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Energy Efficient Architecture Using Hardware
Acceleration for Software Defined Radio
Components

Chen Liu*, Omar Granados*, Rolando Duarte* and Jean Andrian*

Abstract—In order to make cognitive radio systems a practical technology to be
deployed in real-world scenarios, the core Software Defined Radio (SDR) systems must
meet the stringent requirements of the target application, especially in terms of
performance and energy consumption for mobile platforms. In this paper we present a
feasibility study of hardware acceleration as an energy-efficient implementation for SDR.
We identified the amplifier function from the Software Communication Architecture (SCA)
for hardware acceleration since it is one of the functions called for most frequently and it
requires intensive floating-point computation. Then, we used the Virtex5 Field-
Programmable Gate Array (FPGA) to perform a comparison between compiler floating-
point support and the on-chip floating-point support. By enabling the on-chip floating-point
unit (FPU), we obtained as high as a 2X speedup and 50% of the overall energy
reduction. We achieved this with an increase of the power consumption by no more than
0.68%. This demonstrates the feasibility of the proposed approach.

Keywords—Software Communication Architecture, Software Defined Radio, Energy
Efficiency, FPGA, Cognitive Radio

1. INTRODUCTION

Researchers in the wireless communications community have continuously focused on inves-
tigating and developing technologies that are aimed at alleviating the issue of growing spectrum
overcrowding and improving the power and spectral efficiency of mobile devices with the ob-
jective of meeting critical deployment and commercialization constraints such as size, weight,
and power (SWaP).

Examples of solutions to these three issues can be readily found in literature. Among these so-
lutions, adaptive modulation and link adaptation techniques have been commonly used to
achieve an optimal trade-off between the spectral and power efficiency of mobile systems [1]. In
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fact, it has been shown that optimal adaptation can lead to significant improvements in the wire-
less channel capacity and reliability. That is, based on the current channel characteristics, the
radio is able to select the transmission mode and protocol that yields the best performance. In
addition to this, since studies performed by the Federal Communications Commission (FCC)
have shown that most of the spectrum crowding is caused by inefficient allocation [2], a solution
involving some kind of opportunistic spectrum allocation at the node and network levels is con-
sidered to be a viable alternative to ease concerns regarding spectrum usage [3].

Mitola [4] envisioned a system that was aimed at addressing the three aforementioned mobile
system challenges. This solution, known as cognitive radio (CR), includes a combination of both
of the adaptive approaches discussed above. Specifically, a cognitive radio is a system that
senses its operating environment and uses this information along with usage patterns in a cogni-
tive process, whose ultimate goal is to alter the radio’s parameters (such as mode, protocol, cen-
ter frequency, and transmission power) in order to obtain a highly reliable communication sys-
tem and to achieve efficient utilization of the radio spectrum. This so called cognitive process
involves observation, learning, optimization, and decision-making [5].

From the above definition, it is clear that radios whose parameters can be reconfigured
through software are crucial components of cognitive radio systems. These reconfigurable de-
vices are generally known as software defined radios (SDR). In order to make cognitive radio
systems a practical and commercial technology to be deployed in real-world scenarios, and not
just in academic or experimental environments, the core SDR systems must meet the perform-
ance and SWaP requirements of the target application. This implies that the system should be
able to support the communication protocols of different levels of complexity. Therefore, two
main characteristics that the SDR system must have are high computational performance and
low energy consumption. A promising approach that offers improvements in the aforementioned
areas is the use of hardware acceleration techniques on the computation-intensive signal-
processing components implemented under the SDR’s software architecture. In [7], Lau et al.
showed that increased execution speed could be achieved by offloading some of the signal-
processing functions of a general SDR system onto an FPGA-based hardware accelerator. Since
the Software Communications Architecture (SCA) is the most widely accepted software plat-
form for SDR, in [8] Millage demonstrated how the hardware acceleration of signal-processing
components implemented in the SCA can be achieved using a graphics-processing unit (GPU).
There, it is observed that execution time is reduced compared to those of software components
running only on a general-purpose processor (GPP). Although GPUs have considerable compu-
tational advantage due to parallelization, their use as hardware accelerators in mobile devices is
not very practical because of their significantly high power consumption. Therefore, in contrast
with [8], in this work we propose an FPGA-based hardware acceleration platform for SCA com-
ponents in order to achieve a balance between computational performance and energy consump-
tion. We present an initial feasibility study on the implementation of such platform. Since hard-
ware acceleration is only performed on the signal-processing portion of the code that imple-
ments a waveform component, the resulting platform is still compliant with SCA standards, thus
guaranteeing that the target cognitive radio system can be readily used in current military and
commercial systems without backward compatibility issues.

