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Abstract— This paper focuses on one of the major chal-
lenges in RFID reader receivers, namely the data synchro-
nisation and decoding at the RFID reader. According to the
most widely used RFID standards, the data rate in RFID tag
to reader communications is subject to variations within more
than one decade, and may deviate from its nominal frequency
up to 22%. This results in strong difficulties in synchronising
and decoding this data at the receiver of the RFID reader.
In order to achieve synchronisation and decoding, a sophis-
ticated algorithm based on correlations is presented. The
algorithm is optimised in terms of resource consumption to be
processed on an FPGA or ASIC. Implementation details are
presented as well as measurements, showing the performance
of the receiver.

Index Terms— correlation, digital receiver, FPGA, reader,
RFID, synchronisation

I. INTRODUCTION

Radio Frequency Identification (RFID) is an automatic
identification technology that has attracted much attention
recently, due to its enormous potential in various different
application domains, like e.g. logistics, automated library
systems, electronic passports and many more. An RFID
system consists of an RFID reader (or interrogator) and
one or several RFID tags (or transponders).

Most of the currently developed RFID systems op-
erate at either 13.56 MHz (High Frequency domain -
HF) or 860-960 MHz (Ultra High Frequency domain -
UHF), following the recently announced standards from
EPC global [1], [2]. According to those standards, the
backscatter link frequency, which is proportional to the
symbol rate of the received signal at the RFID reader, lies
in a wide range of arbitrary nominal values, from 40 kHz to
640 kHz in the UHF domain and at 423 kHz or 847 kHz in
the HF domain. Furthermore, the standards permit a large
deviation of up to ±22% from that nominal frequencies.

In passive RFID systems, tags use a backscatter or load
modulation technique [3] in order to communicate with the
RFID reader. Depending on the communication distance,
this may results in a very weak receive signal, leading
to low SNR at the RFID reader receiver. For reader to tag
communications the data signal is either FM0, Manchester

This work has been funded by the Christian Doppler Laboratory for
Design Methodology of Signal Processing Algorithms

or Miller encoded. Utilising these encoding schemes leads
to better performance at low SNR.

Due to these very specific characteristics of the re-
ceived signal, synchronisation and decoding is a difficult
task. Different groups have published work on proposed
synchronisation and decoding techniques: Mutti et al. [4]
compare several different techniques based on correlations.
They propose a symbol by symbol and a sliding detec-
tion approach, and describe the sensitivity of the symbol
by symbol detection to timing errors. Furthermore, they
show a maximum likelihood sequence detector scheme
to exploit the correlation properties of the differential bi-
phase encoded bits. However they do not comment on
data rate frequency deviations. Additionally, their results
are all based on simulations, not taking into account the
complexity of their approaches, if these techniques are
realised.

Liu and Huang et al. [5]-[7] present an RFID reader
receiver based on correlator banks to synchronise, decode
and estimate the frequency offset. They also show a realisa-
tion on an FPGA and present an elaborated implementation
to reduce the overall hardware cost. However their imple-
mentation of 12 parallel correlation banks already exceeds
the capacities of average FPGAs.

In this work we present a digital synchronisation and
decoding structure, that utilises the specific properties of
the encoded signal on the example of the FM0 scheme.
The signal is processed after a slicer. This slicer sets
the decision threshold based on estimations of the two
receive signal states ”tag reflects” and ”tag absorbs” power
optimally. Previous work presented this algorithm and
showed its performance [8]. As the output of this slicer are
binary levels (′0′ and ′1′), the complexity of the presented
synchronisation and decoder unit can be decreased dramat-
ically. Both, simulation and measurement results round up
this contribution and demonstrate the performance of the
proposed receiver.

II. SYNCHRONISATION AND DECODING SCHEME

As already mentioned, the data signal we consider to
synchronise is a binary, FM0 encoded data stream. Its
symbol rate is much lower than the sampling rate. Figure 1
shows the state diagram of such an FM0 encoder. As the
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Fig. 1. FM0 encodings.

two symbols for 0 and 1 are orthogonal, a synchronisa-
tion and decoding scheme using sliding correlators seems
obvious.

