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ABSTRACT

This paper presents the setup of a testbed developed for the
fast evaluation of RFID systems in two frequency domains.
At the one hand the 13.56 MHz and at the other hand the
868 MHz frequency domain are supported. The suggested
design flow for configuring the testbed is highly automated
and supports rapid evaluations of different designs and im-
plementations within shortest time. Several layers of ab-
straction for rating existing and future RFID standards are
provided, from abstract simulation models down to the im-
plementation on the rapid prototype. This includes a fast
setup for measuring and rating existing RFID standards,
or running them side by side, as well as the rapid explo-
ration of future RFID designs and various aspects of those
prototypes. It allows for verifying both protocol stack- and
signal processing of RFID systems. In order to demonstrate
this concept, we briefly describe an implemented example
system, and our overall hardware layout in detail. Measure-
ment results on two existing RFID standards corroborate
the concept.
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1. INTRODUCTION

Radio frequency identification (RFID) is an automatic
identification technology such as the bar code or magnetic
strip technology [5]. An RFID system consists of two basic
components: the RFID reader also called interrogator and
one or several RFID tags. The task of the interrogator is to
read a unique identification number from the tag, which is
usually attached to some object. The tag can be powered by
a battery (active tag) or receives its energy from the electro-
magnetic field (passive tag) provided by the reader. In the
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case of a passive tag the reader has to emit a strong continu-
ous carrier wave to the tag in order to supply it with energy.
This task has to be fulfilled during the time of interrogation
and also during the time of tag to reader communication,
which results in a strong carrier interference with the tag
response at the receiver of the reader. The main challenge
in RFID reader design is to detect and decode the signals
from the tag in the presence of this strong interference.

RFID is a very fast emerging and developing technology
with a wide range of applications in different fields, like
commerce, logistics, medical, security and access control as
well as many others. With the tremendous technological
increase since the very first beginnings, the spectrum of ap-
plications has been growing enormously, leading to many
different standards in several distinct frequency bands for
supporting these applications. However, most of these stan-
dards are conflicting each other and this variety also yielded
to many implementations, only suitable for a single applica-
tion but not compatible with other RFID equipment.

Therefore, todays and future RFID systems are required
to support several of these standards, including the support
of different frequency ranges. Hence, this demands a multi
standard, multi frequency RFID system that provides access
to a wide variety of RFID applications. Additionally, com-
plexity of future systems is increasing dramatically which
calls for an early exploration of the systems to figure out
any possible technological or design limitations, and to es-
timate the upcoming design effort in an early stage of the
development. New technologies are introduced in all fields
of wireless communication, and thus also in RFID, which
potentially hide unforeseen challenges due to a lack of ex-
perience on implementing these new algorithms. Hence, a
rapid implementation is mandatory to tackle the demands
for an early and flexible system exploration on several ab-
straction layers, from abstract simulation down to an imple-
mentation on hardware. Moreover such a rapid prototyping
system assists in obtaining several design alternatives, thus
guiding to an optimal realisation of new ideas.

In order to meet these requirements, we set up our rapid
prototyping testbed for RFID designs. It allows for explor-
ing several standards within two frequency ranges, namely
the HF (13.56 MHz) and the UHF (868 MHz) domain, thus
being capable of troubleshooting compatibility issues. With
our highly automated design flow a very fast exploration
of new systems in simulations as well as on hardware is
achieved. The presented testbed is very flexible with re-
spect to different implementations, meaning that running
systems can be rapidly adapted to additional functionality
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or different standards.

Many different groups are engaged in both fields, in RFID
systems implementation as well as in testbed design. N. Roy
et al. [8] present an implementation of a UHF RFID reader.
Their focus is on a very basic implementation, using only
off the shelf components and keeping the overall cost and
design effort low. Hence, their design is neither reconfig-
urable and thus suitable for a rapid prototyping approach,
nor extendable to additional standards and future design as-
pects. Related to this work, Choi et al. [2] present a PSpice
and VHDL simulation model as well as experimental results.
Their focus lies on the investigation of RFID core problems
like collision avoidance and multi-tag detection, but they do
not address rapid and flexible implementations of future sys-
tems either. Han et al. [6] present a 13.56 MHz domain RFID
simulation model. They accurately model analogue com-
ponents and effects like I/Q imbalance, TX/RX coupling,
and oscillator phase noise. However, this work incorporates
no implementation in hardware and hence no experimental
measurements are provided. V. Derbek et al. [3] present a
methodology and platform for UHF RFID system optimi-
sations and verifications. They present simulation models
and their real-time verification in application specific condi-
tions, with a focus on the tag implementations in the RFID
system.

