superposition principle, which allows to 
express the electromagnetic state as the sum of two contributions: 

 Configuration A is the realized configuration when the tag is excited by the reader.  

 Configuration B is what can be called the short-circuit mode (this is an arbitrary 
naming). In this configuration, the reader emits towards the short-circuited tag and 
the rest of the environment. The current flowing in the reader's antenna is due to the 
voltage applied to this antenna and also to the backscattered signals from the short-
circuited tag and the rest of the environment. 

 In configuration C, the tag radiates towards the reader in what we can call the 
antenna mode. This radiation is received by the reader after going through the 
channel, which results in a short-circuit current iCC' in the reader.  

According to the backscattering of RFID detection technique, the reader measures the 
difference between the signal it receives when the tag is short-circuited and when it is open 
circuited, i.e. it measures iCC'. Let us more generally call ZL a load on the tag terminals. The 
reader measures the difference of the currents in its antenna for two different such loads, 
the usual being 0 and infinite impedances. Generally speaking, it measures the differences 
between the iCC' for the two loads. 

 
2.3. Backscattering in presence of multipaths 

However we have seen that by reciprocity the relation between a voltage eenforced on the 

tag terminals and the short-circuit reader's current was: 
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We have also seen that the voltage developed on the tag terminals loaded by ZCdue to the 

reader's excited by a voltage e on its antenna input was 
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As a consequence we have:  
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(2.6) 

In other words, we have the product (in the frequency domain) or the convolution (in the 
time domain) of the two channel responses. One must also be aware that in the time 
domain, the distortion for each path comes from the global frequency dependence of the 
impedances in the formula, but also from the frequency dependence of iE . This quantity 

indeed relates 1 V on the tag ports to the radiated electric field in direction indexed by i. Any 
distortion internal to the tag antenna thus enters iE . Further, the discrete channel model 

used above hides the distortion produced by the scattering events. This distortion might be 
modelled by several paths at very close delays, but intrinsically it is a continuous effect 
which may not lend itself easily to discretization. This issue is not considered explicitly here. 
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Since this short -circuit currents flows in only the reader's impedance, the backscattered 
signal is due to an electromotive force expressed as above: 
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. Now, if we take into account that in practice the 
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. Notably, the signal is not maximized by an open 

circuit in general. While this is true for a real tag impedance, in the case of a complex 
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for the open circuit. However, since the tag reactance most likely will depend on the 
frequency, it is unlikely that this factor can be exploited in practice. 

 

 

Figure 18. Backscattered signal from the tag towards the reader 
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by expliciting the phase factor in the complex path amplitudes, neglecting any phase factor 

not related to the path propagation length id . From the Fourier transform we see that in the 

time domain we find all possible combinations of the path delays cdii /  enter the 

electromotive force. This can be easily understood: in the antenna mode, each signal 
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received along a certain path is retransmitted by the tag over all possible paths. The 
principle of inverse light return is such that although the tag radiates in all directions, only 
the waves following the same paths on the return as on the forward trip will arrive to the 
reader. Naturally, the signals experience the tag antenna gain both when entering the 
antenna and exiting it, which explains the formula above with great clarity. 

2.4. Electrical analysis of the reader/tag system 

In Figure 19 is shown an equivalent of the reader/tag system in the form of a two port 
system between the source feeding the reader antenna and the load connected to the tag 
antenna. An S-parameter analysis is very fruitful for the further analysis of simulations or 
experiments. 

 

Figure 19. The reader/tag system seen as a quadrupole 

 

Let us call respectively 
SIN  and 

OIN  the measured /simulated signals when the tag is 

connected alternatively to the short circuit (SC) load and open circuit (OC) load. If this 
system is characterized by a Vector Network Analyser (VNA), 

IN
 can be seen as the effective 

S parameter seen by this instrument. We have the relations: 

       (2.9) 
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),,(),,( 0,,  fHfH BSSBS                      (2.10) 

which realizes the sign inversion in the backscattering modulation. 

 
2.4.1. Analysis using the superposition principle 

Two simulations/measurements are performed with the tag connected to a short circuit and 

to another load (i.e. 50 ).In this way we have 
SIN and 

50IN
 . The difference between the 2 

responses gives the signal part due to the antenna mode scattering. We can evaluate the 
electromotive force at tag terminals as 
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In simulations V1 is manually set to 1V, while in measurements it can be easily calculated as 
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Furthermore, 
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radar range equation. Thus, considering the following relations: 

V50ohm =>
SINohmIN


5050


  

Vx =>
SX ININX

  

we can find 
X

  as 
ohm

X

X
V

V

50

50
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only depends on the ratio of the loads. Anyway it is important to evaluate the EMF induced 
on the tag, since we can then evaluate the EMF on the reader which reproduces the 
convolution of the 1st and 2nd way. 
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(2.12) 

The effective reflection coefficient S11 seen by a VNA for a given load connected to the tag 
antenna, minus its value in the case of a short-circuit is indeed proportional to the bias at 
the tag antenna ports with a coefficient that does not depend on the load (but depends on 
the tag impedance). 

These relations facilitate the processing of data in the case of measurements carried out by a 
VNA. 

 
2.4.2. UWB RFID antenna backscattering characterization 

Here we formulate slightly differently the backscattering by the tag in the antenna mode, 
that will be used below. 

Let us consider a setup with two references antennas in a quasi monostatic configuration as 
depicted in Figure 20. In an experiment, a vector network analyzer (VNA) can for instance 
measure the S21 parameter at reference antenna ports. 

 

 

Figure 20. reader tag configuration 

 

The monostatic backscattering transfer function 
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antenna only in the following, 11S  can be computed by analyzing in detail the various 
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can be expressed in the following way: 
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where T
readH  represents the transfer function of the reader in transmission, r  is the tag-

reader distance and 0 is the free space impedance. For simplicity of notation here we 

neglect the frequency and polarization dependency.  The received signal 
1b is given by: 
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where R
read

H  represents the reader antenna transfer function in reception, and the 

backscattered electric field in far field region )0(EFF
sc  is taken at the origin, i.e. at distance r  

from the tag. If the polarization of each antenna is assumed to be perfectly linear and 
perfectly matched (polarization efficiency of 1), the fields can be considered scalars. The 
equations below can easily be generalized to any polarization. In a unique polarization, we 
can define a transfer function for the target in the following way: 
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Thus we have: 
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where   is the  antenna radar cross section of the tag antenna. Then it comes: 
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and considering the reciprocity relation [7]: 
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The total round trip transfer function, i.e.
11S  , is obtained: 
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It is now possible to give for tagH  an explicit form. Again by virtue of the superposition 

theorem, we can write: 
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where )(r
B

matchtagH   is the response for a load impedance equal to the reference impedance3, 

i.e. enforcing 02 a , and )(r
B

anttagH   is the additional backscattered signal when 02 a . The 

former is due to the tag antenna acting as a receiving antenna and subsequently as a 

transmitting antenna for the wave reflected by the load, which verifies 22 ba L . By using 

for the tag the equations presented above for the reader, it comes: 
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The combination of these equations yield: 
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In other words, in its antenna mode the tag antenna acts twice through is transfer function 
in transmission, as the result of reciprocity.  

Eq. (2.23) is equivalent to eq. (2.2), while expliciting the latter in a more enlightening way. 

The difference between the backscattered signals for open and short-circuit loads ( 1L ) 

thus has a power proportional to  
2

2

22

4

1 S

H T

anttag
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2.5. Validation 

In this section we carry out the validation of the various ways to analyze and express the 
antenna mode backscattering phenomena. 

 
2.5.1. Validation from simulation 

The analysis of the previous section has been tested by using the electromagnetic simulation 
tool WIPL-D [6]. The benefit of such tools is the absence of measurement noise and the 
perfect (in principle) reproducibility of the computations, which is suitable for such a 
validation. 

 

 

Figure 21. Simulation of a reader/tag system including a scatterer 

                                                     
3 which can also be called "structural mode" when the tag antenna is matched to this impedance (S22=0) 
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We tested the previously presented procedure, simulating the RFID system shown in where 
one metallic scatterer is present in the environment. Simulations were performed using the 

commercial tool WIPL-D [6] over the bandwidth 7-12 GHz with a frequency step of 20MHz, 
employing a simple thick dipole as reader and a planar dipole as tag. The metallic object has 

dimensions (4  8  8) cm3 and was placed at a distance of 0.8 m respectively to the reader 
and the tag (Figure 21). The system of was directly simulated connecting alternatively the 
tag to an open and a short circuit load, and also by applying the superposition principle as 
presented above. This was achieved by simulating the S-Matrix of the system comprising the 
two antennas and the scatterer. Figure 22shows the obtained results for the antenna mode 
scattering, comparing the two methods and confirming a good agreement between them. 

 

 

 

Figure 22. Complete Response ; 2: 2nd and 3rd paths indicated as B and C ;  3: 1st path for the comparison of 
the two methodologies 
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Furthermore, it is possible to notice the convolution of the two channels looking at the 3 
backscattered signals. The first one derives from the convolution of the 1st path with itself 
(marked as A in Figure 22), the second signal B in Figure 22 is twice the combination of the 
direct path with the path created by the scatterer. Finally, the last and smallest one 
indicated with C, is the self-convolution of the path created by the scatterer. Thus, we 
showed not only an agreement between the methodologies, but also a confirmation of  all 
the comments in section 2.3 regarding the convolution between the channel from reader to 
tag with the vice-versa. 

 
 

 

 

 

Figure 23 Top: set-up inside the anechoic chamber of ENSTA ParisTech. Bottom: measurement results 
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2.5.2. Validation from measurements 

Several tag antennas have been characterized in terms of UWB backscattering in two 
different anechoic chambers. In particular, we first validated experimentally the use of the 
superposition principle in the anechoic room of ENSTA ParisTech. We first measured the 
backscattering of a DFMS antenna [8] (playing the role of an RFID tag) positioned at a 

distance of 2.25 m from a Horn Lindgren 3117 employed as reference antenna (playing the 
role of reader). We set the frequency bandwidth from 2 to 12 GHz with a step size of 5MHz. 
The tag was connected alternatively to an open and a short circuit load through a delay line, 
and similarly to simulations the S-matrix of the system comprising the two antennas has 
been measured. In Figure 23, we show (top) the view of the scenario inside an anechoic 
chamber, while on the bottom the antenna mode scattering is shown for the isolated RFID 

system (upper figure) and when a metallic plate of dimensions (20  20) cm2 is placed 
between the 2 antennas at a distance of 1.10 m from the tag (lower figure). The results 
confirm the similarity between the proposed methodology and the direct measurements of 
the backscattering response, although some differences can be ascribed to the manual 
changes of the load impedance and some movement of cables. From this point of view, 
there is a clear advantage in having a single (one way channel) measurement by this method, 
when only the antenna mode backscattering is of interest, which is precisely the case as 
regards load modulated backscattering for RFID. A single measurement provides a better 
reliability of the measurement, is less time consuming and easier to perform. Last but not 
least, a one way channel is obviously easier to measure than a two-way backscattering 
channel in terms of signal to noise ratio. 

Further, two different antennas have been measured in anechoic chamber at CEA-LETI in the 
2-11 GHz band. Measurements were performed in quasi-monostatic configuration by 
employing two horn antennas EMCO3115 (Figure 24). 

The antenna backscattering patterns of a monopolar wire-patch antenna, derived from [37] 
and a chip Taiyo-Yuden antenna [38] have been measured (Figure 25). Both antennas are 
designed to work in the lower part of the UWB band but they present different radiation 
properties. The first one present the typical monopole-like characteristics with good 
omnidirectional properties on the azimuth plane, while the second one can present a 
directional pattern according to the influence of the PCB.  

The measured signal in one direction is depicted in Figure 27. It can be noticed that even in 
anechoic chamber, a number of residual reflections are present. The calibration, as well as 
time gating, to separate the antenna backscattering from coupling and residual reflections in 
anechoic chamber, were performed in post-processing. 

In Figure 28 we show the extracted antenna mode of backscattered pulse in two directions, 
by considering a band of interest is from 3 to 5 GHz. The sign inversion is verified for both 
antennas, but the pulse amplitude depends on the considered angle according to the 
radiation properties. In Figure 29 normalized azimuth patterns of the antenna and the 
structural model, averaged over the 3-5 GHz band. We can notice that the antenna mode is 
quite different for the two antennas, according to their radiation properties, i.e. 
omnidirectional for the wire-patch antenna and slightly directional for the chip antenna. On 
the other hand the structural mode is quite similar for the two antennas, despite their 
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different shapes. This is due to the fact that the antenna positioning system employed in 
measurements is the same. Its radar cross section is larger than the structural mode of the 
Antenna Under Test (AUT) and its effect cannot be isolated by time gating, since it is at the 
same distance of the AUT itself. 

