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Abstract—In this paper, we present an adaptive digital com-
munication system using field programmable gate array (FPGA)
technology. This system adapts the Universal Software Radio
Peripheral (USRP) to better suit the space and power limitations
of the CubeSat satellite form factor and the Space Plug-and-Play
Avionics (SPA) protocol. The result is a highly-adaptive, plug and
play software-defined radio (SDR) that is easily incorporated into
any CubeSat design.

I. INTRODUCTION

Traditionally, communication systems required specialized
hardware to implement their functionality. In order to keep
production costs low, these systems contained only the hard-
ware necessary to perform the tasks that they were designed
for. As a result, these systems were often difficult to modify
and upgrade. Today, digital signal processor (DSP) technol-
ogy has evolved to the point where many of the encoders,
modulators, filters, and decoders used by these communication
systems can be implemented in software [1]. Some systems
rely on software to perform small tasks while others implement
all of their baseband functionality in software. Those systems
that implement all of their baseband functionality in software
are called software-defined radios (SDRs) [2].
While some SDRs use general-purpose processors or even

digital signal processors, many use a technology called field-
programmable gate arrays (FPGA). FPGAs consist primary of
reconfigurable logic elements and a switch matrix to route
signals between them. These devices can be configured to
support simple logic operations, such as addition, or more
complex systems, such as digital signal filters. In addition,
some FPGAs support a technology called dynamic reconfig-
uration. Dynamic reconfiguration allows a system to swap
components as needed, without any reprogramming.
The combination of SDR and FPGAs provides engineers

and developers with a method for updating communication
systems that are physically difficult to access, such as satel-
lites. Using FPGA technology, one can design a satellite to
support multiple digital signal processing blocks (such as
modulation or source coding) and to swap them as needed [1],
[3]. Additionally, the firmware on an FPGA can be updated
remotely to install new blocks and remove unused blocks,
enabling a system to support new protocols while in orbit.
These features make FPGA-based SDRs an excellent platform
for creating radios for satellites.
A wide variety of SDRs are available today, each optimized

for different applications. Lyrtech’s small form factor (SFF)
SDR development platform and the Wireless Open-Access
Research Platform (WARP) both provide powerful FPGA and
DSP hardware, but come with high costs [4], [5]. Ettus Re-
search LLC produces the Universal Software Radio Peripheral
(USRP) and the USRP2. These platforms are available at
significantly lower costs, but contain less powerful hardware.
Some SDRs are optimized for use in satellites. Vulcan Wire-
less Inc. has developed two such systems [3]. These systems
support numerous S-Band frequencies (2-4 GHz) and work
with a variety of communication protocols and encryptions
schemes [6]. However, they do not use open source hardware
or software. Therefore, researchers and engineers cannot adapt
these systems to their needs, nor can they create derivative
solutions from them.
In this paper, we present a new SDR platform with the

following characteristics:
1) Reconfigurability. The system is easily reconfigured to
support any number of encoding, modulation, and other
signal processing schemes.

2) Small size. The system fits the dimensions for a 1U
CubeSat (10× 10× 10 cm) and meets all other CubeSat



standard requirements [7].
3) Plug and play. The system uses the Space Plug-and-
Play Avionics (SPA) protocol for plug and play capabil-
ities.

4) Open source. The system uses open source hardware
and software so that others can adapt it to fir their project
goals and so that they can create derivative systems as
needed.

The rest of this paper is organized as follows: Section II
describes the USRP, its companion software GNU Radio, and
the CubeSat small form-factor satellite design; Section III de-
tails the proposed CubeSat SDR system; Section IV provides
synthesis data to confirm the functionality of the new system;
and Section V offers directions for future research.

II. BACKGROUND
The CubeSat SDR system adapts a popular SDR platform

known as the Universal Software Radio Peripheral Platform
for use in small form-factor satellites known as CubeSats. This
section provides some necessary background information on
these technologies.

A. GNU Radio and the USRP
The Universal Software Radio Peripheral Platform consists

of the GNU Radio software, the libusrp software libraries, the
USRP radio, and a wide variety of RF cards that attach to the
USRP. GNU Radio is a free, open source software project,
licensed under the GNU General Public License 3 (GPL3),
that provides users with tools to prepare data for wireless
transmission and to receive data from wireless channels. While
the GNU Radio software could work with any SDR hardware
in theory, it is ideally suited for use with the USRP. GNU
Radio runs on the Linux and Windows operating systems
and utilizes general-purpose processors to perform digital
signal processing tasks such as modulation, compression, and
channel coding.
GNU Radio exchanges data with libusrp, which forms the

communication link between a personal comptuer and the
USRP with the USB2 protocol. The USRP is also open
source (GPL2). The software and hardware schematics are
all available online from Ettus Research [8]. At the heart of
the USRP is an FPGA that upconverts outgoing data to an
intermediate frequency (IF) band and downconverts incoming
data through a series of casdaded integrator-comb (CIC) and
halfband filters. Supporting the FPGA are digital-to-analog and
analog-to-digital converters, a full-featured USB2 controller,
and connectors for the RF daughtercards that implement the
RF frontends to the system. Figure 1, adapted from [9],
provides a high-level view of the USRP’s main components.

