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Abstract

Binary offset carrier (BOC) modulations are widely used in the modernized
satellite navigation systems. But we find an interesting phenomenon that the
signal composed of different BOC modulations suffers larger phase bias than
the case that all the components have the same modulation due to the
nonideal group delay of the channel. This issue is more obvious in navigation
satellites for the use of a narrowband filter to suppress the out-of-band part.
The general form of analytic expression that reveals the impact of the nonideal
channel on phase bias is presented and validated with simulations. Further, by
simplifying the spectrums for the signals like B1 of BeiDou and E1 of Galileo
navigation systems, we obtain the concise expression of phase bias and find
that the bias is mainly derived from the phase difference between the

1 | INTRODUCTION

The binary offset carrier (BOC) modulation, which has
the advantages of splitting spectrum and better code-
tracking performance due to its larger Gabor band, was
proposed as a candidate modulation for satellite naviga-
tion by Betz." Until now, BOC modulations are widely
used in various global navigation systems. For the power
spectrum separation between open and authorized ser-
vices, the simplification of the transmitting channel in
satellite payload, and the utilization of the limited
resource of the frequency band of satellite navigation, the
signal components with different modulations are multi-
plexed and broadcasted in the same center frequency.
For example, Multiplexed BOC (MBOC)(6, 1) and BOCc
(15, 2.5) were chosen by Galileo in the E1 band*?; Time-
Multiplexed BOC (TMBOC)(6, 1) was chosen by Global
Positioning System (GPS) in the L1 band*’; Quadrature
Multiplexed BOC (QMBOC)(6, 1)>” and BOC(14, 2) were
chosen by BDS (BeiDou Navigation Satellite System) in
the B1 band.*'° Some signal components stay around
the center frequency while some stay close to the margin
of the frequency band. For these modernized signals, the

subcarrier frequencies caused by the odd order terms of group delay.

phase bias, which is defined as the bias of the phase rela-
tion between the signal components from the expected
one, becomes obvious to the nonideal characteristics of
the channel.

Because some receivers combine multiple signal com-
ponents in the tracking loop or utilize the tracking results
of one component to guide the processing of the other
one, it is necessary to give clear descriptions of the phase
relations among the signal components and the maxi-
mum phase bias allowed. The phase relations between
the signal components and the maximum phase bias are
described in the interface control document. For exam-
ple, the phase bias between L1C and P signals limited to
the range of +0.1 rad (5.7°) is given in IS-GPS-800.°
Therefore, we should optimize the channels in the navi-
gation satellite payload or receiver to decrease the bias.

The conventional view about the phase bias between
the signal components is that the bias is mainly affected
by the modulator performance in the transmitting chan-
nel. But for modernized signals, we find that the nonideal
group delay of the radio frequency (RF) channel in pay-
load or receiver has an important impact on the phase
bias. Here, the nonideal group delay means that the
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group delay in the bandwidth is not flat and includes
higher order terms except for the zeroth-order term. Gen-
erally, the main distortion of the group delay is derived
from the filters, which are used to suppress the out-of-
band part of the transmitting signal. Lots of references
focus on modeling the group delay and evaluating its
impact on code-tracking performance. The group delay
that can be presented by the form of a Taylor expansion
was presented in Zhu et al."! Instead of using the deriva-
tive of phase to angular frequency to express the group
delay, they provided a new way of describing the group
delay. With the Taylor expansion, the description of the
group delay becomes visual. The effect of the group delay
caused by ionospheric delay on the S-Curve was investi-
gated for wideband Global Navigation Satellite System
(GNSS) signals.'” They revealed that the group delay dis-
tortion from the ionospheric dispersion effect induces
more distortion on wideband GNSS signals and its impact
on these signals needs to be handled. The Galileo E5 sig-
nal was taken as an example to show the compensation
effect of the all-pass filter on the ionospheric dispersion.
The evaluations of signal distortions in the GNSS payload
level and receiver were presented in Soellner et al,"* and
Rebeyro et al,'* respectively. In these references, the
phase bias or quadrature error between signal compo-
nents is selected as an indicator to evaluate the signal
quality for the signal broadcasted from the satellite. Also,
the constellation diagrams of the signals distorted by the
transmitting channel were evaluated. The delay of the
maximum of the main peak of correlation and the ana-
lytic expression of zero crossing bias of the discriminator
curve for the noncoherent Early Minus Later Power
(EMLP) discriminator were presented in Liu et al.'® They
explained how the group delay distorts the discriminator
curve and which types of distortion of the group delay
bring more distortions to the discriminator curve. Kim'®
analyzed the impact of group delay variation from Con-
trolled Reception Pattern Antenna (CRPA) hardware on
the carrier phase and code biases using the simulation
method. The code and phase biases from GNSS hardware
became important and deteriorated the performance of
integer ambiguity resolution if not handled properly."’
By using measurements from receivers, Hauschild et al'®
performed a detailed analysis of the impact of correlator
design on code bias and showed that the correlator spac-
ing of the receiver plays an important role in code bias.
Methods of estimating the amplitude and group delay of
the channel from the received signal were provided and
compared in Yan et al'® They showed that the
correlation-domain method can provide an accurate esti-
mate of the amplitude and group delay except for the
zero value area of the spectrum. These previous works
presented that the evaluation and constraint of the code

and phase biases from GNSS hardware are important for
high-accuracy positioning. Most of the works focus on
modeling the impact of the RF channel on code bias or
evaluating the biases based on the measurements of the
receiver. Few references analyze the impact of the
nonideal group delay on the phase bias between the sig-
nal components with different spectrums and reveal how
the group delay affects the phase bias.

First, we present and model the phenomenon of the
phase relation between the signal components with dif-
ferent types of spectrums affected by the nonideal group
delay of the RF channel in general form in Section 2.
Then, in Section 3, we validate the theoretical results.
Third, we simplify the presented expression and analyze
the effect of different order terms of the group delay on
phase bias in Section 4. Finally, we further analyze the
impact of other factors on phase bias in Section 5 and
make the conclusions in Section 6.

