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ABSTRACT

The new L5 signal is QPSK—modulated, with a
nominal carrier frequency of 1176.45 MHz and a ledth
of 24 MHz. Its two components have each a different
spreading code clocked at 10.23 MHz. The in-phase
component, also called the data channel, carries th
navigation message at 100 symbols per second (5@éi
second with a convolutional encoder) while the gaade
component, called the pilot channel, carries nosags at
all. The data and pilot L5 spreading codes are each
modulated with a distinct Neumann-Hoffman code logat
at 1kHz. The specified power is such that the rexki
levels on the ground should be —-154.9 dBW (i.e.7-945
dBW for each component).

Such a new signal structure implies new receiver
structures for acquisition, tracking and data dembettbn.
In particular, different strategies can be envisiror L5
codes and Neumann-Hoffman acquisition, and several
correlator outputs using data and pilot signals ¢en
combined to form the tracking loops discrimination
functions.

The aim of the proposed paper is to show results of
an analysis of the possible structures for acqorsiof the
L5 codes and of the Neumann-Hoffman codes, as agell
structures used for L5 signal tracking, and evaidat
performance of these acquisition and tracking sires.

I. INTRODUCTION

The US declared in 1999 their intention to provide
a new GPS signal called L5 [Spilker and Van Dieosruk,
1999] centred in 1176.45 MHz, targeted for civiiaion
uses. That new signal civil should be radiated H®y first
Block IIF satellites launched in 2005. It will makePS
provide a navigation service more robust for migtip
applications, and especially for civil aviation &pations.
Indeed, this addition will increase Signal-In-Space
accuracy, availability, integrity and continuity sérvice.

This new L5 signal is QPSK—modulated, with a
nominal carrier frequency of 1176.45 MHz and a ledth



of 24 MHz. Its two components have each a different
spreading code clocked at 10.23 MHz. The in-phase
component, also called the data channel, carries th
navigation message at 100 symbols per second (5Qér
second with a convolutional encoder) while the gaade
component, called the pilot channel, carries nosags at
all. The data and pilot L5 spreading codes are each
modulated with a distinct Neumann-Hoffman code loéat

at 1kHz. The specified power is such that the xexklevels

on the ground should be —154.9 dBW (i.e. —=157.9 dBwW
each component).

Such a new signal structure implies new receiver
structures for acquisition, tracking and data demtetttbn. In
particular, different strategies can be envisiofoed .5 codes
and Neumann-Hoffman acquisition, and several caiwoel
outputs using data and pilot signals can be condbiodorm
the tracking loops discrimination functions.

This paper reports the analysis of several question
raised during the design and the implementatiomrofL5
generator/receiver simulator carried out by M3SYBIEE
and TéSA (ENAC, SupAéro) for the CNES. Those qoesti
are related to the performance of the acquisitibthe L5
and Neumann-Hoffman codes, and to the performahtieeo
different tracking strategies that can be envisibne

The paper starts by recalling the GPS L5 signal
structure and proposed generic receiver architectlinis is
followed by two distinct sections, one dealing abou
acquisition, the second one dealing about tracking.

The classical structure for L5 code acquisitiomgsi
pilot only or pilot+tdata channels is described, and
acquisition performance is recalled. Next, we dbscra
proposed technique to acquire the Neumann-Hoffnoales
after the L5 codes were acquired, which consistaiming
an FLL to reduce residual Doppler, then performiag
Neumann-Hoffman code search. It is also shownaheitL
can be run after the L5 code acquisition as its lfslock
threshold is below the L5 code acquisition threghol
Finally, we analyze the performance of a proposetttire
for direct and combined L5 code and Neumann-Hoffman
code acquisition, and we show that its performasdeghly
degraded when the residual Doppler is larger th@rH2.
Indication of possible performance improvement gsither
10 or 20 bit code will be given in the paper.

We then analyze several possible techniques for
code and carrier phase tracking using pilot anda dat
correlator outputs. In particular, concerning @rrphase
tracking, we show the analysis of a proposed teglei
combining data arctangent discriminator and pikieeded
arctangent, which requires carrier phase jumpsctieteand
repair, and we show that its performance is nebétian the
performance of pilot extended arctangent only. Fede®n
of the most appropriate code and phase trackingntgues
is finally proposed.

