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Abstract—There has been a continuously growing interest
on radio frequency identification (RFID) and more recently,
on computational RFID, i.e. battery-less sensors that piggyback
sensed information, rather than a constant ID bit stream, utilizing
Gen2, the physical layer of commercial RFID systems. This work
offers a complete software-defined radio (SDR) reader with a)
coherent detection without rate degradation, by exploiting already
present preambles in Gen2, b) full exploitation of FM0 line
coding memory in Gen2 tags, c) careful handling of symbol
synchronization and departure of commercial tags from nominal
bit duration and d) implementation and testing of Gen2 in a
commodity SDR, utilizing a single transceiver card. Continuing
recent work [1], this contribution offers an updated prototyping
tool that could further unlock the potential of computational
RFID and relevant batteryless sensor networks.

I. INTRODUCTION

Recent implementation of Gen2 RFID on commodity soft-
ware defined radio is based on noncoherent reception, Miller
line codes and two transceiver boards (one for transmit and
one for receive) [1]. There has also been sniffer (i.e. listener
only) implementations as well, mostly based on non-linear
processing [2], [3]. A modified version of [1] with a single
transceiver board has also been used for performance analysis
of RFID tags [4]. These implementations are based on now-
obsolete versions of the GNU Radio software platform and
the USRP1 SDR. In [5] the reader presented in [1] was
ported to a newer version of GNU Radio (v3.6) but can
only inventory Wireless Identification and Sensing Platform
(WISP) [6]. In [7] the reader software of [1] was ported to
the newest version of GNU Radio (v3.7) with USRP2 SDR,
targeting commercial RFID tags. However the source code
is not available as open-source. Furthermore, custom FPGA-
based implementations have also appeared in the literature [8]
[9].

This work offers a complete, fully-coherent, full-duplex
Gen2 [10] reader for RFID tags with FM0 line coding, utilizing
a single transceiver board on a commodity USRP2 (N200)
software-defined radio; in sharp contrast to commodity SDR
prior art, this work targets coherent, linear processing at the
reader for RFID tags with optimal exploitation at the detection
level of line coding-induced memory [11]; channel estimation
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for coherent processing is facilitated using already-offered
Gen2 preambles, without rate degradation. The reader follows
the software architecture of [1] and the code is available
online.1 In that way, commercial RFID tags or battery-less
sensors that utilize Gen2 [6], i.e. computationally-intelligent
RFID, can be easily read at relatively low-cost, with a useful
tool for further research in this exciting area.

Section II presents the system model, tailored to FM0 line
coding and memory, Section III offers SDR processing, in-
cluding detection and synchronization, Section IV presents the
reader architecture that accommodates bidirectional communi-
cation between Gen2 reader and tags and finally, Section V
offers the experimental results.

II. SYSTEM MODEL

During uplink (tag-to-reader) communication, the reader
transmits a carrier wave (CW) and the RFID tag modulates its
information by switching its antenna load between two states;
in that way, tag information is binary-modulated on the reflec-
tion coefficient changes. The reader receives the superposition
of its own transmitted signal and the tag’s backscattered signal.
The complex baseband equivalent of the received signal at the
reader is given by [12, Eqs. (26), (33)]:

y(t) = [mdc +mmod x(t)] e+j2π∆ft + n(t), (1)

where the DC component mdc ∈ C is due to the CW and
an unmodulated component scattered back by the tag; the
modulated mmod ∈ C component depends on the channel co-
efficients of the reader transmitting antenna-to-tag and tag-to-
reader receiving antenna links, the tag antenna reflection coeffi-
cients, the tag scattering efficiency and the carrier transmitting
power; x(t) is a binary real-valued tag scattered waveform
and ∆f is the carrier frequency offset (CFO) between CW
transmission and reader reception chain (e.g. CW transmitter
and receiver could be dislocated or they could employ different
oscillators); finally, n(t) is the complex thermal (receiver)
Gaussian noise. The system of this work is based on a single
transceiver card, with a common oscillation signal for both
transmission and reception, thus ∆f = 0.

