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SUMMARY  Low signal power and susceptibility to interference cause
difficulties for traditional global navigation satellite system (GNSS) re-
ceivers in tracking weak signals. Extending coherent integration time is
a common approach for enhancing signal gain. However, coherent inte-
gration time cannot be indefinitely increased owing to navigation bit sign
transition, receiver dynamics, and clock noises. This study proposes a
cross-correlation phase combining (CPC) algorithm suitable for distributed
multi-antenna receivers to improve carrier-tracking performance in weak
GNSS signal conditions. This algorithm cross-correlates each antenna’s
intermediate frequency (IF) signal and local carrier to detect the phase dif-
ferences. Subsequently, the IF signals are weighted to achieve phase align-
ment and coherently combined. The carrier-to-noise ratio (CNR) and car-
rier phase equation of the combined signal were derived for the CPC algo-
rithm. Global positioning system (GPS) signals received by distributed an-
tenna array with six elements were used to validate the performance of the
algorithm. The results demonstrated that the CPC algorithm could effec-
tively achieve signal phase alignment at 32 dB-Hz, resulting in a combined-
signal CNR enhancement of 6 dB. The phase-tracking error variance was
reduced by 72% at 30 dB-Hz compared with that of a single-antenna sig-
nal. The algorithm exhibited low phased array calibration requirements,
overcoming the limitations associated with coherent integration time and
effectively enhancing tracking performance in weak-signal environments.
key words: weak GNSS signal, coherent integration, distributed antenna
arrays, multi-antenna signal combining

1. Introduction

Global navigation satellite system (GNSS) provides users
with positioning, navigation, and timing functions. GNSS
has steadily developed over the past decades, and satellite
navigation receiver applications have increased across vari-
ous fields [1]. However, the satellite navigation signal power
reaching the Earth’s surface is weak owing to high free-
space loss and attenuation while traveling through the at-
mosphere and ionosphere. Even in open outdoor environ-
ments, the signal strength is only approximately —130 dBm
[2]. Receivers exhibit a decline in signal power in harsh en-
vironments. For example, trees in forests and buildings in
urban areas obstruct signals and weaken signal strength. In
addition, these signals may be subjected to cross-correlation
interference from powerful satellites or interfering signals
[3] and multipath interference [4]. In such environments,
the received signal-to-noise ratio (SNR) can be attenuated
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by 10-30dB [5], resulting in severe signal deterioration.

The low signal power in weak-signal environments
causes the SNR of the signal input to the tracking loop phase
discriminator to be extremely low, leading to considerable
errors in the output of the carrier-tracking loop or even a loss
of lock. Conventional carrier-tracking loops cannot adapt
to weak-signal environments. Local and international re-
searchers have extensively studied high-sensitivity carrier-
tracking technologies, including loop optimization, coherent
integration extension, external assistance, vector-tracking
loop, and high-sensitivity tracking algorithms [6], [7]. Co-
herent integration extension is the most direct and com-
monly used method for enhancing SNR gain. However,
this approach has various limitations, such as the bit sign
transition of navigation data, receiver and satellite dynam-
ics, and frequency stability of crystal oscillators [8]-[10].
For the commonly used global positioning system (GPS)
L1 C/A signal, noncoherent integration can eliminate nav-
igation data but introduces quadratic loss [1]. The acceler-
ation caused by the receiver and satellite motions and the
frequency drift of the crystal oscillator of the receiver limit
the coherent integration gain. Scholars have proposed meth-
ods for estimating satellite dynamics based on satellite orbit
approximation [11]. The receiver dynamics and frequency
drift of the crystal oscillator are crucial for long-term co-
herent integration, significantly affecting the performance of
the receiver [12].

Compared with single-antenna signals, combining an-
tenna array signals provides numerous advantages, such as
stable system performance, effective enhancement of signal
reception quality, high antenna utilization, cost savings, and
ease of maintenance [13]. The wireless channel is coher-
ent for satellite navigation signals. This implies that the
antenna array elements receiving the signal differ only in
amplitude and phase when multipath effects are disregarded
[14], [15]. Although the signal is distorted owing to the
nonlinearity of the satellite devices, this distortion does not
change the coherence of the wireless channel itself. Because
the signals received by individual antenna array elements
are correlated, and the noise remains mutually independent,
the signals from different propagation channels can be con-
structively combined in the spatial domain. Adjusting the
array signal phase weights and coherently adding these sig-
nals leads to signal gain, enhancing the SNR [16].

