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Abstract

Soil moisture measurements are important environmental parameters for hydrological
modeling, optimizing agricultural irrigation, and predicting soil behaviors, including
catastrophic events such as landslides. In many of these applications, soil monitoring
over wide geographic areas is desirable to make informed decisions and build accurate
models. However, high costs associated with traditional wired moisture probes limit
the feasibility of large-scale deployments. Passive wireless sensors provide a potential
a�ordable alternative to wired probes. Such passive devices do not require internal
power sources but are excited when interrogated with a wireless signal and transmit
a response. Harmonic transponders are one such class of passive device that respond
at the second harmonic,2f , when interrogated at some fundamental frequencyf .

This thesis explores harmonic transponders as the basis for a soil moisture monitoring
system, wherein many transponders are deployed over a large area and periodically
measured by an interrogator to determine soil moisture. An interrogation method for
determining the attenuation in the wireless link to the harmonic transponder from
the device's response is tested against soil moisture content and a method for locating
and tracking deployed harmonic transponders based on monopulse direction �nding
is developed. Both the locator and interrogator are implemented on software de�ned
radio, as a portable and cost-e�ective platform suitable for use in the �eld.
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Chapter 1

Introduction and Problem Defini-

tion

1.1 Motivation

Environmental sensors measure quantities such as temperature, pressure, humidity,

light, �ow, strain. These measurements measurements are crucial to applications in

research and industry, such as monitoring pollution, weather patterns, industrial pro-

cesses, water quality, and many other phenomena [8]. In agriculture and engineering

environmental measurements are important to make informed decisions and identify

potential problems as well as for gathering data to better inform predictive mod-

els. Soil moisture measurements in particular are of interest in these applications,

as they are critical for building hydrological models, optimizing crop irrigation, and

predicting events such as �oods, landslides, and droughts [9,10].

Most conventional soil moisture sensors are wired probes. These probes are buried,

and measure moisture in their immediate vicinity by detecting changes in the dielec-
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tric properties of the soil, for example, by measuring the probe capacitance [11]. Such

techniques can be capable of very accurate measurements of soil moisture, but wired

probes have some limitations. The sensor requires a connection to a power supply

and data-logger to record measurements. When measurements are needed in remote

areas, the requirement of running cables to the sensors becomes infeasible. For such

remote applications, sensor nodes are commonly used, which incorporate the sensors

themselves as well as supporting infrastructure such as data-loggers, power supplies,

antennas, and wireless modems [10,12]. While deploying power and communications

capabilities alongside the sensors allows measurements to be taken remotely, the ad-

ditional components drive up the cost and complexity of the system and the sensor

nodes can be laborious to install. The increased cost and labor place a practical

upper limit on the number of sensors that can be utilized. These limitations become

problematic when the area being studied is geographically large. For example, if

one wanted to study soil moisture over a hillside or throughout a �eld, it becomes

desirable to have a large number of sensors deployed so that moisture data can be

captured at a su�cient spatial resolution.

Solutions for large-scale measurements of soil moisture alternately employ new

techniques for measuring moisture, attempts to reduce the cost and complexity of

sensor nodes, or a combination of both approaches. A new technique that is being

explored is satellite radar measurements of the Earth's surface. These radar measure-

ments are promising for coarsely monitoring soil moisture over large areas but can

struggle where the soil is covered in vegetation [13]. To reduce the cost of sensor nodes,

passive wireless sensors are of particular interest. "Passive" refers to a class of wireless

transponders that do not require internal power sources but respond when excited by
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a wireless signal. In the context of passive transponders, the signal transmitted by

an excited device is known as the "backscattered" response. An example of a class

of commonly encountered passive wireless devices are radio-frequency-identi�cation-

system (RFID) chips, such as those found in credit cards. A generic passive device is

illustrated in Fig. 1.1. Since passive sensors are not powered and the wireless trans-

mission of data is integrated into their design, they o�er signi�cant improvements in

size and complexity compared to conventional active sensors. A low cost soil moni-

toring approach based on widely distributed passive devices is the focus of the work

in this thesis.

Figure 1.1: Operating principle of passive devices, e.g., RFID, harmonic transponder

One area of interest for large-scale soil moisture monitoring are burned landscapes

following wild�res. The soil behavior and mechanisms of landscape recovery following

these events are poorly understood, but post burn conditions create increased risks

of landslides and debris �ows which motivate further study [14]. A key parameter

in these e�orts is the soil moisture content of the soil, as the capacity of the soil to

hold and distribute water is important to understanding landslide and debris �ow

events [15,16].

3



A proposed system for measuring soil moisture in these burned areas leverages har-

monic transponders as a passive sensing platform. Harmonic transponders are passive

wireless re�ectors that, when interrogated at some fundamental frequencyf , emit a

response at a harmonic harmonic component, typically the second harmonic,2f .

This di�erence in frequency between the interrogation signal and the backscattered

signal means that there is no potential for self-interference. Additionally, harmonic

transponders are very simple, compact devices, can be produced at low cost, and can

be designed to have long operational lifetimes, all of which make them compelling for

wireless sensing. The approach envisions many harmonic transponders buried in the

soil over the study area, periodically measured by one interrogator (Fig. 1.2).

Figure 1.2: Deployment scenario, harmonic transponders buried over hil lside for moisture
sensing

Previously, harmonic transponders have been applied primarily in localization

and tracking. They have been commercially developed for locating avalanche victims

in search-and-rescue operations, Fig. 1.3 [1], have been widely utilized to track in-

sects [17, 18], and have been explored for parcel tracking [19] among other e�orts.
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Figure 1.3: RECCO tag, commercially available harmonic transponder used for search-and-
rescue [1]

Applications in sensing have been somewhat limited, but include monitoring the

structural integrity of walls [20] and measuring liquid level and moisture [21]. The

approach in [21] used a �uid sensor integrated into the harmonic transponder design

that detunes the device in the presence of moisture.

1.2 Problem Definition

The previously discussed burned area monitoring system requires that the harmonic

transponders deployed in the �eld are capable of measuring the soil moisture in their

surroundings and transmitting that information through their response at the second

harmonic. One potential approach is to use the attenuation of the wireless signals

transmitted to and received from the transponder as an indicator of soil moisture

(Fig. 1.4). Since the electrical properties of the soil change as the moisture content

5



changes, the loss seen by an electromagnetic wave in the soil should also change. A

similar technique has been employed for measuring fouling in railroad ballast [22].

To exploit signal attenuation as a metric of moisture content, it is necessary to be

able to isolate the incident power at the harmonic transponder. The interrogator can

then calculate the losses based on how much power it was transmitting to excite the

harmonic transponder.

Figure 1.4: As the signal travels to and from the harmonic transponder, losses are seen in
the soil layer. These losses should increase with soil moisture content

In addition to monitoring the soil moisture content, soil movement is also being

studied in these burned regions. As mentioned previously, post-burn landscapes ex-

hibit increased propensity for landslide and debris �ow events, so it is likely that the

transponders will move over the course of the study. Consequently, it is necessary

for the interrogator to be able to track and locate the transponders, to monitor soil

progression and isolate them for moisture measurements.

This thesis tackles three main challenges relevant to the goal of large-scale dis-
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tributed soil moisture monitoring:

( i ) Determine the incident power on a harmonic transponder through some charac-

teristic of the backscatter response.

( ii ) Relate the losses seen by a radio frequency (RF) signal traveling to and from a

buried harmonic transponder to the surrounding soil moisture content.

( iii ) Determine the position of a harmonic transponder relative to the interrogator.

Challengesi and and ii relate to extracting useful soil moisture data from buried

harmonic transponders. Challengeiii addresses the problem of locating the transpon-

ders after they have been deployed.

1.3 Contributions

Contributions of the work presented in this thesis are as follows:

ˆ Evaluation of the AM interrogation approach for soil moisture sensing

In Chapter 3 and Chapter 4 an interrogation approach using AM signals de-

veloped in [23] is applied to measuring soil losses. AM interrogation is demon-

strated to be a reliable method for isolating the power incident on the harmonic

transponder and measuring soil moisture losses from wireless signal attenuation

is found to be feasible. Chapter 6 demonstrates the interrogation method on

software de�ned radio, towards the goal of a portable interrogator.

ˆ Tracking the angular position of a harmonic transponder

7



Tracking the position of the harmonic transponder is done using monopulse pro-

cessing, a direction �nding technique widely applied in radars [24]. Application

of monopulse techniques to tracking the harmonic transponder is contained in

Chapters 2 and 5. While monopulse tracking is not new, it has not been widely

implemented on software de�ned radio.

ˆ Software de�ned radio implementation of the locating and interrogation methods

for development of a portable interrogator

To support the goal of a portable interrogator, both the AM interrogation and

the tracking are implemented on software de�ned radio (SDR) in Chapter 5.

Software de�ned radio provides a compact and �exible platform for wireless

applications. SDRs are a rapidly evolving technology and the speci�c imple-

mentation of monopulse processing as well as the very custom AM interrogation

method is relatively novel.
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Chapter 2

Background

Key areas of the work in this thesis include harmonic transponders, soft-

ware de�ned radio, and monopulse direction �nding. Harmonic transpon-

ders are the motivating technology behind the soil sensing system en-

visioned in Chapter 1 and their operating principles are explored here.

Software de�ned radio is introduced as the platform on which the �nal

tracking and interrogation system will be constructed. Finally, monopulse

direction �nding is discussed and the outputs of anN -element monopulse

array are derived.

2.1 Harmonic Transponders

A generic harmonic transponder is illustrated in Fig. 2.1. In its simplest form, a

harmonic transponder is formed from two antennas and some nonlinear element. The

output of a linear device will only scale (by� ) and delay (by � ) the input x(t) as in

Eq. (2.1).

9



Figure 2.1: Basic Design of Harmonic Transponder

y(t) = �x (t � � ) (2.1)

In contrast, the behavior of a non-linear device can be expressed via Taylor series

expansion as in Eq. (2.2).

y(t) = � 0 + � 1x(t � � 1) + � 2x2(t � � 2) + � 3x3(t � � 3) + : : : (2.2)

If the input is a sinusoid, x(t) = A cos(2�f 0t + � ), then the output in the linear

case will also be a sinusoid of the same frequencyf 0. However, the higher order terms

in (Eq. 2.2) will contribute harmonic components at multiples of the fundamental

frequency,kf 0, where k 2 N. The Fourier series expansion (Eq. 2.3) expresses the

output as a sum of these harmonic components.
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y(t) =
+ 1X

k=0

Ak cos(kf 0t + � k) (2.3)

In a harmonic transponder, the receive antenna is designed to pick up wireless

signals at some fundamental frequency,f 0. When an interrogation signal at f 0 is

received by the transponder, the nonlinearity of the device creates harmonic compo-

nents at integer multiples of the fundamental. The transmit network is then designed

to re-radiate one of these harmonic components. In general, the second harmonic,

2f 0, is chosen as it is typically the highest power.

In theory, any nonlinear device such as a transistor, metal-metal contact, or diode

can be used as the source of nonlinearity [25], although in practical designs, diodes are

preferred as they are passive, compact, very nonlinear, and low cost. Schottky diodes

are typical as a low forward voltage is desirable to improve conversion e�ciency but

other diode architectures are also used [26�28].

