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Abstract

This dissertation presents two backscatter radio applications for wireless sen-
sor networks with the low-cost software-defined radio (SDR) LimeSDR plat-
form. Two different architectures are developed. The first application imple-
ments a monostatic receiver, where the LimeSDR is configured as both the
RF-tag’s illuminator, as well as the receiver of the backscattered signal. It is
found that the monostatic architecture in combination with the transmitting
power capabilities of the LimeSDR board (2 dBm output power) can achieve
a range of 9.4 meters. The range coverage increased to 13.7 meters with
the use of an external amplifier. The second application presents a reader
for ambiently-powered scatter radio sensors that exploit the FM broadcast
signals for illumination. In this architecture, the source of the illuminat-
ing signal is located 7 kilometers away. The backscattered signal is also
an FM audio signal with a frequency that corresponds to the sensors’ mea-
surement. The receiver demodulates the signal and detects the frequency
using periodogram-based Fourier analysis. The maximum range achieved
between the sensor and the reader for this architecture, with a root mean
square error (RMSE) less than 200 Hz, was 7 meters. Both applications im-
plement low-cost radio link communication exploiting the fact that scatter
radio, in principle, requires low energy consumption and simple hardware
demands. Additionally, a WiFi adhoc network link was implemented with
a USB adapter to transfer the sensed information to a central node/base
station. TCP and UDP protocols were tested for range maximization be-
tween the reader and base station. UDP protocol achieved the maximum
range coverage of approximately 146 meters. Experiments on soil moisture
measurements were conducted to test the efficiency and the range coverage

of each system.
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Chapter 1
Introduction

1.1 Motivation

The environmental crisis of the modern era, has increased the need for pro-
tection and management optimization of natural resources. Water-saving is
the main issue of interest, especially in agricultural production. Therefore, a
need for cultivation monitoring has been raised, in order to adjust the agri-
cultural procedures according to the plants’ microclimate condition. Apart
form water-saving, chemical usage containment, soil pH controlling are some
other main areas of interest for monitoring purposes. Further more, preci-
sion agriculture concept contributes to higher quality products, expenditure
minimization, and eco-friendly procedures.

Wireless sensor network (WSN) technology is used for large scale field
monitoring, with a dense layer of sensors providing measurements for a
variety of metrics. Conventional wireless sensor networks use expensive,
energy-consuming protocols (e.g. Bluetooth), which sometimes leads to non-
profitable applications, regarding large scale network deployments. As a
consequence, the cost of each node of the network should be minimized.

Scatter radio principles can provide low-cost and low-energy consumption
solutions for the implementation of such networks, considering the fact that
the nodes do not transmit their information actively. Instead, they modulate
their data on the reflection of an illuminating signal. The energy consumption
for the data transmission of each node is equal to the cost of a toggling switch,
as there is no use of active RF-components like phase locked loops, amplifiers,
filters, etc.

Software defined radios (SDRs) are appropriate for the implementation of

these networks’ RF front-end, due to their flexibility for customized experi-
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ments and prototyping. There is a large community working on open source
projects, therefore there is a rapid development on this technology. LimeSDR
is a low-cost software defined radio board with great capabilities and it is cho-
sen for the implementation among other commercially available SDRs after

evaluating both its capabilities and the current work’s requirements.

1.2 Objective

The objective of this dissertation is the implementation of low cost scatter
radio applications for environmental monitoring, with a commercially avail-
able software-defined radio, LimeSDR, as the RF-frontend receiver. The
main benefit of LimeSDR is the significantly lower price compared to other
commercially available software define radios, which drops further the to-
tal cost of the application. The performance of the board in scatter radio
applications is evaluated by experiments. The hardware, features, and spec-

ifications of the board will be analytically presented in the next chapter.

1.3 Current State of Art

The novelty this work offers, is the evaluation of LimeSDR as a compact
reader for wireless sensor applications based on backscatter radio link com-
munication. Currently, Universal Software Radio Peripheral (USRP) devices,
produced by Ettus Research, have been used for the development of wireless
sensor network applications in the context of past research with a variety of
architectures [4], [5], [6]. The range coverage has been increased from tens to
hundreds of meters with the use of variant topologies, namely; bistatic, mul-
tistatic, etc as the outcome of this work. Generally, there is a rapid growth
of interest in scattering radio technology over the past few years besides
WSN, with radio frequency identification (RFID) being the most common

commercial use of backscatter technology.
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1.4 Outline

e Chapter 1 introduces the concept covered in this thesis.

e Chapter 2 defines the communication system of software defined ra-
dios and highlights its benefits. Moreover, it presents the LimeSDR
board components, features and specifications. Finally, the key princi-

ple of the scatter radio is explained.

e Chapter 3 covers the implementation of the monostatic reader. Basic

theory, experimental setup and board configuration are shown.

e Chapter 4 covers the implementation of a reader in ambient archi-
tecture. Basic theory, experimental setup, and board configuration are

analyzed.

e Chapter 5 reviews the experimental results, and evaluates the achieved

performance.

e Chapter 6 summarizes the topics of this work and also suggests po-

tential future work.



Chapter 2

Background

This chapter covers some background knowledge for the better understand-
ing of the dissertation. The communication system of software defined-radios
is explained and it is compared with conventional radio devices. Addition-
ally, the LimeSDR board is presented along with the software setup required
for the implementation of this thesis. Finally, the scatter radio principle is
described.

