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Physical Layer Collision Recovery

Christoph Angerer, Student Member, IEEE, Robert Langwieser, Member, IEEE,
and Markus Rupp, Senior Member, IEEE

Abstract—Arbitration and scheduling of multiple tags in state-
of-the-art Radio Frequency Identification (RFID) systems is
accomplished on the medium access control layer. Currently,
only answers of a single tag can be decoded in such a system. If
multiple tags respond simultaneously, a collision occurs. In that
case, conventional systems discard the physical layer information
and a retransmission is executed. This work shows how to recover
from such collisions on the physical layer and successfully read
the data. The contributions of the paper are: 1) An analysis of the
achievable throughput increase of a system, that can recover from
collisions at a physical layer is given. 2) A model for a description
of collisions on the physical layer is presented. 3) Based on this
model, we propose a channel estimation method and two types of
receiver structures for separating the signals of a collision of two
tags: first, single antenna receivers that discriminate the sources
of the two tags in the I/Q plane, and second, multiple antenna
receivers which exploit the different spatial signatures of both
tags. 4) The functionality of the proposed receiver structures is
verified with measurement data of two colliding tags. Eventually,
a performance analysis of the receivers is provided.

Index Terms—RFID, signal separation, collision recovery,
MIMO, reader receivers, multi-user RFID.

I. INTRODUCTION

RADIO Frequency Identification (RFID) is a wireless
identification technology. We distinguish active and pas-

sive RFID systems, depending on the source of power supply
of RFID tags. In passive systems, the tags absorb energy from
an electromagnetic field provided by the RFID reader and
use backscatter modulation for communication. Additionally,
RFID systems are operated in various frequency domains: this
work focuses on the Ultra High Frequency (UHF) domain at
860-950MHz and follows the EPCglobal standard for passive
UHF RFID [2].

All the RFID tags that are within the coverage area of the
reader are scheduled using Framed Slotted Aloha (FSA) on
the Medium Access Control (MAC) layer. Thereby, only slots
with a single tag response can be decoded successfully, and
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in case of a collision at the air interface, the information is
discarded [3].

However, recently different groups started to pay attention
on slots with colliding RFID tag signals: Khasgiwale et al. [4]
utilise information from tag collisions on the physical layer to
estimate the number of tags involved in that specific collision
slot. This information enhances the accuracy of RFID tag
population estimators. Furthermore, the authors point out the
potential to recover from collisions and correctly read the
data of the colliding tags. Shen et al. [5] rigorously analyse
signal constellations of colliding tag responses. In contrast
to our work, they focus on Low Frequency (LF) tags. Their
model is supported by measurement data, and they propose
a recovery algorithm for tag collisions. Additionally, they
simulate the error performance in case of multiple colliding
tags. Yu et al. [6] combine beamforming with anti-collision
techniques, separating the tag population into sectors and
running FSA or binary tree search in each sector, but do
not try to recover from collisions. Lee et al. [7] identify the
potential performance increase by combining smart antennas
with binary tree and Slotted Aloha anti-collision algorithms,
while this work focuses on FSA as defined in [2]. Finally
Mindikoglu et al. [8] develop a blind multiple antenna signal
separation receiver for RFID collision recovery, based on the
zero constant modulus algorithm. In contrast to their work,
our receivers require a channel estimate, which is proposed
in this paper. In their paper, they focus on compensation of a
residual carrier offset, which in general is not present in RFID,
as pointed out in Section III.

In this work, we exploit the specific characteristics of RFID
systems to separate signals from collisions at the physical
layer. We discuss the theoretical performance increase of an
FSA system with the capability of recovering from collisions
at the physical layer in the following Section II. In Section III
we accurately model tag collisions and constellations in the
baseband of the receiver. With such a model, we propose
a channel estimation method and propose two classes of
receivers that are capable of recovering from collisions in
Section IV. To the best knowledge of the authors, these
receivers are the first to be proposed for separating UHF RFID
tag signals of collision slots. Both of these receiver classes
are tested on measurement data of collisions in Section V. A
performance analysis of the proposed receivers is provided in
Section VI. The last section finally concludes the paper.
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TABLE I
TERMS AND PARAMETERS

Variable Description
𝑁 number of tags within the read range
𝐾 frame-size or total number of slots
𝑅 number of tags transmitting in the same slot
𝑀 number of tags the reader is capable to resolve
𝐽 number of tags the reader is capable to acknowledge
𝑖 ∈ [1 . . . 𝑅] tag index
𝑁𝑅 number of receive antennas at the RFID reader
𝑗 ∈ [1 . . . 𝑁𝑅] antenna index
𝐸{𝒳} expected value of the random variable 𝒳
ℎ∗ conjugate complex of ℎ
H bold terms indicate vectors or matrices
H𝐻 Hermitian transpose of the matrix H

II. FRAMED SLOTTED ALOHA WITH PHYSICAL LAYER

COLLISION RECOVERY

Several RFID standards, as the EPCglobal standard for UHF
RFID [2], apply Framed Slotted Aloha to arbitrate the air
interface and to schedule the transmission of a tag population
of 𝑁 tags. For convenience, Table I provides a description of
the most important parameters and terms used in this paper.
In FSA systems, the reader starts a frame with 𝐾 slots,
issuing a QUERY command, which announces the frame size
𝐾 . The tags randomly select one of these following slots
for transmission, whose start is indicated by QUERY_REP
commands from the reader. The response of the tags to these
QUERY and QUERY_REP commands is a 16 bit random
number. Note that this random number in the response is not
related with the randomly picked slot. This random number is
acknowledged by the reader as a handshake mechanism. Upon
reception of a correct acknowledge, the arbitration process
is finished and the tag returns its unique identifier. After the
communication with the tag is finished, the reader announces
the start of the following slot [2].

It may occur that certain slots are not used by tags for
transmitting their random number (empty slots), some are
used by one tag (singleton slots) or even more than one tag
(collision slots), causing a collision at the air interface. Let
𝒳𝑅 be a random variable indicating the number of slots with
exactly 𝑅 tag responses. Then, the expected number of slots
with exactly 𝑅 tags transmitting is given by:

𝐸{𝒳𝑅} = 𝐾

(
𝑁

𝑅

)(
1

𝐾

)𝑅(
1 − 1

𝐾

)𝑁−𝑅

, (1)

where 𝐸{⋅} denotes the expected value. Conventional RFID
readers only can read data in singleton slots, leading to the
well known maximum average throughput of 𝐸{𝒳1}

𝐾 = 0.368
successful readouts per slot [9]. This throughput is achieved if
the frame size is set equal to the tag population size (𝐾 = 𝑁 ),
as indicated in Fig. 1.

However, if it is possible to recover from a slot with 𝑅 ≤ 𝑀
colliding tags, we only encounter an unreadable slot if more
than 𝑀 tags transmit in the same slot. We first consider the
case that the reader picks out one of these 𝑅 tags and acknowl-
edges this single tag, while the other received tag responses are
discarded. Then, in each slot with 𝑅 ≤ 𝑀 one tag is identified,
and hence the average throughput 𝑇 = 1

𝐾

∑𝑀
𝑅=1 𝐸{𝒳𝑅} can
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Fig. 1. Expected throughput for 𝐽 = 1, depending on frame size to tag ratio
𝐾/𝑁 .