 

  

Figure 24 Measurement setup at CEA-LETI 

 

Figure 25 Measured antennas: WP antenna (left) and TY antenna (right) 

 

 

Figure 26. Measurement set-up with the reference system 
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Figure 27 Measured signal 

 

Figure 28 Antenna mode of wire-patch antenna (up)  and chip antenna (down) at ϕ=0◦(left) and 

ϕ=90◦(right) 
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Figure 29 Normalized backscattering: structural mode (left) antenna mode  (right) 

 

 

Figure 30 Realized gain (left) and reflection coefficient (right) of WP antenna 

 

In Figure 30, we show the obtained antenna realized gain and reflection coefficient from 
backscattering measurement. The realized gain on the xoy azimuth plane is almost negative 
over the band of interest, since the main lobe is tilted to highest elevation because of the 
presence of the ground plane. There is a good agreement between measurements and EM 
simulation (using CST MWS [18]), which validates the backscattering antenna properties 
models. Discrepancies are due to the measurement itself and the fact also due to the post-
processing. For instance the results at the frequency limits of the band, i.e. 2-3 GHz and 8-9 
GHz, are affected by the frequency windowing which is needed before applying the inverse 
Fourier transform, while ripples on return loss can are due to the time gating performed to 
eliminate residual multi-path components.  
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3. Combining RFID tag antenna and propagation channel  

In section 2.3, we arrived at the following expression (2.8) for the EMF expressing the 
backscattering signal in the reader' receiving circuit: 
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(3.1) 

This expression is an approximation, assuming a discrete multipath model for the 
propagation channel. Such a model is universally used in standards (such as 802.15.4a [9]), 
being both intuitively simple and lending itself well to computer simulations of the channel 
response.  

We see that both the tag antenna properties (through Za but also through the field 
amplitudes 

iE ) and the propagation channel (through 
ii dA , ) enter this expression. 

Obviously the combination of these properties into the global backscattering channel is 
involved and not easily separable. One of the major issues of the channel modelling work 
within Task 2.1 is the combination of propagation and tag antenna properties is the simplest 
and most efficient manner. 

In this respect, Figure 31 schematically depicts ways for achieving such a relevant trade-off 
between complexity and accuracy.  

 The left diagram expresses an approach where the full combination between detailed 
data of both the tag and the propagation channel are combined according to eq. (3.1), 
followed by a simplification step. This is detailed in the next section 3.1 

 According to the right diagram, we first achieve a simplified model of both the tag 
and the propagation randomness (section 3.2) and combine them though a suitable 
method 

 

 

Figure 31. Combining statistical antenna and propagation models 
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3.1. Full combination 

In this approach, we assume both the propagation channel and the tag antenna to be 
completely characterized in their directional and polarization aspects. The combination of 
these properties within eq. (3.1) is immediate. Let us recall that: 

 ZL is the load  

 Za is the tag antenna impedance  

 
iE is the (dimensionless) spherical mode field amplitude radiated by the tag in the 

direction  

 
iA  is the complex transfer function (in units of m-1) relating the excitation voltage on 

the reader's antenna terminals to the field complex amplitude for path i at the tag. 

This transfer function contains the reader's antenna complex gain in the path 

radiation direction and the specificities of the scattering events in the propagation 

channel 

Computing eq. (3.1) in the frequency domain is straightforward, when the tag antenna has 
been completely characterized and the propagation channel has been measured in both 
polarizations and when the Direction of Arrival (DoA, at the tag level) has been obtained. 

Given that one specification mentioned in section 1.3.2 imposes to consider all possible tag 
orientations, this means that prior to building a statistical model, tag rotation must be 
implemented. This can be done exactly when the full polarimetric and full radiation pattern 
is known both for the propagation channel and the tag. 

A first implementation of full combination model is presented in section 5.2. This model 
takes into account the antenna backscattering properties as well as the angular properties of 
the channel. 

 
3.2. Partial combination 

In this approach, while the tag antenna is assumed to be completely characterized in its 
directional and polarization aspects, the propagation channel is now assumed to be 
characterized only partially, with two possibilities: 

 both polarizations are measured, but there is no DoA information 

 the propagation channel is known in a single polarization (e.g. vertical) and there is 
no DoA information 

These missing pieces of information can be obtained through hypothetical assumptions 
about the polarization character and the directional properties of the propagation channel 
at the tag level. Obviously such assumptions are not a guarantee, but they can be based on 
the vast body of propagation channel measurements in the literature. The requirements are 
to look into the relevant experimental conditions, in particular in terms of covered 
frequencies but also of type of environments. Some measurements do exist e.g. for UWB 
measurements in e.g. industrial environments ([9], also[10][11]). In some scenarios, 
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important simplifications can be done if one strong path is predominant with respect to the 
secondary paths.  

The simplified tag model can be achieved through parametric modelling of an initial 
database of tags in relevant environments, obtained from experiments of electromagnetic 
simulations. The benefit of doing this is the reduction of the complexity, given that if it is 
suitably designed, the model may require only a few parameters and the recipe to run it may 
be simple to program and little demanding in terms of computing power. However, one 
important issue is that the model should include the operation of random rotations to the 
starting database, in order to cover the variety of possible tag orientations w.r.t. the 
environment in realistic use cases. This is depicted in Figure 32. 

 In section 5.1 we present two measurement campaigns with two different antennas, and 
this approach is discussed according to the measured results. 

 

 

 

Figure 32. Multipath scenario between a tag and a reader. The arrow depicts the variable orientation of the 
tag 

 

 
4. Tag antenna and close disturbers randomness 

According to sections 1.2.1 and 1.3.2, the backscattering channel model should cover the 
main causes of variability in the tag antenna performance, due either to its own design, to its 
own orientation and to the electromagnetic disturbers in its immediate vicinity. The work 
carried out within SELECT should be sufficient to provide a reasonable representativeness of 
these various causes of tag antenna variability in the final model. 

The model will be based on experimental results carried out on a limited number of 
antennas and for a limited number of cases of disturbances. Thus the question of 
representativeness appears acute, given the enormous cases that we can expect to 
encounter in practice, as highlighted in the introduction of section 1.1. 

In this part of the deliverable, we address this important point and discuss ways to ensure a 
suitable representativeness. 

 



Project SELECT - Smart Efficient Location, idEntification and Cooperation Techniques  Project- No 257544 
Work Package Identification, location and modelling WP  – No WP2 
Document Deliverable D2.1.1 SaveDate 26/08/2011 

 

D2.1.1_Backscatter-propagation-modelling-Interim-
report_1.4.docx 

Dissemination Level:  Public Page 41/104 

 

4.1. Physical origin of the randomness 

The randomness concerning an isolated tag antenna has various sources, which directly 
impact the physical effects involved in the antenna performance: 

1. the operation principle at the basis of the antenna operation 
2. the variation in the parameters (e.g. geometrical or dielectric) completely defining 

the antenna for a given type 
3. the variability in the tag itself, i.e. its shape, dimensions and the way the antenna is 

integrated within the tag 

In addition, in practical and relevant uses cases, the tag will be placed on an object, the size 
of which, constituting material and shape will change very much from one case to another. 
Furthermore, we need to consider the random possible orientation of the tag with respect 
to fixed axes, given that often enough both the attachment of the tag on an object by a 
(human) operator and the orientation of the object itself will be changing. 

As a consequence of these various sources of randomness, we can expect that the tag 
radioelectric properties will exhibit strong variations from one case to another. 

 
4.2. Generalities on stochastic modelling and methodology of the work 

4.2.1. Introduction 

Let us define a set (I1, I2, I3...) of parameters that fully define the antenna on its tag and the 
close tag environment. These parameters can be real or integer numbers or whatever type 
of number that is associated with the embedded device. This vector defines the input 
stochastic space (Figure 33). Naturally we can expect this space to have a very large 
dimension, even virtually infinite, since many parameters need be involved in order to 
account for the many possible antenna and tag designs or surrounding objects. This can be 
quoted as the "dimensionality curse". 

Accordingly, we associate with the input stochastic space a multivariate probability density 
P(I1, I2, I3...), which can be factored or not depending whether the input parameters are 
independent random variables or not  

The radioelectric properties of interest of a tag antenna can be expressed as a set of output 
parameters (Figure 34), which will be selected according to the way they can be used in the 
backscattering channel model. These output parameters can be for instance the antenna 
impedance, the tag maximum or mean gain, its spread etc. Assuming (I1, I2, I3...) is a 
complete set, then the output vector (O1, O2, O3...) can be entirely obtained from (I1, I2, I3...) 
through an input-output relation that expresses the physical laws responsible for the 
electromagnetic phenomena. In by far most relevant cases, this relation is (highly) non 
linear,  since the tag radiation and electrical characteristics can totally change (e.g. for 
resonant phenomena) by modifying the parameters defining the tag. 
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Figure 33. Schematic view of sampling in the stochastic space 

 

 

Figure 34. Input-output relation between random tag parameters and the radioelectric quantities of interest 

 

 

As a consequence of these preliminary remarks, the goal of a statistical model for the tag 
radioelectric properties in the context of SELECT means achieving a threefold set of 
requirements: 

1. we need to define the input stochastic space. This stems from the specifications of 
use case scenarios and applications targeted by the project. 

2. we need to select the radioelectric parameters (output parameters) of interest, i.e. 
those that can be exploited into the SELECT backscattering channel model 

3. we need to be able to obtain radioelectric parameters (output parameters) from any 
choice of the input parameters set (input-output relation) 
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The 3rd issue can be treated either experimentally, i.e. for a given real tag we directly 
measure the output parameters of interest, or by solving Maxwell's equations in the case of 
a virtual tag. The latter case involves the use of a computer solver, for which we have, in 
general, no guarantee about the accuracy. In both cases there are unavoidable errors, which 
can be termed as follows: 

 "measurement noise" in the experimental case 

 "simulation noise" in the virtual case 

The first has several origins: in particular additive noise in the receiver, imperfect 
instrumental calibration, wall and ground, ceiling reflections in the anechoic chamber and 
disturbances brought by the positioner supporting the antenna under test. 

The second stems from the discretization required by all numerical techniques used in 
solving Maxwell's equations by a computer, from the imperfectly precise description of the 
antenna or close disturbers geometry and from the uncertainty in the constituting 
parameters (permittivity in particular), among others. 

The 2nd issue will be treated according to the performance of the modelling approach (see 
section 3). Indeed, in order to provide a full model for the backscattering channel, the tag 
antenna radioelectric properties have to be combined with the propagation channel 
characteristics. Depending on the level of complexity/accuracy of both, the combination 
method and the final net performance of the model will be impacted. This means that at the 
initial project stage, all kinds of output parameters must be considered, from the most 
demanding ones (full radiation patterns including polarization) to the simplest ones (e.g. 
antenna mean gain and gain spread). This aspect of the work is tackled in section 4.3.4 but 
will be more seriously addressed in the upcoming work. 

The first issue is treated by considering a limited set of propagation scenarios and tag design 
specifications. This set is chosen according to the project level specifications, highlighted in 
deliverables D1.1 and D1.2 [2]-[4], complemented by sections 1.2 and 1.3 of the present 
deliverable. 

The methodology defined below for carrying out the SELECT project elaborates on these 
considerations. 

 
4.2.2. Methodology 

4.2.2.1. Definition of the input stochastic space 

The definition of the input stochastic space includes the three following aspects of the 
backscattering channel randomness: 

 tag antenna design and tag orientation variability 

As already stated, we will consider all possible orientations of the tag over 4solid angle. 
This may be a too strong obligation in some cases, but in most scenarios there is no specific 
orientation to consider. 

The tag antenna design is not fully free, being constrained by specifications expressed in 
deliverable D1.2[4]. In particular, the tag will include both a UHF antenna access (865.0 MHz 
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to 868.0 MHz) and an UWB antenna access operating in the band 3.1-4.8 GHz. Also, the 
maximum Tag area shall be equivalent to the size of a credit card, i.e. 85 mm × 54 mm, with 
a thickness mainly determined by the employed battery and in any case limited to 10 mm. 