III. READER SDR PROCESSING

According to [10], each tag encodes its information using
either FM0 or Miller-M (M ∈ {2, 4, 8}) line encoding; each
Miller-M bit is based on repetition of M FM0-like waveforms.
In FM0 encoding, level transitions always occur on the bit
boundaries. In addition a transition occurs in the middle of
bit “0”. Thus, there is memory-based modulation, resulting to

1Code available at https://github.com/nikosl21/Gen2-UHF-RFID-Reader
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Fig. 1. FM0 line coding signal.

four possible waveforms per bit, as shown in Fig. 1, where bit
boundaries are separated by dashed lines.

Work in [2] [13] have shown that after shifted examination
of the transmitted waveform by T/2 before the beginning of
the bit, where T is the bit (symbol) period, only two possible
pulse shapes can be generated (instead of four), shown in
Fig. 1 marked with rectangles. In order to detect a transmitted
bit, the reader has to differentially decode 2 received symbols
(using 2T signal observation instead of just T ), realizing a
gain of 3dB compared to maximum-likelihood (ML) symbol-
by-symbol detection.

Assuming that the reader can perfectly estimate one of the
two tag states and remove it from the received waveform
(zero-offset FM0), the received digitized signal from Eq. (1)
is expressed as:

y[k] = y(kTs) = hx[k] + n[k], x[k] =

N∑
n=0

Sd(n)[k− nL− τ ],

(2)
where n[k] = n(kTs) ∼ CN (0, 2σ2

n), T denotes the nominal
bit duration, τ is the delay before tag starts transmitting its
information, L , T

Ts
the oversampling factor and Sd(n) can

be selected between the following waveforms:

S0[k] =

{
1, if 0 ≤ k < L

2

0, if L
2 ≤ k < L

, S1[k] =

{
0, if 0 ≤ k < L

2

1, if L
2 ≤ k < L

(3)
The above waveforms are the only possible signals when one
observes the zero-offset FM0 signal for a duration of one bit
(i.e. T ), starting T/2 before the start of a bit (up to the middle
of the bit), or starting at the middle of the bit (up to T/2
after the end of the bit). Detection of those two waveforms,
spanning signal duration of 2T , offers the detection of one
of the four possible waveforms for each bit and fully exploits
memory induced in FM0. Consequently, the received signal
after matched filtering with a square pulse of length L/2
samples (i.e. for a half symbol period after synchronization)
can be written as:

y =

L
2 −1∑
k=0

y[k] =

L
2 −1∑
k=0

L

2
hx[k] +

L
2 −1∑
k=0

n[k] = h′x+ n′, (4)

where x ∈ {0, 1} and n′ ∼ CN (0, Lσ2
n). Thus, each FM0

symbol observed with a T/2 shift can be written as a 2 × 1
complex vector:

y ,

[
y0

y1

]
= h′x + n, (5)

where x ∈ {e0
4
= [1 0]T , e1

4
= [0 1]T } and n ∼

CN (0, Lσ2
nI2) ≡ CN (0, σ2I2). Component y0 or y1 of the

complex vector y will be referred to as half bit. The tag signal-
to-noise ratio (SNR) is defined as:

SNR ,
|h′|2

L
2 E[|n[k]|2]

=
|h′|2

σ2
=

L|h|2

2E[|n[k]|2]
. (6)

A. DC offset and Channel Estimation
In a real time application, the DC component can be

estimated during a Gen2-defined interval before the tag starts
switching. This interval is known to the reader and is defined
by [10] as T1. Tag is absorbing energy with corresponding
reflection coefficient close to zero; thus, the reflected signal
corresponding to one of the two tag load states, can be esti-
mated by averaging the received samples acquired in interval
T1.

The estimated component is then subtracted from each
sample, offering Eq. (2). A Gen2 tag that uses FM0 line
coding transmits a known (real) sequence (preamble) sp before
sending information bits. This sequence consists of twelve
half bits. At first, frame synchronization is performed and the
delay τ is estimated by correlating the received signal with the
known preamble. Although the duration of T1 is known to the
reader, it is subject to small deviations that are tag-dependent.
Thus, the reader can search for a suitable τ in a small interval
i.e {0, . . . , L}.