One of the major challenges in RFID reader receivers
is, that the symbol rate can continuously vary from 40kHz
to 640kHz, according to the most widely used RFID
standards [1], [2]. Liu et al [5] suggest to use banks of cor-
relators for several symbol rates. We however propose an
adaptive downsampling, that leaves exactly N samples for
each symbol s of the receive signal x. This downsampled
receive signal xN is independent of the actual symbol rate,
and is correlated with a reference symbol of fixed length
N , which can be efficiently implemented. Additionally,
the structure of the FM0 encodings suggests to utilise the
previous and following half symbol for correlation as well,
leading to an enhanced correlation performance due to
the enlarged correlation length (2N instead of N ). The
values r0 and r1 at the output of the sliding correlator are
calculated by:

ri[n] =
2N−1∑

m=0

xN [m + n]si[m], (1)

where i is the index for correlating with either a zero or
one reference symbol s, and n is the sample index.

The nominal symbol period N is known at the receiver,
but subject to a variation ΔN . Hence, the window in (3)
for deciding for symbol sk is defined, in which the distance
between the correlation values r0 and r1 is considered for
synchronisation:

n̂k = arg max
n
{|r0[n]− r1[n]|}, (2)

with:

n ∈ {n̂k−1 + N −ΔN, . . . , n̂k−1 + N + ΔN}. (3)

Initial symbol timing estimation n̂0 is achieved by correla-
tion with the preamble. At the maximum distance between
the correlation values the optimal sample point n̂k for
symbol sk is estimated, where k denotes the symbol index.
The estimated receive symbol ŝk is selected according to
the higher of the two outputs of the correlators:

ŝk = arg max
i
{ri[n̂k]}.
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Fig. 2. Synchronisation algorithm.

Figure 2 shows the functionality of this early-late-gate
algorithm. The blue curve is the distance between the
correlation values r0 − r1, the red curve the estimated
symbol timing (Equation (2)) and finally the green curve
shows the intervals in which the symbol timings are
searched for (3).

Furthermore, the actual symbol rate can deviate up
to ±22% from the nominal symbol rate. That deviation
is estimated and tracked by the following scheme: We
introduce three of the above described correlation units in
parallel, but each has a slightly differently downsampled
input signal x (see Figure 3). The downsample ratio for the
first correlator is selected to have N−ε, the second to have
exactly N , and finally the third to have N + ε samples per
nominal symbol period. The three outputs of the parallel
correlators are compared, and the one with the maximum
output is assumed to be closest to the actual symbol rate. If
the correlator with N samples per nominal symbol period
does not give the highest output, the downsampling is
updated for the next symbol period. Assume for example
the correlator with N − ε samples per reference symbol
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Fig. 3. Early-late structure of synchronisation.

period gave the highest output. For the next period the
downsample ratios are adjusted to have N , N − ε and
N − 2ε samples per symbol period.

III. HARDWARE OPTIMISED IMPLEMENTATION

Since the signal to correlate with is a binary signal
with the two levels ’0’ and ’1’, the implementation of
the correlation can be strongly optimised. The sum in
Equation (1) can be split into four parts rl

i, l ∈ {0 . . . 3}:

rl
i[n] =

(l+1)N−1∑

m=lN

x[m]si[m + n].

As the reference symbol si is constant for each of these
parts, this can efficiently be implemented as a moving
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Fig. 4. Correlator implementation in Simulink.

average over N/2 samples. Furthermore, one should notice
that rl

i can be derived from rl−1
i for l ∈ {1, 2, 3} by

delaying by N/2. An implementation of this structure in
Simulink is shown in Figure 4.

By utilising the HDLCoder toolbox from Simulink, this
model can automatically converted to synthesisable VHDL
code, which is embedded into the receiver on our RFID
testbed [9]. As concrete values for the implementation the
following values have been selected: N = 32, ΔN =
8, ε = 2.

The described circuit has been implemented on an
Xilinx Virtex II FPGA (XC2v2000). It consumes 1398
Flip Flops (6%) and 660 4-input LUTs (3%). Compared
to the implementations of Huang et al. [6], no multipliers
and only four 6-bit adders are required to realise the
correlators.