The constraint to embed both a UHF and a UWB antenna within the limited space of the tag 
is not easy to express in terms of radiation constraints, since such dual band antennas are 
quite uncommon for RFID purposes. However given the size and format constraint of the 
tag, the necessity to maintain the antenna within a basically flat volume can be seen as the 
major antenna constraint, at this stage of the project. As a consequence, the subset of the 
input stochastic space referring to the tag antenna will be defined as "all UWB antennas 
capable to hold within the prescribed volume of the tag".  

 disturbers in the immediate vicinity of the tag 

Clearly, the type and characteristics of objects susceptible to enter the immediate vicinity of 
the tag is tremendous, virtually infinite. As a consequence it is more than difficult to specify 
the part of the input stochastic space expressing these disturbers. The problem will be 
bypassed as explained in the sub-sections below.  

 propagation channel between the tag and the reader 

Here again, the variability of the propagation channel between tag and reader is enormous. 
However this consideration did not prevent standardization bodies to define a limited set of 
propagation cannel models, associated with a limited number of use cases and application 
scenarios. In the present context, the propagation scenarios to retain are those identified in 
section 1.1 and more generally mentioned in deliverable D1.1 [2]. The main discriminating 
features of the propagation channel between various scenarios are the delay spread, the 
angular spread, the K-factor and the polarization. However it remains to be checked what 
parameters are really important for backscattering channel modelling. Again this is 
addressed below. 

4.2.2.2. Input parameters statistics 

Knowing the input stochastic space is not enough to produce statistics on the output 
variables. Indeed we also need to have a knowledge of the multivariate probability density 
P(I1, I2, I3...), which tells us for instance what is the probability for the tag to include an 
antenna of type A or of type B or of type C, have to be disturbed by such or such type of 
object, at such or such distance etc. Naturally, even if the input stochastic space were of 
small dimension, constructing such a PDF is a tremendous effort, implying to assert use 
scenarios, to anticipate manufacturers design choices for tags etc.  

In an analogous study case, a few works have been done recently by the laboratory for 
handsets in the voice call mode [12], for which the various realistic ways an ordinary user 
holds his handset has been considered. In this work, the output quantity of interest was the 
antenna efficiency, which is obviously strongly impacted by the presence of the head and 
the hand. Another detailed study has been carried out by the University of Aalborg in 
cooperation with Infineon [13], highlighting the influence of the fine gripping of the handset 
by the hand. See also ref. [14]. More or less with the same goals, one of the authors of this 
report have published results on handsets in close to reality use conditions, allowing to 
provide statistics of the effective gain of the handsets, taking into account a modelled 
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propagation channel[15]. Actually, this approach is the one that serves as a guideline in the 
statistical modelling of the tag behaviour carried out within SELECT. 

However, in the SELECT context, the use of RFID tags has probably more variability than in 
the relatively well identified use case mentioned above, given the use cases recalled in the 
introduction 1.1. Defining input parameters probabilities will be very difficult. In the absence 
of any further a priori information, the uniform distribution is the simplest and most 
reasonable distribution to consider for most input parameters. As a consequence, the 
favoured approach is the following: 

 any tag antenna, which respects the SELECT tag requirements, is considered 
achievable with a unique probability 

 any object, any constituting material among common ones, any shape and any 
distance, orientation with respect to the tag is considered achievable with a unique 
probability 

 any radio channel, obeying the gross characteristics relevant to the SELECT scenarios 
and use cases of interest is considered achievable with a unique probability 

Once this said, another question is the possible dependence between the random variables 
involved in describing the input stochastic space specified above. This is a more subtle issue, 
in that certain types of tags can be used for certain scenarios and certain objects, but not for 
others. Some simple rules can be envisaged: 

 all triplets [tag antenna, close object, propagation channel] can be listed, and those 
that do not fit use case scenarios can be rejected. For instance a conveyor belt 
scenario is incompatible with a tagged cinderblock.  

 In the case of continuous parameters defining a tag antenna (typically the antenna 
geometrical or dielectric parameters), the dependencies will be enforced by checking 
that the tag antenna properties obey the elementary requirements (BW, radiation 
pattern specifications, according to reasonable a priori defined rules etc.). 

Actually, pushing the line of reasoning further, we see that it is possible to select the PDF 
according to a modelling target. In other words, from the choice of this target (e.g. to model 
backscattering channels only for conveyer belt scenario, or only for warehouses with high 
shelves, implying NLOS propagation etc.), we can reduce the effective dimension of the 
input stochastic space and produce statistical models of the output quantities for various 
targets. The parameterized character of the methodology allows this naturally. 

4.2.2.3. Sampling of the input stochastic space 

As highlighted above, the input stochastic space has an enormous dimension and it is clearly 
impossible to browse through it exhaustively. Only an extremely sparse sampling is feasible, 
which must be designed as carefully as possible. Actually, a guideline for this stems from the 
fact that even though the input stochastic space has an enormous dimension, the output 
stochastic space has a much smaller one. Even if we want to statistically model the full 
polarized radiation pattern (two 3D patterns at a given frequency), the possible angular 
dependences of these patterns cannot be random, being limited by the law of physics, 
especially for small antennas. This issue will be addressed in much more detail as a part of 
the tag antenna modelling effort. 
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Given that the cost of obtaining one data point (from measurements or simulations) is 
significant, we need to reduce this number of data points as much as possible, while 
extracting a statistics as close as possible to reality. As a consequence of this trade-off, a way 
to sample the stochastic space optimally should be researched. Let us first consider the input 
space sampling (Figure 35). Sampling can be expressed through the transformation from the 
exact PDF to the sampled one, e.g. for a single continuous variable: 

 

   n

n

n IIWIPDF   
       

(4.1)
 

   n

n

n OOWOPDF   
       

(4.2)
 

where Wn is a weight verifying 1
n

nW and In is a sampling point in the input space, the 

counterpart of which in the output space being On. Wn can be understood as a 
"representativeness" coefficient of the area around In or On. In other words, by reducing the 
number of samples, we should accordingly increase the value of the weight in order to 
guarantee a total integrated probability always exactly equal to 1. 

Once said this, it is important to be able to evaluate the quality of the sampling, which 

cannot be done directly on the PDF due to the specificity of the Dirac distribution, but which 

can be done naturally on the CDF.  

Therefore, the theoretical sampling optimization problem can be formulated as follows: 

 

Let the number of samples in the input stochastic space be fixed. Then the 
optimum set of sample points with their associated weights minimizes the 
error between the true CDF and the approximated CDF. 

 

where the CDF error admits several definitions, such as the mean square error over the 
space of input variables or the maximum of the error on this space. Typically, this 
optimization process will tend to concentrate samples in areas where the PDF is high, i.e. the 
CDF varies rapidly, and reduce their number in low PDF regions (Figure 35). 

This optimization principle applies to an input stochastic space with dimension > 1, since the 
multivariate CDF is straightforwardly defined. In addition, there is no criticality in assuming 
continuous distributions, as the above approach naturally lends itself to discrete 
distributions, which can directly be expressed as sums of Dirac distributions similarly to eq. 
(4.1). 

However, by doing this we can achieve the optimum sampling of the input stochastic space 
in some sense, but this by no means ensures the optimum sampling of the output space. 
Indeed, there is in general no direct relation between the value of the input PDF at a given 
point of the input stochastic space and the value of the output PDF at the point of the 
output variables defined by these input variables. This can be seen in Figure 36, where the 
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samples in the output space are concentrated in regions of low PDF and not adequately 
concentrated in areas of high PDF. Importance sampling is a well-known technique for 
reducing the variance in estimating a variety of statistical quantities [17]. The basic idea is 
that it is more performing to sample data where it influences the result most, and it is 
commonly applied in Monte-Carlo techniques in order to evaluate multidimensional 
integrals which it would be too time consuming to compute by regular sampling.  

One of the problems for our concern is that, if we succeed in optimally sampling the output 
space for a given output variable, there is quite little chance that this sampling turned out 
optimal for another. The problem exposed by these considerations is that it is impossible, in 
general, to optimally sample the input stochastic space while being simultaneously optimal 
with either or all of the relevant output quantities. In the absence of any information on the 
quantities of interest, then optimizing the input space sampling is the optimal strategy.  

 

 

Figure 35. Optimal sampling of the input stochastic space 
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Figure 36. Suboptimal sampling of the output stochastic space 

 

4.2.2.4. How to construct and use output statistical distributions 

4.2.2.4.1. The various construction levels 

Once we own a database of tag antennas propagation channel characteristics, the next 
major step is to exploit it into the construction of one or several statistical distribution of 
output quantities of interest. 

In the “full combination” approach (3.1), each full tag antenna characteristics are combined 
with each propagation channel realization, according to eq. 3.1. This method is highly precise 
but it is also very demanding in terms of information on both the tag and the propagation 
since it requires the knowledge and use of the full tag and propagation databases. 

A first level simplification may be to replace the set of existing tag antenna realizations (i.e. 
from the database) by a statistical model of the tag antenna properties. In this way, rather 
than providing a full database to a user of the SELECT backscattering channel model, we only 
provide him with the tag antenna statistical model, i.e. a recipe to use it (in the form of an 
algorithm) and the (small) set of parameters of the model. Some ways to model the tag 
antenna characteristics will be part of the project modelling effort within Task 2.1. In this 
case, the full set of realizations of the propagation channel is kept. 

A second level of simplification is to implement a partial combination of the tag antenna and 
propagation channel properties. In this case, both the propagation channel and the tag 
antenna are expressed by a small set of major parameters, which are hybridized as explained 
in section 3.2. The user of the model is provided with both these tag and propagation 
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parameters and the recipe (in the form of an algorithm) to statistically generate realizations 
of the backscattering channels. 

Finally, the third level of simplification is to construct directly the statistical distributions of 
the output quantities of interest. In this case, all the randomness involved in tag realizations 
and propagation channels realizations is combined once and for all to generate a given 
statistical distribution of these quantities. What is then necessary is a model of this 
distribution, which can either be in the form of a mathematical function depending on a few 
parameters, or a simple algorithm to compute this distribution. The parameters are 
“macroscopic parameters”, which are there to index for instance the type of environment 
(e.g. a warehouse vs. a conveyer belt) or the type of device (e.g. UHF-UWB vs. only UWB 
device). 

4.2.2.4.2. Transforming a data set into a mathematical distribution 

In all four ways to produce statistical distributions, a major and final step is to transform a 
discrete and finite set of output quantities into a statistical distribution. Naturally this set can 
be used as such without any further processing, e.g. when each realization is used in an 
evaluation of the backscattering link performance. Again this is not the preferred approach, 
as it implies providing the data set to the user of the distribution. In general, it is much 
preferred to export a mathematical formula or a simple algorithm to compute this 
distribution. The question arising is how to transform a data set into such a formula. There 
are various ways to do it: 

 best fitting the data by a suitable parameter dependent distribution. The problem 
then boils down to a parametric estimation one, which can be done according to 
some principles, such as maximum likelihood. It is, however, necessary to have the 
availability of a library of candidate distributions able to reproduce the observed 
experimental statistics by varying these parameters. Provided the experimental 
distribution was not too "exotic" and the requirement on the quality of the fitting 
were not too stringent, there is a good chance that this was feasible for low-
dimensional distributions. In the case of multi-dimensional distributions, the difficulty 
may be more severe, as there is less chance of finding the adequate parametric 
shape over several variables with differing behaviours. 

 estimating indirect quantities involved in the distributions, such as low order 
moments. The most poular ones are naturally the mean and the variance, but higher 
order moments are also commonly estimated in order to account for e.g. the 
skewness or the kurtosis. 

A variety of methods have been investigated in order to obtain these moments from as few 
data points as possible, such as the unscented transform [26], which makes use of a Taylor 
expansion of the output quantity around the mean of the input variables. This method is 
usually limited to the 2nd order moment and very few input parameters, but it can compute 
the quantities with quite few samples, much less than with Monte-Carlo at the same level of 
accuracy. Another popular technique is that of "polynomial chaos" [27], which allows a much 
higher accuracy for the computation of statistical moments or quantities, based on an 
expansion of the random quantities in the system model on an orthonormal basis of 
polynomials of the input parameters and the same for the output parameters. A related 
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technique is the "stochastic collocation", which makes use of Lagrange polynomials [28][29]. 
These methods tend to be used in the field of electromagnetics, in order to solve efficiently 
the Maxwell equeations in the presence of random parameters [30][31]. These methods are 
well suited to the computation of the output statistics when the dimension of the input 
space is small, at most a few random variables, and when the input-output relation can be 
expressed through analytical or quasi-analytical relations.  

