Chapter 54
Design and Implementation

of a Real-Time Three-Frequency
COMPASS Software Receiver

Weihua Xie, Jun Zhang, Chao Xie and Qian Wang

Abstract GNSS software-defined receiver is of importance in satellite navigation
system, especially in the fields of receiver design and satellite navigation system
scheme validating. The general scheme of COMPASS software receiver has been
proposed, and the main software functional modules were designed using XML
language. A real-time software receiver with 12 channels on PC platform has been
implemented, which can process COMPASS B1/B2/B3 C (civil) code signal. The
receiver can be capable of post-processing datasets from collection hardware or real-
time processing data stream through PCI bus interface. A lot of performance
improvement approaches have been proposed to enhance the speed of the software
receiver, which include computational platform choosing, acquisition and correlator
arithmetic optimization, program code optimization with SIMD instructions on CPU
and CUDA instructions on GPU. Using this methods, the software receiver can reach
real-time processing capacity under 80 MHz sampling rate and 2 bit quantization
conditions. The positioning results show that the software receiver’s three-dimen-
sional positioning accuracy is superior to 10 m under 95 % confidences.

Keywords COMPASS navigation system - Software receiver - Real time - XML
language - Speed optimization

54.1 Introduction

Software-defined radio receiver (SDR) is a concept for transceivers in which the
signal processing is accomplished via a programmable general-purpose micropro-
cessor or digital signal processor (DSP), as opposed to an application-specific
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integrated circuit (ASIC). A software receiver differs from a hardware receiver by
performing correlations in software running on a general purpose microprocessor. It
can afford batch data processing options that are not available in hardware imple-
mentations. New frequencies and new pseudo-random number (PRN) codes can be
used simply by making software changes. SDR are not only research tools for the
development and test of new navigation and positioning algorithms. The flexibility
of software architectures enables them to record several pieces of information that
are not limited to position and velocity. Correlator and discriminator outputs, fre-
quency and phase lock indicators and several synchronization messages are just a
few examples of the parameters that a software receiver makes available to users and
researchers. And the software receiver could be reprogrammed to adjust a new
navigation system, which provides an added benefit from the use of the software
radio architecture. It played an important role in GSSF (Galileo System Simulation
Facility) and GSTB (Galileo Satellite Test Bed). Along with the decrease of the
required processing time, the high configurability, high development speed, low cost
software receiver is obtaining more people’s favors.

In this paper, a complete COMPASS software receiver has been developed
using C/C ++ and C# language code in Visual Studio 2010 environment. It can be
used for acquisition, tracking, and calculating position for COMPASS B1,B2 and
B3 civil code signals.

54.2 Architecture of Software Receiver

The architecture of software receiver is shown in Fig. 54.1. It consists of eight
modules, which include an antenna, a RF front-end, acquisition module, tracking
module, correlator module, navigation message decoding, position calculation
module and GUI module. The antenna and RF front-end devices are the only
hardware devices of the system. The RF front-end device is necessary to down
convert the COMPASS signal to an intermediate frequency (IF), sample the IF
signal and digitize it [1-5]. The present CPU capacity is still unable to process the
COMPASS signal directly from the antenna in completely software-based
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Fig. 54.1 Architecture diagram of software receiver
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approach. Thus a RF front-end device is still necessary. In conventional hardware-
based receiver, the six modules in the right textbox in Fig. 54.1 [6] are imple-
mented in an IC chip and hence the user does not have a free access to the
algorithms built inside the chips. In software-defined receiver, these blocks are
fully implemented using high level programming languages and hence the user has
complete control over the algorithms. This is the main difference between the
software receiver and a conventional hardware receiver.

54.3 General Scheme of COMPASS Three-Frequency
Software Receiver

54.3.1 Components of COMPASS Three-Frequency
Software Receiver

The components of COMPASS three-frequency software receiver are shown in
Fig. 54.2. Tt includes three parts: three-frequency antenna, digital IF signal sam-
pling card and PC with graphic card. The function of three-frequency antenna is to
receive COMPASS B1, B2 and B3 signals. The function of RF (radio frequency) is
to amplify and filter the RF signal and down convert to analog IF (immediate
frequency) signal. The function of sampling card is to sample and digitize the
analog IF signal and transfer digital data stream to PC through PCI bus interface.

54.3.2 Functional Module Design of Software Receiver

The software design of COMPASS software receiver is divided into two layers, as
showed in the Fig. 54.3. One is user interface layer and the other is arithmetic
layer. The function of client layer is to interface to user, through which users can
configure all kinds of receiver’s parameters. And all kinds of results can be dis-
played on it. The function of arithmetic layer is to finish all kernel algorithms. The
benefit of this two-layer software design method is that user interface and kernel
can be developed and upgraded separately.

