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ABSTRACT 
 
An integrated design, Test and Evaluation (T&E) system for GPS receiver is proposed in the paper, which 
can perform T&E early in R&D cycle, and combine new designs into a conceptual GPS receiver directly. The 
flowchart of its development mode is given. The architectures of the system, especially of the 
signal-computing software are described with frame diagrams. The mathematical models of three reference 
points are derived, with the impact of oscillator errors modeled. Future plans and further developments are 
also discussed. 
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INTRODUCTION 
 
With the evolution of satellite navigation, wireless communication, embedded system and microelectronic 
technologies, more and more new techniques, methods and products emerge in GPS receiver design. 
Commercial industries have made large investment in these new designs to achieve higher positioning 
accuracy with improved robustness, reliability, and availability. It is necessary to provide a powerful, 
unbiased and flexible Test and Evaluation (T&E) platform to help parameters measurement, software & 
hardware debug and performance analysis, and to compare different designs at various product development 
phases. Traditional T&E tools are either held individually by the designers and manufactures to give T&E 
results of their own designs, or put to work after the prototype of a new receiver is completed[1,2].  
 
The paper proposes an integrated design, T&E system, which can not only offer T&E capability at different 
R&D phases, but also combine new designs into a conceptual GPS receiver and transform them into a 



working prototype directly. After explaining thought trains for the development of this integrated system, the 
paper describes its architecture, with focus of the testbed on the composition and data flow of the 
signal-computing software. Then the mathematical models of three reference points of the system are derived. 
It is presented that the Radio Frequency (RF) signals can be completely controlled by the sequence of several 
signal parameters, among which two parameters should be added to simulate a high-dynamic environment. 
The method to model the impact of oscillator errors on the digital Intermediate Frequency (IF) signals is also 
discussed. It is pointed out at last that this integrated system can be expanded to tools for new GNSS 
receivers. 
 
 

DEVELOPMENT MODE 
 
Most modern GPS receivers adopt Digital Signal Processing (DSP) circuits to process multi satellite signals 
after RF Front End (FE) down-conversion, filtering and Analog-Digital Conversion (ADC). In order to 
integrate new DSP methods, and to adapt to new signal structure of the next generation of GPS system (i.e. 
L5 carrier and C/A code on L2 carrier for civil use, new spread-spectrum M code) and Galileo system easily, 
many manufactures construct their DSP circuits of receiver prototypes on FPGA (Field Programmable Gate 
Array) platform[3,4]. FPGA can perform real-time multi-channel satellite signal processing which cannot be 
achieved by pure software in current technical conditions, while provide the flexibility and expandability 
which cannot be achieved by ASIC. Actually today’s FPGA can combine the GPS correlator, CPU and its 
interfaces, and more functional units into one chip with kernels of DSP or other processors embeded, which 
forms a System On a Programmable Chip (SOPC)[5]. A good comprehensive analysis is needed to realize 
SOPC on FPGA instead of nothing more than validation of timing sequence. System level simulation 
accounts for the ratio more than 30% in electronic design periods nowadays.  
 
GPS receiver designs and system level modeling & simulation tools can be integrated into one development 
platform and perform validation and transformation for each other. This platform not only provides a system 
level simulation tool containing GPS knowledge engineering or GPS expert system resources, but also forms 
the new conceptual GPS receiver directly by tailoring relevant components. In virtue of today’s new design 
technology we can get the behavior level model and HDL (Hardware Description Language) design from it 
and apply them in advanced GPS receiver and chip design.  
 