Other approaches are possible and well known in the field of statistics, in order to reduce 
the variance of the estimators of statistical quantities such as moments of the distribution 
function. Methods such as, antithetic variates, control variates, importance sampling and 
stratified sampling allow a significant reduction of the variance in appropriate cases [17][32]. 
These methods will be addressed in constructing a statistical backscattering channel model. 

4.2.2.5. Roadmap towards producing statistical distributions of the output parameters 

According the discussion from sections 4.2.1to 4.2.2.3, we now need to identify the input 
stochastic parameters that can practically be handled and sample them at best in order to 
reduce the effort required by constructing statistical models of the output quantities.  

4.2.2.5.1. Input space sampling 

Regarding the input space sampling, we will resort to a simplistic approach that basically 
matches the requirements put forward in sections 1.2.1 and 1.2.2. 

In terms of tag antennas: 

 selection of a (limited) number of types of tag antennas, which respect the SELECT 
tag requirements and present significant differences from one type to another, in 
order to cover the assumed variability in antenna design 

 for each type, produce if possible a variety of antennas that respect the constraints 
as mentioned above. Obviously, this will be much easier to do by simulation than by 
fabrication 

In terms of disturbing objects: 

 investigate elementary disturbers, with simple shapes, depending on few 
parameters,targeting dominant perturbation effects  

 investigate the differential impact of having complex shapes for the same global size 
and volume integrated permittivity 
 

In terms of propagation channels: 

Sampling the stochastic space of propagation channels is an even more formidable task than 
for antennas, given the heavy human resource and time required by any propagation 
channel measurement campaign. The general approach is to carry out these measurements 
on a medium and/or large scale, and/or sometimes on a small scale, from which statistical 
models are extracted. Depending on the parameters to evaluate and model, the amount of 
effort and the stochastic space to span may be acceptable or very large. In case the DoA 
and/or DOD are necessary, a small scale spatial sampling at either or both sides of the radio 
link is necessary in order to extract these wave directions by an appropriate algorithm. 
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SELECT does not implement multiple antennas on the devices, be it in the reader or the tag. 
Therefore, such a need is not a high priority. However, based on previous results and 
preliminary investigations [33][34], we know that a widely spread angular spectrum at the 
tag side helps mitigate the risk of unfavourable nulls in the radiation patterns. Therefore, if 
not a precise information on the multipaths DoA, at least a rough information on the angular 
spread would certainly be useful in order to carry out the propagation channel model 
simplification considered in section 3.  

Secondly, the global path loss between the reader and the tag is an essential part of the 
radio link quality, directly impacting the SNR of the backscattered signal. This path loss will 
be heavily affected by the nature of the environment, especially in NLOS environment where 
obstructions present the major source of attenuation. In addition, given that the total 
backscattered signal is the sum of the useful one and the one from the clutter and the 
structural part of the antenna, the tested environments will need to take into consideration 
the importance of the clutter with respect to the useful signal. 

A significant effort has been allocated to the assessment and modelling of the UWB 
propagation channel over a decade [35]. Thus, we do not start from nothing. A selection of 
environments, mainly indoor but also industrial environments, have been modelled in a way 
that will be detailed and extended in section 5. This can be seen as a good part of the 
stochastic sub-space related to propagation in the environments of SELECT interest. Further 
work is addressed in section 5, also given the context of section 1.1.  

On a general ground: 

According to the discussion in section 4.2.2.2, we highlighted that a uniform probability 
distribution, enforcing possible dependence rules between input variables, was the best 
choice in the absence of further information. However, after sampling the input stochastic 
space this by no means implies that the weights Wn in eq. 4.1 should be equal. Indeed, these 
samples may either over represent the area of the input space around them, or under 
represent this area. In the general case, an evaluation step of these weights will be 
necessary. 

4.2.2.5.2. Selection of relevant output parameters  

The choice of the output parameters of interest is one of the most difficult tasks to carry out 
in the construction of the SELECT backscattering channel model. Indeed, the problem is to 
foresee what quantities, as small as possible in number and as simple as possible to deal 
with, will be relevant in this model. 

Usual antenna designers are often satisfied with major quantities such as the antenna 
impedance and the overall antenna gain. In the most advance cases (i.e. for instance by 
looking at catalogs of antenna manufacturers), we have access to major cuts of the radiation 
patterns in the main polarization state, much more rarely including the cross polarization. 
Thus, antenna descriptors are usually rather crude and far from containing all antenna 
characteristics. 

With respect to the SELECT goals, we will also need at some stage of the work to find out  
what tag antenna parameters are the most critical in terms of system performance. One of 
the benefits will be to provide guidelines to RFID tag antenna designers. 
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At this stage of the project, such indicators can only be preliminary, thus we will stick to 
simple and elementary ways to characterize the tag antenna performance. In particular: 

 the statistics of the tag backscattering realized gain in its antenna mode. This simple 
and classical descriptor tells us how the tag radiates in the various directions and 
polarization states, which means that for a single tag we already have a large number 
of values for this gain, which contribute to build a statistical performance 

 depending on the shape of the observed statistical distribtions, the mean and the 
variance of the backscattering realized gain may be simple quantities summarizing 
these distributions. In case not, higher order moments may be preferred 

 the statistics of matching efficiency. This is not truly relevant for a tag connected to 

an electronic circuit of 50  internal impedance since the realized gain statistics 
already contain this information, however it gives us an indication of what happens 
when e.g. the close disturbers affect the tag impedance 

At a later stage, better tag performance indicators will be sought after first fully combining 
the detail tag and propagation channel characteristics and trying to simplify the model, 
according to the methodology described in section 3. This simplification will necessarily 
imply the definition of parameters describing either propagation or tag characteristics. we 
will see at this stage which tag and propagation parameters will be most able to ensure 
proper reconstruction of the statistical distributions, while being the simples and most 
accessible ones to measurement or simulation. 

 
4.3. Initial measurement database construction 

According to the methodology discussed in section 4.2.2 and 4.2.2.5.1, we need to wisely 
"sample the stochastic space" of RFID antennas disturbed by their close environment. This 
means two things: 

 select a set of antennas, with a variety of radioelectric characteristics assumed to be 
representative of UWB antennas that we would find in true RFID tags 

 select a set of disturbers, that would also be representative of objects found in the 
vicinity of RFID tags in the course of their use 

The first of these objectives is already very ambitious, given the large number of possible tag 
antenna designs. However the second is even more difficult, as the variety of such objects is 
virtually unlimited. For those reasons, the way to proceed is as follows: 

 antennas are chosen by checking given their compliance with the specifications 
imposed in section 1.2.1. 

 elementary shapes and material properties have been chosen for the disturbers. 

The details are given below. The purpose of the initial database is to characterize completely 
the radiation and impedance of tags, in isolation and in the presence of plate shaped objects. 
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4.3.1. Measurement set-up 

The measurements have been performed in an anechoic chamber of size 8x3x4m, specified 
to operate from 800 MHz to 18 GHz. A special mounting system has been designed in order 
to accept the size and weight of objects placed in close proximity to the antenna under test 
(AUT), while limiting the electromagnetic signature of the materials used to fabricate it. The 
AUT and the disturber were solidly attached to the support, with a rotation capability 
around the horizontal and vertical axes of 0° to 360°. The measurements have thus been 
performed over the whole 4π Sr solid angle, over a band of 2-12 GHz every 20 MHz and for 
both linear polarization states. Given that they last several hours per polarization and 
generate a large number of data values, the angular resolution of 5° for both angles has 
been chosen, in order to limit both the measurement duration and the size of the files to be 
handled by post-processing. 

The measurements have been carried out in the frequency domain, using a vector network 
analyzer (VNA). The antenna Horn Lind green 3117 has been used as a reference antenna. 
Since it was fully calibrated, its contribution was extracted from the measured signals, as 
well as the free space path loss between the reference port of the horn and the center of the 
AUT.  

Due to the configuration of the positioner supporting the AUT, The azimuth angle was taken 
as that of the horizontal rotation axis antennas and the elevation angle that of the vertical 
axis(Figure 37). In other words, these angle denominations are those commonly used for a 
vertically polarized antenna, such as a dipole placed in its natural vertical position.  

 

 

Figure 37. Measurement configuration in the anechoic room 

 
4.3.2. Measured antennas 

The selected antennas have various origins, mostly laboratory made but also commercial: 
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The slot antenna was available in ENSTA-ParisTech laboratory4. It had been designed 
according to reference[19]. Due to its design, the antenna is mainly linearly polarized along 
its symmetry axis, with a radiation mostly normally to the plane. 

 

Antennas Name and size (mm) Bandwidth  (GHz) 

  
 

Slot_antenna 

60X57 

 

[2.9-10.5] 

  
 

DFMS 

40x24 

 

[2.4-7.3] 

 

  
 

DFMM 

33x20 

 

[4.8-11.4] 

  
 

PBD 

45x40 

 

[2.3-12] 

  
 

ALVA 

42x30 

 

[3-10] 

  
 

 

Taiyo yuden 

43X34 

 

[2.54-7.7] 

Table 1: antenna characteristics 

 

The DFMS (dual feed monopole stripline) antenna was available in ENSTA-
ParisTechlaboratory. It had been designed according to reference [8]. It is basically a planar 
dipole, vertically polarized with a symmetry plane. The radiation is essentially 
omnidirectional around the vertical axis, however due to its planarity the gain tends to be 
smaller in the plane than normally to it. 

The DFMM (dual feed monopole microstrip) antenna was available in ENSTA-
ParisTechlaboratory. It operates according to the same general principle as the DFMS, 

                                                     
4courtesy Xavier Begaud and Anne-Claire Lepage 
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however instead of feeding by a stripline, the feeding is through a microstrip waveguide. 
This effectively introduces some differences in the radiation patterns. 

The PBD antenna (planar balance dipole) was available in ENSTA-ParisTech laboratory. Being 
a planar dipole with a lateral feeding, we can expect some differences with respect to a 
dipole with bottom feeding, due to the perturbation brought by the feeder. 

The ALVA antenna was provided by CEA-LETI to ENSTA-ParisTech. It had been designed 
previously [20]and has some unusual characteristics, owing to its structure. 

Some details are given in the table above. The realized gain patterns, averaged over the 3-5 
GHz band, are shown in both polarizations and in linear scale in Figure 38-Figure 42. We can 
see that these antennas exhibit some differences in their radiation behaviour, which is one 
of the objectives of their selection. 

 

 

Figure 38. Radiation patterns of the slot antenna (isolated), averaged over 3-5 GHz 

 

 

Figure 39. Radiation patterns of the DFMS (isolated), averaged over 3-5 GHz 
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Figure 40. Radiation patterns of the DFMM (isolated), averaged over 3-5 GHz 

 

 

Figure 41. Radiation patterns of the PBD antenna (isolated), averaged over 3-5 GHz 

 

 

Figure 42. Radiation patterns of the ALVA antenna (isolated), averaged over 3-5 GHz 
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Figure 43. Radiation patterns of the Taiyo Yuden antenna (isolated), averaged over 3-5 GHz 

 
4.3.3. Disturbing objects 

In this first measurement campaign, the objects taken as disturbers were simple plates, of 
unique lateral size but with differing thicknesses and made of a small selection of materials. 
Indeed this choice was guided by the idea that the objects to which the tag will be fixed in 
practical cases, are susceptible to have a variety of values of the permittivity. In all 
measurement cases, the antennas were placed parallel to the plate and at the same lateral 
location with respect to the plate, as shown on Figure 44. They were oriented in such a way 
(among two possibilities) that the nominal radiation was directed towards free space and 
not towards the plate. For more variability, the antennas were also placed at varying 
distances from the disturber. 

In summary of this part, the disturber parameters that have been investigated for each of 
the tested antennas are the following: 

 material permittivity 

 plate thickness 

 distance between the tag and the plate 

In total, the number of antenna and disturbing objects combinations is 6x5x3=90 (table 2). 

Antennas Objects (thickness) Antenna-Object spacing 

ALVA 

DFMM 

DFMS 

PBD 

Slot antenna 

Taiyo Yuden 

Wood [5mm,22mm] 

 

glass [4mm] 

 

Plexiglas [4mm,10mm] 

12mm 
 

20mm 
 

40mm 

Table 2: combinations between antennas, plate characteristics and plate-antenna distances 
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Figure 44. Position of the antennas with respect to the disturbing plate 

 
4.3.4. Summary of results 

As an example, the effect of a given type of disturbing plate and distance (wood plate, 5 mm 
thickness, 20 mm between antenna and plate) is shown, for comparison, on the realized gain 
patterns of Figure 45-Figure 46. Clearly, the effect of the object differs and depends on the 
antenna, which is a natural consequence of the difference in the radiation patterns of the 
isolated antennas. 

