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Abstract—In part one of the journal paper, we performed the analysis of the discrete vs. continuous carrier tracking
loop with large B, T (in Progri et al 2023). In this technical report we verified the theory (in Progri et al. 2023) with
data from tests with the Open-Source GPS software receiver emulation (theoretical or ideal signal) and then with the
GP2015/2021 hardware (with a real GPS signal coming from a GPS satellite). The results presented include the
experimental data that were employed to validate our theoretical approach (in Progri et al 2023). According to our
analysis (in Progri et al 2023) for 0 < B,,T < 0.3329 the carrier tracking is stable; however, for 0.3329 < B, T <
0.5 the carrier tracking is marginally stable; i.e., it stable in short term or for a few seconds and unstable in the long
term or for many seconds, minutes, hours etc. From the experimental data, recorded by Mr. Kelly, we were able to
confirm that for B,T < 0.3 the carrier tracking loop was stable, for B,T = 0.5 the carrier tracking loop was
marginally stable and B,,T = 1 the carrier tracking loop was unstable. Therefore, there appears to be a flawless
agreement between theory (in Progri et al 2023) and the experimental results from implementation and testing.

Index Terms—Carrier tracking, integration time, loop bandwidth, implementation, testing, Open-Source GPS.
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1 Introduction

In part one of the journal paper, it became clear that the product
of the noise bandwidth with the integration time has a
significant effect on the stability of the tracking loops be it
delay lock loop (DLL) for code tracking or phase or frequency
locked loop (PLL or FLL) for carrier tracking in Progri et al.
(2023, [2]).

The test setup for this journal paper was not accidental. In
Progri et al. (1998, [3]) a similar test setup was proposed that
considered an ideal scenario with no mutual coupling and
channel error and then with frequency independent mutual
coupling and channel errors and then finally with frequency
dependent mutual coupling and channel errors.

In Upadhyay et al. (1999, [4]) it was then Ph.D. student
Progri who designed, developed, simulated, and implemented
successfully the NASA Phase II Small Business Innovative
Research (SBIR) Docking Attitude and Navigation System
(DANS) which earned him a prestigious Mayflower Award in
October of 1998.

In Progri et al. (2001, [4]) which was later published in the
journal paper Progri et al. (2002, [5]) and then published in
Chap. 6 in Progri (2011, [12]) an implementation test setup that
used the sum, product, and various signal processing adaptive
functions was employed successfully.

In Progri et al. (2002, [6]) a complete analysis, design,
simulation of a C-CDMA indoor geolocation system was
proposed and successfully simulated for the first time in
MATLAB, which became the center piece of Dr Progri, Ph.D.
dissertation in Progri (2003, [9]).

In Progri et al. (2003, [8]) which was later published in the
journal paper Progri et al (2004, [10]) a complete OFDMA
indoor geolocation system was proposed, analyzed, and
simulated successfully in MATLAB. The simulation test setup
was very similar to the one proposed in this technical report.

From 1998 until 2007 Dr. Progri performed many successful
research projects which are not reference in this technical report
but the experience drawn from these projects had a lasting
impact in formation of his sound engineering doctrine, practice,
and foundation.

The implementation and the test setup of this important
project required careful and proven engineering practices to

achieve the desired outcome.
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Dr. Progri had successfully demonstrated that he was able to
carry the analysis, modeling, simulation, and implementation
step by step based on sound engineering practices, foundation.

The investigation proposed in this technical report was a very
natural extension from the experience dawn from Dr. Progri
extensive research and publication from 1998 until 2007. In this
technical report, Dr. Progri proposed the test setup which Mr.
Kelly implemented in this technical report.

In order to investigate this inconsistency and be able to
explain the lack of consistency between the published theory
and experimental data we implemented the carrier-tracking
loop for Open-Source GPS using the same integration time for
the carrier and code loops equal to the 20 ms data period. First,
we tracked in accumulated carrier phase by setting the loop
bandwidth approximately equal to 25 Hz, which produces a
B, T of 0.5. Initially the carrier tracking loop appeared to work
well but, later on the position and to a larger extent the velocity
fixes accumulated more and more error. Second, since it was
known that this loop works well with an integration time of 1ms
it motivated (or gave us the incentive) us on to look into this
phenomenon in greater detail.

