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wireless networks, Gold code is an interesting
option since it can produce a more restricted
and stable spectrum than PN code. The results
demonstrate how a DLL with a narrow
bandwidth may still decode data even if the
system loses tracking, giving the system a
higher level of reliability.
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1. INTRODUCTION

The Global Positioning System (GPS) provides
an efficient and cost-effective approach to find
the user's location, time, and velocity at
anytime and anywhere [1]. GPS satellites
transmit Course Acquisition (C/A) codes on
L1P (Y), L2P (Y), and Li1. GPS satellites were
moved to Block IIR-M after 2005 (M-military),
to which other codes were added, namely L1
(centered at 1575.42 MHz), L2 (centered at
1227.60 MHz), and L5 (centered at 1176.45
MH?z), for greater accuracy [2, 3]. In addition,
GPS added the C code on the L2 band to their
codes for civilian use to improve positioning
performance. Overall, 31 GPS satellites are on
Medium Earth Orbit (MEO) at approximately
20,200 km height to provide navigation data
24/7 to users worldwide. The primary goal of a
GPS receiver is to demodulate the navigation
data and find the range between the receiver
and the satellite. The transmitted navigation
data, ephemerides, is a 50-bit-per-symbol code
modulated with the Binary Phase Shift-Keying
(BPSK) waveform and then coded with Gold
Codes (GC). The transmitted ephemerides
contain the satellite orbit parameters and clock,
used in the ranging process and eventually
positioning. The GPS signal is coded with Direct
Sequence Spread Spectrum (DSSS) [4-6]. Ref.
[7] presented Software Defined Radio (SDR) to
tackle the low accuracy of the local oscillator
used in the receiver. Tang et al. [8] presented
that Fast Fourier Transform (FFT)
decomposition can be applied to acquire signals
faster. A more robust receiver was developed
with a front-end architecture for the Li/Ls5
signal in Ref. [9]. Ref. [10] presented a faster
acquisition process for the (C/A) GPS signal.
The FFT algorithm was employed to depict the
I/Q signals and the retrieved navigation data.
Adaptive filtering is applied in Ref. [11] to
minimize narrow-band jamming within the
spread-spectrum signal. Reducing acquisition
time is essential for GPS positioning. Ref. [12]
developed an algorithm to decrease acquisition
time and optimize computational complexity.
Moreover, signal acquisition in a severe fading
environment was studied in Ref. [1] using FFT,
where the Adaptive Data Length (ADL) method

was proposed to speed up the time for the
acquisition. A low-complexity, weak signal
tracking algorithm based on a sliding frequency
lock loop for Global Navigation Satellite System
(GNSS) signals in indoor environments was
proposed by Ref. [13]. Savas et al. [14]
compared different acquisition and tracking
methods of GPS L1 C/A and GPS Lj signals in
the presence of scintillations in the propagation
environment. GPS-L5 signals in Ref. [15]
calculated and verified a model for digital
distortion and channel response. The tracking
errors due to cycle slips at the receiver were
studied in Ref. [16]. In another study, the
Kalman filter was employed to enhance
position estimates beyond the accuracy
achieved through direct GPS measurements
[17]. The Kalman filter was used as a post-
processing technique to refine the precision of
stand-alone SPS positioning in challenging
scenarios [18, 19]. Wu et al. [20] examine four
GPS Li/Galileo E1 models for common-clock
receiver attitude determination. While the
tightly coupled model had lower failure rates
and higher ambiguity resolution (AR) success
rates, the loosely combined model had
outcomes in single-epoch mode that were
identical to the double-differenced models. The
single-differenced and tightly coupled models
performed better in pitch accuracy and AR
success rates in the multi-epoch mode. In
another study, Bakula et al. [21] used Huawei
P30 Pro smartphones and a top-tier geodetic
GNSS receiver (Javad Alpha) to investigate
code differential GPS positioning. When
comparing the P(L1) code to the P(L5) code,
they discovered that the latter greatly reduced
the accuracy of DGPS (Differential Global
Positioning System) positions. There was a 60—
80% reduction in the average horizontal and
vertical coordinates errors. A smartphone with
the P(L5) code had an accuracy of roughly 0.4
m (3D) while using 16 satellites and 0.3 m (3D)
when using 26 satellites. Ref. [22] investigated
the front-end design of GPS receiver systems,
covering how GNSS and GPS are functioning
alongside with architecture classification,
image rejection methods, performance metrics,
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and a new merit gauge for GPS receiver
research, with its possible scope and
difficulties. Nevertheless, Ref. [23] compared
the noise level and performance of low-cost
GNSS receivers with geodetic ones. It also
suggested a dual low-cost rover system to lower
noise and increase precision, thereby
expanding the use of these devices in network
monitoring applications. Another research
investigated the characteristics of the GPS L2C
signal for upcoming positioning algorithms.
Modernized satellite quality metrics were
compared using C/A and P2(Y) codes. The (24
reference) stations' worth of experimental data
from expensive and high-end receivers were
used for quality analyses. The results
demonstrate that L2C-derived measures are
superior to the encoded army signal but equal
to the legacy public code [24]. Moreover, Yoon
et al. [25] presented a geometry-based method
to identify simultaneous cycle slips in several
satellite channels using a single-frequency
receiver. By detecting a half-wavelength cycle
slip for each channel, the method solved the
problem of robust position determination in
low signal reception conditions, such as urban
regions. The present study models and
simulates a coherent Li-carrier GPS receiver in
the z-domain using MATLAB. Its performance
is evaluated under high input dynamics such as
the Doppler effect and noise, as presented in
Fig. 1. The rest of the paper is structured as
follows: the GPS signal model is clarified in
Section 2, and the digital GPS receiver is
illustrated in Section 3. Section 4 presents the
system modeling, and the results are discussed,
followed by the range processing in Section 5.
Finally, the conclusions are drawn in Section 6.