[I. GPS L5 SIGNAL STRUCTURE
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The L5 signal radiated by satelliteis a QPSK
modulation of the L5 carrier with a data and atpdlbannel
that can be modeled as:

S 4 (t) =/ Pd (t)NH,,(t) XI (t) cog 27 )
+~/PNH,,(t) XQ (t)sin(27£)

where

e P is such that the minimum total power of the
received L5 signal is —154.9 dBW, or —157.9 dBW
for each one of the data and pilot component
[RTCA, 2000].

e d is the P/NRZ/L materialization of the L5
navigation message encoded with a convolutional
FEC (rate ¥2). The original L5 navigation message
has a 50 bps rate, whitkhas a final 100 sps rate
after encoding. Thus the duration of one final
symbol ind is 10 ms.

e NHy, and NHy, are respectively the P/NRZ/L
materialization of a 10 bit and 20 bit Neumann-
Hoffman code. These codes are clocked at a rate of
1 kHz, thus the duration of one bit is 1 ms.

e« Xl and XQ are respectively the P/NRZ/L
materialization of the data and pilot component
PRN codes. Those codes are clocked at a rate of
10.23 MHz and have a period of 1 ms.

Properties of the L5 codes were analyzed in [Maaabi
et al., 2002].

Ill. RECEIVER ARCHITECTURE

The proposed L5 generic receiver tracking loops
architecture is shown in figure 1 at the end o fheper.

In each channel, the phase and code tracking loops
can potentially use correlator outputs from theadahd
pilot channels. As a consequence from this, thenmbla
may track the data or the pilot signal or both.

IV. ACQUISITION STRUCTURE /PERFORMANCE

GPS L5 signal acquisition is understood here as
the rough synchronization of the signals gener&tedlly
by the receiver with the incoming signals. This aenmms the
local carrier and the local codes. The local cadesbe the
L5 codes only, or the L5 codes and the Neumannshiaxff
codes.

In this section, we first present a proposed
structure for L5 codes acquisition and discuss the
performance of this acquisition.

Then, we report the strategies for a complete
acquisition of the L5 signal, i.e. the acquisitiofi the
carrier, L5 codes and Neumann-Hoffman codes.

IV.1 L5 CODES ACQUISITION



The L5 codes acquisition is accomplished using
both the data and pilot components to use the marim
signal power, as shown in figure 2.

Figure 2:L5 acquisition structure.

It has been shown in [Bastide et al., 2002] that an
acceptable acquisition threshold with a simple Isirgyvell
procedure is around 33.7 dB Hz. This has been rodxai
through a coherent integration tiriig of 1ms to reduce the
Doppler uncertainty bin to a width of [-250 Hz; $@Hz]
and 15 non-coherent integrations, inducing a wease loss
of -1.5 dB and a mean sequential acquisition timeurd
164 s when searching only one Doppler bin with deco
search step of 0.5 chip. In the case of FFT adiprnsithe
33.7 dB acquisition is still valid witif,=1ms and 15 non-
coherent integrations. Note that this thresholddB higher
than in the case where only one single data ort pilo
component is used [Bastide et al., 2002].

The L5 mean code acquisition time is 10 times
larger than that the GPS L1 C/A code acquisitianeti
because the L5 codes are 10 times longer than Alc@des
and can only be compensated by augmented hardware.

The L5 acquisition performance is also reduced
compared to L1 acquisition performance becausehef t
presence of Neumann-Hoffman codes both on the atada
pilot signal components. Indeed, these Neumannshiarff
codes are viewed as data modulation during theisitign
procedure where bit synchronization is not achieyetd As
the length of one Neumann-Hoffman bit is 1 ms, the
coherent integration time is therefore limited tm4 with L5
to limit power losses due to data bit transitiondjle the
coherent integration time is limited to 20 ms with.
Although increasing the coherent integration tines tihe
drawback to increase the number of searched Dojyiher
by the same amount, there is an interest to inertes time
when only one Doppler bin needs to be searchedifizast
al., 2002] or when the available hardware has arcased
performance. But unfortunately there is no poténtia
improvement of the coherent integration time with from
the classical 1ms, which is not the case for L1.C/A

