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ABSTRACT

GPS signals are severely attenuated when GPS receivers do not have a clear view of the sky,
and conventional algorithms fail to detect such weak signals. This paper introduces novel
code and carrier tracking and navigation message decoding algorithms to work with the new
GPS L2 civil signals under weak signal conditions. The tracking algorithms are based on
the Extended Kalman filter (EKF), where the L2-CM and L2-CL signals are combined to
form the integration and the EKF equations. The message decoding algorithm is based on
the Viterbi algorithm, where it is designed to decode the convolutionlly encoded message,
CNAV. The tracking sensitivity is increased by using long integrations. The effect of high bit
error rate, that comes with weak signals, is minimized by using a likelihood method to weight
the estimated data bits before incorporating them into the EKF equations. The algorithms are
tested using simulated GPS L2C signals. The results show the ability of the algorithms to
work efficiently with signals that have carrier to noise ratio as low as 10 dB-Hz.
KEYWORDS: GPS, Tracking, Kalman Filter, Viterbi Algorithm, Weak Signals.

CODE ET DE SUIVI DE SUPPORT ET MESSAGE DE NAVIGATION
DCODAGE DE FAIBLE GPS L2 SIGNAUX CIVILS

RESUME:

Les signaux GPS sont sévérement atténuées lorsque les récepteurs GPS n’ont pas une vue
claire du ciel, et les algorithmes classiques ne parviennent pas a détecter de tels signaux
faibles. Cet article présente le code roman et poursuite de la porteuse et le message de navi-
gation des algorithmes de décodage de travailler avec le nouveau GPS L2 signaux civils dans
des conditions de faible signal. Les algorithmes de suivi sont basés sur le filtre de Kalman
étendu (EKF), ot les signaux L2 et L2-CM-CL sont combinés pour former 1’ intégration et les
équations EKF. Le message algorithme de décodage est basé sur 1’algorithme de Viterbi, ou il
est conu pour décoder le message codé convolutionlly, CNAV. La sensibilité de suivi est aug-
mentée a 1'aide de longues intégrations. L'effet du taux d’erreur binaire élevé, qui vient avec
des signaux faibles, est minimisé en utilisant une méthode de vraisemblance pour pondérer
les bits de données estimé avant de les intégrer dans les équations EKF. Les algorithmes sont
testés en utilisant les signaux GPS L2C simulées. Les résultats montrent la capacité des algo-
rithmes de travailler efficacement avec des signaux qui ont rapport porteuse / bruit aussi bas
que 10 dB Hz.

MOTS-CLES: GPS, suivi, filtre de Kalman, I'algorithme de Viterbi, des signaux faibles.
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1 INTRODUCTION

The GPS L2 civil signal, known as
L2C, is a new and more robust signal
that started transmission on the Block
IIR-M satellites, which were launched
between September 2005 and August
2009. The L2C signal has new struc-
ture and enhanced properties over the
civil L1 C/A signal [1] [2] [3]. It con-
sists of two codes, CM and CL, that
are multiplexed chip-by-chip, ie. a
chip of the CM code is transmitted fol-
lowed by a chip of the CL code. The
combined codes have a chipping rate
of 1.023 MHz, with 511.5 kHz each.
The CM code has a length of 10230
chips, repeats every 20 ms, and is mod-
ulated by a 50 Hz message. The CL
code is 75 times longer than the CM
code (76,7250 chips), and it is data-
less. The L2C navigation message,
CNAV, is convolutionally encoded with
a rate of 1/2 and a constraint length 7
[4]. Unlike the structure of the cur-
rent legacy navigation message, LNAV,
which consists of subframes repeating
in a fixed pattern, CNAV structure has
individual messages that can be broad-
cast in a flexible order with variable re-
peat cycles [5]. The CNAV message
type O started broadcasting from one
IIR-M satellite in late 2009. The navi-
gation message contains error checking
bits to detect errors in the decoded data;
the data can be decoded correctly even
if they are detected with inverted signs
[4].

Following signal acquisition, a track-
ing module works to provide continu-
ous accurate estimate of the code delay
and carrier parameters. The carrier pa-
rameters are used to wipe-off the car-
rier and consequently decode the navi-
gation message. The code delay is used
to calculate the pseudorange, which is
used to calculate the navigation solu-
tion.