Gold Generator

BPSK
Modulation
Bermnoulli Unipolar
Binary to Polar

Tx Data
Ol = Receiver
Rx Dati
Sl LPF Code || Costas

Scope Tracking Loop

Fig. 1 The Transmission and Reception of GPS
Signals.

2.GPS SIGNAL MODEL

DSSS signaling, which is used in GPS, is a signal
that uses a larger bandwidth in modulation
than that required by the underlying data
modulation. Generally, a spread spectrum
system is useful in managing interference,
making interception by unauthorized listeners
much more difficult, accommodating multi-
path, and providing multiple access capabilities
[26]. The DSSS signal is generated by directly
mixing the data with a spreading code before
the carrier modulation. A direct-sequence
signal with BPSK or differential PSK (DPSK)
modulation is represented by Eq. (1), and the

spreading waveform is represented by Eq. (2)
[27]:

s(t) = Ad(t) c(t) cos2rw.t + 0) (1)

C(t) = ;)o:—oo Ci 'I’(t - ch) (2)

where A is the amplitude of the signal, d(t) is
the binary data, c(t) is the spreading waveform,
w, is the carrier frequency, 0 is the phase, T, is
the chip duration of the code, i is the
correlation, and t is the time. The coherent
BPSK DSSS receiver collects the received signal
by multiplying it with a copy of the spreading
code c(t) [28]. The de-spreading process is
successful only if the receiver code is
synchronized with the received signal's
spreading code. Here, the autocorrelation
function and the autocorrelation of an infinite
sequence are calculated using Eq. (3) and Eq.
(4), respectively.

Re(@) = lim = [* c®)ct -t (3)

_(1—|7|, forl|z|<T,

R = {0, otherwise (@)
where 7 is the time shift of the correlation.

The chipping rate for the L1 C/A code is 1.023
Mbps. The GC family is used to form C/A codes.
In GCs, two Pseudo Noise (PN) codes are
summed together to provide lower cross-
correlation than a single PN code. In this
context, each GPS satellite has its unique C/A
code, each with 1023 chip PN codes generated
from a 10-bit shift register. G; and G, have
initial seeds of "1's. Also, the tap positions of G,
and G, are taken from the following generating
polynomials [29]:

G] = 61(10) + Gz(sl'l) + Gz(sz) (5)
where G, =1+ x> +x%and G, = 1+ x? + x3 +
x¢+x8+x%+x'G;, in Eq. (5), are the
sequence of the GC for the jth satellite, s;; and
s;, are the tap values of the signal predefined for

the jt satellite and x represents the position of
the flip-flop in the shift register. In the GPS
signal, the frequency of the PN code C/A is
1.023 MHz, and the period is 1023 bits (1us) per
chip. The navigation message, which has a
frequency of 50 Hz, is broadcast using the PN
code [30]. The C/A signal is then BPSK-
modulated and transmitted across the
communication channel using a carrier with a
frequency of 1575.42 MHz (L1 band). Although
GCs have a far lower cross-correlation than PN
sequence codes, they have the same
autocorrelation. The auto and cross-
correlations of a GC are plotted in Fig. 2(a) and
Fig. 2(b), respectively. The autocorrelation of
GC has a very high main peak with very low
spikes, as shown in Fig. 2(a). However, GCs
have very low cross-correlations between their
individual = codes, @ demonstrating low
interference among GCs, as illustrated in Fig.
2(b).
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Auto Correlation

-0.5 0 0.5 1
Lag (milli seconds)

(a)

Cross Correlation

-1 —Ol.5 0 Oi5 1
Lag (milli seconds)
(b)
Fig. 2 Correlation of GC: (a) Autocorrelation
and (b) Cross-Correlation.