TABLE II
OPTIMAL FRAMESIZE𝐾𝑜𝑝𝑡 AND EXPECTED THROUGHPUT FOR READERS

RESOLVING 𝑀 = 1 . . . 4 COLLISIONS (𝐽 = 1)

𝑀 𝐾𝑜𝑝𝑡/𝑁 expected throughput relative improvement
1 1 0.368 1.000
2 0.707 0.587 1.595
3 0.550 0.726 1.973
4 0.452 0.817 2.220

be directly computed from Equation (1) by:

𝑇 =

𝑀∑
𝑅=1

(
𝑁

𝑅

)(
1

𝐾

)𝑅(
1 − 1

𝐾

)𝑁−𝑅

. (2)

In order to maximise the average throughput the optimal frame
size 𝐾𝑜𝑝𝑡, can readily be derived by solving the following
equation:

𝑀∑
𝑅=1

(
𝑁

𝑅

)(
1

𝐾𝑜𝑝𝑡

)𝑅+1 (
1 − 1

𝐾𝑜𝑝𝑡

)𝑁−𝑅−1

×
(

𝑁

𝐾𝑜𝑝𝑡
−𝑅

)
= 0. (3)

Figure 1 shows the expected throughput of receivers being
capable to recover from collisions with up to 𝑀 tags, for
𝑁 = 104. Compared to a conventional reader (𝑀 = 1), a
reader that is able to recover from a collision with up to 𝑀 > 1
tags adjusts a shorter frame size for maximal throughput. This
result is intuitive, as a reader with e.g. 𝑀 = 2 maximises
the expected number of slots with a single (𝑅 = 1) and two
responses (𝑅 = 2), while a conventional reader just maximises
the expected number of singleton slots.

Clearly, the expected throughput increases with the param-
eter 𝑀 , and converges toward one successfully read tag per
slot for 𝑀 → ∞. The optimal values of frame sizes related to
the tag population size and the average throughput is shown
in Table II for 𝑀 = 1, . . . , 4. A reader with the capability
to recover from a collision with two tags (𝑀 = 2), already
achieves a theoretical increase of the expected throughput of
1.6 times the throughput of a conventional reader, motivating
the development of such a receiver. We develop a signal
model for collisions in the following Section III, and propose
corresponding reader receiver architectures with 𝑀 = 2 in
Section IV.
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Fig. 2. Expected throughput with optimal frame size settings for a reader with
the capability to recover from a collision with 𝑀 tags and to acknowledge
up to 𝐽 tags.

Until now we have considered the case where the reader
selects one out of the decoded tags in a collision slot with
𝑅 ≤ 𝑀 tags and acknowledges only this tag, while the other
received signals are discarded. If however the reader addi-
tionally manages to acknowledge up to 𝐽 tags simultaneously
(𝐽 out of the 𝑀 received tags, 𝐽 ≤ 𝑀 ), the theoretical
throughput is further increased to:

𝑇 =

𝐽∑
𝑅=1

(
𝑁

𝑅

)(
1

𝐾

)𝑅(
1 − 1

𝐾

)𝑁−𝑅

𝑅

+

𝑀∑
𝑅=𝐽+1

(
𝑁

𝑅

)(
1

𝐾

)𝑅 (
1 − 1

𝐾

)𝑁−𝑅

𝐽. (4)

Similarly to the derivation above, we can calculate the optimal
framesize and expected throughput. Figure 2 shows the ex-
pected throughput depending on the two parameters 𝑀 and 𝐽 .
Acknowledging multiple received tags may be accomplished
by exploiting the spatial separation of the tags on the transmit-
ter by means of precoding with multiple transmit antennas [10,
Chapter 8]. This requires at least partial knowledge about the
forward channel, which may be extracted from the backward
channel estimate, especially if the forward and backward
channel exhibit a strong correlation [11], [12]. Such a strong
correlation is expected if the same antennas are transmitting
and receiving. Moreover, the acknowledgment of multiple
received tags may also be achieved by changing the standard
to allow the acknowledgment of multiple tags consecutively. In
this paper we however only focus on receivers for recovering
from tag collisions and leave precoding at the transmitter for
future work.

III. SIGNAL CONSTELLATIONS IN TAG COLLISIONS

A. Signal Model of Collisions on the Channel

Figure 3 shows the basic communication between several
tags and an RFID reader, equipped with 𝑁𝑅 receive antennas.
In passive RFID systems the communication is half-duplex,
and during times the reader does not modulate any signal, it
provides the RFID tags with energy in form of a continuous
carrier transmission. While passive tags absorb energy from
that field, the carrier transmission also leaks into the 𝑁𝑅
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Fig. 3. Communication between a reader and two tags.

receive paths of the RFID reader. This carrier leakage at
receive antenna 𝑗 results in:

𝑠𝑙𝑒𝑎𝑘𝑗 (𝑡) = ∣𝐿𝑗 ∣ sin(𝜔𝑐𝑡 + 𝜑𝑙𝑒𝑎𝑘
𝑗 ). (5)

Here 𝜔𝑐 = 2𝜋𝑓𝑐, and 𝑓𝑐 denotes the carrier frequency of the
transmitted wave of the reader. The phase shift 𝜑𝑙𝑒𝑎𝑘

𝑗 results
from the propagation delay between the transmit and the 𝑗’th
receive antenna, while the amplitude ∣𝐿𝑗 ∣ of the leakage is
determined by the decoupling between the transmit and 𝑗’th
receive antenna, which is assumed to be constant during one
transmission.

For transmitting information to the reader, tags use
backscatter modulation. Given 𝑅 tags transmitting in a certain
slot, each tag 𝑖 (𝑖 ∈ [1 . . . 𝑅]) changes from absorbing energy
(tag absorb state, 𝑆(𝑎)) to reflecting energy (tag reflect state,
𝑆(𝑟)), by mismatching their antenna input impedance. This
backscattered signal is given by:

𝑠𝑡𝑎𝑔,𝑖(𝑡) = ∣ℎ𝑓𝑖 ∣
√
∣Δ𝜎𝑖∣𝑎𝑖(𝑡) sin(𝜔𝑐𝑡 + 𝜑𝑓

𝑖 + 𝜑Δ𝜎
𝑖 ), (6)

where ∣ℎ𝑓𝑖 ∣ and 𝜑𝑓
𝑖 are the forward (reader to tag) channel

attenuation and phase shift, respectively. The term 𝜑Δ𝜎
𝑖 de-

scribes the phase shift introduced by the modulation of tag 𝑖,
while ∣Δ𝜎𝑖∣ is the normalised differential radar cross section
as described by Nikitin et al. [13], which basically describes
the modulation efficiency:

∣Δ𝜎𝑖∣ = ∣𝜌𝑟𝑖 − 𝜌𝑎𝑖 ∣2, (7)

where 𝜌𝑟𝑖 and 𝜌𝑎𝑖 are the complex reflection coefficients for
the reflect and absorb state of tag 𝑖, respectively. According
to the EPCglobal standard [2], each tag modulation signal
𝑎𝑖(𝑡) realises an on-off keying (𝑎[𝑘] ∈ [0, 1]), and features a
different modulation frequency (by a different symbol period
𝑇𝑖) and a distinct delay 𝜏𝑖 delaying the start of the modulation
phase:

𝑎𝑖(𝑡) =
∑
𝑘

𝑎𝑖[𝑘]𝑝(𝑡− 𝑘𝑇𝑖 − 𝜏𝑖). (8)