2.1 Software Defined Radio (SDR)

Software-defined radio (SDR), as depicted in Fig. , is a radio communi-
cation system, where all the hardware components (e.g filters, mixers, mod-
ulators etc), are implemented through software, on a personal computer or
an embedded system. Conventional radios are constrained into dedicated
use, due to their specified hardware components, with frequency range being
limited and defined by protocols. On the contrary, software-defined radio
devices have reconfigurable components and wide tuning frequency range,
which provides great flexibility for prototyping development. Furthermore,
the power of digital processing provides great advantages over the traditional
radios. Significant progress has been made over the past few years in this
field, as the performance has risen and the hardware cost has been reduced
[.
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AMPLIFIER MIXER LOWPASS SAMPLES PC INTERFACE
FILTER

Figure 2.1: Typical SDR architecture.

2.2 LimeSDR

LimeSDR board, illustrated in Fig. is a low-cost software-defined ra-
dio platform [§], supporting a variety of wireless communication standards,
namely; LTE, GSM, LoRa, Bluetooth, Zigbee, RFID, etc. The offered fea-
tures give primates advantages over other commercially available SDRs. It is
the first SDR with integrated snappy Ubuntu core, which means applications
can be developed and downloaded from every developer around the world
(open source software and hardware). Additionally, LimeSDR has a power-
ful full-duplex transceiver (2x2 MIMO), with great performance at metrics
like frequency range, bandwidth etc, that will be presented analytically. In-
tegrated filtering for both channels reduces the needs of external filters. The
key advantage of this software defined radio, is the low price in the order
of few hundreds of US dollars, which makes it a very cost effective solution

compared to other software define radios platforms with similar capabilities.

2.2.1 Features and Specifications

Features and specification of the board as presented in [§]. The components
of the board are shown in Fig. 2.3]

e RF Transceiver: Lime Microsystems LMS7002M MIMO FPRF.
e FPGA: Altera Cyclone IV EP4CE40F23,
e Memory: 256 MBytes DDR2 SDRAM.

e USB 3.0 controller: Cypress USB 3.0 CYUSB3014-BZXC.
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Oscillator: Rakon RPT7050A @30.72MHz.

Continuous frequency range: 100 kHz to 3.8 GHz.

Bandwidth: 61.44 MHz.

RF connection: 10 U.FL connectors (6 Rx, 4 Tx).

Power Output (CW): up to 10 dBm (depending on frequency).

Multiplexing: 2x2 MIMO.

Power: micro USB connector or optional external power supply.

Status indicators: programmable LEDs.

Dimensions: 100 mm x 60 mm.

114 - Reference clock  SW1-FX3reset

input UFL connector push-button
J18 - FPGA 117 - FPGA

GPIO (0.05") | ITAG (0.05")

119,)20 - 3.3VFAN RX RF coaxal
headers (0.1", 0.05") conne ctors

LEDS1, LEDS2 -
4 x status
indication LEDs

J13 - FX3 boot

J11-USB3.0
conne ctor

J16 - external
power supply
header (0.1")

J15 - 6V-12V
DC power jack —————

IC9 - temperature TXRF coaxial
sensor

112 - Fx3 JTAG USBAO controller yoqy ppiery IC1 - FPRFLMS7002M conne ctors
(0.05") CYCLONE IV transceiver

Figure 2.2: LimeSDR-~USB board overview by MyRiadRF [1].
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Figure 2.3: Development Board Block Diagram by MyriadRF [2].

LMS7002M [9]: The transceiver chip, in Fig. determines the RF
functionality and performance of the board. A full duplex transceiver is
consisted of two transmitter/receiver pairs. Each channel has three receive
and two transmit connectors. On the receive side, each connector corresponds
to an analog path with a dedicated LNA (RXLNA), optimised for narrow or
wide band operations. Each path has three stages of amplifiers in total: low
noise amplifier (LNA), trans-impedance amplifier (TIA) and programmable
gain amplifier (RXPGA). Furthermore, the receive chain also consists of low
pass filters (RXLPF), mixers for baseband conversion of the RF signal and
an ADC converter. On the transmit side, each path includes DAC, a low pass
filter (TXLPF), mixer and power amplifier driver (TXPAD). The ADCs and
DACs of LimeSDR have 12 bits for quantization, with a dynamic range of
approximately DR = 72 dB. Both Tx and Rx mixers are driven from two
separate synthesizers, with same reference clock source in case of full duplex
operation, or a single PLL (TXPLL) can drive both mixers in case of half-
duplex applications. This feature reduces the frequency or phase mismatch

between the transmitter and the receiver.
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Figure 2.4: Transceiver functional block diagram by MyriadRF [3].

2.3 Software Setup

For radio application implementation besides hardware, software toolkits are
necessary to carry out the signal processing and logic to the host computer.

GNU Radio [10] is a free and open-source development toolkit, providing
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signal processing blocks such as filters, Fourier analysis, etc for the develop-
ment of software define radio applications. The connection of the processing
blocks produces a final block diagram or as it is called, flowgraph. Addi-
tionally, GNU Radio has great flexibility as it enables the creation of custom
blocks, if specific processing is required.