Array antenna systems are typically categorized as
phased or distributed. Unlike their phased array counter-
parts, distributed array antennas do not have strict half-
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wavelength requirements for the position of the array ele-
ments. The gain of the signal combined in the distributed
array antennas is unrelated to the arrival direction, but only
to the received SNR and carrier phase. This phenomenon
confers distributed arrays with heightened flexibility, ma-
neuverability, and a high gain advantage [17]. Currently,
the algorithms for signals combining distributed array an-
tennas include SIMPLE [18], SUMPLE [19], EIGEN [20],
and LSFIT [21]. Although the LSFIT algorithm boasts
minimal combining loss, it requires cross-correlation func-
tions among all antenna signals, resulting in the calcula-
tion amount being proportional to the square of the antenna
count. By contrast, the SUMPLE algorithm requires a num-
ber of calculations proportional to the number of antennas.
This value closely matches that of the SIMPLE algorithm;
however, it delivers a performance comparable to that of
the LSFIT algorithm. Therefore, the SUMPLE algorithm
is widely used for combining multi-antenna signals.

Rogstad originally introduced the SUMPLE algorithm
in 2005. Subsequently, he described the SUMPLE algo-
rithm comprehensively and analyzed its performance from
various aspects. Xu et al. conducted a comparative study be-
tween the SUMPLE and SIMPLE algorithms and found the
SUMPLE algorithm superior to the SIMPLE algorithm [22].
Chen et al. used a minimum mean-squared error estima-
tor to amplify the performance of the SUMPLE algorithm
[23]. Wang et al. improved the combined performance of
the SUMPLE algorithm by identifying and excluding low-
quality signal paths by assessing gain factors [24]. Yan et
al. applied the SUMPLE algorithm to large-scale antenna
arrays on a CPU-GPU heterogeneous system without ex-
perimental verification or algorithm performance improve-
ment [25]. Li et al. enhanced the SNR of the input signal
by resampling and used the SUMPLE algorithm for signal
combination but without any algorithm enhancements [26].
These studies have extensively analyzed and improved the
SUMPLE algorithm from different perspectives and applied
it to various domains; however, the application of the algo-
rithm in GPS systems remains unexplored. Currently, the
G-STAR developed by Lockheed Martin [27]and the Inte-
grated GPS Anti-Interference System (IGAS) developed by
Rockwell Collins [28] are both mature satellite navigation
antenna array receivers. However, the digital signal com-
bining technology that has been maturely applied in existing
products is non-blind beamforming. Non-blind beamform-
ing requires the use of external information sources such as
inertial navigation systems (INS) to calibrate the position
and elevation of the antenna array [29]. However, in normal
scenarios, it is difficult to bear the cost of adding an inertial
navigation system. Therefore, a signal-combining technol-
ogy suitable for distributed arrays that does not require DOA
information and reducing dependence on external informa-
tion sources is an important development trend for GPS sig-
nal combing.

This study introduced a cross-correlation phase com-
bining (CPC) algorithm to address the difficulty of GPS
tracking in a weak-signal environment and overcome the
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challenges of existing methods, primarily single-antenna
GPS systems. During the GPS signal tracking process, the
phase-locked loop (PLL) generates a local carrier matching
the signal carrier of the antenna. This local carrier is con-
sidered as a beneficial factor because it can be employed
as a stable phase input to enhance the phase stability of the
combined signal and can also serve as an independent signal
input for phase-offset determination, enhancing accuracy. In
this algorithm, one antenna signal of the array is selected in
turn, and the weighted sum of the remaining antenna signals
and local carrier are the reference signals. The selected an-
tenna and reference signals are cross-correlated to calculate
the phase offset between them, which is then used for phase
compensation of the antenna signal. Owing to the inclusion
of a fixed-phase component of the local carrier in the refer-
ence signal, the antenna signal phase converges toward the
local carrier. In the next iteration, as the signal tends to be
coherently added, the SNR of the reference signal increases,
and the phase offset compensation value approaches the ac-
tual value. Consequently, after a sufficient number of iter-
ations, the combined-signal phase gradually aligns with the
local carrier phase.

This study analyzed the CNR and carrier phase of the
signals using the CPC algorithm. GPS signals received by
distributed antenna array with six elements were used to
evaluate the performance of the algorithm. The remainder
of this paper is structured as follows: Section 2 discusses the
distributed antenna array signal model; Section 3 elaborates
on the CPC algorithm and introduces the structure of the
multi-antenna signal-combining system; Section 4 analyzes
the CNR and carrier phase of the combined signals using the
CPC algorithm, delineates the factors influencing the signal-
combining performance, and presents the simulation exper-
iment; Section 5 presents the simulation and performance
analysis results; and Sect. 6 summarizes the conclusions.