Here, 𝑎𝑖[𝑘] and 𝑝(𝑡) denote the transmitted symbol and the
pulse shape of the modulation signal, respectively. For the sake
of a simple model, we neglect the noise in the forward link
and model all noise of the system as additive white Gaussian
pass-band noise 𝑛𝑝𝑏𝑗 (𝑡) at antenna 𝑗 in the backward channel.
Thus, at the 𝑗′𝑡ℎ antenna the 𝑅 backscattered signals of the
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collision slot are distorted by the carrier leakage and noise:

𝑠𝑝𝑏𝑗 (𝑡) =

𝑅∑
𝑖=1

∣ℎ𝑏𝑖,𝑗 ∣
√
∣Δ𝜎𝑖∣𝑎𝑖(𝑡)∣ℎ𝑓𝑖 ∣ sin(𝜔𝑐𝑡 + 𝜑𝑓

𝑖 + 𝜑Δ𝜎
𝑖

+𝜑𝑏
𝑖,𝑗) + 𝑠𝑙𝑒𝑎𝑘𝑗 (𝑡) + 𝑛𝑝𝑏𝑗 (𝑡). (9)

The backward (tag-to-reader) channel between each tag 𝑖 and
receive antenna 𝑗 inserts the attenuation ∣ℎ𝑏𝑖,𝑗 ∣ and phase shift
𝜑𝑏
𝑖,𝑗 . In our model we assume that the channel attenuations

∣ℎ𝑓𝑖 ∣, ∣ℎ𝑏𝑖,𝑗 ∣ and phase shifts 𝜑𝑓
𝑖 𝜑

𝑏
𝑖,𝑗 , as well as the tag modula-

tion parameters
√∣Δ𝜎𝑖∣ and 𝜑Δ𝜎

𝑖 do not change significantly
during the transmission of one packet (block fading, readout
duration ≈ 50𝜇𝑠).

B. Constellations in the Baseband of the Receiver

After receiving the collided signals at the antennas, the
reader first downconverts the receive signals to the baseband.
Hence, the complex-valued baseband signal at receive antenna
𝑗 is:

𝑠𝑗(𝑡) =

𝑅∑
𝑖=1

ℎ𝑏𝑖,𝑗
√

Δ𝜎𝑖𝑎𝑖(𝑡)ℎ
𝑓
𝑖 + 𝐿𝑗 + 𝑛𝑗(𝑡), (10)

with ℎ𝑓𝑖 = ∣ℎ𝑓𝑖 ∣𝑒𝑗𝜑
𝑓
𝑖 and ℎ𝑏𝑖,𝑗 = ∣ℎ𝑏𝑖,𝑗 ∣𝑒𝑗𝜑

𝑏
𝑖,𝑗 denoting the

complex-valued channel coefficients, Δ𝜎𝑖 = ∣Δ𝜎𝑖∣𝑒𝑗2𝜑Δ𝜎
𝑖

is the complex-valued normalised differential radar cross-
section, 𝐿𝑗 = ∣𝐿𝑗∣𝑒𝑗𝜑𝑙𝑒𝑎𝑘

𝑗 denoting the complex-valued carrier
leakage and 𝑛𝑗(𝑡) = 𝑛𝑝𝑏𝑗 (𝑡)𝑒𝑗𝜔𝑐𝑡 denoting the complex-valued
noise at each antenna 𝑗 with noise power spectral density 𝑁0.
Stacking the receive signals of each antenna into a vector, we
can rewrite:

s(𝑡) = H𝑏SA(𝑡)h𝑓 + l + n(𝑡). (11)

Here s(𝑡), l and n(𝑡) are the 𝑁𝑅 × 1 column vectors with
the elements 𝑠𝑗(𝑡), 𝐿𝑗 and 𝑛𝑗(𝑡), respectively. The term
H𝑏 denotes the 𝑁𝑅 × 𝑅 tag-to-reader channel matrix with
elements ℎ𝑏𝑖,𝑗 in row 𝑗 and column 𝑖, A(𝑡) and S are the
𝑅 × 𝑅 modulation and radar cross-section matrices with
𝑎𝑖(𝑡) and

√
Δ𝜎𝑖 as their diagonal elements and 0 elsewhere,

respectively, and h𝑓 is the 𝑅 × 1 vector with the forward
channel coefficients ℎ𝑓𝑖 . Equation (11) can be equivalently
reformulated to:

s(𝑡) = Ha(𝑡) + l + n(𝑡), (12)

where H = H𝑏Sdiag(h𝑓 ) represents the equivalent 𝑁𝑅 × 𝑅
channel matrix with the elements ℎ𝑖,𝑗 = ℎ𝑓𝑖 ℎ

𝑏
𝑖,𝑗 , diag(h𝑓 )

is the 𝑅 × 𝑅 diagonal matrix with the elements ℎ𝑓𝑖 on its
diagonal, and a(𝑡) is the 𝑅 × 1 modulation vector with the
elements 𝑎𝑖(𝑡).

The system describes basically a multi-user system, with
the following important properties:

∙ First, all signal components are modulated by the same
carrier frequency, which originates from a single source,
namely the transmitter of the reader. This important prop-
erty inherent in backscatter technology makes it feasible
to jointly-downconvert all signal components with the
same modulation frequency.
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Fig. 4. Reader baseband I/Q diagram of collision of two tags at antenna 𝑗.

∙ Second, the modulation signals feature a different symbol
rate, which deviates up to ±22% between the single
tags in a UHF RFID system [2]. This strong deviation
is not present in High- and Low Frequency (HF / LF)
RFID systems, as the symbol clock is derived from the
carrier frequency in these systems. In contrast to that,
UHF RFID tags exhibit an oscillator, which on the one
hand drifts with the supply voltage, and on the other
hand exhibits a relatively low frequency (e.g. 1.92MHz),
leading to a coarse time resolution for generating the
data rate in the defined continuous frequency range from
40 kHz to 640 kHz [14], [15]. Additionally, each tag starts
its modulation phase at a different time, as indicated by
the delay 𝜏𝑖 terms in Equation (8). This asynchronism
makes it unfeasible to jointly sample all the signals with
a single symbol rate.

∙ Finally the tag receive signals are impaired by the carrier
leakage and noise. In a practical system, this carrier leak-
age can be up to 90 dB stronger than the backscattered
signal [16].

Figure 4 shows the constellation of two colliding tags in the
baseband I/Q plane of one antenna 𝑗 of the reader receiver:
While both tags absorb energy, the reader only discovers the
carrier leakage absorb state of both tags, 𝑆(𝑎,𝑎)

𝑗 = 𝐿𝑗 . If Tag 1
backscatters information to the reader, this signal adds with
the carrier interference and gives a second state in the I/Q
plane, the Tag 1 reflect state and Tag 2 absorb state 𝑆

(𝑟,𝑎)
𝑗 =

𝐿𝑗+ℎ1,𝑗 . The vice-versa situation, where Tag 1 absorbs energy
while Tag 2 reflects energy, realises the point 𝑆(𝑎,𝑟)

𝑗 (= 𝐿𝑗 +
ℎ2,𝑗), and finally, if both tags reflect energy simultaneously,
the state 𝑆

(𝑟,𝑟)
𝑗 = 𝐿𝑗 +ℎ1,𝑗 +ℎ2,𝑗 is generated. In general, we

find up to 2𝑅 different states. Hence, the number of different
states generated in the I/Q plane indicates the number of tags
participating in the collision [4], [5], which can be utilised to
enhance tag population estimators [17].

The location of the constellation in the I/Q plane depends
on the phase and amplitude of the carrier leakage and on
the channel coefficients. In general, the various states of the
constellation in the I/Q plane of the receiver are unknown and
arbitrary to the reader receiver.