Conversion loss (CL) is de�ned as the ratio of the input power to the output

power, Eq. (2.4). For linear devices conversion loss is constant with input power

over the linear operating region. For harmonic transponders, the conversion loss is

the relationship between the input power at the fundamental and the output power

at the second harmonic. The previously discussed nonlinear relationship between

the input and the second harmonic causes the conversion loss to become a non-

constant function of input power. This can be seen in Fig. 2.2. The power-dependent

amplitude distortion evident in the conversion loss curve is what is leveraged to isolate

the incident power on the device in this thesis. Fig. 2.2 shows the curves normalized

to the point of minimum conversion loss so they can be easily compared. The exact

values for the minimum conversion losses of the three devices in Fig. 2.3 can be seen
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in Table 2.1

CL =
Pin

Pout
(2.4)

Figure 2.2: Example conversion loss curves for two transponder designs, both axis normal-
ized to minimum CL for comparison

Harmonic transponders are attractive to remote sensing applications for three

predominant reasons. First, they are passive devices, meaning excitation is provided

by the interrogation signal. Second, they do not require high interrogation power,

which makes it feasible to interrogate them at a distance. For the devices used

in this work, incident signal power in the vicinity of -30 dBm will elicit a harmonic

response [3]. Third, the interrogation signal is isolated in frequency from the response.

This avoids issues with self-jamming which may occur with mono-frequency systems

such as Radio Frequency Identi�cation (RFID) and re�ections at the fundamental will

not interfere with the received signal, improving the robustness of the interrogator-
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transponder link [29].

Three di�erent transponder designs were used in this work, shown in Fig. 2.3.

The planar design was developed at Czech Technical University and is designed for

high e�ciency, with a minimum conversion loss of 3 dB at an incident power of -25

dBm [2] [6]. The RECCO is a commercial design used for locating avalanche victims,

and has a relatively broadband response and low directionality [1]. The 3D design

uses a three-dimensional antenna structure to achieve an omni-directional radiation

pattern and was developed at Oregon State University [3]. The optimal operating

frequencies for each device are collected in Table 2.1.

Figure 2.3: Three Harmonic Transponder Designs [1�3]
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Device Interrogation Frequency f 0 Transmit Frequency 2f 0 Min CL
Planar 886.75 MHz 1.7735 GHz 3 dB

RECCO 890 MHz 1.78 GHz 11 dB
3D 1185 MHz 2.37 GHz 13.3 dB

Table 2.1: Comparison of devices in Fig. 2.3 [3,6]

2.2 Software Defined Radio

Software de�ned radio (SDR) refers to a class of programmable wireless transmitters

and receivers. Traditional wireless architectures rely extensively on analog circuits

for modulation and demodulation of radio frequency (RF) signals. These solutions

are high performance but typically in�exible, as they are built from dedicated com-

ponents. In an SDR, there is an analog RF front-end which handles transmission and

reception of RF signals but almost all of the signal processing is done digitally, after

sampling with an ADC. This means that back-end operations are done in software,

so the system can be easily adapted to a wide range of applications without hardware

modi�cations.

A high-level block diagram of a generic SDR is seen in Fig. 2.4. This shows

a direct conversion or zero IF architecture, referring to the fact that RF signals

are converted directly to baseband, without an intermediate frequency stage as in

superheterodyne receivers that are used in traditional radio designs. Advances in

semiconductor manufacturing have made direct conversion architectures feasible in

modern devices, and they are widely applied in SDRs such as the USRP B210 [7,30,

31]. The reduced number of components in a direct conversion architecture and the

absence of intermediate frequency stages makes it easier to design the system to be

recon�gurable.
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Figure 2.4: Direct conversion SDR receiver. After digitization, IQ samples are processed
digitally.

From Fig. 2.4, an RF signal is picked up on the receive channel and ampli�ed

with a low noise ampli�er (LNA). A local oscillator (LO) onboard the SDR tuned

to the frequency band of interest is phase shifted to create two references90� out of

phase with each other. These references are then multiplied with the received signal

to extract the components in phase (I) and quadrature (Q) to baseband. These

baseband signals are then low pass �ltered for anti-aliasing before being sampled

and sent to the computer. The transmit chain is simply the reverse process, with

the computer sending IQ samples at baseband that are converted to high frequency

through multiplication with the onboard reference and added together. In a typical

SDR, the oscillator frequency, sampling rate, and ampli�er gain are tunable, allowing

the user to specify the frequency, bandwidth, and power of interest.

Low component counts mean that SDRs can be fairly compact, and since they

are manufactured to be general purpose without requiring customized hardware they

are relatively a�ordable, while being capable of a wide range of functionality. These

attributes make them well suited to custom applications such as those explored in

this work.
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The SDR platform leveraged herein is a USRP B210 from Ettus Research (Fig.

2.5). This device provides two pairs of transmit and receive channels and is capable

of operating over a range of frequencies. The key parameters of the USRP B210 are

collected in Table 2.2.

Table 2.2: USRP B210 Speci�cations [7]

Rx Channels 2
Tx Channels 2

Frequency Range 70 MHz � 6 GHz
Max Bandwidth 30.72 MHz1

ADC/DAC bits 12

GNU Radio is used to develop the signal processing software [32]. GNU Radio is

an open-source toolkit that is widely used with software de�ned radio. The software

provides a library of pre-de�ned, signal processing operations as well as allowing users

to code custom operations through the development of "blocks" in Python or C++.

A GNU Radio program consists of an interconnection of blocks to operate on a data

stream received from connected hardware. These blocks can either be arranged and

connected using a graphical �owgraph editor or through Python scripting. GNU

Radio is optimized to deal with the high data throughput required for processing the

volume of samples produced by SDRs.
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Figure 2.5: USRP B210. [Credit, Ettus Research]

2.3 Monopulse Tracking

This section provides a brief qualitative discussion of monopulse direction �nding and

an in depth analysis of the monopulse patterns of a linear array. In the latter part,

beam steering is discussed and some considerations speci�c to the work in this thesis

are introduced.

2.3.1 Introduction

Monopulse refers to a category of tracking techniques that use an array of receivers

to determine the incident angle of a wireless signal. This angle is calculated by

comparing the instantaneous signals received at each point in the array. This is

the origin of the name monopulse, which comes from radar applications. Before

monopulse, sequential-lobing radars where widely used. These systems worked by

moving the antenna beam through multiple positions around the target, transmitting

a radar pulse at each position, and recording the echo. The target location was then
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determined by comparing the echos received at each position. Consequently, multiple

pulses and measurements are required for every measurement of angle. Since target

angle can be calculated from the instantaneous signals received at a monopulse array,

each angle measurement only requires one radar pulse to be transmitted, hence the

name monopulse. This o�ers many advantages over sequential lobing. The beam

does not need to be moved for each measurement, so the system is able to sample

the target position much more frequently and rapid movement of the target will not

throw o� the measurement. Because of these advantages, monopulse has been widely

applied in applications such as tracking aircraft and spacecraft, missile guidance and

control, radio astronomy, and wireless communications [24].

There are two broad categories of monopulse. Amplitude comparison and phase

comparison. In amplitude comparison, the antenna elements are placed very close

together, and positioned at a slight angle from array boresight, called a squint angle.

When the target is centered in the beam of any one element, the signal amplitude

received at that element will be maximal while the signal picked up by other elements

will not be as strong. In this way, the target angle can be extracted by comparing

the amplitudes of the signals received at each element. A simple, one-dimensional

example of amplitude comparison monopulse is illustrated in Fig. 2.6, where two

beams are formed. From the �gure, the signal received atAntenna-A will be greater

than that at Antenna-B due to the target position.

Phase comparison monopulse uses antenna elements that are spaced from the

central axis such that the signal received at each element is in phase with the others

when the target is aligned with the array boresight. As the target moves o� axis,

the distance the signal travels to reach each element changes. For a plane wave, this
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Figure 2.6: Amplitude comparison monopulse. Target angle is calculated based on the am-
plitude of the signal received at Antenna-A relative to Antenna-B.

change in distance will appear as a change in the phase of the received signal. The

position of the target can then be determined from the relative phase of the signal

received at each element. Fig. 2.7 shows an example of phase comparison monopulse.

In this �gure, the phase shift measured atAntenna-B would be greater than that

measured atAntenna-A due to the increased distance. In contrast to amplitude

comparison monopulse, in phase comparison only one beam is formed from the entire

array, and the position of the target is extracted from the phase of the received signals.

A form of phase comparison monopulse is used in the work herein.

Figure 2.7: Phase comparison monopulse. The relative phase of the signal received at
Antenna-A to that received at Antenna-B changes with their distance to the target
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A bene�t of monopulse is that the position is determined based on the relative

phase or amplitude of the signals received at di�erent elements on the array. This

means that any uniform �uctuations in the signal power or phase as it travels to the

array will not a�ect the calculated angle, as they will fall out when taking the ratio.

Despite the physical di�erences in there implementations, the array outputs are

processed much the same way for both phase and amplitude comparison. The key

monopulse output is the so-called monopulse ratio,�=� , where � is the di�erence of

the signals received at two elements and� is the corresponding sum. Fig. 2.8 shows

an example of these patterns for an 8-element array. Fig. 2.8.a presents the sum and

di�erence array patterns while Fig. 2.8.b shows the monopulse ratio, computed from

the di�erence and sum voltages.

(a) (b)

Figure 2.8: Example monopulse patterns for phase comparison monopulse. 8-element un-
tapered array. (a) Sum and di�erence patterns. (b) Monopulse ratio over one beamwidth
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2.3.2 Modeling the Monopulse Array

This section develops an idealized model for the expected sum and di�erence outputs

of an antenna array used for phase comparison monopulse. The model is developed for

an N -element linear array and some of the e�ects of the array design on the monopulse

ratio are explored. The analysis of array patterns draws heavily on Chapter 2 of [33].

Array Beam Patterns

Figure 2.9: Array with incident planewave

In Fig. 2.9 a plane wave,f (t), is incident on an antenna array located somewhere

in space. In this case, the �gure shows a linear array but the analysis here is generic
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Figure 2.10: Spherical coordinate system

to any array con�guration. The distribution of antenna elements spatially samples

f (t) at each element position,Pn . The voltage signal received at a given element

n, will be the transmitted signal with some delay� n , due to the signal travel time,

f (t � � n ).

u =

2

6
6
6
6
6
6
4

sin� cos�

sin� sin�

cos�

3

7
7
7
7
7
7
5

(2.5)

� n = �
u T Pn

vp
(2.6)

If f (t) is de�ned as the signal received at the origin of the coordinate system then

the time delay � n can be expressed as in Eq. (2.6), whereu is the vector of direction

cosines (Eq. (2.5) ) relating Cartesian coordinates to the spherical coordinates in Fig.
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2.10 andvp is the propagation velocity of the signal.

k =
� 2�

�
u (2.7)

!� n = k T Pn (2.8)

Using the time-shift property of the Fourier transform, the time delays observed

at each element,� n , manifest as phase shifts in the frequency domain, so thatFn (! ) =

e� j!� n . From the de�nition of the wave number, k , in Eq. (2.7) the phase shift at the

nth element can be expressed in terms ofk by Eq. (2.8). Extended over the entire

array, this de�nes the array manifold vectorvk (k ) as in Eq. (2.9).

vk (k ) =
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(2.9)

The array outputs are processed by some type of linear time invariant (LTI) �lter

with impulse responsehn (� ) to in�uence the array output as desired for the speci�c

application. The processing action of the array is then described by Eq. (2.10) where

H (! ) is a vector whosenth element is given byFf hn (� )g. This is known as the

frequency wavenumber response of the array.