Iv.2. L5 CODES + NEUMANN-HOFFMAN CODES
ACQUISITION

Before using correlator samples that have been

integrated over an interval larger than 1ms, fiésessary to
perform the Neumann-Hoffman codes synchronisation.
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That operation can be done using the 1ms samples
through a search process similar to the L5 codeckea
process: the 1ms samples are correlated with d Mea
code generation and the peak is searched. Theepndidre
is that the search process is affected by the pcesef a
residual Doppler shift on the 1ms outputs. Therfdhe
NH autocorrelation properties are highly degradedalise
the NH codes are short codes.

As an example, figure 3 shows the signal processing
technique proposed in [Hegarty, Tran and Van
Dierendonck, 2002] for direct combined NH and LXleo
acquisition of the pilot component. The current grap
focuses on the degradation of the acquisition rioieused
in presence of residual Doppler shift.

The proposed acquisition technique can be applied
either on the data or on the pilot signal component
The input signal (data or pilot component) is egpesl as

s(t) = v/Pd (t-7)c(t—)NH (t-7) cod27£ t-B)n(t) w
here
e Pisthe L5 signal power (data plus pilot)
e dis the L5 data waveform if the considered L5
component is the data component
e cisthe L5 code waveform of the considered signal
componeniI or XQ
¢ NH is the Neumann-Hoffman waveformiKi10 if
data componentNH20if pilot component)
o fyis the last intermediate frequency
« T is the group propagation delayd is the
received carrier phase shift (both vary over time)
e nisthe additive noise

I(n)
1 | 1
N

Nlms 1ms

cos(2nfot - é)

M
. NH (n) >

R A k=1
sin(27#,t - ) (O
1 -
s ] 2
C( —T) Nlms 1ms KX}’ NNH ’\%
Q)

Figure 3:NH acquisition structure.



In the general case, the | and Q correlator outputs
can be expressed as:

\_\/E sin(zApr)

(= T d(M)NH (K (&, )code,)
+n,(n) ( )
Jp( sin(my _
n)= 2| o, d(MNH (K, (&, )sin(e,)
+ng ()

where

» K, is the L5 code auto-correlation function
* T, is the coherent integration time,€Ilms in our
case)

« Af isthe residual relative Doppler shift (difference

between incoming carrier frequency and local
carrier frequency)

« &, =6-0 isthe phase tracking error

« & =T—T isthe code tracking error
* nyandng are the correlator output noise samples

If we denote
. O=27T(t)+6,

signal, T(t) being the linear portion of the group
propagation delay

the phase of the incoming

i% the incoming signal Doppler
. 2n dt
shift
1 dég
. 4 = ————— thelocal signal Doppler shift
! 2n dt
« Af =f; —f, the residual relative Doppler shift

It can be shown that in presence of residual Dapphe
correlator outputs can be expressed as:

\/;(sw;(ﬂl?_ll_"r )}d(n)NH(n)KC(Sr)

X cos(ZIAfnT +&, )+ n, (n)

\/2_ { Slf;&’?TfT )Jd(n)NH(n)Kc(gr)

x sin(sznTp +&, )+ N, (n)

Q(n)
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where
¢ T, is the coherent integration time,lms in our
case).
© & =66

As we can see from this expression, the correlator
outputs are multiplied bgos andsin weights whose phase
is varyingms after ms The frequency of this variation is

precisely the relative Doppler residd¥fi. When a

classical acquisition structure is used, these etator
outputs are squared and summed, removing tbeseand
sin weights.

In the structure proposed in [Hegarty, Tran and
Van Dierendonck, 2002], these correlator outpute ar
multiplied by a local NH replica, then 10 or 20 sdes are
accumulated depending on the signal component
considered. Therefore, in presence of a residugbl2o, as
these weights will have changed from sample to $antipe
squared sums will not remove these weights and the
resulting squared correlation function will be diséd.