2. Distributed Array Antenna Signal and System
Model

Figure 1 shows the structure of the signal combination sys-
tem. Consider L antennas in a distributed antenna sys-
tem situated at diverse locations but working in the same
frequency band. Generally, the distance between the dis-
tributed antenna array elements is greater than half the
wavelength, and the antenna is freely distributed in three-
dimensional (3D) space [30].

In practice, factors, such as various spatial positions
of antennas in a distributed array and inconsistencies in the
phase attributes of the radio frequency front-end (RFFE) and
signal transmission channels, contribute to the phase offsets
among signals received by different antennas. Therefore,
before signal combination, a phase alignment should be per-
formed to increase signal coherence. Phase alignment in-
volves using multi-antenna signal correlation processing to
estimate the phase offsets among distinct intermediate fre-
quency (IF) signals and achieve signal carrier phase consis-
tency through the phase rotation factor. The phase rotation
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Fig.1  Array antenna signal-combining system.

factor is defined as the phase weight and is iteratively up-
dated continuously. Section 3 presents a detailed analysis.
Upon successful phase alignment, the coherently combined
signals are output to the PLL loop, and the combined signal
is carrier-tracked.

The GPS signal received by the antenna includes sig-
nals from all satellites in the sky. Thus, when estimating
the phase offset of a particular satellite signal through sig-
nal correlation, other satellite signals are considered as in-
terference. This can seriously affect the accuracy of the
phase-offset estimation. Therefore, in this study, the signal-
combining system processed the pseudo-code-stripped IF
signal. Pseudocode is stripped through native pseudocode.
The local pseudocode, like the local carrier, is fed back from
the subsequent tracking process. The IF signals addressed
in this study only include navigation signals received by an-
tenna from a single satellite signal.

After down conversion by the RFFE and the removal
of the pseudo-random noise codes, the digital IF signal from
antenna 0 can be expressed as follows:

So(8) = agDo(D)sin (wir * 1 + 6y) + no(?), (D

where @ represents the amplitude coefficient of the received
signal, Dy(#) represents the data level containing the naviga-
tion information, w;r represents the carrier frequency after
mixing under RFFE, 6, represents the carrier phase of the
O-th antenna, ng(f) represents the noise component in the
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reference signal. Considering the phase offsets between the
various antenna signals relative to the reference antenna, the
received signals from the remaining L — 1 antennas can be
expressed as follows:

Si(®) = a;D;(®)sin (wr * (t + 1) + 6p) + n;(1),
i=1,2,...,L—-1, 2)

where the subscript i denotes the antenna number, and 7;
represents the time delay of the signal from the L — 1 anten-
nas relative to the reference antenna signal; the time delay 7;
encompasses differences in antenna circuitry, RFFE channel
hardware delays, and transmission path delays due to vary-
ing antenna positions, leading to IF carrier phase offset. No
correlation was assumed between the navigation signal and
noise among the various antennas.

Complex signals are vital to signal-combining systems
owing to the need for cross-correlation operations. By mod-
ifying Euler’s formula, the received signal of the entire dis-
tributed antenna system can be defined as follows [31]:

Si(t) = 80’ + y(t), 3)

where the hat symbol () above the signal and noise indicates
that they are complex signals, and §;(f) = a;D;(f)e/l@r*+%]
represents the signal component. Without signal tracking,
prior information on the satellite signal incident angle, and
uncertainty in amplitude and phase caused by antenna de-
ployment and radio frequency channels, the phase offsets
result in an inequality in the carrier phase among various
antenna signals, resulting in a CNR loss [32], [33]. There-
fore, obtaining phase offsets among various antenna signals
and compensating for this difference to align the signals are
crucial for signal phase combination.

3. Cross-Correlation Phase Combining Algorithm

Aligning the phase delays of signals is essential for coher-
ently combining antenna signals in a distributed antenna ar-
ray system. When estimating the phase offsets between sig-
nals in an antenna array, the relative phase offset can be es-
timated by correlating the signals. If the CNR of each an-
tenna signal is sufficiently high, all antenna pairs can exhibit
strong correlations, no special processing will be required,
and the phase offsets derived from the correlation can be di-
rectly used to align the signal [13]. By contrast, when the
CNR is low, other methods must be employed. For exam-
ple, If the user is in an urban area, the geometric structure of
the building, wall thickness, etc. can attenuate the signal by
10-25dB, and the signal power attenuation caused by the
indoor environment can reach 25-30dB [34]. In weak sig-
nal environment, it is necessary to use all possible antenna
pairs to improve the phase alignment performance, reducing
the CNR loss caused by phase estimation errors.