Based on the analysis performed in Progri et al. (2023, [2])
we verified the influence of the B, T on the code and carrier
tracking loop stability with data from tests with the Open-
Source GPS software receiver emulation (theoretical or ideal
signal) and then with the GP2015/2021 hardware (with a real
GPS signal coming from a GPS satellite). The results presented
include our theoretical approach and the experimental data.
According to our analysis it appears that for 0 < B, T <
0.3329 the carrier tracking is stable; however, for 0.3329 <
B,T < 0.5 the carrier tracking is marginally stable; i.e., it
stable in short term or for a few seconds and unstable in the
long term or for many seconds, minutes, hours etc. From the
experimental data we were able to confirm that for B,T < 0.3
the carrier tracking loop was stable, for B,T = 0.5 the carrier
tracking loop was marginally stable, and for B,T =1 the
carrier tracking loop was unstable.

The paper is organized in the following manner. First, we
present results that include the theoretical signal without noise
and clock errors and the real GPS with noise and clock errors.
Second, we present a summary and conclusion section. Third,
we provide a future work section. Appendix A contains the
implementation results with no noise and no clock error,
Appendix B presents the implementation results of the real GPS

signal.
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TABLE [: BANDWIDTH INTEGRATION TIME PRODUCT; NO NOISE INFINITE BANDWIDTH/FOR A REAL GPS SIGNAL

(S=STABLE, M = MARGINALLY STABLE, U= UNSTABLE)

B, (Hz)
T (ms) 1 2 5 10 15 25 50
1 0.001(S) 0.002(S) 0.005(S) 0.01(S) 0.015(S) 0.025(S) 0.05 (S)
2 0.002(S) 0.004(S) 0.01 (S) 0.02(S) 0.03 (S) 0.05 (S) 0.1 (S)
4 0.004(S) 0.008(S) 0.02 (S) 0.04(S) 006 (S 01 (5 02 (9
5 0.005(S) 0.01 (S) 0.025(S) 0.05(S) 0.075(S) 0.125(S) 0.25 (S)
10 0.01 (S) 0.02 (S) 005 (S) 0.1 (S) 0.15 (S) 0.25 (S) 0.5 (S)
20 002 (S) 004 (S 01 (S 02 (S) 03 (S 05 (M 1 (U)
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FIGURE 1: GP2021 experimental setup.

2 Experimental Setup and Results

Figure 1 depicts the GP2021 experimental setup, proposed by
Dr. Progri and then implemented by Mr. Kelly, to test the value
of the B, T product ranging from 0.001 to 1.

As explained in the introduction, this test setup was not
accidental. It was envisioned by many years of experience,
research, and development from Progri et al. (1998, [3]) until
Progri et al. (2004, [10]) just to name a few similar, successful,
and important projects. The test setup of this technical report
was based on sound, firm engineering practices or foundation.

Table I contains the values of the B,, T that were used for the
two sets of the experimental setup. Further details of the
experimental setup are given below. Results are produced
utilizing two sets of scenarios (or experiments):

1. Theoretical (ideal) signal: no noise and no clock errors.
The simplest test was the theoretical signal, which does
neither contain any noise nor clock errors. The only real
limitation on the tracking loop was the quantization of the

carrier digitally controlled oscillator (DCO) frequency

setting which is: 40MHz/7/2727 or about 42.6 milli-Hz.
2. Real signal: with noise and clock errors. For this
experimental setup Cliff recorded 60 sec of IF data from
the SiGe with a 2-bit A/D, an IF at 4.1304 MHz sampled
at 16.3676 MHz. The antenna was at a fixed location in
Palos Verdes with a nearly clear view of the sky. It is just
above the roof of Cliff’s house so there is the possibility of
multipath toward the west. The data was recorded on Dec

5, 2006 at 6:45 PM (see Progri et al. (2007,[1])).
2.1 Theoretical signal: no noise and no clock errors

The simplest test was the theoretical signal, which does neither
contain any noise and nor any clock errors. The only real
limitation on the tracking loop was the quantization of the
carrier DCO frequency setting which is: 40MHz/7/2”27 or
about 42.6 milli-Hz (see the results in Appendix A).

Table I contains a summary of the test results. As shown in
Tab. I the product of B, T is less than one for 41 cases and one
for one case. As indicated in Tab. I the system is stable when
B,T <1 and unstable for B,T = 1.

One set of experiments consists of forty-two combinations
of the B,,T product. For thirty-nine of these combinations that
satisfy B,T < 0.3 the theory and the experimental data with
ideal signal agree flawlessly by indicating that the carrier
tracking is stable. In order to examine and demonstrate the
stability we have shown the signals at the input and output of
the second order carrier and code tracking loop filter in Figs. 2
through 6.

