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Abstract—This paper presents an overview of un-
manned aircraft systems developed at the University of
Colorado and the development of a new software defined
radio sensor that will be integrated into the existing
systems. The architecture and performance of the new
sensor is discussed. Potential research applications en-
abled by the radio sensor are covered.

I. INTRODUCTION

Communications aware path-planning, data fer-
rying, and emitter localization are all major areas
of research [1]–[3]. This work has, in the past,
been conducted with off the shelf Wi-Fi cards
using received signal strength indicator (RSSI)
measurements to sense the RF environment. While
RSSI is a very low-cost metric to use, it very
much limits the type of experiments that can be
conducted. More sophisticated metrics of the RF
environment could be measured using a dedicated
radio sensor.

Another major area of research is in the devel-
opment of software defined radios (SDRs). These
radios couple the flexibility of general purpose
processors (GPPs) with the hardware acceleration
performance of field programmable gate arrays
(FPGAs). Recently, the advent of integrated GPP-
FPGAs coupled with ultra-wide band radios-on-
a-chip have made it feasible to host a high per-
formance SDR on a small unmanned aircraft.
This paper will cover the development of such
an SDR and how it will fit in the existing un-
manned aircraft system (UAS) framework [4]. It
will conclude with a discussion of the potential
applications of this system.

II. SDR SENSOR

The WiSER (Wideband Software Extensible
Radio) project1 is developing a low-cost, high-
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Fig. 1: WiSER hardware, Zynq Zedboard and
Analog Devices AD9361 Radio Card.

performance software defined radio (SDR) plat-
form for use in academic applications. The WiSER
effort was motivated by a perceived lack of high
performance, low cost, and small form factor
SDRs. Ettus research offered a variety of radio
platforms, but these typically contained small FP-
GAs forcing radio development to focus exclu-
sively on software hosted on a powerful laptop or
desktop [5]. The Rice WARP platform provided
larger FPGAs, but at significantly increased cost
[6]. The WiSER project will produce a software
and firmware package targeting high-performance,
low-cost system-on-chip development boards cou-
pled with commercial, off-the-shelf (COTs) radio
peripherals.

A. SDR Hardware
The enabling technology behind the WiSER

project is the Xilinx Zynq system-on-chip proces-
sor, and Analog Devices’ AD9361 radio frequency
integrated circuit (RFIC). While neither device
offers revolutionary performance, they do offer
significant performance at an unprecedented cost
and size (Figure 1).

The Zynq processor integrates Xilinx 7-series
FPGA fabric with a dual-core ARM processor
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on the same die. Nearly every SDR integrates an
FPGA with a general purpose processor, but it is
particularly unique for the two to exist on the same
die. This eliminates the need for multiple boards
or at least multiple chips. The FPGA fabric is con-
nected to the ARM processor using a high speed
data bus. This bus gives the designer the option
of pre-processing incoming radio data or passing
full-rate in-phase and quadrature (IQ) samples to
the processor. The WiSER effort uses the low-cost
Zedboard, Zynq development platform.

The Analog Devices’ AD9361 RFIC is a full-
duplex, two-channel direct conversion transceiver
capable of receiving and transmitting 56 MHz
instantaneous bandwidth signals from 70 MHz
to 6 GHz. RF signals can be preconditioned us-
ing manual or automatic gain control. The radio
performs analog to digital conversions with 12-
bits of precision on receive and transmit. While
a wide instantaneous bandwidth and ultra-wide
tuning bandwidth are not particularly unusual, it
is again, very unique to be integrated into a single
chip. This gives end users the ability to access a
number of industrial, scientific, and medical (ISM)
bands as well as a number of communication
bands using a single radio chip. This represents a
significant reduction in size, complexity, and cost
while increasing performance relative to previous
SDR radio front-ends. An Analog Devices FM-
COMMS3 board breaks out the RFIC functional-
ity to SMA connectors and an FPGA mezzanine
card site for connection to the Zedboard. The
expected performance characteristics of the sensor
are documented in Figure 2.

A comparison of the size, weight, power, and
cost of various SDRs is shown in Figure 3. The
E310 is an SDR developed by Ettus Research
that uses the same processor and radio as the
WiSER, but is heavier and more expensive than
the WiSER. What makes the WiSER particularly
appealing is its ability to act as a standalone
SDR. The Ettus N210 and WARP both require an
external computer to run their radio processing.
Because the Zynq chip integrates a CPU and
FPGA on a single die, the WiSER sensor is able
to provide high performance radio processing at a
much lower cost and size.

