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Abstract: Along with the rapid development of the Global Navigation Satellite System (GNSS),
satellite navigation signals have become more diversified, complex, and agile in adapting to increasing
market demands. Various techniques have been developed for processing multiple navigation signals
to achieve better performance in terms of accuracy, sensitivity, and robustness. This paper focuses
on a technique for processing two signals with separate but adjacent center frequencies, such as B1I
and B1C signals in the BeiDou global system. The two signals may differ in modulation scheme,
power, and initial phase relation and can be processed independently by user receivers; however,
the propagation delays of the two signals from a satellite are nearly identical as they are modulated
on adjacent frequencies, share the same reference clock, and undergo nearly identical propagation
paths to the receiver, resulting in strong coherence between the two signals. Joint processing of these
signals can achieve optimal measurement performance due to the increased Gabor bandwidth and
power. In this paper, we propose a universal scheme of asymmetric dual-band tracking (ASYM-DBT)
to take advantage of the strong coherence, the increased Gabor bandwidth, and power of the two
signals in achieving much-reduced thermal noise and more accurate ranging results when compared
with the traditional single-band algorithm.

Keywords: BeiDou Navigation Satellite System; ASYM Dual-Band Tracking; tracking channel
architecture; Gabor Bandwidth

1. Introduction

It is well known that the widespread application of the Global Navigation Satellite System (GNSS)
has promoted the construction, improvement, and modernization of satellite navigation systems such
as GPS and Galileo in major countries and regions of the world [1,2]. Among them, China’s BeiDou
system has seen rapid development in recent years. The BeiDou regional system began its service to
the Asia Pacific region in 2012, while the BeiDou global system has entered the deployment phase
in 2017 and will complete global networking in 2020 [3,4]. On the premise of guaranteed forward
compatibility of open service to legacy users, the BeiDou global system will broadcast several new
navigation signals in the B1, B2, and B3 frequency bands to achieve better performance in terms of
accuracy, sensitivity, and robustness [5]. Of particular note is that two civilian navigation signals—B1I
and B1C—modulated at different center frequencies in the B1 frequency band will be provided in the
BeiDou global system. While the B1I signal [6], with a center frequency of 1561.098 MHz, is retained
from the regional system to offer service to legacy users, the new B1C signal, with a center frequency
of 1575.42 MHz and which is implemented by the state-of-the-art multiplexed binary offset carrier
(MBOC) modulation scheme, will be broadcasted mainly to offer interoperability with GPS L1C and
Galileo E1C signals [7].
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Traditionally, each satellite in the GNSS constellation broadcasts multiple navigation signals in
the same or different frequency bands. For example, GPS broadcasts both a L1C/A signal and a L1P
(Y) signal in the L1 band while broadcasting a L2P (Y) signal in the L2 band; in the modernization of
GPS, the newly added L5 signal contains both data and pilot channels, which can also be viewed as a
special case of broadcasting two signals at the same frequency [8]. Because two or more navigation
signals broadcast by one satellite are generated based on the same onboard reference clock and their
propagation paths to the receiver antenna are nearly the same, the time delay and Doppler-shift of
these signals at the receiver are strongly correlated. This is the basis for the joint processing of multiple
signals to achieve better measurement performance.

Various techniques have been developed for the joint processing of multiple navigation signals,
and they can be grouped into three types. The first type of joint processing is based on a tracking
loop. The time delay and Doppler-shift parameters obtained by tracking a strong signal are used
to assist in tracking the weak signal. One typical example is the GPS receiver with dual-frequency
positioning, which utilizes the L1 signal to assist semi-codeless tracking of the L2P(Y) signal [8-10].
This type of joint processing handles two signals separately in essence, and can improve tracking
sensitivity for the weak signal at the parameter level. The second type of joint processing is based
on code and/or phase discriminators. For instance, when receiving the L5 signal, the outputs from
code and phase discriminators of the data and pilot channels can be coherently or non-coherently
combined to improve the accuracy and sensitivity of tracking [11,12]. The third type is based on the
auto-correlation function (ACF). By quasi-coherently combining correlator outputs of L1C and L1C/A
signal components, the proposed algorithm in [13] successfully constructs a synthesis correlation
function with no side-peaks. In addition, it combines the power of two signals to improve the tracking
accuracy. These three types of joint processing implement different ways of jointly utilizing the power
of multiple signals. We hence refer to this kind of performance improvement as power gain.

The unique features of the B1I and B1C signals in the BeiDou global system, however, offer
more potential than can be exploited by the three schemes described above. First, compared to GPS
L5 data/pilot channels or L1C/A and L1C signals, B1I and B1C signals are modulated at different
center frequencies in the B1 frequency band [6,14], which brings about a bandwidth gain in addition
to power gain. In addition, the center frequencies of B1I and B1C signals are separated by only
14.322 MHz, which is much closer than the >300 MHz separation between the center frequencies
of the GPS L1C/A and L2P(Y) signals. As a result, both signals can be received by one broadband
radio channel simultaneously, and the ionosphere delays experienced by these two signals are almost
identical. To take full advantage of such unique characteristics of B1I and B1C, a better joint processing
approach is clearly desired.