As illustrated in Fig.1 and Fig.2, we choose to perform algorithm development and analysis in Matlab, 
system level design in Simulink. The validated designs are transformed to HDL implementation through third 
party tools (e.g. Altera SOPC Builder, Altera DSP Builder, Xilinx System Generator, etc.). We can build 
system model in Simulink with blocks communicating through signals, and custom test signals to drive 
simulation and analyze results in Matlab. Through third party tools a hardware testbench can be generated to 
compare Simulink simulation against downstream HDL simulation. The simulation speed in Simulink is 
much faster than HDL simulation, which makes the simulation of complex system feasible. The results of 



Simulink simulation exactly match those produced by hardware implementation. Producing a working design 
is greatly simplified because the results that are expected from hardware can be seen even at the earliest 
phases of development through this coordinated simulation. Such a development mode has advantages on 
cost, usability, multi-rate mixed signal support, implementation of complex system-level designs, etc [6]. With 
this integrated platform the designers can pursue an optimal design actively and effectively and avoid doing 
poorly done work over again after T&E. Based on the validated behavior level model of GPS receiver, the 
designers can easily accomplish a receiver prototype and get further T&E. 
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        Fig.1 Development mode                Fig.2 Flow chart of simulation and design 
 
 

SYSTEM ARCHITECTURE 
 
There are usually four T&E levels in the point of view of new GPS receiver design: (1) theoretical analysis 
and software simulation for a particular technique, method or algorithm; (2) design validation of a GPS 
conceptual receiver; (3) T&E of a GPS receiver prototype which is often based on programmable design (e.g. 
FPGA or software radio); (4) T&E aiming at GPS receiver products provided for the end users. In order to 
achieve all these T&E capability and combine validated techniques directly into new receiver design, we 
propose the architecture of an integrated design, T&E system as shown in Fig.3. 
 
This integrated system consists of a GPS signal simulator, a conceptual GPS receiver, a signal/data analysis 
and design validation tool. The first part and the third part make up of a testbed for the conceptual receiver 
and the receiver prototype (which is also shown as the fourth part of the hardware-in-the-loop test system in 
Fig.3). The solid lines in Fig.3 represent signal/Data flow, where the dotted lines represent transform from 
conceptual receivers to working prototypes by the help of succeeding smooth-interfaced tools. 
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Fig.3 architecture of the integrated design, T&E system for GPS receiver 

 
I. GPS signal simulator 
The signal simulator acts as the test signal source by simulating the signals at several reference points of GPS 
navigation system under given circumstances. The composition and data flow of the signal-computing 
software running on the control computer is shown in Fig.4.  
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Fig.4 the composing and data flow of the signal computing software 



 
For traditional RF signal simulators, mostly test can only be carried out after receiver prototypes or products 
are completed, and the way to generate signals by hardware determines poor expandability both in signal 
structure and system function. Generally they need complex configuration and calibration before being used. 
Furthermore, simulators with high accuracy are costly. In order to go deep into DSP circuits containing 
code/carrier tracking loops, it is necessary to provide simulated digital IF signal, which can be generated by 
pure software as sampled data files. Both programmability and high accuracy can be achieved by software 
signal generation[2]. It is easy to adapt the signals to the next generation GPS specifications and to modify 
interference characteristics. The uncertainty of signals brought by hardware signal modulation is eliminated. 
By modeling various error sources in GPS system with high fidelity, the simulator can generate highly 
accurate signals for test of carrier phase measurement. Other benefits of software signal generation are the 
repeatability and playback capability for digital signals. By adding the RF signal modulator hardware, the 
simulator can simulate real-world RF signals to be radiated. 
 
II. Conceptual GPS Receiver 
As previously stated the conceptual GPS receiver is based on the system level mathematical models 
established in powerful simulation software—Matlab & Simulink, where it is very convenient to generate or 
transform various signals, to accomplish statistical analyses, to plot results, and to interface other back-end 
designing or simulation tools. The designers can integrate their algorithms/methods into the basic frame and 
assess its performance. As shown in Fig.3, the conceptual GPS receiver consists of three modules:  
 