B. SDR Software and Firmware Architecture

The primary goal of the WiSER effort is to
develop software and firmware tools to exploit
the capabilities of the new hardware. The ARM
processor on the Zynq chip is capable of hosting
a Linux operating system. This OS gives users ac-
cess to open-source libraries including GNURadio
[8]. This library provides a powerful set of tools
for performing signal processing operations and
data management tasks. Moreover, it provides a
framework for developing new functionality. The
GNURadio project is a constantly evolving library
supported by an active digital community. Analog
Devices has already released a driver and plug-
in to interface their RFIC to GNURadio. The
WiSER effort will build on this driver, improve its
performance, and develop cross-compilation tools
to reduce development times.

The unique nature of the Zynq chip presents a
series of challenges for accomplishing this. As the
ARM processor can host an operating system, the
software package will include the necessary tools
to build an operating system with the necessary
packages. The WiSER effort will be based on
an open-embedded operating system that is rel-
atively light-weight and can be built using Xilinx
tools to include various software packages. As the
operating system is based on Linux, it requires
a Kernel. The generic Xilinx Kernel has been
modified to include Kernel drivers to configure
and control the RFIC and manage direct mem-
ory access (DMA) transactions between the CPU
and FPGA fabric. The software package includes
the necessary drivers and scripts to compile this
Kernel as well. In addition to building the OS
and Kernel, the software package will include
basic software applications. Analog Devices has
already released a driver and plug-in to interface
their RFIC to GNURadio. The performance of the
Analog Devices DMA driver was bench-marked
by establishing a DMA transfer from the FPGA
fabric to the ARM processor. The amount of data
transferred was counted for a fixed amount of
time and an average data rate was calculated.
This experiment was conducted for a number of
commanded sampling rates to see how the DMA
engine would perform. The results are shown in
Figure 5.
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Fig. 2: Expected radio and processing performance of WiSER sensor.

Fig. 3: Size, weight, power, and cost of various SDRs.Data taken from hardware measurements and
Ettus Research website [7]

Fig. 4: Waterfall plot using GNURadio running
on the Zedboard showing power at 2.4 GHz over
time and frequency. WiFi emissions are visible as
broad white lines in the spectrum.

The DMA driver provided by Analog Devices
was able to keep up with the commanded sample
rate up to 5 MSPS. Sampling rates in excess
of 5 MSPS simply dropped data and resulted in
5 MSPS effective data transfer rates from the
FPGA fabric to the ARM processor. The WiSER
project is currently working to develop the Kernel
driver and associated firmware based on the Xilinx
AXI DMA engine to improve this performance.

Fig. 5: Results of data rate experiment to bench-
mark DMA driver performance.

According to the Xilinx DMA Engine datasheet,
transfer rates of 298 MB/s should be possible
between the CPU and FPGA [9]. For a 64-bit
bus this works out to a data rate of 39 MSPS.
When this driver is finalized, a GNURadio block
will be developed to interface it with that library.
It has been found during testing, that the ARM
CPU on the Zynq chip is relatively under-powered.
This generally results in very long compilation
times and limited radio processing performance.
To address the first issue, the software package
will include cross-development tools so that appli-
cations can be compiled on a faster computer and
simply deployed to the ARM to run. The second
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issue can be addressed by pushing some or most
of the radio processing to the Zynqs FPGA fabric.
This is the second main thrust of the WiSER
project.

In addition to the software development, a
firmware tool-set is being developed to leverage
the full capabilities of the FPGA fabric on the
Zynq chip. The firmware in the Zynq FPGA fabric
will perform several functions. Primarily, it con-
verts the digital lines from the RFIC into IQ data
streams that are passed through a DMA engine
to the CPU. Because the Zynq CPU is somewhat
underpowered, the FPGA firmware will also be
used to accelerate radio processing. Previous work
has focused on developing a full 802.11 physical
layer transceiver in FPGA fabric [10], enhanced
physical (PHY) [11] and media access control
(MAC) [12] layers as well as mechanisms for
covert communication [13]. The WiSER effort
will build on this work by breaking down the
original, monolithic design into its fundamental
building blocks. These building blocks will be
used to build a digital signal processing library of
FPGA firmware modules. This firmware library
can be leveraged like the software modules of
GNURadio to build signal processing chains in
the FPGA fabric. Traditionally, FPGA develop-
ment can be complicated and time consuming.
To reduce the complexity and time required for
firmware development, the WiSER firmware will
include a network-on-chip. This leverages past
research conducted at CU [14]. NoCs are light-
weight firmware modules that connect processing
elements in a network. This network provides
standardized interfaces for processing elements
and can be easily exploited by a CPU for hardware
acceleration of processing tasks. Moreover, NoCs
can be used to improve FPGA design performance
by breaking down a single clock domain (mono-
lithic design) to multiple clock domains [15].
While WiSER will use this processing architecture
for SDR, it can also be applied to improve pro-
cessing performance of generic algorithms. The
use of NoCs for hardware acceleration of radio
processing is being adopted in other SDR process-
ing architectures [5].