There are two main tracking ap-
proaches, which are hardware-based
and software-based. Conventional
hardware tracking uses tracking loops
[6] [7], while software tracking im-
plements all the functionalities of the
tracking loops in software [8]. This
makes software tracking more flexible
to use advanced techniques that give
better performance. Extended Kalman
Filter-based (EKF) techniques were in-
troduced in [9] to enable the tracking of
C/A weak sidelobe signals in high alti-
tude satellites. EKF-based C/A track-
ing algorithms and LNAV message de-
coding were introduced in [10] to work
with weak signals under various dy-
namic conditions. Techniques to in-
crease the robustness of L2C tracking
through ionospheric scintillations were
demonstrated in [11]. Performance
evaluation of L2C tracking using dif-
ferent combinations of discriminators
and channels were presented in [12]. A
software receiver capable of processing
L2C signals was developed in [13].

Conventional tracking approaches
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can work with signals that have car-
rier to noise ratio (C/MNp) higher than
35 dB-Hz, but they fail to work with
weaker signals. Tracking of weak sig-
nals requires long coherent and inco-
herent integrations to increase sensitiv-
ity. The coherent integration is more
robust because it averages the noise
out, but it is limited because of the un-
known values of data bits that mod-
ulate the code. For the L2 CM sig-
nal, this limit is 20 ms. Increasing the
coherent integration beyond this limit
will incur the risk of integrating across
data bits with different signs, which
will be equivalent to a shorter integra-
tion time. The incoherent integration,
which squares the signals before inte-
gration, does not have this limit on its
length, but it is less sensitive. In addi-
tion, incoherent integration is not suit-
able for carrier tracking.

This paper introduces novel L2C al-
gorithms for the code and carrier track-
ing and the CNAV message decoding
to work under weak signal conditions.
The algorithms development is moti-
vated by applications like wireless po-
sitioning and indoor navigation, which
suffer from signal attenuation. The
algorithms utilize the signal structure
and properties to achieve high perfor-
mance. The tracking algorithms are
based on EKF, and they combine the
CM and CL signals to form the inte-
gration and the EKF equations. The
CNAV decoding is based on the Viterbi
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Algorithm (VA), which is an optimal
dynamic programming technique [14].
The navigation message structure is
utilized to aid tracking. Following the
decoding of each part of the naviga-
tion message, the error checking bits
are used to check if the data are de-
coded correctly. The correctly decoded
data are re-encoded and passed on to
the tracking module to be used as an
aid when the same data are repeated in
the navigation message.

2 SIGNAL MODELS

The effect of the Doppler shift on the
code length is considered in the sig-
nal models- the Doppler shift either ex-
pands or shrinks the code length based
on its polarity. Define T; as the length
of one CM code, taking into account
the Doppler effect on the code length.
T; can be calculated as

h-n—2
fro+ fy,+ 06, 1./2

Where, T. is the code length without
Doppler effect. f7p is the L2 carrier
frequency. fy, is the estimated Doppler
shift over the interval T;. & is the esti-
mated Doppler rate. The reception time
of the samples of the received signal is
calculated relative to the start of track-
ing; it is defined as t;, /=0,...,L;— 1,
where L; is the number of samples in
the /" interval. The received IF sam-
pled signal is modeled as
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rrac(ty) = A{d(t,r,) Cwo(ti,r,)
+Cor(ti 1)}

cos (60 + 0, + 2 (fip + fa) G +Tc0ct1.21>

+I’II']. (2)

Where, t;, ¢, = (t; —T¢;) (1 + fd(’%“;"/z)
is the time of the samples considering
the Doppler effect on the code length.
T, is the code delay error. 6y and fy
are the phase and Doppler shift at the
start of the tracking. o is the Doppler
rate. A is the signal amplitude. d is
the navigation data. fjr is the IF car-
rier frequency. 8, is the accumulated
clock noise at time ¢;; it is composed
of the total phase and frequency clock
disturbances. n is a white Gaussian
noise (WGN). The CM and CL codes
are modeled such that Cyp is a chip-
by-chip combination of the CM code
and zeros, and (yy is a chip-by-chip
combination of zeros and the CL code.
A signal generator is used to obtain
the local CM and CL replica signals.
The times of the samples of the lo-
cal signals are calculated relative to the
start of an interval. The first sample
in an interval is not necessarily located
exactly on the start of the interval. De-
fine A; as the difference between the
time of the first sample in the /" inter-
val and the start of that interval. If T
is the sampling time, then 0 < A; < T;.