GNU Radio is a high-level platform, therefore, some extra layers are nec-
essary to control the low-level LimeSDR hardware from GNU radio and com-

plete the software setup.

1. Lime suite [11]: Lime Suite is a collection of software supporting the
hardware of LimeSDR, drivers for the transceiver chip (LMS7002M)

that allows the configuration and callibration of the transceiver.

2. SoapyLMS7 [12]: SoapyLMS7 allows LimeSuite devices to interface
with applications that use the SoapySDR API such as GNU Radio.

3. gr-limesdr [13]: Plugin for GNU Radio user interface.

2.4 Scatter Radio

The scatter radio principle is based on the idea that instead of using active
components to transmit the desirable information, a node may reflect induced
RF signals to modulate the data [5]. A signal called carrier, which is usually a
constant wave (CW) is used to illuminate the RF-tag. The antenna of the tag
has an impedance Z,,,,.. and it is terminated to different loads through an
impedance switch. If the termination load is not matched with the antenna
load, i.e Zsource # 2,44, & Portion of the power destined for the load will be
reflected back to the source. The transition between the different loads causes
changes to the amplitude and/or the phase of the induced signal. Therefore,
the signal is modulated and reflected back from the same antenna. As a
next step, a receiver captures, demodulates, decodes the scattered signal,
and obtains the information of the RF-tag.

Scatter radio technology has been mainly used at commercial radio fre-

quency identification (RFID) systems that identify products or people. This
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technology could be of great use in large wireless sensor networks application
deployment. The energy consumption and hardware demands of the RF-tags
are extremely low. The data modulation is achieved only by load switching
and there is no use of mixers or any active RF-component. In addition, the
cost per node is minimized. The key disadvantage of this technology is the
limited range coverage. However, due to research presented during the last
years, usage of different modulations, more advanced hardware and different
architectures, have achieved a significant range extension. For the purpose
of this work, the reader is implemented by two different architectures based
on the LimeSDR board.



Chapter 3

Monostatic SDR Reader

3.1 Basic Theory

3.1.1 Monostatic Architecture

In monostatic architecture, as it is shown in Fig. [3.] the software-defined
radio incorporates both the carrier emitter, which illuminates the RF-tag
and the reader that captures and decodes the signal. This architecture can
be implemented with the capabilities that LimeSDR provides. The transmit
chain of the board transmits a constant wave (carrier emitter) and the receive
chain refers the reader. The main disadvantage of monostatic architecture
is the round-trip path loss where SNR drops significantly with the fourth
power of the tag to reader distance, which sets a limit to range coverage.
The benefit of monostatic architecture is that it makes the signal model
simpler, due to the fact that both transmit and receive chain share the same
local oscillator. Therefore, there is neither carrier frequency offset nor phase

mismatch between the transmitter and the receiver.

LimeSDR reader

LV
n

™ Tx cw
L/Carrier Emitter|
SN
transmitter to receiver leakage t/——lz—l]
\_;/ reflected signal -
Rx j RF-TAG

Figure 3.1: Monostatic architecture.
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3.1.2 Signal Model

Carrier emitter transmits a continuous sinusoidal wave (CW) at carrier fre-

quency F,. whose complex baseband equivalent can be written as [4]:

c(t) = /2P, ?rFettoc), (3.1)

where P,., F, and ¢, are the power,frequency and phase of the carrier respec-
tively. The CW propagates through the carrier-to-tag flat-fading channel
hor, which is defined by the equation [6]:

hCT(t) = O./CT5(t — TCT), (32)

and the phase introduced by propagation delay is ¢cr = 2n7or€ [0, 27).
RF-tag, as described at chapter [2.4] switches the antenna between two load
reflection coefficients I'g and I'y in order to modulate the data. The antenna

load reflection coefficient is given by the following equation:

L= 7
l_Zi_i_Za?

(3.3)

where Z; refers to the tag load with ¢ € {0,1} and Z, to the antenna
impedance. The switch toggles between the two loads with two distinct fre-
quencies Fjy and F}. The RF-tag’s complex baseband signal can be written

| 2(t) 2 ay(t)ei®=® = A, —T(t), (3.4)

where A, is a complex value that depends on the antenna characteristics like
the geometry and the materials used for the construction, which is called
structural mode. I'(t) € {I'o,I'1} is the reflection coefficient changes as a

function of time. The amplitude o, () is:

a,(t) = [As = T(t)], (3-5)
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and the phase ¢,(t) is :
¢x(t) & Z[As = T(1)] (3.6)

the angle of the complex quantity As — I'(¢) in radians. When the constant
wave c(t) illuminates the tag, a scattered signal is produced and the waveform

can be given from the equation:

Ty(t) =s ((AS — Fogrl) + Fogrlui(t)) AcreI%cTc(t)

= (uo + Lo ; = uz(t)) Acre™%T¢(t), (3.7)

where u;(t) is the modulation waveform of bit i € {0, 1}, depending on the
modulation, ug is a dc term which depends from antenna structural mode A,
and the reflection coefficients I'y and I';. The term s depends from the tag’s
scattering efficiency and the antenna gain towards the specific direction.
The received signal at the reader is a superposition of the RF-tag reflected
signal and leakage from the carrier emitter that passes through tag to reader
channel hrpg(t) = arrd(t — 7rgr) and carrier to reader channel hog(t) =
acrd(t — Tor) respectively. The phase induced from propagation delay is
brr = 2TTrR, GcrR = 27Tcr With ¢rr, dcr € [0,27). Conclusively, the

received signal at the SDR receiver can be presented as:

y(t) = acre %R c(t) + arre IR, () + n(t) (3.8)