2 | MODEL OF PHASE BIAS

The payloads of navigation satellites contain linear and
nonlinear distortions. The linear distortions are mainly
from the nonideal amplitude and group delay of the fil-
ters in the RF channel, while the nonlinear distortions
are mainly from the high-power amplifier (HPA) in the
transmitting channel. The nonideal properties of HPA
and filters in the payload both distort the phase relation
between the signal components with different spectrums.
The effect of the cascade connection of the HPA and filter
on phase bias can be approximately treated as the super-
position of the biases from the HPA and filter, which is
illuminated by the example of using a simulation method
in Section 5. With including the nonlinear distortions of
HPA in the model, it is difficult to obtain concise and
analytic expressions, and simulation is an efficient way to
evaluate the impacts. For evaluating and improving the
phase bias from the nonideal group delay efficiently, it is
meaningful to give a clear description between the
nonideal group delay and the phase bias using an ana-
lytic method.

The signal consisting of BOC(1, 1) and BOC(14, 2) is
chosen as an example. The signal is filtered with the
group delay shown in Equation (9). Due to the impact of
the nonideal group delay on the phase relation between
BOC(1, 1) and BOC(14, 2), the phase orthogonality
between the components is distorted. After normalizing
and rotating the filtered baseband signal, the IQ constel-
lation diagram is obtained by choosing the real and imag-
inary parts of the processed baseband signal as the x-axis
and y-axis of the diagram, respectively. Figure 1 shows
the well properties of the baseband signal without
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FIGURE 1 IQ constellation diagram of the signal composed

of BOC(14, 2) and BOC(1, 1) for the ideal case without distortion of
group delay [Color figure can be viewed at wileyonlinelibrary.com
and www.ion.org]

distortion. The IQ constellation diagram illuminated in
Figure 2 reveals that the nonideal group delay distorts
the phase relation between BOC(1, 1) and BOC(14, 2).

In satellite navigation systems, several signal compo-
nents with BOC or Binary Phase Shift Keying(BPSK)
modulations are multiplexed to form a constant envelope
signal with the same center frequency. The multiplexed
signal components may have different modulations, spec-
trums, and power allocations. Considering that the con-
stant envelope multiplex modulation and data
modulation have limited impacts on the evaluation of the
phase bias from the nonideal group delay, we ignore

Q (normalized)

15 -1 05 0 0.5 1 15
| (normalized)
FIGURE 2 IQ constellation diagram of the signal composed

of BOC(14, 2) and BOC(1, 1) affected by the nonideal group delay
of the filter shown in Equation (9). The phase orthogonality
between the components is distorted [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]
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them in the model for simplifying the analysis process.
The similar assumptions of omitting data modulation or
constant envelope modulation can be found in Huo
et al,>° Yoo et al,®! Yao and Lu,?* and Julien et al** for
the sake of clarity when analyzing the interference miti-
gation or tracking performance. In this paper, we mainly
focus on analyzing the impact of the nonideal group
delay; the other factors such as nonlinear distortion form
HPA are not included in the model, but we extend the
analyses of other factors on phase bias using the simula-
tion method in Section 5.

The signal s(t) that consists of two components, that
is, c1(f) and ¢,(t), can be modeled as

s(t) = (Alc{(t) —aAzc{(t)sin((/)A))cos(Zr:fOt + o)

1
+ (a cos(qﬁA)Azc{(t))sin(an0t+ ¢o), W

where c;(f) and c,(t) are low-pass signals that depend on

two different pseudorandom code sequences; clf (t) and

c{ (t) are the filtered versions of c¢,(t) and c,(t), respec-
tively; A; and A, are the amplitude of the corresponding
components; « is the amplitude imbalance of the modu-
lator; ¢ is the quadrature error of the modulator; f, is
the carrier frequency; and ¢, is the initial phase. Here,
the phase relation between c,(f) and c,(t) is assumed to
be 90°.

For convenience, we assume the carrier frequency is
accurately estimated. The baseband form of the transmit-

ting or receiving signal is expressed as

sp(t) = Are! (t)e? —ixadyc] (f)ePoe 72, (2)

where clf (t) and c{ (t) can be further written as
of () =i (1) Qh(1), (3)
cJ (1) = ca(t) Qh(1), 4)

where the symbol X) means convolution and h(¢) is the
equivalent low-pass filter. Here, h(¢) can be treated as the
equivalent filter for the transmitting channel, the receiv-
ing channel, or the cascade connection of transmitting
and receiving channels.

To estimate the phase relation between the signal
components, we need to make despread first. The local
replica signals of c{ (t) and cf (t) are cj(t—7;) and
c;(t—73), where 7; and 7, are the estimated delays of
c{ (t) and c{ (t), respectively. The output of the integration
and dump for ¢,(¢) is
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Bf/z

Pi(HH(f)e*mdf,  (5)

S8 (z1) =Alei¢°J
-By/2

where Pi(f) is the power spectrum of c¢(t), By is the
frontend bandwidth, and H(f) is the response of the filter.
In a similar way, the output of the integration and dump
for c,(t) is

. . [(Bs/? .
sp2(12) = —iaA2e1¢°e_‘¢AJ Pz(f)H(f)e‘Z”f”df, (6)

—-By/2

where P,(f) is the power spectrum of c,(t).
Thus, the general form of the carrier phase difference
between c;(t) and c,(t) is calculated by

0., —0,, =arg (Sgl (Tl)> . (7)

ng (Tz)

Substituting Equation (5) and Equation (6) into
Equation (7) yields

i By/2 i27f1)
0, —0., = arg iAlel%f—lf?/f/zPl(f)H(f)ezf df
L als [P0 Po( HH( feedf

Equation (8) shows the phase relation between c(f)
and c,(t). Here, we can see that the amplitude imbalance
does not impact the phase relation and that the quadra-
ture error of the modulator causes an additional phase
bias ¢ to the case of only existing nonideal group delay.
Thus, in the following analysis, the errors from the mod-
ulator are omitted for clarity. Here, we note that the
phase relation between c,(f) and c,(tf) depends on the
components’ spectrums and the filter response.

