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Abstract - In this paper we propose a direction of arrival esti-
mation for a dual receive antenna RFID reader. In a strong line of
sight environment, the phase shift on the elements of a receive ar-
ray of the tag signal is utilised to estimate the direction of arrival
of the tag. In RFID however, receive signals are impaired by a
strong carrier leakage. The receive signal composition at each in-
dividual receive antenna is modeled, and based on that model, the
phase shift determination is presented. The proposed receiver is
implemented on an FPGA of an RFID rapid prototyping environ-
ment. Details about its implementation are given, and it is shown
in an experimental evaluation by measurement, that the root of
the averaged squared error over several position of the direction
of arrival estimation is 3.3◦with two antennas.

I. INTRODUCTION

Radio Frequency Identification (RFID) is in general employed for ap-

plications requiring identification and tracking of goods. Apart from

these major purposes of RFID technology however, an additional in-

formation on localisation has recently attracted interest. While local-

isation has been proposed for active RFID before, we concentrate on

passive UHF RFID, which has only very recently demonstrated to be

feasible. Our approach employs two receive antennas for Direction of

Arrival (DOA) estimation in low fading environments. While work by

Kim et al. [1] estimate the direction of arrival by tracking the receive

signal strength of two directional antennas depending on their orien-

tation, the phase difference at distinct array elements is considered for

direction of arrival estimation in this work. Additionally, several au-

thors, for instance [2, 3] propose to install multiple readers and apply

reader-to-tag distance estimation to localise an RFID tag. Similarily,

a mobile RFID reader determines its own location by means of posi-

tioning tags at reference locations [4]. Other authors [5–7] propose

to apply smart antennas to estimate the DOA and provide a theoret-

ical analysis of the performance, while this paper also shows experi-

mental results. Salonen et al. [8] show a phased array realisation for

blindly scanning an area with a beam. Very recently, Nikitin et al. [9]

published a comparison of different techniques of DOA estimation by

utilising a phase difference. They propose to exploit a phase differ-

ence of a) multiple consecutive measurements of a moving tag (time

domain), b) multiple consecutive measurements of a static tag with

different carrier frequencies (frequency domain), and c) multiple re-

ceive antennas (spatial domain). While the spatial domain approach in

their paper is of conceptual nature, we also show experimental results

on this topic in this paper. Furthermore, Hekimian et al. [10] propose

a DOA estimation in active RFID systems by combining two RFID

reader modules. Both modules are synchronised by applying an ex-

ternal clock. As they use active RFID, they also need to compensate

the carrier offset after downconversion. Their paper shows excellent

experimental results. In contrast to their paper we establishes a DOA

estimation for passive RFID. Additionally, Chia et al. [11, 12] show a

solution for beam steering for RFID readers, by delaying the carrier

synthesiser signals for different paths. Reader to tag distance estima-

tion by means of a multi frequency continuous wave radar approach is

for example shown in [13].

The paper is structured as follows: The next section introduces a

model of signal constellations at multiple receive antennas of an RFID

reader. Based on that model, we propose our DOA estimation algo-
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Figure 1: Communication between an RFID reader with multiple RX

antennas and an RFID tag.

rithm in Section III. The following Section IV. treats the implementa-

tion of the receiver on a rapid prototyping platform, while Section V.

presents measurement results of the DOA estimation in a low fading

environment.

II. MODEL OF SIGNAL CONSTELLATIONS AT A

MULTIPLE RECEIVE ANTENNA READER

Figure 1 shows the basic communication between a tag and a reader

receiver with NR antennas. Passive tags are supplied with energy by

the RFID reader in form of a continuous carrier transmission, includ-

ing time intervals of uplink communication. This continuous carrier

transmission also leaks into the i’th receive antenna (i ∈ 1 . . . NR):

sleaki (t) = |Li| sin(ωct+ ϕleak
i ). (1)

Here, ϕleak
i is the phase shift, which results from the propagation de-

lay between the transmit and the receive path i. The amplitude |Li| of

the leakage depends on the transmitter to receiver decoupling [14,15].

The uplink communication applies backscatter modulation. Dur-

ing times the tag is not communicating, the input impedance of the tag

is matched to the antenna impedance for maximum energy absorption.