Considering NH20, the samples resulting from this
new accumulation can be expressed as:

INH(m)=2—1oil(n)NH(n—m)

Qua(m) =~ > QIMNH(n-m)

Note that the code correlation function in presence
of Doppler is different from the code correlatioittwzero
Doppler.

To take this effect into account, a new NH code /
Doppler search can be performed. In this casel &mel Q
correlator samples need not only to be multipligéabocal
NH code replica, but also by a local carrier. lattcase,
due to thesinc weight affecting the correlator outputs, a
Doppler search must be carried out using Dopplés.ce

An evaluation of the numerical impact of the
Doppler residual on the acquisition criterion iogposed
first.

We propose here to evaluate the effect of the Bappl
residual on the direct and combined L5 code and WH2
acquisition criterion. In the first step, the direand
combined L5 code and NH20 acquisition criterionposed
in [Hegarty, Tran and Van Dierendon@002] is evaluated
in presence of Doppler residual.

In the second step, this acquisition criterion is
evaluated for a complete NH20 code / Doppler sedrhfs



search is carried out for all 20 bits of the NH2@le, and in
the complete -9 kHz + 9 kHz search interval. Thze sif the
Doppler bins is implied by the 20ms integration d@im
inducing asinc weight having its first zero in 50 Hz. In the
evaluation proposed, the complete search windoyw2&0
Hz; 250 Hz].

In both steps, we assume that the L5 code alignment

is correct within 1 ms £ =7 modulo 1 ms) and no
additional constant phase shift is affecting theriees

(8, =6,).

We analyze the evolution of the combined L5 code
NH20 acquisition test criterion as a function oé tlocal
NH20 lag with different values of the residual tela
Doppler shift.

ACQUISITION TEST CRITERION T=(8 I'NH20)+(Z Q*NH20)? FOR Fd=0 Hz (LOSS ON MAX PEAK= 0 dB , ISOLATION=14 dB)
T T T T T

0sp -

02p -

I I I I I I L I
10 £ 6 ) 2 [ 2 4 6 B 10

Figure 4:Cross-correlation between 1ms correlator outputs
and local NH20 (residual Doppler=0 Hz).

ACQUISTTION TEST CRITERION T=(3 FNH20)’+(S Q*NH20)” FOR Fd=25 Hz (LOSS ON MAX PEAK= -3.9 4B , ISOLATION=6.6 dB)
T T T T T T

045 T T

LaG

Figure 5:Cross-correlation between 1ms correlator outputs
and local NH20 (residual Doppler=25 Hz).
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Figure 4 shows the correlation function of the
NH20 code in the absence of Doppler residual. We tiwe
14 dB isolation between the main peak and the skryn
peaks.

Figure 5 shows the correlation function of the
NH20 code with a Doppler residual of 25 Hz. Notattthe
isolation between the main peak and the secondzakspis
now only 6.6 dB.

Therefore, this direct and combined L5 code and
NH20 acquisition criterion degrades quickly and slomt
present any useful peak when the Doppler resicul@rger
than 30 Hz.

We recall that in this case, we assume that the L5

code alignment is correct within 1 mg €7 modulo 1
ms) and no additional constant phase shift is tffgche

carriers @, = 6,).

We analyze the evolution of the combined L5 code
NH20 acquisition test criterion as a function oé tlocal
NH20 lag. First of all, this test criterion is ewvated in all
the Doppler bins within [-250 Hz; +250 Hz], eachdpter
bin having a size of 20 Hz.

Acquisition statistic as a funct of NH20 and freq offsets - search bin rate = 20 Hz - freq errar in good bin= 0 Hz

o

-100
-200

0 .30
MH20 code offset frequency offset (Hz)

Figure 6:3D plot of the test acquisition criterion evolution
as a function of code and Doppler offsets (residual
Doppler=0 Hz).

Figure 6 shows the evolution of that criterion in
presence of residual Doppler of 0 Hz. As we can seay
secondary lobes appear that could hide the maik pea
presence of perturbations.



Acquisition statistic as a funct of NH20 and freq offsets - search bin rate = 20 Hz - freq error in good hin =10 Hz

300

0
-100

-200
NH20 code offset 0 300

frequency offset (Hz)

Figure 7:3D plot of the test acquisition criterion evolution
as a function of code and Doppler offsets (residual
Doppler=10 Hz).