The moment of generating c;(f) and c,(¢) is usually
synchronized, but the estimated delays z; and r, may
show little difference due to the nonideal group delay of
the channel. Here, the delay denotes the time offset of
the local replica code related to the analyzed signal. The
steps of accurate calculation of the delay are given in Liu
et al,'’® and the accurate phase bias can be obtained by
using the expression in Equation (8) together with the
accurately calculated delay. The error in the estimated
delay mainly causes the decrease of the amplitude of the
correlator output, as long as the estimated delay is still
limited in the scope of the main peak of the correlation
function. Further, the estimated delay that exceeds the
range of the main peak of the correlation function for
BOC can cause an unexpected 180° flip of the phase. For
convenience in the analysis of phase bias, the delays of

the two components can be set to the zeroth-order group
delay due to the limited impact on the results in most
cases. This is reasonable—the estimated delay is mainly
from the zeroth-order group delay of the channel, and
higher order terms of group delays cause little distortion
to the delay of the main peak of the correlation function.
The error from the approximation will be evaluated in
the section on validation.

3 | VALIDATION

In this section, we first introduce the model of the output
filter used in the validation. Then, three types of signals
belonging to different navigation systems are selected as
examples to validate the analysis results. Finally, we per-
form further validation of the theoretical results by
extracting the phase bias from the signal generated in the
test bench.

To reveal why and how the group delay induces
phase bias, we expand the group delay with the Taylor
form." Generally, the group delay of the filter can be
properly fitted by third-order and below order terms with
little residual errors. The curve of the group delay within
the bandwidth in Figure 3, which has the typical feature
of a parabola, is the cubic fitting result of the measure-
ment of an output filter from a vector network analyzer.
If necessary, similar analysis and discussion can be per-
formed for other filters with higher order terms of the
group delay involved.

The model of group delay is given by

Tr(f) =T+ 2mT01f + %(ZTE)Z’EngZ + %(2n)3rg3f3, (9)
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FIGURE 3 Cubic fitting group delay within the bandwidth
[Color figure can be viewed at wileyonlinelibrary.com and www.
ion.org]
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where fis the frequency variable and t,, T4, T, and Tg;
are the zeroth-order, first-order, second-order, and
third-order group delays, respectively. The values of these
coefficients used for the description of the curve in
Figure 3 are given as follows: 1, is 11.2E-9 (5); T4 is
206E-17 (s°/rad); T4 is 1.73E-24 (s’/rad); 14 is
3.58E—33 (s*/rad). Meanwhile, the phase response of the
filter is written as

(2m)* g _ (2n) 1 f° B (2n) tgs f*
2 6 24 ’

O( f) =60 —2mtef —
(10)

where 6, is the initial phase.

The impact of the amplitude of the RF channel on
phase bias can be evaluated by using the general form in
Equation (8). For its limited impact on phase bias, the
amplitude of the channel is assumed to be ideal for focus-
ing on group delay. In the validation, H(f) is given by
H(f) = ¢ "%,

In this section, three types of typical signals belonging
to different satellite navigation systems are taken as
examples. The signal in Case 1 denotes the signal types in
L5 of GPS, E5a or E5b of Galileo, and B2a of BDS; the sig-
nal in Case 2 presents the signal types using different
BOC modulations in Bl of BDS and E1 of Galileo; and
the signal in Case 3 accords with the signal types in L1 of
GPS. Besides for validation, the results also show that the
signals containing different BOC modulations suffer
larger phase bias in the presence of the nonideal group
delay than the other cases. The group delay model in the
validation contains the zeroth-order, first-order, and
third-order terms of group delay, which covers the typical
characteristics of filters in practice. If needed, higher
order terms of group delay can be included in the model
using the similar way.

First, the signals with specific modulations are gener-
ated. Then the generated signals are filtered using a Fast
Fourier Transform (FFT) algorithm to minimize the error
of group delay induced in the filter process.

Second, the tracking and measurement processes are
performed in a software receiver. The receiver uses a
classical code-tracking loop using EMLP discriminator
with the side-peak lock detection algorithm and a Costas
carrier tracking loop. We apply two independent carrier
tracking loops for each signal component. After the lock
of the loops, we extract the phase information from the
two carrier loops at the same time and calculate the
phase difference between the two components. Then,
the phase bias is obtained by subtracting the expected
phase relation between the two components from the
calculated phase difference.

E€DION_WILEY- | >
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The first case is that the signal contains two traditional
BPSK(10) signals filtered by the model shown in
Equation (9). The expression of the spectrum for
BPSK(10) signals is given by**

PBPSK( f) = TcSinCZ (J‘Cch), (11)

where T, is Pseudo-Random Noise (PRN) code duration
time and sinc(x) = sin(x)/x.

For the two components with the same modulation,
the spectrums of them are equal; that is,
Pi(f) = Px(f) = Pppsk(f). Thus, the phase difference calcu-
lated from Equation (8) is

Oc, —0., =90 (deg). (12)

The phase difference is the same as expected; therefore,
no bias exists.

In the validation of simulation, we generate two
BSPK(10) signals with the phase relation shown in
Equation (2). The simulated result of phase bias is
0.0015°, and the non-zero of the phase bias is mainly
from the nonideal feature of the PRN codes. The simu-
lated result agrees well with the theoretical result. Thus,
we can conclude that no phase bias is induced for the
components with the same spectrum even if the group
delay is nonideal.

