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GPS RECEIVER SIMULATION AND SOFTWARE VERIFICATION

Jerry D. Holmes and Steven R. Budde
Texas Instruments Incorporated

Lewisville, Texas

ABSTRACT

The GPS receiver is a receiver capable of tracking the signal from a Global Positioning
System (GPS) satellite containing carrier and code tracking loops characterized by their
bandwidth and order. A math model of a CPS receiver that uses Monte Carlo techniques to
simulate the many effects to be modeled if one is to predict the performance of a GPS
receiver when it is operating near its SNR threshold is described. Among these are: (1)
predetection filter characteristics, (2) dynamic stress effects, (3) phase or frequency loop
error characteristics, (4) envelope detector algorithm, (5) postdetection filtering
characteristics, (6) code loop error characteristics, (7) noise sample generation with proper
degree of correlation, (8) effect on carrier and code loops when carrier oscillator has a
frequency error, (9) effect on carrier and code loops when code loop has a phase error,
(10) sampled data effects on carrier and code loop filters and digital oscillators, and (11)
threshold improvement as a result of narrower loop bandwidths when inertial aiding is
possible. By imbedding a modified version of this GPS receiver model in an interactive
software development tool, the verification of actual digital receiver software in a
simulated real-time environment can be performed. The design, implementation, and use of
such an interactive software development tool is described in the second half of this paper.

INTRODUCTION

The Global Positioning System (GPS) is a navigation system being developed by USAF
SAMSO for the purpose of accurate navigation anywhere on or near the earth. It employs
a type of spread spectrum known as direct sequence wherein a pseudorandom binary
sequence is used to 180-degree phase modulate an L-band carrier. The GPS receiver must
include a code tracking loop known as a delay-locked loop (DLL) that clocks a code
generator used to remove the PN code modulation. The GPS signal is also biphase
modulated by a 50-bps data stream. If these data are to be demodulated, a phase tracking
loop is necessary to obtain a phase reference. A Costas loop typically is chosen.

This paper describes a math model of a GPS receiver that uses Monte Carlo techniques to
simulate the many effects enumerated in the abstract that must be modeled if one is to



predict the performance of a GPS receiver when it is operating near its threshold. This
simulation was first reported at NTC ’79 (1) and was limited to a simulation coded in
Fortran and run in a batch processing mode only. Recently, the basic simulation was
expanded in scope by adapting it to run on a Texas Instruments 990 minicomputer system
where it has been used to verify real-time microcomputer program code in an interactive
use mode.

MATH MODEL OF GPS RECEIVER

A math model was conceived that includes all these effects as well as others. The block
diagram that is the basis for this math model is shown in Figure 1. The block diagram
includes a carrier tracking loop that can be either PLL or FLL, and a code tracking loop.
The two loops interact in the same way as in an actual GPS receiver; i.e., as the code loop
error increases, the SNR in both the code and carrier loops is reduced. Similarly, as the
carrier loop fails to hold the signal inside the predetection bandwidth, the SNR in both the
code and carrier loops is reduced.

The model shown in Figure 1 is a sampled-data model of the GPS receiver constituents
that relate most directly to the code and the carrier loops. Three sample frequencies are
involved in this math model. The tasks on the left side of the block diagram are executed at
the higher frequency FH. Those in the middle of the block diagram are executed at the
medium frequency FM. Those on the right side of the block diagram are executed at the
lower frequency FL. Where signals transition from fast to medium frequency, an integrate
and dump is used; i.e., samples are accumulated at the fast iteration rate for the medium
iteration interval. This sum is then divided by the number of samples and is output at the
medium iteration frequency. The same approach is used to transition from medium to low
frequency.

Only three signals transition from a lower to a higher frequency in this simulation. The
code and carrier digital oscillators are two of the three. The carrier loop filter’s velocity
estimate is the third. The code and carrier loop filters are iterated at the lower frequency
FL. The appropriate velocity estimates are assumed to be held constant at the DO inputs
for the entire low-frequency interval. The phase outputs of the DOs are changed at the
higher frequency FH by stairstep integration of the constant velocity input; i.e., during one
low-frequency interval, the phase of each DO jumps at each fast interval boundary by an
amount equal to the current velocity estimate times the fast interval duration.

The velocity signal that is fed out of the slow loop to the fast loop is held constant for the
appropriate number of counts.



 Figure 1—Nonlinear Receiver Simulation.



The system modeled by Figure 1 is a generalization of a basic approach to the modeling of
phase-locked loops. The input signal phase is compared to the loop’s estimate of phase.
The phase difference is treated as an error that drives a loop filter. The loop filter’s output
is the closed loop’s estimate of the instantaneous frequency of the input signal. The
frequency estimate is integrated by the digital oscillator to obtain the closed loop’s
estimate of signal phase.