Figure 4 depicts a basic application developed
in GNURadio to sample the spectrum at 2.4GHz

and visualize the results using a waterfall plot.
These initial results were captured using Analog
Device’s OS, Kernel, drivers, and firmware. While
the Analog Device’s software and firmware pack-
age is good for initial prototyping, it has lim-
ited DMA bandwidth for data transfers between
the CPU and FPGA. The WiSER development
tools will improve DMA performance and include
cross-development tools to reduce compilation
times.

C. SDR Integration

The WiSER sensor will be hosted on a small
unmanned aircraft. The sensor will be connected
to a variety of antennas depending on the target
application. Many SDR applications require fine
time alignment between multiple platforms. To
address this need, a GPS module will be included
in the integration of the sensor on the aircraft.
This module will be used to align the WiSERs
internal timing with external systems. The sensor
will act as a standalone system and can operate
independently of the autopilot or interface with it
to set or change flight plans. While the WiSER
can interface to the autopilot directly, a small su-
pervisory computer will be included in the aircraft
integration. This supervisory computer can act as
an intermediary between the autopilot and the
WiSER sensor, or it can be bypassed completely.
The architecture of the WiSER SDR is shown in
Figure 6.

III. UAS PLATFORM

The WiSER will be integrated into the Re-
search and Engineering Center for Unmanned Ve-
hicles (RECUV) Heterogeneous Unmanned Air-
craft System (R-HUAS) [16]–[18]. The R-HUAS
deploys a flock of miniature unmanned aircraft
communicating via a meshed WiFi network [16]–
[18].

A. Airframe

The WiSER will be integrated into a CU Sky-
walker X8 unmanned aircraft (Figure 7). The
CU Skywalker X8 is made of EPO foam with
a wingspan of 2.1 meters and takeoff weight
of approximately 3.5 kg. This airframe provides
a low cost platform with a large payload bay
for flexible sensor integration. The Skywalker X8
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Fig. 6: WiSER Hardware, processing architecture, and integration into RECUV platform.

Fig. 7: The Skywalker X8 UAS.

kit was modified to use modular autopilot and
payload packages that include an air data system
comprised of a 3-axis magnetometer for improved
attitude estimation, a Vaisala RS92 sonde for mea-
suring temperature and humidity, and an Aero-
probe 5-hole probe for measuring the full aircraft-
relative wind velocity vector; a video camera; or
the WiSER device.

TABLE I: Airframe Specifications

Skywalker X8
Wingspan 2.12m
GTOW 3.5kg
Motor AX2820 KV780
Battery 5Ah 4S Lipo
Endurance 35 minutes
Launch Hand Launch

B. Avionics

The 3DR Pixhawk is an advanced autopilot sys-
tem designed by the PX4 open-hardware project
and manufactured by 3D Robotics. Command and
control of the Pixhawk is provided by several
systems including the native 3DR Tower control
application, a customized net-centric architecture,
or the DroneDeploy Co-Pilot device [19] which
is a cellular modem integrated with web-based
mission management tools. The Pixhawk runs the
ArduPilot open source autopilot. As the software
is open source, developers can choose to alter
the autopilot firmware directly or interact with
the Pixhawk through the MAVLink protocol from
a supervisory computer. ArduPilot supports soft-
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ware in the loop simulations and can be con-
trolled from a ground station using the open-
source Tower mission planning software.

C. Flight Test Facility

Flight testing is conducted at the Table Moun-
tain Radio Quiet Zone (2 x 2 mi.) near Boulder,
CO, in the mountainous terrain in Boulder County,
and in the Pawnee National Grasslands (20 x 20
mi.) outside of Greeley, CO. RECUV has obtained
Certificates of Authorization (COAs) from the
FAA for simultaneous flight operations of multiple
aircraft at these sites. The Table Mountain COA
provides a small flight test area near the CU
Boulder campus that is designated radio quiet.
This is advantageous for conducting passive RF
data collecting missions. The Pawnee National
Grasslands COA provides a much larger area to
conduct flight tests. In addition to these, RECUV
has also obtained a COA for an area in Boulder
county. Figure 8 depicts the area provided for in
the new COA. This area includes very mountain-
ous terrain which is ideal for conducting simulated
search and rescue experiments or wildlife tracking
experiments.

IV. APPLICATIONS

Integration of the WiSER cognitive radio into
the R-HUAS is motivated by the need to im-
prove channel monitoring in a communication-
aware information gathering framework (Figure
9). Previous radio research conducted by RECUV
was limited to using measurements of RSSI and
data throughput as these were the only metrics
available from the on-board WiFi cards [20]. The
WiSER SDR sensor will give access to raw IQ
data that can be preprocessed by the FPGA fabric,
passed to the CPU, or even passed to a ground
station. The new SDR sensor would replace the
WiFi cards and RSSI measurements at the channel
monitoring stage.

