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SUMMARY  The major weakness of global navigation satellite system
receivers is their vulnerability to intentional and unintentional interference.
Frequency domain interference suppression (FDIS) technology is one of
the most useful countermeasures. The pseudo-range measurement is un-
biased after FDIS filtering given an ideal analog channel. However, with
the influence of the analog modules used in RF front-end, the amplitude
response and phase response of the channel equivalent filter are non-ideal,
which bias the pseudo-range measurement after FDIS filtering and the bias
varies along with the frequency of the interference. This paper proposes an
unbiased interference suppression method based on signal estimation and
spectrum compensation. The core idea is to use the parameters calculated
from the tracking loop to estimate and reconstruct the desired signal. The
estimated signal is filtered by the equivalent filter of actual channel, then it
is used for compensating the spectrum loss caused by the FDIS method in
the frequency domain. Simulations show that the proposed algorithm can
reduce the pseudo-range measurement bias significantly, even for channels
with asymmetrical group delay and multiple interference sources at any
location.

key words: GNSS receiver, pseudo-rang measurement, interference sup-
pression, non-ideal channel, spectrum compensation

1. Introduction

The Global Navigation Satellite System (GNSS) is being
widely used in many fields for precise positioning. How-
ever, the navigation signal received by GNSS receivers on
the ground is very weak (typically —20 dB below the noise
floor), thus it is easily affected by intentional and uninten-
tional interference. In order to improve the receiver us-
ability in interference environment, several anti-interference
methods have been proposed, which can be classified into
the following groups: adaptive time-domain processing [1],
frequency-domain filtering [2], time-frequency domain fil-
tering [3], spatial filtering [4], and spatial-time adaptive
processing [5]. Among them, the frequency domain inter-
ference suppression (FDIS) algorithm is one of the most
widely used interference suppression methods due to its
simple implementation and effective interference suppres-
sion [2], [6], [7]. The basic principle is to design a notch fil-
ter in the frequency domain to achieve interference suppres-
sion. If the RF front-end channel equivalent filter is an ideal
filter, that is, the amplitude-frequency response is constant
and the phase-frequency response is linear, the FDIS filter
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will not cause pseudo-range measurement bias [7]. How-
ever, those equivalent front-end receivers are not ideal in
practice, as they suffer from variable amplitude-frequency
response and nonlinear phase-frequency response [8]. Be-
sides, different interference frequencies will lead to different
pseudo-range measurement bias [9].

There are two main ways to conquer the pseudo-range
calculation bias. The first way, channel calibration, offsets
the non-ideal characteristics of the channel in the analog do-
main or digital domain, which is usually achieved by analog
group delay equalization technology [10] and digital cali-
bration technology [11], [12]. However, the former has poor
accuracy and small adaptation range, while the later imposes
a large computational burden and is not feasible in practice.
The second way is to compensate the spectrum loss of the
desired signal. In [13], the mirror frequency amplitude com-
pensation (MFAC) method is proposed to double the ampli-
tude of the symmetry position to the notch frequency. It can
be considered as using the symmetry spectrum to compen-
sate the signal spectrum loss. Nevertheless, there are two
shortcomings in the MFAC method: first, it is only suitable
for channels that have symmetrical group delay, which is
hard to achieve in most GNSS receivers. Due to the use
of analog devices in GNSS receiver, the channel group de-
lay response is mostly asymmetric and nonlinear [14]. Sec-
ond, the spectrum loss cannot be compensated by the MFAC
method if another interference exists at the symmetrical po-
sition.

This paper proposes an interference suppression algo-
rithm based on spectrum compensation. The procedure of
this algorithm is to estimate the received signal using the pa-
rameters measured by tracking loop, and then the estimated
signal is filtered by the real channel equivalent filter. The
channel characteristics can be kept stably for a long time,
therefore, the filter parameters can be measured in advance
and stored in the receiver [15], [16]. The filtered signal is
used to compensate the spectrum loss of the received signal.
After compensation, the received signal can be processed
free of bias.

