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Abstract— Passive Gen2 RFID systems based on the wireless 
communication between readers and tags have become the 
enabling technology for Internet of Things (IoT) application. 
Such passive RFID tags are powered up by incident RF power 
and they respond back to the reader by modulating the 
backscattering power in terms of changing the tag IC impedance. 
In various environments this incident power can oscillate and 
have a certain influence on the power of tag signal. This may 
have a significant influence on the data available at the reader, 
especially when analyzing the multiple tag responses, which may 
happen at the same time (usually referred to as a collision of 
multiple tags). This paper associates the electromagnetic problem 
of chip's impedance matching with the variation of tag SNR at 
the reader. The simulation results depict the difference of tag's 
backscattering for some chip impedance states. By using fully 
configurable Software Defined Radio (SDR), the performances of 
the actual system and characterize the variation of SNR at the 
reader was retrieved. 
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I.  INTRODUCTION 
IoT has become widely spread in everyday life use as well 

as industry applications. At the moment, for IoT applications, 
the most affordable technologies that may be applied for 
identification and tracking are RFID technologies, based on 
the wireless communication between RFID readers and tags. 
Basically, RFID’s can be divided into passive and active [1] 
where passive are powered-up and communicating by using 
same waves impinging them (in the literature, this is referred 
as backscattering technique [1]). The active ones are actually 
more expensive, complete transceivers that have their own 
independent power source.  

Passive Gen2 RFID systems [2] are more attractive to IoT 
applications than active RFID systems due to their flexible, 
smaller size and easily embeddable tag structure, lower price,  
 

 
 
longer duration and wider range of applications [1]. They are 
powered up with incident RF power which is converted to 
backscattered modulated power dependent on the impedance 
match between the tag antenna and chip. As a consequence, 
RFID readers see different amplitude of these responses, 
which may have the impact on Medium Access Control 
(MAC) layer performances. For example, passive RFID 
usually use Dynamic Frame Slotted ALOHA as MAC scheme 
[2], where tag interrogation process is divided into slots. 
Usually, multiple tag responses in the same slot are considered 
as a collision, and such slot is considered as wasted. However, 
in reality, it can happen that one of the responses is stronger 
than the others, and the reader may resolve it. In the literature, 
this is known as capturing effect [3], while its proper detailed 
analysis in realistic environments seems to be missing [4]. To 
cope with this problem the antenna theory has to be employed, 
especially due to the fact that there is a vast of different 
antenna and chip designs and also due to non-linear power and 
frequency chip characteristics [5-9]. 

The backscattering of chip loaded tags can be measured [5-
7], but the problem is how to characterize this phenomenon in 
terms of the data available at the reader. In this paper we show 
how the indoor channel influences tag's electromagnetic 
characteristics, further having significant impact on tag’s 
SNR. For this purpose, fully configurable Universal Software 
Radio Peripheral 1 (USRP1) with Gen2 RFID reader 
application is used for retrieving the actual performances of 
the RFID system [10]. The amplitude modulated carrier from 
the tag is analyzed using full wave electromagnetic software 
FEKO for simulation of tag’s radar cross section (RCS) in 
order to associate the electromagnetic backscattering 
phenomena with the signal to noise ratio (SNR) at the reader.  

The rest of the paper is organized as follows. Section II 
describes the RFID system, and the electromagnetic 
characterization of RFID tag backscattering with the 
simulation results. Section III gives the SDR basics and 
measurement results analysis. The conclusion is given in 
Section IV. 
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II. ELECTROMAGNETIC CHARACTERIZATION OF RFID TAG 
BACKSCATTERING 

A. Passive RFID system 
The power of the backscattered modulated tag signal 

received by reader antenna in free space, also known as the 
link budget, is calculated using standard radar equation [7]. 
For monostatic RFID system it depends on signal wavelength 
, distance between tag and reader antenna d, transmitter 
power PTX, gain of the reader antennas GA and tag’s 
differential radar cross section (RCS)  for given 
polarization: 
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Differential RCS of a chip loaded tag is given by [6, 7, 11]: 
2
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where GT is the gain of the tag antenna and high, low are 
reflection coefficients between the tag antenna impedance and 
chip impedances in two modulating states. This can be 
explained in more details using the spherical mode theory- 
antenna model (SMT-AM) in order to understand related 
electromagnetic phenomena, i.e. the dependence of  on 
incident, polarization and orientation angles, the design of 
electrically small tag antennas and the equivalent scheme of 
their impedance matching. 