We assume that tags switch between their absorb and reflect
state according to a rectangular modulation function with the
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basic frequency defined as the backscatter link frequency [2].
For realising the two states, tags basically switch their shunt
transistor on and off, and due to their simplicity other pulse
shapes than rectangular are technologically not feasible. In
order to maximise the receive 𝐸𝑏/𝑁0, we apply a matched
filter which is realised by an integration over a half backscatter
link frequency period. This changes the pulse shape of the
tag modulation signal from rectangular to triangular. Hence,
the signal moves between the states indicated in Fig. 4.
Additionally, due to the asynchronous modulation signals
of the tags, the receive signals move basically within the
entire area between the four states. On the other hand, two
synchronous tags only move on straight trajectories between
the various states (as this is the case in the example of Fig. 5).

IV. COLLISION RESOLVING RECEIVERS

With the above developed model in mind, we are now ready
to develop two different classes of receiver structures:

∙ As a first class of receivers we propose Single Antenna
(SA) receivers. These receivers discriminate the signal
components from the two tags participating in the colli-
sion in the I/Q plane and are capable to recover from a
collision with at most two tags.

∙ As a second class of receivers we propose multiple
receive antenna receivers. These receivers exploit the
spatial domain in order to discriminate between the signal
components of the two tags. We focus here on dual
receive antenna receivers, also capable of recovering from
slots with two tags at most.

Both classes of receivers separate the signals in the collision
slot into the components corresponding to the single tags.
Synchronisation and decoding is thereafter performed for
each resolved tag signal individually. This circumvents joint
sampling, as all resolved tag signals may be sampled with
their respective symbol frequency. As both classes of receivers
require channel knowledge, a technique for estimating the
channel at each antenna 𝑗 for a collision slot with two tags is
proposed first.

A. Channel Estimation

Reviewing Equation (12), we find the two tag signals of
interest, degraded with the carrier leakage and noise at each
antenna. While the tag signals are only active during times
of backscatter modulation, the carrier is always leaking into
the receiver. Assuming a static carrier leakage during one tag
transmission, we can first estimate this leakage during times
where both tags are in their absorb state 𝑆

(𝑎,𝑎)
𝑗 . Such a period

is defined in [2] (and similarly by others) immediately before
the tags respond (defined as 𝑇1). In a digital receiver we can
utilise this period to estimate the carrier interference (𝐿𝑗 =

𝑆
(𝑎,𝑎)
𝑗 ) as the temporal mean during that interval 𝑇1 [18]:

𝑆
(𝑎,𝑎)
𝑗 = 𝐸{𝑠𝑗 [𝑘]}𝑇1 , (13)

𝐸{⋅}𝑇1 denotes the averaged value over time period 𝑇1, and
𝑘 is the sample index.

Tag sequences start with a defined preamble. Hence, all tags
modulate the same bits at the beginning. Although the tags
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Fig. 5. Channel estimation: simulated constellation during preamble and
entire RN16 transmission for two synchronous tags.

may start with a distinct delay 𝜏𝑖 (compare with Equation (8)),
the delay between two tags 𝜏1−𝜏2 is smaller than a half pulse
period [2]. As the first symbol of the preamble has a steady
level in the standardised FM0 encoding, we can estimate the
state 𝑆

(𝑟,𝑟)
𝑗 during this first symbol of the preamble (𝑡1𝑏𝑖𝑡),

which is determined at the largest deviation from 𝑆
(𝑎,𝑎)
𝑗 in

the I/Q plane:

𝑆
(𝑟,𝑟)
𝑗 = max

{
∣𝑠𝑗 [𝑘] − 𝑆

(𝑎,𝑎)
𝑗 ∣

}
𝑡1𝑏𝑖𝑡

. (14)

As stated above, a matched filter is applied to the receive
signal, which integrates the signal over one half symbol period
and thus changes its shape from rectangular to triangular. The
peaks of this triangular function thus serve as an estimate of
the average over half a symbol interval of the reflection state.
During the preamble, the receive signal moves between the
two states 𝑆

(𝑎,𝑎)
𝑗 and 𝑆

(𝑟,𝑟)
𝑗 , as shown in the left plot of the

simulated constellation in Fig. 5.
Finally, the realisation of the remaining states 𝑆

(𝑎,𝑟)
𝑗 and

𝑆
(𝑟,𝑎)
𝑗 depends on the generated data (16 bit random numbers,

RN16). As soon as both tags modulate different data, these two
states are realised. If only one tag responds in a certain slot,
the receive signal is composed of two states and lies in a one-
dimensional subspace of the I/Q plane defined by the absorb
and reflect state of that tag. This subspace 𝑆𝑃 is realised, and
the two states are estimated, during the transmission of the
preamble. However, if several tags generate a collision, we
also find signal components in the orthogonal subspace 𝑆𝑃⊥
of the preamble subspace 𝑆𝑃 . These two orthogonal subspaces
are indicated by the lines in the left plot of Fig. 5. The states
𝑆
(𝑎,𝑟)
𝑗 and 𝑆

(𝑟,𝑎)
𝑗 are then estimated at the points with maximal

signal strength in this orthogonal subspace component:

𝑆
(𝑎,𝑟)
𝑗 = max

𝑘
{𝑠⊥[𝑘]}, 𝑆

(𝑟,𝑎)
𝑗 = min

𝑘
{𝑠⊥[𝑘]}. (15)

Here, 𝑠⊥[𝑘] denotes the signal component located in 𝑆𝑃⊥.
It is insignificant if we exchange 𝑆

(𝑎,𝑟)
𝑗 and 𝑆

(𝑟,𝑎)
𝑗 in our

estimation, as it is irrelevant which decoded signal belongs
to which tag.

As the modulation signals 𝑎1(𝑡) and 𝑎2(𝑡) are assumed to
realise perfect on-off keying, the channel coefficients directly
correspond to:

ℎ̂1,𝑗 = ℎ̂𝑓1
√

Δ𝜎1ℎ̂
𝑏
1,𝑗 = 𝑆

(𝑟,𝑎)
𝑗 − 𝑆

(𝑎,𝑎)
𝑗 , (16)

ℎ̂2,𝑗 = ℎ̂𝑓2
√

Δ𝜎2ℎ̂
𝑏
2,𝑗 = 𝑆

(𝑎,𝑟)
𝑗 − 𝑆

(𝑎,𝑎)
𝑗 . (17)
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Fig. 6. Single Antenna Zero-Forcing (SAZF) receiver with projection of the
constellation into the orthogonal subspace of the interference.

In summary, the receiver distinguishes between one (𝑅 = 1)
or more than one (𝑅 > 1) receive signals whether there is a
signal component in the subspace 𝑆𝑃⊥. The proposed channel
estimation allows for an estimation of the states for two
colliding tags, thus 𝑀 is restricted to two with this algorithm.
Clearly, if more tags generate a collision, a separation of
the signals into two orthogonal subspaces is not sufficient to
estimate all the generated states. In the case of more than two
colliding tags (𝑅 > 2), the reader may estimate the states
incorrectly, leading a fault readout of the tag data (RN16),
which in general always happens for 𝑅 > 𝑀 . In that case, the
acknowledged data is wrong, terminating the communication
with the tags. As expected, this case (collision slot 𝑅 > 𝑀 )
leads to a throughput of zero tags in that certain slot. The
access of the unread tag is handled by the protocol: All tags
that are not acknowledged, again participate in the following
arbitration frame [2].