This paper is organized as follows. Section 2 intro-
duces the model of no-ideal channel filter and the model of
pseudo-range measurement bias, respectively. The method
proposed in this paper is discussed in detail in Sect. 3. Sec-
tion 4 validates the effectiveness of the algorithm through
simulation experiments. Section 5 summarizes this paper.

Copyright © 2020 The Institute of Electronics, Information and Communication Engineers
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2. Signal Model
2.1 Signal Processing Model

The signal received by a GNSS receiver is a composite sig-
nal of the navigation signal and the interference. In a tra-
ditional GNSS receiver, the signal is first passed through
the Radio frequency (RF) front-end unit for amplifying, fil-
tering, and down converting processing. The output of RF
front-end is a base band signal, which can be expressed as

r(t) = s(t) ® h(t) + I(t) + n(t) 1)

where s(¢) is the desired signal, I(¢) is the interference sig-
nal, n(?) is additional white Gaussian noise with a constant
power spectral density equal to No/2dBW/Hz. h(z) is the
equivalent filter of the RF front-end.

The desired signal s(f) can be represented as

s(f) = A - D(0)c(t — T)e/> at*ido @

where A, D(-), c(-), 7, fs, and ¢¢ are the signal amplitude,
navigation bit, the pseudo-random noise (PRN) code, the
time delay, the Doppler frequency, and carrier phase, re-
spectively. In this paper, the correlation process is realized
within one data bit, therefore the navigation bit is considered
as the constant 1.

The FDIS filter /;(¢) is then used for interference sup-
pression. The desired signal after the FDIS filtering can be
written as $,,,(f) in time domain and S ,,(f) in frequency
domain:

sout(t) = V(f) ® hl(t)

3)
~ 5(t) ® h(t) ® hy(t)

And
Sou(f) =S(f)- H(f) - Hi(f) 4

where ® denotes convolution operator. H(f) and H,(f) are
the frequency responses of A(f) and h;(t), respectively. S (f)
is the spectrum of the desired signal s(f). Note that the in-
terference is considered to be completely suppressed in (3)
and (4). For the sake of simplicity, the noise part is also not
considered.

2.2  Model of Non-Ideal Channel Filter

The transfer function H(f) of the equivalent filter of the RF
front-end can be expressed as [14]

H(f) = A(f)ej(¢(f)*2ﬂfTo) 3)

where A(f) and ¢(f) represent the amplitude frequency re-
sponse and phase frequency response of non-ideal part, re-
spectively. 7 is the group delay of ideal part, which can be
considered as a priori known information and is set to zero
in this paper.

The group delay response of the non-ideal part 7,(f) is
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Fig.1  Group delay with different «. (a) Results of symmetrical quadratic
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Typically, if 7,(f) = 0 and the amplitude frequency
response is a constant, the channel is considered ideal. Oth-
erwise, the channel is non-ideal, which will lead to a dis-
tortion of the auto-correlation function (ACF) of the signal
and cause the pseudo-range measurement bias. Amplitude-
frequency response has little influence on the pseudo-range
measurement [17], which is ignored in this paper. Only
group delay response is discussed.

The group delay of the non-ideal channel may be sym-
metric or asymmetric [10]. Most of the symmetric group
delay response performance as quadratic curve group delay,
which can be modeled as 7,(f) = «(f /B,)?, where « re-
flects the degree of distortion, B, is the bandwidth of the
front-end filter. Figure 1(a) shows the symmetric quadratic
curve group delay with different x. However, the general
form of the group delay in GNSS receiver is asymmetric
[14]. The asymmetric quadratic curve group delay response
can be modeled as 7,(f) = K(f/Bn)2 + u - f/B,, where u
and « reflect the degrees of distortion of the first-order part
and second-order part. Figure 1(b) shows the asymmetric
quadratic curve group delay with different «, and ¢ = 0.4.
The horizontal axis is defined as the frequency offset nor-
malized by code frequency F, relative to the code center
frequency, and the vertical axis is defined as the group delay
with the unit of chip.

