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Abstract: BeiDou pseudolites are ground-based BeiDou-like signals transmitters to augment
positioning accuracy and service availability of the BeiDou satellite navigation system. A significant
challenge — the “near far problem” arises because sometimes the signals from the nearby BeiDou
pseudolites are strong enough to block the satellite signals. One of the promising solutions is to pulse
the pseudolite signals with a low duty cycle to reduce the interference. Some existing pulsing schemes,
i.e., the RTCM SC-104 and the RTCA SC-159 have been proved effective in many applications.
However, most of them are unable to provide a close, multiple pseudolite transmissions due to the
random pulse pattern. In this paper, a pseudo-random pulse pattern based upon the theory of linear
congruence has been proposed to improve the multi-access performance. The spectral and temporal
characteristics of the proposed pulse pattern are analyzed and compared with the random pulse
pattern. From the analysis, it emerges that the proposed scheme features better characteristics to
facilitate multiple pseudolite transmission.
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1. Introduction

Being ground-based navigation signal transmitters, pseudolites (PLs) are set to compliment the

global navigation satellite system (GNSS) constellations if there are insufficient observable satellites,
such as in an urban canyon or a deep open mine '], Implementation of PLs has been endorsed in many
modernization programs of GNSS, such as the Aeronautical Radio Navigation Service*! for the GPS
the "Local Elements" ! for the Galileo system. The Chinese BeiDou system is currently in the process
of constellation construction, implementation of the BeiDou pseudolites has also been proposed to
augment the signal coverage and positioning precision.
In practical PLs deployment, the "near-far problem" is one of the severe challenges that must be
overcome. For maximum compatibility, most PLs broadcast in the GNSS bands, introducing additional
interference to the satellite signal acquisition. Compared with the received satellite signal power which
is nearly constant, the PL signal power varies greatly in accordance with the distance from the user on
the ground. At the "near" point, the received PL signal power is strong enough to saturate the receiver
and in fact disable the satellite signal detection [6

There are many solutions have been adopted to reduce the interference, in which signal pulsing the
most popular one [/, By transmitting a small portion of the entire period signal with a low duty-cycle
pulse, the interference can be averaged to an acceptable level. For example, the Radio Technical
Commission for Maritime Services (RTCM) SC-104 scheme ¥ was designed for the GPS PLs where a
1023 chips code is transmitted in 11 pulses of 93 chips each, so that the average interference time is 10%
of the code period, which is acceptable for the receiver to track both satellite and PLs signal. However,
the RTCM SC-104 scheme employs a random pulse position arrangement mechanism, results in a high
pulse collision probability especially when multiple PLs are applied. Therefore, the RTCM SC-104
scheme is not the optimal option for the BeiDou PL implementation.

Pseudo-random sequences have found several applications in the communications field for the
design of frequency hopping sequences where the signal transmission orders are arranged in the
pseudo-random way to avoid the interference in the frequency division multi-access (FDMA) system.
The linear congruence theory is the most widely used pseudo-random sequence generation method
which has been proved effective in the Radar and Sonar signal design. In this paper, the BPL pulsing
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scheme based upon the linear congruence theory was designed and analyzed. This paper is organized as
follows: first an overview of the pulsing scheme models is presented. Pulse pattern construction based
on both random theory and the linear congruence theory are introduced in section 3. Signal
characteristics analysis and comparison between the two types of patterns are conducted in section 4.
Conclusion is made in Section 5.

2. Pulsing scheme model and parameters

The signal transmitted by the BeiDou PL is composed of two components:
Spi[n] = S[n] - P[n] M

where S[n] is the ranging code which can be used to compute the pseudo-range, P[n] is the high
energy pulses for long haul transmission. Same as the satellite signal, the PL ranging code is comprised
of Gold code with length N, = 2046 and quadrature phase shift keying subcarriers. Different phase
shifts are assigned to the PL ranging code to sustain the orthogonality required by the interoperability
between BeiDou satellites and PLs. The pulse component can be expressed as:

P[n] = e Pb[n —iN, 'Nc] 2)

where P[n] can be seen as the repetition of the basic pulse pattern P,[-] which is a set of sequence
that define the transmission time slots, N, is the number of the code period repetitions within the
basic pulse pattern. The length of the basic pulse pattern can be obtained by T, = N, - N - T, =
N, - T,, where T, is the duration of one single chip. The model that characterize the pulsing scheme is
illustrated in Fig.1.

