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1 INTRODUCTION 

1.1 Background 

The use of unmanned aircraft (‘drones’) for commer-
cial and scientific purposes has increased 
significantly in recent years, due largely to improve-
ments in motion sensors, power systems, and digital 
processing capacity. Small drones configured as mul-
ticopters are of particular interest for geophysical 
survey in hazardous locations. They are portable, eas-
ily deployed, simple to operate, extremely stable, and 
due to their low cost, expendable. However, drones 
have numerous operational and performance limita-
tions that need to be managed if they are to be used 
successfully for survey tasks. 

Motion and position sensors used in small drones 
are prone to high levels of noise and drift, power sys-
tems generally allow only missions of short duration 
with very limited payload capacity, and power sys-
tems are often severely affected by environmental 
conditions, such as temperature extremes. Wind and 
turbulence influence small drones more than larger 
aircraft adding further constraints to any planned mis-
sion profile. 

Despite these limitations small drones are ex-
tremely agile and can operate in environments 
hazardous to humans, close to obstacles, under con-
ditions of poor visibility, and with low mission 
overhead. Being low capital cost items, they can be 
considered expendable and can therefore be operated 
with lower safety margins than larger, more costly 
drones or manned aircraft. In summary, the small 
drone is capable of performing some tasks that would 
be impossible, impractical, unsafe, or uneconomic to 
perform utilizing a larger drone or manned aircraft. 

This research focuses on exploiting the operational 
and logistical advantages of using small drones to 
conduct geophysical surveys over hazardous terrain. 
We also examine the impact on these tasks of the op-
erational and technical limitations of small drones. 

1.2 Drone Specification 

The desired specifications for drones under consider-
ation are as follows: 
 Small, portable, and able to be handled by a single 

person. 
 Total weight below the industry accepted limit for 

manual handling of 14kg. 
 Easily deployed with low maintenance require-

ments. 
 Easily transportable by air or land vehicle. 
 Medium payload capability of approximately 

5kg. 
 Mission endurance capability of over 1 hour. 
 Exceptionally stable to optimise sensor perfor-

mance. 
 Able to operate in harsh or cold environments. 
 Low operator skills required. 

1.3 GPR Specification 

The desired specification of the GPR for the study is 
as follows: 
 Compact and lightweight. 
 Power consumption below 20W. 
 Total payload cost under $5K. 
 Resolution (1m resolution at 10m depth is the in-

itial desired goal). 
 Local data storage of over 1TB. 
 Rapidly re-configurable. 
 Precise positioning and tracking even in the ab-

sence of visible GPS satellites. 
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 Telemetry for essential flight/sensor data. 

1.4 Software Defined Radio 

“Software Defined Radio” (SDR) describes a radio 
system in which many of the signal processing com-
ponents, traditionally implemented in hardware, are 
instead implemented in software using either general 
purpose embedded processors or application specific 
digital signal processors. 

Direct digital sampling and reconstruction of the 
radio frequency signal would define the ideal SDR, 
however, technology limitations presently preclude 
the realization of this technique. Modern SDRs utilize 
existing hardware methods such as oscillators, mix-
ers, and filters to facilitate the conversion of the RF 
signal to and from an intermediate frequency, or base-
band. Digital techniques implemented in software 
and utilizing high speed wideband analog to digital 
and digital to analog converters perform the pro-
cessing of the baseband signal. 

SDRs typically available for non-military research 
purposes fall into the category of “scientific and am-
ateur use”. These radios utilize a direct conversion 
receiver based on a quadrature sampling detector and 
quadrature sampling exciter, high performance wide 
dynamic range analog to digital converters and high 
speed digital signal processors, often aided by non-
clocked processors such as programmable gate ar-
rays. Advantages of using SDR for this research 
include: 
 Wide bandwidth available on the newest genera-

tion of SDRs.  
 Effective use of software-defined antennas is pos-

sible through the tight integration of the radio 
management software and the antenna definition. 

 Control of transmitted power and bandwidth utili-
zation. 

 Flexible modulation schemes and baseband pro-
cessing. 