The interaction between the antenna and the plate can be envisioned as follows: 

 Partial reflection and multiple reflections of the radiated waves with the air-plate 
boundaries, at the two sides of the plate 

 Partial transmission of the waves 

These effects have been known for centuries, however they occur here in the near field of 
the antenna, since the distance (at most 40 mm) is below 2D²/λ~67 mm, where D (~50 mm) 
is the diameter of the smallest sphere containing the antenna and λ is the wavelength (75 
mm on average). Due to its spatial extension, the antenna is not exactly a point source, as 
most of the currents tend to be localized near the feeding points or at borders of the 
metallic parts of the radiator. In addition, although the plate is fairly large with respect to 
the antenna size, it is not infinite. It is, therefore, not possible to describe these effects as a 
point source radiator in interaction with an infinite plate with parallel boundaries, but we 
can expect that most of the effects will have somewhat the flavour of this simplistic 
description. The reflected angles depend on the direction of the incident radiation, and the 
interference effects will play a role, depending on the wave angles and polarization and on 
the plate thickness and permittivity. 
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Figure 45. Radiation patterns in the presence of a wood plate of thickness 5 mm, at 20 mm from the 
antennas (slot antenna, DFMS, DFMM) 
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Figure 46. Radiation patterns in the presence of a wood plate of thickness 5 mm, at 20 mm from the 
antennas (PBD, ALVA, Taiyo Yuden) 

 

As a preliminary approach to the statistical analysis of the data and its incorporation into a 
global statistical model, we computed the statistics of the backscattering tag gain, i.e. twice 
the antenna mode tag gain, incorporating the imperfect, if any, matching efficiency. This is 
done as follows. 

Let us first recall eq. (2.9) and refer to Figure 19 : 
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where IN  is the ratio between the received wave amplitude at the reader and the 

transmitted wave amplitude by the reader also. 22S  is the tag antenna reflection coefficient. 

The useful backscattered signal is the difference between the two received wave amplitudes, 

for short and open conditions at the tag ports, i.e. for 1L  or 1L . In other words 

the useful signal is proportional to   

2

22

2

12

2

22

2112

2222

2112
1

2
1

2
1

1

1

1
)1()1(

S

S

S

SS

SS
SSLINLIN





















   (4.3) 

We note that 12S describes the emission of waves by the reader and reception of these 

waves by the tag. Thus T

tagHS 12 , which is the tag transfer function in transmission, relating 

the emitted wave amplitude to the incident wave amplitude, where all these amplitudes are 

expressed for a given reference impedance (usually 50 ). For an ideal tag antenna, isotropic, 

non-distorting and lossless, we have 1T

tagH
 
[21]. According to eq. (2.23), an energetic 

figure of merit (FoM) for the backscattering tag antenna performance is the quantity

2
2

22

4

1 S

H T

anttag





, whose value is 1 for such an ideal tag antenna. 

The backscattering FoM is plotted in Figure 47 for two cases : the isolated tags and the tags 
in proximity to the various plates (table 2). The wide range of values should not be 
misinterpreted: they express all the directions and polarizations involved in the radiation 
patterns, including the deep nulls such as the tag antenna zenith (for dipoles). Owing to the 
multipath character of the propagation, completely falling into such a deep null never 
happens, since multipath diversity will help to mitigate such unfavourable events. Once 
more said, it is one of the future tasks to combine these tag properties with propagation 
properties to obtain complete channel properties lending themselves to link level 
performance evaluation. 

Notably, there is not that much difference between isolated and environed tags, i.e. 
although the trend is a worse FoM on average when the tags are close to a disturbing plate, 
the difference is at most a few dB, in spite of the strong interactions envisioned above (and 
below). The probable reason is that this redirection of radiation does not consume power 
(the materials investigated are not reputed to be absorptive). 

Naturally there is a big difference between the vertical and the horizontal polarization FoM, 
which simply comes from the linear polarized character of the antennas. 

Another remark is that, as expressed in dB, the distributions deviate more or less strongly 
from the Gaussian distribution (visible with the eye). Especially there are rather significant 
low performance tails that may impact the overall performance significantly and wouldn't be 
well described by a normal distribution. This will eventually need further examination. 
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Finally, it is useful to observe the impact of the objects on the matching efficiency 
2

221 S of 

the tags. Let us indeed recall that 
2

T

anttagH   is the realized gain of the tag in transmission, i.e. 

in case of tag mismatch to the reference impedance, the realized gain will unavoidably be 
reduced.  

Figure 48 shows the CDF of the matching efficiency, which remains above 0.8 in all cases. 
This means that there is serious detrimental tag impedance mismatch due to these objects, 
at least for those and at the distances considered up to now (see table 2).  

 

 

Figure 47. Backscattering FOM for the preliminary experimental tag database in vertical, horizontal 
polarization or both polarizations power together;full lines: isolated antennas;dashed lines: environed tags 

 

Figure 48. distribution of the matching efficiency for environed tags 

-100 -80 -60 -40 -20 0 20
0

0.2

0.4

0.6

0.8

1

Backscattering Figure of Merit (dB)

C
D

F

Gain statistics

 

 

all

vertical

horizontal

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Matching efficiency

C
D

F



Project SELECT - Smart Efficient Location, idEntification and Cooperation Techniques  Project- No 257544 
Work Package Identification, location and modelling WP  – No WP2 
Document Deliverable D2.1.1 SaveDate 26/08/2011 

 

D2.1.1_Backscatter-propagation-modelling-Interim-
report_1.4.docx 

Dissemination Level:  Public Page 63/104 

 

               

 

 

 

 

 

Figure 49. Comparison between simulated and measured radiation patterns. Top: isolated antennas; middle: 
Wood plate, 20 mm distance; bottom: Glass plate, 40 mm distance 
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4.4. Initial simulation database construction 

This part aims at completing the measurement database by electromagnetic simulations. 
Certain configurations (e.g. with disturbers) are easier to realize in simulation that in 
measurements, avoiding the burden of object fabrication or finding.  

At first, we proceeded to the validation of the capacity of the tools of electromagnetic 
simulation, by comparison to a similar case of measurement. The tool used for this purpose 
was the commercial software WIPL-D® [22]. It is based on the method of moments in the 
frequency domain and implements full domain (polynomial based) basis and test functions, 
which makes it suitably fast for statistical simulations. 

In Figure 49, we show the comparison between an example of simulation and measurement. 
The antennas are not identical (planar dipole and DFMS, respectively), but both are planar 
quasi-omnidirectional vertically polarized antennas, with similar sizes and not too different 
patterns averaged over the BW 3-5 GHz. We can see that, in spite of this difference, the 
essential features of the radiation patterns are preserved. The permittivity of the materials 
used in the simulation also certainly did not exactly fit with the reality, being taken from the 
literature. 

In Figure 51, we show the comparison between the simulation and the measurement of the 
reflection coefficient of a DFMM antenna. The same conclusions apply, i.e. although the 
agreement is not perfect (which is commonplace when comparing simulation and 
measurements), it is decent. However, as stressed above, a good agreement between 
simulations and measurements of the impedance is not always easy to achieve, which 
means that it will not be put as a priority specification in the construction of the simulation 
database. 

  

Figure 50. Comparison between simulated and measured reflection coefficient of a DFMM antenna 
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Figure 51. Top:  antenna designs; top middle: isolated antennas (elliptical slot and planar dipole); bottom 

middle: with plate =2, d=5mm; bottom: with plate =4, d=80mm (20 dB scale) 

 
4.4.1. Simulations specifications 

In this section, we address the ways to construct a database of simulated tag antenna 
characteristics, susceptible to complement the one built from experimental data in the most 
efficient way. We have to take into account the following aspects: 

 The reliable computation of the antenna impedance is difficult. It requires an 
important effort in the design and meshing of the antenna model within the 
simulator and verification steps between real feeders and the ones modelled in the 
software tool. One of the consequences is the necessary refinement of the antenna 
model and the resulting increase of the consumed computer resources. Since these 
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simulations must also be done with surrounding objects and also statistically (i.e. 
running a lot of simulations), the computing time may become a problem. However, 
from the experimental results presented in 4.3.4, we saw that for many objects, the 
influence on the matching efficiency was not dramatic. In other words, computing 
this matching efficiency with high accuracy is not really useful. The main goal of the 
database is towards radiation patterns rather than impedance. 
 

 The available antenna models and the available real antennas are not the same. This 
means that, once the elementary validation of the simulation procedure has been 
carried out, we can resort to modelled antennas in order to extend the databases by 
incorporating different antennas  
 

 In terms of disturbing objects, a major goal will be to go beyond the simple shapes 
considered till now (plates); by generating irregular or at least complex object 
shapes, able to represent the variety of items that could be in the vicinity of real 
world tags. 

In Figure 51, we show the radiation patterns averaged over 3-5 GHz of two types of planar 
antennas. The left column stands for a slot based design while the right column stands for a 
dipole based design. Apart from the isolated antenna patterns (top), the simulations are 
performed in proximity to plates of dielectric permittivity 2 or 4 at distances 5 or 80 mm. 
What this shows is that while we observe strong directional features, stemming from the 
reflection/transmission phenomena mentioned in 4.3.4, the specificities of the antennas 
themselves are very visible. This obviously comes from the bidirectional character of the slot 
antenna on one hand vs. the quasi omnidirectional character of the dipole on the other. 
What this shows is that in our approach to the construction of the simulation database, such 
distinction between the antennas of interest should be primarily considered. We indeed 
found out that antennas with similar patterns tend to have similarly when disturbed by a 
given object. The great benefit of this is the reduction in the number of antennas to select in 
the construction of this database. 

At this stage, the simulation database has still been limited to plates, which was considered 
essential in order to check that behaviours similar to experiment were found. Two antennas 
type with different characteristics were selected, with design and radiation characteristics 
presenting a good similarity with the measured antennas. The simulations have been 
performed with the electromagnetic tool WIPL-D in the band [3-5] GHz, with a resolution in 
azimuth from 0° to 360° by step of 5° and in elevation from 0° to 180° by step of 5°. Simple 
generic plates with thickness between [10-30] mm, and permittivity between [2-7] were 
placed at the distance d [5-40] mm from the tag. 

Exploitation of this data will be carried out at a later stage, after completion of the database 
by further simulated objects. 
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Antennas Objects (thickness) Antenna-Object spacing 

Elliptical slot 

planar dipole 
Dielectric plate: [10;15;20;30]mm [5;10; 15; 20; 25; 30; 35; 40]mm 

Table 3: parameters of the initial simulation database 

4.5. Specific effect of a metallic object on a UWB RFID antenna 

The advantages of UWB include, but are not limited to, low power consumption at the 
transmitter side and extremely accurate ranging, positioning capability at sub-meter level 
and robustness to multipaths [23]. However, these advantages could be reduced when an 
UWB tag is located in close proximity of a metallic object, since the interaction with it might 
drastically affect the energy backscattered by the antenna. For this reason, the interaction of 
UWB antennas with nearby metallic reflectors is investigated through a comparison between 
simulations and measurements, in order to evaluate how the performance can change. In 
narrowband systems, such as ultra high frequency (UHF) RFID, the interaction between UHF 
antennas and close objects has already been well and deeply investigated, showing how the 
presence of objects in the surrounding environment can affect the antenna backscattering 
performance [24][25]. On the contrary, for UWB systems this study remains an open issue. 

 
4.5.1. Measurement set-up 

In order to obtain a characterization of the interaction between an UWB RFID antenna and 
a close metallic reflector, which is reputed to be a worst case, the backscattered signals of 
three different UWB antennas, a DFMS, a DFMM [8]and a thick UWB dipole (all fabricated at 
ENSTA-ParisTech and shown in Figure 52), were measured inside an anechoic chamber in the 
presence of nearby metallic plates placed at different distances behind the tag.  

 

 

Figure 52. Antennas measured inside the anechoic chamber 

 

 

DFMS 
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Two Horn Lindgren 3117, placed in a quasi monostatic configuration and separated by 15 cm 
in order to guarantee a sufficient isolation between transmit and receive channels, were 
employed as reference antennas (reader) at a distance of 1.54 m from the tag (Figure 53).  