T, : Code Period N, : The Chips number of code period

N Pulse Duty Cycle il

: N. : The Chip Repetitions of pulse !
scheme period

T. : Pulse Scheme Period

Figure 1: A schematic diagram of parameter relation of pulse modulation scheme

Pulse duty cycle is the most important parameter, not only it determines the pulse duration but the
pulsing scheme period. It can be expressed as:

d = 2 Tns T Poln] 3

n=0

1

where denotes the average pulse duration of the entire pulsing scheme. (3) can be further

elNc
expressed as:

1 _
d=En% d @)
where d, is the duty cycle of one code period:
1
dic = - ZnSo Poln + kNC] 3)

It is desirable to have a uniform pulse scheme that d = d;, to preserve the autocorrelation function
of the pulsed signal. For example, when dj, = 6.25%, one can transmit 2046 chips in N, = (1/d;) =
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16 code period, in which the entire duty cycle d = d;, = 6.25%. On the other hand, if d;, = 6%, the
transmission period is N, = (1/d;) + 1 = 17, it turns out that d = 5.88. Therefore, a careful duty
cycle consideration is required.

Assuming that only one pulse is transmitted in each code period, the basic pulse pattern can be
expressed as:

Pyln] = T3¢y My, [n — kN, — ;] (6)

where 7; denotes the time slot assigned to the ith pulse, Iy, v [n] represents the rectangular
wave of the pulse with the duration of djN, the:

1, n=0,12....dN, —1;

Mool = {7 oime ™

if dp = d, (7) can be rewritten as:
Py[n] = £,% Man,[n — kN, — 7] ®)
wheret,, € {1,2,3, ... ... ,N.}. The basic pulse pattern is characterized by the pulse duration dj N,

and transmission time-slots arrangement. Consequently, design of a pulsing scheme relies on the
construction of the pulse pattern.

3. Pulse pattern construction
3.1 Random permutation pattern

The first step of pulse pattern construction is to break the code into several blocks with durations
{dec}gigl.For any type of the GNSS ranging code, equal duration is not the best option, because in

some cases the pulse duration may not be a integer, which may cause some spectrum distortion of the
ranging code. Thus, it is proposed that the pulse durations be chosen as follows:

dpN. = |dN,]
dgN, =|dN.] +1 O]

where d, N, is the duration for normal pulses,d;N,is the duration for special pulses,the symbol | -
| denotes the floor operation. The special pulse is one chip larger to contain the fractional part clipped
by the floor operation, so that the duration variation can be averaged to the minimum. The full code can
be transmitted in the minimum amount of time, corresponding to N, = N,, + N code periods.

d=— (10)

T Ng+Ng

Based on the fact that N, d,N. + Ngd;N. = N., N, and N, can be obtained by:
N = N, — N,d,N,
Np = N — N (11
Consequently, the pulse durations {dec}gigl is the set
N, = {0,d,N,, ... ... NdN,, (Nsds + d)N, .. ..., No[Nsds + (N, — 1)d,, ]} (12)

In this way, if we select d = 6.25%, one period of the BeiDou ranging code is break down into 14
special pulses with duration of 128 chips each and 2 normal pulses with duration of 127 chips each, as
illustrated in Figure 2.

Special Chips &V, =128 Ordinary Chips 4N, =127

~

1 2 3 4 5 ] 2 8 L JOSN 15 1 S e G 8 G i 5 8 O £ I 5 B0 R

J/

N, =14 N,=2
Figure 2: Chip settings of BPL pulsed signal at d=6.25% duty cycle

The second step is to set the order of the transmission time-slots. It can be done by mapping the
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pulse index into the cells from a N, X N, array where the row represents the code period and the
column represents the time-slot. In the uniform pulsing scheme, each time-slot occurs once and only
once, therefore the order can be defined by a permutation sequence over an alphabet A consisting of
m symbols where each symbol exists only once. The permutation sequence can be obtained in either a
random or a pseudo-random fashion. For the random fashion, there are possible N,!— 2 permutation
sequences can be made, the two exceptions are (1,2,3, ... ... ,N,—2,N, —1,N,)and(N,, N, — 1,N, —
2, 3,2, 1), because the cyclic shifts are need to be avoided to preserve the spectral properties.