During communication cycles, the tag backscatters energy by switch-

ing its input impedance between the matched state and an unmatched

state. This backscattered signal at the tag is given by:

stag(t) = a(t)
√

|Δσ||hf | sin(ωct+ ϕf + ϕΔσ).

(2)

Here |hf | and ϕf denote the forward channel attenuation and phase

shift. The modulation signal a(t) switches between the matched and

the unmatched state of the tag and realises an on-off keying (a(t) ∈
{0, 1}). The term ϕΔσ describes the phase shift introduced by the

tag modulation, while |Δσ| is the normalised differential radar cross

section as described by Nikitin et al. [16], which basically describes

the modulation efficiency:

|Δσ| = |ρr − ρa|2, (3)

where ρr and ρa are the complex reflection coefficients for the tag’s

reflect and absorb state, respectively.

At the reader receive antenna i the tag signal adds with the carrier

leakage:

spbi (t) = |hb
i |
√

|Δσ||hf |a(t) sin(ωct+ ϕf + ϕb
i + ϕΔσ)

+|Li| sin(ωct+ ϕleak
i ) + npb

i . (4)
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Figure 2: Tag response in baseband: inphase and quadrature constel-

lations on both antennas. The offset from the origin results from the

carrier leakage (tag absorb state S
(a)
i ).

The terms |hb
i | and ϕb

i denote the backward channel attenuations and

phase shifts from the tag to the i’th reader receive antenna. It is worth

mentioning, that the signal components from the tag at the different

receive antennas only differ in the backward channel attenuation |hb
i |

and phase shift ϕb
i .

A downconversion without any frequency offset is readily possible

at each antenna, as only a single frequency source (the oscillator in the

transmitter of the reader) exists in the system. The complex-valued

baseband signal at antenna i hence is:

si(t) = hb
i

√
Δσhfa(t) + Li + ni(t), (5)

where hb
i = |hb

i |ejϕ
b
i and hf = |hf |ejϕf

are the complex-valued

backward and forward channel coefficient, respectively. The term

Δσ = |Δσ|ej2ϕΔσ

is the complex-valued normalised differential

radar cross section and Li = |Li|ejϕleak
i denotes the static and

complex-valued carrier leakage. Finally, ni(t) is the complex-valued

circularly symmetric white Gaussian noise with noise power spectral

density N0. Equivalently, we can reformulate Equation (5) to:

si(t) = hia(t) + Li + ni(t), (6)

where hi = hf
√
Δσhb

i is the channel coefficient of the equivalent

dyadic channel from the transmitter of the reader to the tag and back

to the i’th receive antenna of the reader [17]. Here also the modula-

tion behaviour of the tag is modeled by the channel coefficient h (term√
Δσ). By stacking the receive signals si(t), channel coefficients hi,

carrier leakage Li and noise components ni(t) of all NR receive an-

tennas into the NR × 1 vectors s(t), h, l and n(t), respectively, Equa-

tion (6) is equivalently reformulated to:

s(t) = ha(t) + l + n(t). (7)

If the tag absorbs energy, the tag absorb state S
(a)
i is observed in

the baseband I/Q plane of each antenna i (a(t) = 0 in Equation (6)).

If the tag reflects energy however, the tag reflect state S
(r)
i is identi-

fied in the I/Q baseband plane of each receive antenna i (a(t) = 1

in Equation (6)). While the tag absorb state S
(a)
i = Li corresponds

to the carrier leakage at antenna i, the reflect state S
(r)
i = Li + hi

additionally includes the backscatter modulation. The location of the

states in the I/Q baseband plane is arbitrary to the reader receiver, and

depends on the extent of the carrier leakage Li as well as on the chan-

nel coefficients hi. The magnitude and phase of Li and hi depend

on the spatial setup of reader and tag antennas as well as of the en-

vironmental scatterers, and on the transmitter to receiver decoupling

scheme.