Figure 7 shows the evolution of that criterion in
presence of residual Doppler of 10 Hz. As we can again,
many secondary lobes appear that could hide tha peak
in presence of perturbations.

Then, the test criterion is evaluated in all the
Doppler bins within [-250 Hz; +250 Hz], each Dopphen
having a size of 25 Hz. This search is performethso the
Doppler shift in the correct frequency bin is 12 leading to
the worst attenuation of the correlation peak. Wentplot
the superposition of that curve for all Dopplershin figure
8.

Neuman-Hoffman (nh20) Acquisition Criterion in presence of Doppler
0.9 T T T T T T T T T

Doppler uncertainty :
0.8 12 Hz | ]

0.7+ I |

0.5 B
Margin : 5 dB

Figure 8:Superposition of the test acquisition criterion for
various Doppler offsets as a function of code Iagifual
Doppler=12 Hz).
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As we can see, the acquisition criterion is again
very distorted and the isolation between the madakpin
the good Doppler bin and the secondary peaks irother
bins is only 4.8 dB. Note that this margin does ingirove
when the received L5 signal power increases.

We then searched for another 20 bit sequence that
would offer good cross-correlation properties irseice
and in presence of residual Doppler. We tried #guence
proposed in [Mertens, 1996]. The resulting coriefat
function in absence of residual Doppler exhibite #ame
isolation as the NH20 sequence (14 dB).

The superposition of all values of the acquisition
criterion for all Doppler bins is shown in figure 8s we
can see, the isolation of the main peak in presesfce
Doppleris 6.8 dB.

20 bit MERTENS SEQUENCE ACQUISITION CRITERION IN PRESENCE OF DOPPLER
o
T T T T T T T

DOPPLER UNCERTAINTY: 12 Hz

08 -

05k -
ISOLATION: 6.8 0B

04l -

Figure 9:Superposition of the test acquisition criterion
(Mertens code) for various Doppler offsets as afiom of
code lag (residual Doppler=12 Hz).

As a conclusion, according to the evaluation
presented here, the direct and combined L5 code /
Neumann-Hoffman acquisition criterion proposed in
[Hegarty, Tran and Van Dierendonck, 2002] is highly
degraded by relative Doppler residual.

Indeed, this criterion no longer exhibits a clear
peak in the proper search cell as secondary lobakeo
correlation function can show to be isolated onhyt8 dB
with respect to the main peak.

However, to conclude on this acquisition
performance, it remains to be evaluated the ex@etteof
noise on this acquisition criterion in order toesssthe real
emergence of the peak.

IV.3. NEUMANN-HOFFMAN CODES ACQUISITION



Because of these degradations, it is necessary to
determine whether it is possible to reduce the ueegy
uncertainty using an FLL, then perform the NH
synchronization once the residual frequency egdow.

At the end of the acquisition process, one can
assume a Doppler uncertainty of [-250 Hz; + 250 &l a
code delay uncertainty of [-0.25%; +0.25T].

As a consequence, it is required that the FLL used
right after the acquisition process has a pullainge of [-250
Hz; + 250 Hz]. The implemented FLL can be usedlgasi
with a predetection integration tinlg of 1ms, but use of a
larger integration time requires the synchronizatal the
Neumann-Hoffman codes either on the data or orptio¢
channel.

The performance of the FLL will be driven by the
nature of correlator outputs used (data, pilotg, tiature of
the discriminator used, and the discriminator caoration
technique in case of the use of data and pilotetator
outputs.

In the case of the use of data and pilot prompt
correlator outputslip, Qp, Igp and Qgp, then several
discriminators and combination techniques can bed ue
build the FLL. Examples of possible FLL discrimiaeg for
the data or the pilot channel are given here:

Vi(n) = arctarEQP—(n)] - arcta{wj and
lp(n) le(n-1)

V,(n) =V (n) = 77if V; (n) >IET
V;(n) =V,(n) + m7if V (n) < —7_2-[

lo(n—-1 n)—1I,(n n-1
Vz(n):arcta,E o(N=Qu(M) — (M Qu ( )J
lo(M1p(N=1) + Qp(N)Q:(n-1)
wherearctan(r) is the common arctangent function returning
. . T T
an angle lying in [—E,E} . Extended arctan
discriminators are not considered here because hef t
presence of the Neumann-Hoffman code.