In this paper we first propose to view B1Il and B1C signals as one virtual navigation signal with
Asymmetric Dual Sidebands, named B1-ADS. The theoretical analysis in the following shows that
the Gabor bandwidth of this virtual asymmetric signal is much wider than those of B1I and B1C,
and even wider than those of signals modulated by Binary Phase Shift Keying (BPSK) (10) such as
L1P(Y) and L5. This indicates that the ranging accuracy of this virtual signal is much higher than that
of B1l or B1C alone. What needs to be emphasized here is that the performance improvement is mainly
due to bandwidth gain rather than power gain. Although the impressive potential for improved
ranging accuracy is indicated by the result of theoretical analysis, it still remains a big challenge in
current receiver design to implement optimal reception processing for B1-ADS signals. On one hand,
the traditional joint processing methods mentioned above, such as tracking loop parameter aiding
or combining discriminator outputs of different signals, fail to take advantage of the bandwidth gain
for the B1-ADS signal. On the other hand, although this B1-ADS signal has the frequency separation
characteristic similar to the BOC-modulated signal, the complexity of its ACF caused by the asymmetry
between the upper and lower sidebands renders those classical reception techniques of the BOC signal,
such as Bump-Jump [15] and the Double Estimator Technique (DET) [16], impossible to apply directly.
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So, in this paper, we further present a novel ASYMmetric Dual-Band Tracking technique to
achieve the optimal reception processing of B1-ADS signals through harvesting both power gain
and bandwidth gain, which is abbreviated as ASYM-DBT. The key of ASYM-DBT is to construct
discriminators of code delay, subcarrier, and carrier by coherently combining the correlator outputs of
dual sideband signals and to track these three components by delay lock loop (DLL), subcarrier lock
loop (SLL) and phase lock loop (PLL), respectively. The much-improved ranging accuracy committed
by the B1-ADS signal is obtained by combining the outputs of the code delay and the subcarrier
tracking loops. In fact, ASYM-DBT is an extension of our team’s previously proposed Dual BPSK
Tracking method (DBT) [17] designed for optimal reception of an alternative BOC (AltBOC) signal.
The DBT method adopts the ideas of DET and double phase estimator (DPE) [18] to treat the subcarrier
of BOC signals independently and to track it by an additional loop, but the characteristic of no need
to generate a subcarrier makes this method have lower hardware complexity and more generality.
A similar method to DBT is also mentioned in [19]. As an extension of the original DBT method,
ASYM-DBT has been improved to cope with the more complicated asymmetric case of dual-sideband
signals with different modulation schemes, power, and initial phase relations.

The remainder of this paper is organized as follows: in Section 2, the BDS B1I and B1C signal
properties are described and the power spectral density (PSD), ACFE, and Gabor bandwidth of the
whole B1-ADS signal are given and analyzed. In Section 3, we propose a reception model for the
B1-ADS signal. In Section 4, the ASYM-DBT method is described in detail, including tracking
channel architecture and its theoretical thermal noise performance. In Section 5, a software-defined
receiver developed by Tsinghua University is used to process B1I and B1C signals from a signal
generator. A simulated experiment is designed to verify the theoretical thermal noise performance of
the ASYM-DBT method. Finally, conclusions are drawn in Section 6.

2. Summary of the BDS B1 Signal

As mentioned above, two civilian signals, B1I and B1C, will be broadcast simultaneously in the
B1 frequency band in the future BeiDou global system [14]. From the viewpoint of the designer of the
BeiDou system, the B1I and B1C signals have been designed independently and are expected to be
processed in receivers as two separate signals. In this section, the characteristics of the B1l and B1C
signals will be introduced respectively, and then the characteristics of the virtual broadband signal
B1-ADS composed of B1I and B1C will be analyzed and its excellent potential for ranging performance
will be discussed.

2.1. Brief Introduction of the B1I and B1C Signals

The basic characteristics of the B1I and B1C signals are given in Table 1.

Table 1. B1I and B1C Signal Structure.

. Center . o Power . Pseudo-Random
Signal Component Frequency/MHz Modulation Phase/ Proportion Subcarrier/MHz Code/Mcps
B1I - 1561.098 BPSK(2) 0 1/2 - 2.046
BIC pilot 1575.42 QMBOC ! 90/0 3/8 1.023/6.138 1.023
data 1575.42 BOC(1,1) 0 1/8 1.023 1.023

! Quadrature Multiplexed BOC.

The B1I signal has been a major civilian signal of the BeiDou regional system and will be retained
in the BeiDou global system for legacy users. The B1I signal adopts the classical BPSK modulation
with a chip rate fo4, of 2.046 MHz, usually written as BPSK(2). The B1l ranging code has 2046 chips
and is a balanced Gold code truncated with the last chip. The center frequency of the B1l signal is
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1561.098 MHz [20,21]. The details of the B1I signal can be found in the official documentation [6].
The PSD of B1I with BPSK(2) modulation can be expressed as follows [22]:

() = foe 0
B1I f fcode (7Tf)2

The new B1C signal, modulated on the carrier with a center frequency of 1575.42 MHz, will be
broadcast in the BeiDou global system. The B1C signal incorporates the innovative data-plus-pilot
signal structure, and contains 25% power in the data component and 75% in the pilot component.
Both signal components are found to repeat after 10,230 chips and spread at the code chip rate
feode Of 1.023 Mcps. While the data component is generated with the BOC(1,1) modulation with a
1.023 Mcps square wave subcarrier frequency, the pilot component modulation, called multiplexed
BOC (MBOC) [7] has a spectrum produced by a BOC(1,1) component and a BOC(6,1) component
with a 6.138 Mcps square wave subcarrier frequency. Time-multiplexed BOC (TMBOC) is used
in the new-generation BeiDou-3 experimental satellites, and is produced by replacing four of the
33 spreading symbols with BOC(6,1) modulation while retaining BOC(1,1) modulation for all other
spreading symbols [5,14]. However, in the future BeiDou global system, QMBOC with BOC(1,1) and
BOC(6,1) modulated on the orthogonal phase of the carrier will be adopted [23]. The PSD of B1C,
with 1/11 of the total power in BOC(6,1) and the remaining 10/11 of the total power in BOC(1,1), can

be expressed as follows [22]:

Gric(f) = 1¥Gpoca)(f) + 11Grocs)(f)

- 1{5;3}2 Sinz(fzj; ) [10 tan? (ZJTCZ;(;) + tan? ( 127;5;18 )} )

2.2. Characteristic Analysis of the Virtual Broadband Signal B1-ADS

Admittedly, B1I and B1C signals with unequal power and different modulation schemes have
been expected to be processed as two independent signals in receivers. However, when considering the
fact that both signals are generated based on the same onboard reference clock and their propagation
paths to the receiver antenna are nearly the same, we can regard these two signals as a whole and
define it as a new signal, that is, B1-ADS. This virtual wideband signal has a center frequency of
1568.259 MHz ((1561.098 + 1575.42)/2) and has two asymmetrical sidebands. The characteristics of the
B1-ADS signal are given in terms of PSD, Gabor bandwidth, and ACF, as follows.