Three different loads (SC: ZL = 0, matched: ZL = 50 Ω and OC: ZL =) were connected to the 

tag through a switch, via a delay line intended to temporally discriminate the structural and 
the antenna mode scattering. The measurements were performed in the frequency domain 
by means of a vector network analyzer in the band 2–12 GHz. The tag, mechanically 
supported by a vertical post, was rotated from ф = -180°  to ф = +180° with a step size of 5°. 

 

 

Figure 53. Measurement set-up reconstructed inside the anechoic chamber 

 

Figure 54. Left: Simulated DFMM. Right: Simulated dipole. 

 
4.5.2. Simulation of the Antenna Backscattering 

The validation and comparison of the experimental results was done through the 

electromagnetic software WIPL-D, which is a full domain commercial code based on the 
methods of moments [6]. In particular, we tried to recreate almost the same conditions as 
the measurements, especially for the metallic plates. At first we simulated the backscattered 
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electric fields in monostatic conditions, likewise measurements, from which we extracted 
the 1221 /abS   backscattering parameter, where 1a and 2b  are respectively the transmitted 

and the received signal. We refer to the equations of section 2.4.2 for the work presented in 
this section. Indeed, Eqs. (2.19) combined with (2.20) and (2.23) represents the round trip 
channel transfer function for passive UWB RFID, showing the contribution of the 
backscattered tag signal in . Furthermore, with this relation it is possible to link the 

simulated electric fields with the measured round trip channel transfer function. In 
simulations we tested the DFMM and the thick dipole in the same band as measurements, 
respectively 2–12GHz and 4–4.8 GHz, every 5° over the azimuth. An absorber was similarly 
placed around the DFMM feeder to limit common mode currents, as shown in Figure 54. 
Furthermore, also a UWB planar dipole between 3 and 13 GHz was simulated in order to 
analyse its backscattering response.  

In order to confirm the effect observed in the previous section, we have investigated by 
electromagnetic simulation (WIPL-D) the backscattered signal of a planar dipole when a 
metallic object with different shape and dimensions is positioned at 1cm behind it. We 

considered two metal plates of dimensions 55cm2 and 1010cm2 similarly to 
measurements and a metal can, as shown in. The system was tested in the frequency range 
3–13 GHz. 

 
4.5.3. Measurement Results 

In Figure 55 the round trip channel transfer function measured for the MDFS in presence 
or absence of a metal plate and connected to three different load conditions are reported. 
The results refer to the reader-tag orientation in the condition of maximum radiation when 
the backscattered signal received from the tag is the strongest. In particular, a phase 
difference is clearly observed between the OC and SC load.   

 

Figure 55. Top: measured antenna mode scattering with 10X10cm2 metal placed 1 cm behind the MDFS. 

 

tagH
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Figure 56. Average energy (rel. Units) over the azimuth plane for the measured MDFS. 

 

 

Figure 57. Metal can placed behind the planar UWB dipole. 

 

The signal peaks are higher for a metal plate placed 1 cm behind the tag (upper plot) than 
for an isolated antenna (lower plot). This is a somewhat surprising result, in that we 
commonly expect the metal to act as a short circuit since the electric field vector is parallel 
to it. Actually, the situation is more complex than this simple view, due to the finite 
interaction distance and the finite antenna size, and also to the non-unique wavelength in 
UWB signals. From the observed results, both the metal size and its distance to the antenna 
centre are thus important parameters. We also expect ringing effects and metal plate 
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diffraction to play a role in this phenomenon. This effect will be deeper investigated in the 
following sections, showing further results. Backscattering normally to the (planar) antenna 
and planar metallic plate is of course a highly particular situation, and it can be suspected 
that specific interference and directionality effects can explain the signal increase. Indeed, in 
the antenna mode the tag backscattered radiation is obviously affected by the metallic plate 
reflection towards the reader. For a more complete assessment, we show in Figure 56 for 
the measured DFMS the monostatic backscattered pulse energy in the antenna mode, 
averaged over the whole azimuth plane (360°). This (normalised) energy is defined for each 
backscattering direction as the integrated squared impulse response over the pulse 
duration: 

dttSE 
2

21 )(
              

(4.4) 

In particular, Figure 56 for the measured DFMS antenna (also named MDFS in the figure) 
shows that even for the average energy, the metal reflector results in an increase with 
respect to the isolated antenna. Not surprisingly, a bigger metal reflector is more favourable 
than a small one, especially for larger distances. It also appears that the distance between 
the metal reflector and the antenna centre affects the average energy in a non-monotonous 
way according to the distance, as shown in Figure 56. Given the wide band involved in this 
effect, too simple - wavelength based - considerations about the distance between the metal 
reflector and the tag antenna need be cautiously applied. 

 

 

Figure 58. Simulated antenna mode scattering for the planar dipole. 
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Figure 59. Total Backscattered power over the sphere vs the tag-metal plate distance for the DFMM (left) and 
the simple UWB dipole (right). 

 
4.5.4. Simulation Results 

Figure 58 reports the simulated results. They still refer to the reader-tag orientation in the 
condition of maximum radiation when the backscattered signal received from the tag is the 
strongest, which corresponds to the normal to the metallic plane and antenna. Again, the 
antenna backscattering mode is obtained when the tag is connected alternatively to an OC 
and SC load. 

These results unambiguously confirm the increase of the received signal amplitude with 
respect to the isolated antenna, when a metallic object is placed behind it (Figure 58). A 
planar reflector of course is more favourable to backscatter the incident field to the same 
incident direction, and still for this situation a bigger plate seems to take more advantages. 
These interesting results may lead to further studies on how the dimensions of the reflector 
may change the backscattered signals.    

We then performed in bistatic the same simulations previously done in monostatic 
configuration. We considered the DFMM and the thick UWB dipole in the same bandwidths 
as before, and the antenna backscattering response was simulated for 120 values of the 
azimuth angle over 360° and 61 values of the elevation plane over 180°, under an excitation 
(1V/m incident wave amplitude in vertical polarization) considered only on the direction 
θ=90°, ф=0°. We obtained these curves by integrating over the sphere the backscattered 
power flux which is defined as 

2

2

backE
P                                      (4.5) 

where backE  is the backscattered electric field at a given distance. The total backscattered 

power in bistatic mode is reported in Figure 59. It is interesting to notice how the distance 
dipole-metal reflector influences the performance. In particular, for d=34mm=λ /2 and along 
the direction θ=90°, ф=0°, the reflected signal is in phase opposition with the incident wave. 
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Consequently, the tag receives a small amount of energy in antenna mode and thus we 
obtain a minimum for the total backscattered power. On the contrary, for d=17mm=λ /4, the 
two waves are in phase, thus the amplitude of the backscattered signal is summed up, giving 
an increase of the power gain as it is in part shown in Figure 59. In fact, if we compare the 
curves which refer to the presence of the metal reflector with the ones for the isolated 
antenna, we can notice a power gain factor of 4 and 5 for d=17mm (or a bit greater than 0 
for d=34 mm). This effect can be related to the sizes of the metallic plates, which are far 
from being an approximation of the infinite size reflector, and from a sort of ringing effect 
between the metallic object and the antenna. Similar results were obtained for the DFMM, 
but given the wide band involved in this effect, it is not cautious to explain this effect with 
simple considerations which involve the relation between the wavelength and the distance 
between the antenna and the metal reflector. 

 
4.5.5. Measurements-Simulations Comparison 

In Figure 60 and Figure 61 we finally report similar results obtained by simulations in 
comparison with measurements (in relative units). They refer to the average energy 
collected in monostatic mode over the azimuth. In order to account for the true loads, which 
are neither pure SC nor pure OC due to the switch and cables, the latter were calibrated and 
injected into the simulation by post-processing. Remaining errors may stem from the 
uncalibrated DFMM connector in the simulation. Anyway the main target of this deliverable 
is to show a qualitative agreement between measurements and simulations as regards the 
increase of average backscattered energy by the presence of metal.  

 

Figure 60. Top: Simulated average energy over the azimuth plane for the DFMM. Bottom: Measured average 
energy over the azimuth plane for the DFMM. 



Project SELECT - Smart Efficient Location, idEntification and Cooperation Techniques  Project- No 257544 
Work Package Identification, location and modelling WP  – No WP2 
Document Deliverable D2.1.1 SaveDate 26/08/2011 

 

D2.1.1_Backscatter-propagation-modelling-Interim-
report_1.4.docx 

Dissemination Level:  Public Page 74/104 

 

 

Figure 61. average energy over the azimuth plane for the dipole.Top: Simulated;  Bottom: Measured. 

 

In Figure 61, we note that the magnitude of results differs by almost a factor 2 between 
measurements and simulations. Various reasons may explain this discrepancy, such as a 
partial masking of the antenna by the mechanical support in some azimuth angles. However 
in all cases, the presence of the metal plane indeed increases the backscattered average 
energy. A fairly good agreement, at least qualitatively and in terms of distance dependences, 
is in particular seen for the dipole.  

 
5. Propagation channel between tag and reader 

In this section, we present preliminary results on propagation channel modelling. 

Given the large band, UWB propagation channels show fundamental differences from 
conventional narrow-band propagation in many respects so that the established models 
cannot be employed. The main difference with respect to the narrow band channel rely in 
the fact that multi-path components (MPCs) can be distinguished in the time domain 
because of the large band. As a consequence the classical hypothesis of a large number of 
MPCs in one bin is not verified and the central limit theorem cannot be applied, since the 
different components come at delay separation larger than the resolution given by the band 

 In the last years a huge number of investigations have been carried out on UWB channel. 
Main contributions have been given by Mitsubishi Electric Research Labs, Lund University, 
DoCoMo, IMST , resulting in the IEEE 802.15.4a channel model [39]. This statistical channel 
model is widely recognized by the scientific community and employed for the evaluation of 
UWB system performance. On top of this channel model some improvements can be 



Project SELECT - Smart Efficient Location, idEntification and Cooperation Techniques  Project- No 257544 
Work Package Identification, location and modelling WP  – No WP2 
Document Deliverable D2.1.1 SaveDate 26/08/2011 

 

D2.1.1_Backscatter-propagation-modelling-Interim-
report_1.4.docx 

Dissemination Level:  Public Page 75/104 

 

considered, especially for what concerns the angle of arrival (AoA)[40] and spatial 
correlation description [40]. 

Nevertheless the SELECT system is based on UWB antenna backscattering, so that we have 
to consider a two-way channels, i.e. from reader to the tag and the backscattered from the 
tag to the reader. This kind of channel can be significantly different from the classical UWB 
“one-way” channel and need to be characterized, by considering the antenna properties.  

In this section we present the preliminary measurement campaigns carried out in the scope 
of SELECT in order to model this very peculiar channel. A preliminary model is presented. 
Additionally a dynamic channel model based on antenna backscattering measurement is 
proposed. These models are focused on the backscattering antenna mode, which represents 
the useful signal in UWB passive and semi-passive backscattering communications schemes.  

The semi-passive scheme employed (see D2.2.1) is able to remove the structural mode as 
well as the clutter, thanks to the load modulation. Nevertheless, from the system point of 
view, it is also very important to characterize the clutter, since it could be a liming factor for 
ranging and location, and impact the reader hardware design. Since no clutter model is 
available in the literature, specific measurements have been carried out. 

 
5.1. UWB Backscattering channel characterization and modelling 

5.1.1. Measurement campaign 

A UWB backscattering channel measurement campaign has been carried out in a large 
laboratory environment which is representative of the SELECT application. In the measured 
scenario, there are a number of usual scatterers, such as tables and metallic closet, a huge 
metallic door of the anechoic chamber and three big hexagonal structures (see  Figure 62) 
which are used as support for heavy objects in anechoic chamber.  

Measurements have been carried out in the frequency domain by employing a ZVA-24 R&S 
VNA. The investigated band is from 2 to 11 GHz by 5 MHz steps. Two reference horn 
EMCO3115 antennas, separated by 55 cm, have been employed at the “reader side”. This 
antenna separation has been chosen in order to have the best trade-off in terms of mutual 
coupling and mono-static configuration.  On the tag-side, two antennas have been 
employed: the wire-patch (WP) monopole and Taiyo-yuden (TY) antenna presented above. 
Both antennas have been placed vertically at 1.6 meters height. The horn antennas have 
been placed in order to characterize only the vertical polarization. In future measurements 
different tag orientations as well as polarization will be investigated. 