3.2 | Case2

Here, the signal composed of BOC(1, 1) and BOC(14, 2)
is taken as an example. ¢;(¢) is set to BOC(1, 1), and c,(¢)
is set to BOC(14, 2). It is noted that the BOC in the vali-
dation stands for the sine-phase binary offset carrier
modulation. The spectrum of BOC(1, 1) is given by
Kaplan et al**

Procn( f):Tgsincz(nfT?)tanz( 7 > (13)

2fse1

where T¢ is the PRN code duration time of BOC(1, 1)
and the subcarrier frequency of BOC(1, 1) f; is equal to
1.023 MHz. The spectrum of BOC(14, 2) is given by
Kaplan et al**

Ppociaz( f) = Ti’sin02 (”f T? )tan2 (

se2

where T’c’ is the PRN code duration time of BOC(14, 2)
and the subcarrier frequency of BOC(14, 2) fi., is equal to
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FIGURE 4 Theoretical spectrums of BOC(1, 1) and
BOC(14, 2) [Color figure can be viewed at wileyonlinelibrary.com
and www.ion.org]

14.322 MHz. The main spectrums of the components con-
centrate in their own subcarrier frequencies, as shown in
Figure 4. Substituting Equation (9), Equation (13), and
Equation (14) into Equation (8), we obtain the theoretical
phase bias of 4.93°.

Simulation is performed to validate the analysis. In
the simulation, BOC(1, 1) and BOC(14, 2) are generated
and filtered by the filter with the group delay shown in
Figure 3. After the convergences of the tracking loops,
the simulated result of the phase bias is 4.92°. Thus, it
can be concluded that the phase bias from the simulation
agrees well with the theoretical result.

The effect of the approximated delay on phase bias is
further discussed here. Using the model of the group
delay in Figure 3 and the spectrums in Equation (13) and
Equation (14), we obtain the accurate delays of the maxi-
mum main peak of the correlation functions of BOC(1, 1)
and BOC(14, 2). The zeroth-order group delay is 11.2 ns,
while the accurate delays 7; and 7, for BOC(1, 1) and
BOC(14, 2) are 12.8 and 13.7 ns, respectively. The phases
of the correlator output versus delays are shown in
Figure 5. We can see that the phase of the correlator

output changes slowly around z = 13.7 ns for BOC(14, 2)
and the phase of the correlator output almost keeps con-
stant in the range of [3-25] ns for BOC(1, 1) in Figure 5B.
The phases calculated by using 7; = 7, = 11.2 ns are
approximately equal to the phases from 7; = 12.8 ns and
7, = 13.7 ns. This can be explained as follows: the signal
with BOC modulation has multiple peaks. The range of
the delay of the replica code corresponding to the main
peak of BOC(14, 2) is about -3 to 31 ns, and the range for
BOC(1, 1) is much larger than that for BOC(14, 2). Thus,
we can see that the phases of correlation output for
BOC(1, 1) and BOC(14, 2) almost keep constant around
the delay of the maximum main peak of the correlation
function of BOC(14, 2); that is, = = 13.7 ns. When the
delay is approaching the margin of the main peak, the
correlation output tends to be zero and further becomes
opposite, which results in that the phase for BOC(14, 2)
shows the inverse of 180°. Thus, we can understand that
the calculation of the phase bias using the zeroth-order
group delay instead of the accurate delay of the
maximum main peak of the correlation function is
acceptable.

For comparison, the phase bias between BOC(1, 1)
and BOCc(15, 2.5) in E1 of Galileo is also calculated.
Using a similar process, we obtain that the phase bias
between BOC(1, 1) and BOCc(15, 2.5) in E1 of Galileo is
6.3°. Here, we can see that the phase bias between
BOC(1, 1) and BOCc(15, 2.5) is larger than the phase bias
between BOC(1, 1) and BOC(14, 2). This is because the
subcarrier frequency of BOCc(15, 2.5) is farther away
from the center frequency than that for BOC(14, 2).

33 | Case3

In the third case, the signal containing BOC(1, 1) and
BPSK(10) is taken as an example to be analyzed in the
validation. Their power spectrums are shown in Figure 6.
Substituting Equation (10), Equation (11), and
Equation (13) into Equation (8), we obtain that the theo-
retical phase bias is —0.39°.

(A 5. (B) :
= e ot - :
— e /,r-i—— . D Dl
Ss0f | T~ ol 5 A N
= | The 180° inverse of the phase | g 11 / 4
o | | ) / 1,=12.8ns
8 100} | 8 /
8 - g2 , .
£ | —— BOC(14,2) w r =11.2 ns BOC(14,2) FIGURE 5 Phase of the
a g
g sob | *—Bacn i S .l \ BOC(1,1) correlation output versus delays for
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@ | ,=13./ N8
8 Ofcriasisbiloiniois o e E 41 \ b view. B, Zoom in of (A) [Color figure
o \ v .
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FIGURE 6 Theoretical power spectrums of BOC(1, 1) and

BPSK(10) [Color figure can be viewed at [Color figure can be
viewed at wileyonlinelibrary.com and www.ion.org]

Similar to Case 2, the simulation is performed, and
the simulated phase bias is —0.40°. Thus, we can obtain
that the theoretical result agrees well with the simulated
result and the phase bias is slighter compared with the
result in Case 2.

3.4 | Validation with test bench

We perform a validation based on our test bench. The sig-
nal composed of BOC(1, 1) and BOC(14, 2) is generated
in a signal generator. The model of signal generation is
based on Equation (1) with equal power allocation. The
modulation of the signal is implemented in a digital mod-
ulator; thus, the errors from the modulator are ignorable.
The generated signal goes through a cavity filter with the
group delay shown in Figure 7. The signal at the output
of the filter is directly sampled with a high fidelity signal
recorder with a rate of 1 GHz. Then the obtained phase
bias between BOC(1, 1) and BOC(14, 2) from the sampled
signal is 3.35°. Compared with the theoretical phase bias
of 3.42° calculated by Equation (8), we can obtain that
the theoretical result agrees with the result from the
sample data.