First, the PSD of the B1-ADS signal is approximated by the sum of the PSDs of the B1I and B1C
signals, as shown below:

Gp1-aps(f) = Gau(f + f5) + Gpic(f — f5) 3)

where f; represents half the center frequency spacing between the B1I and B1C signals, i.e., 7.161 MHz.
The rationality of this approximation is that the center frequencies of the B1I and B1C signals are
spaced by 14.332 MHz, and the vast majority of the spectrum of the B1I and B1C signals does not
overlap, which leads to negligible interaction between the two components of the spectrum. The PSD
of the B1-ADS signal is plotted in Figure 1 where it can be seen that the two components, B1I and B1C,
are modulated on the lower and upper sidebands, respectively.
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Figure 1. The power spectral density (PSD) of the B1-ADS signal.

Then, the Gabor bandwidth, as an important index used to characterize a signal’s theoretical
ranging capability, can be calculated based on its PSD. It is well known that the broader the Gabor
bandwidth is, the better the ranging performance that can be achieved. Given the PSD and front-end
bandwidth g, the formula to calculate Gabor bandwidth is as follows [24,25]:

+Br/2
= I f2G f ’
f"rﬁr/z ( )

Br/2

Figure 2 gives the results of the Gabor bandwidth of the B1-ADS signal with different front-end
bandwidths. At the same time, the Gabor bandwidth results of B1I, B1C, and BPSK(10) modulation
signal are also given in the same figure for comparison. Among them, the Gabor bandwidths of
two wideband signals, B1-ADS and BPSK(10), are calculated for the front-end bandwidths in the
[20-60] MHz range. Figure 2 shows that the Gabor bandwidth of B1-ADS is not only significantly
greater than those of the B1I and B1C signals as expected, but also greater than the Gabor bandwidth
of the conventional wideband signal with BPSK(10) modulation. This indicates the excellent potential
for ranging performance of the B1-ADS signal.
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Figure 2. The Gabor bandwidths of B1-ADS and other signals.
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Finally, the ACF of the B1-ADS signal is depicted in Figure 3. The same figure also gives the ACFs
of B1I, B1C, and a signal with BOC(7,2) modulation. Comparing the ACFs of these signals, it is not
difficult to see that the ACF of the B1-ADS has multiple peaks similar to that of the BOC(7,2) signal.
The reason will be explained in the next section. While the steep main peak in the ACF of B1-ADS
signal is another indicator of its excellent ranging performance, the feature of multiple peaks can also
lead to the problem of tracking ambiguity similar to BOC signals.

1
B1l
0.8 B1C
B1-ADS
o6k ‘ ' BOC(7.2)| |
04} | 4
o ‘
3 0.2} A I /\ .
3
WA NAAA
<
0.2} 4
‘ I
04t
06}
|
-300 200 -100 0 100 200 300

Chip Offset[m]

Figure 3. The auto-correlation functions (ACFs) of B1-ADS and other signals.

3. Reception Model of B1-ADS Signal

While the theoretical analysis of the frequency domain and ACF in the previous section shows
that the B1-ADS signal has an excellent potential for ranging accuracy, we will further discuss the
time domain reception model of the B1-ADS signal in this section for designing the optimal reception
algorithm. As mentioned earlier, the B1C signal adopts the data-plus-pilot signal structure, and the
pilot signal also includes the components of BOC(1,1) and BOC(6,1). To facilitate subsequent analysis
and expression, without losing generality, a pilot tracking and data demodulation strategy that
neglects the BOC(6,1) component will be adopted for the B1C signal. In other words, the B1-ADS
signal discussed below will be simplified to consisting of the B1I signal on the lower band and the
BOC(1,1) component of the B1C pilot signal on the upper band.

In this paper, the B1-ADS signal is assumed to be received in the presence of thermal noise at
the receiver front end that can be modeled as stationary additive white Gaussian noise. As a result,
the received signal can be expressed as follows:

r(t) = sp1—aps(t — T) +n(t) )

where 7 is the signal propagation delay, and n(t) is the thermal noise. In Equation (6), the delayed
B1-ADS signal is represented as a composite of B1I and B1C signals:

sB1—aps(t —T) = Apuspir(t — 1) cos(27mfp1y(t — T) + 0Op11)

(6)
+Apicspic(t — T) cos(27fpic(t — T) + Op1c)

where f, 0 and A represent received frequency, initial carrier phase, and amplitude of the corresponding
components, respectively. The values sg1;(t — T) and spic(t — 7) are the baseband waveforms of
the B1I and B1C signals, which are the combination of subcarrier, ranging code, secondary code,
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and navigation data bit. The received frequency may be further expressed as a sum of the transmitted
nominal frequency f. , and Doppler frequency f. p as follows,

{ fBu = fBin + fB11D @)

fBic = ficn + fB1C,D

Next, we want to rewrite Equation (6) with the parameters of the B1-ADS signal. The nominal
carrier frequency and subcarrier frequency of the B1-ADS signal are introduced and defined in
Equation (8), and the initial phases of carrier and subcarrier are given in Equation (9):

fon = LCa 1 _ 1568 950 MH

- 8
fs,n — fBlC,nszll,n — 7161 MHZ
Op1c+6
0. = BlC2 BiI o
0, = 931(?;9311

where the subscripts c and s are used to indicate carrier and subcarrier, respectively. Since the Doppler
frequency scales linearly with the signal center frequency, the Doppler frequencies of both the carrier
and subcarrier of B1-ADS signal can be represented in terms of the Doppler frequencies of the B1I and
B1C signals as follows:

_ fmicptfeup

o oo (10)

fS,D — BlC,D2 B1L,D

Then, the received frequencies of the carrier and subcarrier of the BI-ADS signal are given in
Equation (11),

fc - fc,n Jch,D
{ fs :fs,n+fs,D (11)

By Equations (7)—(11), Equation (6) is rewritten based on the parameters of the B1-ADS signal as:

SBl*ADS(t — T) = ABlISBll(t — T) COS(ZTL’(fC — fs)(t - T) + GC — 95)

12
+Apicspic(t — T) cos(27(fe + f5)(t—T) + 6.+ 65) 12

Equation (12) is the basis for the subsequent design of a reception and processing algorithm.
This representation of the B1-ADS signal can further reveal the similarity between itself and the regular
BOC signal. Assuming that the baseband waveforms and the amplitudes of both the B1I and B1C
signals are the same in Equation (12), the B1-ADS signal can be considered as a special BOC signal
with a carrier frequency of 1568.259 MHz and a subcarrier frequency of 7.161 MHz. This explains the
similarity of the ACFs of the B1-ADS and BOC(7,2) signals in Figure 3.