If we model the correlator outputs on the data
component as

I(n )_smim

o) = SN2t smzﬂf

then the output of these discriminators is

D(n)NH(n)R(, )cose, +n, (n)

D(n)NH(n)R(g, )sing, + n,(n)
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Vi(n) = &(n) +k(N)77-&(n-1) -k (n=D7z+n, (n)
whatever the value of NH and data bits

V,(n) =&(n) —e(n-1 +k,(n)r+n, (n) whatever
the value of NH and data bits

where

ky is such that—% <&(n) +k(n)r< g

ke is such that—% <&(n) - (n-1) +k,(N)77 < g

n, is the noise affecting the discriminator tension

If we model £(n) = 27AfnT , then the limit for

an acceptable variation of the tracking eré&mwith time is
given by

ST cominT, <7 or -1 o<nf< 1
2 2 O Tt aT

p p

for V,

and \,

Therefore, at the startup of the FLL, the Doppler
difference between the local and the incoming earri

1
should be limited to+/- —— for V; and V.. In the case
p
where T,=1ms, then the admissible Doppler range at the
startup of the loop is [-250 Hz; +250 Hz].

We can see here that in the case of the first
discriminator, jumps of71can occur in the discriminator
function. In the case of the second discrimingtamps of
271 may occur, and jumps oftfor 271 may also occur if
the estimated data bit is wrong. Note that thesepgi do
not systematically lead to the divergence of thepto If
these jumps are rare, then the loop will be ableotoverge

anyway.

In each case, the linear loop model is the follawvin

one:
6(2) +
— 1-2
é’(z) Kz™ <«—|F(2)
1-27°

Figure 10:FLL linear model.

It is important to note that this model is onlyidal
when the loop noise bandwidth is at least 10 tisraaller



than the predetection bandwidth. In our case whbee
predetection integration time is 1ms, this mearst this
model is only valid when the FLL loop noise bandids
lower than 100 Hz. From the linear model, we se¢ ifithis
is true, then using d@%order FLL filterF(z) (2" order FLL)
is enough to guarantee no tracking error in presefi@ jerk
of any magnitude. Thus in that case the pull-ingeais as
wide as the acceptable range given earlier.

The noise resistance is driven here by the loss of
lock threshold, determined by the linear range lbé t
discriminator. Here, the limit is given by tharctan

mmr
discriminator linear range. That range{isg;g} for the
arctan

As explained in [Kaplan, 1996], the standard
deviation of the frequency estimation error is

o = 1 8B, 1+ 1 Hy
amgclT L C)
N, P N,
for an FLL.
The loss of lock threshold is such that
30, <Th
which is equivalent to
) _ _
3{2,; J ;. 2
.EZ_:______Ji____ 1+ 1+ Th
N, Th? 1Y
1§ -~ | BT,
21T,

whereThis such that [Fh_;Th] is the linear range in Hz_of the
discriminator.

In the case of the arctan discriminator, that range

1

1
, thereforeTh=——. As a consequence,

ar,aT, :
the loss of lock threshold is expressed as:
3 _ 9B, 1+ 11+ 21T
N, 7 9B,T,

The evolution of the loss of lock threshold as acfion of
the FLL noise bandwidth is plotted in figure 11.
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FLL LOSS OF LOCK THRESHOLD
30

— Tp=lms
+ Tp=10ms
o Tp=20ms

2B — -l — - - - k- — =

N
S

-
o

CINO indB Hz

NOISE LOOP BANDWIDTH IN Hz

Figure 11:FLL loss of lock threshold on a single data or
pilot signal component.

As we can see, for a FLL with a noise loop
bandwidth of 10 Hz, the composite L5 signal losdoak
threshold is 24.6 dB Hz wheTf,=1 ms and the composite
L5 signal loss of lock threshold is 20.2 dB Hz when
T,=10ms.