In Section 2, an overview of Software Defined Radio (SDR) and the Software Communica-
tions Architecture (SCA) is presented. Section 3 introduces the proposed architecture using
hardware acceleration and describes the specific FPGA platform used to implement it. A study
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on the energy consumption and performance of an SCA component implemented on a soft-core
processor with specific hardware support is presented in Section 4. Lastly, concluding remarks
are given in Section 5.

2. BACKGROUND

In this section we introduce the basic concepts of software defined radio (SDR) and the soft-
ware communications architecture (SCA).

2.1 Software Defined Radio

Software defined radio (SDR) is the main enabling technology of cognitive radio nodes and
networks. The term SDR refers to a radio system where the majority of the transmission and
reception-path components are realized through software. The purpose behind this type of sys-
tem is to allow the modification of radio waveforms and protocols with zero or minimal hard-
ware changes. That is, alterations to parameters such as modulation format, transmission power,
or transmission frequency can be done entirely through software. The block diagram of the main
hardware (HW) components of an SDR system is presented in Fig. 1. In an ideal cognitive radio
node, based on the measured environmental parameters, the system should be able to reconfig-
ure the operating behavior of each hardware element of the SDR through software in order to
enable dynamic spectrum access and improve system reliability. Therefore, the system must
support a large variety of wireless protocols [9]. Moreover, a cognitive radio node should have
the ability to learn and make such parameter-adjusting decisions based on previous experience.

It can be observed that for this type of platform to be implemented, enabling technologies
such as intermediate frequency (IF) and baseband processors, analog-to-digital and digital-to-
analog converters (ADC and DAC), reconfigurable components of the radio frequency (RF)
front-end, and antenna elements all need to be properly chosen to comply with the requirements
of the waveforms they are aimed to support.

Although choosing the most appropriate hardware platform for the SDR is critical, it is almost
as important to select the right software architecture. Such architecture should provide portabil-
ity among different hardware platforms. Moreover, in order to facilitate the cognitive radio sys-
tem’s adoption in commercial applications, the SDR’s software performance bottlenecks should
be minimized. That is, one has to ensure that the baseband signal processing components and the
communication protocols between them are as efficiently implemented as possible. The benefits
of doing so can be reflected in lower computational intensity and less energy consumption.

Although recently there has been an emergence of many SDR software architectures includ-
ing GNURadio [10], Vanu Radio [11], OMG’s PIM and PSM for Software Radio Components
Specification [12], and NASA’s Space Telecommunication Radio System (STRS) architecture

IF and Baseband
Processing

RF Module ADC/DAC

Fig. 1. Block diagram of SDR System
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[13], the so-called software communications architecture (SCA) still remains as the de-facto
standard of the SDR community [14]. Therefore, in this work our focus is on SCA architecture.