\/” three-frequency antenna Acquisition module Correlator module

Message

Digital IF signal . decoding module

| Sampling card PCI bus
interface

RF frontend

‘ Tracking module

Position calculation
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Fig. 54.2 Components of COMPASS three-frequency software receiver
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Fig. 54.3 Software design of COMPASS software receiver
54.3.2.1 Design of User Interface Module

User interface module consists of two parts: design of interface display and design
of user configuration. Design of interface display mostly shows all kinds of
information, such as receiver channel information, signal C/No information, on-
viewed satellite information, position information etc. Design of user configuration
mostly includes all kinds of setup parameters in each module of software receiver.

54.3.2.2 Design of Framework Module

Framework module mainly includes receiver component (denoted as IReceiver), as
showed in Fig. 54.4. IReceiver component is an abstract class of receiver, which
consists of four components: channel component (denoted as IChannel), channel
allocated component (denoted as IChannelAllocator), navigation computation
component (denoted as INavigator), satellite status tracking component (denoted
as ISatelliteTracker) and receiver clock component (denoted as IRcvclk). IChannel
component is an abstract class of receiver channel, the function of which is to
process the signal acquisition and tracking operation. It consists of five compo-
nents: signal detection component (denoted as IDetector), signal tracking com-
ponent (denoted as ISignalTracker), signal correlation component (denoted as
ICorrelator), bit synchronization component (denoted as IBitSyncer) and frame
synchronization component (denoted as IFrameSyncer).

Fig. 54.4 Framework
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{receiver ionospheric = “true” troposphere = “true”>
<channel 1d="0" type="gps” carrierFrequency="4.309¢6” >
{detector class="GpsDetector” doppler="10e3” />
{correlator class="GpsCorrelator” plugin="Gps”/>
{signal-tracker class="GpsSignalTracker” >
{carrier—tracker class="DefaultPhaselLockLoop” bandwidth="15">
<{discriminator class="DefaultCarrierDiscriminator” type="0" />
{/carrier—tracker>
<code—tracker class="DefaultPhaseLockLoop” bandwidth="0.5">
{discriminator class="DefaultCodeDiscriminator” type="0" />
{/code—tracker>
{/signal—-tracker>
<bit-syncer class="GpsBitMatcher” />
{frame-syncer class="GpsFrameMatcher” />
</channel>
<navigator class="GpsNavigator” />
<clock sample-frequency="5.714e6” tic="0.100" navigation-interval="1" />
<{ins—auxiliary class="InsAuxiliary” />
{/receiver>

Fig. 54.5 Description of receiver structure using XML

54.3.2.3 Design of Parser Module

The function of parser module is to parse the configuration file using XML
(Extensible Markup Language). XML is adopted to describe the receiver structure
in this paper. Figure 54.5 is an example to describe GPS receiver structure using
XML. The ‘receiver’ is the root node and corresponding to ‘IReceiver’ component
in Fig. 54.4, and the ‘channel’ is corresponding to ‘IChannel’ component in
Fig. 54.4. Dynamic configuration of software receiver can be implemented using
XML to descript the receiver. It can greatly improve the software’s flexibility.

54.3.2.4 Design of Plugin Manager Module

Plugin manager module consists of two components: plugin manager component
(denoted as IPluginManager) and plugin component (denoted as IPlugin). The
function of IPluginManager is to create IPlugins. One IPlugin is corresponding to a
DLL (dynamic link library) in Windows operating system. The magnitude of a
IPlugin can be very small, such as including only an algorithm. It can also be very
big, such as including all components of receiver.

54.3.2.5 Design of Application Module

The function of application module is to provide an interface to access software
receiver. Figure 54.6 shows the relationship between application module and other
module of software receiver.
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Fig. 54.6 Relationship diagram between application module and other module

54.3.2.6 Design of Tools Module

Tools module mainly include some often use tool, such as coordinate datum
conversion, time datum conversion, software running log etc.

54.4 Class Diagram Design of Receiver Module using XML

54.4.1 Design of Receiver Class Using XML

The design diagram of receiver class (denoted as IReceiver) is showed in
Fig. 54.7. IReceiver defines the interface of software receiver, which is the parent
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Fig. 54.7 Design diagram of receiver class using XML
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class of ‘AbstractReceiver’ class. ‘AbstractReceiver’ class provides default
implement of the IReceiver’s methods. Similarly, ‘AbstractReceiver’ class is the

parent class of the ‘DefaultReceiver’ class. The ‘DefaultReceiver’ class provides
default implement of the ‘AbstractReceiver’ methods.

54.4.2 Design of Receiver Channel Class Using XML

The design approach of receiver channel is the same as receiver class and the
design diagram is showed in Fig. 54.8.

54.4.3 Design of Channel Tracking Class Using XML

The design approach of channel tracking is the same as receiver class and the
design diagram is showed in Fig. 54.9.
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Fig. 54.8 Design diagram of receiver channel class using XML
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Fig. 54.9 Design diagram of channel tracking class using XML

54.4.4 Design of Input Stream Class Using XML

The design approach of input stream is the same as receiver class and the design
diagram is showed in Fig. 54.10. Input Stream class defines the data interface from
sampling card to PC. The function of FileInputStream class is to read data from file
in disk. The function of DevicelnputStream class is to read data from sampling

card.