The random permutation sequence is easy to implement and has good spectral properties. However,
a significant drawback is that the multi-access performance is relatively low because the signal
collision probability arises along with the increase of the BPLs applied in the area. Figure 3 illustrates 4
random pattern arrays for 4 synchronized BPLs at duty cycle d = 6.25%. It can be seen from the figure
that collision of two signals occurs three times while three signals are collided in the 16th code period.
In order to provide a better multi-access performance, a pseudo-random pattern is preferred to decrease
the signal collision probability.
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Figure 3: Random pulse pattern with 4 code periods at duty cycle d=6.25%
3.2 Linear congruence pattern

The theory of linear congruence is a widely used pseudo-random permutation sequence generation
method in the field of radar and asynchronous spread spectrum communications where the generated
sequence possesses most of the desirable properties such as sharp autocorrelation peak and small
side-lobs. The pulse pattern considering the linear congruence can be expressed as:

ki(mi,ri) = miri(mod P),O <m;1; < P-1,i=172.... ,P—1 (13)

where m; is the BPL index, k; is the code period, 7; is the time-slot and P is a prime number.
As an example consider the pattern array generated for P = 17 and i = 16 shown in Fig. 1. The
number inside each cell is the BPL index. It is clear seen from the figure that each BPL index has a
unique pattern and for each pattern, each code period and each time-slot occur once and only once. The
array contains 16 BPL index, each BPL can possesses 4 different patterns for the 4 synchronized BPLs
case.

Published by Francis Academic Press, UK
-15-



Academic Journal of Environment & Earth Science

ISSN 2616-5872 Vol.6, Issue 5: 12-22, DOI: 10.25236/AJEE.2024.060503

Taking P=5 as an example, the remaining classes are {1, 6, -4}, totally {5, 1, 7, -2, 4}, and the
absolute minimum full residual is {-2, -1, 0, 1, 2}. When using the linear congruential algorithm, the
pseudo-satellite pulse transmission slot generation formula can be expressed as:

ki(mi,li) = mili(mod P),O < mi,li <P- 1,l = 1,2 ...... ,P -1 (14)

where,k; is the code period,m; is the pseudo-satellite number,l; is the timeslot index,P is an odd
prime number. Take the duty cycle d=25%, that is, P=5 as an example

when l=1,m=1,k=1, m=2,k=2;,; m=3,k=3;, m=4k=4;
when l=2,m=1,k=2; m=2k=4, m=3,k=1, m=4,k=3;
when [=3,m=1,k=3;, m=2k=1, m=3,k=4, m=4k=2;
when =4 m=1,k=4 m=2,k=3;, m=3,k=2;, m=4k=1;

Similarly, take the duty cycle d = 6.25%, that is N, = 16, in this case P = 17, The pulse pattern
can be obtained as shown in Figure 4. The figure shows all the 16 pulse patterns. When 4 pseudolites
are positioned at the same time, each star can be assigned 4 patterns, which can be reused after 4
modulation cycles.

=17
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Figure 4: Linear congruence pulse pattern for duty cycle d=6.25%
4. Properties analysis of proposed pulse pattern
Auto-correlation functions and power spectral density are two elementary properties of the pulsed

signal. The auto-correlation functions are important to enable initial acquisition of the pulsed signal in
the receiver, while the PSD is important to ensure the ranging performance of the pulsed signal is
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similar to that of the original ranging code. In this section, the characteristics of the proposed pulse
pattern are determined and compared with the random pulse pattern.

4.1 Auto-correlation functions

The autocorrelation function of the pulse pattern can be expressed as:

Rp_auto [l] =

dNgN,

YNeNe™t P, [n]Py[n — [Jmod NN, (15)

where [ is the shifting operation with the period of N,N.. ﬁ is introduced to have a unit
e'c

amplitude normalized to one. Using the shifting property of the Kronecker delta &[-]and the
associative property of convolution, (14) can be rewritten as:

Ry autoll] = Aan, [1] * [ Zne ™ BJe5" ZRe5" 6ln = kNe =74 [ ((n — DmodNoN) = jN, = 1] (16)

where Agy,[l] is obtained by the convolution operation of two rectangular waves:
Aal1] = 2o Taw, 1 My, [=1] (17)
By exploiting the fact that §[n — kN, — 7] # 0 when n = kN, — 7, (15) can be written as:
R auroll] = Aaw [1] * [ 255" 325 6[((ri = kNe = 1) - modNN) = jNe = 7] (18)

Suppose that N, — oo, it is possible to obtain the expectation of auto-correlation function of the
Dirac delta function by means of approximation