The tag antenna has been displaced linearly, with respect to the reference antennas, from 1 
to 6 meter by step of 10 cm. Larger distances could not be investigated because of the 
instrument signal dynamic range. 
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Figure 62 Measured scenario: WP antenna and reference antenna (left), TY antenna (right) 

 

The antenna impedance load has been modulated by employing a 1:2 SPDT absorptive 
Switch. The input of the switch has been connected to the antenna port, while the two 
outputs (J1 and J2 on Figure 63) were respectively connected to a short circuit and open load. 
The switch being absorptive, when one output is selected, the other one is connected to a 
50 ohms load. The switch frequency cut-off is 6 GHz, which is not a limiting factor since the 
measurements will be exploited in the 3-5 GHz band. It has been decided to perform 
measurement over a very large band in order to avoid affecting the frequencies of interest 
by the post-processing (e.g. frequency windowing before inverse Fourier transform).  As 
depicted in Figure 63, the insertion loss is very low when the switch is used in transmission.   

 

Figure 63 1:2 RF switch: photo, schema and  S-parameter 

 

However the switch here is employed for backscattering load modulation. Ideally the 

reflection coefficient should be 10  LSL over the entire UWB band. In Figure 64 we 

show the reflection coefficient in the frequency and time domains for the two loads. 
Obviously the modulus is not 0 dB because of the losses in the switch, the PCB and the SMA 
connector. Moreover the difference between the two conditions is not simply a -180° phase 
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shift. However when looking at the time domain response, we can notice that there is a sign 
inversion that could be acceptable in terms of application. The extra delay of about 1ns is 
due to the switch itself. These imperfections can be corrected by post-processing. 

 

Figure 64 Reflection coefficient with open and short load: frequency domain and time domain 

 

 

Figure 65 Example of measured impulse response 
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The S21 parameter measured by the instrument includes the mutual coupling between the 
reference antennas, the clutter, and the antenna backscattering in the multi-path scenario. 
An example of impulse response obtained by simple inverse Fourier transform is depicted in 
Figure 65. The x-axis is the round-trip distance i.e. 2/ cd , where c is the free-space light 
speed and  the excess delay. 

 
5.1.2. Channel gain modelling 

The rough channel impulse response can be expressed as follows: 

            
LS BSBSCMCLL

hhhhhfH 

2121

1
                   (5.1) 

The first MPC  MCh is obviously the mutual coupling, which is the same regardless the load 

condition. The other MPCs represent the clutter  Ch plus the antenna backscattering 

(structural  
SBSh and antenna mode  

LBSh ).  

 

Figure 66 Example of extracted PDP related to the antenna mode, normalized to the first path 

 

Since we are interested in characterizing  
LBSh  independently on the reflection coefficient 

of the switch, and the antenna impedance matching, we can extract the channel 
backscattering transfer function related to the antenna mode  if we measure the channel in 

short and open circuit (  fH
S21  and  fH

O21  respectively) and we know the antenna 

impedance, i.e. the coefficient )(22 fS  in  (2.9). The channel backscattering transfer function 

can be easily obtained as follows: 
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In the following we will focus the channel backscattering impulse response, i.e.:  
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   )(1 fHCIR BSBS

          (5.3) 

or equivalently the power delay profile (PDP) i.e.  2
BSCIR .  

In Figure 66, we show an example of PDP obtained from (5.2) and (5.3) and the MPCs, 
normalized with respect to main path amplitude. MPC extraction has been obtained by 
applying a CLEAN algorithm [43][44], considering a 2 ns width bin. This value has been  
chosen according to the integration window specified in the reader architecture (D2.1.2). 
MPC extraction is performed in the CLEAN algorithm until extraction of 99% of the total 
energy. A key parameter for any wireless system is the path gain, i.e., the ratio of the 
received power (averaged over both the small scale and the large-scale fading) to the 
transmit power. The path gain determines the average signal-to-noise ratio (SNR) and in our 
case study also the signal to clutter ratio (SCR).  

For UWB systems, the path gain is obviously frequency dependent. We consider here an 
average channel gain:  
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Figure 67.Channel gain versus distance, WP antenna 

 

Figure 67 shows the channel versus the tag reader distance (d) normalized with respect to 

distance 0d =1m. The blue line corresponds to channel gain including the reference antenna 

contribution. However, in real applications omnidirectional antennas will be probably 
employed. Obviously the radiation pattern of the reference antennas can strongly affect the 
angular properties of the investigated channel. Since the tag is in direct LOS with respect to 
the horn antennas, here we just compensated the (frequency dependent) antenna gain of 

the horn in )( fHBS .  The results is shown in red in Figure 67, and they turn out to be close 
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to the value of the free space round trip channel, considering ideal omnidirectional isotropic 
antennas.  

It was found that the mean channel gain (in dBs) presents a linear decay: 

0

0

10log10)( G
d

d
ndG

dB











 

       (5.5) 

Where 0G  is the channel gain at the reference distance 0d . It was found that the path gain 

exponent n  is about 3.  

In the classical IEEE 802.15.4 one-way LOS channel n is between 1.2 and 1.79 according to 
the scenario, which is less than 2 of the free space attenuation, because of the waveguide 
effect in indoor scenarios. Here we analyse the round-trip channel exponent which is 
reasonably twice the “one-way” channel (n=1.5).  

The frequency dependence of the channel path gain is modelled as:  

fk
fG

2
            (5.6) 

Slow variation along the mean channel gain can be modeled by a normal random variable (in 
dB) with standard deviation   . 

 
5.1.3. Power delay profile modelling 

The Saleh-Velenzuela model is commonly used to describe wideband channel impulse 
response, which considers that MPCs arrive grouped by cluster [45].  

 

Figure 68 SV model 
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The channel is described by a filter with the impulse response given by 

     lkl
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      (5.7) 

Where L represents the number of clusters and 
l

K is the number of MPCs in the l-th cluster 

coming at lT , while lk , lk , and lk ,  represents the amplitude, phase and time of arrival of 

the k-th path in the l-th cluster.  

By considering L=1 the first path time of arrival is related to LOS component and, as depicted 
in Figure 69, it can be simply estimated as 

                   (5.8)  

The delay spread is computed as: 
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where m is the mean delay obtained as: 
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Figure 69 ToA of first path versus distance 
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In order to describe the delay dispersion characteristics we model the path amplitude can be 
modelled by an exponential, as classically done in wide-band channel modelling: 






















 explog10 100

2

dBdBk                               (5.11) 

Where   represents the decay factor versus delay. 

Equation (5.11) expresses the energy, normalized to 0  and averaged over the shadowing 

and the small-scale fading. 

In Figure 70 we show the delay spread when using WP antenna, together with the decay 
factor  .  It can be noticed that the delay spread can be larger than the classical indoor 

channel at the same distance, since the backscattered signal has to experience twice the 
multi-path effect. Moreover higher distances yield to a larger delay spread. 

It was found that a linear dependence on distance fits the mean value of  . As a 
consequence, instead of using a unique value of decay factor, we can express its mean value 
as follows: 

01)(
~

mdmd                      (5.12) 

 

Figure 70. Delay spread and exponential decay 

 

The number of multipath is generally modelled by a Poisson distribution in the SV model 
with Probability Density Function (PDF): 
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where the key parameter is the mean value  ̅. However as depicted in Figure 71 the number 
of paths can change along distance. In particular it was found that  ̅ increases with distance 
up to a limit value which is around 80. This effect can have a strong impact on the delay 
spread evaluation by the model. Here we propose a saturation model: 

 ̅  ⌊       
                        (5.14) 

 

Where ⌊  rounds to the nearest integer. By definition, we have that 0   is the first arriving 

path. The distributions of the ray arrival times are given by a Poisson process so that the 
inter-ray arrival times are exponentially distributed: 

    11 exp   kkkkpdf                                (5.15) 

 

It was found that the mean arrival rate is up to 2.3 ns when TY antennas are employed.
 

 

Figure 71 Number of MPCs 
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Figure 72 Small fading distribution in UWB backscattering channel using WP antennas 

 

Figure 73 Small fading distribution in UWB backscattering channel using TY antennas 

 

The small scaling fading is generally described in narrow band channel by complex Gaussians 
which results into a Rayleigh distribution of the envelope; since a huge number of MPCs fall 
in the same bin.  In UWB different paths can be solved, so that the small scale fading does 
not follow the Rayleigh distribution. Small fading is considered as the variation around the 
men value given by the PDP decay, i.e. in dB: 
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dBkdBkdBk 
22

                                          (5.16) 

In literature a number of distributions have been proposed. In particular the IEEE 802.15.4a 
channel model proposes a Nakagami-m distribution. This distribution can also be employed 
in basckscattering channels, however we found that a log-normal distribution presents a 
better fitting to the measured data: 

         
 

   √  
 

 
(      )

 

   
                        (5.17) 

 

Nakagami and lognormal fading distributions are compared in Figure 72 and Figure 73 . 

 

The parameters of the model are extracted by fitting measurement data to the model and 
they are listed in table 4. 

 

 

Parameter WP antenna TY antenna 

kf 2.00 2.00 

n -2.99 -3.07 

G0 [dB] -90.76 -96.72 

σ0 [dB] 1.39 0.90 

Λ-1 [ns] 2.04 2.32 

γ0 [dB] -3.2 -3.59 

m1 [ns/m] 4.80 6.43 

m0 [ns] 7.89 3.05 

nK -154.43 -143.66 

K0 80.44 67.44 

μs -1.26 -1.34 

σs 0.76 0.73 

Table 4: UWB backscattering channel model parameters in LOS 

 

We can notice that the PDP parameters are almost the same regardless the antenna 
employed. Main differences are on the cannel gain at reference distance   and the 
saturation value   . This discrepancy can be explained by the different antenna radiation 
characteristics. If we compare the average antenna mode backscattering of Figure 29, the 
difference in the LOS direction (i.e. 180°) is roughly 7 dB which is in good agreement with the 
difference on channel gain offset value.  Since the path loss exponent is the same, we can 
evaluate the effect of the antenna on the SNR, by normalizing with respect to the antenna 
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mode backscattering averaged over the band.  This can be particularly useful when we want 
to evaluate the effect of close object on the antenna radiation properties. This simplified 
approach would need an angular characterization of the channel, which is not fully available 
at this stage of the project. Concerning the number of MPCs this probably due also to the 
fact that some components are strongly penalized by the angular antenna properties. As a 
consequence a smaller number of MPCs is needed to achieve the 99% energy threshold in 
the CLEAN algorithm. 

The model here proposed was implemented in Matlab. In Figure 74 we compare the 
simulated and the measured PDP at the same distance. Obviously there is a mismatch 
between the measured and the simulated one, but it is important to evaluate the validity of 
the model in a statistical sense.  We considered the delay spread as a metric to test the 
model. The mean delay spread over 1000 channel trials is 29.7 ns, with a standard deviation 
of 4 ns, against 31.8 ns measured (see Figure 75).    

 

Figure 74 Measured (left) and simulated (right) PDP, normalized to the first path 

 

Figure 75 Simulated delay spread in backscattering channel 
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5.2. A IEEE 802.15.4a compliant dynamic channel model for UWB RFID system 

Space-time variations due to the tag mobility impact the channel impulse response. In order 
to evaluate the system performance of RTLS, this should be properly accounted for.  

Previous works have extended the IEEE 802.15.4a channel model to a dynamic context [46]. 
Here below we resume the main aspects. 

At a given position p the “one-way” channel impulse response is given by the classical Saleh-
Valenzuela model: 

        ∑ ∑     
     (     

 ) (    
      

 )  
   

 
                             (5.18) 

The AoA of the l-th cluster is considered uniformly distributed between        while the 
excess angle of the k-th path follows a Laplace distribution. 

In order to take into account the movement the amplitude as well as ToAs must be updated 
according to the receiver position. 

In a 2D plane, for a given position      of the tag we can associate to each MPC the virtual 
coordinates of a reflection image of the transmitting antenna, which can be computed as a 
function of the time and angle of arrival     

  (considered with respect to the x axis): 
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The ToA and AoA in position p can be straightforwardly derived as follows: 
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In order to preserve the PDP the amplitudes change according to:  
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Where    
  are respectively the cluster and ray decay. 