τ∗ = argmax
τ∈{0,...,L}

∣∣∣∣∣∣
Np−1∑
n=0

sp[n]y[τ + n]

∣∣∣∣∣∣ , (7)

where Np is the number of samples in the preamble. The
unknown parameter h can then be estimated by solving a least
squares problem:

ĥ = argmin
h∈C

τ∗+Np−1∑
k=τ∗

|y[k]− hsp[k − τ∗]|2 (8)

=

∑τ∗+Np−1
k=τ∗ y[k]sp[k − τ∗]

||sp||2
, (9)

where ||.|| denotes the Euclidean norm.

B. Detection
With parameter h′ estimated and known, the ML detection

rule for system of Eq. (5) becomes:

<(h′∗(y1 − y0))
S1

≷
S0

0, (10)

where <(z) denotes the real part of complex z. The prob-
ability of error of the above minimum distance rule can
be easily found as Pr(e)coh

T = Q (|h′|/σ), with Q(t) =

(1/
√

2π)
∫ +∞
t

e−t
2/2dt.

Alternatively, the noncoherent rule for the system of Eq. (5),
where estimation of h′ is not needed, is simplified to:

|y1|2
S1

≷
S0

|y0|2, (11)
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(a) Full-duplex SDR reader
with one transceiver.
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Fig. 2. Experimental setup and captured waveform at the reader.

with probability of error Pr(e)ncoh
T = (1/2) e−|h

′|2/(2σ2) [14].
Having detected N + 1 FM0 symbols of duration T and

time-shifted by T/2, based on Eq. (5), the final decision for
the transmitted bits b, considering signal duration of 2T for
each bit is computed as:

b̂(n) = d̂(n− 1)⊕ d̂(n), n = 1, . . . , N, (12)

where d̂(n) = 0 when S0 is detected and d̂(n) = 1, otherwise;
operation ⊕ denotes modulo-2 addition (xor). The specific rule
fully exploits memory of FM0 and results to erroneous bit
detection when exactly one of the two (shifted) consecutive
FM0 symbols is erroneously detected:

Pr(e)2T = 2 Pr(e)T (1− Pr(e)T ) . (13)

Fig. 3(d) shows the 3-dB gain of the above differential decod-
ing of coherent detection when signal of 2T duration is used
to decode each bit, instead of T . Additionally, the advantage
of coherent detection compared to noncoherent (broadly used
in existing RFID systems) is also shown. It is remarked that
coherent detection exploits already-offered preambles in Gen2
and thus, comes at no additional rate loss.

IV. READER ARCHITECTURE

A Gen2 reader also transmits towards the tags. Multiple
tag access is based on framed slotted aloha (FSA). The
Gen2 reader initiates an inventory round by sending a Query
command that specifies important communication parameters,
such as tag rate, tag data encoding (FM0 or Miller) and number
of slots (Fig. 2(b)). Each tag selects a number between 1
and N , where N is the number of slots in the inventory
round and transmits a random 16-bit sequence (RN16) in
the selected slot, preceded by a known preamble sequence
(Fig. 2(b)). The reader acknowledges a single tag by sending
an acknowledgement (ACK) command and receives from the
tag a 135-bit sequence response, containing the EPC (tag ID of
96 bits) plus additional bits including CRC (Fig. 2(b)). Reader
reply to a tag message should be transmitted at most 500 µs
after the tag message, when the system is configured to the
lowest tag rate of 40KHz, supported in this implementation.

A. Reader Hardware
A commodity USRP N200 software defined radio (SDR)

is utilized, equipped with a single RFX900 daughterboard
(operating between 902-920MHz) and a laptop (Fig. 2(a)).
The transmit and receive ports of the RFX900 daughterboard
are connected with two circularly-polarized antennas, one for
transmitting reader commands and one for capturing tag’s reply
in full duplex mode. A custom low-noise figure daughterboard
was also built and tested. The USRP communicates with the
laptop using Gigabit Ethernet.