4 | FURTHER ANALYSIS AND
SIMPLIFIED MODELS

In this section, we first analyze the phase bias with the
components having the same spectrum. Then, the
impacts of zeroth-order, first-order, second-order, and
third-order terms of group delay on phase bias are dis-
cussed. By simplifying the expressions of the spectrums,

1540 1560 1580 1600 1620
Frequency (MHz)

FIGURE 7
[Color figure can be viewed at wileyonlinelibrary.com and www.

Group delay of the cavity filter in the validation

ion.org|

we analyze how the group delay deteriorates the phase
bias and which terms of group delay have a greater
impact on the bias. Lastly, the steps of calculating the
phase bias under different conditions are summarized
and given in detail.

From the results presented in the above section, we
understand that the signals in B1 of BDS and E1 of Gali-
leo suffer larger phase bias than the other types of sig-
nals. Thus, the group delays of the transmitting and
receiving channels for those signals should be optimized
for this indicator. The general form expression of the
phase bias is complicated, and the relationship between
the phase bias and group delay is not distinct and clear.
Simplification should be performed to reveal the essential
factors that cause the main bias and provide a quick way
of evaluating the bias.

Observing Figure 8, we find that the spectrums of
BOC(1, 1) and BOC(14, 2) concentrate in their subcarrier
frequencies and the spectrums are symmetrical about the
center frequency. Therefore, we can use the Dirac delta
function with the frequency located in the subcarrier fre-
quency instead of the original signal spectrum for simpli-
fication, as shown in Figure 8.

Then, the simplified spectrums become

Pl(f)zé(f_fse1)+5(f+fse1)’ (15)

Pz(f):(S( f_fse2)+6(f+fse2)' (16)

In the following analysis, we select several typical
cases for presenting the influence of group delay on
phase bias. The simplified expressions will be used for
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2 , N |' | ( / \ [ \ nla nonnegative real. Then, the phase difference is the same
a -90 /‘qyl [ m [\{V \] l [ “ |l [ \ m | \ [n\ \ as expected. Thus, we can see that only the zeroth-order
= 100} II[ [ BOC(1,1) / . group delay does not introduce bias regardless of the sig-
{ l [ BOC(14,2) [ nal components. The zeroth-order group delay is an ideal
110} } —©— simplified spectrum for BOC(1,1) | 4 case, and it delays all the frequency components with the
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FIGURE 8 Simplified spectrums of BOC(1, 1) and BOC(14, 2)
[Color figure can be viewed at wileyonlinelibrary.com and www.
ion.org]

discussing the effect of higher order terms of group delay
on phase bias.

4.1 | Signal components with the same
spectrum

It is noted that the spectrum mentioned in this paper
means the spectrum envelope. In this case, the spectrums
of the components are the same; that is, P,(f) = P,(f). By
using the presented expressions, we obtain that the phase
difference is 90°, and the phase bias between the compo-
nents is immune to the nonideal group delay. This is due
to the fact that the components with the same spectrum
suffer the same level of distortion. In fact, the signals
with the same envelope spectrum may have different
spectrum details with different PRN codes, which would
lead to the existence of a small bias. In this case, the
detailed spectrum can also be substituted into
Equation (8) to reveal its impact on phase bias.

4.2 | Effect of zeroth-order group delay
on phase bias

In this case, the phase response of the filter is
O(f) =6 —2mtef. (17)
The estimated delays are equal to the zeroth-order

group delay, that is, Ty = T, = 1, Substituting
Equation (17) into Equation (8), we have

channel equalization. In practice, the group delay of the
channel is more complex and usually contains the
zeroth-order, first-order, or higher order terms.

4.3 | Effect of zeroth-order and first-
order group delays on phase bias

In the presence of zeroth-order and first-order terms of
group delay, the phase response becomes

0 f) = 8o —21tsf - %(27:)2%1 I3 (19)

In this case, the delay is set to the zeroth-order group
delay as discussed in Section 2. Substituting
Equation (19) into Equation (8) yields

By/2 i( —2m2ty f2

0., —0,, =arg| i B (el ) g 20

RSl By ey RS
P Pa( e gy

The expression in Equation (20) is for all kinds of sig-
nals, but we find that the effect of group delay on phase
bias is complicated. To obtain more concise and plain
expressions for optimizing the group delay of the channel
for the sensitive signals, we substitute the simplified
expressions of the spectrum given in Equation (15) and
Equation (16) into Equation (8) and obtain

0 —9 — ar ( 1—;1f3/fz/2[6( f_fse1)+6( f+fse1)]ei(_2nzrglf2)df>

l—;lg/fz/Z[(s( [=Fe) +0( f+ fsez)]ei(_hzfglfz)df
(1)
Equation (21) can be further expressed as
901 - 902 =arg (ei(§+ 051 ( fye1) —0g1( fscz)) ) , (22)
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where 0 ( f) = — %(2n)zrgl f? is the phase response of the
filter from the first-order group delay t4,. Thus, we obtain
the phase bias between the signal components, which
mainly depends on the phase difference from the first-
order group delay between f;.; and f,., in this case.

The signal components in B1 of BDS are taken as an
example to show the efficiency of the spectrum simplifi-
cation. Substituting the value of 7, into Equation (22),
we obtain that the phase bias between BOC(1, 1) and
BOC(14, 2) is 4.74°. The phase bias obtained from the
original expression in Equation (8) is 4.402°. Therefore,
we can conclude that the error caused by the spectrum
simplification is acceptable.

The phase response of the filter from the first-order
group delay is shown in Figure 9. By further observing
Equation (22) and Figure 9, we can see that the phase
bias is related to the difference of the phase response of
the filter between f.; and f., and that the phase between
the signal components with larger subcarrier frequency
suffers more bias.