= A (OzCRe*ijCR + @CTO[TRefijTer)TR)S (UO + Fogrl uz(t))) ej(ZWFct‘i’(bc)_’_n(t)'

To simplify the notation we can set the following abbreviations :
® Vo=0¢crtc
® \1=¢cT+PcRrRtPe
o ¢o=¢1+Z£|lo —I'|
o mo= A, acp

_ [To—T|
® Mi1=— o TR S g
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e my=A. act TR S Ug
therefore, the equation can be written as:
y(t) = (moe ™% + mae 7% + mye P, (t)) 27 + n(t) (3.9)

with i€ {0, 1} and n(t) is a complex Gaussian random process corresponding
to the thermal noise at the receiver. As a next step, the receiver has to achieve
bit-level synchronization based on energy or preamble correlation, and then
the received signal is sampled with period T,. The baseband sampled version

of the received signal can be written as:
y(k) £ y(kT,) = (moe 7% + mae™7%") + mye 7wy (kT,) + n(kTs), (3.10)
where n(kT5) is the k-th Gaussian noise sample:
n(kT,) ~ CN(0, 202) .

The low-pass power spectral density (PSD) of the complex Gaussian process

No <
Sun(F) =1 2’ Fl=<W (3.11)
’ 0, elsewhere,

n(t) is given by:

where W is the base-band receiver bandwidth and each noise sample has
power:

el|n[k]|?] = 202 = NoW. (3.12)

After synchronization and sampling, the receiver has to detect the FSK sym-
bols. In Frequency Shift Keying modulation, each information symbol pro-
duces a modulation waveform of frequency F;. The frequencies must have
specific spacing among them for orthogonality assurance |F; — Fj ]:k%, where
T is the bit duration with £ € N and ¢ # j. In scatter binary FSK there
are two distinct frequencies F; for switching between two reflection coeffi-

cients namely; I'g, I'y. One frequency for each transmitting symbol, which
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corresponds to bit value. The waveform of frequency F; can be written as:
4 )
ui(t) = — cos(2nFit + ®,;)Ir(¢),7 € {0, 1}, (3.13)
T

where II7(t) is the modulation pulse which in each specific case is a rectan-

gular pulse of duration T:

1, 0<t<T
HT(t):{O’ =r= (3.14)

elsewhere.
®; ~ Ul0, 27) corresponds to the phase mismatch between the RF-tag and
the receiver at the i-ith bit transmission assuming that ®, , ¢, are constant
and independent during a coherence window. The digitized sampled signal

with B-FSK modulation can be written as:

y(kT,) = (moe ™% + mae ™) + %mlem cos(2r Fy kT, + )1 (k) 4+ n(k),

(3.15)
with i€ {0, 1}, L is the oversampling factor L:% of the receiver and I1; (k) is
the oversampled version of the modulation pulse I17(¢). The DC terms in the
parenthesis of the equation above do not contribute with any information.
Therefore, they can be excluded by using a DC blocking filter. After filtering

the waveform, the following equation is unfolded:

9 , A
y(k) =Zm (ej(QﬂFikTs+<I>i—¢2) + 6_](27rFikTs+q>i+¢2)) HL(k) + n(k;) (316)
s

The difference between classic and scatter B-FSK is now clearly defined. In
scatter B-FSK two subcarriers are created for each frequency F; at +F; as we
can see two complex basis functions of the equation However, the classic
B-FSK provides only one subcarrier for each F;. Therefore, for a classic B-
FSK receiver, there would be loss of information due to the fact that the

subcarriers are not taken under consideration at the negative semi-axis.
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For the bit detection, four correlators are utilized, one for each subcarrier

frequency[14].

o] L—1
rar — Z y[k](HL(k>€+j27rFokTs)* _ Zy[k_]e—j%rFokTs _
k=—00 k=0
=
“my Z e TIR2m(Fo—F)kTs+®i—¢2] + n(—)l—’ (3'17)
s
k=0

where L are the samples that are processed by each correlator in order to
extract the statistics and ng” = Sr—, n[k]et/274s is the sum of L indepen-
dent complex Gaussians. Similarly, the rest of the formulas regarding the

correlators are given by the equations:

9 L—1
rg = =my Z o127 (Fo—F;)kTs +®;— o] + ng,
T
k=0
9 L—1
ri" ="m E e HIRT(F1=F)RTs+®;—¢2] + n—li_v
k=0
9 L—1
ry = —my E eI (F1—F)kTs+®i—¢2] +n7,
T
k=0

where ng ,ng ,ny,n; ~ CN(0, 202) are statistically independent random vari-
ables , as they are projections of Gaussian random process n(t) on the or-

thogonal basis€ {e /2™ Iy (t), e 201 (), e 2 1 11 (1), e 2 I T (¢) }

Fc - FO Fc + F1

Fc - F1 Fc + FO .
Fc

Figure 3.2: Passband spectrum for scatter B-FSK
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In the first case, when bit 707 is transmitted, the outputs of the correlators
will be:

2m1L : :
ra' = 2 o ib2 ot %o _|_n[-)i-7
m
_ 2m L i _
o= e iP2eti®0 4y
0 0>
m
Tl - n17
+ _ ot
Ty =ng,

and in the second case when bit ”1” is transmitted, the outputs of the cor-

relators will be:

o =TNg
ra =ng,
Tii- — 2m1Le—J¢2€+j¢’1 + nf,
m
. = 2m1Le—j¢26+j¢’1 +ny,
m

After the extraction of statistics, a detector is utilized for the decision of the
symbol:

Hy
a & PP > g P g P £ 2 (3.18)

3.2 Experimental Setup

The experimental setup in this work consists of the RF-tag, the LimeSDR
and the host PC that carries out the signal processing, as shown in Fig[3.3]
LimeSDR is used for both the RF-tag’s illumination and the reception of the
reflected signal. Both transmit and receive chains are tuned in the UHF band
in the frequency of 868 MHz, which is the European ISM band. LimeSDR
configuration is handled via software as far as metrics are concerned, namely;
frequency, sampling rate, oversampling factors, gains, and so on so forth,
which will be presented later on. It is connected to the host PC with USB3.0
adapter for data transferring. The data is transferred to the host PC and sig-

nal processing is executed through GNU Radio software environment. Scat-
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ter radio applications work at low bit-rate, as bandwidth capabilities of the
LimeSDR’s are more than sufficient for signal capturing. The RF-tags that
are used for experiments consist of a MCU, a SMA antenna connector and a
single RF-transistor. The implementation of the tags was held in the context
of a previous research [I4] and it is not the main topic of work presented on

this chapter.

CARRIER; EMITTER

LimeSDR

Figure 3.3: Experimental Setup.

3.2.1 Drone Setup

An alternative setup is configured on a drone. The host PC is replaced
by an odroid and LimeSDR-mini is used instead of LimeSDR-USB, as it is
illustrated in Figf3.4f The mini version of the LimeSDR board is even more
inexpensive, has a half duplex transceiver (1x1), which proves to be sufficient
for the current application. The smaller size of that board is more convenient
for the drone application. The monostatic architecture enables the drone to
scan the field and take measurements while flying above the RF-tags. The

difficulties mostly took place on practical side of the experiment. The drone
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had to fly as stable as possible above the designated region of the tag, with

its antennas pointing to the right direction.

Figure 3.4: Drone setup: Bottom view of LimeSDR mini and odroid.
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Figure 3.5: Drone setup: Antennas.

3.3 LimeSDR Configuration

The board configuration is implemented according to the documentation [15].
Transmit chain: Transmit chain is responsible for the carrier emitter which

illuminates the tag. The carrier is a constant wave at 868 MHz.

e Center frequency: 868 MHz.

e Sampling Rate: 1 MHz. Sampling rate of constant wave. This setting

should match in transmitter and receiver for the same device.

e Oversampling factor: 32. Higher clock rates achieve better functional-
ity of the LimeSDR board.

e Gain: Set to maximum value 60 dB. Transmission output power of

LimeSDR is experimentally measured 2 dBm.
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NCO- numerically controlled oscillator is deactivated.

Calibration bandwidth: 0 (deactivated). This setting should be equal

to signal bandwidth. The signal is a constant wave.

PA path: Select active power amplifier path of the channel, BAND1 is

selected.

Antenna selection: Select hardware port to be used for transmit.Value

717 is set that correspond to port Tx1-1.
Digital filter bandwidth: Deactivated.

Analog filter bandwidth: 5 MHz.

Receive chain: Receive chain is responsible for capturing the reflected sig-

nal and drive the data from LimeSDR to the host PC for the signal processing.

Center frequency: 868 MHz.

Sampling Rate: 1 MHz sufficient sampling rate for low bit-rate scatter

radio applications.

Oversampling factor: 32. Similarly as it is mentioned at the transmit
chain above, the aim is to oversample the analog to digital converter
(ADC) to improve SNR with high clocking rates.

Gain: Set to maximum value 70 dB. As it is shown at Fig. 2.4] the RX
gain is divided to three stages,the low noise amplifier (RXLNA) | the
trans-impedance amplifier (RXTTA), the programmable gain amplifier
(RXPGA). The drivers of the board decide about the gain distribution

automatically.
NCO- numerically controlled oscillator is deactivated.

Calibration bandwidth: 0 (deactivated). There is no need for calibra-
tion in narrow band operations. This setting has to be equal to the

signal’s bandwidth with minimum value 2.5 MHz.
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Antenna selection: Each receive port has specified use depended on
frequency. For the current narrow band application Value 717 is set

that correspond to port RX1y.

LNA path: Select active low-noise amplifier path of the channel, LNAH

is selected.
Digital filter Bandwidth: Digital filter is deactivated.