3.DIGITAL GPS RECEIVER

3.1.GPS Signal Acquisition

Signal acquisition is the first task of a GPS
receiver. The acquisition process is the ability of
the receiver to identify the satellites and catch
the C/A code. This task is challenging,
especially as the user moves at high speed,
which amplifies the Doppler effect. The relative
motion of the satellite and the receiver causes
the frequency to shift up or down the carrier
frequency of the L1 band. The phase is the time
difference of the C/A code in the received signal
compared to the code generated locally. The
receiver must align its local C/A code with the
received (shifted) code to decode the received
signal and extract the transmitted data [12].
3.2.GPS Signal Tracking

The main task of signal tracking is to refine the
frequency change and code shift parameters
and demodulate the received data. In this
context, the navigation data is multiplied by a
carrier replica of the BPSK to demodulate the
signal. After that, the demodulated signal is
multiplied with a synchronized GC to remove
the code from the navigation data. The output
of this system yields navigation data. Therefore,
the tracking system should generate two
synchronized signals, one for the BPSK carrier
and the other for the GC DSSS, to perfectly
receive the navigation data from the designated
satellite [14, 31, 32].

3.2.1.Carrier Tracking

A modified Phase Lock Loop (PLL), called the
Costas loop, is often used. It generates a replica
of the BPSK carrier to demodulate the
navigation data successfully. A block diagram
for the Costas loop used in the simulation of this
paper is presented in Fig. 4(a). The Costas loop
adopts maximum likelihood estimation in the
phase detector [33]. The loop has two branches:
I and Q, where I represents the output data, and
Q represents the error (called the lock
indicator). The demodulated data will be
presented on the loop's I-branch after the low
pass filter (LPF) while the loop works in lock
mode. The Costas loop is used over the default
PLL loop because it can handle 180° phase
shifts and keeps the signal tracking [34, 35].
3.2.2.Code Tracking

The primary task of the code tracking loop,
depicted in Fig. 4(b), is to track the phase of the
received signal. The code tracking loop uses a
modified PLL system called the Delay Lock
Loop (DLL) [36]. It generates three code
replicas: Early (E), Prompt (P), and Late (L)
codes. These two local code reference signals
power the two independent correlators (Early
and Late). They share the same frequency but
differ in time delay [37]. Because E and L are
fixed and cannot be adjusted at the beginning of
the operation, the error signal must travel
through a loop filter before approaching the
VCO [36]. The VCO shifts its free-running
frequency up or down to modify the clock
frequency of the E, P, and L codes. This process
is replicated until the error signal is zero or the
subtraction of the codes E and L is zero. The
purpose of this scenario is to indicate that the
received code matches its replica produced by
the receiver or that the received code is in sync
with the P-code. Once the matching process has
occurred, the P-code can provide the
transmitted message modulated and encoded
at the transmitter. Using the DLL, the receiver
can predict the pseudo-range between the
transmitter and receiver, a critical parameter in
calculating the true range and ultimately
determining the receiver's position [38]. The
Costas loop and the DLL are second-order
systems with loop filters. The transfer function
of the loop filter is represented in Eq. (6) [39]:

_ (KoK1(C1+€2)z 1-KoK1C1272)
F(z) = 1+[KoK1(C1+C2)-2]z"1+(1-KoK1C1)z™1 (6)
1 8{wnts
Cl = 3
KoK1 4+4{wpts+(wnts)
1 4(wnts)? @)
C2 =

T KoKq 4+4{wpts+(wnts)?

where { is the system damping factor, w,, is the
natural frequency in rad/sec, K, and K; are the
gains of the two loops, and t, is the sampling
time used in the system.
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4.SYSTEM MODELING