The FLL loss of lock threshold foF,=1ms and
B,=10 Hz is thus around 25 dB Hz for the composite L5
signal, which is well under the acquisition thrdsh(83.7
dB Hz). Therefore, that simple FLL can be usedtrigfter
the acquisition process.

If the FLL is to be used at@N, lower than 25 dB
Hz, then either the noise bandwidth must be redacetie
integration time must be increased.

V. TRACKING PERFORMANCE

ATAN AND EXTENDED ATAN DISCRIMINATORS
COMBINATION

The possible PLL discriminators are the following

ones:.

V,(n) = arctarE—QP (n)J
lp(N)

V,(n) = arctar(QP(n), I P(n))

where

arctan(r) is the common arctangent function returning an

angle lyin in{—’—r'l—r}
gle lying 5

arctan(y,x)is the extended arctangent function returning an
angle lying in[— TT, 7T] .



After NH20 synchronization, any of these 2 discriminators
can be applied with the pilot channel correlatotpats. The
use of the extendeatctan discriminator on the data channel
would require the estimation of the data bit frohme t
correlator outputs, then a correction of the catwl outputs
before they can be used to form a discriminatoction.

If we model the correlator outputs as

1) =L D(rINH ()R(e,Joose, + 1, (n)

smmf

Q(n) = == D(MNH(MR(g, )sine, +ny(n)

then the output of these discriminators is

Vi(n) = &(n) +k(n)77+n, (n) whatever the presence
and the value of data bits

V,(n) = &(n) + 2k, (n)77+n, (n) if the data bits are not
present or properly estimated

where
. 7l 7l
ky is such that—E <g(n) +k(n)mr< >

ko is such that- 77 < &(n) + 2k, (N)7r< 11
ny is the noise affecting the discriminator tension

Each of these individual discriminator functioms i
the data and in the pilot channel can be combingidrim a
composite discriminator function used to drive taarier
NCO [Hegarty, 1999], [Tran and Hegarty, 2002]. The
combination can be a simple average or a more @mpl
weighted sum depending on the prior knowledge efrtbise
power affecting each discriminator output such aslelied
here:
V(n) - al Vldata(n) + aZ lellot(n)
1+ 2 a1+ 2

When implementing this type of combination, one
must take care to the jumps Yf(n) that may arise from a
steady-state tracking error due to range dynamigsding a
wrapping of one individual discriminator.

For example, we <can build a composite
discriminator function by combining a classicalctan
discriminator on the data channel with a classeaitan
discriminator on the pilot channel. In this cass, the
presence of large dynamics, a bias will be preserthe
output of each discriminator and jumps @f may arise from
each individual discriminator due to the limitedhga of the
classical arctan, resulting in no bias for the composite
discriminator. In presence of noise only, the tmagk
threshold will be driven by the acceptable noise/groin the
operating range of the classieattanfunction.
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In order to take benefit from the absence of data
the pilot channel, one may desire to form a contposi
discriminator function by combining a classiektan on
the data channel with an extendadctan on the pilot
channel. In that case, to benefit from the full rgpieg
range of the extendearctan it is necessary to detect and
correct the possible jumps off that may arise from the
classical arctan discriminator in the presence of large
dynamics. A possible technique to do this is to austep
detection procedure on the difference of the data
discriminator and pilot discriminator.

The proposed test criterion is thus

V(n) :Vldata(n) _Vzpilot(n)

The average value of the test criterion is zererwh
the arctan discriminator is not affected by a step. We can
assume that each discriminator is affected by iaddpnt
noise as it originates from the correlation of theoming
signal with different PRN codes. Therefore, theamce of
the test criterion is the sum of the variance othea
discriminator which is taken here to be

o = |Bu|qy 1

PLL — T C
— 2T
N, pN0

An example step detection procedure is a CUSUM
test [Basseville and Nikiforov, 1993]. That CUSUMst
could be designed to test changes in the averadge v
the test criterion, modelling the test criterion asvhite