Analog filter bandwidth: 5 MHz.
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Ambient (Bistatic) SDR
Reader

This chapter presents a reader for backscatter sensors, that exploits the signal
of the FM broadcasting stations as an illuminator, and remodulates that
signal based on the scatter radio principles [I6]. The scatter radio tag uses
backscatter FM modulation on an audio signal by switching the antenna
between two loads. The reader captures the reflected signal, demodulates it
and detects the frequency using periodogram-based Fourier analysis. This
frequency corresponds to the measurement of the sensor. The measurements
are sent to a base-station through adhoc network for remote supervision.
This architecture, named ambient, can be considered as a special case of
bistatic architecture as the illuminator is dislocated from the reader at a

great distance. An example of the setup is shown in Fig. [£.1]

FM stations n
7

SDR Reader

Figure 4.1: Ambient architecture.
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4.1 Basic Theory

The signal transmitted from any FM radio station can be described from the

equation [17]:

cs(t) = Agcos (27TF5t + 27k /t gbs(r)dT) , (4.1)
0

where A, , F} is the carrier amplitude and frequency respectively, k, is the
modulator’s frequency sensitivity measured in Hz/V. The term ¢4(7) corre-
sponds to the audio information of the radio station. FM modulation index
is given by 8, = %M, where W is the baseband bandwidth of ¢,(7).
The RF switch of the tag toggles between two different load coefficients:

27
Z_Zi"i_Za,

(4.2)

where Z; corresponds to the tag load with ¢ € {0,1} and Z, to the antenna
impedance. The signal driving the switch with fundumental frequency Fj,
can be expressed as:

Tgw(t) = Agyp cos (2 Fg,t). (4.3)

The FM modulated signal of the tag can be written in the following form:

t
ta(0) = Auwcos (25t + 20k [ )i ). (0)
0

which means that the signal driving the switch is modulated by u(7), with
fundamental frequency Fj,.
The modulated signal transmitted from the FM radio station cg(t) illu-

minates the tag and the backscattered signal is given by the equation:

Uoa(t) = /s (0)aar (1) =
VA,
- A,

AS'UJAS
+ \/ﬁT cos (2m(Fs — Fop)t + O4(t) — Puqy(2))

cos (27 (Fs + Fop)t + Py(t) + Pag(t)) + (4.5)



4.2. Experimental Setup 32

where /7 is the scattering efficiency depending on the antenna characteristics
and the chosen loads. The following abbreviations for ®44, ®, are made:
Doy (t) = 27k fot u(r)dr ,  ®,(t) = 27k, f[f ¢s(T)dT .

The equation [eq. gives the sum of two FM signals at frequencies
F;+ Fg,, where the instantaneous frequency depends on ¢,(t) and u(t). When
the illuminating and the switching signals are FM, the backscatter results
also to FM signal. The above phenomenon is called remodulation. This
principle practically means that if we tune any FM receiver in frequency offset
+F,, from the carrier frequency F§ of a radio station we can demodulate the

backscattered signal as long as:

e the bandwidth of pu(t) is limited to the audio spectrum in between 20
Hz - 20 kHz or higher up to 53 kHz in case of stereo reception.

e at least one of Fg + Fj,, is within the FM band (88 MHz - 108 MHz).

e audio level of the backscattered demodulated tag signal is above a re-

quired threshold for successful demodulation.

The received audio information is the sum of the RF-tag’s and radio sta-
tion’s demodulated signal u(t) + ¢5(t) where ¢4(t) corresponds to the audio
information of the radio station, acting as interference in the reception of the

desirable backscattered information /().

4.2 Experimental Setup

The experimental setup consists of the backscatter sensor, the LimeSDR, the
host PC that carries out the signal processing and a second computer as the
base-station. Fig{d.2] presents the setup without the base-station. LimeSDR
is tuned in FM band, captures the signal, transfers the data through USB3.0
to the host PC, which executes the signal processing that has been utilized
through GNU-Radio software. After processing, the sensed information is
transferred to the base-station. For this purpose, a WiFi adhoc network

is implemented. The network takes advantage of a USB adapter following
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he TEE-802.11 b/g/n protocols at 2.4 GHz and does not rely on any pre-
existing infrastructures such as routers or access points. The communication
is achieved with a server-client model under UDP protocol. The signal of
the sensor is an analog signal, with a frequency that changes through a
capacitance, according to the soil moisture. The frequency varies in range of

3.2 kHz to 700 Hz as the soil moisture increases.

LimeSBDR.Reader

Figure 4.2: Ambient reader experimental setup.

4.2.1 Reader Flowgraph

To capture the analog signal of the sensor, a FM receiver needs to be de-
ployed [18]. At the next step, the periodogram-based Fourier analysis is used
to detect the frequency of the signal. This process has been carried out with
GNU Radio software environment and the blocks of the flowgraph are pre-
sented in this section analytically as shown in Fig.3]

LimeSuite Source (RX) block: This block represents the connection of
the hardware and configures the LimeSDR receiver. It is tuned in FM band
frequency 4+300 kHz from the carrier of a radio station. The carrier is se-
lected according to higher audio level. The configuration of the receiver is
listed below:
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e Center Frequency: 89.8 MHz.

e Sampling Rate : 1 MHz.

e Oversample: 32.

e NCO frequency: 0 (deactivated).

e Callibration Bandwidth:0 (deactivated).
e Channel A LNA path: LNAL.

e Analog Filter Bandwidth: 1.5 MHz.
e Digital Filter Bandwidth: 100 kHz.
e Channel: A.

e Antenna Port: RX1-L.

e Gain: 60 dB.