4. The ASYM-DBT Method and Thermal Noise Performance Analysis

Although the B1-ADS signal has characteristics similar to that of the BOC signal, it is very difficult
to obtain and generate the true subcarrier waveform due to the two components of B1-ADS with
unequal power and different modulation schemes. This renders those reception techniques of BOC
signals that need to generate local subcarrier waveforms, such as Bump-Jump [15] and DET [16],
impossible to apply to the B1-ADS signal. To tackle this problem, we start with the reception model
given in Equation (12), extend the previous Dual BPSK Tracking method [17] designed for optimal
reception of the AItBOC signal, and propose a novel Asymmetric Dual-Band Tracking technique to
achieve the optimal reception processing of B1-ADS signal, which we abbreviate as ASYM-DBT.
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4.1. The ASYM-DBT Method

Figure 4 depicts the tracking channel architecture of ASYM-DBT for the B1-ADS signal,
which consists of two groups of different types of correlators and one processing unit. Two groups
of correlators on the left and right are used to correlate the received signal with locally generated
B1I and B1C signals, respectively. Their outputs are then fed into the processing unit in the middle.
The processing unit is responsible for combining the outputs of the two groups of correlators coherently
or non-coherently, forming the discriminator outputs of the code, subcarrier, and carrier, and filtering
them. Closed loops for code, subcarrier, and carrier tracking are finally formed by feeding their
corrected NCO frequencies back to the correlators. Three kinds of measurements—code phase %,
subcarrier phase s, and carrier phase §.—can be extracted from the corresponding loops. As can be
seen in the next section, code tracking errors are on the order of decimeters, subcarrier tracking error is
on the order of centimeters. Therefore, a natural idea is to combine the subcarrier phase measurement
(which is high-precision but ambiguous) with the code measurement (which is just the opposite) to
form a high-precision and unambiguous measurement given the subcarrier wavelength of 42.9 m,
as shown below [17]: X
T —0s

A
where 7. represents the combined pseudorange measurement and A represents the
subcarrier wavelength.

. = 05 + round( )X A (13)

T iR
ILgic A
1 J TR
O Ly 1Pgic A
X I | R
———®— [ <7 J« ‘
IE, IVEgq Y'Y
N —P( g } L - f HBl 4—] f -t { S )—1 Sir
A A o OLs; OVLpiq _ L i
~Q1—{ T I~ — [
~@—t——1 T
L | - OE s, PASY-N.I-DBT Y - Y L
90" 0—| ,El-» rocessing Unit T | ®: |_0 90
F W Y %‘ A ®‘ Tl Y
Carrier £ P L Code ﬁl'""“ eote|  Code | Ve I L I P I E I VE Carrier
NCO B11 NCO NCO o B1C NCO
Code_Generator Code & Subcarrier Generator

]
oD
U

A
ok S,
?: y

A

Figure 4. The tracking channel architecture of ASYM-DBT for the B1-ADS signal.

The following describes the outputs of correlators and ASYM-DBT algorithms in the processing
unit in detail.

4.1.1. Correlator

In Figure 4 the local B1lI signals generated on the left side and the local B1C signals generated
on the right side are used to correlate with the incoming IF signal, respectively. The B1I correlator is
the conventional BPSK-type correlator. The locally generated signals are defined as the six possible
combinations of in-phase (I) and quadra-phase (Q) local carrier replicas and early (E), prompt (P),
and late (L) local code replicas [1]. The B1C correlator is the classical BOC(1,1)-type correlator.
The locally generated signals are defined as the ten possible combinations of in-phase and quadra-phase
local carrier replicas and very early (VE), early, prompt, late, and very late (VL) local code replicas.
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This setting supports the Bump-Jump algorithm in detecting and recovering from a false lock in the
single-band processing mode based on the comparison of the main and side peak amplitudes.

According to Equation (12), it is not difficult to discover that B1I and B1C signals are mutually
orthogonal frequency-wise and code-wise. This means one signal has little influence on the correlator
outputs of the other signal on the other sideband. For simplicity, and to clarify the concepts underlying
the algorithm design, the thermal noise term in (2) is dropped. Thus, the outputs of the two groups of
correlators can be approximately expressed as follows:

IEg1; =~ A11Dp11RB11 (AT — dp11/2)Tsinc(a) cos(a + Ab. — Abs)
QEp1; ~ Ap11Dp11Rp11(AT — dp11/2)Tsinc(a) sin(a + Af, — Ab)
IPgy; ~ Ap11Dp11Rp11(AT) Tsinc(a) cos(a + AB. — Abs)
QPBH ~ ABlIDBllRBH(AT)T sin C(DC) Sil’l(l’é + AB, — AQS)
ILg11 =~ Ap11Dp11RB11 (AT +dp1;/2) Tsinc(a) cos(a + AB. — Abs)
QL1 =~ Ap11Dp11Rp11(AT + dp11/2) Tsinc(a) sin(a + Af: — Abs)

(14a)

IVEBlC ~ ABlCRBlC(AT — dBlC)T sinc(,B) COS(ﬁ + Af. + AGS)
QVEgic =~ ApicRpic(AT — dpic)Tsinc(B) sin(B + A + Abs)
IEgic ~ Api1cRpic(AT — dpic/2)Tsinc(B) cos(B + Ab. + Abs)
QEpic ~ ApicRpic(AT — dpic/2)Tsinc(B) sin(B + Adc + Abs)
IPg1c ~ Ap1cRp1c(AT)Tsinc(B) cos(B + Ab. + Abs)

QPgic ~ AgicRpi1c(AT)Tsinc(B) sin(B + Ab: + Abs)