Rs_autoll] = Rs_auroll] = E[2]25" 8[((z = kNe = ) - modNN) = jN. = gi]| ~ (19)
Using the linearity of the expected value, (18) becomes:
Rs qutoll] = P[X]25" 8[((x — kN = 1) - modNN,) = jN, — 1] (20)

where P[] denotes the probability that the basic pulse pattern equals to its shifting operations. It is
noted that the approximation becomes asymptotically exact along with increase of the samples. Then,
the autocorrelation function Ry qus0[l] can be approximated by averaging the probabilities of several
patterns.
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Figure 5: Linear congruence pulse address (P=5)

For P =5, the basic linear congruence patterns for BPL 1~4 are illustrated in Figure 5. According
to (17), the average auto-correlation function of 4 basic patterns is shown in Figure 6 where the shifting
operation [ = (k * 7,,) —1 = 15 for each pattern. Compared with the random patterns with the same
operation, the auto-correlation peaks are nearly identical, and the worst side-slob is —9.0309dB,
noticeably lower than —6.8131dB of the random pattern. P = 7 shows the similar results that the
worst side slob is 1.25dB smaller than counterpart of the random pattern.
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Figure 6: Comparison of autocorrelation function of pulse pattern (P=35)

By averaging P = 5,7,11,13,17,19,23, the expected value of the auto-correlation assumes the
following form:
(7
1

Rs quto(D) = {“"”2 @1)

2
(N-2)2’
0

the corresponding probabilities are:

1
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Figure 7 shows the results of N = N, = 16,d = 6.25%.
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Figure 7: Linear congruence pulse pattern aut(-correlation function (P=17)

4.2 Power spectral density

The PSD of the pulsed signal can be obtained from the Fourier Transform of the
autocorrelation function,

P(f) = T{Rp [l]} = Zi'-:oo—oo Rp_auto [l]exp{—ﬂ”lchh} (23)

where T,y is the chip duration, F{-}denotes the Discrete Time Fourier Transform.Note that the
period of the pulsing scheme is N,N,.T,,, P(f) can be further expressed in the line spectrum form:

_ 1 +oo i __ 1 +oo i i
P(f) = Pb (f) NN Top Si=— 4 (f NeNcTch) NN Top <= Pb (NgNCTgh) 6 (f NeNcTch) (24)
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where,P, (f) is the Fourier Transform of the basic pattern:

Py(F) = 215 Rp_autolUlexp{~j2mlf Ten} (25)
Knowing that Rs queoll] ® Rs quto[l] when N, > N,(24) can be expressed as:

Pb (f) = Z _e - ﬁE_auto [l] exp{_jznlchh}

= F{Aan [} 205" Ro_auroll] exp{—j2mlf Ty} (26)
Inserting (20) and (21) into (25), it can be obtained that

NeNe—1
Pé‘(f) = 2 R&_auto (l) ' P&_auto (l)exp{—ﬂ”lchh}

1 NeNc—1 )
- MO (ZNN 3)2 i’:}i’f_‘lf 2mlf Ten)
TR =T Dy EP2 T
1 1 1 — exp{—j2nN,N T} N-3
2N — (N —1)2(2N — 3) 1 —exp{—j2ndN.fT.,} (N —1)?(2N —3)
. 1- exp{_JZT[N chTch}
1 — exp{—j2rdN fT.}
- 21v1—3 + [(N—1)21(2N—3) + (N-ll)vz_(izv-s)] ' exp{—janch(N - DfTCh} @7

Finally, the PSD P(f) can be obtained by:

P(f) = Po(f) - —Z (f——):—E P (7)o (r~7)

i=—o00 i=—o0

1 N-3
(2N 3) S(f) + (1 d) [(N—1)2(2N—3) + (N—1)2(2N—3)] '

sin(mid/N)
dN¢sin(mi/NN¢)

B e

sin(mdN¢fTcp) 2
dN¢sin(nfTcp)
(single side spectrum) of the two patterns is compared. It can be seen from the Figure 8 that the power
spectrum side front of the linear congruence pattern is generally smaller than the random pattern, and it

has a strong regularity, indicating that the interference in the frequency domain is smaller and easier to
eliminate.

where dN,

is the Fourier Transform of the triangular function Agy_[l]. The PSD

d=6.25%, Ne=16
50 T T

—— Random parttern
Pseudo-random pattern

Normalized PSD [dB-Hz]