B. CubeSats
A CubeSat is a small form-factor satellite conforming to

the CubeSat specifications published by California Polytechnic
State University [7]. CubeSats are, as their name implies, cube
shaped. Each side is 10 cm, giving them a volume of precisely
one liter, and the total weight of a CubeSat cannot exceed
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Fig. 1. Block diagram of the USRP. This particular USRP has two Tx boards
and two Rx boards, but the system could support four Rx boards instead [9].

1.33 kg. In addition to this 1U configuration, the CubeSat
specifications allow for 2U (10× 10× 20 cm) and 3U (10×
10× 30 cm) configurations. The CubeSat SDR was designed
to fit into a 1U CubeSat, though it is ideally utilized in a 2U
or 3U configuration so that users can the include sensors and
other instruments necessary for their satellite’s functionality.
The majority of CubeSats are developed at academic insti-

tutions in countries all over the world [10]. These CubeSats
contain CMOS cameras [11], gamma ray detectors [12], GPS
receivers [13], and other scientific instruments and devices.
Most of the hardware in these systems consists of is com-
mercially available off-the-shelf (COTS) components, making
CubeSats an affordable way to perform experiments in space.
However, the majority of CubeSats do not contain interchange-
able parts. To counter this problem, the Air Force Research
Laboratory’s Space Vehicle Directorate (AFRL/RV) developed
a system called Space Plug-and-play Avionics (SPA) that
introduces the concept of plug and play components to small
form-factor satellites. An extension of this system, CubeFlow,
applies specifically to CubeSats.
SPA is a set of standards that combines common commercial

standards, such as USB and Ethernet, with hardware and
software extensions to create communications busses appro-
priate for use in modern, real-time embedded systems [14].
SPA treats each device in a satellite as a “black box”. What
distinguishes SPA from other attempts at such a system is
that each “black box” is self-describing [14]. CubeFlow is the
combination of these standards and the power and mechanical
requirements for using SPA devices in a CubeSat.

C. Current Issues
The low cost and open nature of GNU Radio and the USRP

make them great candidates for the CubeSat SDR system, but
they have some drawbacks. The primary limitation is size. The
USRP motherboard is much too large to fit into the CubeSat



form factor. While better placement of components could sub-
stantially reduce the size of the motherboard, changes to the
components themselves might be necessary to fit everything
into the small confines of a CubeSat.
A secondary limitation is the FPGA used in the USRP

and the language in which its firmware was written. The
USRP uses an Altera EP1C12 FPGA. Due to the above-
mentioned component changes, the CubeSat SDR required a
larger FPGA. The firmware on the USRP’s FPGA, written
in Verilog, uses many Altera-specific macros. The VHSIC
Hardware Description Language (VHDL) is prefered for most
military and public sector projects. Further, a better design
would not use any vendor-specific macros so that it was as
portable as possible.

III. PROPOSED IMPLEMENTATION
The CubeSat SDR system comprises two main components

— the FPGA firmware that implements the filtering described
in Section II-A and the new motherboard developed by the
Configurable Space Microsystems Innovations & Applications
Center (COSMIAC) at the University of New Mexico. The
authors were not part of the motherboard development process.
Thus, this paper briefly describes the resulting hardware and
then focuses on the FPGA firmware part of the system.

A. COSMIAC CubeSat Motherboard
The new motherboard is largely similar to the original USRP

motherboard, but it contains some significant differences.
• Reduced Size. The new motherboard fits the CubeSat
form factor.

• New Components. NOR flash memory retains the FPGA
configuration through power cycles while the AT90 mi-
crocontroller and SPA connectors provide plug-and-play
functionality. Other components, such as the DDR2 and
NAND flash memories, allow the board to be used for
non-SDR purposes.

• Simplified USB2 Controller. Due to physical con-
straints, the Cypress FX2 EZ-USB2 controller is replaced
with a USB3300 USB2 controller. This controller pro-
vides much less functionality, but has a smaller footprint
and requires fewer connections.

• Xilinx FPGA. A Xilinx Spartan3A-1400 replaces the
Altera EP1C12 FPGA present on the original USRP
motherboard. This new FPGA provides more config-
urable logic elements and embedded memories than the
original.

Figure 2 [15] is a photograph of the new COSMIAC
motherboard (bottom), its power board (back), and an RF
daughtercard based on the USRP’s XCVR 2450 transceiver
(top) sitting atop one side of a 1U CubeSat.