This work treats the channel estimation for collisions of
two tags, an estimation for collisions of more tags is left
for future work. This may be approached without applying
a matched filter, but directly sampling the rectangular-shaped
baseband signal [4], [5]. Then, the baseband samples only
realise the states corresponding to the various combinations of
reflection and absorption at all the tags (as the transitions are
instantaneous). However, matched filtering allows to diminish
the noise bandwidth considerably, as the supported bandwidth
is much smaller than in case of representing the rectangular
signal shape. Therefore, this approach sacrifices on 𝐸𝑏/𝑁0,
and non-synchronous tags still hamper this approach, as states
do not change with a single symbol rate.

B. Single Antenna Receivers

1) Single Antenna Zero-Forcing (SAZF) Receiver: The first
proposed receiver capable of recovering from a slot with two
tags colliding, is a single antenna zero-forcing receiver. It
separates one signal from the constellation by treating the
other as interference. The signal constellation is projected into
the (one-dimensional) subspace that completely cancels the in-
terference, i.e. the subspace (𝑆𝑖⊥) orthogonal to the interfering
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Fig. 7. Recovered tag signals with single antenna ZF receiver (measurement
data).

component (𝑆𝑖, see Fig. 6). These projected signals 𝑠𝑖 move
between the projected states 𝑆𝑎

𝑖 and 𝑆𝑟
𝑖 . The projection 𝑠𝑖 of

each tag signal is thereafter synchronised, sliced and decoded
separately (Fig. 7).

This projection also degrades the signal strength of the
desired signal, while the noise power in the projected com-
ponent remains equal. Hence also the Signal to Noise Ratio
(SNR) is degraded by the projection. The degradation of the
signal strength depends on the angle between the two tag
modulation signals and is proportional to sin(𝜑1−𝜑2), where
𝜑𝑖 = 𝜑𝑓

𝑖 +𝜑Δ𝜎
𝑖 +𝜑𝑏

𝑖 . Hence, if the two tag signals transmitting
in the slot are close to orthogonal in the I/Q plane, the loss is
small. However if the angles of the receive signals are almost
equal, a high fraction of receive signal power is lost by this
projection. Reviewing our signal model, we find that the angle
𝜑1 − 𝜑2 is random to the receiver and distributed uniformly
in (−𝜋, 𝜋].

The zero-forcing receiver can also be interpreted as a
receiver, setting two separate decision thresholds inside the
area spanned by the four constellation points 𝑆(𝑎,𝑎), 𝑆(𝑎,𝑟),
𝑆(𝑟,𝑎) and 𝑆(𝑟,𝑟), as indicated by the dashed lines in Fig. 6.
These decision regions are different from those of a maximum
likelihood receiver. As mentioned above, the four expected
constellation points are only realised if both tags realise a
certain state simultaneously. Due to the asynchronous symbol
rates of both tags however, the signal moves inside the area
spanned by the four states, making a decision in the decision
regions of the maximum likelihood receiver infeasible.

We underline, that this receiver is only capable of recovering
from slots with two tags. If more than two tags create the
signal constellation, it is not possible to find a subspace 𝑆𝑖⊥
which is orthogonal to both interferers in the two-dimensional
I/Q space.

2) Single Antenna Ordered Successive Cancellation (SAO-
SUC) Receiver: Furthermore, we propose a single antenna
ordered successive cancellation receiver, that is decoding the
streams sequentially. First it selects the stream with higher
receive signal power (reflected by ℎ𝑖), which is first decoded
by the zero-forcing receiver as described above. Thereafter,
the result is remodulated and subtracted from the signal
constellation. Assuming the decision process was correct, the
interference for the second stream is canceled [19]. Hence, the
remaining signal is only composed of the signal component
of the second tag. In a final step the remaining signal is
sliced separately. This receiver exploits the fact, that the above
described projection loss just affects the signal that is decoded
first.
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C. Multiple Antenna Receivers

1) Zero-Forcing (ZF) Receiver: In order to separate the
signal components exploiting multiple receive antennas, we
first propose the well known zero-forcing receiver [10]:

ŝ𝑍𝐹 = (Ĥ
𝐻

Ĥ)−1Ĥ
𝐻

(s − l̂). (18)

The superscript H𝐻 denotes the Hermitian transpose (con-
jugate transpose) of the matrix H. In contrast to the single
antenna receiver, it exploits the different spatial signatures in
order to separate the signals. Thus, the receiver does not suffer
from a projection loss.

2) Minimum-Mean-Square-Error (MMSE) Receiver: It is
well known in literature [10], that the zero-forcing receiver
suffers from a noise enhancement due to the inversion of the
matrix H𝐻H. The MMSE receiver takes into account both,
the interference and the noise, and balances the error:

ŝ𝑀𝑀𝑆𝐸 = G(s − l̂) + c, (19)

with

G = Ĥ
𝐻

(ĤĤ
𝐻

+ 4𝑁0I)−1,

c =
(
I − GĤ

)
𝐸{a}.

Here I denotes the 𝑁𝑅×𝑁𝑅 identity matrix. A derivation for
the receiver following our system model with non-zero mean
data (on-off keying) is found in the Appendix A.

3) Ordered Successive Cancellation (OSUC) Receiver:
Another approach follows the above described idea of a can-
cellation receiver [20]. First the strongest signal component,
characterised by max𝑖 ∣∣Ĥ(:, 𝑖)∣∣𝐹 , is decoded, using either an
MMSE or ZF receiver as proposed above (in the simulations
in Section VI it uses the MMSE). Here, ∥ ⋅ ∥𝐹 denotes the
Frobenius norm, and Ĥ(:, 𝑖) denotes the 𝑖’th column of Ĥ.
Thereafter, the signal is remodulated and subtracted from
the constellation. Assuming, this decoding was correct, the
remaining constellation only consists of components of the
second tag signal.

4) Separate and Combine (S&C) Receiver: Another re-
ceiver proposed for comparison is what we call Separate
and Combine. This receiver separates the signal components
on each receive antenna individually, utilising the proposed
single antenna zero-forcing receiver. Thereafter, the signals
from each antenna, belonging to the same tag 𝑖 are combined
using maximal ratio combining:

𝑠𝑖 =
1

∣ℎ̃𝑖1∣2 + ∣ℎ̃𝑖2∣2
(
ℎ̃∗
𝑖1𝑠𝑖1 + ℎ̃∗

𝑖2𝑠𝑖2

)
, (20)

where ℎ̃1𝑗 = 𝑆
(𝑟)
1𝑗 −𝑆

(𝑎)
1𝑗 and ℎ̃2𝑗 = 𝑆

(𝑟)
2𝑗 −𝑆

(𝑎)
2𝑗 are the channel

coefficients ℎ1𝑗 and ℎ2𝑗 for each antenna 𝑗, projected into the
subspaces 𝑆2⊥ and 𝑆1⊥, respectively (Fig. 6). The asterisk ∗

denotes the conjugate complex of the value. It is shown in
Section VI that for a 𝑁𝑅 × 𝑅 = 2 × 2 system the average
performance of the S&C and ZF receivers is equal.

We observe, that in case of a collision, the reception of
both tag sequences does not increase the throughput, compared
to the reception of just one of the signals, since a conven-
tional transmitter can only acknowledge one tag at a time
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Fig. 8. Baseband signals of measurement data of collision with two tags.