Y(!; k ) = H T (! )vk (k ) (2.10)
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If the bandwidth of the complex envelope off (t) is su�ciently small, the action

of H (jw ) can be approximated with a gain and phase shift applied at the carrier

frequency [33]. The necessary condition for this approximation is given in Eq. (2.11),

whereBW is the bandwidth of the complex envelope off (t) and � � max is the maxi-

mum time delay between the signal received at any of the array elements.

BW
� � max

� 1 (2.11)

For such narrowband signals,H (jw ) is replaced with a vector of complex weights

! H = [ ! �
0 ; ! �

1 ; � � � ; ! �
N � 1]. Each ! �

n consists of a gain and phase shift applied to

elementn. The resulting expression for the array response is given in Eq. (2.12).

Y(!; k ) = w H vk (k ) (2.12)

Uniform Linear Arrays

Fig. 2.11 shows a representation of a linear array ofN elements. Each element

is spaced a distance,d, from its neighbors and the elements are evenly distributed

about the arrays central axis. For the purposes of this analysis, each array element

is considered to be isotropic. To facilitate calculations, the array is de�ned as being

aligned with the z-axis and centered at the origin.

The position of each element is described by Eq. (2.13), wherePn gives the

one-dimensional coordinate inz. The wavenumberk from Eq. (2.7) becomeskz =

� 2�
� cos� as the position inx and y is zero along the array.� is the angle of deviation

from the z-axis as shown in Fig. (2.9). It is useful to de�ne the complement of� , ��

so that the target angle can be referenced to array normal.
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Figure 2.11: Linear Array with even spacing and even number of elements

Pn =
�

n �
N � 1

2

�

d ; n = 0 ; 1; ::: ; N � 1 (2.13)

As the array is aligned with the z-axis, evaluating Eq. (2.7) for k gives the

scalarkz = � 2�
� cos(� ). Combining this with Eq. (2.13) The array manifold vector is

computed in Eq. (2.14).
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 =
2�d
�

cos(� ) (2.15)

 , de�ned in Eq. (2.15), expresses the phase shift between the signal received at
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adjacent elements. With a variable substitution to space, thenth element ofvk (kz)

becomesej (n� N � 1
2 ). The expression for the array response in Eq. (2.12) is now a

function solely of  and can be expressed with the sum in Eq. (2.16). The beam

pattern of the array, B  ( ), is found by restricting the domain of to  2 [ � 2�d
� ; 2�d

� ],

i.e. � 2 [0; � ] [33].

Y ( ) = e� j N � 1
2

N � 1X

n=0

! �
nej n (2.16)

If the array is only shaped with an amplitude normalization so that each complex

weighting coe�cient ! �
n = 1=N, then the resulting beam pattern is given in Eq.

(2.17) [33].

B  ( ) =
1
N

e� j N � 1
2

N � 1X

n=0

ej n

=
1
N

e� j N � 1
2

"
1 � ej N

1 � ej 

#

=
sin

�
N
2  

�

N sin
�

1
2  

�

(2.17)

Sum and Di�erence Patterns

Monopulse processing requires the formulation of a sum signal,� , and a di�erence

signal, � . For phase comparison monopulse, these signals are formed by evenly di-

viding the array along its central axis to form to sub-arrays. These are summed

independently of each other, and then added together to create the sum pattern and

subtracted from each other to create the di�erence pattern.

The sum pattern of the array is the same as the beam pattern given in Eq. (2.17),

formed by summing all the elements in the array. When discussing the sum pattern,
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the notation �  ( ) will be used.

To formulate the di�erence pattern, the sub-arrays are subtracted from each other.

One sub-array contains half of the elements,n 2 [0; N
2 � 1], and the other contains

the other half, n 2 [N
2 ; N � 1]. The di�erence pattern is then computed in Eq. (2.18)

�  ( ) =
1
N

N
2 � 1X

n=0

ej (n� N � 1
2 ) �

1
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n= N
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(2.18)

The sign of the end result in Eq. (2.18) depends only on the convention used when

subtracting the sub-arrays. Therefore, the di�erence pattern will be taken as in Eq.

(2.19) and assumed to be positive.

�  ( ) = � j
2
N

sin2
�
 N

4

�

sin
�

 
2

� (2.19)

Fig. 2.12 shows the expected sum and di�erence voltage magnitudes in dB (Eq.

(2.20)) vs the target angle (�� for a two element array with a spacing of�= 2. The

sum pattern on its own is very �at over most of the range, so it is not feasible to

determine the target angle accurately from the sum alone. However, the di�erence

pattern exhibits the opposite behavior of the sum pattern, producing a null at the
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Figure 2.12: Sum and di�erence patterns vs target angle

center of the array, and �attening towards the edges. Consequently, by combining

the information in the sum pattern with the di�erence pattern, the target angle can

be uniquely determined.

xdB = 20 log10(xmag ) (2.20)

Monopulse Ratio

The monopulse ratio is the ratio of the di�erence channel (� ) to the sum channel

(� ). This ratio is the key metric in monopulse systems, synthesizing both the sum

and di�erence channels into one parameter [24]. The expression for the previously

discussed case of a uniform linear array ofN elements is computed directly in Eq.

(2.21).
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Figure 2.13: Monopulse ratio, �=� for two element array, d = �= 2. (a), full plot. (b)
zoomed to show "linear" region within one beamwidth (gray lines).

Fig. 2.13 shows a plot of the monopulse ratio for a two element array. The dashed

gray lines denote the 3 dB beamwidth of the sum pattern (Fig. 2.12). In many

monopulse systems, this pattern is approximated linearly within one beamwidth of

the main response to create an error voltage which is used to compute or track the

target angle [34]. This linear region is shown in Fig. 2.13(b).

Element Number and Spacing

The minimum number of array elements required to perform monopulse tracking is

N = 2, as it is necessary to form the di�erence and sum signals. However, additional
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Figure 2.14: Sum pattern for untapered 16 element array,d = �= 2

elements may be added to exert more control over the beam shape. Many monopulse

systems are made up of individually shaped subarrays which are then combined to

form the sum and di�erence outputs [24].

An example of the e�ect of increasing the number of elements is shown in Fig.

2.14 for an untapered linear array of 16 elements with half wavelength spacing. By

narrowing the beamwidth through the addition of more elements, the accuracy of

the angle measurement can be increased. However, since the linear approximation

of the monopulse ratio only holds over roughly one beamwidth, the measurement

range is reduced. Outside of one beamwidth, the pattern repeats periodically as per

the tangent function, Eq. (2.21). Comparing the sum pattern to that in Fig. 2.12,

the reduction in beamwidth is evident. A more detailed discussion of beam-forming

e�ects on monopulse arrays can be found in [34].

The inter-element spacing,d, is an important parameter in the design of antenna

arrays. Typically, the spacing is selected to prevent grating lobes from appearing in
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the array pattern. A grating lobe is a lobe appearing at a di�erent position from but of

the same amplitude as the main lobe. These grating lobes cause problems as measured

signals that are received at the same position as a grating lobe are indistinguishable

from those received at the main lobe. The reason for the appearance of grating lobes

can be seen from the de�nition of space in Eq. (2.15) and the periodicity of the

array sum pattern, Eq. (2.17). Adjustingd scales , and due to the periodicity of the

beam pattern, grating lobes appear. E�ectively, if the spacing is too large, the array

is spatially undersampling any received signal, causing echoes to appear at angles far

o� of array normal. The condition for no grating lobes to appear in the beam pattern

requiresd < � , [35, 36]. Fig. 2.15 shows grating lobes appearing at the end of the

array, for an element spacingd = � .

While increasing the element spacing beyond� causes grating lobes to appear in

the beam pattern, it can also increase the accuracy of the monopulse measurement,

without requiring the addition of more elements to narrow the beamwidth. This

is because by scaling and causing the beam pattern to repeat itself within180� ,

the phase resolution around the main axis is increased as the pattern repeats over a

smaller angle. This is similar to the reasoning behind the increase in resolution seen

from reducing the beamwidth. If the target is known to be close to the center of the

array, then increasing the spacing beyond� can be a reasonable choice to improve

the accuracy of the measurement.

2.3.3 Beam Steering

Looking at Fig. 2.9, the signal received by the array from a plane wave is received

with a phase shift depending on the angle to the source,�� expressed relative to array
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Figure 2.15: Sum pattern, N = 2 , d = � . Grating lobes appear at the ends of the array.

normal. In the reverse process, if an appropriate phase shift is applied to each element

of the array, the beam can be moved to point in an arbitrary direction. Constructing

an array with phase shifters on each element allows the beam to be steered in this

way. This is known as anelectronically scannedor phasedarray.

In a phased array, the phase shifts are applied to each element through modifying

the complex weights of the array beamformer,! H Eq. (2.12). To steer the array to

face in a direction de�ned by� s and � s, the complex weight applied to elementn is

given by Eq. (2.22), whereu s is the vector of direction cosines for� s and � s, Eq.

(2.5) [36].

! �
n = j! �

n j e� j 2�
� u T

s Pn (2.22)

The magnitudej! �
n j is selected based on the weighting of the speci�c element, and

does not e�ect the steering angle. The exponential term is the exact same as the

array manifold vector, vk (k ) de�ned in Eq. (2.9).
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For the case of a linear array aligned with thez-axis, the weights simplify to

! �
n = j! �

n j e� j 2�d
� cos(� s )(n� N � 1

2 ) based on the expression for the element position from

Eq. (2.13). The steering angle is determined by the phase shift that can be introduced

between adjacent elements. Referenced to array normal,�� s, the expression for this

phase shift � � is given in Eq. (2.23). Note that this is the same expression as the

de�nition of  in Eq. (2.15).

� � =
2�d
�

sin( �� s) (2.23)

The domain of � � is restricted to � � 2 [� � ; � ] as the beam is moved symmet-

rically about array normal. Consequently, the maximum steering angle,�� s MAX , is

given by evaluating Eq. (2.23) for� � = � , Eq. (2.24), and is determined by the ratio

�=d . The beam can be steered to� �� s MAX .

�� s MAX = arcsin

 
�
2d

!

(2.24)

In Section 2.3.2, the e�ect of grating lobes was mentioned, and the conditiond < �

was given such that no grating lobes appear in the beam pattern [35]. However,

moving the position of the main beam can cause grating lobes that initially don't

appear in the array beam pattern to move into it.

sin(�� p) � sin(�� 0) =
p�
d

; p = � 1; � 2 � 3; : : : (2.25)

Eq. (2.25) de�nes the grating lobe positions,�� p for an array with the main beam

located at �� 0. For no grating lobes to appear in the beam pattern they should be

placed at the edges of the array, giving the condition
�
�
� �� p

�
�
� � �

2 must be satis�ed.
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Substituting this condition into Eq. (2.25) gives the conditions for no grating lobes

to appear in the beam pattern at a given scan angle�� 0 [36]. To scan the array to

end�re the element spacing should be less than�= 2.

d
�

�
1

1 + sin( �� 0)
(2.26)

Eq. (2.26) places a stricter limit on the maximum scan angle than that in Eq.

(2.24). However, depending on the application, it may not be an issue for grating

lobes to appear in the beam pattern as long as they are su�ciently far away from

boresight. For the application of tracking and interrogating harmonic transponders,

it may be reasonable to trade o� some range for larger element spacings to locate a

target with greater accuracy. This assumes some prior information is known about

where the transponder is deployed, so the search range is limited, and grating lobes

that do appear will not cause problems.