B. Reader Software
Software is build on top of GNU Radio, following the six-

block structure of [1]: USRP source, Matched Filter, Gate, Tag
Decoder, Gen2 Logic and USRP sink. The first and last blocks
are responsible for the acquisition/transmission of samples
from/to the USRP.

The inphase and quadrature components of a received tag
EPC message are shown in Fig.3(a). Notice that two arbitrary
I/Q states appear in the constellation diagram corresponding to
the two tag states. The Matched Filter block is responsible for
filtering the received signal with a square pulse of half symbol
period. The Gate block is responsible for identifying the reader
queries; by tracking the amplitude of the received signal the
reader is able to identify the transmitted commands, and thus
process only samples that follow and correspond to the tag’s
response. Immediately after a reader command has ended, the
block estimates the DC offset component and removes it from
each sample. These samples are given as input to the next block
for further processing. Fig.3(b) shows the output of Gate block
for an EPC tag message, with DC component removed.

The Tag Decoder block is responsible for the frame syn-
chronization, channel estimation and detection of the tag
responses. Synchronization for the RN16 and tag’s ID (EPC)
sequences is performed by correlating the received signal with
the known preamble. Then channel estimation is performed as
described in section III-A. A major problem in RFID readers
is the variation in the tag’s nominal bit duration. The reader
in this work operates at the minimum data rate (40KHz),
where these variations are not critical. Error in symbol level
synchronization was observed in some cases, when decoding
the tag ID (EPC) plus CRC and were due to the large sequence
size (135 bits). To deal with that synchronization problem, an
initial sampling instant τ∗ is obtained, by correlating with the
preamble; then the symbol rate T and thus, the right sampling
instants are chosen, such that signal energy is maximized:

T ∗ = argmax
T

2(N−1)∑
n=0

∣∣∣∣yf [τ∗ + n
T

2

]∣∣∣∣2 , (14)

where N is the number of transmitted bits that follow the
preamble sequence and yf the received signal after matched
filtering and DC offset removal. The received signal is then
sampled at the end of each half symbol period.2 Fig. 3(c) shows
the I/Q constellation diagram after frame synchronization,

2Work in [1] uses different symbol duration estimation, based on the
Mueller-Muller clock recovery algorithm.
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Fig. 3. IQ constellation diagram of a tag’s EPC response using measurement data and BER of detection techniques.
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symbol period estimation and sampling. The channel estimate
is marked with an x mark. Next, tag decoding is performed.

Finally, depending on the output of the tag decoder block,
the reader creates the next command and propagates it to
the transmit chain. Currently the commands supported by our
reader are the Query, ACK and QueryRep commands.

V. EXPERIMENTAL RESULTS

16 Gen2 tags were attached to books in a bookcase, 1.5
meters away for the reader antennas, as shown in Fig. 2(a).
Number of slots per round was set equal to the number of
tags. The circularly-polarized antennas used had a gain of
7 dBic. Reader transmission was configured such that a tag
replied in each inventory round, regardless of whether it had
already been read. The total number of inventory rounds was
set to 60 thus, offering a total number of 60 ∗ 16 = 960 slots.
Experiments were repeated for various levels of transmission
power at 15.8, 16.7, 17.2 and 17.8 dBm.

Fig. 4(a) shows the percentage of identified tags when
the signal transmission power was 17.8 dBm. In the same
Figure we present the performance of an ideal reader which
can perfectly decode single tag slots. We observe that the
performance of the reader is increased while we increase the
receiver gain and reaches the performance of the ideal reader.
The read rate is above the expected due to the capture effect
i.e slots of collided tag signals can be decoded when there is
a significant power difference between them.

Fig. 4(b) shows the reading rate of the reader. The theoretical
throughput (reads per round), when the number of slots is equal

to the number of tags, is ρ = N
(
1− 1

N

)N−1
= 6.08, when

N = 16 [2].
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