2.2 The Software Communications Architecture

The software communications architecture (SCA) was developed as the standard software
framework for the Department of Defense’s (DoD) military radio development program known
as the Joint Tactical Radio System (JTRS) [15]. The introduction of this standard was mainly
aimed at facilitating technology insertion, hardware abstraction, and hardware interoperability
for SDR systems [16]. The structure of the SCA is presented in Fig. 2. Here, the elements la-
beled C1 through C4 represent the waveform components. In the SDR context, the function of
each of these components is to perform a specific signal-processing task within a waveform. In
SCA, all the services and interfaces available to each component are defined in the SCA core
framework. From the figure it can be seen that waveform components interact with each other
and with the core framework through the logical bus provided by the Common Object Request
Broker Architecture (CORBA). One of the crucial features of this architecture is that it allows
different applications (waveforms or waveform components) to run on distributed processing
units and to communicate with each other. This is particularly useful when using only one proc-
essing unit does not satisfy the computational requirements of complex waveforms.

=
=
=1
[} c2 a3 4 o
g
I I 1 I - »
| Logical bus (middleware) |
I i B
CORBA SCA core framework
Operating system and network stack gg
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Fig. 2. Software Communications Architecture Structure [16]

3. SYSTEM ARCHITECTURE

As previously discussed, energy efficiency is of ultimate importance for mobile devices.
Therefore, in this section we propose a SCA-compliant energy-efficient SDR system architec-
ture using hardware acceleration. In addition to this, we also introduce the target hardware plat-
form for the proposed architecture.

3.1 Proposed System Architecture for Hardware Acceleration

Because mobile devices have obvious limitations in size, weight, and power (SWaP), we pro-
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Fig. 3. Proposed SCA Architecture with Hardware Acceleration

pose the use of hardware acceleration in cognitive radio systems in order to improve their en-
ergy and computational efficiency. To take advantage of the benefits obtained through the hard-
ware acceleration of software components, while still adhering to the SCA standard, only the
code of the signal processing routine for each waveform component is accelerated in our pro-
posed architecture as shown in Fig. 3. That is, all the core framework interfaces and CORBA
services to these accelerated components remain unchanged, allowing the component to be ini-
tialized and also located by other waveform components. However, the signal-processing por-
tion of the code is replaced by a subroutine, which calls upon the hardware-accelerated imple-
mentation. One of the implications of this process is that data stored in CORBA-type variables
must be converted and loaded to the memory location of the hardware accelerator used to im-
plement the signal-processing routine. In Fig. 3, the component to be accelerated is denoted as
C3 and the accelerated signal-processing routine is C3_HW.

Since the proposed system is to be implemented using an FPGA board, in the following sec-
tion a description of the characteristics of the hardware platform is provided.

3.2 Hardware Platform

We used the Virtex5 FPGA platform [17] to construct the system architecture shown in Fig. 4.
FPGA is of great advantage since they can be reconfigured and reprogrammed. MicroBlaze [18]
is a soft-core 32-bit RISC microprocessor operating at a clock rate of 125 MHz on Virtex5. It
can be configured to have a 5-stage pipeline (performance-optimized) or 3 stage-pipeline (area-
optimized), barrel shifter, integer multiplier/divider, floating-point operation, and cache support.
For our design, we elect to use the 5-stage pipeline and floating-point unit (FPU) support for
IEEE single-precision format. MicroBlaze can access the local memory Block RAM (BRAM)
through the Local Memory Bus (LMB). Thus, it accesses the instruction and data through the
Instruction Local Memory Bus (ILMB) and Data Local Memory Bus (DLMB) respectively.
Every instruction or data access through the LMB takes 1 clock cycle and the LMB must only
be connected from processor to local memory BRAM. In contrast, the Processor Local Bus
(PLB) takes about 7 clock cycles per access. However, it allows any peripheral or custom hard-
ware to connect to it. The PLB is bidirectional and is 32-bit wide. We also employed a timer to
collect timing information; such as the number of clock cycles a specified operation takes on
MicroBlaze or any other peripheral connected through the PLB.

Interrupt is used to make the system interruptible. If Microblaze needs to perform an urgent
operation, then it can interrupt the current operation to serve the urgent one. RS232 UART is
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Fig. 4. System Architecture with FPU Support

used for displaying the output on the host machine. The FPGA platform is a memory-mapped
system and every component is assigned a memory range. Therefore, if MicroBlaze needs to
access any peripheral, it only needs to provide the address location and/or data. The address of
MicroBlaze is 32-bit wide, which also defines the address space.