2.3.4 Practical Considerations

The preceding sections in this chapter have considered an idealized model for the

antenna array and monopulse outputs but there are many practical limitations to

contend with. A "traditional" monopulse radar will use a lens or re�ector antenna.

This will be fed with a number of feeds which send out the radar pulse and make up

the receive channels. The sum and di�erence signals are computed from the receive

channels using analog hybrids at radio frequency (RF), before being downconverted

to and intermediate frequency (IF) by a receiver [24]. The reason for computing

the sum and di�erence at RF is to avoid amplitude and phase errors that might be
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introduced by the receiver circuitry.

These traditional architectures are relatively complex and high cost, and require

careful design of feeds, antennas, and couplers as well as mechanical mounts. An

objective of the work in this thesis is to trade some of the performance of these high

end systems in favor of a low-cost, portable tracking approach. The proposed system,

which is explained in more detail in Chapter 5, uses two low cost, printed-circuit

log periodic antennas as the monopulse array. The signals from these antennas are

received directly on an SDR, and the sum and di�erence signals are computed in

software. While this design is cost e�ective and does not require many components,

the tradeo� is in the accuracy of the monopulse measurement, which is adversely

a�ected by non-idealities at various points in the system. This means that measuring

the angle by attempting to invert the expression for the monopulse output in Eq.

(2.21) to recover the angle information or using a linear approximation as discussed

earlier might be error prone. To get around these problems, the magnitude and phase

of the monopulse ratio are considered separately.

Fig. 2.16 shows the magnitude (in dB) and phase of the monopulse ratio plotted

against target angle for an element spacing of�= 2. The magnitude exhibits a deep

null at boresight and steadily increases to either side. The phase is constant to either

side of boresight, but changes in sign (between� 90� ) at boresight. Consequently,

only considering the sign of the phase is su�cient to tell which side of the array the

target is located on, and the null at zero provides an indicator of when the beam is

aligned with the target. To determine the target angle, the beam is steered to follow

the gradient of the magnitude pattern in the direction determined by the sign of the

phase pattern towards the null. Disturbances in the phase need to be very large to

35



Figure 2.16: Magnitude and phase plot of monopulse ratio,�=� . Two element array, d =
�= 2.

alter the sign, and the deep null in the magnitude plot should also be robust to small

errors. This allows the target angle to be accurately determined, even under non-ideal

conditions.

2.4 Conclusion

This chapter presented an overview of some areas relevant to the work herein. Har-

monic transponders are the motivating technology for the development of the loca-

tor/interrogation system developed in this thesis. However, from the perspective of

the interrogator, the speci�c design of the harmonic transponder is not important,

and the method can be easily adapted to di�erent devices. Chapters 3 and 4 detail

characteristics of the harmonic response that are exploited for measuring channel

losses.
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Models have been developed for the phase comparison monopulse output of a

linear array, which will be used to inform the practical implementation in Chapter 5.

Some tradeo�s in resolution and range have been explored for adjusting the number

of elements and element spacing of the array. A method for tracking the target angle

that is robust to errors and disturbances has been proposed. While the discussion in

this chapter has focused on linear arrays, the principles could be readily extended to

planar arrays to allow tracking in both azimuth and altitude.
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Chapter 3

Determining Media Absorption

Loss Using Embedded Harmonic

Transponders

This chapter describes an interrogation approach for isolating the power

incident on a harmonic transponder based on the distortion of an ampli-

tude modulated interrogation signal in the response at the second har-

monic. This technique was �rst proposed in [23] and is applied here to

measuring signal losses in moist soil. The work is presented as published

in the proceedings of the2024 IEEE/MTT-S International Microwave

Symposium.

38



3.1 Abstract

In this work, we present a means to measure the forward channel loss of a bidirectional

communication link using harmonic transponders. The transponder is embedded in

an unknown environment at one side of the link and data are collected only at the

other. The approach leverages an amplitude modulated interrogation signal and

the device's nonlinearity, to accurately ascertain the power incident at the harmonic

transponder. The approach is applied to determine the absorption loss in soils having

di�erent moisture contents.

3.2 Introduction

Harmonic transponders are passive, wireless devices that receive an interrogation

signal at frequencyf , and return (or backscatter) harmonics. Often, as in this work,

the second harmonic (i.e.,2f ) is of interest (Fig. 3.1). The production of a second

harmonic is an asset when the devices are used for localization purposes, such as

in avalanche search and rescue [1], as the backscattered signal avoids self-jamming

by the interrogator. Harmonic transponders have also been used for applications as

diverse as wall crack monitoring [37], insect tracking [38], and parcel tracking [19].

Figure 3.1: The bidirectional harmonic transponder link.
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Harmonic transponders are relatively simple devices (Fig. 3.2), consisting of a

receive antenna, a transmit antenna, and a diode that bridges the two antennas

and introduces the harmonic-producing nonlinearity. Due to this nonlinearity, the

device's behavior is also highly dependent on its incident power. For example, the

device's conversion loss, i.e., the ratio of the power incident at the device to that

backscattered, exhibits this dependency, which we elaborate upon later.

In contrast to the localization and sensing applications noted above, this work

considers the use of embedded harmonic transponders for the purpose of measuring

loss in the wireless communication channel between the interrogator and transponder

(i.e., the forward link). While the forward link loss can be calculated using the Friis

equation for free-space conditions, if the link length is known [39], this calculation

is not possible for scenarios where the harmonic transponder is embedded within an

absorbing media having unknown characteristics. An example, demonstrated herein,

is being able to ascertain changes in forward link loss, due to changes in soil moisture.

Similar applications, in which link losses can inform one about media conditions,

include the monitoring of concrete curing [40] and railroad ballast fouling [41].

To determine channel losses, the work herein uses a recently proposed approach

[23] in which the transmitted interrogation signal is amplitude modulated (AM) with

a tone and a known modulation index (� ). This approach was inspired by the single-

tone, AM-AM characterization method used for characterizing ampli�er nonlinearity

[42]. Carriers modulated with a tone and a speci�c� produce a known ratio between

the carrier and a single upper- and single lower-sideband component, i.e., a known

carrier-to-sideband ratio (C=SB). The prior work showed that the backscattered

signal's C=SB is dependent not only on the� used for the interrogation signal, but
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Figure 3.2: Harmonic transponders leveraged in this work. Left: planar, dualband antenna
design [4]. Right: compact three-dimensional (3D) design [5].

also on the power incident at the transponder.

The contributions of the work presently considered build on this earlier work and

are twofold. First, we characterize the AM-AM behavior of two di�erent transponder

designs. Speci�cally, we present the change inC=SB with incident power. Second,

we demonstrate than an embedded harmonic transponder can be used to measure

the change in soil absorption for the purpose of characterizing changes in the soil's

moisture.

3.3 Background

The proposed approach leverages an AM interrogation signal to elicit unique backscat-

tered responses caused by the nonlinearity of the harmonic transponder. In this

section, we summarize the foundations upon which this approach is built.
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Figure 3.3: Example AM interrogation signal where a carrier at 886.75 MHz is tone mod-
ulated with a 10 kHz tone using� = 50%.

3.3.1 Tone Amplitude Modulation

In tone AM, a low frequency baseband tone,m(t) = M � cos(2�f m t), modulates

a high frequency carrier,c(t) = A � cos(2�f ct), resulting in the signal seen in Eq.

(3.1). The carrier frequency,f c, is the interrogation frequency at which the harmonic

transponder is designed to operate (i.e.,� 1 GHz), while f m is on the order of kHz.

� AM (t) = A � [1 + � � cos(2�f m t)] � cos(2�f ct) (3.1)

The modulation index, � , is the ratio M
A and describes the relative depth ofm(t)

with respect to the carrier in the time domain. � manifests itself in the frequency

domain as the carrier-to-sideband ratio (C=SB) between the power in the carrier

frequency, at f c, and the two sidebands, atf c � f m and f c + f m . This ratio is

minimized for � = 100%, where each sideband has14 the power of the carrier, giving

a C/SB of 6 dB. As � decreases,C/SB increases. For� of 75%, 50%, and 25%, the
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C/SB s are theoretically 9 dB, 12 dB and 18 dB, respectively. For example, Fig. 3.3

shows the spectrum of a narrow-band transmitted signal in which a carrier at 886.75

MHz is amplitude modulated with a 10 kHz tone using� = 50%. In a linear channel,

this C/SB ratio will be preserved at the receiver. However, for our bidirectional link

(Fig. 3.1), with a nonlinearity introduced by the harmonic transponder, we �nd the

C=SB is not always preserved. Herein, exploit this peculiarity for the purpose of

determining link losses.

3.3.2 Transponder Nonlinearity

As noted, the nonlinear behavior of the harmonic transponder is attributed to the

presence of a diode. The impact of this nonlinearity is threefold. First, the nonlin-

earity creates frequency components at integer multiples of the incident frequency,

which includes2f , our return of interest. Second, the nonlinearity results in a device

conversion loss (CL) that is dependent on the incident power. We illustrate this be-

havior in Fig. 3.4 for the two harmonic transponders shown in Fig. 3.2. For both

devices, we see thatCL is minimal at a speci�c incident power. In this work, we

refer to this point as the device'sin�ection power point (IPP ). To collect these data,

we conducted over-the-air (OTA)absolutepower measurements, which are prone to

potential uncertainties of > � 1 dB [43]. Even if one considers as little as� 0.5 dB

uncertainty in absolute power measurements, the error in determining theIPP can

be signi�cant. Thus we are motivated to �nd a more accurate and precise means of

remotely ascertaining the power incidentat the device.

Finally, changes inCL relative to the input are a form of an AM-AM distortion

e�ect, which is a common concern for power ampli�ers in microwave systems [42,44].
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Figure 3.4: Normalized conversion loss data relative to theIPP for both the planar and
3D harmonic transponders shown in Fig. 3.2. Horizontal line at 0.5 dB and its associated
arrows illustrate the potential range of error when measuring absolute power using OTA
methods.

We exploit, for our link loss measuring purposes, the fact that this e�ect manifests

itself in producing a backscatteredC=SB that is nominally di�erent than that of the

interrogating signal.
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Figure 3.5: Laboratory setup for il lustrating the harmonic transponder (HT) test methodol-
ogy. The AM signal generator (AMSG) is con�gured for, e.g., � =50% and the C=SB of the
backscattered signal is measured at a spectrum analyzer (SA), as transmitted power (PT X )
is changed.

3.4 Device Characterization

We demonstrate the AM interrogation approach with two di�erent harmonic transpon-

der designs. One device is of planar design (Fig. 3.2� left) and leverages a silicon-

based Schottky diode (HSMS-2820) [4]. This device operates with an interroga-

tion frequency of 886.75 MHz. The other device has a compact 3D geometry (Fig.

3.2� right) and uses a gallium arsenide (GaAs) Schottky diode (HSCH-9161) [5]. This

device was designed to be interrogated at 1,185 MHz.

The devices were interrogated using the setup seen in Fig. 3.5, but withno soil

in place. The transmitted carrier was set for the device's operating frequency and

amplitude modulated with a 10 kHz tone and with� = 25%, 50% or 75%. The
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transmitted power was varied about that which produced theIPP s in Fig. 3.4.

Fig. 3.6 shows the test results for the planar and 3D transponders (upper and

lower images, respectively). Similar trends are seen for both devices. First, the AM-

AM slope increases as� decreases. Second, as the� decreases, so does the signal's

crest factor. We observe that results in the incident power at which the backscattered

C=SB matchesthe interrogation C=SB becomes closer to theIPP . Recall the IPP

was determined from Fig. 3.4, when the carrier wasnot modulated, i.e., � = 0%.