The local signals are modeled as
Yiac(ty +8) = Crz <t]75_’ [rdi> &, (3)

6, =0,+2n(fip+ fy) i+ 1T,+9)
+ 76 (A + 1T+ 8)2.
d is a delay induced in the local signal
to produce either a prompt signal (8 =
0), an early signal (8 = —A), or a late
signal (8 = A). (i is the local code,
which is Cyyo for the CM code, and Cy;
for the CL code. ©; and fdi are, respec-
tively, the estimated phase and Doppler
shift at the start of the #7 interval. &;
is the estimated Doppler rate. ¢ =
(4 1T+ 8) (14 Lt CrI0)2
The integrated signals are obtained
by correlating the received signal with
the local signals. The models of the in-
phase and quad-phase of the CM inte-
grated signal, at the #" interval, are

Iem(®) = AdiR(te,+8)sinc (£, T))

cos(8e,) + nrens,,
Qcn;(8) = AdiR(te,+9)sinc (fe T)

sin(0,) + nocw;-

Where, 1, is the code delay estimation
error over the interval. R(.) is the auto-
correlation function. 6, and £, are
the average phase error and Doppler
shift error, respectively, over the inter-
val. fi_., = fe,+(xe,§. f,, is the Doppler
shift estimation error at the start of the
interval. o, is the Doppler rate esti-
mation error over the interval. A is the
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signal level; it is normalized to drive
the noise variance to 1 as in [6]. d is
the data bit. nycyg, and ngcyy, are inde-
pendent WGN with zero mean and unit
variance. The models of the CL inte-
grated signal, Ic;, and Qcy,, are simi-
lar to those of the CM signal, except
that there are no data bits. The noise
terms for the CL integrated signals, de-
fined as nycy, and ngcy,, are WGN and
independent from those of the CM in-
tegrated signals.

3 MODULES INTERACTION

Tracking consists of four modules: sig-
nal generator; carrier tracking; code
tracking; and CNAV message decod-
ing. Figure 1 illustrates the modules’
interaction. The code and carrier track-
ing algorithms are based on EKF, but
they do not use the same integration
length. The o carrier tracking inter-
val is defined as Tz, and the v code
tracking interval is defined as Zzoqe,. TO
synchronize the operation of different
modules, each module generates up-
dated outputs every 7; ms for the other
modules to use.

The signal generator outputs are the
early, prompt and late signals. The
code tracking outputs are the estimated
code delay 1;, delay error 7., code
length taking into account the Doppler
effect, and start time of the next code.
The carrier tracking outputs are the
estimated phase é,«, phase error ée,,
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Doppler shift @y, Doppler shift error
®;, Doppler rate G, rate error O,
signal level /L, and data bit d& if the sig-
nal is modulated by a data message.
Since the data are convolutionally
encoded, the detected and decoded data
are not the same. The detected data are
the transmitted data, while the decoded
data are the actual message. Since the
navigation message is structured such
that its contents repeat with predeter-
mined cycles, this structure is utilized
to aid tracking; the correctly decoded
data bits are re-encoded and passed on
to the tracking modules to wipe off the
data signs when the same data bits are
repeated. The CNAV decoding gener-
ates two outputs, which are a flag, Fy,
and a data bit, d,. Fy is set to 1 to
indicate that dj, is a re-encoded data
bit that is coming from a correctly de-
coded data, and is set to 0 otherwise.
The signal generator outputs are
used by the code and carrier track-
ing to form the EKF measurements.
The code tracking module uses the out-
puts of the carrier tracking module in
the EKF equations to calculate the ex-
pected measurements, the linearization
function and the residual. It also uses
the Doppler shift and rate estimates to
calculate the code length taking into
account the Doppler effect. The car-
rier tracking uses the code length es-
timate provided by the code tracking.
The signal generator uses the outputs
of the code and carrier tracking to gen-
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erate the local signals. The CNAV de-
coding uses the estimates of A; and d..
If Fy, = 1, the tracking modules use the
correct data values, dj,, otherwise they
use the estimated values, (3’1

Data bit
Flag

Carrier
Tracking
Module
A

A 4
Code
Doppler rate
Data bit

Tracking
signal level M°d| ule |
Phase Code Code delay
Doppler Shift length Code length

Doppler rate Next code start time

T
Prompt Signal
ignal
slgna Generator

Figure 1. Interaction between the four
modules. The modules are represented by
rectangles, and the inputs/outputs are
represented by parallelograms.