Low pass filter: Unnecessary frequencies of spectrum above 100 kHz
are filtered out. Sampling rate has to be equal as to the previous block (1
MHz), in order to avoid bottlenecks in the flowgraph. As the flowgraph does
not need to operate at the same sampling rate as the hardware, the output
of the filter is decimated by a factor of 4, resulting in a sampling rate of 250
kHz.
WBFM Receive: This block demodulates a FM broadcast signal with a
sampling rate of 250 kHz. The input is the downconverted complex baseband
signal and the output is the demodulated audio signal.
Rational Resampler: The current block uses a ratio interpolation/decimation
to change the sampling rate of the flowgraph. As the sound cards have spe-
cific sampling rate, and the audio signal bandwidth spectrum is limited (no
need for 250 kHz), the rate is resampled to 48 kHz.
Audio sink: This module is connected to the sound card of the computer
for debugging reasons. The audio signal of the sensor can be reproduced
through it.
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DC Blocker: This filter is used to remove the DC spike. Due to leakage
reasons, a DC spike is observed, resulting in an error of detection towards
the peak value of the frequency as pointed at the DC. Stream to vector:
Converts the bit-stream to a subset of vectors. Practically this block slices
the audio signal to segments, for further analysis.

FFT: This block computes the fast Fourier transform of the audio signal.
The size of the FFT window has N = 2048 samples and the sampling rate is
F, = 48 kHz. The resolution of the FF'T analysis is % = 23.43 Hz.

Vector to stream: Opposite functionality of stream to vector block. Con-
verts the stream of vectors to a stream of bits.

Complex to Magnitude squared: The magnitude of the Fourier analysis
squared is calculated for the completion of the periodogram-based analysis.
Keep M in N: Keeps the samples that correspond to the positive semi-axis
of the spectrum.

Argmax: Accepts a vector as input and detects the maximum value and the
index of it. The index is used to find the corresponding position on frequency
axis.

Null Sink: Bit bucket for unwanted bit-stream.

Get Maximum Frequency: Custom block for the frequency axis creation.
From Nyquist-Shannon sampling theorem [19], it is known that sampling
frequency F should be at least equal or greater than twice the bandwidth B
of a signal, F; > 2B. Consequently, the bandwidth is less or at least equal
to Fs/2. Therefore, the semi-axis of the positive frequencies will be [0, F /2],
where F§ is the sampling frequency is set to 48 kHz based on the flowgraph.
The frequency vector is equally spaced with the number of samples of the
FFT in the positive semi-axis. Based on the above, corresponding frequency
can be detected with the index of the maximum peak value as input from
the previous block.

Repeat: Repetition of each result through the UDP socket, counterbalanc-
ing possible packet corruption.

UDP sink: Writes the results to a UDP socket. This block is used to trans-
fer the sensed information to the remote base station through the adhoc WiFi

network.
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LimeSuite Source (RX)
Device serial: 0009...74E1720
File:
RF frequency: 89.6M
Sample rate: 1M
Oversample: 32
CH_A:NCO frequency: 0
CH_A:Calibration bandw.: 0
CH_A:LNA path: L
CH_A:Analog filter bandw.: 1. .5M
CH_A:Digital filter bandw.: 10..0k
CH_A:Gain,dB: 60

Variable
1D; chunk_size
Value: 2.048k

Mpe

Low Pass Filter
Decimation: 4
Gain: 1
Sample Rate: 1M
Cutoff Freq: 100k
Transition Width: 10k
Window: Hamming
Beta: 6.76

Rational Resampler
Interpolation: 48
Decimation: 250
Taps:

Fractional BW: 0

WBFM Receive
‘Quadrature Rate: 250k
Audio Decimation: 1

DC Blocker
Length: 32
Long Form: True

FFT
FFT Size: 2.048k
Forward/Reverse: Forward
Window: window. blackmanhar...
Num. Threads: 1

Num Items: 2 048k

Options
1D: fm_rec
Generate Options: WX GUI

Vector to Stream
Num Items: 2.048k

Keep M in N
M: 1024k
N: 2.048k

initial offset: 0

WX GUI Text Box
ID: freq

get_max_freq
Sampling Rate: 45k

Default Value: 89.8M
Converter: Float

N

Stream to Vector
Num Items: 1.024k

Complex to Mag~2
Vec Length: 1.024k

Argmax
Vec Length: 1.024k

Samples: 1.024k

—

Null Sink

Repeat
Interpolatior

UDP Sink
Destination IP Address: 10.42.0.
Destination Port: 1234k
Payload Size: 1.472k
Send Null Pkt as EOF: True

0.1

Figure 4.3: GNU Radio flowgraph.
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4.2.2 Adhoc Network

A wireless adhoc network is implemented for peer to peer communication
between the reader and the base station for range coverage extension and
remote supervision of the sensor measurements. Each node of the network
has a unique IP address for the packet transmission through sockets. The
reader node represents the client sending the sensed information and the
base station simulates the server receiving tha data. In order to maximize
the distance between the reader and basestation, the rate of the WiFi USB
adapter is set to the minimum value, equal to 1 Mbps. The UDP protocol
is used for packet transmission. This protocol is unreliable compared to
TCP, as there is no guaranteed delivery and a datagram packet may become
corrupted or lost during transmission. However, a non-handshake protocol
is preferable in achieving greater range coverage between two nodes. Each

packet is repeated twice to counterbalance possible packet loss.