 Ability to perform adaptive signal generation and 
processing. 

(Ralston and Hargrave, 2012) explored the practical-
ity of SDR technology to implement GPR and the 
challenges of ensuring sufficient bandwidth, timing 
accuracy, and power budget. They conclude that GPR 
development has a rich future as hardware becomes 
more available, lower cost, and higher performance. 
In the four years since they published, much of this 
has come to fruition, and practical, high performance 
GPR with useful penetration and imaging perfor-
mance is now possible (circa 2016). 
Early work on the practical realization of GPR with 
SDR include (Patton, 2007) whose successful con-
struction of a GPR based on an Ettus Research 
USRP1 with RFX2400 daughterboard and Gnu Radio 
open source software highlighted the performance 
limitations of this hardware with respect to instanta-
neous bandwidth and RX/TX isolation. Subsequent 

works using more recent hardware have addressed 
these limitations. In particular (Salvador et al., 2013) 
realized a high performance GPR using an Ettus Re-
search USRP N210 and National Instruments 
LabView software capable of generating signal band-
widths to 10MHz over a carrier frequency range of 
400MHz through to 4GHz. A recently introduced 
product, the Ettus Research USRP B200Mini extends 
this performance significantly while reducing the size 
of the hardware to credit card size and the power con-
sumption to levels that can be accommodated by a 
small drone. 

While NI LabView is an excellent tool for SDR 
laboratory development, GNU Radio offers lower 
overhead and the ability to run under Linux enabling 
the use of a wide selection of very small, low power, 
high performance single board computers, ideal for 
integration into a small drone. 

1.5 Envisaged Method 

Sources of measurement error will be examined with 
reference to how these errors are generated and prop-
agated by the control hardware and motion dynamics 
of a small drone. How these errors could be mitigated 
through innovative engineering and software design 
will also be investigated. Simulations will be per-
formed at a task level for both the GPR task and the 
flight dynamics and positioning of the drone, for the 
purpose of establishing baseline performance capa-
bility prior to field testing. Analysis of the simulation 
results will be used to design optimised sensors and 
antennas, specify GPR operating parameters, and de-
termine desired specifications for the flight dynamics 
and positioning capability of the drone. A drone will 
be configured to these specifications and field tests 
performed to validate the theoretical concepts. 

A structured, parameterized method will be devel-
oped to enable a small drone to be configured to 
match a specific sensor based survey task and mission 
profile. This method will initially be developed for 
the use of GPR only. However, the extension of the 
method to other sensors is discussed, and will likely 
form the basis of future research. 

2 METHODOLOGY 

2.1 Introduction 

For the purpose of this research a GPR was config-
ured using an Ettus Research USRP B200Mini and 
GNU Radio, an open-source software development 
toolkit that provides signal processing blocks to im-
plement software defined radios. The software was 
supported on an Odroid single board computer run-
ning the Linux operating system. For the initial basic 
research the GPR was configured to transmit broad-
band Ricker pulses using a simple dipole antenna. 
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Before GPR trials were commenced the character-
istics of an optimum multicopter drone sensor 
platform were examined. These include: 
 Endurance modelling. 
 Stability. 
 Positioning and geo-referencing. 
 A review of electric power systems. 

2.2 Endurance modelling 

For research and data acquisition purposes, the most 
common figure of merit is the maximum mission en-
durance with some pre-defined payload. There is little 
benefit in fitting a drone with a sophisticated and ca-
pable sensor if the drone itself is not capable of 
achieving a mission profile that will yield useful 
quantities of scientific data. Many factors contribute 
to this capability; however endurance is a key factor 
and a high priority for research. 

Conceptually it would appear that increasing the 
endurance of the multicopter would merely require 
increasing the capacity of the battery, however this 
does not necessarily work. A larger battery weighs 
more and needs larger motors to lift it, and the larger 
propellers necessitate a larger airframe, which must 
also be more rigid to manage the additional power 
from the larger motors. The increased power drain 
from the larger motors negates the expected increase 
in endurance. 