2.3 Principle of the FDIS Method

The FDIS algorithm is processing in frequency domain by
nulling the interference frequency bins, whose schematic
procedure is shown in Fig. 2. The signal is first transformed
into frequency domain, and then the FDIS filter is employed
to suppress the spectrum of the interference. Note that
the frequencies of interference need to be detected before
suppression, whereas the detection methods are beyond the
scope of this work, we regard the interference is already de-
tected here. Finally, the suppressed signal is transformed
back to time domain for signal tracking process.

Assuming the frequency and bandwidth of the inter-
ference are f; and By, respectively, the frequency-domain
response of the FDIS can be written as
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Fig.2  The schematic of FDIS algorithm.
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Using the FDIS filtering method, the interference is re-
moved completely. However, the spectrum of the desired
signal is also suppressed at the same frequency bins.

2.4 Model of Pseudo-Range Measurement Bias

If there is no interference signal, the group delay of the non-
ideal channel will lead to a constant pseudo-range measure-
ment bias [13], which can be expressed as

. " G(f.d) - sin(@(f)df
0 =
2 [7 f - G(f.d) - cos@(f)df

where G(f,d) = S(f) - sin(nfd), d is correlation space. b
is the front-end filter bandwidth normalized by the code fre-
quency F.. The bias is only related with the group delay
of the non-ideal channel, which can be measured accurately
and can be considered as a prior known parameter. In the
tracking loop, the true pseudo-range 7 and &y cannot be sep-
arated, so the two parameters are usually considered as a
whole.

If interference is present, the pseudo-range bias after
FDIS filter can be expressed as [13]

®)

L " G(f.d)- Hy(f) - sin(¢(f)df
2 [° f-G(fod) - Hi(f) - cos(@())df

©))

The bias model in (9) denotes the total pseudo-range
bias, which contains the constant bias &y and the unfixed
value At introduced by the FDIS method. The bias intro-
duced by the FDIS is given as

AT =€e—¢g (10)

From (10), it can be found that At is related with in-
terference parameters. Different interferences may lead to
different pseudo-range biases.

Figure 3 illustrates the numerous simulation results of
At in (10). The bandwidth of the interference in the simula-
tion is 0.1F,. Figure 3(a) shows the pseudo-range bias ver-
sus different frequencies of the interference for symmetric
quadratic curve group delay. It can be found that interfer-
ence frequency will cause a fluctuation on the pseudo-range
bias. Additionally, the tracking bias at the mirror frequency
will have the same values. However, the pseudo-range bias
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Fig.3  Pseudo-range bias At versus interference frequency with different
k. (a) For symmetric group delay, (b) for asymmetric group delay with
pn=0.2.

is not symmetry for asymmetric quadratic curve group de-
lay as shown in Fig. 3(b). In Fig. 3, the horizontal axis is de-
fined as the frequency offset of the interference normalized
by code frequency F. with respect to the code center fre-
quency, and the vertical axis is defined as the pseudo-range
bias with the unit of chip.

3. Proposed Method

From the above discussions, it can be found that the main
reason for pseudo-range measurement bias is the energy
loss of the received signal caused by the FDIS method un-
der non-ideal channel. Therefore, an unbiased interference
suppression algorithm is proposed based on spectrum com-
pensation in this paper. The key points of this algorithm
are estimating the received signal and compensating signal
spectrum loss.

3.1 Reconstruction of the Desired Signal

From (2), it can be found that in order to reconstruct the
received signal, several parameters are needed, i.e. the code
phase 7, the signal amplitude A, Doppler frequency f;, the
carrier phase ¢, and the equivalent filter (7). Among them,
h(t) can be considered as a priori known parameter, which is
stored in the receiver.

In GNSS receiver, the code phase can be estimated by
the code tracking module. Doppler frequency and carrier
phase can be estimated by the carrier tracking module [18].
Carrier-to-noise ratio (C/Nj) is another important parameter
estimated in GNSS receiver, which is defined as the ratio of
the power of the signal C to the noise power Ny in a 1 Hz
bandwidth. The amplitude of the signal can be estimated by
A = \2-C/N, - Ny, where C/N, and N, can be estimated
separately. The reconstructed signal after filtered by A(f) can
be expressed as