Figure 2 shows the structure of the multi-antenna
signal-combining system. The IF signal represents the IF
digital signal that completes the pseudo-code stripping. The
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Fig.2  Structure of the multi-antenna signal-combining system.

IF signal of each channel is cross-correlated with the refer-
ence signal, and the phase detector outputs the phase off-
set between the two, which is the phase weight. The IF
signal is phase-compensated through the phase weight, and
then the signals of all the antennas are input to the combiner
and added. The reference signal is generated by adding the
combined signal and local carrier and then subtracting the
IF signal. The local carrier of each channel is consistent
and fed back by the PLL. Following multiple iterations, the
phase detector output gradually converges to zero, complet-
ing the phase alignment. After the phase alignment, a coher-
ent combination enhances the combined-signal CNR. The
calculation amount of the CPC algorithm is proportional to
the number of array elements, requires L correlators, and is
slightly more complex than the SUMPLE algorithm. Com-
pared with the SUMPLE algorithm, the CPC algorithm re-
quires L additional adders.

Figure 3 shows a flowchart of the CPC algorithm.
For each antenna channel, the antenna signal is correlated
with the reference signal to generate phase weights. Each
L-antenna IF signal sequentially performs correlation and
weighting operations, and the weighted IF signals are co-
herently combined to form an iteration. The phase weights
W; begin with a phase-zero unit vector. After each iteration,
a new weight replaces the previous weight, and this process
is repeated. The algorithm converges after several iterations.
After achieving phase alignment for all antenna signals, they
are coherently combined to produce the output.

In the CPC algorithm, the local carrier enhancing the
CNR of the reference signal and improving algorithm per-
formance. Simultaneously, during the signal phase align-
ment process, the phase center of the local carrier remains
unchanged, no phase jitter occurs, and the local carrier
participates in all reference signals, which is equivalent to
introducing a fixed component into the reference signal.
Throughout each iteration, the process gradually aligns the
phase of each antenna signal toward this fixed component,
ultimately converging to it. Thus, the CPC algorithm effec-
tively estimates the phase offset and retains the advantages
of the conventional algorithms.

From Eq. (3), the i-th antenna signal of the antenna ar-
ray and weight phase in the correlation-weighting process
can be expressed as follows:

Si(t) = 5:(t) + i} (1), “4)
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Fig.3  Flowchart of the CPC algorithm.

Wik = Wi + iy, 5)

where §;(f) and 7] represent the signal and noise compo-
nents, respectively. W;x represents the phase weight within
an iteration. The number of correlated sampling points is
the correlation averaging time, recorded as N, and the sub-
script K represents a time variable measured in the correla-
tion time interval N units. Furthermore, @;x represents the
ideal weighting coeflicient, and 7}, accounts for the estima-
tion error of the weighting coefficient caused by the corre-
lated noise.

Equation (2) and Eq. (3) indicate the existence of a time
delay 7; between the signals of different antenna array ele-
ments. This delay results in a phase offset w;r7; among the
carrier phases. The phase weight compensates for this offset
such that the signal carrier phases of each array element are
aligned. Therefore, weight can be expressed as follows:

W; = /T = e NG — 6—1(9,‘—90’ (6)

where 6; represents the carrier phase of antenna i, and 6,
represents the local carrier phase and is the common phase
of the carrier after the phase alignment is completed. Af; =
0; —0;, represents the phase offset between the antenna signal
and local carrier.
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All antennas underwent correlation weighting, and the
antenna signals were coherently combined using a com-
biner. The combined signal of the antenna array can be ex-
pressed as follows:

L-1
Cx = D Su Wi, )
i=0

where Cx is the combined output signal, L represents the
number of elements of the antenna array, S ;x represents the
satellite navigation signal with N sampling intervals as the
time unit, the subscript K represents the signal at intervals
of the K-th unit, (-)* represents the complex conjugate of a
complex signal.