There is a limit to the endurance potential of a con-
ventional multicopter, and attempts to increase 
endurance beyond that limit result in rapid weight in-
creases and endurance decreases. In order to assess 
the endurance limit quantitatively, a theoretical 
model of a multicopter was developed and the results 
of the model analysed for various values of motor 
specific power, motor constant, and battery specific 
energy. 

Studies of drone endurance have been conducted, 
notably (Gatti et al., 2015) and (Abdilla et al., 2015). 
In (Gatti et al., 2015) an endurance expression is de-
rived as a function of known airframe parameters and 
derived figures of merit for various components. Bat-
tery capacity is estimated using Peukert’s equation, 
and although it is questionable whether this is the best 
option for LiPo batteries (Doerffel and Sharkh, 2006), 
it nevertheless makes little difference to the results. In 
(Abdilla et al., 2015) the propellers are modelled us-
ing momentum theory in addition to including a large 
number of known parameters specific to particular 
drones. 

In both of these studies, endurance was estimated 
based on specific and well defined design parameters. 
Analysis conducted in this research project estimates 
the endurance of a drone of unknown design with 
very few provided design parameters. The analytical 
procedure itself designs the optimum drone based on 
a few provided parameters, and therefore the question 
being answered is not “what is the endurance of this 

(defined) drone?”, rather it is “what kind of drone has 
this (defined) endurance?”. It is therefore unsurpris-
ing that the results of the modelling will yield greater 
endurance for a specified weight drone than that pre-
dicted in the aforementioned studies which are based 
on experimental results using real drones. The real 
drones are not necessarily optimised designs whereas 
the modelling presented here derives an optimum de-
sign. Nevertheless, the shapes of the Endurance vs 
Weight curves are similar in all of the studies. 

Figure 1 is an example output from the modelling, 
in this case for 100KV motors, showing an Endurance 
vs Weight relationship typical of that found by other 
researchers. 

A conventional “rule of thumb” for multicopter 
design is that the maximum battery weight should not 
exceed the bare airframe weight. This is clearly 
demonstrated in the results of the modelling, Figure 
2, and is similar to the experimental results of (Gatti 
et al., 2015) obtained using small commercially avail-
able quadrotor drones. 

3 STABILITY 

When discussing the mounting of a sensor on a drone 
it is necessary to consider the influence of the drone 
motion dynamics on the performance of the sensor 
and as a source of sensor error. The control and sta-
bility of a drone is based on inputs from motion and 
position transducers. In the case of small drones, 
these transducers are generally low cost consumer 
grade components and are rarely designed for avion-
ics applications, instead being mainly targeted to 
mobile phone, automotive, and computer pointing de-
vice applications. These transducers are prone to 
rapid drift and high levels of noise 

Transducer errors will add to the inherent errors of 
the sensor, therefore it is important to understand the 
nature and magnitude of these errors in order to either 

 

Figure 1 Endurance vs Total Weight for 100KV motors of vari-
ous specific powers.  
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correct the sensor data, to make an informed selection 
of suitable sensors that may not need correction at all, 
or to incorporate sensor mounting arrangements that 
limit the propagation of these errors, including the op-
tion to mount the sensor on an independently driven 
motion platform, or gimbal. 

An additional design consideration in the case of a 
gimbal mounted sensor is that powerful gimbal mo-
tors and a high moment of inertia sensor can 
adversely affect the stability of the drone. 

Studies into the influence of drone stability are 
currently ongoing with no publishable results yet 
available. 

3.1 Positioning and Geo-referencing 

Key to any survey task intended to gather scientific 
data is the ability to precisely define the location of 
the sensor in the world coordinate frame. In the mod-
ern environment this can be accomplished by the use 
of the global positioning system (GPS). Recent ad-
vances in receiver and antenna design in addition to 
the use of multiple receivers and differential tech-
niques has yielded positional accuracies in the 
centimetre scale. 

For surveys in locations where GPS cannot be used 
or is inaccurate such as in polar regions, other posi-
tioning methods must be investigated. The placement 
of markers and VSLAM navigation techniques offer 
potential worthy of further investigation. 