4. EXPERIMENTAL RESULTS

In this section we briefly go over our experiment setup and then present the experimental re-
sults.

4.1 Experimental Setup

For the following study, the loopback waveform shown in Fig. 5 was implemented in a SCA-
based software architecture known as Open-Source SCA Implementation - Embedded (OSSIE).
The waveform was executed and profiled using the GNU profiling tool OProfile. Based on the
profiled information, it was observed that the components on which the processor spent more
time (i.e. a higher percentage of samples were taken during execution) were the frame synchro-
nizer and the IQ amplifier. This was inferred as an indication that the acceleration of these com-
ponents can lead to significant performance improvement as the processor frequently accesses

Packet Conv. Digital Frame Amplifier Inter
Resizer Encoder Mod. Assembler P P:
Input l
Output Conv. Digital Frame Automatlc .
] ] ] 1 Gain <« Decimator
Decoder Demod. Synch.
Control

Fig. 5. SDR Test Waveform
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them. Please keep in mind that purpose of this study is not only to accelerate a single amplifier
function, which a modern ASIC chip will do. Instead, the choice of accelerating the amplifier
component was based on noticing that this specific component is complex enough to demon-
strate the feasibility of the proposed approach, which in the long run is to construct a hardware
platform for the entire SCA, accelerating most of its major components.

The amplifier function accepts seven parameters to multiply the in_phase (I_in_0) and its gain
(I_gain) as well as the quadrature (Q_in_0) and its gain (Q_gain). Now, I gain and Q_gain are
of floating-point, while the I _in 0 and Q_in 0 are of integer vectors. Therefore, our initial fea-
sibility study consisted of executing the amplifier function from the SCA without the FPU in-
corporated in the MicroBlaze architecture over with FPU support. For the no FPU support case,
the compiler translates the floating-point operations by emulating them using fixed-point opera-
tions.

4.2 Results

The experiment is conducted as follows: we execute the amplifier function on MicroBlaze
with FPU support. The experiment data including the clock cycles, execution time, and energy
consumption are collected with each time doubling the size of input data-sets consecutively. The
data-set size ranges from 128 Bytes to 64 Kbytes (local memory BRAM maximum capacity).
Next we follow the same procedure and collect the data, but this time without the floating point
support.

We first enable the FPU support and run the amplifier with a data set size of 128 Bytes. It
takes 17,842 clock cycles to perform the floating-point multiplication. Since the microprocessor
runs at 125 MHz, the corresponding execution time is 0.1427 milliseconds. While for the case
without FPU support, it takes 32,651 clock cycles to perform floating-point multiplication on a
128-Byte data set, and the execution time is 0.2612 milliseconds accordingly. As for the input
size of the 64K case, it takes around 7.4 million cycles to finish the execution with FPU support
and about 15 million cycles without.

The performance in terms of the number of clock cycles to finish the computation of various
input sizes for two different configurations is shown in Fig. 6. The speedup is based on the ratio
of the execution time of without FPU unit support over with FPU support. Hence, executing the
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Fig. 6. Performance of FPU over no FPU Support
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amplifier function with FPU support results in a speedup of 1.83 over no FPU support with an
input size of 128-Byte, as shown in Fig. 6. If we continue doubling the input data set, the
speedup slightly increases, reaching up to 2.02X faster. This is due to the fact the number of
floating-point operations is directly proportional to the input data size. Thus, based on Amdahl’s
law, the percentage of the floating-point operations get increased, hence the speedup achieved
over the pure software floating-point execution is more with the increase of input size.

