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Abstract - This paper presents a flexible RFID simulation and
prototyping system supporting both the 13.56 MHz domain and
the 868 MHz domain, further referred to as HF and UHF domain,
as well as several standards within these two frequency domains.
The proposed prototyping system consists of an exchangeable ana-
log RF front end supporting either HF or UHF, a protocol stack
running on a DSP and a signal processing part implemented on
an FPGA. Both software and configuration files for the reconfig-
urable hardware running on the prototyping board, are automati-
cally generated from a powerful simulation environment, which is
decomposed in a link layer model and a physical layer model. The
link layer model covers the protocol stack and the command gen-
eration down to bit level, whereas the physical layer model addi-
tionally includes simulation of the modulation and coding schemes
as well as the utilised receiver architecture. This allows for the
evaluation of different protocols in general and to test the corner
cases of the permitted parameter ranges in realistic scenarios in
particular. Furthermore, this automated design flow ensures con-
sistency of the simulation and the implementation with very small
design cycles.

I. INTRODUCTION

RFID technology shows a continuous growth in various application
fields, like commerce, logistics, medical science, security, access con-
trol etc. The past trend in industry was going towards different stan-
dards for each kind of application. Some improvements in untangling
these mostly conflicting standards were accomplished by EPCglobal,
who created widely accepted standards for product identification. The
EPC Class 1 Generation 2 standard was intended to resolve discrepan-
cies among RFID systems used in different parts of the world [1].
Similar to a trend in other technologies, where one electronic de-
vice incorporates many different functionalities for which in the past
separate devices were required, this development also emerges in the
field of RFID. An urgent demand for tags and readers that are capa-
ble of operating at different frequencies, from HF to UHF, offering
different application scenarios exists in this field. Moreover, as long
as there are competing standards within every single frequency do-
main and consequently tags and readers that adhere to only one of
those, the interoperability of the new tags and readers is another ur-
gent demand. In short, the next generation of tags and readers shall
be omnipotent. Therefore, a need emerges to focus on the interop-
erability between RFID systems just as much as on the common de-
mands like for example small size, low power, and low cost. Some
multi-frequency approaches and multi-standard systems for adjacent
frequencies have already been developed by industry. Examples in-
clude Anadigm’s RangeMaster [2], an RFID reader supporting various
UHF protocols, in particular the EPCglobal Gen 1 and Gen 2 (class
0, 1, 2) and ISO18000-6 standards (ver. a,b), or combined LF and
HF Readers which are offered by many manufacturers, e.g. by Deis-
ter Electronic [3] or Texas Instruments [4]. Some companies even
provide a combination of technologies, such as Magnatec Technolo-
gie GmbH [5] that has combined RFID and GSM technology into an
RFID scanning system that uses the GSM cell phone network for the
communication between remote readers and a base station.
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The rapid implementation and exploration of such multi-
frequency, multi-standard systems is a tough challenge, since naturally
multiple aspects need to be considered: first and foremost the differ-
ent signalling technologies (e.g. inductive coupling vs. wave propaga-
tion), simulation on a multiple levels of abstraction (protocol stack vs.
hardware implementation), cross platform verification, and the need
for highly automated code generation. Research on simulation models
and implementation of RFID systems has been carried out by various
groups, addressing different problems.

Han et al. [6] presented a Matlab/Simulink model for the commu-
nication between a single reader and a single tag in the UHF frequency
domain. They focus on modelling the RF and analog circuit and care-
fully analyse effects like oscillator phase noise, TX/RX coupling, I-Q
balancing etc. Choi et al. [7] developed a PSpice and a digital VHDL
simulation model for an HF reader and also present experimental re-
sults. The focus of their work is on multi-tag recognition and collision
avoidance. Roy et al. [8] present an RFID reader implementation on
an FPGA and an RF frontend in the UHF frequency domain. Their
aim is to keep the implementation simple by the preferred usage of
standard components.