A

4 SIGNAL GENERATOR

The signal generator aligns the replica
code with the received code, and gen-
erates the early, prompt and late inte-
grated signals. The time of the start
of an interval is estimated as fyay, =
tstart,  + Ti, where tya, = 0. As men-
tioned earlier, the time of the first sam-
ple in an interval, ¢, is not necessarily
equal to fyam,. If ¢, is the time of the
first sample in the first interval, then the
residual of the division of (£, —t,) by
the sampling time, T;, should be zero,

ie. {(t;—t,) mod T3} = 0. Thus, if
tRes; = {(tstarti_ tll) mod Tg}, then ty
is estimated from

o= Cstart; if Res; = 0
i tslar[,' + 7; - tRes; if tRes; 7é 0
“

The local signals and the integrated sig-
nals are generated as in section 2.

5 TRACKING

The integrated signals are formed us-
ing a combination of the CL and CM
codes. The integration lengths, 7¢,,
and Ttoge,, can be multiple of one CM
code length. The carrier tracking uses
coherent integration only. The code
tracking uses a combination of coher-
ent and incoherent integrations. The
integration lengths change adaptively
depending on the tracking condition.
Small integration is used to achieve
rapid EKF convergence. Long integra-
tion is used to achieve high tracking ac-
curacy. Small coherent integration is
used if large tracking error is detected.

In order to use long coherent inte-
gration, data signs must be removed.
If some of the data are correctly de-
coded, the re-encoded data are pro-
vided as an aid by the CNAV decoding
module to remove the signs, otherwise
the estimates of (ii are used. The ac-
tual length, Tynm, of each data bit is 10
ms since the two codes are multiplexed.
The theoretical minimum BER- which
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is B =1/2erfc\/C/Ny Tym, where erfc
is the complementary error function- is
high for very weak signals, and hence
the incorrect estimates of d; could de-
grade the integration. To minimize the
degradation, if B is above a predefined
threshold Ypgg, c?,' is weighted by an es-
timate of its likelihood. Another con-
sidered issue is the possibility of a 180°
phase error that will cause the data to
be estimated with inverted signs. This
can degrade the integration when us-
ing the re-encoded data, dj,, since they
have correct signs. This problem is
handled by multiplying d;, by —1 if
such phase error is detected. It can be
detected directly if B < YBer by com-
paring c?, and dj, over a number of bits.
If d; and dp, have the same signs over
more than half the compared bits, a flag
Fp, is set to 1 to indicate that there is
no 180° phase error, otherwise Fy;p, is
setto —1. If B > yggr, the 180° phase
error detection is combined in the cal-
culation of the likelihood of d;.

[3 can be calculated from the esti-
mated C/Ny. The actual BER, B, can
be estimated over the repeated data
that have already been correctly de-
coded. This is done by comparing
the estimates, f;'z with the actual val-
ues, dr,, over N data bits and count-
ing the number of bits with incor-
rect signs, Np,. Since there could
be undetected 180° phase error, [3 =
min { N, /N, (N — Moo ) /Np }-

The tracking performance is moni-
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tored to detect large frequency or code
delay errors. The C/Ny can be esti-
mated, following an acquisition pro-
cess, and used to estimate the expected
signal level, A. A large frequency er-
ror is concluded either if the signed sig-
nal level of the data-less CL integra-
tion changes sign randomly and is de-
graded in value, or if B> (B (given
that [ is available), { > 1. A carrier re-
initialization module is activated to re-
fine the frequency and the other carrier
parameters. A large code delay error
is concluded if the signal levels of the
CM and CL integrations are degraded.
An acquisition-like module is activated
to refine the delay error. It tests only
a small number of possible code de-
lays, which are located around the cur-
rent delay estimate. The EKF for car-
rier and code tracking are de-activated
during the carrier re-initialization and
code re-acquisition, respectively, and
re-activated afterwards.