s'(f) = Ac(t — (7 — &0))e @i+ @ h(r)
=aAc(t—7— AT)efj(Zfrdeaio)efj(27rAfa+A¢) ® h(t)
(1D
where A, %, f;, and ¢ are the estimates of the amplitude A,
code delay 7, Doppler frequency f;, and carrier phase ¢, re-

spectively. @ = A/A denotes the ratio between the estimated
amplitude and the real amplitude. Af; = f; — f; denotes the
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Doppler frequency estimation error. A¢ = ¢ — ¢, denotes
the carrier phase estimation error. A7 = T — 7 — gy denotes
the code phase estimation bias induced by the FDIS method.
The constant pseudo-range bias &y should be deducted from
the code phase estimate 7 to make the local replica signal
after the channel equivalent filter s’(7) has the same delay
with the received signal s,,(¢) to be compensated. When
the signal is tracked, the carrier of the signal can be wiped-
off effectively and has little effect on code tracking, so the
influence of Doppler frequency and carrier phase estimated
error is not considered in latter analysis without loss of gen-
erality.

The reconstructed signal in frequency domain can be
expressed as

S'(f) = aS(HH(f)e I

= aS(f)eldDenfre 12)

Then the reconstructed signal is used to compensate for
the signal spectrum loss due to interference suppression fil-
ter. The spectrum after compensation is given as

Sapi(f) = Sou(f) +S'(f) - (1 = Hi(f))
= S(f) Hi(f) - P (13)
+aS(f) - (1 = Hi(f)) - /¢ +2nfAD
where S, 7,(f) consists of two parts, the first part is the spec-
trum without compensation and the second part is the com-
pensation part.
Replace S ,,/(f) by S4s(f) as the input of correlation

unit and tracking loop, and the pseudo-range measurement
bias can be rewritten as

A
Eafrer = A—; (14)

where A; and A; can be expressed as follows.
b
a1 = [ Gy - sinornds
-b

b
ra. f () (1= H(F) -sinan e + 6 F)df
(15)

where the main difference between the first term and the
second term is that ¢(f) and H;(f) are replaced by ¢(f) +
2nfAt and 1 — H;(f), respectively. It is the same as that in

(16).
b
A = f , G(f,d) - Hi(f) - 2rf cos(p(/df

b
ra f G (1 = Hi(f) - 2nf cos (nf A + 61 df
(16)

After compensation, the pseudo-range bias introduced
by FDIS can be represented as

ATufter = &after — €0 (17
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Fig.4 Pseudo-range estimation principle scheme.

From (17), it can be found that if the signal is estimated
accurately, the pseudo-range bias will be a constant value
Eafrer = &0, therefore, At s, = 0. Otherwise, Atgfrr # 0,
which means the bias introduced by the FDIS method is not
eliminated completely.

3.2 Pseudo-Range Estimation Model

The pseudo-range estimation principle scheme is shown in
Fig. 4. The time delay of the signal after FDIS contains three
terms: the true value 7, the constant bias &y, and the unfixed
bias Ar. The main purpose of a signal tracking loop is to
estimate the pseudo-range of the received signal, and the
output of the code tracking loop is the pseudo-range estima-
tion 7. When using the traditional method, the pseudo-range
estimate is the same with that of the input signal, which con-
tains the unwanted bias term Ar.

The proposed method is used after the signal is tracked.
The GNSS receiver first uses the traditional method to
achieve signal initial tracking, and then switches to the pro-
posed method to achieve unbiased estimation. The initial
code phase for signal reconstruction is T — &, after filtered
by h(?), the signal is delayed by &, therefore, the time de-
lay of the signal for spectrum compensation is 7. The bias
term At in the output of the traditional method is the initial
error term when reconstructing the local replica signal. The
proposed method can be considered as a special case of an
output feedback control system. After using the proposed
method, the bias At becomes At,y,,, which can be reduced
significantly and becomes approximately zero after several
loop processings.

It must be noted that the proposed method cannot im-
prove the interference suppression ability and can work
well only after the signal is tracked using the traditional
method. Therefore, the theoretical limitation of the interfer-
ence bandwidth that can be compensated by the proposed
method is depended on the interference suppression perfor-
mance of the GNSS receiver.