As illustrated in Fig.2 and proposed by Rogstad [19],
the weight of the K + 1-th unit, denoted as Wiml, is up-
dated and recursively obtained from the weight of the pre-
vious step Wix. The weight is calculated by correlating the
reference signal S ,RI? with § ikW;}( over a length of N, as fol-
lows:

(K+DN-1

Wik =W {N Z [SikWi*KSlRIg]}’ ®)
k=KN

S‘f,é’,:ék—ﬁikwi}ﬂ-gllg, )]

where S ;. represents the satellite navigation signal with the
signal-sampling interval as the unit interval. The satel-
lite navigation signal is an IF signal output by the RFFE,
in which parameters such as carrier phase and carrier fre-
quency are unknown, and are subsequently estimated by the
PLL loop. § ,f represents the local carrier signal.

Equation (7) shows that S i» L, and WiK influence the
combined signal. Equation (8) indicates that Wiy is related
toN and § flg Thus, an analysis of the relationships between
C‘K, §ik, L, and N is necessary.

4. Performance Analysis of Multi-Antenna Signal
Combining

These principles reveal that the antenna signal CNR, num-
ber of antennas, and correlation time interval affect the
combined-signal gain. The following presents a theoreti-
cal analysis of the CNR and carrier phase of the combined
signal of the CPC algorithm compared with those of the con-
ventional algorithm.

4.1 Analysis of the Combined-Signal CNR

The CPC algorithm primarily estimates the phase offset
among the signals from various antennas in a distributed an-
tenna array system owing to the difference in the transmis-
sion path. Compensating the offset through phase weights
ensures phase alignment between all antenna signals, im-
proving the correlation between the antenna signals and co-
herent additions to enhance the CNR of the combined sig-
nal. Because the capability of the algorithm to improve the
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CNR of the combined signal is a crucial evaluation index,
this subsection presents an analysis focusing on the CNR of
the combined signal.

To analyze the CNR of the combined signal, if no error
is observed in the weight estimation of the signal combina-
tion, the optimal combination performance can be achieved.
Equation (7) can be expressed as follows:

~

—1
Cx = ) [Sixe ™ + e . (10)

i

Il
(=]

In practice, the weight inevitably contains errors ow-
ing to the influence of noise, reducing the output CNR of
the combined signal. Assumptions: (1) Each antenna has
the same caliber and performance, (2) the received signal
power remains stable, (3) Each antenna signal is aligned (af-
fected by noise; the weights may not be optimal) and (4)
the weights of each antenna signal are mutually uncorre-
lated. From Eq. (5), Eq. (10) can be divided into its signal
and noise components. The average of the combined-signal
power is Pcs, expressed as follows:

-1 2

Pes = E Z [@iKe—jAH; + :S‘\lel;l;(*]
i=0
219~ 12 A2 1AW 2
L7 80" + L 130" 12|, (11)

where |§o|> and |2 represent the average power of the an-
tenna signal and weight noise components, respectively. Ac-
cording to assumptions (1) and (2), the average power of the
K-th unit can be replaced by the first moment of the K-th
unit, §;x = §o. The average power of the combined noise
component Py is expressed as

2

L-1
_ A5 —JAG; AS AW k
Pey = E Z [niKe + g ]
i=0
~s|2 As|2a
= L|ag|” + L|a3| 181, (12)
o2 s .
where |72)| " is the average power of the noise component of

the antenna signal, 7}, = ﬁg. Therefore, the SNR of the
combined signal can be expressed as follows:

o2 o2 A
_ Pes _ L[5 + L1l 12"

= = . (13)
Pev  L|as] + L|ag| 1ae?
Equation (13) can be simplified as follows:
Lps +ps 1"
. = (14)
1+ [Aav]?

where p, = |§0|2 / |ﬁ8|2 represents the antenna signal SNR.
The optimal performance of the algorithm is analyzed as-
suming that the antenna array has already undergone phase
alignment. Under ideal conditions, represented by [#*|* —
0, when the phase weight completely compensates for the
phase offset, and the IF signals are optimally combined, the
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combined-signal SNR can essentially achieve the theoreti-
cal performance, p. = Lp,. However, the combined perfor-
mance cannot reach the theoretical gain owing to the influ-
ence of weight noise. Therefore, the SNR loss factor caused
by weight estimation errors can be defined as follows:

L+ /L")

- 15
. 1+ AP (15

Rogstad [19] proposed the concept of weight Wix and
derived the SNR formula. The weight SNR is used to better
analyze the phase-offset estimation error caused by noise in
the algorithm. Therefore, in this study, the weight SNR p,,
of the CPC algorithm is obtained as follows:

~ Npsps - (1 +ps) L/J
YT pe+ (L +py) Lu

(16)

where = R*[$o|* ~ (%)2, where R is the normalization
coefficient to prevent the phase weight amplitude from be-
coming unstable due to continuous accumulation. In the
SUMPLE algorithm, the reference signal in each signal cor-
relation operation is a combination of L — 1 antenna sig-
nals. In the CPC algorithm, the reference signal also in-
cludes the local carrier signal. The local carrier signal is
generated by the PLL and fed back to the signal synthesis
algorithm. Therefore, the carrier signal frequency is equal
to the antenna signal, but the phase is different from each an-
tenna signal. That is, the local carrier signal and the antenna
signal contain a same-frequency sinusoidal signal. Thus,
in Eq. (16), the formula uses L rather than L — 1. Unlike
the SUMPLE algorithm aligns the antenna signal phases to
an uncertain common phase, the CPC algorithm aligns the
carrier phases of all antenna signals with the local carrier
phases, thereby aligning the signal phases of each array ele-
ment.

Figure 4 illustrates the relationship between p, and p,
for various values of N. In this figure, L = 6, and the the-
oretical CNR increases by approximately 7.8 dB. Compar-
ing the combined-signal curve for N = 30 ms with the an-
tenna signal curve at a higher antenna signal CNR, the two
curves were nearly parallel, indicating that the enhancement
in the combined-signal CNR approached its limiting value.
From Eq. (16), p, decreased with the antenna signal CNR
decreased. This decrease indicated the reduced credibility
of the weights for the signal carrier phase and less ideal
phase alignment effects. Resulting in the enhancement in
the combined-signal CNR decreased as the antenna signal
CNR. Notably, at an antenna signal CNR of 30 dB-Hz and
N = 20 ms, the combined-signal CNR was lower than the
antenna signal CNR. This phenomenon occurred because
pw became negative, indicating algorithm failure. In such
cases, the signal carrier phases cannot converge, leading to
significant losses in the combined-signal CNR. Comparing
the three combined-signal curves, a smaller N led to a re-
duced combined-signal CNR. Therefore, the CNR of the
combined signal was proportional to N.

Figure 5 illustrates the relationship between p; and p,
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for different L, where N = 30ms. The figure shows that
an increase in L resulted in the enhancement of combined-
signal CNR. The combined-signal CNR was directly pro-
portional to L, consistent with the relationship expressed in
Eq. (13). Similarly, the combination process incurred mini-
mal losses at a higher antenna signal CNR, and the limit of
the combined gain could be reached. At an antenna signal
CNR of 30dB-Hz and L = 4, the algorithm failed, result-
ing in a combined-signal CNR lower than the antenna signal
CNR.

A simulation validation was conducted to assess the
CNR enhancement performance of the CPC algorithm. The
simulated signal was based on the GPS L1 C/A signal
and characterized by the parameters presented in Table 1.
Figure 6 compares the combined-signal CNR achieved by
the CPC algorithm with that achieved by the conventional
method. The CNR for the conventional algorithm was ap-
proximately 37.25 dB-Hz, whereas that for the CPC algo-
rithm was approximately 38.20 dB-Hz. Compared with the
single antenna signal CNR, the CPC algorithm has im-
proved by 6.2 dB. Compared with the theoretical value, the
combined CNR of the SUMPLE algorithm loses 2.52 dB,
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Table 1  Simulation parameters.

Parameter Value
Sampling frequency 24.552 MHz
Intermediate frequency 4.092 MHz
Noise bandwidth 2.046 MHz
CNR 32 dB-Hz
N 30 ms
L 6
Number of iterations 20

N
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Fig.6 Combined CNR for different algorithms.

the loss of the CPC algorithm is 1.58dB, and the com-
bined CNR is close to the theoretical value. Compared
with the SUMPLE algorithm, the CNR loss of the CPC
algorithm is reduced by about 1dB. The combined-signal
CNR was more stable because the reference signal $ Re in
the CPC algorithm contains the local carrier signal, which
has high CNR and stable phase characteristics and enhances
Pw- A higher p,, increased the combined-signal CNR and re-
sulted in accurate phase-compensation values. Therefore,
the phase alignment of the antenna array signals became
stable, improving the stability of the CNR in the CPC al-
gorithm.