5.1 Data Likelihood Estimation

If B < YBER, the in-phase and quad-
phase prompt signals, in the « inter-
val, are

1 Gut-Ny—1

I12c,(0) = N >
U i=gy

{10-F)d+ £y P o

Ieas,(0) + I, (0) }
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1 Gut-Ny—1

vy =8u

{ [(1 - Fdz) (;1+ FdiF;UPu dLi]

Qrac,(0) =

Qen(0) + Qe (0) }

Where, N, is the number of the CM
codes in the carrier integration interval,
Ttar,, and g, is the index of the first CM
code in the interval.

If B > YpERr, then each data bit is
estimated and weighted by its likeli-
hood. Define Ny, as the number of
data bits in the T, interval that have
been correctly decoded at a previous
cycle of repeated data. Since there are
a total of NN, data bits in the 7r,,, in-
terval, there are Ny, = 2"~ possi-
ble data bit combinations. This is be-
cause no data bit combinations are con-
sidered at the positions of the correctly
decoded data- these positions are set
based on their correct values. To ac-
count for the possible 180° phase er-
ror, two groups of possible data bit
combinations are formed. One group
sets the correctly decoded data, in each
combination, to dj,, while the other
group sets the correctly decoded data
to —dy,. The data bits are estimated
from the group that has the larger like-
lihood. Let E,, define a data combi-
nation in the first group, while £, de-
fine a data combination in the second
group, where E=1,..., Ng,. Let c?E,,lj
and dEuZi define the #" data bit value

within, respectively, E,, and E,, possi-
ble data bit combinations. Let

si=sign (Ien (0)) \/ By (0) + Qo 0)-

©)

Consider s as a random variable with

a normal distribution density function.

Let s; be the observed values of s. The

likelihood function of s is the product

of the likelihood functions of s; [15],

chapter 9. Thus, the likelihood of each

data bit combination, in each group, is
calculated as

1
Euy — A
T emt
1 8t a1 .
exp | =3 j:zg |si— Adguy|” .

Where, J refers to the index of the
group, i.e. J=1or2. E, is a possible
data bit combination. If Zg‘g Lg, >
ngfi Lg,,, the first group of data com-
binations is chosen, i.e. Lg, = Lg,,
E,=E,, CiEu,- = &Eulp otherwise the
second group is chosen, i.e. Lg, = Lg,,
E, = E,, dg, = dpp, Each possi-
ble data combination, from the chosen
group, is weighted based on its like-
lihood, where the summation of the
weights is equal to 1. The weights are
calculated from

Ag, = Nfi (6)
Ye-iLe,

The weights Af, are then used to es-
timate the likelihood of each data bit;
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the result is defined as p;, | < 1. If
the i data bit is correctly decoded,
then ;= JE,,,, otherwise y; of each data
is calculated as follows. Two weights
are calculated for each data bit. The
first weight, defined as Py, assumes
that the data bit is +1, and the sec-
ond weight, defined as My, assumes
that the data bit is —1. Fy; is the sum-
mation of Ag, of the combinations that
have this data bit as +1, while Ny; is
the summation of Ag, of the combina-
tions that have this data bit as —1. If
By, > Ny, then y; = (+1) By, other-
wise, p; = (—1) Ny;. The prompt sig-
nals are

1 SutN,—1
foe,(0) = ——
LZCu() \/ﬁu i:zgu
{#ilem,(0) + Ier, (0) 1
1 gutN,—1
Qrac,(0)

{1:Qcm;(0) + Qcr,(0)} -

The estimated average signal level over
the v/ interval is calculated as

Ay= \/ILza,(O)Z +0rc, 0% (1

The estimated average signal levels
over each 7; ms are calculated as

Acvs = \/Iemy(0)2 + Qeag (0)2, (8)

Act, = 1/ Ier,(0)2 + Qcr,(0)2. (9)
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5.2 EKEF Carrier Tracking
EKF model:

8, @,, and 6, are, respectively, the
average phase, average radian Doppler
shift, and radian Doppler rate over the
u" measurement interval. The state
vector is

64
Xy = d)du
Oy,

Where, @y, = 2T fy. 6, = 270,
Let:

Xy = Fx,+ W,
8, 010 6.
bg, | = |00 1|] dg,
8o, 00 0| 6,

We,

+ | Wo,

[/Vau

Where, Ws,, Wy, and W, are
the noise disturbances of the phase,
Doppler shift and Doppler rate, re-
spectively. ~ The transition matrix,
which is derived from Taylor series, is
O=7+Ft+ % F? 2. The measurement
length, g, can be changed to opti-
mize the tracking performance. This
change is reflected in the design of
the dynamic model, which propagates
the state vector from an interval to the
next. If Toar., = Tear,. then the dy-
namic model is
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~ 2
Out1 1 T, ‘o
g‘)dwl = 0 1 T;‘aru
O,y 0 0 1
9,
®yq,
Oy,
cary
+ [ 0 } [OYia
VVG,U+1
+ WwAqul . (10)
o

It T, # T, then first the
Doppler rate, Doppler shift and phase
are propagated to the start of the in-
terval Toar,.,, SO O, = O, Od,,, =

~ T,
W, + Oy, (Em’ and 0,11 = 0, +

(mdu+1 + (D]F) 2 + Ol 6 - These
propagated values are then used in the
dynamic model, so

- r 2
041 1 Tﬁd; ut1 Tffﬂém
O, | = |0 1 Jows
Ola 1 L 0 0 1
e11+1
W,y
L aﬂ)uﬂ
Lear, u+l
+ 0 (Vg
0
VVQ u+1
+ Ww ut1 . (1 1)
I/V(x,u+1

The phase and frequency distur-
bances are modeled as normal random

walks, each with zero mean, and they
are assumed to be independent. The
variances are defined as E[Wp W] =
QO, E[Ww W(»T} = Qw, E[Woc VVaT] = th-
The discrete process noise can be de-
rived as in [10]. The measurement
noise is R,+; = 1 (the integration is
normalized to drive the noise variance
to 1).

EKEF estimation: The EKF propa-
gates the average phase, Doppler shift
and Doppler rate from the current in-
terval T, to the next one Ttu,,,,
and then it updates them. The propa-
gated state vector is X1 and the up-
dated one is x!, . If T, is multi-
ple of one CM code length, then esti-
mates of the carrier parameters at each
CM code interval are needed for the
other modules. If the start of ;1 co-
incides with the start of T, (ie.
the EKF just generated its new up-
dates), then G, = 0y ., O, =

. N Tear, A A
Og,,, ~ Oy 7 and 641 = eu+1 -

Oy, —5 — O,y —g=+. But if the
start of T}, lies within the current mea-
surement interval (i.e. no new EKF up-
dates are available), then 6;,; = 0;+
(bdz T+ dﬂ)i TTIZ

The measurement is taken as the
prompt quad-phase signal, i.e. z,41 =
Qr2¢,,,(0) = Ayt sin(0e,,, ). Where,
Ayt is the average signal level over
the (u+4 1) interval, and O, is
the average phase error.  The ex-
pected measurement is Z,;; = 0.
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The first derivative of hy,.;, where
Zutl = Ayi1 + Ny, PrOdufeS Hyp1 =
[Au+1 COS(O;’H) 0 O] = [Aqul 0 O]
Where, A is calculated as in (7). The
residual is Res,i1 = Zyr1 — Zyr1 =
Qr2c,.,(0). The state vector is prop-
agated using either (10) or (11),
while it is updated as X;H =Xt
K1 Res,.1. Where, K,y is the EKF
gain.

A square root EKF is used with the
carrier tracking module because of its
stability. The square root EKF is de-
rived from the Carlson algorithm as in
[16], and its implementation is similar
to the one used with the L1 C/A signal
in [10], chapter 5.

5.3 EKEF Code Tracking

The early, prompt and late signals are
employed in the EKF equations. A
combination of coherent and incoher-
ent integrations is used to form the to-
tal integration. Define N, as the num-
ber of coherent integrations that are
added incoherently to form the total in-
tegration in the v/ integration interval,
Tiode,» and Ny as the number of CM
codes in the & coherent integration of
the NV, integrations. If B < ypgp, then
the in-phase and quad-phase of the to-
tal integration are
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I12c,(8) =Cy ),
P

Nac, 1 Gukt-Np—1
vk

=gk

(1= Ey) di+ Fiy Foip, ] Tenr (8)
2
+[CLI-(8) } s

Nacy 1 GutNy—1
Qr2c, ) =Cn Y,
=1

Nk =gk

[(1— Fy) di+ Fiy, Faip, dz,] Qeu,(3)

2
+QCLI,(8)} .