3.3 Analysis of the Influence of the Estimation Error
The code phase and the amplitude estimation results are the

two most important parameters that have influence on the
performance of the proposed method.
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Fig.6  Simulation results for asymmetric quadratic curve group delay,
(a) pseudo-range bias versus interference frequency with different 67, (b)
pseudo-range bias versus interference frequency with different a.

In this part, the effect of the parameter estimation er-
ror is analyzed by numerical simulation of the GPS L1 C/A
code. The code frequency is 1.023 MHz and the bandwidth
of the interference is 0.1F,.. The simulation results of the
pseudo-range bias At in (17) are illustrated in Fig. 5 and
Fig.6.

Figure 5 shows the pseudo-range bias A1y, with dif-
ferent initial code phase estimation error At and amplitude
estimation error @ for symmetric quadratic curve group de-
lay. As shown in Fig.5(a), the larger the code delay es-
timation error, the larger the pseudo-range bias after spec-
trum compensation. For the case that the code delay estima-
tion error is 0.3 m, the maximum pseudo-range bias is about
0.03 m with interference frequency of about 0.5F.. From
Fig. 5(b), it can be found that there is a close relationship
between the reduction of the pseudo-range measurement de-
viation and the amplitude estimation error. Raising the ac-
curacy of the amplitude estimates will decrease the pseudo-
range bias. It also shows that the pseudo-range bias will be
in the opposite if the estimated amplitude is larger than the
true value.

Figure 6 shows the pseudo-range measurement bias
At,fier for asymmetric quadratic curve group delay. As
shown in Fig. 6(a), the code phase error has the same im-
pact on the pseudo-range bias with that in Fig. 5(a), which
means that the impact of code phase error is independent of
channel characteristics. The same conclusions can be drawn
from Fig. 6(b) with that in Fig. 5(b). The horizontal axis in
Fig. 5 and Fig. 6 have the same definition as in Fig. 3, and the
vertical axis is defined as pseudo-range bias with the unit of
meters.
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3.4 The Procedure of the Proposed Method

The flowchart of the proposed algorithm is shown in Fig.7
with the following steps.

1) Transform the base band signal r(¢) into frequency do-
main. Then interference detection method is used to
detect the frequency bins of the interference.

2) Employ the FDIS method in frequency domain by
nulling the interference spectrum lines, and the desired
signal after interference suppression is S ,,:(f) as given
in (4).

3) Reconstruct the desired signal, which can be expressed
as s.5(1) = Ac(t — (+ — £9))e /@ /it*®_The amplitude A
is estimated by the parameter C/Ny, T is estimated by
the code tracking loop, f4 and ¢ are estimated by the
carrier tracking loop.

4) Filter the reconstructed signal by the channel equiva-
lent filter A(¢), which is measured as a priori knowledge
and stored in the receiver. The filtered signal s'(¢) can
be obtained from (11).

5) Transform the filtered signal s'(¢) into the frequency
domain S’(f) to compensate the spectrum loss of the
desired signal. The spectrum of the compensated signal
i8 84 /(f) as shown in (13).

6) Transform the compensated signal S,(f) back into
the time domain. The signal strength of the compen-
sated signal is still below the noise floor, and the corre-
lation process is used to de-spread the signal before the
tracking loop. After that, the tracking loop is used for
code delay and carrier phase estimating.

4. Simulation Results

In order to verify the proposed algorithm, the pseudo-range
measurement of the proposed method is compared with the
FDIS and the MFAC methods. The GNSS signal and in-
terference are simulated numerically using MATLAB. The
simulation model is shown in Fig. 8. Specifically, the digi-
tal baseband GPS L1 C/A signal, the interference, and the
white Gaussian noise are separately generated, and these
three components are combined together afterward. After
being filtered by a channel equivalent filter, the combined
signal is processed by a GNSS software receiver. In the sim-
ulation, we set F, = 1.023 MHz, f; = O0Hz, f; = 5 MHZ,
and B, = 2.5 MHz. The simulating data length is 200 s and
the correlation time is 1 ms. The C/N, is 40 dBHz, which
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Fig.8  Flowchart of the simulation model.

is equivalent to signal-to-noise ratio at about —24 dB. The
interferences used in this section are narrowband Gaussian
interference with bandwidth of 0.1F, and interference-to-
noise ratio of 50 dB. The ideal band stop filter in frequency
domain is used in FDIS module. In addition, the time delay
of the simulated signal is set to be zero, so that the pseudo-
range measured by the receiver is the pseudo-range mea-
surement error. Furthermore, the correlation space used in
the code tracking loop is 0.5 chips, and the bandwidth of the
loop filter is 0.1 Hz.