This basic approach has been augmented by adding other functions to account for data
modulation, sinusoidal phase detector nonlinearities, signal attenuation effects as a result
of carrier and code loop errors, etc. These various factors are discussed individually.

Carrier Loop Phase Detector

The carrier loop phase detector model is contained in the upper left corner of Figure 1. The
input signal phase is called POS and is equal to the instantaneous value of pseudorange in
meters. The carrier loop DO output is the receiver’s estimate of range in meters and is
subtracted from POS to obtain carrier phase error PER in meters. The radians-per-meter
conversion factor RPM is multiplied by PER to obtain the carrier phase error in radians.

If data modulation is desired, either 0 or B is added to the phase error for 20-ms intervals
corresponding to bit durations of the 50-bps data stream. At each new interval, a random
number is used to decide whether to leave the data angle unchanged or to change it. In this
way, each data bit has a 50-percent probability of being each value and is independent of
any other data bit value.

The other essential factors involved in the carrier loop phase detection process can be
derived from the block diagram shown in Figure 2. The final downconversion mixer is
shown along with the zonal filter that rejects the double harmonic term and the integrate-
and-dump circuit that acts as the final predetection bandpass filter.



Figure 2—Baseband Conversion in Presence of Phase and Frequency Offsets.

Making the assumption that instantaneous frequency error Te is constant for the integration
interval T, one obtains

(1)

(2)

Equations (1) and (2) are the reason why the topology in the upper left corner of Figure 1
appears the way it does. The carrier loop phase error obtained by multiplying PER by
RPM is the N value in these two equations. The other angle of interest TeT/2 is obtained
by multiplying the instantaneous frequency error Te by half the integration interval. The
velocity error is obtained by subtracting the receiver’s velocity estimate VESTS from the
true instantaneous velocity VEL. Thus, for the receiver simulation to work, it is necessary
to input both range and range rate at each fast sample instant.



The resultant carrier phase error N + TeT/2 is added to the data angle (either 0 or B
radians) before the sine and cosine nonlinearity occurs. These operations then develop the
quadrature components of a unit amplitude signal.

Additive Noise

Figure 2 was discussed in the previous subsection concerning the effect on the signal as a
result of the integrate-and-dump (I&D) circuit that is the predetection bandpass filter. This
I&D circuit also determines the noise bandwidth:  i.e., the I and Q samples of the signal
are linearly combined with noise samples. This subsection describes how the noise
samples are modeled and scaled.

Typically, one wishes to model the receiver performance at some specific value of C/No,
i.e., the ratio of rms carrier power to noise spectral density. The ideal input signal shown in
Figure 2 is a sinusoid of amplitude A having all rms carrier power of

(3)

When white noise of single-sided density No is mixed to baseband and applied to all I&D
circuit of duration

(4)

the noise samples that appear at the I&D output are independent, have zero mean, and
have variance given by

(5)

since the single-sided density at baseband is 2No and the noise bandwidth of the I&D
circuit is 0.5/T = fs/2. Equations (3) and (5) can be combined to obtain the variance of the
independent noise samples as they appear at the I&D output:

(6)

The I components of noise in early and late channels become correlated with each other
but not with the Q components. Similarly, the Q components of noise in early and late
channels become correlated with each other but not with I components. Specifically, the
correlation factor is related to the early/late code separation factor )c by 



(7)

Integrate, Sample, and Dump

The seven ISD block functions shown in Figure 1 perform a function called integrate,
sample, and dump. They are used when the sample frequency is being lowered, i.e., when 
transitioning from high to medium or from medium to low frequencies. Samples are
accumulated at the higher frequency until the lower frequency interval has expired. The
accumulated sum is then divided by the number of samples accumulated. This average
value passes to the lower frequency functions at the lower frequency, the accumulator is
reset to zero, and the process starts over again.

Envelope Detector

The receiver, like the math model of Figure 1, develops I and Q baseband components of
the noise corrupted signal. To accomplish tasks such as code tracking, code search, C/No

estimation, AGC control, etc., it is necessary to obtain an estimate of the signal envelope.
An algorithm has been used that is an approximation to the ideal:

(8)

The approximation is given by

(9)

Costas Error Detector

Figure 1 shows the classic way of forming the Costas phase error function by multiplying
the baseband components I and Q together. For many of the simulations, that is exactly
what was used. This multiplication tends to cancel the 180-degree PSK modulation as a
result of the 50-bps data stream.



FLL Error Detector

The idea of a frequency-locked loop is to derive an error signal from the baseband I and Q
signals that depends on frequency error but not necessarily on phase error. The angular
phase error 2 can be expressed as

(10)

The derivative of 2 is taken as the frequency error and is obtained from the sampled data
quantities as shown in Equation (11).