To verify our signal model, we recorded tag receive signals on our

multiple antenna rapid prototyping system [18,19], and imported them

-3000 -2000 -1000 0 1000
-1000

0

1000

2000

3000

Inphase

Q
ua

dr
at

ur
e

h1

�1

(a) Antenna 1

-3000 -2000 -1000 0 1000
-2500

-2000

-1500

-1000

-500

0

500

Inphase

Q
ua

dr
at

ur
e

h2

�2

(b) Antenna 2

Figure 3: Tag response in baseband with removed carrier leakage:

inphase and quadrature constellations on both RX branches. The phase

shifts ϕi determine the DOA of the tag receive signal.

into Matlab. The baseband receive constellations of the measurement

are depicted in Figure 2. Obviously, the constellation on both antennas

can be completely diverse, as phase and magnitude of both, the carrier

leakage and the channel coefficient may be strongly distinct.

III. DIRECTION OF ARRIVAL ESTIMATION

Reviewing Equation (6), the subtraction of the carrier leakage from the

receive signal at each antenna si(t) − Li = hia(t) + ni(t), directly

shows the channel coefficient modulated by the data, as demonstrated

with the measurement data in Figure 3. In contrast to the carrier leak-

age, only the receive signal component from the tag carries informa-

tion about its location. The angles ϕi of the constellation in the I/Q

plane are composed of the forward channel phase shift ϕf , the phase

shift due to the tag modulation ϕΔσ and the backward channel phase

shift ϕb
i :

ϕi � ϕf + ϕΔσ + ϕb
i . (8)

As ϕf and ϕΔσ affect both receive antenna constellations equally, a

phase difference Δϕ = ϕi − ϕi−1 in the constellation of the receive

paths i and i−1 (i ≥ 2) solely results from a distinct phase shift in the

backward channels hb
i and hb

i−1. Assuming Line Of Sight (LOS) com-

munication from the tag to the reader, the phase shift results from a dif-

ferent propagation delay from the tag to the various receive antennas.

With a linear array of equidistant elements with spacing d and the tag-

to-reader distance D much larger than the array size D � (N − 1)d
(Figure 4), the phase difference between two neighbouring elements

Δϕ is:

Δϕ = kd cos(φ). (9)

Here, k = 2π/λ is the wave number, λ denotes the wavelength and

φ is the Direction Of Arrival (DOA). The DOA is estimated by corre-

lating the channel coefficients with the NR × 1 steering vector t(φ),

Antenna 1 Antenna 2 Antenna N-1

.....
s(t)��

� d

�

Figure 4: Localisation of RFID tag with multiple antennas.
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whose i’th element is ej(i−1)kd cos(φ) [20]:

r(φ) = hH t(φ)

=

NR∑
i=1

h∗
i e

jkd(i−1) cos(φ)

φ̂ = argmax
φ

|r(φ)|. (10)

The sum here essentially is the Discrete Time Fourier Transform

(DTFT) of the channel coefficients hi, with ψ = kd cos(φ) denot-

ing the spatial frequency. Consider hi as the excitation of antenna

i, then the DTFT is the array factor. Its maximum serves as the es-

timate for the DOA φ. Due to the above assumptions of LOS and

D � (N − 1)d the path loss on all receive antennas is approximately

equal |hi| ≈ |hj |, thus distinct channel coefficients only differ in a

phase shift.

In our experimental setup with only NR = 2 receive antennas

Equation (10) reduces to:

φ̂ = argmax
φ

(
e−jϕ1 + e−jϕ2ejkd cos(φ)

)
, (11)

−ϕ1 = −ϕ2 + kd cos(φ̂), (12)

φ̂ = arccos

(
Δϕ

kd

)
, (13)

where Equation (12) results from Equation (11) with the argument,

that for maximum magnitude the phases of both terms must be equal

(Triangle Inequality).

The argument of the arccos(·) term in Equation (13) must be in

the range of -1 to 1, i.e. Δϕ
kd

∈ [−1, 1]. If d < λ/2, only a sin-

gle solution is possible. If d > λ/2 however, multiple solutions are

possible, due to the 2π-periocity of Δϕ, e.g. two possible solutions

for λ/2 < d < λ. These solutions occur due to so-called grating

lobes in the beam pattern [20, 21] for arrays with element spacing

d > λ/2. However, there is only a single solution within the span

φ ∈ [arccos( π
kd

), arccos(−π
kd

)] for λ/2 < d < λ.