Next, we utilized the XPower Analyzer [19] to get the power consumption of the system.
Xpower Analyzer is a Xilinx tool dedicated to analyze the power consumption for a post-
implemented place and routed design. It collects information about the hardware design and
provides an accurate estimation about the power utilization. By using the Xpower Analyzer, the
overall power consumption for the hardware system (as shown in Fig. 4) can be measured. Our
results show that with FPU support the total power consumption of the design is 1.2650 watts, of
which 1.1105 watts is of static power and 0.1545 watts is of dynamic power. If we disable the
FPU unit, the static power is 1.1102 watts and dynamic power is 0.1463 watts, respectively, with
a total power consumption of 1.2565 watts. Hence, the extra hardware corresponds to a 0.68%
increase in power consumption. Adding the floating-point unit support requires more hardware
and thus it will consume more power as well. Based on our analysis, the system architecture
with FPU support requires 415-slice registers used as flip-flops (FFs) and 771 look-up tables
(LUTs); which constitute to 21% and 40% more flip-flops and LUTs resources respectively, as
compared to the system that does not use the FPU engine.

Since we get the power consumption reading, we can calculate the energy consumed during
the execution period. Fig. 7 shows the energy consumption of two different configurations and
the corresponding energy reduction with FPU over without FPU support. The 128-Byte data set
has an energy consumption of 0.1805 mJoules with FPU support, while the energy consumed is
0.3270 mJoules without FPU support. From the figure we can observe that an energy reduction
of 45% is achieved for a dataset of 128 Bytes. Recall that energy depends on both the power
consumption and execution time. Since the speedup in performance we achieve is around 2X
while the power overhead is less that 1%, overall we should expect the energy reduction to in-

=== with FPU  =fll=without FPU Energyreduction
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r 50%
r49%

100
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128 256 512 1K 2K 4K 8K 16K 32K 64K

Input Size (bytes)

Energy Consumption (mJoules)
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Fig. 7. Energy consumption corresponding to various input sizes and the energy reduction
comparisons between with-FPU-support case and without-FPU-support case
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crease accordingly. This observation matches the readings we get in Fig. 7. Therefore, increas-
ing the size of dataset results in more energy reduction, reaching up to 50% when executing the
amplifier function with 64 Kbytes dataset with the FPU over no FPU support, with the energy
readings being 75 mJoules and 150 mJoules separately.

Fig. 8 demonstrates the comparison of the energy consumption per byte for two configura-
tions, both of which are normalized to that of the 128-Byte input case, to evaluate the energy
efficiency of the design. For the input size of 128-Bye, it takes 1.4106 uJoules for one byte with
FPU support while it takes 2.5546 uJoules to do the same without FPU support. We can see that
the energy per byte continuously decreases, reaching up to 20% less compared to that of 128-
Byte case by increasing the input data size with FPU support. As for without FPU support, we
only achieve at most 10% less energy per unit data by increasing the input size. This demon-
strates that more energy efficiency per unit data is achieved for our hardware acceleration ap-
proach.

5. CONCLUSION

In this paper, a hardware acceleration technique to improve the performance of the overall
SDR has been proposed. We employed a profiling tool and identified the amplifier function
from the Software Communications Architecture (SCA) components as a candidate for hard-
ware acceleration. Then using the Virtex5 FPGA platform, we compared the performance be-
tween floating-point support and without FPU support to gather information about the computa-
tional and power efficiency of the accelerated SCA component. Our results showed that execu-
tion was accelerated by up to 2X and the energy was reduced by up to 50% for an input set of 64
Kbytes. Although the extra hardware will correspond to a small increase in power consumption,
in this case it will be no more than 0.68%. From our study, we can see that implementing the
amplifier function using hardware acceleration can benefit the overall performance and energy
efficiency of the system, making it feasible for a SDR platform, since energy efficiency is a ma-
jor issue in mobile devices. As future work is concerned, we plan to extend our approach to
other components of SCA and to build a hardware acceleration framework for cognitive radio
systems. Our vision is to construct a heterogeneous many-core platform, with multiple hardware
accelerators for most of the major components of SCA, while having several simple general-
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purpose cores to handle the communication and task scheduling issues. In this way, we maxi-
mize the system performance and keep the optimal energy efficiency, thereby suiting the needs
of the future mobile computing paradigm.
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