Access to IQ data allows for custom application
development that can expose a variety of radio
metrics from timing information to Doppler shift
estimation. Moreover, the wide-band nature of the
radio allows for application development at fre-
quency bands that were simply unavailable to the

Fig. 8: Boulder county COA, 2014-WSA-113-
COA.

WiFi card alone. Open source tools like GNURa-
dio provide a powerful tool for rapid application
development.

Because it is highly reconfigurable and covers
a wide range of frequency bands, the WiSER can
be configured to accomplish a variety of radio
processing applications that traditionally would
require application specific radio circuits. This
opens up opportunities for research in a variety
of areas:

• Emitter Localization and Mapping: En-
hanced radio sensing gives access to im-
proved metrics with which to localize emit-
ters. For example, custom FPGA firmware
can be developed to monitor the autocorre-
lation sequence embedded in WiFi signals to
estimate the power of the signal in a more
reliable manner than RSSI. As the WiSER
sensor is not limmited to WiFi bands alone,
signal strength localization applications can
be developed for a variety of signals that fall
in the SDR’s tuning range.

• GPS Denied Radio Navigation: Timing in-
formation is embedded in a number of mod-
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Fig. 9: Communication-aware information gathering framework.

ern RF signaling specifications. This infor-
mation can potentially be extracted by an
SDR to either aide a GPS navigation solution
or substitute for GPS entirely using multi-
spectral techniques such as those explored in
DARPA’s ”All Source Positioning and Navi-
gation” program [21].

• Sense and Avoid: Integration of UAS into
the National Airspace hinges on developing
a reliable methodology for sense and avoid.
The WiSER SDR can be used to access
aircraft transponder data for this purpose.
Alternatively, this platform would be suitable
for the development of a low size, weight,
and power (SWaP) radar for use in sense and
avoid.

• Interference Detection:The detection of
unauthorized or interfering transmissions is
very important as the amount of usable
radio spectrum continues to shrink. Cur-
rent systems for interference detection rely

heavily on either static emplacements or
ground based tracking equipment. Because
the WiSER sensor can tune over such a wide
bandwidth and can cover large geographic
areas rapidly, it is a good candidate for
automating the detection and localization of
interference sources.

• Low SWaP Computing: Advanced guidance
and control algorithms can be computation-
ally expensive. The WiSER sensor will in-
clude a NoC architecture in its FPGA fabric
designed expressly for hardware acceleration
of computations. This coupled with the re-
configurable nature of FPGAs make WiSER
a suitable candidate for exploring distributed
computing amongst a swarm of small UAVs.

The integration of the WiSER sensor will aim
to build on past work in emitter localization. In
the near term, realistic flight experiments will be
conducted to explore the following applications:

• Characterization of the Radio Environ-
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ment: RF characterization consists of map-
ping the received radio signal strength over a
range of frequencies in a given environment.
RF characterization is critical for identify-
ing emitting sources over the ambient back-
ground [22].

• Search and Rescue: The authors will col-
laborate with the Rocky Mountain Rescue
group (RMR) to perform wilderness search
and rescue operations. The sensing problem
will consist of visual and infra-red video
cameras to detect moving ground targets. The
localization of emitters of opportunity carried
by targets will be explored to augment the vi-
sual search. The SDR could be configured to
monitor the power of emitters of opportunity
or even be configured to imitate a WiFi router
or cellular base station to aide in localization.

• Wildflife Radio Collar Tracking: The au-
thors plan to collaborate with the Colorado
Parks and Wildlife Division to track radio
collars currently fit onto wildlife in Boulder
County. Currently, collars are localized by
rangers using high gain antennas on foot in
a time-consuming process or in a piloted
aircraft that is expensive to rent. The power,
frequency, and timing of the signals emitted
by the collars can be detected and measured
by WiSER to both discriminate between dif-
ferent collars and track the movement of the
wildlife. The combination of WiSER’s abil-
ity to automatically detect and track collars,
and the Skywalker’s ability to cover wide
geographic areas in a short time will result
in a significant improvement in performance
compared to current methods.

V. CONCLUSION

The development of a small, high-performance
SDR will greatly increase the RF sensing capa-
bilities of RECUV’s current unmanned aircraft.
Sophisticated RF sensing will enable research in
topics ranging from radio navigation to sense and
avoid. The WiSER effort will produce a toolset
to greatly reduce the complexity of radio applica-
tion development by leveraging existing tools like
GNURadio. Flight tests will be conducted in the
near term to verify the performance of the SDR
as the WiSER toolset is developed.
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