Note that if the interference is present but without inter-
ference suppression, the desired signal cannot be captured
and tracked by the receiver, and the pseudo-range cannot be
calculated neither. This case is not considered in this simu-
lation.

4.1 Simulation A

The purpose of simulation A is to compare the pseudo-range
measurement with different methods. In this part, two kinds
of group delay are simulated, i.e. symmetric quadratic curve
group delay and asymmetrical quadratic group delay. Only a
single interference is considered and the interference band-
width is 0.1F .

Figure 9 and Fig. 10 show the pseudo-range measure-
ment for symmetric group delay. The interference frequency
used in these two figures are 0.3F . and 0.7F, respectively.
As shown in these two figures, the pseudo-range measure-
ment is biased after the FIDS compared with that without
interference when the channel is not ideal. The proposed
method and the MFAC method can both reduce the pseudo-
range bias. The experimental results are consistent with the
theoretical analysis. It must be noted that the pseudo-range
measurement bias takes non-zero values even when the in-
terference is absent as shown in the Fig. 9 and Fig. 10, this
is because the channel is non-ideal in this simulation, and
will induce a constant pseudo-range measurement bias as
discussed in (8).

Figure 11 and Fig. 12 show the results of pseudo-range
measurement bias when the channel is non-ideal with asym-
metric group delay. Since the MAFC method is only suit-
able to symmetrical group delay, it will not achieve unbiased
pseudo-range measurement under this condition. However,
the method proposed in this paper can still reduce most of
the bias value of the pseudo-range measurement.
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4.2 Simulation B

The simulation scenario is that the received signal contains
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Table 1  Pseudo-range bias with non-ideal group delay.
Group F Reduction
(F. &, (M .
Delay AR & (m) & (m) ater (1) ratio (%)
Symmetric 0.3 22.6246 23.8425 22.6488 98
group delay 0.7 22.6246 21.5718 22.4571 84
Asymmetric 0.3 21.7115 22.9710 21.7498 97
r(il dela 0.7 21.7115 19.5223 21.4891 90
group €y 0.3/0.3 217115 240641  21.9995 88

two interference signals at symmetrical positions beside the
center frequency of the desired signal. The frequencies of
the interferences are 0.3F, and —0.3F,, respectively. The
asymmetric quadratic curve group delay is simulated in this
part. The simulation results are shown in Fig. 13.

Table 1 shows the mean values of pseudo-range bias in
different simulations, which is calculated within the simu-
lation time. In this table, &9, &, and &4 are the pseudo-
range biases without interference, after the FDIS but with-
out the proposed method, and after the proposed method,
respectively. The reduction ratio in the table is calculated
by (& — &qfrer)/ (€ — &0)l, Where, & — &, 1., means the bias re-
duction with and without using the proposed method, (e—&)
is the bias induced by the FDIS without using the proposed
method. In these simulated cases, the pseudo-range bias is
reduced significantly using the proposed method compared
with the traditional FDIS without any compensation.

5. Conclusion

The FDIS method will bias the pseudo-range measurement
if the front-end channel of the GNSS receiver is non-ideal.
In order to solve this problem, an unbiased interference sup-
pression algorithm based on spectrum compensation is pro-
posed in this paper. The main idea of the proposed method
is to estimate the received signal by using the parameters
calculated by the tracking loop and to compensate the spec-
trum loss of the desired signal. The simulation results sup-
port the validity and effectiveness of the method proposed
in this paper. From our theoretical analysis and simulations,
the pseudo-rang bias can be reduced significantly compared
with the traditional methods under both symmetrical and
asymmetrical group delay in the presence of interference.
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