Loop Filter

Figure 1 shows the input to the carrier loop filter being driven by either the Costas error
EPLL multiplied by the gain factor GPLL or the frequency error EFLL multiplied by the
gain factor GFLL. The switch position is chosen in accordance with one’s desire to study
FLL or PLL behavior. The GPLL and GFLL are gain-normalizing factors chosen to set the
proper loop gain.

Loop filters are modeled for loop orders one through four for both the carrier and code
loops. The bilinear Z transformation that results in trapezoidal integration is used to model
integrators.

Digital Oscillators

Both the carrier and code digital oscillators in the middle of Figure 1 have inputs that are
held constant for the slow iteration interval. The output is changed for each fast iteration
interval by an amount equal to the input times the fast iteration time interval.

The output of the carrier DO is the carrier loop estimate of the true signal’s range or phase.
The input to the carrier DO is an excellent estimate of range rate, especially if PLL or
Costas tracking is being performed.

The output of the code DO is the code loop estimate of range. It is an excellent estimate
since the code does not suffer the ambiguity problem that characterizes the carrier loop.

Hence, one learns range by observing the code DO output and range rate by observing the
carrier DO input.



Code Loop

Figure 1 is a block diagram of the combined carrier and code tracking loops. This
subsection is included to show how the code loop (delay-locked loop, DLL) is modeled
and how the loops interact.

The upper left portion of Figure 1 develops I and Q components of the early correlator and
the lower left portion does the same for the late correlator. The I and Q samples are
processed in an envelope approximation algorithm, previously discussed, thereby obtaining
the early correlation envelope ENVE and the late correlation envelope ENVL. These two
quantities are smoothed in 1-pole recursive lowpass filters. The smoothed late signal is
called FLATE. The ratio (ENVL-ENVE)/(FLATE + FERLY) is computed and used as a
code error discriminator that is approximately linearly proportional to code phase error for
small code phase errors.

The correlation envelope ratio (defined in an earlier paragraph) is scaled by multiplying by
GDLL and applied to the input to the code loop filter. If the carrier loop is tracking
satisfactorily, its velocity estimate is much more accurate than the code loop. By
combining the two velocity estimates, the code loop has to respond to the difference
between the true dynamic stress and the carrier loop’s estimate of dynamic stress. The
difference is typically much less than the total applied stress. This permits the code loop
order to be smaller than the carrier loop order. In addition, the code loop bandwidth can be
reduced, thus gaining jamming margin for the code loop.

The code digital oscillator acts as an integrator that integrates the code velocity estimate
CVEST to obtain the code phase estimate CPEST, which is the receiver’s estimate of
range. This range estimate is subtracted from the true range POS to obtain the code loop
range error CER (measured in meters). The chips-per-meter factor CPM is used to convert
the code phase error into chips of error CERC.

A subroutine called CORRV computes the signal amplitude as a function of this code
phase error CERC.

INTERACTIVE REAL-TIME CODE VERIFICATION

Concept

By using the GPS receiver math model as the foundation for building an interactive
software development tool, the debugging and unit testing of actual GPS digital receiver
software could be made much simpler. The concept of an interactive software development
tool that combines the simulation of the receiver hardware environment with the digital



receiver software developed from a two-fold need: (1) a method was needed to allow
simultaneous development and testing of the software while the actual hardware test bed
was being built and tested, and (2) a convenient approach for testing new algorithms
before they were implemented on the hardware test bed was desired to facilitate
integration of the software into the hardware test bed. Thus, the idea was conceived of
combining those portions of the GPS receiver math model that simulate the receiver
hardware with the digital receiver software into ail interactive software development
simulator.

Design

This interactive software development simulator was created by surrounding the hardware
simulation software and the digital receiver software with the interactive simulator
software (ISS). The intention of the ISS is to simulate the real-time environment of the
GPS receiver and to provide an interactive tool for debugging and unit testing the digital
receiver software. To achieve this goal, a method for interactively displaying critical
variable values during simulation was needed. Once these variables were identified, two
screen displays were designed to incorporate these variables. Figure 3 illustrates the
hardware screen that schematically displays the critical hardware variables and Figure 4
illustrates the software screen that schematically displays the critical digital receiver
software variables. These screen displays are selectable and are updated on request so that
the progress of the simulator may be observed as it is running.

To further enhance the capability of the ISS to aid in the debugging and unit testing of the
digital receiver software, two modes of operation were chosen. The RUN mode allows the
user to continuously iterate the digital receiver software. This allows the user to perform a
simulation unattended and to evaluate the results of the simulation at its completion.
However, the user can halt the simulation at any time during the execution of the simulator,
at which time the ISS enters the STOP mode. The user may select one of the following
commands when the ISS is in the STOP mode:

ABORT SIMULATION
RESTART SIMULATION
CONTINUE SIMULATION
UPDATE SIMULATION
TOGGLE SCREEN
COMMAND REQUEST
INSPECT/MODIFY MEMORY
DEBUG REQUEST
PRINT SCREEN

The ABORT SIMULATION command allows the user to abort the simulator. This
command allows the user to return to the system command interpreter.