Furthermore Figs. 2 through 4 show the in-phase and
quadrature early and late carrier tracking for T = 1 ms and
B, = 1 Hz and different zoom aspects of the time scale. We
can clearly note the symbol transition every 40 ms and all the
symbols are rectangular (or square waves) and there in no

anomaly in every symbol. The C, = 0.0001 <1 which
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explains the stability of the second order carrier loop filter. We
also notice that the early symbol is on the outside and the late
symbol on the inside. Figures 5 through 7 show the output of
the carrier and code tracking loops namely the carrier DCO and
code DCO. Both the code and carrier DCO are stable and we
also notice that the code DCO changes every multiple of 20 ms.
The carrier DCO change however does not follow the 20 ms
rule.

For the forty-second combination of the B, T product for
which B, T = 1 the theory and the experimental data with ideal
signal agree flawlessly by indicating that the carrier tracking is
unstable. In order to examine and demonstrate the stability we
have shown the signals at the input and output of the second
order carrier and code tracking loop filter in Figs. 8 through 13.
Furthermore Figs. 8 through 10 show the in-phase and
quadrature early and late carrier tracking for T = 20 ms and
B, = 25 Hz and different zoom aspects of the time scale. We
can no longer recognize the symbol transition every 40 ms and
all the symbols are no longer rectangular (or square waves) and
there in a clear anomaly in every symbol. We also notice that
the early symbol is on the outside and the late symbol on the
inside. At 1.7 s the carrier loop goes from stable to unstable as
a result of the divergence caused by the value of the C, =
4.1814 > 1 coefficient as predicted in the theory. Figures 5
through 7 show the output of the carrier and code tracking loops
namely the carrier DCO and code DCO. Both the code and
carrier DCO are stable and we also notice that the code DCO
changes every multiple of 20 ms. The carrier DCO symbol

transition change however does not follow the 20 ms rule.
2.2 Real GPS signal: with noise and clock errors

For this experimental setup Cliff recorded 60 sec of IF data
from the SiGe with a 2-bit A/D, an IF at 4.1304 MHz sampled
at 16.3676 MHz. The antenna was at a fixed location in Palos
Verdes with a nearly clear view of the sky. It is just above the
roof of Cliff’s house so there is the possibility of multipath
toward the west. The data was recorded on Dec 5, 2006 at 6:45
PM (see Progri et al. (2007, [1])). (see the results in Appendix
B)

Table I contains a summary of all the test results of the 42
combinations of the B, T product. As indicated in the summary
Tab. I for 39 combinations of B, T product which B, T < 0.3
the theory and the experimental data with real signal agree
flawlessly by indicating that the carrier tracking is stable;

however, for sixteen cases as indicated in Tab. I we observed
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larger variance of the phase noise. We will investigate the
phase error later for these sixteen cases and try to come up with
a detailed explanation. In order to examine and demonstrate the
stability we have shown the signals at the input and output of
the second order carrier and code tracking loop filter in Figs 14
through 19. Furthermore Figs 14 through 16 show the In-phase
and Quadra-phase early and late carrier tracking for T = 1 ms
and B, = 1 Hz and different zoom aspects of the time scale.
We can clearly note the symbol transition every 20 ms and all
the symbols are rectangular (or square waves) and there is large
noise in every symbol. The C; = 0.0001 < 1 which explains
the stability of the second order carrier loop filter. We also
notice that due to large observed phase noise the early symbol
is no longer on the outside and the late symbol no longer on the
inside but they overlap. Figures 17 through 19 show the output
of the carrier and code tracking loops namely the carrier DCO
and code DCO. Both the code and carrier DCO are stable and
we also notice that the code DCO changes every multiple of 20
ms. The carrier DCO change however does not follow the 20
ms rule.

For the fortieth and forty-first combinations of the B,T
product for which B,,T = 0.5 the theory and the experimental
data with real signal agree flawlessly by indicating that the
carrier tracking is marginally stable. In order to examine and
demonstrate the stability we have shown the signals at the
output of the second order carrier tracking loop filter in Fig. 20.
As indicated in Fig. 20 the output of the carrier DCO is
somewhat stable during the initial 4.88 seconds and then begins
to slowly drift away. This phenomenon occurs because the
value of the coefficient C, is ~ 1.7. The filter initially tries to
maintain stability in the short term and later as the error begins
to grow the filter output slowly diverges away.