The ToA of the direct LOS should be smaller than the other ones. However it could happen 
that time shift according to (5.19) yielded to physically inconsistent clusters. These clusters 
are discarded. When moving to position p from p-1 the number of cluster should be 
constant in time.  The smaller the distance, the higher the probability to get the same 
clusters, while for large distances a new number of clusters could be drawn randomly.  This 
means that at each position we determine the number of cluster    and we remove or add 
new ones in order to have        . 
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This channel model can be opportunely exploited in a backscattering channel, by taking into 
account the radiation backscattering properties and the one-way channel “twice”. 

If we consider a 2D problem in a first approximation (i.e. only the azimuth plane) the angular 
dependent antenna backscattering response          in the direction of the AoA     

  is 

convoluted with the k-th path of the l-th cluster.  Then, in order to take into account the way 
back the result is convoluted  with the overall        : 

 

    
        (      

 ) [    
     (     

 ) (    
      

 )]                      (5.22) 

Where   denotes the continuous convolution operator. The total backscattering channel 
response is obtained by summing the entire multi-paths backscattering component: 

     
     ∑ ∑     

    
  
   

 
                           (5.23) 

 

A hybrid dynamic channel model has been implemented by combining the angular-
dependent antenna backscattering response measured in anechoic chamber with the IEEE 
802.15.4a channel. In our implementation the antenna gain at reader side considered 0 dBi, 
while the path loss exponent is considered 4, instead of 3 measured, as in the free space. 
This full model has been used to perform simulations in T2.2 and T2.3, before having a 
refined channel model obtained from direct measurements. 

This model presents the advantage to test a large number of different scenarios, which 
cannot be characterized in the scope of SELECT, and test different tag antennas, including 
the effect of close environment. The model implementation is described in Annex I. 

 
5.3. Clutter characterization and modelling 

The clutter is not a useful signal that can be exploited, and it can be eliminated by load 
modulation in passive scheme. However it can strongly limit the system performance and 
affect the hardware reader design. The clutter depends of many factors such as the size and 
the nature of the scatterers, the size of the room and the antenna radiation properties.  

We performed a measurement campaign of clutter in the same scenario where 
backscattering measurements were carried out. The methodology is quite different since 
there is no need to perform load modulation, or more generally, to take into account the tag 
presence. The distance between tag and reader is not a relevant parameter, since clutter 
only depends on the reader position with respect to the environments.  Following these 
considerations two Wire-Patch monopole antennas separated by 15 cm, moved both over a 
7×12 spatial grid by steps of 30 cm, have been used as depicted in Figure 76. These two 
antennas emulate the reader itself in different position in the environment. 
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Figure 76 Clutter measurement campaign 

 

Figure 77 Post-processing of clutter measurements 
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The S21 parameter measured by the VNA includes the coupling between the antennas and 
the clutter. In order to only characterize the clutter impulse response a time gating has been 
processed in order to do not consider the mutual coupling.  

After eliminating the mutual coupling, which takes place in the first nanoseconds, the cluster 
impulse response has been processed as a wideband channel impulse response. The CLEAN 
algorithm has been employed to extract the MPCs up to achievement of 99% of the total 
energy. An example of collected cluster impulse response in the 3-5 GHz band is shown in 
Figure 78. 

This channel impulse response can be modelled as the classical Saleh-Valenzuela channel. 
However here the main difference is that no antenna distance d is considered.  

 

 

Figure 78 Cluster PDP and MPCs, normalized to the highest path 

 

It was found that the channel gain simply follows a normal distribution in dB: 

 |    (     )                               (5.24) 

And its mean value isaround -52 dB. This value represents the overall clutter energy. 
However from the application point of view, it is important to characterize the part of clutter 
in the integration window of interest, typically 1 ns. As a consequence it is important to well 
characterize the PDP.  

As in the backscattering channel we modelled the clutter response as mono-cluster. 
Nevertheless this assumption overestimates the delay spread. As depicted in Figure 80  the 
exponential decay is 10 ns larger than the measured delay spread.  

As a consequence, we directly extrapolated the exponential decay from the delay spread 
and we found that   has mean value 20.9 ns and standard deviation 1.7 ns , while   has a 
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mean value -16.6 dB and standard deviation 1 dB. Concerning the number of MPCs we 
employ a Poisson distribution with mean value 78.  Finally the lognormal distribution has 
been chosen to describe the small scale fading (Figure 81). 

The clutter model parameters are summarized in the Table below. In Figure 82 we show an 
example of clutter generated by the model, which is in good agreement with the measured 
results.  

 

Parameter  
kf 1.43 

n -2.99 

   [dB] -52.63 

σ0 [dB] 1.2 

Λ-1 [ns] 1.8 

  [dB] -16.59 

  [dB] 1.03 

  [ns] 20.9 

  [ns] 1.7 

K 78 

   0.6244 

   0.6093 

Table 5 UWB clutter model parameters  

 

Figure 79 Cumulative distribution function of clutter gain 

-58 -57 -56 -55 -54 -53 -52 -51 -50 -49 -48
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Channel gain [dB]

C
u
m

u
la

ti
v
e
 p

ro
b
a
b
ili

ty

 

 

Measured data

Normal fit



Project SELECT - Smart Efficient Location, idEntification and Cooperation Techniques  Project- No 257544 
Work Package Identification, location and modelling WP  – No WP2 
Document Deliverable D2.1.1 SaveDate 26/08/2011 

 

D2.1.1_Backscatter-propagation-modelling-Interim-
report_1.4.docx 

Dissemination Level:  Public Page 92/104 

 

 

 

Figure 80 Delay spread (blue dots)  and estimated mono-cluster PDP decay (black line) 

 

 

Figure 81 Small fading distribution of the clutter 
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Figure 82 Example of modelled clutter impulse response (left) and transfer function (right) 

 

Figure 83 Probability density function of simulated delay spread in clutter 

 

To validate the model we run 1000 clutter trials: we obtained a good agreement in terms of 
channel gain (-52.5 dB as mean value and 1.3 dB as standard deviation). The distribution of 
the delay spread is shown in Figure 83. The mean value is in good agreement with 
measurement (20.34 ns) while the standard deviation of the delay spread is 3.23 ns, which is 
twice the result obtained by measurement. However this mismatch, which is probably due 
to the mono-cluster approximation, can be acceptable from the simulation point of view. 
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CONCLUSIONS AND FUTURE WORK 

 

In this document, we have addressed most of the needs, challenges and ways to proceed 
towards the development of the SELECT backscattering channel model, for use in the other 
relevant tasks of WP2 and more generally the project as a whole for proper system design 
and system dimensioning.  

A large body of theoretical, experimental and simulation activities have been carried out to 
date, preparing the way to complementing and exploiting this data in the next months for 
this purpose. 

We now have a good preliminary view of the influence of close objects on UWB tags, which 
has been achieved for simple shapes and a selection of important materials. The next steps 
will be to consider more complex objects, play with the pros & cons of experimental works 
vs. simulation works and consolidate the validity of the database by keen methods coming 
from the field of statistics to account from the sparse sampling of the stochastic space. 

A measurement campaign of UWB backscattering channel has been performed in a huge 
laboratory environment, which is close to the warehouse scenario. Two different antennas 
have been used in a quasi monostatic configuration. The path loss as well as the power delay 
profile characteristics has been modelled. The results show that the path loss exponent is 
twice the classical indoor value, which is due to the “go-back” nature of the backscattering 
channel. The delay spread increases with the distance and it has been considered by using a 
linear model for the power delay profile exponential decay, and a saturation model for the 
number of multi-path component. 

A measurement campaign aiming a clutter model has been also performed. The model 
extracted does not depend on the reader tag distance. Both models have been implemented. 
The delay spread has been chosen as a metric of good of fitness: simulation over 1000 trials 
show good agreement between the model and the measurement data. 

Moreover a UWB backscattering dynamic channel model has been implemented to evaluate 
the tracking performance of UWB passive system in T2.2 and T2.3. This model combines 
antenna backscattering impulse response together with an IEEE 802.15.4a compliant 
dynamic channel, and allows a channel description in a large number of scenarios and tags. 
This model can combine the rich environed tag models and channel propagation models into 
a global backscattering channel model, but does not consider the polarization dimensions 

To extract useful models simplifications will be a major goal. Some routes for this have been 
sketched in this document, but they will need implementation in the most efficient way, 
from the complexity vs. accuracy trade-off point of view. 

Channel measurements have been performed for two tag antenna in one single orientation. 
The channel model will be extended by considering different orientation as well as 
polarization. Moreover the effect of close objects will be addressed. In particular, according 
to the preliminary performance evaluation carried out in WP2, the clutter could be a limiting 
factor. In particular near-far effect of the tag close to a big scatterer could be important to 
define the HW architecture, and in particular the ADC. For these reasons further 
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backscattering measurements with huge metallic or wood plate in the LOS have been 
performed.  The results will be shown in the final deliverable. 

 

 

 

Figure 84 Latest measurement campaign carried out at CEA-LETI 
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ANNEX I 

 

The channel simulator is based on dynamic IEEE 802.15.4a channel model and measured 
backscattering channel impulse response. Details are given in section 5.2. Below is presented 
a block diagram of the channel simulator. 
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The channel simulator gives as output: 

 RXSignal: is NpxNt matrix where Np is the number of tag’s position along the 
trajectory, and Nt is the Channel impulse response (CIR) length. Each row 
corresponds to the CIR at the p-th position 

o Delay sample 26 ps 

o Duration depends on the delay from reader to tag propagation 

 CIR= is the time discrete version of RXsignal 

 GO: is 1xNp vector. It represents the average gain for each position. Gain is reffered 
to the central frequency (i.e. 4 GHz) 

 

 Channel simulator has as input: 

 ChanTyp :  is the parameter that set which IEEE802.15.4a channel type it is : valid 
entries are among '4a_1', '4a_2', '4a_3', '4a_4', '4a_5', '4a_6', '4a_7',  '4a_8', '4a_9'. 

 ChanGen :  set which type of generation it is. if ChanGen = 'dynamic' : the dynamic 
evolution channel modelling is used. if ChanGen = 'static', a new  realization of the 
channel is done for each position 

 PulseMeasFileName: name of the file containing the post-processed measured 
backscattered pulses (e.g. ‘WAVEFORM_BS_TY.mat’ or ‘WAVEFORM_BS_MP.mat’) 

 FirstIter : indicate if it is the first launch of the script (when used in another script or 
in a loop), in order to load the file containing the measured pulses only once. 

 TypePulse : pulse type : to be choose among : 'Short', 'Open', 'Short_50', 'Open_50' 

 Reader_Position_filename: name of the .mat file containing the 1x2 vector describing 
the (x,y) position coordinate of the reader. Units are in meters. The name of the 
variable defining the position of the reader stored in this .mat file must be : 
Reader_Pos 

 Tag_Position_filename : name of the .mat file containing the vector describing the 
(x,y) position coordinate of the tag. vector with N lines and 2 rows. Units are in 
meters. The name of the variable defining the position of the tag stored in this .mat 
file must be : Position 

 

 

PulseMeasFileName indicates name of the file containing the post-processed measured 
backscattered pulses. In this file we have a 

waveform_BackScat_Short:  measured waveform in Short load 

waveform_BackScat_Open: measured waveform in Open load 
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waveform_BackScat_Short_50: (measured waveform in Short load) – (measured 
waveform in 50 Ohms load) 

waveform_BackScat_Open_50 (measured waveform in Open load) – (measured 
waveform in 50 Ohms load) 

 

Each waveform is a N_anglexN_tau matrix. Each row corresponds to the normalized 
antenna backscattered response (in the delay domain).  

Normalization is done with respect to distance 1 meter. Delay resolution is 25 ps, and 
overall duration is 25 ns.  

Note that path loss in all channels is computed by using the free space path loss 
exponent. 

 

The simulator is compiled with the Matlab compiler as an .exe program for windows 
platforms. It has to be launched in MS-DOS command windows.  

First, the trajectory needs to be defined. It is then passed as an argument with the other 
parameters as an MS-DOS command line. The program runs for all the positions in the 
trajectory and save the results in the Results matrix with .mat format. 

The compiled .exe program need to be executed on a PC on which Matlab is installed or the 
Matlab Component Runtime is installed.  

Hereafter is given an example of command line to launch the program (to be launched in an 
MS-DOS command window):  

Pulse_Generation  "4a_1" "dynamic" "WAVEFORM_BS_WP.mat" "1" "Short" 
"Reader_Pos.mat" "Position.mat" 

 

Where  Reader_Pos.mat: is an example of reader position 

  Position.mat:  is an example of tag trajectory 

 
 

 

 