ILgic >~ ABICR81C(AT + dBlC/Z)T sinc(ﬁ) COS(,B + A6 + A()S)
QLpic =~ ABlCRB1C(AT + dBlC/z)T Sil’lC(,B) Sil’l(,B + AB; + AQS)
IVLpic ~ Ap1cRp1c(AT + dpic)Tsinc(B) cos(B + Ab: + Abs)
QVLpic =~ ApicRp1c(AT + dpic) Tsine(B) sin(B + Af + Abs)

(14b)

where Rp17(AT) and Rpc(AT) are the normalized ACFs of the B1I and B1C signals, respectively;
dp11 and dp;c are the correlator spacing; T represents the pre-detection integration time; AT = 7 — %,
Abs = 0 — b5, AB, = 6. — O, are the residual errors for code, subcarrier, and carrier phases; and
“* denotes the previous estimates of the variable. Besides this, « = m(f. — f—f + fs)T and
B = rt(f. — f. + fs — ) T are introduced here to simplify the expressions. D represents the navigation
message bit of the B1I signal because it does not have a pilot channel. Note that the amplitudes and
ACFs of Bll and B1C are not the same due to the unequal power and different modulation schemes,
and correlator spacing d, as an adjustable parameter, may be set to different values for two groups
of correlators.

4.1.2. Processing Unit

The processing unit supports two working modes of single-band and dual-band processing,
and can smoothly switch between the two modes without any hardware modifications. While the
single-band processing mode allows separate discriminating and filtering for the B1I and B1C signals
at the same time, the dual-band processing mode is used to track the whole wideband signal, B1-ADS.
Figure 5 depicts the processing flow of the two working modes. During the channel initialization
phase, the single-band processing mode is first adopted to achieve reliable tracking of both the B1I and
B1C signals, respectively and simultaneously. Once separate tracking obtains stable code and carrier
parameters of both signals, the processing unit may shift smoothly to the dual-band processing mode
to track the B1-ADS signal to obtain the optimal ranging performance. When one sideband undergoes
narrow-band interference, the processing unit can shift back to the single-band mode to ensure that at
least the signal on the other sideband can be reliably tracked.
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Figure 5. Two working modes of the processing unit. (a) Single-band mode; (b) Dual-band mode.

Obviously, the dual-band working mode of the processing unit is more complicated and needs
to deal with the asymmetry resulting from different modulation schemes and the unequal power
of the upper and lower sidebands of B1-ADS. The following will detail those algorithms under this
working mode.

° Discriminators for subcarrier and carrier phases

The phase discrimination results of both carrier and subcarrier are calculated based on the
prompt branches of two groups of correlators. In the DBT method designed for the AltBOC
signal, by virtue of the symmetry between the upper and lower bands and the existence of pilot
channels, the coherent combinations of the correlator outputs are directly implemented with the
aim of decoupling the subcarrier and carrier phases and hence obtaining their respective estimates.
However, this method cannot be applied directly to the B1-ADS signal because the B1I and B1C signals
have different power and the B1l signal is only a data channel modulated by the navigation message.
Consequently, the carrier and subcarrier phase discriminations of the B1-ADS signal can only be
acquired after stripping the B1I navigation message and compensating for the unequal power of the
two signals.

To strip the navigation message of B1l], it is necessary to provide an estimation of the message
data bit, 531 ;- This can be achieved in two ways [26]. When the signal-to-noise ratio meets the
requirement of reliable demodulation, the estimation of the data bits of the message can be directly
obtained from the sign of IPpq;. Otherwise, the bits may be provided through the assistance data in an
Assisted-BDS system.

To compensate for the unequal power of both signals, it is necessary to know the amplitude
ratio between two signals, v. Under the assumption that the local codes are approximately aligned
with the received signal, for the prompt branches of two groups of correlators we have At ~ 0; then
Rp1c(AT) =~ 1and Rp;(AT) = 1. Because the propagation paths to the receiver antenna are the same,
the amplitude ratio Ap1;/ Apic of the received signal is approximately equal to that of the transmitted
signal from the satellite, i.e,, v =2 V3.

Given the estimated B1I data bit Dgy; and the theoretical amplitude ratio of B1I and B1C v,
and further assuming that both the B1I and B1C are stably tracked—viz., « and § in Equation (14)
approach zero—then the following coherent combinations can be formulated by applying the
trigonometric function equation:

7QPp1c — Dp11QPp11 =~ 2Ap1  Teos(TALT + A )sin(7wALT + As)
YQPgic + Dp11QPp1r =~ 2Ap1 T sin(nAfCT + AGC) COS(ﬂAfST + AGS) (15)
YIPgic 4+ Dp11IPg11 ~ 2Ap1 T COS(T[AfCT + Aec) COS(T[AfST + ABS)



Sensors 2017, 17, 2360 11 of 16

As can be observed from Equation (15), subcarrier and carrier phases are completely separated.
Then, phase discriminations of subcarrier and carrier can be achieved by employing the pure PLL
discriminator by the optimal four-quadrant arctangent discriminator algorithm as follows:

disc(6s) = atan2(vQPgic — Dp1;QPg11, YIPgic + Dp11IPs11)
~ tAfT + A,

disc(0;) = atan2(yQPpic + Dp11QPs11, YIPpic + Dp111Pp11)
~ wAf. T + AB,

(16)

Note that the pure PLL discriminator is superior to the Costas PLL discriminator with a 6 dB gain
in signal tracking threshold [1].

. Discriminators for code phase

The coherent and non-coherent discrimination results of the code phase are calculated based on
the early and late branches of two groups of correlators. In the design of the code phase discriminator
for the B1-ADS signal, the difference in ACFs between the B1l and B1C signals and the difference of
the correlator spacing between the two groups of correlators must be considered.

The coherent code phase discriminator of the B1-ADS signal is the weighted sum of the coherent
discriminators of the B1I and B1C signals as follows [1,11]:

12 — kpidp1s IEp1; — ILpyy L l2- kgicdpic IEgic — ILpic

(17)
2 dkpis IPp1; 2 dkpic IPpic

disccon(T) =

where kg1 and kpic represent the slopes of the main peaks of B1I ACF and B1C ACEF, i.e., one and
three chip 1, respectively.