4.4 | Effect of zeroth-order, first-order,
and second-order group delay on phase
bias

With the addition of the second-order group delay in
Equation (19), we have

0f) = 00=2m0 = 0 [P (20 . (2)

Using the similar process for the estimated delay, the
general form of the phase difference for such a case is
given by

0 ‘ — B

X:-1.023
-r Y: -0.02433

X:-14.32
Y:-4.768

1 ' ]
AWM
T T T

5t

0,,(7) (deg)

-10 - A .
-20 -10 0 10 20
Frequency (MHz)

FIGURE 9 Phase response of the filter caused by the first-
order group delay [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]
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e (i 2 - ) oy

0., —0., =arg| i 52 p i — @) Cnf)'we) g
(e s )

(24)

Using the simplified spectrum model, we obtain

i(-12n) 1y 2, (2n)*1 fon
el =3 f )cos(ig2 )

e300 f) cos ((ZT&TT&Z&Q

0., —0., =arg| i

1

(25)

Here, we first analyze the terms in the two cosines
affected by the second-order term of group delay. Take
the group delay of the filter shown in Figure 3 for exam-
ple. The second-order term of the group delay is plotted
in Figure 10. We can see that even if the fluctuation of
the second-order term of the group delay reaches 14 ns in
the bandwidth, the phase response of the filter as shown
in Figure 11 due to the second-order term of group delay
is still limited to 13° in the range of [fy.fs.]. It is still easy
to satisfy the condition in which the two cosines take the
same sign. If the filter is so terrible that the fluctuation of
the second-order term of group delay causes the opposite
sign of the two cosines, the inverse of 180° of phase rela-
tionship would happen.

Here, we focus on the case that the two cos(-) func-
tions have the same signs; then Equation (25) can be fur-
ther simplified as

i (n (27()2r31 fszel + <2")2181 f?ez)
2 2 2
0., —0., =arg| e . (26)

1

14

12}
10}
8_

Group Delay (ns)

6

4

2 L

0 L L L

-20 -10 0 10 20
Frequency (MHz)

FIGURE 10 Group delay fluctuations caused by the second-
order terms in the bandwidth [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]
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It is noted that the phase difference in Equation (26) is
the same as the case of the only existence of the zeroth-
order and first-order terms of group delay in
Equation (22).

The phase bias in this case, calculated from the origi-
nal expression in Equation (8), is 4.403°. By comparing
the results in Section 4.3, we find that the addition of the
second-order group delay slightly changes the phase bias.
This can be found in Equation (24) where the impact of
the first-order and second-order terms on the bias is
mixed. Both the second-order group delay and the omit-
ted spectrum components in the simplification cause the
difference.

4.5 | Effect of zeroth-order, first-order,
second-order, and third-order group delay
on phase bias

Substituting Equation (9) into Equation (8) and per-
forming the similar operation to the equation, we obtain

1
By/2 PZ( f)ei(—%(h)zrgl fz—é(21t)3-rng3—i(z;:)"‘rg;j“‘)df

. l—;lf}/fz/zpl ( f) ei( —12n) t f2 - 1(2n) 1 £2 — F(2n) 1 fA) df
O, — 0, =arg| i— .
171,

(27)
Using the simplified spectrum model, we obtain

ei( —32n) v fo ~5(21) 1 i ) CcoS <—<2x)3282 f?el)

0., -6, =arg| i
. @ & ei( _%(27'5)2'%1 fr _§<2”)41’g3 f?ez) cos <<2")3Tngf§eZ)
(28)
40
30 \
\
— 20+ N
* \ cos((2m)°t, 2,.)
© 10} /
& of Y e
L X:1.023
& -10} Y:-0.00443 g
& pg A X 1432
COS((ZK)st P ) Y:-12.15
30 g2 se2 \
-40 . - ,
-20 -10 0 10 20
Frequency (MHz)
FIGURE 11 Phase response of filter due to the second-order

term of group delay [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]

With the same assumption, the distortions caused by the
second-order group delay in cos(-) functions have the same
signs, and then Equation (28) can be further simplified as

(=30 o fln — 50 0 L)
0., —0., =arg| i . 29
o T T B\ e 2 —n) e ) (29)

Thus, the phase difference, in this case, is given by

0, 0, :arg<ei(§+(egl< Fre) =0 ( fu2)) + (03 ( Fron) =0ga( m)))),

1

(30)

where 0, ( f) = —1(2n)’ty 2 and O3 ( f) = — 4 (2n) s f*.
041 ( f) and 6g3( f) are the phases caused by the first-order
group delay and the third-order group delay, respectively.
It is noted that the impact of the third-order group delay
on the phase difference is directly added to the bias cau-
sed by the first-order group delay.

In this condition, the phase biases calculated by the
original expression and the simplified expression are
4.93° and 5.31°, respectively. The results show that the
simplified model agrees with the original one. Comparing
this with the phase bias of 4.40° from the original model
in the presence of zeroth-order and first-order terms of
group delay, we find that the more the degradation of
0.5° is from the addition of the third-order group delay.
The phase response of the filter caused by the first-order
and third-order terms of group delay is shown in
Figure 12. By comparing Figure 9 with Figure 12, we find
that the curves in the two cases are similar and the phase
at the subcarrier frequency of BOC(14, 2) is 0.5° larger
than the phase of the only existence of the first-order

0 T =

X:-1.023
Y:-0.02435

X:-14.32
) Y:-5.329

EJ(_]1+E!ga (deg)
| |

-20 -10 0 10 20
Frequency (MHz)

FIGURE 12 Phase of the filter from the first-order and third-
order terms of group delay [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]
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group delay. It is reasonable that the third-order group
delay is small and the phase caused by the third-order
group delay at the frequency far from the center is larger
than the phase near to the center frequency.

The impact of group delay of high-order terms on
phase bias can be analyzed by using the similar way.
Based on the analysis presented above, we can conclude
that the phase difference between f,; and f;., from the
group delays of odd order terms plays an important role
in the phase bias.