4.2 Analysis of the Combined-Signal Carrier Phase

Equation (7) shows that the phase of the combined signal C;
is a function of time k. The phase is influenced by changes
in $; and Wix. Assuming that the weight remains con-
stant during the correlation time, the combined signal is in-
tegrated as

| RN (L)
Cky1 = Z [ZsikWiKH*}
neor _kxyw \ico
= Cra + Ay a7

where ¢xy1 and 7%, correspond to the signal and noise
components of the combined signal in K + 1-th unit, respec-
tively. The former is expressed as follows:

—1
kot =) (5 Wi, ) - (18)
0

i=
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Substituting Eq.(8) into Eq.(18) and simplifying it
yields the following expression:

A 27 121a 24 % 121a 2 6L
exet = |Wik| 1301 ek + [Wik|” IS0 S k(L - 1)
L-1
+ ) Skl 19)
i=0

Equation (19) shows that Zf:_(]l Sixhty,," and S 5‘( influ-
ence the phase center of the combined signal. When using
the conventional algorithm, during each signal correlation
process, the reference signal is the weighted sum of all other
antenna signals whose phase center is not fixed but varies
owing to the influence of weight noise, causing the phase
center of the combined signal to vary with time. Moreover,
when the initial phase of each antenna signal is dispersed,
the phase center may gradually deviate toward O or pi during
the iteration process. This phenomenon can lead to conver-
gence failure of conventional algorithms.

Rogstad [19] derived the combined-signal phase-
compensation formula for the algorithm convergence prob-
lem as follows: AW;x = Zl-L:_Ol (WiKLT);‘K_l). However, 0;x_;
in the equation is unknown; therefore, WiK is used rather
than @;x_;. This method is feasible when the SNR of the
input signal is high because the weight noise 7Y is small,
and Wk can be approximately equal to tx_;. However,
in general, the existence of estimation errors adversely af-
fects the compensation performance, causing the method to
fail. By contrast, in the CPC algorithm, the phase of the
local carrier signal remains constant and is added to the ref-
erence signal as a fixed-phase component. During each iter-
ation, the phase of the antenna signals approaches this fixed
component and eventually converges. This phenomenon ef-
fectively resolves the convergence problem in conventional
algorithms.

Figure 7 compares the phase offset and correction ver-
sus iteration of the combined output for various algorithms,
where the simulated signal is based on the GPS L1 C/A
signal and characterized by the parameters presented in Ta-
ble 1. The red line represents the phase of the combined
signal using the SUMPLE algorithm, whereas the blue line
represents the phase of the combined signal after using the
SUMPLE algorithm and correcting the phase. The compar-
ison revealed that although phase compensation reduced the
combined phase error, it did not yield a significant improve-
ment. The black line represents the phase of the combined
signal using the CPC algorithm, showing a noticeable reduc-
tion in the phase error compared with the other two cases,
with errors within 5°. Compared with that of the SUMPLE
algorithm after phase compensation, the phase error vari-
ance of the CPC algorithm was reduced by 80%, and the
stability was significantly improved.

Figure 8 shows the convergence performance of differ-
ent algorithms, where the signal parameters are as shown in
Table 1. From the figure, within 20 iterations of the CPC
algorithm, the CNR of the combined output signal tends to
be stable, and the algorithm completes convergence. The
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SUMPLE algorithm converges within approximately 30 it-
erations. Moreover, the CNR of the combined signal of the
CPC algorithm is higher than that of the SUMPLE algo-
rithm, which is consistent with the results in Fig. 6.

5. Simulation Result and Performance Analysis

Simulation experiments were performed to validate the ef-
ficacy of the CPC algorithm in terms of the signal gain and
phase alignment. The simulated signal was based on the
GPS L1 C/A signal and characterized by the parameters pre-
sented in Table 1. In the experiment, the CNR of the naviga-
tion signal changed in the static environment of the receiver.

Figure 9 compares the theoretical combined-signal
CNR deduced using Eq. (13) with the simulated combined-
signal CNR. The simulated signal was enhanced by nearly
7dB compared with the single-antenna signal when p, >
33 dB-Hz, consistent with the theoretical prediction. Com-
paring the theoretical and simulated curves, these results
were consistent when p; > 33 dB-Hz. Below 33 dB-Hz, the
simulated signal curve deviated from the theoretical curve,
progressively increasing the discrepancy. This is because
the antenna signal CNR decreases, the weight noise grad-
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ually increases, and the phase weight becomes more diffi-
cult to achieve the assumption of the optimal weight. The
simulated signal CNR value was 1.6 dB lower than the the-
oretical value when p; = 30dB-Hz, which was improved
by approximately 2.5 dB compared with the CNR value of a
single antenna.