Similarly, the non-coherent code discriminator of the B1-ADS signal is given in the form of the
weighted sum of the non-coherent discriminators of the B1I and B1C signals, as written below:

12 — kpudpir I}, + QERy; — ILgy, — QL 12— kpicdpic IE1231C + QE1231C — IL%lC - QL%lC (18)
2 dkpur o IERy +QERy + 1L+ QL 2 4kmc  IERc + QEfc + I + QL

discnon (T) =

. Loop filters

Since the outputs of the discriminators mentioned above are noisy, the discriminators of code,
subcarrier, and carrier are followed by the corresponding loop filters to reduce the noise. In our design,
two separate second-order filters are selected for DLL and SLL, while a third-order filter is selected for
PLL. Note that carrier-aiding of the code phase and subcarrier phase might be employed in order to
achieve more accurate measurements. The three filtered discriminator outputs are then used to drive
code and carrier NCOs of the B1I and B1C signals, respectively. Since there is no essential difference
between the DBT loop filters and ASYM-DBT loop filters, for simplicity this paper will not discuss
different filter configurations; refer to [1,17] for details.

4.2. Theoretical Noise Analysis

After detailing the ASYM-DBT method, we analyze its theoretical ranging performance for the
B1-ADS signals. For simplicity, thermal noise is generally treated as the dominant source of error
for signal tracking. Generally, the thermal noise manifests in the code performance, the subcarrier
performance, and the carrier performance.

According to Equation (12), we can safely ignore the interaction between adjacent frequency
signals when analyzing the thermal noise performance. By first calculating the signal part and noise
part of each single sideband, the combination correlations of the B1-ADS signal and theoretical errors
induced by the thermal noise can then be obtained. For simplicity, this paper will not cover the
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derivation process. With the coherent DLL discriminator, the dual-band thermal noise can be obtained
as follows [27,28]:

) BnDLL(fErﬁiiz (wp11Gpr(f) sin* (7 fdp1iT) + wpicGpic(f) sin®(nfdpicT))df)
ipLL = 27 (19)

(27)°C/No(SP47, (wr11f Gy (f) sin(rfdgy T) + wircf Grc(f) sin(rfdmeT))df )

where B,,py | represents the equivalent noise bandwidth of the code tracking loop; wpic and wpy;
are the power proportion of the B1C and B1I signals; G(f) represents the PSD of the single-sideband
signal, which is normalized to unity over infinite bandwidth; B, represents the equivalent dual-band
front-end bandwidth; C/ Ny represents the carrier-to-noise ratio of the total dual band; d represents
the E-L correlator spacing. In case of a non-coherent discriminator, the joint dual-band thermal noise is
shown below:

BnDLL(ffZ;ﬁz (wp11Gp; (f) sin?(mfdp1 T)+wp1cGpic (f) sin? (fdpcT))df)
(27)*C/ Ny (fféﬁz (wp11fGpy(f) sin(rfdgy T)+wpic fGpic(f) Siﬂ(”delcT))df)z

14 BnDLL(ff;‘;ﬁz (wp11Gp11(f) cos? (7t fdpi T)+wpicGric (f) cos?(tfdpic T))df)
TC/Np (jf;ﬁz (wp11Gp11(f) cos(rfdp T)df+wpicGpic(f) COS(”delcT)df)>z

o tZDLL =
(20)

The term in the second line represents the squaring loss.
Considering the asymmetric property of the B1-ADS, the associated subcarrier phase error is
given by (21a) [27,28]:

BupLLs 2
573 : (21a)
C/NoJ 5 )5 (w11Gp(f) + weicGric(f))df

2 ~
OipLLs =

Similarly, the carrier phase error is given by (21b):

B

> nPLLC

OtpLLC = ’ (21b)
C/Noff/’gﬁz (wp11Gp11(f) + wpicGeic(f))df

where B, p;1s and B, pric represent the equivalent noise bandwidth of the subcarrier and carrier
tracking loops, respectively. These theoretical results of the thermal noise performance are compared
with the experiment results in the next section.

5. Experiment and Discussion

In this section, a simulated experiment is carried out based on a software receiver and a
GNSS signal simulator which supports the generation of the BDS global signals. In addition to
demonstrating the ranging performance advantage of the B1-ADS signal over separate B1I or B1C
signals, the experiment is also used to validate the feasibility of the ASYM-DBT method.

The software receiver is equipped with a wideband RF unit with a center frequency of 1570 MHz
and a bandwidth of 52 MHz that can receive both B1I and B1C signals simultaneously. The entire
B1 frequency band is converted to the intermediate frequency of 210 MHz in the RF unit, then is
digitized with the sampling rate of 120 MHz, and fed into the PC for subsequent signal reception and
processing. The main configuration of the PC platform is as follows: Intel(R) Core(TM) i7-6700K CPU,
clocked 4.00 GHz, memory 16.0 GB, NVIDIA GeForce GTX TITAN X GPU. The software receiver can be
configured as the following three receiving modes: processing the B1I signal independently, processing
the B1C signal independently, and processing the B1-ADS signal with the ASYM-DBT algorithm.
The pre-detection integration time T is set to 10 milliseconds, and the E-L correlation spacing of the
B1l and B1C signals are set to one and one-half of the chip length, respectively. The noise bandwidth
parameters of code, subcarrier, and carrier tracking loops are set to 0.4, 0.4, and 10 Hz, respectively.
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In order to evaluate and compare the thermal noise performance of different receiving modes,
a specific simulated signal scenario is set in the navigation signal simulator. Two different satellites
(PRN 1 and PRN 2) are set to move with the same trajectory and broadcast both B1I and B1C signals
simultaneously. Then, two independent channels are arranged in the receiver to process the signals
of the two satellites, respectively. Therefore, the differences between measurement outputs of the
two channels can be viewed as the thermal noise errors for code, subcarrier, and carrier tracking
correspondingly. By adjusting the transmitted power, the standard deviation of the thermal noise
errors can be obtained at different C/Nj.