100 I L 1
2

Frequency [Hz]

Figure 8: Comparison of power spectral density of pulse patterns

4.3 Multi-access performance

Although the linear congruential pattern is used to transmit the pulse signal, the transmission slots
of pseudo-satellite signal do not overlap. But the delay caused by multi-path transmission also may
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generate a certain signal collision and generate cross-correlation interference, so the cross-correlation
function of the pulse pattern determined its multiple access performance. The solving process of
cross-correlation function is similar to that of the autocorrelation function. First, taking
cross-correlation operation from the initial pulse pattern in Figure.9. The resulting cross-correlation
operation result is shown in Fig.. Then calculating the signal collision probability at P =
7,11,13,17,19in turn and performing statistics, the average cross-correlation function can be calculated
as:

1 (N-1)2
R autolll = 3 X052 EGD E(S; = ) = oo =i (29)

Where S, is the m pulse code-word index, S = {S;,S,,**, Sk, -+, S}, K = N! — 1 are all lobes.
The average value of cross-correlation function about the random pattern in the reference is 1/N.
When P = 17, the cross-correlation value of the linear congruence pattern is —53.8925dB, and the
cross-correlation value of the random pattern is —27.72dB.

Assuming there are three interference signals, like the target signal, the power is —90dBm, and the
duty ratio is d = 6.25%. Comparing the simulation results of the acquisition probability between
random pattern and linear congruence pattern. It has known that false alarm probability is Pr, = 0.1%,
non-coherent integration time islms, the number of coherent integrations is 25, Figure 10 shows the
detection probability curve ofC/N, changing from 60dB.Hz to 110dB.Hz. When the signal C/Nys
80dB.Hz, the capture probability of the linear congruential pattern is 74.44%, and the capture
probability of the random pattern is 16.24%. This result can prove that in the case of the same receiver
setup and interference, the multi-access performance of linear congruent pattern is better.
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4.4 Singal spacing

The spacing of BPLs is determined by the interval between transmissions of the pulses. Assuming
that the receiver receives the signals of the pseudolites A and B at the same time, the duty ratio is d =
6.25%. At a certain moment, the transmission slot of the pseudolite A is 5, the transmission slot of the
pseudolite B is 8, and the phase difference is 3 time slots. At this time, if the receiver distance A is
18.75 kilometers and the distance B is 90 kilometers, the signals A and B will be simultaneously
received, that is, the signal will collide. Therefore, the minimum distance should be larger by one time
difference t than the time interval, so as to avoid the collision of two or more signals. In this paper,
the random pattern of 10000 pulse modulation periods and the slot spacing of linear congruential
patterns are counted. The probability density function is shown in Figure 11. The mean time slot
spacing of the random pattern is 0.35ms, and the linear congruence is 0.3ms. Therefore, the
minimum distance of linear congruential patterns is 15 km smaller than that of the random pattern, that
is, the distance between two BPLs can be reduced about 15 kilometers.

14— . . . r
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Figure 11: Comparison of pulse pattern signal spacing probability density

According to the analysis and comparison of the above characteristics, the correlation
characteristics, power spectral density and signal spacing of the linear congruential pulse pattern are
better than the random pattern, and have better acquisition performance and shorter receiver spacing.

5. Conclusion

This paper studies and designs the BPL signal pulse modulation scheme. Firstly, the signal pulse
modulation model is established, and the design requirements of the two most important parameters in
the model, the duty cycle and the pulse pattern are analyzed. Then, the partial correlation characteristics
of BPL signals are analyzed, and a relation model of partial correlation characteristics and signal
acquisition is established. When the probability of capture is 99.9% and the number of interference
signals is 6, the minimum value of duty cycle should be 6.25%, so set the duty cycle of the pulse
modulation scheme to 6.25%. Five BPLs can be deployed with an ordinary receiver.

Aiming at the shortcomings of random pattern signals with high collision probability, a
pseudo-random pulse pattern design scheme based on linear congruential algorithm is proposed, and
the signal correlation function, power spectral density, multiple access performance and signal spacing
of the scheme are performed. Analyzed and compared. Simulation results show that this scheme
satisfies the design requirements and the signal characteristics are better than random patterns. The
scheme has been adopted by the project group of the “Key Technology of BeiDou Ground-Based
Navigation Signal Network™ project of the 863 project and applied to the pseudo-satellite signal design,
and further testing and analysis has been conducted.
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