Where, Cy = 1/1/2No,. If B > Yper,
a method similar to the one described
in the carrier tracking is used, with
each coherent integration, to estimate
the data bits and their likelihoods. The
likelihood of each possible data bit
combination is calculated as in (6) and
the weights are calculated as in (6). So,

Ivam, 1 g‘,k+Nm*1
I, ®) =Cn Y, +

k=1 Nk =gk

2
Hileng, (8) + ICL,(3)} ;

Nacy 1 Gukt+Nyx—1
8)=C —
Qr2¢,(8) = Cy :21 N,

=gk

2
1 Qe (8) + QCLI(S)} :
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Using the output of the carrier tracking,
the expected signals are calculated as

Naoy 1

>

A Nu—1 N 2
{ S Asin CI.)R(S)}.

=gk

Differentiating I12¢, and Qrac, give

(6) B Nac, 1

utNu—1 R 23R(5+Tev)2
{ i;&,k A;cos(8,,) } —

_ va

=gk gt
EKF model: A second order EKF is
used, where it makes use of higher
orders in the Taylor series expansion.
The dynamic model is T, = ®T., +
Wi v+1, where I is a noise term, and
@ = 1. The propagated code delay er-
ror is T, . EKF keeps track of the es-
timated start of the code, so the prop-
agated code delay error is zero. The

B 2.
{gmﬁvk 1A-sin(é \ } IR + )

measurement vector is z,.1 = Ay +
ny+1, where nyy1 is the measurement
noise. z,.1 has 3 measurements from
the early, prompt, and late signals, thus

Irac, (—A)+ Qr2c,,, (—A)
Zy = Irzc,,, (A) + Qrac,., (A)
Inac,., (0) + Qrac,,, (0)

where, 2,4, =1/ V2 Z2,41. The ex-
pected measurement Zz,, and the lin-
earization vector Hy, 1 = a'g'r“ can be
found as in section 5.3. The second
derivative of hyy; produces a number
of 1x1 matrices equal to the number

of the measurements. Where the j*
0% hy1 J | B
ot T, 1 =Te,y”

matrix is fhy1; =
hyy1, is the " row of h,y;. The au-
tocorrelation function is approximated
by a quadratic function of the form
. 2 P2
_ T T oR(t)
R(T)fa <m> +b (m)"—C e

2 o 2
and ag;(;) are used in Hj,y; and

Hy,..1. The constants a, b, and c are
determined by setting R(t) to 1 at the
prompt signal, and to 1 — % at the
ehip

early and late signals, and then solving

_ 14
szi
_Al | =
Ton
1
__A 2 _ A
Tenip Tens a
A ) A b
Tdup T;‘hip

The measurement noise matrix is
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Two types of second order EKF are
implemented, which are truncated sec-
ond order filter (TS) and Gaussian sec-
ond order filter (GS) [17]. Their de-
signs are similar to those introduced in
[10], chapter 5, for the L1 C/A signal.

The EKF produces propagated val-
ues every CM code interval, and
produces updated values based on
the length of Ti,ge,,,. If the start
of Ti1; coincides with the start of
Ttode,.,» then the estimated start time
of the next received code is tyzr,,, =
tstan”l = tstarn + 7; + KV+1 (RE‘SV+1 -
byy1). Where, tyap,., is the estimated
start of Toode,,,» fstarsy, 1S the estimated
start of 711, K,y1 is the gain of the
second order EKF, Res,, | is the EKF
residual, and b,,; is found from the
second derivative of A, as in [10],
chapter 5. If the start of 7;,; lies within
the current measurement interval (i.e.
no new EKF updates are available),
then [slan‘lurl = Cstart; + Z

Code delay separation: A large
code delay separation between early

EIJEST, Vol. 14, No. 1

and late signals can help in maintaining
code lock if the code delay estimation
error is large, while a small separation
allows for a more accurate estimation.
One of the methods, developed in [10],
chapter 5, for the L1 C/A signal, to take
advantage of various separations is em-
ployed in this paper. It can use more
than one code delay separation in the
same time, and it can change the delay
separation adaptively. The code delay
separation can be large at the beginning
of the tracking and immediately after
a re-acquisition process. Otherwise, it
can be small, or more than one delay
separation can be used.