Figure 10 shows the simulation verification of the
phase convergence of the CPC algorithm, in which a phase
shift is added to the antenna signal carrier phase. The black
curve represents the phase offset between the antenna and
local carrier signals. The red curve represents the phase-
compensation values applied by the CPC algorithm to the
antenna signals. The compensatory phase exhibited an in-
verse relationship with the black curve, indicating that the
CPC algorithm could effectively perform phase compensa-
tion on the antenna signal to align it with the local carrier
signal. The blue curve represents the phase offset between
the combined and local carrier signals after the phase align-
ment using the CPC algorithm and the blue curve value is
within 5°, consistent with Fig. 7.

As shown in Fig. 11, six GPS baseband signals at
different locations were simultaneously generated through
GPS-SDR-SIM software to simulate the distributed antenna
array receiving signals. The signal parameters were con-
sistent with those listed in Table 1. The blue curve repre-
sents changes in the antenna signal CNR. The initial CNR
of all antenna signals was 40 dB-Hz, which gradually de-
creased to 30 dB-Hz and reverted to 40 dB-Hz. Each signal



678
3 5 T T T T 55
— =-Antenna Signal CNR Antenna Signal Phase Tracking Error
30 J—o— Combined Signal CNR —— Combined Signal Phase Tracking Error’
e ' 50
2 25 - i =
© N
2 20 45 E
3 g
Z1s 40
a &
© Q
é 10 35
ay 5
30
0 1000 2000 3000 4000 5000

Time (ms)

Fig.11  Tracking performance between single and combined signals for
various antenna signal CNRs.

segment persisted for 1000 ms. The brown curve represents
the CNR of the combined signal calculated using the nar-
rowband and wideband power ratios. When the antenna sig-
nal CNR was 40 dB-Hz, an enhancement of approximately
7.5 dB was observed, close to the theoretical value. When
the CNR dropped below 33 dB-Hz, the enhancement value
of the combined-signal CNR rapidly diminished, consistent
with Fig. 9.

After 1000 ms, the CNR of the antenna signal de-
creased. At this point, the absolute value of the phase-
tracking error in the PLL of the antenna signal increased
rapidly. When the CNR decreased below 35 dB-Hz, the
phase-tracking error was approximately 27°, indicating that
the tracking loop was essentially out of lock. Compared
with the antenna signal, the combined signal had more mi-
nor phase-tracking errors, and the performance improve-
ment was more evident at a low CNR. When the antenna
signal CNR was 30 dB-Hz, the phase-tracking error of the
combined signal was maintained within 10°, and the phase
variance was 2.3. By contrast, the phase variance of the
antenna signal was 8.32, and the phase variance of the com-
bined signal was approximately 72% lower than that of the
antenna signal.

Figure 12 shows the in-phase prompt correlation val-
ues of the correlator output for antenna signal and combined
signal carrier tracking loop. GPS navigation message infor-
mation is obtained by binarizing the I, value into 1 and -1
and demodulating it into a data bit stream. Therefore, the ac-
curacy of the demodulation of the correlated value I, affects
the accuracy of the positioning result [35]. From the blue
box in the picture, the decoding result of the antenna signal
in-phase real-time correlation value 7, at 1340-1360 ms is
wrong, which will lead to errors in subsequent positioning
results. The decoding result of the combined signal in the
figure is consistent with the real navigation message, and
there is no decoding error.

6. Conclusion

This study investigated a multi-antenna signal-combining
method in weak-signal environments. A CPC algorithm was
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proposed to effectively estimate phase offset and enhance
signal gain. Theoretical derivation and analysis of the CPC
algorithm demonstrated the relationship of the phase weight
to the CNR of the combined signal. A higher CNR of the an-
tenna signal, longer correlation time, and more array anten-
nas indicated a smaller weight noise and superior algorithm
performance. The results of the analysis and verification us-
ing a simulation platform demonstrated that the experiment
results were consistent with those of the theoretical analysis.
When using a distributed antenna array with six elements,
the CPC algorithm could enhance the combined-signal CNR
by 6dB at 32 dB-Hz, exhibiting a 1 dB improvement com-
pared with that of the SUMPLE algorithm. Moreover, the
CPC algorithm could effectively estimate the phase offset
between the signals of each array element, and the carrier
phase error of the combined signal was maintained within
5°. Furthermore, tracking the combined signal through a
PLL revealed that the phase-tracking error remained within
10° at 30 dB-Hz, representing a reduction of approximately
72% in the error compared with the antenna signal.
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