B. Proposed FPGA Firmware
With the new hardware components described in Sec-

tion III-A, the software in the CubeSat SDR system requires
more functionality. Specifically, the loss of the FX2 USB2
controller requires that the FPGA handle all of the data coming

Fig. 2. A photograph of the COSMIAC CubeSat SDR system. The bottom
board is the FPGA board while the one on top is the RF daughtercard [15].

into and leaving the system. The FX2 USB2 controller con-
tained a modern 8051 microprocessor, a full USB2 controller
with direct memory access (DMA), RS232 controllers, and
controllers for the SPI and I2C buses. The USB3300 chip that
replaced it on the CubeSat SDR system contains only a partial
USB2 controller.
Figure 3 shows a block diagram of the proposed CubeSat

SDR system design. At the center of the system is the
MicroBlaze softcore microprocessor. This processor acts as
a traffic mediator, guiding data between the USB2 port to the
various other devices in the system. The SPI and I2C con-
trollers provide users with a means of sending configuration
information to the USRP and to the RF daughtercards. One
of the RS232 controllers connects to an serial port on the
board; the other connects to the AT90, which controls the
ASIM for the device. The other components simply control
the peripherals that give them their names (e.g. the DDR2
Memory Controller controls the DDR2 memory).
This design has many advantages. First, it uses well-tested

components from Xilinx including the DDR2 memory con-
troller, the SPI and I2C controllers, and the MicroBlaze mi-
croprocessor. Second, the Embedded Development Kit (EDK)
software from Xilinx provides users with a relatively simple
way to design MicroBlaze-based systems for custom hardware.
Using a MicroBlaze processor to allows one to write much
of the control logic in the C programming language. Finally,
this system should be compatible with GNU Radio with few
modifications since the MicroBlaze and other components can
emulate the FX2 USB2 controller with proper configuration.
This proposed system does have two drawbacks. The ma-



Fig. 3. Block diagram of the proposed CubeSat SDR firmware. The
MicroBlaze processor acts as the central control for all of the various
communications blocks.

jority of the components only work with the Xilinx toolset,
so the system loses its platform independence. The Altera
toolset has similar devices, such as the NIOS II processor, but
these are not compatible with the Xilinx toolset. Thus, anyone
wish to use the new USRP firmware in a larger system with
Altera’s tools could not use this proposed system. In addition,
the USB2 controller is currently priced at $14,000 [16], a
prohibitive cost for smaller organizations. Xilinx does offer
free trial licenses, but a full license is necessary to operate the
system without the JTAG connection.

C. USRP Variant
As Figure 3 shows, the USRP firmware in the proposed

CubeSat SDR system is not the original. Indeed, it has three
primary differences. The modified firmware:

• Works on Xilinx FPGAs. In fact, this new USRP firmware
works on any FPGA large enough to support it, including
those from Altera. In addition, there are no proprietary
components and so the design should work with any
toolset.

• Is written in VHDL. The VHSIC Hardware Description
Language (VHDL) is a standard for government, military,
and other public sector projects. In addition, VHDL is
a strongly typed language. As a result, VHDL offer an
additional layer of safety in the design phase.

• Contains extensive documentation. One of the benefits of
open source software is that other parties can modify and
extend it to fit their own needs. However, working with
another person’s code can be very difficult when that code
contains little or no documentation. The original USRP
firmware contains extensive high-level documentation on
various websites, but the actual Verilog contains almost
none. The proposed USRP firmware contains extensive
documentation in the VHDL files.

This new USRP firmware will provide for easier integration
with other government and military applications, will allow

future engineers to modify and extend it with ease, and will
work on a larger collection of FPGA devices than the original.

IV. VALIDATION

If the two USRP firmwares are logically equivalent, then
their hardware usage should be very similar. Table I shows
the hardware usage for the USRP firmware. These results were
generated with the 64-bit version of Xilinx ISE 12.3 for the
Spartan3A-1400FG484-5 FPGA and are the estimated values
reported by that software. The Verilog firmware contains some
minor modifications from the original to make it compatible
with the Xilinx synthesis tools.

TABLE I
HARDWARE UTILIZATION FOR THE USRP FIRMWARE.

Logic Type VHDL Verilog
No. Used % used No. Used % used

Slices 3197 28 3,164 28
Flip Flops 4,068 18 4068 18
4-Input LUTs 5,467 24 5,360 23
I/O Buffers 173 46 173 46
Block RAMs 10 31 10 31

18×18 Multipliers 2 6 2 6
Clock Buffers 3 12 3 12

As Table I shows, the hardware utilization for both versions
of the firmware is nearly identical. The VHDL implementation
uses 107 more 4-input LUTs than the Verilog version, a
difference of less than 2difference is most probably a result
of the synthesis tools reading VHDL and Verilog in slightly
different ways. The difference in the number of slices used is
explained by the difference in the number of 4-input LUTs
used. All other hardware utilization is identical for both
versions of the firmware, providing evidence that the two are
logically equivalent.

V. CONCLUSION

This paper presented a flexible, plug and play software-
defined radio system for CubeSat form-factor satellites. Based
on the USRP, this new CubeSat SDR provides CubeSat
engineers with an easy to use SDR that is compatible with the
GNU Radio software and the Space Plug-and-Play Avionics
(SPA) protocol.
Future implementations would do well to eliminate the

dependency on GNU Radio. This would allow satellites to use
the CubeSat SDR system without including a general purpose
processor system. In addition, migration to the Spartan6 FPGA
would improve power consumption and make more logic
elements and memories available for addition features. Since
some Spartan6 FPGAs were designed as drop-in replacements
for the Spartan3 devices, this is a potentially simple way to
greatly improve the system with little effort.
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