We call the incident power at this matchedC=SB the matched power point(MPP ),

which are noted on Fig. 3.6 in "
 "s.

Because of the AM-AM slopes, and thatC=SB is a ratio, the MPP can be found

far more accurately and precisely than theIPP . These facts, allows us, as shown

next, to readily determine changes in path loss without relying on absolute power

measurements, such as are needed to determine the device'sCL. Finally, we note

that slopes associated with the planar device are steeper than those with the 3D

device, this is likely due to the di�erent diode technologies used in each.
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Figure 3.6: Upper: C=SB versus incident power normalized to the devicesIPP for planar
device. Lower: data for 3D device. Matched power points (MPP ) are shown circled (
 ).
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3.5 Measuring Soil Absorption

The results we now present are related to monitoring the recovery of soils on slopes

after severe wild�res. Such �res can signi�cantly alter the soil to depths of several

centimeters. But long-term soil moisture monitoring, along with knowledge of the

nominal soil composition, can provide insight to the stability and strength of impacted

slopes, and thus risks of landslides.

As a proof of concept that embedded harmonic transponders can determine ab-

sorption loss due to soil moisture, 5 cm of soil was placed above the planar harmonic

transponder, as illustrated in Fig. 3.5. The soil was mostly sand, with small amounts

of silt and organics, representingpreburn conditions (to serve as a baseline for our

future work). Measurements were conducted at0%; 10%; 20%; and, �nally at 25%

gravimetric (i.e., by weight) water content, which is near the soil's saturation point.

Fig. 3.7 show the� = 50% data collected, for various soil moisture conditions,

to ascertain changes in the forward link loss. The trends exhibit expected behavior

(i.e., more moisture results in greater loss). Each curve in Fig. 3.7 intercepts 12 dB

horizontal line at its MPP , the changes in theseMMP s correspond to the changes

in forward link loss. These losses could be measured using anyC=SB on this plot

and/or at other � . Aggregating such various data, we contend that resulting error in

the link loss measurement can be< � 0.25 dB.

48



Figure 3.7: CSB versus incident power for di�erent soil moisture conditions. Added forward
link loss: (a) 3.25, (b) 4.0, (c) 10.25, and (d) 18.25 dB.

3.6 Conclusion

An amplitude modulation, OTA approach for determining the forward channel loss of

a bidirectional harmonic transponder interrogation link was presented. The method

was demonstrated by embedding a transponder within soil of various moistures and

leveraging the device's nonlinear behavior to determine the soil's absorption loss. We

introduce the notion of a readily-found, matched power point (MPP ), which allows

one to accurately and precisely measure changes in link loss, without requiring error-

prone, absolute power measurements.

This work demonstrated the ability to isolate forward link losses in nonlinear, bidi-

rectional channels. Future work will investigate strategies for determining the reverse
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link losses. In addition, the proposed method will be utilized on di�erent harmonic

transponders, in particular those operating at higher frequencies (e.g.,� 1.2/2.4 GHz)

for which media absorption should be more pronounced. Future testing will also em-

bed the transponders up to a depth of 30 cm in soils of compositions found in forests

and agriculture.
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Chapter 4

Bidirectional Loss Measurements

This chapter builds upon the work presented in Chapter 3, extending the

method to simultaneously measure losses seen at the fundamental and

the second harmonic frequencies. Results are demonstrated in a depth

variation test in moist soil.

4.1 Method

The technique demonstrated in Chapter 3 provides a method for determining the

power incident on the harmonic transponder when channel losses are unknown. This is

done by sending a tone amplitude modulated (AM) signal to the device and measuring

the distortion seen in the carrier to sideband ratio (C=SB) in the received signal at

the second harmonic. Over a certain region, theC=SB was found to vary linearly

with the power incident on the harmonic transponder (Fig. 3.6) allowing the power

at the transponder to be uniquely determined.

An illustration of the bidirectional link to the harmonic transponder can be seen in
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Figure 4.1: Bidirectional Link to Harmonic Transponder.

Fig. 4.1. In Chapter 3, the forward losses were measured by adjusting the transmit

power to �x the C=SB received from the harmonic transponder. However, if the

C=SB, and therefore the power at the transponder, is �xed then the conversion loss

must also be constant, as it is a nonlinear function of the input power (Fig. 3.4).

This means the transponder is transmitting at the same power for a given value of

C=SB. Consequently, losses in the reverse link can be measured from the carrier

power received at the second harmonic, where the decrease in carrier power for a

given C=SB gives the relative loss. With this method, losses seen atf and 2f

can be recorded simultaneously with one measurement of the harmonic transponder.

For measuring moisture, this allows the behavior of the soil to be compared at two

di�erent frequencies, which can corroborate each other.

Fig. 4.2 shows an example power sweep of a harmonic transponder, in this case the

RECCO device [1]. As shown in Chapter 3, the measuredC=SB ratio varies roughly
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Figure 4.2: Forward and reverse link measurements for an OTA power sweep of a harmonic
transponder

linearly with incident power over a certain range. This behavior is seen in the top plot

for the forward link. The bottom �gure plots the received carrier power at the second

harmonic against theC=SB ratio. The dashed gray lines mark the "linear" region

of C=SB values in the top �gure. From this plot, the received carrier power can be

seen to vary unambiguously withC=SB over this same region. Consequently, losses

at the fundamental can be measured in shifts along the top curve while losses at the

second harmonic can be measured in shifts along the bottom curve. The additional

curvature that can be seen in the reverse plot compared to the forward results from

the nonlinear relationship between conversion loss and incident power for harmonic

transponders.
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4.2 Test Procedure

The bidirectional measurement is demonstrated in a depth variation test in moist soil.

Fig. 4.3 shows an illustration of the test setup. These tests were conducted outdoors

to better model the eventual deployment of the harmonic transponders in the �eld,

and in an attempt to eliminate boundary e�ects that may have been present in the

indoor test scenario (Fig. 3.5). A rectangular hole, measuring roughly 50 cm� 40

cm, was dug into the ground and lined with plastic. On top of this, a 5 cm layer of

dry soil was added and the harmonic transponder was embedded at the top of this

layer. Then another layer of plastic was placed on top of the dry soil. On top of this,

moist soil was added incrementally in 2 cm layers. The moist soil was mixed to 10%

moisture content by weight (gravimetric moisture content). This moisture percentage

was chosen as it is roughly half of the saturated moisture content for the soil used.

As the depth of the soil covering the transponder is increased, measured absorption

losses are also expected to increase as the signal must travel through more soil.

The transponder was interrogated with two log-periodic antennas mounted 75 cm

from the soil surface. An AM interrogation signal was generated on a signal generator

(SG), ampli�ed with a power ampli�er (PA), and sent through a low pass �lter (LPF)

to remove any harmonic components before being sent to the harmonic transponder.

On the receive side, the signal at the second harmonic was high pass �ltered (HPF)

and measured on a spectrum analyzer (SA). The high pass �lter is necessary so that

leakage at the fundamental from the transmitter does not overpower the spectrum

analyzer.

The transponder used in this test (Fig. 4.4(a)) was a commercial device from
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(a) (b)

Figure 4.3: (a) Outdoor test setup schematic. (b) Photograph of test site.

RECCO, which markets harmonic transponders for search-and-rescue e�orts following

avalanches [1]. Through prior tests with these devices, they have been found to exhibit

a minimum conversion loss around 900 MHz. However, they also perform reasonably

well when interrogated at 1.2 GHz, and the soil losses can be more pronounced at

this higher frequency. To avoid interference at the second harmonic with wi� signals

in the 2.4 GHz band, the transponder is interrogated at 1.15 GHz.

Being in direct contact with the soil was previously found to negatively impact

the performance of the transponder. Because of this, the RECCO is packaged in a

watertight plastic box lined with foam (Fig. 4.4(b)) to keep it 1-2 cm away from

contact with the surrounding soil.

55



(a) (b)

Figure 4.4: (a) RECCO harmonic transponder. (b) RECCO packaged in foam.

4.3 Results

For each depth, the transmit power was swept and theC=SB and carrier power in the

response recorded. Then transmit power and measured carrier power for a constant

C=SB of 9 dB were plotted vs depth. These results can be seen in Fig. 4.5

(a) (b)

Figure 4.5: (a) Forward and reverse losses vs soil depth. (b) Forward and reverse loss
plotted against each other with increasing depth.
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The expectation for this test is to see the loss steadily increase with soil depth, as

the signal should be attenuated more the more moist soil it travels through. Addition-

ally, losses at the second harmonic should be greater than at the fundamental due to

the higher frequency. Fig. 4.5 generally matches the expected behavior, with losses in

the higher frequency reverse link trending higher than those seen at the fundamental.

There is some anomalous behavior between 0-4 cm at the fundamental, where the

loss increases 4 dB from no soil to 2 cm, and then decreases slightly from 2 to 4 cm.

This pronounced initial increase may be due to the fact that the soil air boundary

introduced with the addition of soil causes some of the signal to be re�ected, so the

loss is not solely due to absorption losses in the soil. In general, it was hard to exactly

control the depth of the soil in the hole to a uniform level. Since the lower frequency

should show less losses in general, small changes in the depth of the soil will be hard

to detect. This is seen between 6-8 cm where the losses at the fundamental do not

change but continue to increase at the second harmonic. For detecting small changes

in soil moisture, measuring losses in the reverse link at the second harmonic may

provide a more sensitive and reliable metric than solely considering the fundamental

as in Chapter 3.

4.4 Conclusion

This chapter demonstrated how losses can be simultaneously measured at the funda-

mental and second harmonic using the previously presented AM interrogation tech-

nique. The method is shown for measuring losses in varying depths of moist soil.

As well as providing a second reference point for losses observed at the fundamental,
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the greater losses seen at the higher frequency second harmonic result that it is more

sensitive to changes in soil conditions. This was seen experimentally, where the losses

at the second harmonic better di�erentiate between di�erent soil depths.
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Chapter 5

SDR Implementation and Results

This chapter covers the full system implementation on software de�ned

radio. The majority of the material here is presented as accepted for

publication at the 2025 IEEE Wireless Communications and Networking

Conferencein Milan, Italy.

5.1 Abstract

In this work, a software de�ned radio system is presented that both locates and inter-

rogates harmonic transponders, with the objectives of accurately tracking the position

of and measuring the forward link loss to the transponder, respectively. Using only

the backscattered response, monopulse direction �nding is implemented to obtain the

position and channel losses are determined by using an amplitude modulated inter-

rogation signal. Experimental results show that the directional angle can be found

within � 2� and the forward path loss within � 0.5 dB. The work is motivated by

an application in which harmonic transponders are deployed as soil moisture sensors
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and where the change in soil moisture can be determined by measuring the change in

channel loss.

5.2 Introduction

Knowing the moisture content of soil is a critical parameter for hydrological modeling

of the environment [9] and is important for, e.g., optimizing agricultural irrigation

[45]. Another area of interest for soil moisture measurements is monitoring landscape

recovery following wild�res. These post-burn conditions exhibit increased risks of

landslides and debris-�ows, and a better understanding of soil-water interactions could

help manage these risks [14]. This application requires measurements at high spatial

resolution and over large geographic areas to obtain an accurate picture of moisture

trends. In addition to soil moisture, soil displacement is also of interest in order

to assess landslide risk. As such, a sensing solution should also be able to track

movement.