Figure 6 depicts the standard deviation of the code, subcarrier, and carrier tracking errors of
the ASYM-DBT method while processing the B1-ADS signal. For the convenience of comparison,
theoretically derived results are also presented in the same figure. Comparing SLL with DLL,
the subcarrier noise error is one order of magnitude smaller than the code noise error. This is
the result of the larger Gabor bandwidth of the B1-ADS signal. According to Equation (13), we
can combine the subcarrier measurement with the code measurement to form a high-precision
and unambiguous pseudorange measurement with centimeter-level accuracy. This high-precision
pseudorange measurement is very helpful to rapidly determine the ambiguity of the carrier phase in
Precise Point Positioning (PPP) or Real Time Kinematic (RTK) technology [29,30].

1
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Figure 6. Comparison between the code, subcarrier, and carrier noise errors of B1-ADS. (a) Code noise
error; (b) Subcarrier noise error; (¢) Carrier noise error.

Figure 7 gives the thermal noise performance of DLL and PLL under three receiving modes.
It must be noted that the horizontal axis in this figure is still expressed as C/Nj calculated based on
the power of the B1-ADS signal. From Figure 7, it is obvious that the DLL noise performance of the
B1-ADS signal is 3 dB better than that of B1I and B1C signals, and the PLL noise performance of the
B1-ADS is also better than that of the other two signals. These results confirm that the ASYM-DBT
method can effectively combine the B1I and B1C signals to obtain the power gain of the B1-ADS signal.
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It is worth mentioning that Figure 7a shows that the DLL noise performance of the B1I and B1C signals
are almost the same. The reason is that the improved ranging performance brought by the steeper
ACEF of B1C signal is offset by the stronger power of the B1I signal relative to the B1C pilot signal.

——Theory: B1IDLL
= = = Theory: BIC DLL
—&— Theory: B1-ADS DLL
Simulation: B11 DLL
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—@— Simulation: B1-ADS DLL
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Figure 7. Comparison of code and carrier noise errors between B1l, B1C, and B1-ADS signals.
(a) Code noise error; (b) Carrier noise error.

6. Conclusions

This paper focuses on the optimal joint processing of B1I and B1C signals in the upcoming BeiDou
global system. We propose to view these two signals as one navigation signal with asymmetric
dual sidebands, named B1-ADS, whose Gabor bandwidth is much broader than that of B1I and B1C
alone. To take full advantage of its broader Gabor bandwidth, the ASYM-DBT method has been
designed to achieve optimal ranging accuracy with low hardware complexity. Theoretical analysis
and experimental results based on the software receiver have proved the performance of the proposed
method. Future research would extend the ASYM-DBT method to process other asymmetric dual
sideband signals and to study the multipath mitigation algorithm under this method.

Acknowledgments: The authors gratefully acknowledge the efforts of Yonghui Zhu and Jiannan Shen in
discussing the simulated experiments and collaborating in the manuscript preparation. This work is supported by
the National Science Foundation of China (Grant U1333203).

Author Contributions: Xiaowei Cui and Mingquan Lu conceived and designed the experiments; Chuhan Wang
performed the experiments; Chuhan Wang and Tianyi Ma analyzed the data; Xiaowei Cui and Sihao Zhao
contributed analysis tools; Chuhan Wang wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kaplan, E.; Christopher, H. Understanding GPS: Principles and Applications; Artech House: Norwood, MA,
USA, 2005.

2. Hofmann-Wellenhof, B.; Lichtenegger, H.; Wasle, E. GNSS-Global Navigation Satellite Systems: GPS, GLONASS,
Galileo, and More; Springer Science & Business Media: Berlin, Germany, 2007.

3.  Ran, C.R. Development of the BeiDou navigation satellite system. In Global Navigation Satellite Systems:
Report of the Joint Workshop of the National Academy of Engineering and the Chinese Academy of Engineering;
Gao, G.X,, Enge, PK,, Davis, L.A., Eds.; National Academies Press: Washington, DC, USA, 2012.

4. Yang, Y;Li J; Wang, A,; Xu, J.; He, H.; Guo, H.; Shen, J.; Dai, X. Preliminary assessment of the navigation
and positioning performance of BeiDou regional navigation satellite system. Sci. China Earth Sci. 2014,
57,144-152. [CrossRef]

5. Zhang, X.; Wu, M.; Liu, W.; Li, X,; Yu, S.; Lu, C.; Wickert, J. Initial assessment of the COMPASS/BeiDou-3:
New-generation navigation signals. ]. Geodesy 2017, 91, 1-16. [CrossRef]


http://dx.doi.org/10.1007/s11430-013-4769-0
http://dx.doi.org/10.1007/s00190-017-1020-3

Sensors 2017, 17, 2360 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Open Service Signal (Version 2.0). Available online: http://www.beidou.gov.cn/attach/2013/12/26/
20131226b8a6182fa73a4ab3a5f107f762283712.pdf (accessed on 12 October 2017).

Liu, W. A modified MBOC modulation for next generation navigation satellite system. In Architectural,
Energy and Information Engineering: Proceedings of the 2015 International Conference on Architectural, Energy and
Information Engineering (AEIE 2015); Sung, W.P,, Chen, R., Eds.; CRC Press: Boca Raton, FL, USA, 2015.
Navstar GPS Space Segment/User Segment L5 Interfaces. Available online: https://www.gps.gov/
technical /icwg/IS-GPS-705A.pdf (accessed on 12 October 2017).

Woo, K.T. Optimum Semicodeless Carrier-Phase Tracking of L2. Navigation 2000, 47, 82-99. [CrossRef]
Milton, K.; Meyer, R. Method and Apparatus for Eliminating Ionospheric Delay Error in Global Positioning
System Signals. U.S. Patent 5,903, 654, 11 May 1999.

Mongrédien, C. GPS L5 Software Receiver Development for High-Accuracy Applications. Ph.D. Thesis,
University of Calgary, Calgary, AB, Canada, May 2008.

Borio, D.; Cécile, M.; Gérard, L. Collaborative code tracking of composite GNSS signals. IEEE ]. Sel. Top.
Signal Proc. 2009, 3, 613-626. [CrossRef]

Zhou, H.; Yao, Z.; Lu, M. A quasi-coherent receiving algorithm and its performance verification for composite
signals of next generation GNSS. In Proceedings of the 2016 International Technical Meeting of The Institute
of Navigation, Monterey, CA, USA, 25-28 January 2016; pp. 591-599.