RF FE module. The RF FE carries out RF signal reception, pre-amplifying, down-conversion, filtering, 
AGC, and ADC. Usually it is implemented in hardware (e.g. a RF FE ASIC). To realize circuit level accurate 
simulation of analog RF signals depends upon time-intensive high-speed sampling and processing, which is 
resource/time-exhausting. For a system level design and a conceptual validation it is tolerable to establish 
abstract RF FE models using software. Since the outputs of most RF FE hardware are digitized IF/zero-IF 
signals, they can be accurately simulated on discretely processing computers. Using Matlab compilers, 
real-time workshop or appropriate third party tools we can generate high performance C or HDL codes from 
Matlab/Simulink designs. These codes can be used in simulation/design tools for general hardware or only 
for RF electromagnetic field.  
 
Multi-channel GPS DSP module. The GPS DSP module executes digital signal demodulation and provides 
original observed values (pseudorange and/or carrier phase) under the control of CPU software. We are 
concerned more about the multi-channel correlator than peripheral functions here. Other than time base 
generator, address decoder, bus interface and status registers, the core of the correlator is the tracking units 
which are usually composed of carrier DCO, code DCO, carrier cycle counter, PRN code generator, carrier 
mixer, code mixer, accumulate & dump, code-phase counter, code slew counter, epoch counter[7]. Based on 
accurate mathematical models of these components, the blocks established in Simulink can simulate dynamic 
behavior of physical DSP circuit. By adjusting parameters we can get deep view of DSP details.  



 
CPU software module. The CPU software mainly completes three tasks. (1) using I/Q accumulated data to 
provide DCO commands through specific signal processing algorithms, such as algorithms about correlation 
peak value detection, frequency/phase discriminator, digital loop filter, Doppler/PRN code 
searching/acquiring and signal tracking, which tightly cooperate with the DSP hardware to form closed 
code/carrier-tracking loop. (2) using original observed values and demodulated navigation data to provide 
position, velocity, accelerate, and time solution through specific navigation algorithms (e.g. the Kalman filter, 
RAIM). (3) to control the whole GPS receiver hardware.  
 
III. signal/Data analysis and design validation tool 
This tool analyzes simulation results and measured data of the GPS receiver, and gives function validation 
and performance evaluation of specific designs or the whole receiver. All the inputs/outputs of Matlab .m files, 
Simulink blocks, and receivable hardware outputs can be taken for its signal/data sources. Some of them are 
stored in databases/data-files for future use. The basic functions of this tool include signal/data segment 
selecting, data interpolation, statistic analysis, curve fitting, performance evaluation methods, etc. 
 
 

MATHEMATICAL MODELS OF THREE REFERENCE POINTS 
 
Establishing accurate mathematical models is key to the system performance. We choose three logic 
reference points (as shown in Fig.3 and Fig.4 with the same serial number on the signal lines): (1) the satellite 
RF signals arriving the antenna of a GPS receiver; (2) the digital IF signal which is usually the output of RF 
FE circuit and the input of GPS DSP circuit; (3) the sampled and accumulated in-phase/quadrature (I/Q) 
signals produced by digital base-band signal processing circuit.  
 
I. RF signal 
For a single frequency L1 C/A code system, the RF signal to be simulated at GPS system time can be 
expressed as

T
[8,9]: 
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Where N = number of visible satellites at time ,  = serial number of these satellites, and  
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From equation (4), (5), we know that the signal status can be described only by the following  
parameters at any time: 
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Under high-dynamic conditions the signals change very fast, so it is requisite to update the sampled data 

quickly. Generally the updating rate uf  should be greater than 10Hz. But it demands much on the speed of 

software computation and hardware real-time control to improve dynamic performance only by increasing 

. An effective solution is to introduce , the rate of change, and , the second derivative of Doppler 

shift , into the parameters to reflect the impact of acceleration and jerk. Thus equation (4) comes down to 

a sequence of  parameters as follows: 
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II. Digital IF signal 
The IF signal can be expressed as: 
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Where  = IF frequency, = IF signal power of SVIFf j
IFP j (which is not simply proportional to ), 

 = IF noises containing those passing through filters and falling within the final IF band from ，

harmonics produced by mixing and filtering, feedback or leak-through of local oscillator, image noises, etc. 
The rest terms in equation (8) are as defined previously. 
 