Fig. 54.10 Design diagram
of input stream class using
XML
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Fig. 54.11 Speed optimization scheme of software receiver

54.5 Speed Optimization Approaches of COMPASS
Software Receiver

For COMPASS three frequencies software receiver based on the PC platform,
signal capture, tracking and position calculating are all implemented by software
code instead of hardware. Calculation quantity of signal capture and correlation
operation is very large, which is the most time-consuming module in the receiver.
To satisfy real time demands of processing signal, a series of speed optimization
methods were proposed, which included arithmetic optimization, program code
optimization and calculation platform choosing. The optimization scheme is
shown in Fig. 54.11.

54.5.1 Computation Platform Choosing of Software Receiver

The programmable GPU has been developed into a processor of high parallel,
multithreading and multicore. It has outstanding operating speed and high store
bandwidth. The performance of GPU in aspect of floating-point operation is much
better than that of CPU, which is more than 1Tflops/s. Because of the powerful
parallel computing capability of GPU, the CPU and GPU are chosen as the
computation platform of software receiver. And the parallel correlation operation
of the most time-consuming in the software receiver is implemented by GPU.

54.5.2 Program Code Optimization of software receiver

Program code optimization was executed from three aspects:
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(1) Technology of multithread program is used. At present, CPU of the PC has
general more than two cores and four physical threads. And the CPU of
Workstation has even 24 cores. Twelve threads were created in the software
receiver, each of which separately executes the operation of one receiver
channel. To acquire more time clock cycles of CPU, the highest priority of
each thread is set. The test results show that processing speed of the software
receiver has been improved five times on the CPU with more than six cores
after the technology of multithread program is used.

(2) Technology of program code optimization based on CPU’s SIMD (Single
Instruction Multiple Data) is used. SIMD is a special instruction collection of
CPU designed by Intel Company, which can simultaneously process multiple
data in one clock cycle of CPU. At present, five kinds of SIMD, including
MMX, SSE, SSE2, SSE3 and SSE4, have been presented by Intel Company.

(3) Technology of program code optimization based on GPU’s CUDA (Compute
Unified Device Architecture) is used. CUDA is a general parallel computing
architecture designed by NVIDIA Company, which can solve complicated
problem. It includes Instruction Set Architecture (ISA) of CUDA and the inner
parallel calculation engine of GPU. Programmer can use c language code to
develop program based on CUDA, which can be run effectively on the GPU
processor. In this article, the correlation module of the most time-consuming
in the software receiver is implemented on GPU based on CUDA. The test
results show that the operation speed can be improved ten times on the display
card of NVIDIA GeForce GT650 M after applying this technology.

54.5.3 Algorithm Optimization of Software Receiver

Algorithm optimization includes two methods. One is signal acquisition algorithm
and the other is signal correlation algorithm.

(1) Algorithm optimization of signal acquisition

Because of using FFT algorithm in signal acquisition module, the processing
time of FFT is crucial to the arithmetic. The acknowledged FFT optimization
arithmetic on PC platform in the world is FFTW method designed by MIT, which
is described in detail in paper [7] and [8]. The signal acquisition speed can be
improved two or three times after using the FFTW method in this paper.

(2) Algorithm optimization of signal correlation

In traditional way, the correlation value of one sampling data need separately
compute the product of Early-arm, Prompt-arm and Late-arm in in-phase way and
quadrature-phase way. Because each arm (Early, Prompt or Late) product operation
includes two multiplications and one calculation of trigonometric function, one
sampling data includes twelve multiplications and six calculations of trigonometric
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function. So the computing quantity of correlator is very large due to high sampling
frequency. A look-up table method has been presented in this article, which in
advance stores correlator value in a three dimensional table and replace the above
twelve multiplications and six calculations of trigonometric function.

54.6 Conclusions

The software receiver adopted Visual studio 2010 as development tool. The core
arithmetic was designed by C/C ++ language code, and the user interface was
designed by C# language code. The software receiver can reach real-time pro-
cessing capacity under 80 MHz sampling rate and 2 bit quantization conditions. It
can process COMPASS B1/B2/B3 civil-code signals at the same time. The posi-
tioning results show that the software receiver’s three-dimensional positioning
accuracy is less than 10 m (95 %) under the condition of GDOP < 4. The fol-
lowing figure shows the results that software receiver processed COMPASS B3
civil signal (Fig. 54.12).
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Fig. 54.12 Graph of COMPASS software receiver for processing B3 civil-code signal

In the above picture, satellites graph in view is shown at the top left corner. The
ratio of carrier-to-noise of visible satellites is shown at the down left corner. The
positioning result is shown at the top right corner. The channel information,
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including elevation, azimuth, Doppler frequency, frame ID number, acquisition
time and correlating time, are shown in the down right corner.
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