The rationale for the described system in this paper is to respond
to the need for a test environment for verification of future develop-
ments of RFID systems. Therefore, we focus on a rapid prototyping
approach for implementing several different standards belonging to the
HF and UHF frequency domains. A powerful simulation environment
on two different abstraction levels, namely a link layer and a physical
layer simulation model, is introduced. This allows for a fast evalu-
ation of our implementations on a very abstract level. Furthermore,
an automated design flow is presented, which generates C/C++ code
for the DSP and synthesisable VHDL code from both simulation mod-
els. Thus, new protocols can be rapidly transformed to the prototyping
system. This prototyping system consists of a DSP, an FPGA, and an
analog RF frontend including a DAC and an ADC. Our architectural
approach is to map all signal processing and protocol state machines
into the reconfigurable components of the reader, namely FPGA and
DSP, and to keep only the layout of the RF frontends for HF and UHF
fixed. These RF components are kept very simple and independent
from the actually implemented standard. Within minimal design cy-
cles different RFID reader solutions, supporting standards of the HF
and UHF frequency domain, can be evaluated on different layers, from
abstract simulation levels down to verification on hardware.

Additionally, the standards allow for a wide range of different pa-
rameters, like coding, link timing, modulation depths, slew rate, etc.
Regarding these parameters, our implementation provides full control,
meaning that the complete range of these parameters can be explored
in order to comprehend the limitations of the system. For instance, the
maximum read distance, the maximum number of detected tags per
time unit, and achievable bit error rates are of major interest for a re-
alistic scenario. The rapid prototyping approach has been tested with
the draft version of the EPCGlobal HF Ver. 2 standard and the EPC
RFID Class-1 Gen-2 UHF standard [1, 9] as well as the ISO 15693
standard [10].

The remainder of this paper is organised as follows: Section II.
introduces our design flow and design methodology. Section III.
presents our link layer and physical layer simulation models. In Sec-
tion IV. the rapid prototyping board is introduced, while Section V.



Copyright European Association for Signal Processing, 2007, published in the proceedings
of the first international EURASIP Workshop on RFID Technology, Sept. 2007

and Section VI. show some simulation and measurement results. The
last section concludes this paper.

II. DESCRIPTION OF DESIGN FLOW

The design flow of our RFID prototyping system consists of three lay-
ers, a link layer model, a physical layer model, and a rapid prototyping
board (Figure 1). The link layer model serves a simulation model of
an RFID reader and several tags. This model implements the protocol
state machine of the various RFID standards and allows for generat-
ing the bit stream of the communication between reader and tag. This
layer does not consider any communication channels, coding, mod-
ulation, or board related restrictions and simulation of analog com-
ponents. The communication between reader and tag operates at bit
level. Thus, the validity of the generated commands and its corre-
sponding bit sequences are verified at this layer. The reader is simu-
lated using C/C++, whereas the responses of the tag are emulated with
SystemC. This allows us for transferring the code of the reader di-
rectly to the DSP on the rapid prototyping board, only adjusting some
global definitions, while the SystemC model of the tag is used as a
testbench for this simulation.
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FIGURE 1 - DESIGN FLOW FOR THE RAPID PROTOTYPING SYSTEM
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In a second step the model of the reader is refined by introducing
a physical layer model. It additionally simulates the required modula-
tion schemes and the utilised receiver architecture, extracting bits out
of the analog receive signal. This physical layer model is constructed
using Matlab/Simulink with the HDL Coder toolbox and the Xilinx’
System Generator. An automatic VHDL code generation from the
Simulink model is supported using these tools. This enables a push of
a button solution and ensures consistency of the simulation model and
the rapid prototyping design. Furthermore, the so-generated VHDL
code can be directly imported into a Modelsim simulation environ-
ment for a cycle accurate VHDL simulation, which is fully equivalent
to the later implemented FPGA architecture.

By the described design flow, design cycles can be reduced dra-
matically. The entire system is described using C/C++/SystemC
and Matlab/Simulink, hence providing great flexibility and shortest
evaluation time. Implementable and synthesisable code for the DSP
and FPGA of the rapid prototyping board is generated automatically
out of this simulation model.

III. SIMULATION ENVIRONMENT
The link layer model provides the facilities to simulate and test an
RFID communication system on a high level of abstraction. This

model is written in SystemC V2.0.1 and incorporates a reader
and several instances of tags to allow for test scenarios that verify
the anti-collision protocol and the detection performance of a whole
pallet with tags. Furthermore, the communication parameters like link
frequency and decoding types can be adjusted during a simulation run
depending on the size of the tag population or general channel charac-
teristics. Additionally, the application scenario is programmable on a
larger scale to enable the designer to create a more complex interac-
tion without specifying any single command. For instance, assume a
scenario in which a subset of the detected tag population has to be per-
manently killed, whereas the other two thirds just have to be memory
locked distinguished by their manufacturer ID.