Gaussian noise with standard deviatigp such that

o, = |2 E’; 1+ 1C
— 2T,
NO NO

Important design parameters of this CUSUM test
are the false alarm raf®,, the missed detection raR,q,
and the time to alerf,. When the design false alarm rate
tends to O, it can be shown that the smallest tiikrbias

2
is equal tob = \/21_0‘9 (hD +a 2hD) wherehp is the
A

2
=|n| — |and

fa

test threshold hp

=J2ERFINV(1-2P_,). The following figure

shows the lowestC/N, required to guarantee the
performance of the CUSUM procedure as a functiothef



loop noise bandwidth when the predetection timsetsequal
to 10 ms:

LOWESTACCEPTABLE C/NO FOR A CUSUM TEST OF PIJUMPS (Ta=1)

C/NO in dB Hz

BninHz

Figure 12:Lowest acceptable data or pilot channel gAs
a function of loop noise bandwidth to test forypnps in the
classical arctan discriminator when Tp=10 ms.

That lowestC/N, for efficient detection can be
compared to the tracking threshold of a loop using
composite discriminator formed using classicaictan
discriminators on the data and pilot channels. Stamdard
deviation of ararctanPLL is

s = |Bifgs 1
w=ie |t e
= T =
N, "N,

ARCTAN PLL LOSS OF LOCK THRESHOLD (Tp=10ms)

20

18

16

C/NO indB Hz
=
=

-
Y

10

Figure 13:Arctan PLL loss of lock threshold (composite
data+pilot L5 signal C/ly) as a function of PLL equivalent
noise bandwidth.
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It is also interesting to determine the tracking
threshold of an extendectan loop tracking only the pilot
signal component. That tracking threshold is ptbtia
figure 13.

EXTENDED ARCTAN PLL LOSS OF LOCK THRESHOLD (Tp=10ms)

CINO indB Hz

BninHz

Figure 14:Extended arctan PLL loss of lock threshold (pilot
L5 signal C/N) as a function of PLL equivalent noise
bandwidth.

As we can see from the comparison of figures 11
and 12, whem,=10ms, the composite data+pilot L5 signal
C/Np threshold for detection of the pi jumps is lar¢jesn
the loop tracking threshold for a classicalrctan
discriminator. In addition, from figure 14, the cpasite
data+pilot L5 signal C/Nloss of lock threshold of an
extendedarctan PLL using only the pilot component is
lower than the above two thresholds. Therefore,utiley
of the implementation of hybrid discriminator fuiucts is
questionable and does not seem to bring a posgdite
with respect to the implementation of a simple edtsl
arctanPLL on the pilot L5 component.

It must also be noted here that each individual
discriminator function could be combined at thepotitof 2
different loop filters. The data discriminator coule taken
at the output of a much tighter loop filter thare thilot
discriminator. In that way, the data loop filter ute
compensate for the larger noise affecting the data
discriminator. Other possibilities include the cartgiion of
products of | and Q samples of the data correlatdputs
before further accumulation and combination withotpi
discriminator.

Finally, the combination of data and pilot
correlator outputs to drive the DLL is not affectedjumps
due to the nature of DLL discriminators, and theref
represents a real interest to reduce the code itigack
threshold.

CONCLUSION



There is a 2dB benefit in the acquisition of L5
codes by using correlator outputs jointly from datel pilot
components. There is a limitation to 1ms in theatlan of
the coherent integration due to the Neumann-Hoffowdes
which is small compared to the 20 ms limitationthe L1
GPS C/A signal.

Direct and combined L5 codes and Neumann-
Hoffman codes acquisition criterion is highly dedgéd in
presence of residual Doppler (peak isolation = 5 fdB
NH20, peak isolation = 7 dB for 20 bit Mertens cpdEehe
real performance of this acquisition remains t@bgessed.

Neumann-Hoffman codes can be acquired after
reduction of the residual frequency error usingFah that
was shown to have a tracking threshold lower thnen t5
codes acquisition threshold.

Combination of atan and extended atan
discriminators in the L5 PLL is affected by jumpsdadoes
not provide the expected gain in the phase tractireshold
compared to a pure PLL using only pilot correlatotputs.
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Figure 1:Proposed L5 tracking loops structure.
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