The remainder of this paper is organised as follows. Sec-
tion 2 introduces our design flow and simulation models.
Section 3 presents our rapid prototyping board and the test-
bed setup. Section 4 discusses an example implementation of
an HF RFID reader architecture in detail, while Section 5
shows some measurement results for two different, imple-
mented standards. The last section concludes the paper.

2. RAPID PROTOTYPING APPROACH

This section will briefly introduce our proposed design flow
and rapid prototyping approach [1]. The design flow of our
RFID testbed can be subdivided into three layers: a link
layer model, a physical layer model and the implementation
on the rapid prototyping board (Figure 1). The link layer
model serves as a simulation model on a very high level of
abstraction. An RFID system consisting of a reader and
one or several tags is modeled in C/C++ and SystemC. The
generation of commands and the protocol state machine are
verified on this layer. The communication between reader
and tags operates on a digital level (bits), meaning that no
channel influence or specific receiver architecture is taken
into account. Several complex test scenarios, like anticol-
lision protocols, can be applied to the simulation. Addi-
tionally, the performance of the protocols regarding several
parameters like detection performance of several tags, can
be tested on this layer. The reader part of the model is
coded in C/C++.

The link layer model is further refined by introducing a
second layer, which we call the physical layer model. The
physical layer model is coded in Matlab/Simulink and addi-
tionally takes into account the effects of channels, different
modulations and codings, as well as the specific receiver ar-
chitecture. The utilised data types of the Simulink model
are already constrained to certain bitwidths. Hence, we ver-
ify the correct signal processing of the received signals on
this layer. Either bitstreams from the link layer model or
generated testbench data can serve as an input to this sim-
ulation layer. Additionally captured receive signals can be
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Figure 1: Design flow of an RFID prototyping sys-
tem.

input as the receive data stream.

Finally, the implementation on the rapid prototyping hard-
ware establishes the third layer of the proposed design flow.
This allows for real time measurements of both protocol- and
signal processing. Furthermore, verification of the system
functionality is supported by capturing receive sequences of
samples from the tag after distinct units in the receiver. At
a certain trigger event, these samples are captured into the
available memory of the receiver and are transferred to the
PC by usage of a JTAG interface. These captured sam-
ples comply with example receive sequences and can then
be reimported into the physical layer model as a simulation
input. The signal processing algorithms of the receiver archi-
tecture can then be tuned on this higher level of abstraction
which speeds up the design and verification time. As soon
as the physical layer model delivers the expected results, we
can step further down to the implementation on the rapid
prototyping board again, for verifying the adaptations with
measurements.

In order to speed up the entire design process on the one
hand, and to ensure consistency of the simulation models
and the implementation on the board on the other hand, we
highly automated the code generation process for the rapid
prototyping board. By only adjusting some global define
statements in the link layer model C/C++ code we directly
reuse this code on the DSP on the rapid prototyping board.
Furthermore, certain functions of the physical layer model
are transformed to VHDL and embedded into the design,
which is then directly synthesised to the FPGA (Figure 1).
This can be achieved by means of two different tools, namely
the Xilinx System Generator or the Matlab HDL Coder tool-
box.

By using the described design flow, any current imple-
mentation can be tuned and modified very rapidly. The
implemented architecture is examined on different levels of
abstraction, allowing for a fast verification and the detec-
tion of possible defects in an early design stage. The inter-
connected layers of the design flow allow the replacement



of certain modules on a very high layer of abstraction and
track its consequences down to the final implementation on
the rapid prototyping board. For example filters or demod-
ulators of the signal processing parts can be generated using
the high level tools provided by Matlab/Simulink and fully
automatically implemented on the board, exhibiting the pos-
sibility of verification of its effects on all the available layers
in between. Similarly the link layer simulation can easily
be adapted to other standards or further parameterisation
within a standard, or even enriched with new or different
features like various anticollision protocols. This can there-
upon directly converted to the DSP code running on the
prototyping board. Section 4 shows an example implemen-
tation of an HF RFID reader in detail, and section 5 proves
the concept with some measurement results.