The authors' prior work investigated harmonic transponders as sensors for measur-

ing soil moisture [46]. Harmonic transponders are very simple passive, wireless devices

that backscatter harmonics of an incident signal, at frequencyf . In most designs,

harmonic transponders provide a backscattered response at the second harmonic of

the incident signal, i.e.,2f . Because the response is isolated in frequency from the

interrogation signal, harmonic transponders avoid problems with self-jamming [29].

This isolation, combined with the fact that they do not require internal power, make

them an attractive platform for remote sensing and localization. Commercially, har-

monic transponders have been applied to locating avalanche victims [1] and they have
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Figure 5.1: Example of a harmonic transponder deployed for moisture sensing. The inter-
rogator tracks the location of the HT to record soil movement, and measures soil moisture
based on the signal attenuation in the soil above the buried transponder.

also been explored for applications such as insect tracking [38].

The authors have presented a method which uses the backscattered response to an

amplitude modulated (AM) interrogation signal to determine the unknown channel

losses to (forward link) and from (reverse link) a remote harmonic transponders [23].

This technique has been applied using laboratory test equipment to soil moisture

sensing, as wireless signal attenuation increases with soil moisture content [47]. Con-

sequently, by interrogating a harmonic transponder buried beneath the soil and de-

termining the soil losses, the moisture content of the soil around the transponder

was inferred. The low cost, small size, and passive nature of harmonic transpon-

ders promise deployments at much greater scale than more traditional soil moisture

sensors, which are often costly and require supporting infrastructure, such as wiring

and/or batteries, solar panels, data-loggers, and wireless modems.

This application requires a low-cost and �exible implementation for the remote

wireless interrogator - the instrument that sends a signal to the transponder (at

frequencyf ) and receives the backscattered second harmonic (at frequency2f ). The

system must be capable of generating the interrogation signal at the fundamental,
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receiving the response at the second harmonic, and perform a variety of custom signal

processing operations to process and log data for tracking and interrogation. Software

de�ned radios (SDRs) have this capability as they are readily customizable, for most

of the modulation and signal processing is performed digitally as dictated by software.

SDRs have been employed in similar customized applications, such as locating illegal

transmitters [48] and drone tracking [49].

In this work, a combined locator-interrogator system for harmonic transponders is

built on an SDR platform. Tracking and location of a deployed harmonic transponder

is achieved using monopulse tracking and a tone AM signal is generated to measure

media losses. To the author's knowledge, the use of SDR for harmonic transponder

communications is novel, let alone the implementation of the locator-interrogation

approach presented.

5.3 Background

This section provides a summary of relevant theory on harmonic transponders and

monopulse tracking, as well as an overview of the AM interrogation method developed

in [23].

5.3.1 Harmonic Transponders

The basic components of a harmonic transponder are fundamental receiving and

harmonic backscattering antennas, and a nonlinear element, typically a diode, which

acts on an input signal at frequencyf , generating harmonic components, where2f

is of particular interest. Fig. 5.2.a shows a generic harmonic transponder design
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and the speci�c transponder used in this work, a commercially available design from

RECCO [1], is seen in Fig. 5.2.b. The RECCO tag is interrogated at 915 MHz and

responds at 1.83 GHz.

(a) (b)

Figure 5.2: (a) Generic harmonic transponder, (b) Commercial device [1].

5.3.2 Monopulse Tracking

Monopulse tracking refers to a category of direction �nding techniques using antenna

arrays. The name monopulse derives from radar, as all of the relevant information to

locate a target can be extracted from a single radar pulse. Monopulse has been widely

used in a range of military and civilian applications including radar, tracking aircraft

and spacecraft, wireless communications, radio astronomy, and missile guidance [24].

In phase comparison monopulse, antenna elements are spaced equally around the

central axis of the array such that they have the same phase centers. A target is taken
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as some radiation source located far enough from the array that the signal incident

on the array can be approximated as a plane wave. When the target is directly in line

with array boresight, the signal received at every element will have the same phase.

As the target moves o� axis, a phase shift is introduced between the array elements

as the signal must travel farther to reach one side of the array then the other (Fig.

5.3). The delay introduced by this additional travel time manifests as a phase shift

in the voltage signals recorded from each element.

Figure 5.3: Plane wave incident on two element array.

To locate the target source, the array is divided around its central axis. The

signals formed by the combination of the elements on each half of the array are then

combined with 0� relative phase shift to form a sum signal (� ) and with 180� relative

phase shift to form a di�erence signal (� ). When the target is on axis, the signals from

each array element are in phase, and the sum pattern is maximal, while the di�erence

pattern exhibits a null. Phase shift between the elements from the target moving o�

axis causes the sum pattern to decrease while the di�erence pattern increases. Fig.
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5.4, top row, shows the expected di�erence and sum patterns for a two element array.

Figure 5.4: Ideal monopulse output,d = � . Clockwise from top-left: di�erence ( � ) magni-
tude, sum (� ) magnitude, �=s ratio phase, and �=� ratio magnitude.

In this work, a linear array with two antenna elements was used for azimuth

tracking. Consider a plane wave incident on this array, as illustrated in Fig. 5.3.

The voltage signals at each antenna (v1(t) and v2(t), respectively) can be expressed

as complex exponentials, as shown in Eq. (5.1), where! = 2�f , ai is the amplitude,

and � i represents an arbitrary phase shift.

v1(t) = a1ej (!t + � 1 )

v2(t) = a2ej (!t + � 2 )
(5.1)

Taking v1(t) as a reference, the signals can be described in terms of the phase
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shift relative to each other,� � = � 2 � � 1. This gives the di�erence and sum signals

as shown in Eq. (5.2).

� (t) = ej!t (a1 � a2ej � � )

� (t) = ej!t (a1 + a2ej � � )
(5.2)

The monopulse ratio is de�ned as the ratio�=� . If the assumption is made that

v1(t) andv2(t) are of equal amplitude, i.e.,a1 = a2, then the monopulse ratio simpli�es

to Eq. (5.3). In this idealized model, the monopulse output will be purely imaginary

valued and dependent only on the phase di�erence between the antenna elements.

As the tangent function displays very large changes in amplitude, expressing the

magnitude in decibels provides a practical output for tracking.

�
�

= � j tan(
� �
2

) (5.3)

Referring to Fig. 5.3, the phase shift,� � , introduced between the two elements

can be expressed in terms of the target angle� , as in Eq. (5.4).

� � =
2�d sin(� )

�
(5.4)

Here, � is de�ned relative to the array normal such that a signal from array

broadside is received at� = 0 � . Combining Eq. (5.3) with Eq. (5.4), we show in Fig.

5.4, bottom row, the monopulse output magnitude and phase for a two-element array

with a spacing of one wavelength. A deep null at� = 0 � is noted. Tracking this null

will track the target's position. Additionally, from the information in the magnitude

and phase plots, the target angle,� , can be uniquely determined at any point over
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the range� = � 30� , i.e., the azimuth width of the � and � patterns.

5.3.3 AM Interrogation

The interrogation method from [23] uses a tone amplitude modulated (AM) signal.

This signal takes the form of Eq. (5.5), where a low frequency tone,M cos(2�f m t),

modulates a high frequency carrier,A cos(2�f ct).

� AM (t) = A [1 + � cos(2�f m t)] cos(2�f ct) (5.5)

The parameter � , de�ned by the relative amplitude of the two tones,� = M=A

is known as the modulation index and is typically expressed as a percentage (%).

The modulation index determines how much of the total signal power appears in the

sidebands in comparison to the carrier. This power ratio is referred to as the carrier

to sideband ratio (C/SB). Fig. 5.5 shows an example of an AM interrogation signal

for � = 50%, for which the C/SB ratio is 12 dB.

Figure 5.5: Example AM interrogation signal. A carrier at 915 MHz is tone modulated with
a 10 kHz tone using� = 50%.
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Our prior work found that when an AM signal is sent through a harmonic transpon-

der, the backscattered C/SB ratio changes, with a characterizable dependency, with

the power incident at the nonlinear transponder. As such, from a remotely measured

backscattered signal, one can ascertain the power incident (or changes in incident

power) at the transponder. The implication are that this method can be used to as-

certain the forward link loss, from interrogator to transponder, as will be illustrated

in Section 5.4.2.

5.4 Results

This section describes the implementation of the tracking system and AM interroga-

tion method using a SDR platform. The tracking accuracy is validated in a controlled

setup against the known position of the harmonic transponder and the accuracy of

the AM interrogation method is validated against calibrated lab instruments imple-

menting the same technique.

5.4.1 Tracker Implementation

Figure 5.6: Tracking system block diagram.

68



A block diagram of the tracker implementation can be seen in Fig. 5.6. The system

utilized the USRP B210 SDR [7] and GNU Radio, a popular, open-source software

package designed for working with SDRs, was used for signal processing [32].

Table 5.1: USRP B210 parameters

Rx Channels 2
Tx Channels 1
Tx Frequency 915 MHz
Rx Frequency 1.83 MHz
Sampling Rate 2 MHz

Three antennas (Kent Electronics, log periodic) were used in the tracker, as shown

in Fig. 5.7. One antenna was used to transmit the fundamental frequency (f ) excita-

tion to the transponder. Two additional receive antennas form the monopulse array

at 2f . A power ampli�er (PA, Mini-Circuits, ZHL-16W-43-S+) with a measured gain

of 30 dB was used to amplify the signal from the SDR. Since the transmit power is rel-

atively high, two steps of �ltering are required. First, the output is low-pass �ltered,

prior to transmission, to reduce any harmonics from the source. Second, the receive

signal is high-pass �ltered to prevent leakage of the fundamental from overpowering

the SDR's input/receive circuitry.

To form the monopulse outputs, the SDR directly samples both the receive an-

tennas at a sampling rate of 2 MHz. Typically in monopulse systems, the sum and

di�erence outputs are formed using analog hybrids, before sampling [24]. The ad-

vantage of the SDR sampling the antenna outputs directly is that a phase shift can

be independently applied to each input datastream, allowing the beam direction to

be steered without physically moving the array. Since there are only two receive

elements, the two receive channels on the USRP can capture both simultaneously.
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Figure 5.7: Experimental monopulse implementation.

From Eq. (5.3), all of the tracking angle information should be contained in the

imaginary part of the monopulse ratio,=f �
� g. This signal can be directly computed

from the IQ samples provided by the SDR per Eq. (5.6), where the subscriptsI and Q

denote the components of the signal in phase and quadrature, respectively [24]. The

phase of the monopulse ratio is calculated as the phase di�erence between� and �

by computing the discrete time cross-correlation of the FFTs of each signal in a small

region � 1 kHz around the frequency of interest. The maximum cross correlation

occurs where the two peaks line up with each other and the phase is taken as the

argument of the maximum correlation. This cross-correlation operation could also be

performed in the time domain if desired [50].

=f
�
�

g =
� Q � I � � I � Q

� 2
I + � 2

Q
(5.6)

70



Fig. 5.8 shows how the samples are processed to obtain the magnitude and phase

of the monopulse ratio. The phase shift introduced onInput B is used to steer the

array beam. Applied to the received data, this phase shift can be mapped to a steering

angle, � , as per Eq. (5.4).

Inverting Eq. (5.4) to obtain the steering angle, as in Eq. (5.7), we �nd the

range of the steering angle is restricted based on the limited range ofarcsin(), and

that this range is scaled by the ratio�=d . For a �xed wavelength, increasing the

element spacing,d, should trade range for an increase in angular resolution, as the

same change in� � results in a smaller change in� .