This environment establishes also a verification platform for the
tag implementation. Here, a high level model of the tag can be re-
placed by its refined RTL description. Thus, the same test cases
can be applied to the RTL implementation of the tag. Currently, a
SystemC V1.0 model of the tag has been verified as well as a
corresponding VHDL implementation, which has been co-simulated
(C++/SystemC and VHDL) in Modelsim. Both the SystemC and
VHDL version of the tag have been provided by our industrial partner
Infineon and represent low level (register transfer level) implementa-
tions of the standards EPCglobal Class 1 Gen 2 Tag for UHF and of a
draft version for HF.

The link layer implementation of the reader consists of a sender,
a receiver, and a control state machine. These core components of
the reader have been implemented in C/C++ to allow for direct cross-
compilation onto the DSP of the rapid prototyping board.

The Matlab/Simulink model is a further refinement of the de-
scribed link layer model. Combining the bits-to-send from the link
layer model and a set of parameters, this Matlab/Simulink model
forms the required transmit waveforms of the RFID interrogator. Fig-
ure 2 shows the transmit path, which consists of the protocol stack
generating the bits (link layer model), the DSP to FPGA interface for-
warding these bits, a TX state machine controlling the interface and
switching to continuous carrier mode. After the pulse interval encoder
(PIE), an amplitude shift keying (ASK) modulator, and a transmission
filter, the signal is upconverted to 13.56 MHz. In receive direction, the
bits are extracted from the received signal. The receiver basically con-
sists of a filter, a moving average, a slicer, a symbol decoder and an
FPGA to DSP interface. These units are controlled by a receive state
machine and a synchronisation unit (Figure 2).

FPGA TX
DSP sw Continous
Carrier . o
MUX (> ASK [~ o >
L Data ilter 2
Encoding
A i 7y
Protocol A" TX Control |
State
Machine Symbol
Decoder Sync I— j RX Q
- . 2
RX Ctrl J Filter g
1 Reg, IR |« 5
FPGA RX

FIGURE 2 - FPGA TRANSMIT AND RECEIVE PATHS

This Matlab/Simulink Model composed of blocks from the Xilinx’
System Generator and the HDL Coder can be automatically trans-
formed into synthesisable VHDL code. Furthermore, the generated
VHDL code can be imported into a simulation with Modelsim. In
transmit direction the input for this Modelsim simulation operates at
bit level, which is provided by the link layer model. In receive di-
rection a testbench is used, which generates the ADC input signal.
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Moreover, observers were developed which track the generated ouput
signals. The Modelsim simulation includes all interfaces to the neigh-
bouring components of the FPGA (DSP and ADC/DAC). These in-
terfaces are defined by the physical architecture of the rapid prototyp-
ing board and have been manually designed. The generated VHDL
code from the physical layer model however can easily be embedded
using a wrapper module, without touching these manually designed
blocks. Hence, these interfaces are independent from the currently
implemented reader and do not need to be adapted. This allows for
an automatic transformation from the Matlab Simulink model to the
rapid prototyping board.

IV. PROTOTYPING BOARD

The rapid prototyping hardware consists of a Texas Instruments
TMS320C6416 fixed-point DSP with an ethernet interface to a PC,
a Xilinx Virtex II FPGA, two 16 bit DACs, and two 14 bit ADCs.
The RF frontend amplifies and transmits the generated TX signal and
downconverts the RX signal using a carrier suppression bridge circuit,
an envelope detector and a common mode rejection module. For the
UHF frequency domain, the RF frontend provides additional upcon-
verters from and downconverters to 13.56 MHz. The frontend was de-
voloped in collaboration with the radio frequency engineering group
of our institute [11]. The FPGA, DAC, and ADC use a common clock
frequency of 40 MHz. A block diagram of the components of the rapid
prototyping board is shown in Figure 3.
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FIGURE 3 - BLOCK DIAGRAM OF RAPID PROTOTYPING BOARD

To demonstrate the feasibility of the proposed design flow simu-
lation results and measurement results are presented in the following
sections.