For the forty-second combination of the B,T product for
which B, T = 1 the theory and the experimental data with real
signal agree flawlessly by indicating that the carrier tracking is
unstable. In order to examine and demonstrate the stability we
have shown the signals at the input and output of the second
order carrier and code tracking loop filter in Figs 20 through 26.
Furthermore Figs 21 through Figs 23 show the In-phase and
Quadra-phase early and late carrier tracking for T = 20 ms and
B, = 25 Hz and different zoom aspects of the time scale. We
can no longer recognize the symbol transition every 20 ms and
all the symbols are no longer rectangular (or square waves) and
there is a clear anomaly in every symbol. We also notice that

the early symbol is on the outside and the late symbol on the
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inside. At 1.95 s the carrier loop goes from stable to unstable
as a result of the divergence caused by the value of the C, =
4.1814 > 1 coefficient as predicted in the theory. Figures 24
through 26 show the output of the carrier and code tracking
loops namely the carrier DCO and code DCO. Although the
code DCO is stable and we also notice that the code DCO
changes every multiple of 20 ms, the carrier DCO is unstable

in both short and long term as seen in Figs 25 and 26.

3 Conclusions

We have presented the discrete vs. continuous tracking loop

with large B, T implementation and testing to a great deal of

detail. In order to test out our theory we conducted two sets of
experiments. Both sets of experiments consisted of forty-two
experiments for which the values of B, T were taken from the

B, X T matrix shown in Tab. I. As shown in Tab. I for thirty-

nine of these combinations B,T < 0.3, for two combinations

B,T = 0.5 and for only one combination B, T =1 .:

1. For the first set of experiments an ideal signal was used;
i.e., a signal without noise and clock errors.

2. For the second set of experiments a real GPS signal was
used; i.e., a signal with noise and clock errors as received
from a GPS antenna.

3. In both sets of experiments for all the combinations for
which B, T < 0.3 the output of the carrier loop was stable;

4. however, for two the combinations for which B,T = 0.5
the output of the carrier loop was marginally stable for the
only combination for which B,T = 1 the output of the
carrier DCO was unstable.

All these conclusions are in a complete agreement with what
was initially predicted in our analysis in Progri et al. (2023, [2]).

Because the code loop carrier tracking bandwidth is so much
smaller, we will almost never see the code loop become
unstable for the values of B, T for which the carrier loop is
unstable.

When B, T is close to one, signal tracking loops in a digital
receiver will become unstable (as proved by Progri et al. (2023,
[2])). Furthermore, even when B, T is much smaller than one,
if the integration time T is very long, it is still possible that a
digital receiver will crash in run, because the accumulated
phase tracking errors induced by receiver dynamics and
oscillator instability in one integration time interval may reach
the tracking threshold (as proved by Gao (2007, [11])). In

conclusion, for a digital GPS receiver, the expression for
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PLL/FLL tracking errors has to be modified.

The success of this project was not accidental. Dr. Progri had
successfully demonstrated that he was able to carry the analysis,
modeling, simulation, and implementation step by step based
on sound engineering practices. Even in this very important
topic in which there was a lack of agreement between the theory
and practice, Dr. Progri led a successful team effort followed
by sound and firm theoretical and practical engineering
practices and foundation and provided the necessary guidance
from the initial conception and the completion of this important

project.
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6 Appendix A: No Noise Infinite Bandwidth
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FIGURE 2: In phase (left) and quadrature (right) early and late for T = 1 ms and B, = 1 Hz (No Noise, B = 8 MHz, Stable)..
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FIGURE 8: In phase (left) and quadrature (right) early and late for T =20 ms and B, = 50 Hz (No Noise, B = 8 MHz, Unstable).

7 Appendix B: Real GPS signal with noise
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FIGURE 9: In phase (left) and quadrature (right) early and late for T = 1 ms and B, = 1 Hz (with noise, B = 16 MHz, stable)..
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FIGURE 19: Code DCO (left) and Carrier DCO (right) for T = 20 ms and B, = 50 Hz (with noise, B = 16 MHz, unstable).
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FIGURE 20: Same as Fig. 19 zoom 1.
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FIGURE 21: Same as Fig. 19 zoom 2.

i This article was originally published in Progri et al., (2007, [1]). This is a
significantly improved revision of the same ION GNSS 2007 conference paper.

This journal paper includes a major revision of the implementation and testing
and of the interpretation of the results.
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