IV. IMPLEMENTATION

The above described algorithm is implemented on our dual receive

antenna rapid prototyping system for RFID [18, 19]. The rapid pro-

totyping system consists of a digital baseband hardware and analogue

Radio Frequency (RF) frontends, supporting the UHF frequency do-

main. The digital baseband hardware is composed of a Digital Signal

Processor (DSP), a Field Programmable Gate Array (FPGA), Digi-

tal to Analogue and Analogue to Digital Converters (DACs, ADCs).

While the digital baseband hardware generates the transmit signal and

detects and decodes the receive signal, the analogue frontend executes

frequency up- and downconversion, filtering and amplification.

In order to estimate the DOA by Equation (13), the receiver re-

quires knowledge about the carrier leakage Li and the channel coeffi-

cient hi at each antenna, which further allows the computation of ϕi

as defined in Equation (8). The carrier leakage is estimated during a

time period before the start of the uplink modulation, which is defined

by T1 in the standard of EPCglobal for UHF RFID [22]. The standard

defines an idle time during this period (no backscatter modulation),

hence the reader just receives the static carrier leakage, which is esti-

mated as the temporal average of the receive signal during this period

at each antenna i:

Li = E{si(t)}T1 . (14)

With knowledge of the carrier leakage, the constellation is shifted to

the origin, by subtracting the carrier leakage from the receive signal

(compare with Figure 3). According to Equation (6), this shifted re-

ceive signal then is only composed of the tag receive signal and the

noise. The tag reflects energy during the first bit of the preamble.

Thus, this backscattered modulation signal during this first bit period

t1bit is proportional to the channel coefficient. Therefore, the channel
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Figure 5: Implemented digital reciever architecture: the signal from

the analogue frontends is captured at an intermediate frequency of

13.33 MHz. After digital down conversion and matched filtering, the

channel is estimated and the phase shift is determined by a CORDIC

algorithm.

coefficient is estimated as the temporal average of the receive signal

with subtracted carrier leakage during this period:

hi = E{si(t)− Li}t1bit (15)

A blockdiagram of the real-time digital (FPGA) receiver is shown

in Figure 5. The interface to the RF frontend is realised by the ADC

at an intermediate frequency of 13.33 MHz. This is one third of the

FPGA and DAC / ADC clock frequency of 40 MHz, which facilitates

the design of the digital sine and cosine generation. After the down-

conversion with low-pass filtering, a matched filter is applied to the

receive sequences (denoted by the integration block in the blockdia-

gram of Figure 5). The subsequent finite state machine estimates the

channel [23,24] and detects the phase shift of the two receive constel-

lations. The phase ϕi of the channel coefficient hi is determined by

applying a COrdinated Rotation Digital Integrated Circuit (CORDIC)

algorithm with eight stages [25]. The constellation is rotated towards

the real axis (ϕi = 0) in each CORDIC stage, with either a clockwise

or counterclockwise rotation. By registering the clockwise or counter-

clockwise rotation direction, the receiver is capable to determine the

angle ϕi and computes the phase shift Δϕ. Eventually, the division

and arccos(·) operations of Equation (13) are computed on the DSP

of the rapid prototyping system. Additionally, the two receive paths

are combined as described in [23], and the combined signal is subse-

quently synchronised and decoded [26].

In constrast to the conventional single receive antenna or antenna

switching receivers, this dual antenna receiver requires the duplication

of the receive paths. Therefore two RF frontends, two ADCs and two

individual digital receive chains are required. The duplication in the

FPGA design requires two additional multipliers for the downconver-

sion, while the filters are designed as moving average blocks, which

do not consume any multipliers. Additionally, the channel estimation

needs to be implemented for both receiver chains [23].

V. EXPERIMENTAL EVALUATION

The following experimental evaluation results demonstrate the feasi-

bility of DOA estimation in a scenario with low fading.

5.1 Measurement Setup
Figure 6 depicts the spatial measurement setup (also compare

with [27] for the description of a similar experimental test scenario).

The tag is moved at a y-position of zero meters in front of the reader

antennas to distinct x-positions by means of a motor driven nylon cord.

At each location, the tag is activated by a ”Query” command from the

reader, following the EPCglobal standard for passive UHF RFID [22].

The readout is repeated for 5 × 104 iterations. An average of ϕi is

recorded at each position.