The reception of GPS signals starts with carrier
tracking through the Costas loop, which is a
crucial step to operate. The receiver must
maintain tracking to receive the GPS signal
correctly. Once the carrier tracking is
initialized, the GPS receiver must track the GC
deployed in the received signal, achieved
through the DLL, which is necessary to decode
the data to extract the navigation information.
These processes can be presented as a flowchart
in Fig. 3. The models of the carrier- and code-
tracking loops are detailed in Fig. 4. In the
following part, we discuss the signal dynamics
within these systems. In the Costas loop, the I-
branch “in phase” is responsible for removing
the carrier from the BPSK signal; this delivers
the navigation data spread by the GC. The Q-
branch “Quadrature phase” is considered the
lock indicator, as it generates a signal related to
the state of the loop, whether it is locked or not.
5.SIMULATION RESULTS

5.1.Carrier Tracking

The carrier tracking loop takes some time to
achieve carrier acquisition, as shown in Fig.
5(a). The output in the I-branch is the
navigation data spread by the GC, which settled
down within Ts (the settling time, whose value
depends on the type of signal and
cycle slipping). As illustrated in Fig. 5(b), Ts is
about 2 milliseconds. In this figure, a noise-like
signal is shown by the lock indicator (Q-
branch), and if there is an error in the Q-output,
this signal continues, meaning that the loop has
not yet acquired a lock. Lock acquisition is
accomplished when this noise approaches zero.
In this case, the loop's center frequency is
shifted 10 kHz from the L1 signal.

[ ]
- Receiver
GCEncoding Initialization

v
BPSK Receive the
Modulation signal
‘Costas _l ————————

:LOOP | Demodulate |<—| VCO |

Shift
Frequency

I
|
o
I
I

Navigation
I Compute
| Late/Early
L__—_—__L 2o oy
Fig. 3 Flowchart for the Reception of the GPS
Signal.

Input —‘

»

’—>Output
% » LPF }

1
; : -
Discrete-Time Loop X
vco [ Fiter [ leq
A
LPF Q
.;Zl—b LPF

(a)

Input —

c arly _jﬂ—
2 Code
1/2 Chip

Prompt o X Qutput
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Fig. 4 Modeling of GPS L1 Signal Tracking: (a)
Carrier Tracking Loop, and (b) Code Tracking
Loop.
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(b)

Fig. 5 Carrier Tracking Loop: (a) Signal I: in-
Phase Signal, and (b) Signal Q: Quadrature
Signal.
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Due to the input dynamics, such as the Doppler
effect, the input signal is shifted from the
designated frequency. Therefore, the tracking
loop must shift its center frequency to track the
change. Cycle-slip takes place when the center
frequency of the loop is “very distant” from the
carrier frequency of the received signal. As a
result, the lock indicator shows, for several
cycles, a noise-like signal. Finally, when the two
frequencies match, the output from the lock
indicator becomes zero. The error signal
generated by the phase detector is filtered by
the loop filter, which is then applied as input to
the Voltage Controlled Oscillator (VCO). The
VCO detunes the loop frequency (shift up or
down) by a rate determined by its sensitivity
(Kvco). As a result, the generated local
frequency follows the frequency deviations of
the input signal. The VCO's sensitivity is set as
a design requirement at 1000 Hz/Volt. Since
the loop can modify its frequency to meet the
change (after slipping a few cycles), the system
can similarly adapt its operation to account for
the Doppler shift in the received signal. When
the center frequencies of the reception and
carrier tracking loop are equal, the system
operates in normal mode as an ordinary
second-order system.

5.2.Code Tracking

The code tracking loop employs an Early-Late-
gate DLL and attempts to synchronize its local
GC with the incoming code, which has an
unidentified delay caused by wave propagation
from the satellite to the receiver. For these three
branches, i.e., E-, L-, and P-codes, this loop
generates the identical GC sequence used to
generate the DSSS in the transmitter. The E
branch arrives "before" (or earlier) than the
incoming signal because it is intended to have
no delay. The P arrives "before" or "after” the
incoming signal due to its half-chip delay.
Lastly, the L branch has a full chip delay that
will undoubtedly arrive "after" the received
code (late), as shown in Fig. 6(a), which shows
the time domain of E, P, and L signals. The
difference in reception between E and L codes
will be filtered, and then it is employed as the
controlling signal for the discrete VCO to adjust
its frequency that clocks the shift registers. The
E and L signals are employed as guards to the
right and left of the desired code until the error
signal (E-L) is minimized or settles to zero. In
this case, the error signal will display as zero
output, indicating that no further modification
is necessary. Now, this P branch has caught the
received code. This synchronization will enable
the extraction of navigational data. Fig. 6(b)
shows the frequency domain spectrum of E, P,
and L signals. The correlations between the
input and the three codes are shown in Fig. 7.
This figure demonstrates that the P-code and
the received code correlate best because they
have the least time difference compared with

the E and L codes. The E-L difference is mainly
employed as a modulating control signal for the
VCO. The P code will be used to retrieve the
navigational data once the DLL loop has
acquired the lock, as depicted in Fig. 8(a).
Because of the high sampling rate used in the
system, rapid fluctuations in values within each
bit of the recovered navigation data are
expected. Figure 8 (b) plots the frequency
domain of the navigation data before and after
the de-spreading process with the P-code.