In passive RFID systems tags receive incident RF power 
and modulate the backscattering power by changing the chip 
impedance, as shown in Fig. 1. Switching is done between two 
impedance states, high and low. High impedance state is the 
impedance given in chip’s datasheet and matched to the tag 
antenna impedance [5]. Low impedance state is changing with 
increasing power due to the nonlinear characteristic of rectifier 
and internal shunt transistor in a way that is approaching the 
high impedance state [5]. The modulation efficiency is usually 
used to define the difference in reflection coefficients of these 
two states. When the modulation efficiency increases, 
consequently, the backscattering gets higher. 

From the reader’s point of view, it is a difference of the 
signal amplitude between 0 and 1, i.e. low and high impedance 
states or low and high backscattering, respectively. Due to 
different impedance states or modulation efficiencies, this 
amplitude and phase difference at the reader will not be the 
same for each transmitter power or tag-reader separation. It is 
given as square root of PRX_m (see (1)). 

B. Full wave simulation results 
We simulated tag’s RCS using FEKO simulation software. 

The structure of the ALN9640 tag is shown in Fig. 2 where the 
surface current distribution is shown for different chip 
impedance states. Tag antenna consists of meander line dipole 
and T-match element that acts as an impedance transformer 
[9]. The copper tag structure is modeled using Method of 
Moments (MoM) with triangle mesh elements.  

 
Fig. 1. Passive RFID monostatic system. 
The incident plane wave is circularly polarized and its 

direction is perpendicular to tag structure as in the SDR 
measurements (explained in the Section III). High impedance 
state of a Higgs 3 chip Zhigh = (28 – j100)  is taken 
approximately according to the chip’s datasheet, the 
measurement results from [5] and the chip impedance analysis 
in [11]. The low state impedance Zlow = (0 – j204)  is 
obtained by FEKO using the Genetic algorithm (GA) 
parameter search for chip impedance that achieves minimum 
tag RCS. In Fig. 2 another two impedance states between high 
and low are taken into account, Zi = (10 – j170)  and Zii = 
(20 – j140) , in order to show the change of tag’s RCS when 
the PTX is increasing or, alternatively, when the tag is 
approaching the reader (the chip impedance is changing as in 
[5]).  

It is interesting to observe the distribution of surface 
current on the tag (the values are in dBA/m and normalized) 
implicating different backscattering for different impedance 
states shown in Fig. 2. When the chip is at the low impedance 
state, practically total surface current is distributed on T-match 
resulting in a low RCSlow = 0.0002 m2. The surface current 
density is the highest on meander dipole when the chip is at 
high impedance state and RCShigh = 0.01 m2 (these RCS values 
would be doubled in the case of for linearly polarized incident 
plane wave). As the transmitter power increases, the low 
impedance state is changing as well as the tag’s RCS. The 
modulation efficiency is then converging to zero. Also, in Fig. 
3 one can see the total radiation pattern of the tag showing the 
maximum backscattering in the direction of plane wave 
incidence for high chip impedance state. It is important to 
highlight that the plane wave is circularly polarized (as the 
reader antennas used in Section III) and the tag would have 3 
dB higher RCS for linearly polarized plane wave. 

III. SDR CHARACTERIZATION OF RFID TAG BACKSCATTERING 
In order to retrieve tag performances in real RFID system, 

we have configured Gen2 RFID reader [10] to collect tag 
responses at the single frequency and specified output power. 
The reader is configured in the way to collect/decode tag 
responses in 100 attempts and set to the maximum tag read 
probability performance. The measurement setup is shown in 
Fig. 4. This bistatic RFID system consists of USRP1 Gen2 
RFID reader that uses two RFX900 boards with transmitter 
and receiver patch antennas (both 6 dBi gain).  
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Zlow = (0 – j204) , RCSlow = 0.0002 m2 

 

Zi = (10 – j170) , RCSi = 0.0028 m2 

 

Zii = (20 – j140) , RCSii = 0.0066 m2 

 

Zhigh = (28 – j100) , RCShigh = 0.01 m2 

Fig. 2. Distribution of surface current for different chip impedance states 
and radar cross sections. 

 
Fig. 3. Total 3D radiation pattern of tag loaded with high chip impedance for 
perpendicular incidence of circularly polarized plane wave. 
 