Figure 3   Hardware Screen Display Example.

Figure 4    Software Screen Display Example.



The RESTART SIMULATION command allows the user to restart a simulation from the
beginning with new initial conditions. This command prevents the user from having to
reexecute the Simulator for each restart of the Simulation or change of the initial
conditions.

The CONTINUE SIMULATION command allows the user to place the ISS back into the
RUN mode until the STOP mode is requested again. This command allows the user to
continue with the current simulation once any of the other commands have been performed
while in the STOP mode.

The UPDATE SIMULATION command allows the user to update the simulator screen
display values. In the STOP mode, this command causes the simulator to be executed
(single-stepped) for one hardware iteration. The current screen display values are then
updated and the ISS is returned to the STOP mode. In the RUN mode, this command
allows the user to toggle between continuously executing the simulator without updating
the screen display values or updating the screen display every appropriate iteration without
halting the simulation.

The TOGGLE SCREEN command allows the user to toggle between the hardware screen
display and the software screen display. If the current screen display is the hardware
screen, this command will cause the software screen display to replace the hardware
screen display. The values associated with the new screen are also automatically updated.

The COMMAND REQUEST command allows the user to emulate the receiver control
processor, which is the top-level controller that commands the digital receiver to perform
the required functions.

The INSPECT/MODIFY MEMORY command allows the user to inspect or modify any
memory location within the digital receiver software or the ISS. This allows the user to
inspect variables other than those normally displayed on the simulator screens. The user
can also interactively modify memory locations to change parameter values or to patch in
new code when possible.

The DEBUG REQUEST command allows the user to activate or deactivate a breakpoint,
probe, or trace. The user can interactively assign breakpoints that will halt the simulation
when the program counter equals the breakpoint. This allows the user to halt the
simulation at points in the software other than at the end of a hardware iteration. This is
also useful in locating error conditions by being able to isolate the area in the software
where the error is occurring. The probe and trace capability allows the user to insert probe
and trace variables into the digital receiver software that can be activated and deactivated
interactively during the simulation. Activated probes cause the selected variable values to



be displayed on the screen when the probe is encountered during execution of the
simulator. Activated traces cause the selected variable values to be dumped to a trace file
that can be printed at the end of simulation execution.

The PRINT SCREEN command allows the user to dump the contents of the screen to a
print file at any time while in the STOP mode. The user can keep a record of any
operations considered important by dumping the screen to the print file. At the end of the
simulation, the print file can be printed so that a hard copy of the recorded screens can be
obtained.

The ISS was also designed to collect selected information during a simulation for
postprocessing analysis and plotting. The collected information is formatted as shown in
Figure 5 and is printed at the completion of the simulation. This information can also be
plotted to illustrate the relationship between time and the selected data. An example of
such a plot is shown in Figure 6.

Implementation

The basic approach to modeling a GPS receiver is shown in Figure 1. This entire model
was originally implemented on an IBM 370 computer and was later converted to ran on
the Texas Instruments 990/10 computer. The blocks on the left side of Figure 1 indicate
the section of the model that simulates the hardware. The remaining blocks indicate the
section of the model that was replaced by the actual digital receiver software in the
interactive software development simulator. The conversion from the original model to the
current version of the simulator, however, was performed in a series of logical steps so that
at each step the operation of the digital receiver software could be verified.

First, each loop filter was inserted individually, replacing the math model code that
performed the filter functions. Simple interface routines were used to scale the model
errors for use by the digital receiver loop filter algorithms and to scale the digital oscillator
inputs for the model. Once the frequency loop, phase loop, and code loop filters had been
imbedded in the simulator and verified, the algorithms that compute the errors that drive
the filters were inserted, replacing the model error computation code and the scaling
routines. The frequency detect module replaced the FLL error model code. The carrier
processing module replaced the Costas phase error model code. The code loop control
module replaced the correlation envelope ratio model code. Next, the carrier and code
phase accumulators were inserted in the simulator.



Figure 5—Baseband Processor Simulator.



Figure 6—Sample Print File Output.

At each step in the implementation of the digital receiver software, the simulator was used
interactively and continuously to debug, unit test, and verify the software. The simulator
allowed software to be developed before the real hardware was ready, and the verification
of each step simplified the hardware integration. The output reports and plots not only
assisted in evaluating the performance of the software but served as documentation of each
unit test.
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