1
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= = =Prompt Code
Late Code
Received Code

0.5

Amplitude
(=]

150 200 250
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- - =Late
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-20 -15 -10 -5 0 5 10 15 20
Frequency (MHz)

(b)
Fig. 6 The E, L, and P Codes of the Received

Code: (a) Time Domain and (b) Frequency
Domain.
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Fig. 7 Correlation of the Received Code with
E, L, and P Codes.
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Fig. 9 Received Data Using GC vs. PN Code.

6.RANGE PROCESSING AND
ESTIMATION

To enable GPS users to determine their precise
location, they need to know the position of the
satellites and the range of each satellite.
Pseudo-ranging is employed, whereby a GPS
user determines an estimated distance between
themselves and the satellite by correlating a
local code and a satellite code within the
receiver. The signal's traveled distance can be
calculated by multiplying the velocity of the
satellite signal's transmission by the elapsed
transmission time, considering any alterations
to the satellite signal's velocity caused by
tropospheric and ionospheric conditions. All
shift registers’ outputs are applied as inputs to
an AND gate. The detected “all-one” state will
be used to control the operation of the range
estimator. This signal is named either “over-

flow” or “strobe,” according to which block is
used for the determination. The “over-flow” is
generated using the G1 coder inside the Prompt
block within the code tracking loop.

On the other hand, to obtain the “strobe” signal,
a PN code identical to that generated in the
satellite is generated. The exact timing of this
local code is gathered from the time
information within the received data. The G1
branch for this code is used to generate the
“strobe.” Figure 10 illustrates a common
method of range processing, which involves
employing a delay estimation technique and a
PN code tracking loop. The counter is 12-bit
with a 10 MHz clock resolution. The overflow
signal provides the reset signal for this counter.
The strobe is used as a clock to activate a buffer
linked to the counter’s output. Consequently,
when the buffer receives the strobe, it transfers
the counter’s data (final count), representing
the time delay. The range is calculated by
multiplying the received time delay by the
speed of light, representing the distance
between the user and the designated satellite.

GPS

Satellite transponder P4 “

Time delay 7 l

PN Code

E L1 BPSK Carrier

'Code Tracking
loop
wu 11111
Pseudo Range l?el!): le PN Replica
Estimation Estimation

GPS Receiver

Over-flow

Strobe)
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’
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I
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I
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I
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I
0
I
I
I
0
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I
I
1

Fig. 10 The PN Range Estimation.

7.CONCLUSIONS
The primary findings of the current research
can be succinctly stated as follows:

e Using GCs (modified PN) significantly
improves the performance of the GPS
receiver. As the results demonstrated, the
cross-correlation of GCs is very low.
Therefore, such codes enable several
satellites to operate without interference.

e The present paper depicted that GPS
receivers can automatically track the
Doppler shift within the incoming signals.
In noisy channels, the code tracking loop
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can continue to decode the received code
and deliver navigation messages even if
the carrier tracking loop loses the
reception lock and even during cycle
slipping, which is a significant benefit of
using this receiver in a noisy environment.
e GC can significantly improve signal
reception and recovery performance. The
received navigation data is also
significantly improved, and the data signal
is stable and bounded compared with PN
codes, making GC a promising candidate
for the next generation of wireless

networks.
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NOMENCLATURE
A Amplitude, Volts
c(t) Spreading waveform, Volts
Gj The sequence of the GC
Ko Gain of loop 1
K Gain of loop 2
R:(t) Autocorrelation function
t Time, seconds
Te Chip duration of the code, seconds
ts Sampling time, seconds
Ts Settling time, seconds
x Position of the flip flop in the shift register
Greek Symbols
2] Phase, rad
W, Carrier frequency, rad/s
Wy, Natural frequency, rad/s
¢ The damping factor
T The time shift of the correlation, seconds
P Correlation
Subscripts
c Carrier
j Satellite
n Natural
s Sampling
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