(𝑀 = 2, 𝐽 = 1). In this situation the reader only decodes
the stronger of the two tag signals, given by max𝑖 ∣ℎ𝑖∣ and
max𝑖 ∣∣H(:, 𝑖)∣∣𝐹 for the single and dual antenna receivers,
respectively. Clearly, successive cancellation receivers do not
provide any performance benefit in that case. However, if the
reader manages to acknowledge both tags (either by changing
the standard to acknowledge several tags consecutively, or
by exploiting spatial separation of the tags using transmit
precoding), we can exploit the reception of both tags to
increase the throughput as given in Equation (4).

The proposed channel estimation and single antenna re-
ceivers are restricted to a separation of two tag signals
(𝑀 = 2). Assuming the channel matrix is known for a
collision with more than two tags, the multiple antenna ZF,
MMSE and OSUC receivers are capable to recover also from
collisions with 𝑅 > 2, as long as 𝑅 ≤ 𝑁𝑅. In that case, the
channel matrix H in the corresponding Equations (18) and (19)
is of dimension 𝑁𝑅 ×𝑅.

V. VERIFICATION WITH MEASUREMENT DATA

In order to verify both, our collision model for two tags
in one slot, as well as the proposed receivers, we run our
algorithms on measurement data of collisions with two com-
mercially available tags [21]. The measurement data was
recorded on our RFID prototyping environment [22]–[24],
which is composed of a digital baseband processing part and
analogue radio-frequency frontends. The measurement was
conducted indoor in an environment with a strong Line Of
Sight (LOS) component and almost no fading, with reader
to tag distances of 2.3m and 1.7m. The transmitter and
both receivers were decoupled by using separate antennas,
with gains of 9 dBi and 8 dBi, respectively. Further details
of the setup for recording the measurement data and the
underlying hardware are given in Section IV of [24]. The tags
are activated by a QUERY command from the reader, and the
collided 16 bit random number packets (RN16) of the tags
at two reader receive antennas are captured after Analogue-
to-Digital-Converters (ADC) and imported into Matlab for
offline processing. Figure 8 shows the measurement data of
the inphase and quadrature component in the time domain, as
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well as the I/Q constellation of the collision, for both antennas.
Clearly, we can again determine the various states 𝑆

(𝑎,𝑎)
𝑗 ,

𝑆
(𝑎,𝑟)
𝑗 , 𝑆(𝑟,𝑎)

𝑗 and 𝑆
(𝑟,𝑟)
𝑗 . As assumed in our model, the data

samples are located within the area defined by those states.
As the modulation signal of both tags is not synchronous,
the receive signal moves on trajectories, that are not directly
connecting the states, as mentioned in Section III (mainly due
to the delay 𝜏𝑖 in the example of Fig. 8).

We applied our proposed channel estimation algorithm,
which correctly detects the appropriate states in the con-
stellation of the measurement data. Furthermore, we applied
all receivers of both classes, the single antenna receivers as
well as the multiple antenna receivers. Figure 7 shows the
resolved sequences of the example using the single antenna
zero-forcing receiver: The two subplots show the two projected
signals 𝑠𝑖 into the orthogonal subspace of the interfering
signal. The interference is completely canceled. Each of
these resolved signals are thereafter synchronised and decoded
individually.

Although the tag sequences can be decoded, a major
drawback of the result is, that it is not possible to prove
that the resolved sequences are decoded correctly, as the data
transmitted by the tags is random (tags transmit a 16 bit
random number). A justification for a correct functionality
however is, that the separated signals are obviously two
independent, correctly encoded FM0 sequences with a valid
preamble, as the reader expects them. To further validate our
algorithms, the following section provides simulation results,
and clearly we can verify the correct decoding of the data
and the functionality of the algorithms in simulation. The
assumptions in the simulation and the previously proposed
model are corroborated by the measurement data. Although all
receivers show a cancellation of the interfering tag sequences,
we exemplarily only plot the separated sequences of the SAZF
receiver in Fig. 7. The following performance simulations
show, that this receiver actually exhibits the worst performance
among all the proposed receivers.

VI. PERFORMANCE ANALYSIS

In order to compare the performance of the various pro-
posed receivers, we compute the Bit Error Ratio (BER) using
Monte Carlo simulations of slots with two tag responses.
Two receive antennas are assumed in our simulations for all
multiple antenna receivers.

A. Rayleigh-Fading Channel

For the sake of a simple comparison and analytic tractabil-
ity, we assume that the equivalent channel matrix H follows a
Rayleigh fading. The single Rayleigh channel coefficients are
independent zero mean circularly symmetric complex Gaus-
sian random variables with normalised energy 𝐸{∣ℎ𝑖∣2} = 1,
which implies that the two tags participating in the collision
experience the same path loss. Figure 9 shows the perfor-
mance of the various Single Antenna (SA) and dual antenna
receivers, decoding both tag signals of uncoded random data
depending on the average output SNR 𝛾 = 1/𝑁𝑅

∑
𝑗 𝛾𝑗 ,

where 𝛾𝑗 = ∣ℎ𝑖,𝑗 ∣2𝑎2𝑖 /𝑁0 is the instantaneous SNR at antenna
𝑗 for tag 𝑖, and 𝛾𝑗 = 𝐸{𝛾𝑗} is the average SNR at antenna 𝑗.
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Fig. 9. Bit Error Ratio for single and multiple antenna receivers in Rayleigh
fading channel in collision slots of two tags (R=2). In the simulation, both
tag sequences are resolved.

Additionally to disturbance by noise, each stream is interfered
by the second tag responding in the same slot, with the same
average signal power, and the carrier leakage. The interference
from other tags as well the carrier leakage however, have a
different impact on the performance than the noise, as they
are assumed to be known (estimated) to the receiver.

As expected, the multiple antenna receivers outperform the
single antenna receivers. Furthermore, the simple ZF receivers
show a worse performance than the MMSE and OSUC (using
MMSE for decoding the first stream) receivers.

Furthermore, we analyse the performance of the SAZF
receiver analytically: as stated in Section IV-B1 and depicted
in Fig. 6, the effective receive signal 𝑠𝑖 is degraded by the
projection loss. In a first step we calculate the statistics of
this projected receive signal

𝑠𝑖 = 𝑠𝑖 sin (𝜑1 − 𝜑2), (21)

where 𝑠𝑖 follows a Rayleigh distribution and 𝜑1−𝜑2 is equally
distributed in (−𝜋, 𝜋]. Using the statistical independence of
the two random variables, the probability density function of
the projected signal 𝑠𝑖 is calculated by transforming the ran-
dom variables [25, p. 446]. Hence, in case of Rayleigh fading
on the channel, the statistics of 𝑠𝑖 are transformed into a Gaus-
sian fading. Equally, the projected channel coefficients ℎ̃𝑖𝑗
follow a Gaussian fading, with 𝐸{∣ℎ̃𝑖𝑗 ∣2} = 1/2𝐸{∣ℎ𝑖𝑗∣2}.

The Bit Error Probability (BEP) for each tag signal is
calculated as

𝑃𝑏(𝐸) =

∫ ∞

0

𝑃𝑏(𝐸∣𝛾)𝑝𝛾(𝛾)𝑑𝛾, (22)

where we skip the index of the instantaneous SNR 𝛾 as there
is only a single antenna. As the modulation follows an on-off
keying, the conditional BEP 𝑃𝑏(𝐸∣𝛾) is:

𝑃𝑏(𝐸∣𝛾) = 𝑄(
√
𝛾), (23)

where 𝑄(⋅) denotes the Q-function. Using the alternative
description of the Q-Function from [26] and following the
approach of Alouini et al. [27], the diversity order in collision
slots with two tags for the single antenna ZF receiver is
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derived to be 1/2, while the diversity order of the dual antenna
ZF receiver is well known to be 𝑁𝑅 − 𝑅 + 1 = 1 [10].
Thus, by doubling the number of receive antennas from the
SAZF receiver to the dual antenna ZF receiver, also the
diversity order is doubled. The evaluation of the integral in
Equation (22) is shown in Appendix B.