 

 
 

Fig. 4. The measurement setup in a laboratory indoor environment. 
 

The leakage power of 40 dB below the level of transmitter 
power was measured and tag was located within the direct 
beam of reader antennas, so, practically, the monostatic RFID 
analysis can be employed. Tag (Alien-9640 [12]) was placed 
1m away on the Styrofoam panel in the indoor environment 
where the tag and both reader antennas were located 1m above 
the ground, and away from the objects.  

First, in order to examine the oscillations of power incident 
on tag when transmitting CW signal, the measurements with 
spectrum analyzer, the USRP1 Gen2 RFID reader and 
omnidirectional linearly polarized antenna (placed at the tag’s 
position) are performed. The USRP1 Gen2 RFID reader is 
configured to transmit CW signal at f = 920 MHz at PTX = 14 
dBm. Fig. 5 shows the results where three traces of the 
received power are recorded: minimum hold, maximum hold 
and the difference between these two in dB. Marker shows 
that this difference is 0.8 dB. We also tested this variation of 
incident power on tag position with signal generator (at equal 
PTX and frequency) and obtained the difference of 1.28 dB. 
So, practically this incident power oscillation can be 
approximately estimated as 1 dB. Although it may seem that 
these are not significant oscillations of the power received by 
tag, this can cause the oscillations of SNR at the reader when 
speaking of matching problem. Small change in incident 
power changes the chip impedance and consequently the 
differential RCS.  

In the measurements obtained by using the USRP1 Gen2 
RFID reader and ALN9640 tag, we retrieved the actual SNR 
at the reader for PTX = 14 dBm. Fig. 6 shows an estimate of 
the probability distribution of retrieved SNRs (dB) 
(histogram). First, it can be noted that the mean SNR is 22.03 
dB and that SNR values oscillate in the interval of 
approximately 6 dB. Precisely, the major part of SNRs is 
concentrated around the mean value (STD = 1 dB) and the rest 
of them are sporadic events caused by small random changes 
in indoor radio channel. This variation of SNR is important in 
tag collision analysis, where for the example in [10], 4 dB of 
difference between strongest tag and sum of the others in the 
same slot is sufficient to resolve a collision and successfully 
decode the strongest tag. It is important to note that this 
difference in dB is reader-specific and for other reader designs 
could be different.   

As the noise power is constant (and can be measured as in 
[13]), we can compare the variation of signal power with the 
variation of tag’s  values from simulations. The change of 1 
dB in tag incident power was tested by FEKO simulations 
where we assumed the variation of chip's impedance as in [6] 
for the measured Ptag = -9.8 dBm (this is the measured power 
incident on tag for PTX = 14 dBm, see Fig. 5). The simulations 
show the difference of 1.3 and 4.2 dB in differential RCS 
values calculated from (2) for assumed low and high slope of 
chip's impedance variation, respectively. The simulation and 
measurement results show that it is reasonable to expect a 
certain variation of SNR at the reader as a consequence of tag 
incident power oscillations. 

 
 

 



175175

918 918.5 919 919.5 920 920.5 921 921.5 922

-80

-40

0

40

 

 

X: 920
Y: -9.784

PTX = 14 dBm
P

(d
B

m
)

918 918.5 919 919.5 920 920.5 921 921.5 922

0

10

20

-20

-40 

 

X: 920
Y: 0.756

f (MHz)


 P

 (d
B

)A: MAX HOLD
B: MIN HOLD
C = A(dBm) - B(dBm)

 
Fig. 5. The measurement results recorded with spectrum analyzer at 920 MHz. 
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Fig.  6. The histogram of SNR in dB at the reader for the transmitting power 
of PTX = 14 dBm. 

IV. CONCLUSION 
The simulation and measurement results shown in this 

paper characterize the influence of tag's matching problem on 
the variation of SNR measured at specific power. We have 
shown that even small oscillations of tag incident power, that 
are measured at the specific indoor position, can cause a 
variation of chip's impedance and consequently tag's RCS 
leading to the variation of SNR at the reader. 

The results and conclusions provided in this paper are 
important in capturing effect analysis, because this variation of 
SNR can be sufficient for the detection of one among multiple 
tags in the same slot. This implies that different power 
oscillations in the indoor environment (due to indoor 
propagation) can have a significant impact on the multiple 
access. This impact is strongly related to the reader sensitivity 
to distinguish such responses. 
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