IV. OVERALL RFID READER RECEIVER STRUCTURE

This synchronisation and decoding unit has been eval-
uated on our RFID testbed [9]. The main components of
the testbed are a DSP for protocol processing, an FPGA
for signal processing, digital to analogue and analogue to
digital converters, and finally the RF frontend. The struc-
ture of the overall FPGA architecture of the RFID reader
receiver of this testbed is shown in Figure 5. It can be
used for communication with RFID tags in both frequency
domains, the HF domain at 13.56 MHz and the UHF
domain at 868 MHz. In case of a realisation at 868 MHz
the RF frontend [10] of the receiver downconverts the
receive signal to 13.56 MHz, in case of a realisation at
13.56 MHz the receive signal is directly sampled at the
ADC. The receive signal is first bandpass filtered to reduce
the noise band, and subsequently downconverted using an
IQ demodulator with lowpass filters. Thereafter, the receive
signals are integrated by a moving average block, which
is the matched filter if the tag backscatter modulation
is considered as a rectangular signal. The slicer sets a
threshold to discriminate between two levels, 0 and 1. The
proximate synchronisation and decoding unit recovers the
symbol timing and the actually transmitted data.

V. EVALUATION

The above proposed synchronisation and decoding struc-
ture has been evaluated in both simulations and real time
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Fig. 5. Overall receiver architecture.

measurements. Figure 6 shows an oscilloscope screenshot
of the synchronisation signals. The upper line (green) is the
receive signal at 13.56 MHz before sampling on the ADC.
The second line (pink) shows the output of a correlator.
The digital lines below show the level after the slicer,
which is the signal to synchronise, the decoded data values,
the estimated symbol clock, and finally the window (3).
Note that the tag modulation at the ADC of the slicer is
hardly visible, however the receiver detects, synchronises
and decodes the receive signal correctly.

Fig. 6. Oscilloscope screenshot of synchronisation.

In order to evaluate the proposed structure at different
SNRs at the receiver, bit error ratios (BER) have been
simulated and measured. The decoder is a symbol by
symbol maximum likelihood decoder. Figure 8 shows the
simulation and measurement results. The blue curve is
the simulated BER for a symbol by symbol decoder with
perfect synchronisation. It shows the best performance that
is achievable using a symbol by symbol decoder. The green
curve is the simulated BER if only the symbol rate is
known at the receiver but the perfect sampling time for the
symbol is not given but estimated by sliding correlations:

n̂k = arg max
n
{|r0[n]− r1[n]|},

with:
n ∈ {kN + 1, . . . , (k + 1)N}.

If additionally the exact symbol rate is unknown, the above
proposed synchronisation is used. The corresponding sim-
ulated curve is the turquoise coloured one in Figure 8.

Note that, according to the situation in the implemented
receiver, the receive signal is modeled as a binary level



stream with offset (levels ’0’ and ’1’). Hence only half
of the receive signal power can be used for decoding,
leading to a required SNR increase of 3dB for the same
performance compared to a system without offset. For all
plots the maximum SNR at the correct sampling point after
the matched filter has been considered. As the system has
a much higher sampling rate (40 MHz) than symbol rate,
the SNR is enhanced by the moving average.

The BER of the implementation on the testbed has been
measured by the following setup (see Figure 7): Tag to
reader FM0 encoded sequences have been emulated by
the transmitter of the RFID reader. This was necessary
in order to have a known receive sequence to count the
bit errors, and secondly in order to have a certain, stable
receive power level during the measurement. This emulated
receive sequences have been plugged into an analogue
noise generator and thereafter forwarded to the ADC
for sampling at the digital receiver. The analogue noise
generator was used to realise different SNR realisations.
For each SNR realisation, 105 packets with 16 bits have
been measured. The resulting curve is the red curve in
Figure 8.
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Fig. 7. Setup for BER measurement.

The realised SNR at the implemented receiver is es-
timated by the following: The slicer estimates the two
symbols if the tag currently reflects or absorbs power in
the IQ plane [8]. The squared distance between these two
symbols gives the estimated signal power P̂s at the correct
sampling times. The noise power σ2

n is estimated as the
variance of the receive signal at channel idle times [8].
Hence the estimated SNR at the receiver is P̂s/σ2

n. It
corresponds to the maximum SNR after the matched filter,
which has been considered for the simulated plots.

VI. CONCLUSION

This work presents a novel synchronisation and decod-
ing structure for RFID reader receivers, by exploiting the
specific characteristics of the utilised encodings. Compared
to previous work in this field, the structure is highly
optimised in terms of HW resource consumption. An
implementation of the receiver on our dual band testbed
is shown on an FPGA. The structure can be applied for
both standards, the EPC global draft for the HF and
UHF domain. Simulations and measurements show the
performance of the receiver.

Fig. 8. Simulated and measured bit error ratios.
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