After the readouts at a certain location are completed, the proce-

dure is repeated at the next position. The actualised x-spacing for the

various positions of the measurements is 2 cm. The TX and RX anten-

nas are positioned to minimise the carrier leakage in the receive paths.

3
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Figure 6: Measurement setup: the tag is moved on the nylon cord

to positions with 0.02 m x-spacing and an y-position at zero meters.

At each location, 50 × 104 measures are performed, and an aver-

age of the measured angle is computed. The antenna positions are:

TX=(0.8m/2.5m), RX1=(1.4m/2.9m), RX2=(1.7m/2.9m).

This has been achieved by observing the carrier leakage in both re-

ceive paths on the oscilloscope, depending on the position of the RX

antennas.

All antennas are commercially available RFID patch antennas.

The employed transmit antenna has a gain of 9 dBi while the two re-

ceive antennas feature a gain of 8 dBi. The spacing between the two

receive antennas is 30 cm, or 0.87λ for the corresponding frequency of

868MHz. Thus, we in general expect two solutions for solving Equa-

tion (13). In the area φ ∈ [54.9◦, 125.1◦] however, only a single so-

lution is obtained, which includes the measured area φ ∈ [77◦, 118◦],
as depicted in Figure 6.

The measurement is conducted in a measurement room with al-

most no fading (quasi-anechoic room) for evaluation of the DOA esti-

mation capabilities of the receiver. Hence, the only movement during

the measurement is the tag itself, which is mounted on the electri-

cally invisible nylon cord to avoid an influence on the measurement

result due to the fixture of the tag. Additionally, only the antennas of

the RFID reader are placed inside the measurement room, while the

frontends and digital baseband hardware reside outside. The transmit

power is set to 25.5 dBm.

The measurement is controlled by Matlab, which activates the

rapid prototyping board via the Local Area Network (LAN) to read

out the tag at a certain position for the 5 × 104 iterations, stores the

results after completion, and triggers the tag movement to the neigh-

bouring x-position, before the next readout is initiated. Throughout

the measurement, a single tag was used [28].

5.2 Experimental Results
Figure 7 shows the experimental result of the direction of arrival esti-

mation in terms of the incidence angle α = 90◦−φ (see Figure 4). The

measurement is conducted in a measurement room with very low fad-

ing (quasi-anechoic), for a y-position of 0 m and variable x-position.

The tracked Δϕ value results from a propagation delay to the two re-

ceive antennas, but also from a delay difference in the frontends (e.g.

different cable lengths). Therefore, the DOA estimation is calibrated
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−40
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ph
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Figure 7: Experimental result of DOA estimation: α = 90− φ: mea-

sured angle αm and calculated angle αc.

at α = 0◦ and subsequently the frontend delay is compensated.

The measured angle αm is plotted versus the x-position in Fig-

ure 7, and is compared to the calculated angle αc = arctan x−x0
y0−y

,

where x0 and y0 is the position of the receive antenna. At positions

x > 2.26m the tag is outside the coverage area of the transmit antenna

of the reader. The maximum deviation from αc is 10◦ on the very left

side. This results form a very weak receive signal at these positions

and from reflections from the wall close to the tag. The root of the

averaged squared error over N + 1 = xmax
Δx

+ 1 = 226
2

+ 1 = 114
positions ε̄ is shown to be 3.3◦:

ε̄ =

√√√√ 1

N + 1

N∑
x=0

(αm(x)− αc(x))2. (16)

The result demonstrates that a DOA estimation even with only two re-

ceive antennas is feasible in an environment with a strong LOS com-

ponent.

VI. CONCLUSION

In this paper we propose to enrich the functionality of multiple receive

antenna RFID readers with direction of arrival estimation capabilities.

A model for signal constellations at multiple receive antenna reader

receivers is proposed. Based on that model, we develop the DOA esti-

mation algorithm for passive RFID. The algorithm is implemented on

our rapid prototyping platform for RFID, and implementation details

are presented. Additionally, the paper presents experimental evalua-

tion results, which demonstrate that an DOA estimation in an environ-

ment with low fading is feasible with two receive antennas. The root

of the averaged squared error over multiple positions is shown to be

3.3.
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