3.2 A review of electric power systems 

Small portable drones are generally powered by 3-
phase brushless DC motors and this research will fo-
cus on such drones. These motors have very high 
power to weight ratios, are reliable and robust, require 
very little maintenance, and operate without the resi-
due and exhaust associated with internal combustion 
motors. The limitation of electric motors is the need 

to carry a source of electrical energy, either stored en-
ergy in the form of a battery, or an energy generator 
such as a chemical fuel cell. 

Modelling of maximum achievable endurance 
against energy source specific energy indicates, as 
would be expected, a linear relationship, as shown in 
Figure 3 

It should be noted that the battery specific energies 
used in modern small multicopters are in the region 
of 150 to 200WH/kg. Gasoline has a specific energy 
of 12,000WH/kg and the specific energy of Ethanol 
is 8,000WH/kg. Assuming a mechanical efficiency of 
around 40% for internal combustion engines, the ef-
fective specific energies are 4,00WH/kg and 
3,200WH/kg respectively. Both of these fuels are 
used frequently in drones powered by piston engines, 
especially helicopters and fixed wing drones. Piston 
engines are almost never used in multicopters due to 
the mechanical complexity of the drive train and com-
plex vibration issues consequently resulting in high 
cost and low mechanical reliability. 

Since the region from 150 to 200WH/kg represents 
over 30 years of incremental technological develop-
ment, it would seem logical to search for alternative 
energy sources for short term solutions to the limited 
endurance of multicopters. 

A promising alternative is the polymer electrolyte 
membrane hydrogen fuel cell (PEM HFC) stack. 
Presently available commercial lightweight systems 
offer specific energies of 400WH/kg and newer sys-
tems under development are offering in excess of 
700WH/kg.  

3.2.1 Lithium Ion Polymer pouch cells 

The Lithium Ion Polymer pouch cell is a conventional 
LiIon chemistry cell, often with the addition of an 
electrolyte plasticiser, encased in a flexible polymer 
pouch. 

Released onto the general market circa 1995 and 
colloquially referred to as LiPo cells, their extremely 

 

Figure 3 Endurance of Multicopter for various Energy sources. 
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Figure 2 Endurance vs Battery/Frame Weight Ratio for 100KV 
motors and various specific powers. 
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high energy density foresaw a revolution in electric 
power for drones and other small unmanned aircraft. 

The pouch cell offers a simple, flexible and light-
weight solution to battery design, but with certain 
caveats. LiPo cells are sensitive to high humidity and 
temperature extremes above 60C and below -5C, all 
of which can shorten service life considerably. Charg-
ing below 5C or above 40C is dangerous, as is 
overcharging. Misuse can result in internal changes 
that may lead to explosion and fire, even after the use 
of the cell has ceased. 

It is for these reasons that carriage of LiPo cells on 
commercial transport is severely restricted, which is 
a problem for a scientific research apparatus designed 
to be taken to remote locations anywhere on the earth. 

3.2.2 Lithium Ion cylindrical cells 

Li-Ion cylindrical cells, in particular the 18650 size, 
have been the subject of much research in recent years 
due to their increasing use in power tools, automotive 
vehicles, and domestic solar energy storage systems. 
Their advantage over Li-Ion pouch cells is higher spe-
cific energy, more robust construction, greater safety, 
and the ease of multi-cell assembly. Because the cell 
is contained within a rigid cylindrical metal enclosure 
the normal expansion resulting from gas liberation at 
high states-of-charge experienced by lithium cells 
does not cause operational problems. 

Presently available commercial cells have specific 
energy ratings from 180 to 220WH/kg. 