Chapter 5
Experimental Results

5.1 Monostatic Receiver Results

Two experiments are conducted to measure the range coverage of the LimeSDR
receiver in a monostatic architecture. In the first experiment, the Tx port
of LimeSDR is connected directly to the antenna. The output transmission
power of LimeSDR with maximized gain at the transmit chain, is experimen-
tally measured from the board port with value equal to 2 dBm. The achieved
communication range is 9.40 meters, as it is shown in Fig[5.1} In the second
experiment the Tx port of the LimeSDR is connected to an amplifier before
the antenna. The new output transmission power of the carrier emitter is
measured at 23.9 dBm. The new communication range achieved with the

amplifier is equal to 13.7 meters.

Figure 5.1: Maximum range without amplifier.
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5.1.1 Observations

Without amplifier: Measurements directly from the transmit port of the
board indicated some non-linearities, probably produced from the electronic
components of the board. The measurement of spectrum analyzer is pre-
sented in Fig. 5.2

YEWY 7,500 kHz

Figure 5.2: Constant wave without amplifier. Peak at 2 dBm (-9 dBm indi-
cation + 11 dBm external attenuator).

With amplifier: The use of the amplifier did not extend the range as
much as expected. Besides the constant wave, non-linearities are also am-
plified, which is feasible. These unwanted peaks act as phase noise for the
receiver because the antennas stand close in a monostatic architecture. Con-
sequently, as the tag-to-reader distance increases, the SNR ratio is decreased

and symbol detection is not so efficient. The amplified non-linearities are
shown in Fig. [5.3]
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Ref 10.00 dBm Atten 20 dB

YEW 7,300 kHz

Figure 5.3: Constant wave with amplifier. Peak at 23.9 dBm (3.9 dBm
indication + 20 dBm external attenuator).

5.2 Ambient Receiver Results

The frequency of the produced signal by the sensor was experimentally mea-
sured with a frequency counter on the switch of the circuit. This value is
used as reference for the calculation of the root mean square error of the

reader’s results.

x?iored o xfef 2
RMSE = \/Efil<( ~ ) ) (5.1)

5.2.1 Sensor to Reader Range

Experiments for the root mean square error versus the distance between
sensor and reader were conducted. As presented in Table the threshold

distance, where the reader could receive the signal of the sensor, is 7 meters,
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while the RMSE is less than 200 Hz.

Distance (m) | RMSE (Hz)
1 4.41
12.75
27.02
40.76
88.35
130.95
162.63
592.31
585.38
1801.12

OO0 | O k=W N

—_
)

Table 5.1: RMSE vs Distance.

5.2.2 Observations

A smartphone with embedded FM receiver is used to compare the range
where the audio signal of sensor could be received. The smartphone achieved
a greater range, due to the dedicated hardware, which implements the FM
demodulation and higher quality analog filters that absorb less thermal noise.
Practically, other factors that could affect the range are the distance from
the source of the illuminating signal and the antenna used on the scatter
sensors. In the specific experiment, the source of the illuminating signal is
approximately 7 kilometers away and a monopole wire is used as the antenna

of the sensor.

5.2.3 Reader to Base-station Range.

The maximum distance between the reader and the base-station is heavily
depended on the network infrastructure. In the current implementation as
mentioned in section , the only network support device is the WiFi USB
adapter. The range is measured for both TCP and UDP protocols. Up
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to 70 meters, both protocols performed sufficiently enough. Beyond that
point, the TCP handshake procedure stopped, while the UDP equivalent
was degraded, but packets were received. Longest distance achieved with

UDP protocol before the complete lost of connection was approximately 146

meters as depicted in Fig. [5.4]

Figure 5.4: Adhoc network communication range.
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Conclusion

This work focused on the implementation of backscatter radio applications
for environmental sensing with the use of the LimeSDR board. Two readers
for digital and analog data were implemented. Signal model, experimental
setup and results were analytically presented for both applications. In the
first application, the performance of LimeSDR was evaluated with range
measurements, as a compact reader (illumination and reception of the RF-
tags) based on monostatic architecture. Similarly, for ambient architecture,
both the LimeSDR to scatter sensor distance and the root mean square error
(RMSE) were measured to evaluate the reliability of the reader. Hardware
and configuration of the LimeSDR board is also presented. Additionally,
a WiFi adhoc network was designed to extend the range capabilities for
both readers. LimeSDR is a powerful board with great features, serving a
variety of applications. The price of the LimeSDR makes it suitable for low-
cost implementations of wireless sensor networks, as the total expenses drop
significantly. In conclusion, this work contributes to further cost optimization

of wireless sensor networks applications of current research.

6.1 Future Work

The functionality of LimeSDR was constrained to half-duplex operation (1
transmit & 1 receive channel). It could prove challenging to exploit both
channels of the transceiver for multi-hop wireless sensor network applica-
tions. Specifically, the first channel could be used for illumination of the tags
and reception of the backscattered signal (monostatic architecture), and the
second channel could be used for the communication between different Lime

devices for data transferring. This could extend the range coverage and
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improve network management. As far as the current work is concerned, fine-
tuning the configuration parameters of the LimeSDR board could lead to

further optimization of the systems.
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