Xiao, W.; Liu, W.; Sun, G. Modernization milestone: BeiDou M2-S initial signal analysis. GPS Solut. 2016,
20, 125-133. [CrossRef]

Fine, P.; Wilson, W. Tracking Algorithm for GPS Offset Carrier Signals. In Proceedings of the 1999 National
Technical Meeting of The Institute of Navigation, San Diego, CA, USA, 25-27 January 1999; pp. 671-676.
Hodgart, M.S.; Blunt, P.D. Dual estimate receiver of binary offset carrier modulated signals for global
navigation satellite systems. Electron. Lett. 2007, 43, 877-878. [CrossRef]

Zhu, Y.; Cui, X.; Lu, M. Dual binary phase-shift keying tracking method for Galileo E5 AItBOC (15, 10) signal
and its thermal noise performance. IET Radar Sonar Navig. 2015, 9, 669-680. [CrossRef]

Borio, D. Double phase estimator: New unambiguous binary offset carrier tracking algorithm. IET Radar
Sonar Navig. 2014, 8, 729-741. [CrossRef]

Feng, T.; Kai, Z.; Liang, C. Unambiguous Tracking of BOC Signals Using Coherent Combination of Dual
Sidebands. I[EEE Commun. Lett. 2016, 20, 81555-81558. [CrossRef]

Bhuiyan, M.Z.H.; Soderholm, S.; Thombre, S.; Ruotsalainen, L.; Kirkko-Jaakkola, M.; Kuusniemi, H.
Performance evaluation of carrier-to-noise density ratio estimation techniques for BeiDou Bl Signal.
In Proceedings of the Ubiquitous Positioning Indoor Navigation and Location Based Service (UPINLBS),
Corpus Christ, TX, USA, 20-21 November 2014; pp. 19-25.

Bhuiyan, M.Z.H.; Séderholm, S.; Thombre, S.; Ruotsalainen, L.; Kuusniemi, H. Overcoming the challenges of
BeiDou receiver implementation. Sensors 2014, 14, 22082-22098. [CrossRef] [PubMed]

Avila Rodriguez, J.A. On Generalized Signal Waveforms for Satellite Navigation. Ph.D. Thesis, Bundeswehr
University Munich, Neubiberg, Germany, June 2008.

Huang, X.; Zhu, X,; Tang, X.; Gong, H.; Ou, G. GCE-BOC Modulation: A Generalized Multiplexing
Technology for Modern GNSS Dual-Frequency Signals. In China Satellite Navigation Conference (CSNC)
2015 Proceedings: Volume II; Springer: Berlin/Heidelberg, Germany, 2015.

Hegarty, C.; Betz, ].W.; Saidi, A. Binary coded symbol modulations for GNSS. In Proceedings of the 60th
Annual Meeting of the Institute of Navigation, Dayton, OH, USA, 7-9 June 2004; pp. 56—-64.
Avila-Rodriguez, J.A.; Pany, T.; Hein, G.W. Bounds on signal performance regarding multipath-estimating
discriminators. In Proceedings of the 19th International Technical Meeting of the Satellite Division of The
Institute of Navigation, Fort Worth, TX, USA, 26-29 September 2006.

LaMance, J.; DeSalas, J.; Jarvinen, J. Assisted GPS: A low-infrastructure approach. GPS World 2002, 13, 46-51.
Betz, ].W.; Kolodziejski, K.R. Generalized theory of code tracking with an early-late discriminator part I:
Lower bound and coherent processing. IEEE Trans. Aerosp. Electron. Syst. 2009, 45. [CrossRef]

Betz, ].W.; Kolodziejski, K.R. Generalized theory of code tracking with an early-late discriminator part II:
Noncoherent processing and numerical results. IEEE Trans. Aerosp. Electron. Syst. 2009, 45. [CrossRef]


http://www.beidou.gov.cn/attach/2013/12/26/20131226b8a6182fa73a4ab3a5f107f762283712.pdf
http://www.beidou.gov.cn/attach/2013/12/26/20131226b8a6182fa73a4ab3a5f107f762283712.pdf
https://www.gps.gov/technical/icwg/IS-GPS-705A.pdf
https://www.gps.gov/technical/icwg/IS-GPS-705A.pdf
http://dx.doi.org/10.1002/j.2161-4296.2000.tb00204.x
http://dx.doi.org/10.1109/JSTSP.2009.2023349
http://dx.doi.org/10.1007/s10291-015-0496-7
http://dx.doi.org/10.1049/el:20071101
http://dx.doi.org/10.1049/iet-rsn.2014.0349
http://dx.doi.org/10.1049/iet-rsn.2013.0306
http://dx.doi.org/10.1109/LCOMM.2016.2569520
http://dx.doi.org/10.3390/s141122082
http://www.ncbi.nlm.nih.gov/pubmed/25421735
http://dx.doi.org/10.1109/TAES.2009.5310316
http://dx.doi.org/10.1109/TAES.2009.5310317

Sensors 2017, 17, 2360 16 of 16

29. Teunissen, P. The LAMBDA method for the GNSS compass. Artif. Satell. 2006, 41, 89-103. [CrossRef]
30. Odolinski, R.; Teunissen, PJ. Single-frequency, dual-GNSS versus dual-frequency, single-GNSS: A low-cost
and high-grade receivers GPS-BDS RTK analysis. J. Geodesy 2016, 90, 1255-1278. [CrossRef]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.2478/v10018-007-0009-1
http://dx.doi.org/10.1007/s00190-016-0921-x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Summary of the BDS B1 Signal 
	Brief Introduction of the B1I and B1C Signals 
	Characteristic Analysis of the Virtual Broadband Signal B1-ADS 

	Reception Model of B1-ADS Signal 
	The ASYM-DBT Method and Thermal Noise Performance Analysis 
	The ASYM-DBT Method 
	Correlator 
	Processing Unit 

	Theoretical Noise Analysis 

	Experiment and Discussion 
	Conclusions 