� = arcsin(
� ��
2�d

) (5.7)

Figure 5.8: Computation of monopulse magnitude and phase. The block=f �=� g implements
Eq. (5.6).

Experimental outputs of the monopulse array ford = � are shown in Fig. 5.9

as the steering angle was swept from� 30� to +30� . For this test, the harmonic

transponder was positioned at15� relative to the array. From the �gure, the null in

the monopulse ratio occurs around15� as expected, but a secondary null appears in

the top of the expected peak at� 15� and the shape of the phase curve is distorted
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compared to the idealized case in Fig. 5.4.

This discrepancy can be attributed to an amplitude o�set in the signals received

from each antenna. In 5.3.2, it was assumed thatv1(t) and v2(t) where of equal

amplitude, a1 = a2. In practice, this will not be the case as a result of non-idealities

such as mismatches in antenna design, cable losses, or other practical considerations.

With a1 6= a2, the expression for�=� in Eq. (5.2) is no longer valid, and the full

signal will have both a real and imaginary contribution. The dashed yellow lines in

Fig. 5.9 show the results of simulating the�=� after the ratio a2=a1 was tuned to

provide the closest match to the experimental data. Witha2=a1 = 1:09, the simulation

matches the measured data, con�rming that the main reason for the distorted curves

results from an amplitude o�set in the experimental setup.

Because of this mismatch, directly computing the target angle by inverting the

monopulse expression in Eq. (5.3) is not feasible. However, the experimental results

still display a deep null when the array is aligned with the target, as marked with

the red circle in Fig. 5.9. This null can be tracked through steering the array beam

as previously discussed. The angle of the harmonic transponder relative to the array

can then be computed based on the phase shift required to reach the null. This is

the method employed to locate the transponder. The imaginary component is still

used in this approach, as it exhibits a much deeper null than the full ratio, providing

a better reference point.

The o�sets between the antennas could be calibrated out using a reference sig-

nal, which would alleviate the e�ect of the amplitude di�erence in Fig. 5.9. Since

the di�erences between the two antennas in the array are constant, the o�set can be

measured by comparing the amplitude received at each antenna by a reference trans-
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Figure 5.9: Experimental vs simulated monopulse results sweeping the steering angle for
d = 1 � . a2=a1 = 1 :09. The transponder is positioned at an angle of15� from the array.
From top: =f �=� g and \ d=� . Null at 15� marked with red circle.

mitter positioned at 0� relative to the array. Any measured di�erence in amplitude

can then be canceled out by applying the appropriate correction to the input streams

in Fig. 5.8. The same calibration could also be done for any phase o�set between the

elements, which might improve the system accuracy. In practice, such a calibration

was not performed, as the array tested was only a temporary prototype and was fre-

quently altered, which would have required recalibration. However, calibrating out
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o�sets would be a desirable correction to make in the �nal version, with a permanent

array.

To validate the accuracy of the tracking system, the antenna array was mounted

on a rotating platform, with the harmonic transponder positioned at0� (Fig. 5.7).

The array was then rotated a known amount and resulting null position is recorded.

The deviation of the null position from the known array angle gives a measure of

error. Test results for three di�erent array spacings are collected in Fig. 5.10.

Figure 5.10: Angle measurements for di�erent element spacings

From Fig. 5.10 the tracking system can be seen to be accurate for the larger

element spacings,d = 1:5� and d = � . The measurements closely track the real

values with error increasing slightly at the extremes. This increase in error is not

unexpected, based on the behavior of thearcsin() function.

The half-wavelength spacing (Fig. 5.10c) was not as accurate. In theory, a spacing
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Spacing Experimental Range Max Error MSE
0:5� 100� 17� 103:8
1� 60� 1:5� 0:583

1:5� 30� 1:5� 0:781

Table 5.2: Tracking results for di�erent spacings

of d = 1
2 � is more desirable, as it permits a larger tracking range of� 90� . However,

decreasing this spacing to half a wavelength caused errors to grow signi�cantly as the

array was rotated o�-axis, possibly as a result of errors in the mechanical mounts of

the antennas. Because the resolution in phase is reduced as the measurement range

increases, small errors would have a more pronounced e�ect for smaller spacings. The

fact that the error is small around0� is simply due to the fact that 0� is used as the

common reference point. More accurate mounts might improve these results.

The case ofd = � provides the best compromise between accuracy and range,

achieving an accuracy of� 0:5� over most of the� 30� range. Table 5.2 summarizes

the results for each case.

5.4.2 Measuring C/SB

Figure 5.11: Block diagram of C/SB computation

To create the tone AM signal in Eq. (5.5), a baseband signal was generated in

GNU radio as per Eq. (5.8), wheref m is the modulating frequency (10 kHz). The

factor of 1=2 is introduced to keep the signal within the range of the ADC on the SDR.
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This baseband signal was then multiplied by the RF carrier atf on transmission to

form the signal in Eq. (5.5). The receive chain takes the FFT of the data-stream from

the SDR and extracts the peak values at the three components of interest (f c � f m ,

f c, and f c + f m , Fig. 5.11).

� BB (t) =
1
2

(1 + cos(2�f m t)) (5.8)

Fig. 5.12 shows the AM signal generated by the SDR as measured on a spectrum

analyzer. Very low-power spikes appear in the signal at� 20 kHz and beyond and

at intervals of 10 kHz, as the SDR output is not a pure tone. However, they are

insigni�cant compared to the power in the signals of interest (i.e., carrier and �rst

sidebands).

(a)

(b)

Figure 5.12: (a) AM signal generated by SDR, C/SB = 12.3 dB, f c = 915 MHz. (b) Signal
received from HT, C/SB = 10 dB, f c = 1830 MHz.

To validate the system's performance, a power sweep of the harmonic transponder
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was conducted using the SDR and compared to results measured using a spectrum an-

alyzer and signal generator. For these tests, the harmonic transponder was positioned

2 m away from the interrogation antennas, and surrounded by anechoic material (Fig.

5.13).

Figure 5.13: Experimental setup to test C/SB measurement

Fig. 5.14 shows an example of the measured C/SB ratio in the backscattered

signal received (at2f ) as a function of the path loss between the SDR interrogator

and the harmonic transponder. There is a 20 dB range (30 to 50 dB) over which the

change in C/SB is roughly linear with respect to the change in the forward path loss,

and therefore the power at the device. Consequently, a point in this region uniquely

determines the power of the signal received at the harmonic transponder, allowing
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unknown losses in the link to be isolated. For measuring soil moisture, these losses

are correlated with moisture content. Our SDR measurements closely match those

taken with laboratory instrumentation. The maximum error within the linear region

of interest is within � 0:5 dB. well within the range of error for over-the-air (OTA)

measurements [43].

Figure 5.14: Comparison of C/SB vs forward link loss measured with lab equipment to SDR
measurement. EIRP = 22 dBm at an interrogation distance of two meters corresponds to
C/SB of 12 dB and forward path loss of 37 dB.
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5.5 Conclusions

This paper has presented a method for tracking and interrogation of harmonic transpon-

ders, based on a �exible software de�ned radio platform. Using a two-element receive

array with spacing of one wavelength, the position of the harmonic transponder was

determined to within � 2� over a range of� 30� , with a signi�cantly lower error closer

to 0� . The interrogation system was able to measure channel loss with accuracy of

� 0.5 dB over a 20 dB range (dashed lines in Fig. 5.14) in comparison to laboratory

equipment.

The linear array tested here is the simplest realization of monopulse tracking.

Adding another array dimension and increasing the number of elements could improve

the performance of the tracking system. A planar array can track in both azimuth and

altitude, divided into quadrants with two di�erence/sum outputs [24] and additional

elements, beyond two, can be added to allow �ner control over the array beam pattern

[33]. Future work will employ a two-dimensional array for tracking in both azimuth

and altitude and further exploration of array element number and spacing.

SDR provides an a�ordable, compact, and �exible platform, conducive to cus-

tomized use. Preparing the presented locating-interrogation system for the �eld is

currently underway. For the interested reader, the GNU Radio �owgraphs and sup-

porting scripts can be found on GitHub [51].
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Chapter 6

SDR Validation in Soil

Previous soil tests (Chapters 3 and 4) have measured signal losses in

soil using high-performance laboratory instruments (signal generator and

spectrum analyzer). In Chapter 5, the performance of the SDR inter-

rogator was tested against these instruments with a direct, OTA link to

the harmonic transponder, and found to perform comparably. To further

validate the SDR interrogator, another soil test was performed, wherein

soil losses were measured against soil moisture content. This chapter con-

tains the results from these tests and compares the performance of the lab

equipment to the SDR interrogator.

6.1 Procedure

Fig. 6.1 shows the test setup used to evaluate the performance of the SDR. An

enclosure with an interior measuring 56� 56 � 120 cm was constructed from an

RF absorbent polyurethane foam (ECCOSORB-AN77) to limit re�ections. A thin
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Figure 6.1: Test Setup

wooden panel at the top of the enclosure supported two interrogation antennas. Soil

was held in a rectangular polystyrene box at the bottom of the enclosure. The

harmonic transponder was packaged in a plastic, foam-lined container as in Fig. 6.2

to position it at least 1 cm away from the surrounding soil on all sides.

The harmonic transponder was interrogated using both the SDR system discussed

in Chapter 5 and a spectrum analyzer (SA, Anritsu MS2036A) and signal generator

(SG, Rigol DSG815) as a benchmark. The output from the signal generator/SDR

was �rst sent through a power ampli�er (PA, ZHL-10W-2G+), with 40 dB gain,

before being transmitted to the harmonic transponder Fig. 6.3. The output of the

ampli�er was low pass �ltered to prevent interference from harmonics generated by

the ampli�er and the receive signal was high pass �ltered to reduce leakage from the
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transmitter at the fundamental.

Figure 6.2: Harmonic transponder [1] in packaging

Figure 6.3: Interrogator con�guration

A depth variation test was conducted with a sandy soil at 10% gravimetric mois-

ture content. This was chosen as a nominal moisture content, roughly halfway be-

tween the saturation and dry soil for the soil used. The case containing the harmonic

transponder was buried in soil 4 cm from the �oor of the polystyrene box. Layers

of soil 2 cm thick were then incrementally added on top of the transponder. After

each layer, a power sweep using the previously discussed AM interrogation signal was

conducted with the SDR and using the signal generator/spectrum analyzer. A new
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layer was then added and the process was repeated up to a depth of 8 cm above the

transponder.

6.2 Results

Figure 6.4: Comparison of SDR Measurement vs SG/SA for 0 and 6 cm of soil. Normalized
to 0 cm, 9 dB C=SB

Fig. 6.4 shows two of the depth conditions (0 and 6 cm) for an interrogation

frequency of 1.2 GHz. The top plot shows the forward losses at 1.2 GHz and the

bottom plot the reverse losses at the second harmonic, 2.4 GHz (A discussion of

83



the bidirectional interrogation can be found in Chapter 4). The solid lines indicate

measurements made on the SDR system while the dashed lines show the corresponding

measurements on the laboratory instruments. To compare the two datasets, it is

necessary to have a common reference point, as the SDR does not provide calibrated

power measurements. Consequently, the curves were normalized to aC=SB ratio of

9 dB for 0 cm of soil so they could be plotted alongside each other.