4.6 |
bias

Summaries of calculating phase

Here, the steps of calculating the phase bias for some
typical cases are summarized and shown in detail. The
calculations of phase bias can be divided into three cases:

a For the signal components with the same or similar
spectrum envelope, the impact of nonideal group delay
on phase bias between signal components is limited
and ignorable. These types of signals include L5 of
GPS, B2a of BDS, and E5a of Galileo.

b For the signal containing BPSK and BOC components,
we need to adopt the original expression of phase bias
for calculating. It is noted that the following steps are
also suitable for all types of signal components. The
detailed steps are given by:

1 Extract the phase response of the channel in the

bandwidth noted as 6(f);
2 Calculate the group delay from the phase response
of the filter using z( f) = — i%fﬂ;

3 Polyfit the group delay, and set the obtained zeroth-
order term of group delay as the delays for both of the
signal components. If needed, accurate delays can also
be calculated using the method shown in Liu et al'>;

4 Substitute the spectrum expression and phase
response of the filter into Equations ( 5) and (8);

5 Calculate the phase difference between the compo-
nents using Equation (8), then the bias is obtained
by subtracting the ideal phase difference between
the signal components from the calculated phase
difference.

¢ For the signal composed of different BOC components,
such as the signal in B1 of BDS, the phase bias between

FIGURE 13
simulation to show the impact of HPA

Signal flow in the

Signal

on phase bias [Color figure can be Generation
viewed at wileyonlinelibrary.com and

www.ion.org]
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the signal components becomes obvious. The calcula-

tion of phase bias can be rapidly performed using the

simplified method. The steps are given as follows:

1 Extract the phase response of the channel in the
bandwidth noted as 6(f);

2 Calculate the group delay from the phase response
of the filter using z( f) = — %%fﬁ;

3 Polyfit the group delay with third and below order
terms, then we obtain the coefficients of the first-
order and third-order terms. If needed, the coeffi-
cients of higher odd order terms can be obtained
using the similar way;

4 Calculate the phase difference between the frequen-
cies of the subcarriers of BOC components using the
coefficients obtained in Step 3 by using
Equation (30);

5 The bias is obtained by subtracting the ideal phase
difference between the signal components from the
calculated phase difference.

5 | IMPACTS OF OTHER FACTORS
ON PHASE BIAS

In the previous sections, we have analyzed the impact of
group delay on phase bias between the signal compo-
nents. To evaluate other factors in the channel affecting
the phase bias, we have performed the analyses of the
impacts of HPA and ionosphere on the phase bias in this
section. Finally, the tracking biases induced in different
carrier tracking loops have been analyzed in the presence
of phase bias.

51 |
bias

Impact of nonlinear HPA on phase

We use a simulation method to present the effect of
nonlinear HPA on phase bias. The link of signal genera-
tion is shown in Figure 13. The group delay of the filter
used in the simulation is described by Equation (9). The
AM/AM and AM/PM characteristics of the HPA are
shown in Figure 14.

The signal has an ideal constant envelope under the
condition of infinite bandwidth. In practice, the signal
generated in the payload is bandlimited, and the finite

High Power .
Output Filter S

Amplifier

Point B
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(A) T . (B) 10 FIGURE 14 Nonlinear model of
- the HPA used in the simulation. A,
- Mode of AM/AM for the HPA. B,
A0 _/// <0 Mode of AM/PM for the HPA [Color
E //’/ _ 15 figure can be viewed at
% s /,// g - //' wileyonlinelibrary.com and www.ion.
o . = ~ or;
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bandwidth actually deteriorates the envelope properties
of the signal even if it is multiplexed with a constant
envelope. The constant envelope modulated signal with
wider bandwidth usually has better envelope properties
and would suffer less nonlinear distortion of HPA. Thus,
in the design and implementation of payload, the band-
width of the filter before HPA is much wider than that of
the output filter. The detailed analyses of the effect of dif-
ferent bandwidths of the filter before HPA on phase bias
using simulation have been performed. The phase bias at
point B contains the phase bias from the nonlinear HPA
and the nonideal group delay of the filter, while the
phase bias at point A only contains the distortion from
the nonideal HPA. The phase biases at both points A and
B are calculated under different bandwidths to show that
the phase bias at point B can be treated as the phase bias
distorted by the group delay of the filter plus the phase
bias affected by the nonlinear distortion of the HPA, as
shown in Table 1. From the results in the table, we can

see that the phase bias from the HPA also needs to be
considered and evaluated, except for the phase bias from
the nonideal group delay. Further, it also indicates that
the wider bandwidth of the filter before HPA leads to less
nonlinear distortions on phase bias at point A. The
results for the bandwidth less than or equal to +40 MHz
show larger phase bias at point A than those for the
bandwidth larger than +40 MHz. This can be explained
as that the envelope of the signal becomes much better
when the third harmonic of the subcarrier
(3 * 14 * 1.023 MHz) is preserved, as shown in Figure 15.

5.2 | Impact of ionosphere on phase bias

For the dispersive effect of ionosphere, the model of iono-

sphere can be treated as a special type of nonideal group
delay and is given by Guo et al'2

50— . . . ' . : :

TABLE 1 Impact of the bandwidth of the filter before the [ “BOC(1.1)
BOC(14,2
HPA on phase bias il The first order harmonic of BOC(14,2) e
Phase bias FIII\‘.\.
distorted by A0t orotneg, TN I
the group
Bandwidth Phase Phase delay of the _ ———
[11]
of the filter bias at bias at output filter =
before the point A point B Pbg — Pb, 2
HPA (MHz) Pb, (deg) Pbg (deg) (deg)
+24 —-1.22 3.71 4.93
+28 —-1.33 3.60 4.93
+32 -1.26 3.67 4.93
+36 —-1.25 3.68 4.93
+40 -1.24 3.68 4.92 £ (MH2)
+44 —0.68 4.25 4.93
448 —0.66 4.7 4.93 FIGURE 15 Spectrum of BOC(14, 2) under different
bandwidths [Color figure can be viewed at wileyonlinelibrary.com
+52 —0.66 4.27 4.93

and www.ion.org]
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_ 40.3TEC

T(f)—T’ (31)

where c is the vacuum speed of light and total electron
content (TEC) is the line integral of free electron density
along the direct ray path.