3. TESTBED SETUP

As a platform for our rapid prototyping system we use
a prototyping board from Austrian Research Centers. Fig-
ure 2 depicts the basic structure of the prototyping board.
The main reconfigurable components are a fixed-point DSP
from Texas Instruments (TMS320C6416) and a Xilinx Vir-
tex IT FPGA. Additionally, it exhibits two digital to ana-
logue converters (16 bits) and two analogue to digital con-
verters (14 bits). The DSP is clocked with 600 MHz while
the FPGA, DACs, and ADCs are sourced by a single clock
of 40 MHz. An ethernet interface connects the DSP to a PC
thus allowing for an external communication to an applica-
tion running on a PC.

Figure 2: Block diagram of the rapid prototyping
board.

As already mentioned, the RF frontend is exchangeable

and either supports the 13.56 MHz domain (HF) or the 868 MHz

domain (UHF). It exhibits a carrier suppression module and
the option to use an analogue envelope demodulator. The
13.56 MHz carrier is directly synthesised in the FPGA and
the modulated transmit sequence is output to the DAC. The
ADC input signal is a bandpass signal centered at 13.56 MHz

as well. In case of an UHF RFID implementation the 13.56 MHz

signal is additionally upconverted to 868 MHz using a het-
erodyne conversion, and the 868 MHz receive signal is down-
converted to 13.56 MHz using the same principle. A further
extension of the frontend to 2.4 GHz is foreseen.

The FPGA design is decomposed into two parts. One
part consists of a fixed, handcoded framework that controls
all its external interfaces and provides a wrapper module for
embedding the RFID design. The second part is established
by the automatically generated code from the physical layer
model. This part is embedded within the wrapper part thus
providing the flexibility within the RFID reader design.

Note that not the entire RFID reader design is trans-
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formed from the physical layer model, but only certain func-
tionality with predominant data flow (filters, integrators,
up- and downconverters, modulators etc.) rather than con-
trol flow oriented functionality. All state machines and con-
trol flow oriented parts of the design are directly coded in
VHDL, as this is better suited for modeling these tasks than
Simulink. However, all these blocks are implemented very
flexibly, ensuring that the design can be adapted to different
standards and augmented to additional functionality very
easily. All the common parameters of many different RFID
standards are either accessible for adaption via VHDL pack-
ages or registers. The parameters defined in the packages
are configurable at synthesis time while the registers can be
accessed by software during runtime. Hence, we move all
parameters that are fixed for a specific implementation to
the packages (e.g. link timings) and provide all modifiable
parameters (e.g. modulation depths, modulation formats,
etc.) of a certain standard accessible via registers.

Similarly we embed the DSP RFID reader software ob-
tained from the link layer model into a fixed DSP software
framework. This software framework provides interfaces to
the surrounding components of the DSP, like the FPGA,
external SRAM, ethernet interface, flash etc. and handles
the board initialisation processes. The RFID reader DSP
software differs from the link layer software only in these
interfaces, that can be adapted using some global defines.
While the link layer model communicates with the SystemC
testbench model of the tag the DSP software needs to con-
nect to the various interfaces.

In the following section we will present an example reali-
sation of an HF reader following the draft of the EPC global
HF version 2 standard [4].

4. IMPLEMENTATION OF AN EPC
GLOBAL HF READER

An example architecture of an RFID HF reader is shown
in Figure 3. The DSP software processes the protocols and
generates the transmit bit streams. The FPGA transmit
path (TX) encodes these bits, switches back to continu-
ous carrier transmission after the entire message is encoded,
modulates and shapes the sequence and finally upconverts it
to 13.56 MHz. This 13.56 MHz signal is directly forwarded
to the DAC and applied to the transmit antenna after the
RF frontend. In receive direction (RX) the carrier of the
signal is first suppressed at the frontend, then the RX signal
is sampled at the ADC. In the FPGA RX path the signal
is first bandpass filtered, then envelope demodulated, inte-
grated, and finally the digital levels are decided in the slicer.
Furthermore, a synchronisation and control unit and a sym-
bol decoder are used to extract the single bits out of this
signal, which are finally forwarded to the DSP. In the fol-
lowing further details of the various units are provided.