In view of the receiver oscillator errors (clock errors),  in equation (8) is composed of nominal IF 

frequency  and error item : 
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If the sampling process is a sub-sampling instead of Nyquist sampling (namely 2Sf f< ), there would be a 

theoretically negative (alias) IF frequency in the final sampled IF signal and a reversal of Doppler frequency 
shift and carrier phase shift. The error of final IF frequency is proportional to the oscillator error[1]:  
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Where /f f∆  is the relative error of oscillator frequency, TDCf  is the total frequency down conversion 

from L1 to sampled IF. 
 
Receiver oscillator errors are important receiver errors to model in this integrated system, which is not 
essential in both traditional GPS simulators and GPS receivers where the clock error can be solved as an 
unknown factor of the navigation equations[8,10]. It is relatively easy to simulate a deterministic error, but it 
seems a problem to simulate the stochastic errors with power law spectrum with high fidelity. An applicable 
computer numerical simulation method can be found in [11]. The major idea of it is to determine the Allan 
variance parameter of each main stochastic error component at the given sampling interval, then to deduct a 
set of corresponding frequency error sequences and superpose them together.  
 
III. Sampled accumulated I, Q signal 
Taking a specific GPS DSP chip，GP2021 by Zarlink SemiConductor[7], as an example, the output of 
inphase-quadrature integrator-dumper of one tracking module in the GPS digital correlator are accumulated I 
and Q samples as follows: 
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Where = time tag,  = power of the integrated signal, = navigation data bit at time , k IP ( )D k k [ ]R ⋅  is 

the autocorrelation function of PRN code, sin(sinc( ) )xx
x
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tracking loop, df∆ = estimation error of Doppler shift, = integration interval, IT kφ = carrier phase error of 

carrier tracking loop. There is an assumption in Equations (11) that , ,IP ( )D k j
gτ  and df  are constant over 

the integration interval. The model errors in high-dynamics can be limited by short integration time 
elaborated to match both sample rate and actual hardware output rate. 
 
 

CONCLUSIONS 
 
The overall project of an integrated design, T&E system for GPS receiver is proposed in this paper. It is 
aimed at high-fidelity GPS signal generation/control/reconstruct/playback on different levels, easy 
modification of signal structure and interference characteristics, T&E capability at various development 
phases, as well as smooth flow, low cost and short cycle of new receiver design & development. 
 
Both the top-down development flow (from concepts, functions, systems, subsystems to devices) and the 
reverse bottom-up flow rely on smooth interfaces between tools and elaborate designs of every module of the 
system. Based on the idea and models above-mentioned, the integrated system can simulate various effects of 
signals on concrete hardware in order to compare with true measured data. At the same time it is easy to adapt 
to different receiver configuration such as frequency plan, filter features, AGC characteristics, number of bits 
of ADC, number of channels, number of arms of each channel, changeable PRN code, sampling rate, 
accumulation interval, correlator chip spacing, data latching interval, etc. It is not difficult to accomplish 
adequate adjustable parameters, modular framework and a plug-in mechanism in Matlab/Simulink. With the 
fast grow of Galileo navigation system, We expect to expand this integrated receiver/testbed system to tools 
for new GNSS receiver compatible with Galileo, though there are much work left to do, for example, special 
receiving band & channels for Galileo (E1, E2, …) & GPS (L1, L2, L5), channel separation in the RF FE 
module, the adaptive compensation of the BPSK-modulation from a Binary Offset Code (BOC) in the DSP 
module, TCAR algorithm in CPU software, simulation of GPS/Galileo interoperability, and so on. 
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