The presented expression of calculating phase bias is also
suitable for evaluating the phase bias from the ionosphere.
Here, we take a typical value of TEC to demonstrate its
impact on phase bias. The group delay for TEC = 50TECU
due to the ionosphere is shown in Figure 16. The group delay
in the bandwidth of 40 MHz is approximately linear and can
be well fitted by the zeroth-order and first-order terms of
group delay. Then, the model of group delay and the
corresponding phase response are given by

7( f) =71g + 20ty f, (32)

2 2
o(f) :60—2mgf—(2“)%1f, (33)
where 1, =27 E — 9(s) and 7y = — 5.4E — 17 (s*/rad).
Using Equations ( 8), (13), (14), and (33), we obtain
that the phase bias due to the ionosphere is —1.16°,
which is opposite to the phase bias from the filter with
the group delay shown in Figure 3. Further, if the trans-
mitted signal from the payload affected by the filter goes
through the ionosphere with the model shown in
Figure 16, the final phase bias affected by the cascade
connection of the filter and ionosphere is 3.77° and
decreases —1.16° compared with the case of the only exis-
tence of the filter depicted in Equation (9).

276}
2741
y=-0.034"x + 27

27.21

27

Group delay (ns)

268}

266

26.4 ; s s . . . .
20 15 -10 5 0 5 10 15 20
Frequency (MHz)
FIGURE 16 Group delay due to the ionosphere with
TEC = 50 TECU [Color figure can be viewed at wileyonlinelibrary.
com and www.ion.org]
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5.3 | Carrier tracking loop in the
presence of phase bias

The existence of the nonideal group delay causes the
phase bias between the signal components with different
modulations. At the same time, the nonideal group delay
also affects limited tracking performance variation under
noise. Compared with the tracking performance under
noise, the constant phase bias may bring more trouble to
high-accuracy positioning. Thus, we should analyze the
bias in different configurations of the carrier tracking
loop in the presence of phase bias. For the reason that
the impact of group delay on the phase is just as likely to
add a constant phase rotation on the phase of the signal
component, the analysis of bias in the carrier tracking
loops can be equivalent to analyze the phase after the
correlator outputs. There are two cases for different con-
figurations of the carrier tracking loop.

The first case is that two independent carrier tracking
loops are used for tracking the signal components,
respectively. The phase difference between the two loops
accords with the phase relation between the signal com-
ponents. The distortions of the group delay on the signal
would result in the phase relation deviating from the
expected one. Thus, the phase bias, in this case, agrees
with the results obtained by using the model in
Equation (8).

For the second case, a coherently combined carrier
tracking algorithm is used for tracking both of the signal
components in the same loop. Thus, a fixed phase bias
may exist in the tracking loop due to the fact that the
local replica signal composed of two signal components
for despreading is still generated according to the phase
relation defined in the interface control document. The
local replica signal for this case is given by

Sref (£) = Arci (t) +1xAxcs(t). (34)

Then, the correlator output becomes

By /2 By/2
Spomb = gl <A§[ Pi(f)H( f)eiz”f’df+rzei¢4A§[ P (f)H( f)e””ffdf)

-By/2 -Bs/2

(35)

Further, S can be approximately expressed as
Sg"’”bzei‘ﬁ0 (Afem1 + ocA%ei(‘g2 + ¢A>) , (36)

where ¢, and 0, are the phase rotations caused by
Bf/2

i2zft By/2 i2nfz
—Bf/2P1( f)H( f)e12 f df and _g/f/zpz(f)H( f)eIZ f df ,
respectively. In the tracking loop, the common phase
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rotation can be accurately removed. If we choose the
quadrature branch as the reference, then we have

S = (A7 +0A3), (37)

where 0, is equal to 8, — 8, — ¢, and it contains the phase
error from the modulator and the phase bias between the sig-
nal components affected by the group delay analyzed in the
previous section. Thus, the tracking bias in the coherently
combined carrier tracing loop is given by

AOr =arg(Aje™ +aA3). (38)

The tracking bias depends on both the phase bias
between the signal components and the errors from the
modulator. We can see that in the ideal case, that is,
O = 0 and a = 1, AZe® +aA3 becomes A? + A3 and
A@r = 0. However, considering the development of the
performance of the digital signal process, most of the
modulations are implemented in the digital domain, and
the modulation errors become easy to be controlled.
Thus, we assume ¢, = 0 and o« = 1 for convenience to
show the impact of the phase bias due to the nonideal
group delay on the tracking bias in the coherently com-
bined carrier tracking loop. With the assumptions of
equal power allocation for the signal components, we
obtain

Afr = arg(A3 (1 +€%))
R 39
=arg <2Afcos (%) elT> . (39)

Observing Equation (39), we find that the bias for the
coherently combined carrier tracking loop is equal to half
of the phase bias caused by the nonideal group delay cal-
culated from Equation (8) in this case.

6 | CONCLUSIONS

The nonideal group delay is usually inevitable in the
transmitting or receiving channels, and the phase bias
between the signal components caused by the nonideal
group delay becomes serious for the modernized signals
with different BOC modulations. We have established the
general model for this phenomenon and derived the ana-
lytic expression by simplifying the signal spectrum for
the signals like B1 of BDS and E1 of Galileo. The impacts
of nonideal modulator, nonlinear HPA, ionosphere on
phase bias, and phase bias on different configurations of

carrier tracking loops are further analyzed and discussed.
The obtained conclusions and expressions are useful for
improving the phase bias in the design of the RF channel
in the navigation payload or receiver. The simplified
model provides a quick way to evaluate the phase bias
caused by the nonideal group delay of the channel.
Meanwhile, the corresponding results can be applied to
analyze the phase relation between the signal compo-
nents for other systems.
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