With the Separate-and-Combine (S&C) receiver, we can
again improve the diversity order to one. In fact the average
performance of the S&C receiver and the ZF receiver is equal:
In order to show that, we compare the post-processing SNR
at the output of the two receivers. As both receivers scale the
signal power at the output equally, the post processing SNR
is equal to the post processing noise power.

We first compute the noise power 𝜎2
𝑍𝐹,𝑖 of the 𝑖’th output

stream of the ZF receiver, which is the element in the 𝑖’th row
and 𝑖’th column (denoted by the subscript 𝑖𝑖) of the matrix:

𝐸
{
n𝑍𝐹 n𝐻𝑍𝐹

}
= 𝐸

{
(H𝐻H)−1H𝐻nn𝐻H((H𝐻H)−1)𝐻

}
= 𝜎2

𝑛𝐸
{

((H𝐻H)−1)𝐻
}
,

𝜎2
𝑍𝐹,𝑖 = 𝜎2

𝑛𝐸
{

(H𝐻H)−1
}
𝑖𝑖
. (24)

It has been shown by Winters et al. [28] and Gore et
al. [29], that the term 1/{(H𝐻H)−1}𝑖𝑖 follows a Chi-Square
distribution with 𝑁𝑅 − 𝑅 + 1 degrees of freedom. Thus, in
our case of 𝑁𝑅 = 𝑅 = 2 the expected value in Equation (24)
is:

𝐸
{

(H𝐻H)−1
}
𝑖𝑖

=
1

𝜎2
ℎ

, (25)

with 𝜎2
ℎ = 𝐸{∣ℎ𝑖𝑗 ∣2}. Hence, the post processing noise power

is 𝜎2
𝑍𝐹,𝑖 = 𝜎2

𝑛/𝜎
2
ℎ.

Reviewing Equation (20), the noise 𝑛𝑆&𝐶,𝑖 at the i’th output
stream of the S&C receiver calculates to:

𝑛𝑆&𝐶,𝑖 =
1

h̃
𝐻

𝑖 h̃𝑖

(
h̃
𝐻

𝑖 n
)
. (26)

Here, we stack the elements ℎ̃𝑖𝑗 of Equation (20) into the
𝑁𝑅 × 1 vector h̃𝑖. The noise power 𝜎2

𝑆&𝐶,𝑖 at the i’th output
stream of the S&C receiver hence is:

𝜎2
𝑆&𝐶,𝑖 = 𝐸

{
∣h̃𝐻𝑖 n∣2
∣h̃𝐻𝑖 h̃𝑖∣2

}
= 𝜎2

𝑛 𝐸

{
1

h̃
𝐻

𝑖 h̃𝑖

}
. (27)

As the single elements ℎ̃𝑖𝑗 exhibit independent Gaussian

fading, and 𝐸{∣ℎ̃𝑖𝑗 ∣2} = 1/2𝐸{∣ℎ𝑖𝑗∣2} it follows that h̃
𝐻

𝑖 h̃𝑖
is Chi-square distributed with 𝑁𝑅 degrees of freedom and
𝐸{h̃𝐻𝑖 h̃𝑖} = 𝑁𝑅𝜎

2
ℎ/2. Thus, in our case of 𝑁𝑅 = 2, the noise

power of the i’th stream at the output of the S&C receiver is
𝜎2
𝑆&𝐶,𝑖 = 𝜎2

𝑛/𝜎
2
ℎ. Hence, the average post-processing SNR

of both receivers is equivalent, resulting in the same average
performance in the case of 𝑁𝑅 ×𝑅 = 2 × 2. However, if we
increased the number of receive antennas, we could exploit a
higher diversity order with the zero-forcing receiver.

B. Dyadic Backscatter Channel

Finally, we simulate the performance of the various re-
ceivers in the dyadic backscatter channel [30], assuming the
fading of the forward (h𝑓 ) and backward (H𝑏) links to be
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Fig. 10. Expected throughput of the FSA scheme with the capability to
recover from a slot with two tags and acknowledge one tag (M=2, J=1)
for the various proposed receivers. Moreover, the graph shows the relative
improvement over the theoretical throughput of the conventional system
(0.368 tags/slot). The two dashed horizontal lines indicate the theoretical
throughput of M=1, J=1 and M=2, J=1. The grey curve plots the throughput
of the conventional system with a single receive antenna with ML-sequence
decoding for comparison.

uncorrelated, and perfect on-off keying modulation at the
tags, i.e.

√
Δ𝜎𝑖 = 1. Channel measurements carried out

by Lázaro et al. [31] and Kim et al. [32] propose the use
of a two-way Rician channel model, which is intuitive in
RFID scenarios. They however point out, that the Rician
factor strongly depends on the environment, and in some
scenarios, the best fit to the measurement data was achieved
by applying a two-way Rayleigh distribution. As the Rayleigh
fading model also serves as a lower bound for the Rician
fading model, we stick to this assumption in our simulations.
Both, forward and backward links, as well as both tags of
the collision, are assumed to experience the same path loss.
The data packets are FM0 encoded 16 bit random numbers as
defined in [2].

Figure 10 shows the expected throughput of the receivers
and the relative improvement to the theoretical throughput
of the conventional system (0.368 tags / slot) in the FSA
framework for 𝑀 = 2, 𝐽 = 1, as described in Section II.
The receivers only decode one of the two packets involved
in the collision, i.e. the one with the stronger receive signal,
as discussed in Section IV. In case of a slot with a single tag
response, we assume Maximum Likelihood (ML) sequence de-
coding of the FM0 code for the single antenna receivers [33],
and Maximal Ratio Combining (MRC) for the dual antenna
case. We observe that the successive cancellation receivers
do not show any further performance increase to the ZF or
MMSE receivers, if we are only interested in decoding one of
the packets of the collision slot. The multiple antenna receivers
show a better performance than the single antenna receivers.
For high 𝛾 the expected throughput converges towards 0.587,
or equivalently, to a relative improvement of 1.595 times
the theoretical throughput of the conventional system. For
comparison, we also plot the throughput of the conventional
system (M=1, J=1) assuming ML sequence decoding [33].