4.1 Interfaces

As the interface between DSP and FPGA is operated at
100 MHz, while the FPGA only runs at 40 MHz a data rate
conversion is required. In both directions dual clocked FI-
FOs are used to achieve this task. Furthermore, several
registers that are accessible from the DSP are used to ex-
change control information (modulation parameters, mes-
sage lengths etc.). In transmit direction the DSP writes
the control parameters and the entire message to the reg-
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Figure 3: Structure of the FPGA transmit and re-
ceive paths.

isters and the FIFO in the FPGA and sets a certain flag
for signaling that all required information is available and
transmission is to start. In receive direction the FPGA is-
sues an interrupt when 16 bits are ready to be decoded and
validated by the DSP software. In order to signal the end of
the transmission, padded zeros are transmitted to the DSP.

Within the FPGA wrapper module the DAC and ADC
interfaces are very simple 16 and 14 bit synchronous inter-
faces respectively, that are accessed with every clock cycle
from the FPGA.

4.2 Transmitter

In the TX path the transmit signal is synthesised. Most
RFID standards use pulse interval encoding (PIE). Each
transmitted command sequence is framed with a preamble
and an end of frame signalisation. This sequence is gener-
ated in the block that we call data encoding by a finite state
machine out of the input bits and the corresponding register
information. All sequences are multiplexed with a contin-
uous carrier that is needed to supply the tags with power.
We call the transmit sequence at this point the level stream:
it consists of two signaling levels with its appropriate tim-
ings. Most RFID standards, as well as the implemented
draft of the EPC global HF, use amplitude shift keying as
a modulation format. Finally, the pulses of the signals are
shaped in the transmit filter and the signal is upconverted
to 13.56 MHz and forwarded to the digital to analogue con-
verter. All of the components of the transmitter except of
the interfaces and the FSM are converted from the physical
layer model.

4.3 Receiver

In order to reduce the noise, the sampled signal is first
bandpass filtered in the receiver. The bandwidth is set to
let the third harmonic of both sidebands of the data signal
pass. After that the signal is envelope demodulated using a
square operation and a low pass filter. An integrator aver-
ages the samples over the time of one half data rate period.
All of these blocks are easily reconfigurable in the physical
layer simulation model, using our previously described auto-
mated design flow, and automatically mapped to the FPGA
implementation. The remaining units of the receiver will be
discussed separately in more detail.

4.4 Slicer

The slicer has to cope with very different levels of receive
signal power. We implemented two modes of operation in or-
der to tackle that problem: the decision threshold can either
be set from the software running on the DSP via a register,
or an automatic decision threshold detection method can be
used (Figure 4). In the second case the receive signal level of
the idle channel is measured (idle_level). A certain idle time
of the channel is ensured in all RFID standards between the
interrogator request and the tag answer (time a in Figure 4).
From this observed signal level (idle_level) we compute a
minimum threshold (min_threshold), e.g 1.25 * idle_level.
While expecting the tag answer (time interval b in Fig-
ure 4) the maximum receive value within one data rate pe-
riod (max_level) is determined, and the value (max_level +
idle_level) /2 is computed. If this value is greater than the
minimum threshold, it is set as the new threshold, otherwise
the minimum threshold is applied. Setting the threshold al-
ways to a greater value as the minimum value guarantees
that the threshold is not set too low and noise corrupts the
decisions. Additionally, a hysteresis is implemented to en-
sure a smooth output of the slicer.

The signal shown in Figure 4 was derived by sampling the
input of the slicer in the FPGA. Note the strong DC offset
due to the envelope demodulation of the continuous carrier.

max_level

3 il

a >t b >

Figure 4: Adaptive setting of decision threshold.

4.5 Synchronisation Unit

Finally, a synchronisation unit corrects the duty cycles of
the slicer output signal. The time that the input signal holds
a level is measured and the closest multiple of data rate peri-
ods is chosen and thereby the receive bits are extracted. By
means of this mechanism we can guarantee to synchronise
data correctly if the receive data rate offset is less than 3%
(Manchester M3 modulation selected) and up to 20% (FMO
modulation selected) in the worst case.