V. SIMULATION RESULTS
The Matlab/Simulink design introduces a comfortable framework to
examine the channel characteristics and RF frontend properties to
speed up the development of powerful receiver structures and shall
later on serve as an exact model for the physical layer to minimise
the effort for real measurements. In Figure 4 the simulation setup
of a the fundamental receiver structure is depicted. The simulation
model consists of the generator for the noisy receive signal and the re-
ceiver components RX filter (order 8), moving average (length of the
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FIGURE 4 - SIMULINK MODEL OF RECEIVER
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FIGURE 5 - SIMULATION RESULTS OF SIMULINK MODEL

half period of the link frequency) and slicer (with programable deci-
sion threshold). The sampling frequency and bitwidths are matched to
those values on the prototyping board. Utilising the filter design tools
of Matlab and the simulation capabilities of Simulink, these blocks
can be evaluated and adapted with a very small design effort. Fig-
ure 5 shows (from bottom to top) the RX bits, the noisy version of
the RX signal, the filtered and the integrated RX signal, and finally
the decided RX bits. The RX signal is an FMO encoded sequence at
a link frequency of 847kHz, as it is expected at the ADC after the
envelop detector on the RF frontend. We use the HDL Coder toolbox
of Simulink to generate synthesisable VHDL code from the blocks
of interest and embed them into our receiver design. Hence, the hard-
ware realisation of the receiver design can be verified using Modelsim.
Consequently, it is ensured that the simulation results adhere perfectly
to the expected outcome on the prototyping board.

VI. MEASUREMENT RESULTS

Several different implementations of various standards have already
been carried out on our rapid prototyping hardware. Parameterised
implementations provide the full range of system characteristics in or-
der to allow for a profound analysis of the system and its limitations.
Typical parameters of interest are for instance: transmit power, link
timing, modulation, coding, data rate, additional pilot sequences and
symbol characteristics.

Figure 6 shows two measurements of the board output for the
transmit sequences of a query command, that originates from the latest
draft of the EPCGlobal HF Version 2 standard with different parame-
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ters (within the range of the standard). The signals are already upcon-
verted to the carrier frequency of 13.56 MHz. The query sequences
modulate their information onto the continuous carrier via pulse inter-
val encoding (PIE) with different modulation depths and different data
rates.

The parameters for the sequence in Figure 6a: modulation depth:
30%, pulse width: 4us, type A reference interval (tari): 8us, reader
to tag calibration symbol (RTCal) and tag to reader calibration symbol
(TRCal): 20us.

The parameters for the sequence in Figure 6b: modulation depth:
15%, pulse width: 12us, tari: 25us, RTCal and TRCal: 75us.

In a second example a reader compliant to the ISO/IEC 15693
standard has been implemented and measurements with off-the-shelf
tags have been carried out. Figure 7 shows the inventory command of

FIGURE 7 - INVENTORY COMMAND AND TAG ANSWER

the reader (1 out of 4 encoding) and the corresponding tag response.
The upper signal (pink) is measured after the carrier suppression mod-
ule. It shows the inventory command in the first three milliseconds
and the following Manchester encoded tag response. The lower screen
shot (green) is a zoom in the inventory command from the reader (first
three milliseconds of the upper screen shot), measured at the antenna
coil. The tag to reader distance in this measurement is about 10 cm.
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FIGURE 8 - ADC INPUT AFTER ENVELOPE DETECTOR

Figure 8 shows the ADC input of the tag answer (same as in Fig-
ure 7) after the envelope detector.

VII. CONCLUSIONS
A rapid prototyping system for RFID readers has been presented.
With our exchangeable RF frontends the HF as well as the UHF fre-
quency domain are supported. Powerful simulation environments of-
fer shortest design and system verification cycles. These simulation
environments are split into a SystemC based link layer and a Mat-
lab/Simulink physical layer simulation for the evaluation of the pro-
tocol stack of the reader and the signal processing parts, respectively.
Furthermore, we present a design flow that automatically generates

synthesisable VHDL code from the physical layer model and C/C++
code for the DSP from the link layer model, respectively. By means
of this automated code generation, consistency of the behaviour of
the simulation models and the executed code on the rapid prototyping
board is fully ensured. The rapid prototyping hardware is independent
from the actually implemented HF or UHF standard, since all standard
dependent properties are mapped into the automatically reconfigurable
hardware components, namely DSP and FPGA. Three different stan-
dards of two frequency domains have been implemented and examined
by simulations and measurements and a complete communication link
for off-the-shelf tags (ISO/IEC 15693) has been established in order
to substantiate the service capability of the proposed rapid prototyp-
ing design methodology.

Future work will focus on the development of a framework sup-
porting multiple receive and transmit antennas to enable MIMO RF-ID
systems. By this means it is expected to greatly improve the detection
range, the data rate, and to incorporate precise object localisation of
existing and future RF-ID standards.
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