Links with a correlation between the forward and the
backward channel have been studied by Griffin et al. in [11].
They conclude, that the performance loss is small if the link
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Fig. 11. Expected throughput of FSA scheme (M=2, J=1) for the various
proposed receivers with tag antenna correlation, at 𝛾 = 10 dB.

envelope correlation 𝜌𝑒 < 0.6, which is assumed for setups
with sufficiently separated transmit and receive antennas, thus
this is not considered here. Moreover, antenna correlation
may be caused by not sufficient scattering and closely spaced
antennas. In RFID scenarios we expect that the reader receive
antenna correlation is small due to sufficient spacing, while
the tag correlation impacts most due to potentially close tag
locations. This is modeled by [10, Chapter 3]: H𝑏 = H𝑏

𝑢𝑐R
1/2
𝑡

and h𝑓 = R1/2
𝑡 h𝑓𝑢𝑐, where R𝑡 is the tag covariance matrix, and

H𝑏
𝑢𝑐 and h𝑓𝑢𝑐 are the backward and forward channel matrix

with independent Rayleigh fading, respectively. Figure 11
shows the expected loss in case of tag antenna correlation
at 𝛾 = 10 dB, with {R𝑟}𝑖𝑖 = 1 and {R𝑟}𝑖𝑗 = 𝜌 for 𝑖 ∕= 𝑗. At
𝜌 = 0 the throughput is the same as at 10 dB SNR of Fig. 10,
while with full correlation 𝜌 = 1 only the throughput of the
single slots is achieved (MRC and ML sequence decoding in
case of multiple and single antenna receivers, respectively).
As the S&C receiver separates the signals in the I/Q plane, it
is less affected by the antenna correlation as the ZF receiver,
which utilises the spatial signatures of the signals. We observe
that for 𝜌 < 0.6 the system losses in terms of throughput are
marginal.

The authors however want to explicitily point out, that they
are not aware of any experimental work that investigates the
amount of correlation in the dyadic pinhole channel in realistic
scenarios, thus the result should provide an impression on
the expected losses in case of existing antenna correlations.
The extent of the correlation however is expected to depend
strongly on the setup and environment, and experimental
research on this topic is suggested for future work.

VII. DISCUSSION AND CONCLUSION

In this work we identify the theoretical throughput increase
of FSA RFID systems with physical layer collision recovery
receivers. For a receiver capable of successfully reading and
acknowledging one tag of a slot with two tags, a throughput
increase of approximately 1.6 times the throughput of a
conventional RFID reader is achieved. The authors note, that
FSA with physical layer collision recovery is feasible in RFID,
as all receive signal components are modulated to the very
same carrier frequency. With that potential being identified,
we develop an accurate model for tag collisions and baseband

constellations in RFID readers, which enables us to propose
a channel estimation and leads us to the development of the
desired receivers. We identify two main challenges for UHF
RFID systems: First, the tags participating in the collision
feature highly distinct symbol rates, due to large tolerances
for RFID tags. And second, the tag signals are disturbed by a
strong carrier leakage. The channel estimation for 𝑀 = 2 as
well as the receivers proposed, are capable of handling these
specifics of RFID systems, and assume a slowly changing
carrier leakage and channel (block fading), which is true in
many realistic RFID scenarios. The validity of the assumptions
is corroborated by measurement data.

The two presented classes of receivers either discriminate
the tag signals in the I/Q constellation (single antenna case)
or exploit their different spatial signatures (multiple antenna
case). The performance of the proposed receivers is analysed
analytically and by means of Monte Carlo simulations. As ex-
pected, multiple antenna receivers feature higher performance
at the tradeoff of higher signal processing complexity. The
SAZF receiver shows a diversity order of 1/2. Combining
the signals of two SAZF receiver outputs (S&C) allows to
reconstitute the diversity order of 1, which is known to be
equal to the diversity order of the dual antenna ZF receiver.
We observe that the proposed channel estimation and single
antenna receivers are only capable of recovering from colli-
sions of two tags, while the multiple antenna receivers may
recover from a collision of up to 𝑀 tags if 𝑁𝑅 ≥ 𝑀 receive
antennas are available and the channel is known at the receiver.

The increased data throughput of the system comes with
a complexity increase at the RFID reader only. Furthermore,
the receivers do not require any changes in existing RFID
standards, and hence can be directly implemented in RFID
receivers to work with commercially available tags, as shown
by our measurement data. Although this work concentrates on
FSA, the receivers can be equally applied to the binary tree
anti collision protocol. Equivalently, this work can be applied
to other systems communicating with backscatter technology,
such as wireless sensor networks.

For future work in this new research field it is intended
to investigate channel estimation for multiple tag collisions
involving even more than two tags (𝑀 > 2), which then
allows to employ multiple antenna receivers to split more than
two tags. Additionally, the applicability of multiple antenna
transmitters for precoding and thereby acknowledging multiple
tags simultaneously (𝐽 > 1) needs thorough investigation.
This also requires models and experimental investigation of
correlations between multiple antenna forward and backward
channels in different setups. Finally, together with [4], [5], this
work opens potential for higher performance tag population
estimators, which utilise the physical layer information of the
exact number of tags responding in a slot with 𝑅 ≤ 𝑀 .

APPENDIX A
DERIVATION OF MMSE RECEIVER

Following [34], the MMSE receiver of the form

ŝ𝑀𝑀𝑆𝐸 = G(s − l̂) + c (28)

is based on two conditions: first, the orthogonality principle:

𝐸{(a − ŝ𝑀𝑀𝑆𝐸)(s − l̂)𝐻} = 0, (29)
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and second, the condition for an unbiased receiver:

𝐸{a − ŝ𝑀𝑀𝑆𝐸} = 0. (30)

Inserting Equation (12) in Equation (30) leads to the result

c =
(
I − GĤ

)
𝐸{a}. (31)

Proceeding with the insertion of Equations (28) and (12) into
the first condition (Equation (29)), results in:

G = C𝑎𝑎Ĥ
𝐻

(ĤC𝑎𝑎Ĥ
𝐻

+ 𝑁0I)−1, (32)

where C𝑎𝑎 = 𝐸{(a − 𝐸{a})(a − 𝐸{a})𝐻} denotes the
covariance matrix of the data. Due to the on-off keying
modulation, we find C𝑎𝑎 = 1

4 I. Equation (32) is finally
reformulated to:

G = Ĥ
𝐻

(ĤĤ
𝐻

+ 4𝑁0I)−1. (33)

APPENDIX B
DERIVATION OF DIVERSITY ORDER FOR SINGLE ANTENNA

ZERO FORCING RECEIVER

We start by using the alternative description of the Q-
function by Craig [26]

𝑄(𝑥) =
1

𝜋

∫ 𝜋/2

0

exp

(
− 𝑥2

2 sin2 𝜙

)
𝑑𝜙, (34)

and the approach shown by Alouini et al. [27]. With the
Gaussian distribution for the fading of the projected signal
𝑠𝑖, the distribution 𝑝𝛾(𝛾) of the instantaneous SNR 𝛾 follows
a Gamma distribution. Inserting the description of the Q-
function in Equation (34) into Equation (22), the bit error
probability is:

𝑃𝑏(𝐸) =
1

𝜋

∫ ∞

0

∫ 𝜋/2

0

exp

( −𝛾

2 sin2 𝜙

)
𝑑𝜙 𝑝𝛾(𝛾)𝑑𝛾. (35)

Changing the order of integration, the inner integral gives the
moment generating function of the Gamma distribution, which
is found in [27, Eq. (30)]. Hence, the BEP yields:

𝑃𝑏(𝐸) =
1

𝜋

∫ 𝜋/2

0

(
1 +

𝛾

sin2 𝜙

)−1/2

𝑑𝜙. (36)

=
1

𝜋
√
𝛾

∫ 𝜋/2

0

(
sin2 𝜙

sin2 𝜙
𝛾 + 1

)1/2

𝑑𝜙.

With lim(𝛾→∞)
sin2 𝜙
𝛾 = 0, the BEP for large 𝛾 becomes

𝑃𝑏(𝐸) ∼= 1

𝜋
𝛾−1/2. (37)

Hence, at high SNR 𝛾, the diversity order of the single antenna
zero-forcing receiver is found to be 1/2.
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