4.6 Reader Interface Application

In order to control and interface the rapid prototyping
system, we developed a PC application that connects to the
rapid prototyping board via ethernet. A screenshot of this
program is depicted in Figure 5. Several system parameters,
like protocol selection, modulation and encoding parame-
ters, data rates, timings etc. as well as certain application
scenarios, can be applied. Moreover this application serves
as a logging client, recording the number of inventoried tags,
the electronic product code, the memory read, the success
of commands etc.
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Figure 5: Interface application of the RFID reader.

4.7 Outlook

For the UHF frequency domain the receiver architecture
is expected to be further tuned by replacing the envelope de-
modulator with an IQ demodulator. Additionally, the focus
for future work is on developing a framework that supports
the use of multiple transmit and receive antennas to enable
MIMO RFID systems. Thereby, we expect to significantly
improve data throughput and read distances.

5. MEASUREMENTS

5.1 Communication according to the EPC
global standard
To demonstrate our proposed rapid prototyping concept
we show some measurement results of the implementation
following the draft of the EPC global HF RFID standard,
presented in the previous section. Figure 6 shows a trans-

[ )

tag response

Figure 6: Transmit sequence and tag response at the
air interface.

Figure 7: Receive sequence at the ADC.

mit sequence (query command) interrogating the tag. The

signal was measured using a sense coil at the air interface.
The response of the tag is hardly visible due to the much
stronger carrier signal sent by the reader in order to supply
the tag with power.

Figure 7 shows the tag response of Figure 6 with zoom,
after the carrier suppression in the RF frontend, at the input
of the ADC.

Figure 8 shows the receive sequence after the single units
in the FPGA receiver (compare with figure 3). The signals
have been multiplexed to the output of the second DAC on
the board and measured with the oscilloscope. Note that

(a) RX signal after RX filter.

(b) RX signal after square operation.
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(c) RX signal after LP filter.
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(e) RX signal at slicer output.

Figure 8: Signals after certain units of the receiver.

the analogue part of the rapid prototyping board provides a
band pass filter after the DAC. Hence the DC components
are suppressed.

Figure 8(a) shows the receive signal after the bandpass
receive filter, Figure 8(b) shows the output of the square
operation, Figure 8(c) shows the signal at the output of the
lowpass filter of the envelope demodulator, while the signals
in Figure 8(d) and Figure 8(e) denote the outputs of the



integrator and the slicer (with adaptive decision threshold
applied), respectively.
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Figure 9: Readout of an EPC code.

Finally, the communication of an entire inventory round
is shown in Figure 9. The first line depicts the digital level
stream of the reader to tag (R—T) sequences, the second line
denotes the receive signal after the integrator and the last
line shows the decided bits of the tag to reader (T—R) se-
quences. The communication starts with an inventory com-
mand. Afterwards the tag responds with a 16 bit random
number (RN16). The interrogator acknowledges this ran-
dom number, and hereupon the tag returns its electronic
product code (EPC).

5.2 Communication according to the ISO
15693 standard

Additionally the design has been adapted to comply with
the ISO 15693 standard [7]. The measurement in Figure 10
demonstrates the communication between reader and tag on
the example of an inventory command. The response of the
tag is manchester encoded. The signal in the upper line was

Inventory
command
[ o—

Tag response

Figure 10: Communication according to ISO 15693
standard.

measured after the carrier suppression in the RF frontend.
The signal in the second line is a zoom of the interrogating
transmit sequence, measured at the air interface.

6. CONCLUSION

In this work we present a testbed for RFID designs. It sup-
ports two frequency domains, namely the HF (13.56MHz)
and the UHF (868MHz) domain, and is very flexible for sup-
porting several standards within these two frequency bands.
By means of our automated design flow, both existing stan-
dards as well as new ideas and proposals for future RFID
systems, can be evaluated and explored within minimal time
and effort on several different layers of abstraction. This
assists in obtaining a feeling on how to implement these
new ideas most efficiently. In this paper we introduce our
testbed setup and present an example implementation of an
HF RFID reader in detail. Furthermore, some measurement
results regarding this implementation are shown and prove
our rapid prototyping concept.
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