Because multicopters have high average current 
demands the major obstacle to the use of cylindrical 
Li-Ion cells is their high internal resistance relative to 
LiPo pouch cells, however with ongoing develop-
ment the difference is decreasing and Li-Ion 
cylindrical cells are becoming a viable energy source 
for multicopters 

3.2.3 PEM Hydrogen Fuel Cell stack 

Recent advances in light weight hydrogen fuel cell 
technology have made practical the application of 
these power sources to unmanned aircraft (HES, 
2016). Currently available systems fall into three cat-
egories: 
 Gaseous hydrogen. These systems feature the 

lowest operating cost and are the best solution for 
large drones, in particular aeroplanes, however 
they are bulky and require a large aircraft to house 
them. Specific energy is around 450Wh/kg 

 Liquid chemical fuel. These systems are generally 
lighter than the gaseous fuel systems and the fuel 
is easier to handle, however a reactor is needed to 
convert the fuel to pure hydrogen. Specific energy 
is 450Wh/kg but there is a progressive reduction 
in fuel weight throughout the flight enabling an 
overall specific energy up to 650Wh/kg. Fuel 
weight is approximately 1kWh/kg. 

 Solid chemical fuel. No reactor is needed and the 
cartridges operate without a catalyst and without 
releasing any waste by-product. These systems 
are capable of achieving specific energies in ex-
cess of 700Wh/kg 

Currently available HFC systems suitable for un-
manned aircraft, though capable of great endurance, 
have limited on-demand current source capability. A 
2kg fuel cell stack is able to deliver a maximum con-
tinuous current of 40A, which is acceptable for 
appropriately designed aeroplanes but inadequate for 
multicopters, which typically have very high contin-
uous current demands. 

A significant advantage that HFCs have over LiPo 
batteries is that they can operate efficiently at temper-
atures below those at which LiPo batteries are 
impractical. HFCs can be “winterized” to operate 
down to -5C, but more importantly their performance 
is predictable at these low temperatures, unlike LiPo 
performance. 

Despite the limitations of HFCs for use on multi-
copters, the potential exists for endurance increases 
of a factor of two or more over existing lithium bat-
teries, and this is therefore considered a fruitful area 
of research. 

4 EXPECTED OUTCOMES 

A key objective of this research is build a multicopter 
sensor platform fitted with a SDR GPR, flight control 
and power management systems, and scientific data 
management facilities. This multicopter will be the 
basis for further development of the SDR, the an-
tenna, and associated data processing tasks. 

4.1 Costs 

Basic research is not expensive. Commercial quality 
multicopters generally cost less than AUD10K (circa 
2016) and SDRs are under AUD5K. Lightweight, 
high performance embedded processors are available 
for less than AUD1K, such as the Odroid XU4 and 
the UDOO x86, either of which is capable of running 
the SDR in addition to processing the data from it and 
handling telemetry tasks. All software tools are avail-
able through the “Open source” community which 
offers quality tools and an open, cooperative develop-
ment environment. 

4.2 BOM 

 1.5M CFRP Octacopter airframe with 8 BLDC 
motors, speed controllers, and CFRP propellers 
(SteadiDrone). 

 Flight control system with 32bit high speed em-
bedded controller and high reliability RTOS 
(PixHawk) 

 2.4GHz radio control system for manual control 
(Multiplex Profi 5000). 

 BLDC motor driven gimbal (generic). 
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 Ground control station consisting of a laptop com-
puter and telemetry receiver/transmitter. 

 SDR development hardware (Ettus Research 
USRP B200Mini and various test antennae). 

 General purpose embedded computer (UDOO 
x86 with 2.6GHz dual core Intel processor). 

 5.2GHz HDMI video transmitter and receiver for 
cable free development (Nyrius Aries Pro). 

5 CONCLUSION 

The viability of using small electrically powered 
drones for scientific and geophysical survey tasks is 
dependent on two factors. The first is the ability of the 
drone to perform the mission to a standard required 
by the sensor systems in use. This implies sufficient 
flight endurance, stability, and positioning precision 
to enable the acquisition of quality data. The second 
is the availability of lightweight, low power sensor 
systems that can deliver survey data to a defined level 
of quality. 

Multicopters, power systems, and the sensors re-
quired to meet these specifications are in early stages 
of development and there is yet considerable research 
to be done before small multicopters will be able to 
conduct practical scientific surveys. 
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