The results show an increase in attenuation with the addition of soil. This can

be seen on the forward plot by shifts to the right along lines of constantC=SB and

in the reverse plot by downward shifts along lines of constantC=SB. Comparing the

SDR measurements to those taken with the SG/SA, a maximum error of 0.5 dB is

seen in the forward link results while the maximum error observed in the reverse link

is 2 dB. Some of this error may be attributed to measurement noise, especially for

smaller C=SB values where the signal power is low.

These results show that the SDR interrogator is capable of matching the accuracy

of lab-grade instruments forC=SB measurements in lossy media. The SDR is also

capable of acquiring and processing data much faster than the spectrum analyzer used

as a benchmark. With theC=SB measurements automated in LabView, the spectrum

analyzer took more than 10 sec to record oneC=SB value while the SDR was able

to take the average of 50 measurements in under 2 sec. While this measurement time

certainly depends on the speci�c model of spectrum analyzer, in general, the SDR

interrogator is able to extract theC=SB values much more e�ciently.
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6.3 Conclusion

The SDR interrogator from Chapter 5 was compared against against laboratory equip-

ment in a depth variation test for moist soil and found to compare similarly. The

interrogation program on the SDR can perform the speci�cC=SB measurement much

more rapidly than the signal generator and spectrum analyzer. This increase speed

allows a high number of averages to be used for each data-point, making the measure-

ment more resilient to noise. The disadvantage of the SDR measurements is that the

device is not calibrated to measure absolute power. Consequently, the results must

be normalized to a known reference point, or the speci�c performance of the SDR at

the frequency of interest must be validated with other instruments. With this caveat,

the SDR system is capable of comparable accuracy to the lab instruments while being

faster, smaller, and more a�ordable.
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Chapter 7

Conclusion

This chapter summarizes the contributions of this thesis and addresses the challenges

highlighted in Chapter 1. Limitations of the work herein are highlighted with discus-

sion of potential improvements and ongoing work.

7.1 Contributions of Work

Previously, three challenges were identi�ed as the key areas to be covered in this

thesis. These were:

( i ) Determine the incident power on a harmonic transponder through some charac-

teristic of the backscattered response.

( ii ) Relate the losses seen by a radio frequency (RF) signal traveling to and from a

buried harmonic transponder to the surrounding soil moisture content.

( iii ) Determine the position of a harmonic transponder relative to the interrogator.
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Chapters 3, 4, and 6 addressed (i ), where the interrogation of the harmonic

transponder with an amplitude modulated (AM) signal was found to provide a reli-

able means of determining the incident power on the device. Additionally, the AM

interrogation method was implemented on software de�ned radio, to create a compact

interrogator capable of rapid measurements accurate to within 0.5 dB.

While numerous tests where performed with the transponder buried in moist soil

limited progress was made addressing point (ii ) beyond what is presented in Chapter

3. In e�orts to create a controlled test environment, discrepancies were continuously

observed between measured and expected loss trends. The laboratory test setups

used in previous chapters for measuring soil losses have failed to provide consistent

results. Applied to measuring soil moisture from a buried transponder, the technique

can readily di�erentiate between "dry" soil (0-5% moisture) and "moist" soil (10%

moisture to saturation) when tested in sandy soil with low organic content. However,

�ner resolution has not been achieved, and the method must be veri�ed in many types

of soils before it is ready for the �eld. Solving these problems is a subject of ongoing

work, but outside the scope of this thesis.

Point ( iii ), the problem of locating and tracking the position of deployed harmonic

transponders was addressed in Chapter 5, through a prototype of a low cost monopulse

array based on software de�ned radio. The prototype was found to perform very well

tracking the position of the harmonic transponder over a range of60� . Attempts to

expand this range to180� were not as successful, possibly due to inaccuracies in the

mechanical structure of the array.
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7.2 Future and Ongoing Work

Much more work is required to build upon and expand the topics covered in this thesis

in order to realize the long-term goal of large-scale distributed soil moisture moni-

toring based on harmonic transponders. To implement the proposed interrogation

method in the �eld will require a better understanding of the relationship between

soil absorption losses and moisture content than was achieved herein. Additionally,

methods must be developed to control for the depth at which the transponders are

buried, which will also a�ect losses in the link to the interrogator. Meanwhile, the

locator can be improved by extension to two angular dimensions and the addition

of ranging capabilities. The following section summarizes issues with and potential

improvements to the current system

7.2.1 Soil Moisture Sensing

Attempts in this work to quantify soil moisture based on increases in signal atten-

uation have, by and large, not consistently matched the expected behavior, where

losses increase with increasing moisture content. There are many factors that could

contribute to the issues observed in testing.

A source of potential error arises from the test conditions. In the typical soil

moisture tests that have been performed, the soil is placed either in a container

surrounded by anechoic material, or in a plastic lined hole in the ground. The soil

is initially dry, and between tests is removed from the hole/container and mixed

with water to increase the moisture content. Mixing the soil in this way disturbs

it signi�cantly so the soil structure, distribution, and compaction level may vary
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between tests. These are di�cult variables to control, as it is desirable that the soil is

mixed homogeneously to the desired moisture, which is impossible without disturbing

the soil. Perhaps leaving the soil to settle for some time before measuring might help

maintain consistency, at least between measurements of the same moisture condition.

Additionally, there are boundaries existing between the moist soil and the air

(in the indoor tests), or the moist soil and the surrounding soil (when the tests are

performed outdoors). As the permittivity of the soil changes, the signals re�ected at

these boundaries will also change, which may alter the strength of the signal received

at the interrogator. To ensure that there is no interference from potential re�ections,

the transponders should be tested in a large volume of soil, continuous in a wide area

around the transponder. However, this introduces practical challenges as it is very

di�cult to transport and homogeneously mix such large quantities of soil. Increasing

the depth of the soil above the transponder might also mitigate these problems.

With the shallow depths tested, it is possible the results are dominated by boundary

e�ects so by increasing the depth the soil losses might become more prominent. The

challenge with increasing the soil depth is that losses start to become large enough

that the target operating point of the transponder can no longer be reached with the

power ampli�er being used in the interrogator.

Work is ongoing to attempt to resolve these issues in simulating test conditions in

a controlled laboratory environment. New, higher performance absorber material has

been purchased, with hopes of constructing a "quieter" indoor test chamber. Another

possible test would be to bury the transponder outdoors over a long period of time

and record changes in signal strength with natural events a�ecting the moisture of

the soil, such as rainfall. Such natural conditions, would give up control of the soil
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moisture content for more continuous surroundings, which would eliminate boundary

conditions, and might lead to better results.

Thusfar, the transponders have almost exclusively been tested in sandy soil, with

low clay and organic content. In the future, the method should be tested in a wide

variety of soil types to determine any soil-speci�c characteristics of the response. It

would also be helpful to develop better models for the electrical properties of the

soil, to build more informed expectations. If, ultimately, it is found that attenuation

is a poor indicator of moisture, there are other avenues that might be explored for

soil moisture sensing with harmonic transponders. For example, one could consider

the phase, rather than the amplitude, of the back-scattered signal, or embed a mois-

ture sensitive structure into the transponder design to detune the device operating

frequency with changes in soil moisture, similar to the approach in [21].

7.2.2 SDR Interrogator

The feasibility of implementing amplitude modulated (AM) interrogation from Chap-

ters 3 and 4 on an SDR was shown in Chapters 5 and 6. However, more work is

required to expand the platform to a point were it is deployable in the �eld. The

SDR must be packaged alongside an ampli�er and power supply in a resilient and

portable form. Additionally, the software interface in GNU Radio must be further

developed, to ensure it is customizable and user friendly. The SDR interrogator is

currently being �nalized into a portable package, that will expedite the testing of

harmonic transponders under �eld conditions.
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7.2.3 SDR Locator

There are three large limitations in the current implementation of the locator/tracker.

These are:

(a) The linear array only provides resolution in one angular dimension.

(b) The array can only accurately track a target over a range of� 30� from boresight.

(c) The locator does not have any ranging capability.

Tracking in both azimuth and elevation, (a), is important as the transponders

might be moving in three dimensions. If the locator is implemented on a portable

platform such as a drone, three dimensional tracking becomes even more important.

The moving reference point of the drone can take on a variety of positions relative to

the harmonic transponder, so tracking the position in one dimension is not su�cient.

To add another tracking dimension, the array needs to be expanded from a linear

to a planar array. A planar array can be understood as two linear arrays, one providing

resolution in azimuth and the other in elevation. With a planar array, the four

quadrants must be sampled separately, which presents a problem since the USRP

B210 only provides two receive channels. With minimal changes to the current locator

software, both dimensions could be sampled through an RF switch. To make an angle

measurement, the locator would then measure one set of elements to get one angle,

switch the inputs to the other set of elements, and record the other angle. Since

the targets being tracked are not moving quickly, the additional measurement time

introduced by switching the inputs should not greatly degrade accuracy. The USRP

B210 includes user-programmable GPIO pins that could be used to implement the
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switching functionality [52].

Increasing the range of the tracker,(b), requires that the element spacing is re-

duced. To track over� 90� from boresight, the element spacing must be reduced to

at least half a wavelength. When this was attempted in Chapter 5, errors were found

to be too great to be practical. However, it seems likely that these errors arose from

issues with the array. If more care was taken in constructing the array so that the

antenna orientation and position was precisely controlled and an array-speci�c cali-

bration was performed to remove any constant o�set the range of the tracker could

probably be extended. The array will have to be redesigned with more secure antenna

mounts and a calibration, such as discussed in Chapter 5, Section 5.4, performed for

the new array. Depending on the speci�c details of the locator implementation, e.g.,

carried by a human operator versus mounted on a drone, a tracking range of� 30�

may or may not be perfectly satisfactory.

Ranging capabilities,(c), are also required to fully determine the position of the

harmonic transponder. The monopulse array does not have any ranging capability,

so some other technique will need to be added. There are numerous issues to consider

for ranging in this application. The transponder position needs to be determined with

a resolution of centimeters but high accuracy ranging techniques such as frequency

modulated continuous wave radar require large bandwidths that are not feasible due to

the relatively narrow bandwidth over which harmonic transponders operate e�ciently.

Additionally, ranging strategies that rely on the time of �ight of electromagnetic waves

must contend with the fact that the propagation velocity of the waves changes in moist

soil, throwing o� the measurement. Currently, a high-precision ranging approach is

being investigated comparing the phase shifts observed from the signal travel time at
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multiple distinct frequencies simultaneously. Another possible approach that would

circumvent the issues posed by the change in propagation velocity from the soil would

be to triangulate the position from two distinct arrays or subarrays.

If more precise control over the array beam pattern is required, more elements

could be added and, with passive combiners to form the two required subarrays.

A very narrow beamwidth might be necessary to distinguish between neighboring

transponders deployed in close proximity to each other.

7.3 Concluding Remarks

In this thesis, a novel interrogation approach for isolating the incident power on a

harmonic transponder when link losses are unknown was re�ned and tested, and a

low-cost, SDR-based tracking system was demonstrated. Herein, the AM interroga-

tion method was applied to measuring soil moisture to support development of the

previously mentioned moisture monitoring system for burned areas. Nevertheless, this

interrogation technique has potential in other applications where measuring losses is

important. For example, in characterizing fading severity in wireless communication

channels. The SDR locator demonstrates reasonable accuracy tracking the harmonic

transponder, at a greatly reduced cost compared to commercial radars. The same

technique could be applied in many applications where harmonic transponders are

used for localization, such as insect or animal tracking, or used for locating radiation

sources other than harmonic transponders.
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