Define N;,,, as the number of
the code delays that are used in the
(v+1)" integration interval, and 8,1,
as the ¢’ delay separation in that in-
terval. The z,.1, Z,.1, Hjy.1 vectors
will have a size of (375, ,,), and R,
will have a size of (3Ns,, )x(3Ns,,,).
If z,41(8y11,) defines the measure-
ments that are generated using the
¢" delay separation, then z,,; =

T
[ZV+1(8V+11) s Zytd (8V+1N5V+1)] .
The measurement noise is R,

v+1

Tyt ]
0v+1(171) GV+1(17JV))
Gv+1(N71) GV+1(N7]V))

Where, 6,11(q,g) is a 3x3 matrix that
contains the noise variance between the
delay separations 8,1, and 8y1,. If
g=g8 Ovy1isequal to R, in (12).
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6 CNAV NAVIGATION MES-
SAGE DECODING

The CNAV message is Forward Error
Correction (FEC) convolutionally en-
coded by a rate of 1/2 and a con-
straint length of 7. The data input rate
is 25 bit/s, and the data output rate
is 50 symbol/s. The encoder has one
input Fy, 6 stages register (F,...,F;)
that stores the last 6 inputs, and 2 out-
puts G1 and G,. The encoder polyno-
mial (G}, Gy) in octal representation is
(171,133), i.e. converting the —1/ 1
data representation into 1/ 0 represen-
tation, the outputs are generated from
G =hohohoRok and G =
hoFko R e F o The register
has 28 states, where each state gener-
ates two pairs of the outputs G; and G;.
One pair is generated if Fy = 1, while
the other pair is generated if Fy = —1.
A decoder based on the Viterbi Algo-
rithm (VA) is implemented in this pa-
per. The VA is a dynamic programming
technique [14] that works recursively
to find the optimal sequence of states,
or the optimal path. In this decoder,
each path represents one possible se-
quence of Np data bits. Because an
optimal path consists of optimal sub-
paths, after each recursive iteration, the
current non-optimal sub-paths are dis-
carded, while the optimal sub-paths are
tracked. Each optimal sub-path is the
one that generates the minimum weight
leading up to one of the states. Ev-
ery Np iterations, all the tracked paths

are inspected to find the one with the
overall minimum total weight, which is
then used to decode a sequence of Np
bits.

The decoder works on a pair of noisy
input data, in each iteration, that rep-
resent the transmitted encoder’s out-
put, G; and G,. The decoder has
26 states, where each state, M, has
two pairs of possible outputs. One
pair, Gi,p , and Gy ,, assumes that
Fy = —1, while the other pair, Gy,
and Gy py, assumes that Ffp = 1. A
state with a binary representation of
[B6 B5 BA B3 B2 Bl] can make a tran-
sition either to [0 B6 B5 B4 B3 B2
or [1 B6 B5 B4 B3 B?). Fig-
ure 2 shows a partial state diagram
of the decoder. Figure 3 shows a
partial trellis graph, which is derived
from the state diagram by following all
the possible states transitions through-
out its operation. It should be noted
that a state with a binary represen-
tation of [B6 B5 B4 B3 B2 Bl]
will have transitions from either the
state [B5 B4 B3 B2 Bl 0] or
[B5 BA B3 B2 Bl 1]. Thus, if 0 <
M < 31, the two states making transi-
tions to M are 2M and 2M + 1. But,
if 32 < M < 63, the two states mak-
ing transitions to M are 2(M — 31) and
2(M—31)+ 1. Each transition is as-
signed a weight, which is derived from
the noisy input data and either Gy y/ ,
and Gy, or Gy and Gopy. A
cumulative path weight, I'y;, is main-
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tained with each state, M, and updated
after each iteration, j. In each itera-
tion, each state M is inspected to find
the state that its transition to M leads
to the minimum Ips,. The history of
the states that made transitions to each
state is kept in one row in the matrix Y,
which has 64 rows and Np columns.

Figure 2. State diagram (partial) of the
CNAV decoding.

Figure 3. Trellis graph (partial) for the
CNAV decoding.

The CNAV decoding module re-
ceives the inputs A; and d; from the
carrier tracking module every 7; ms,

EIJEST, Vol. 14, No. 1

but it is updated every two consecutive
T; ms. It works as follows:

(1) Tag, for M=0,...,63, are initial-
ized to zero.

@) Gi,m. Gomys Gy, and G
are calculated, for each state, using the
G1 and G2 equations, and then con-
verted to £1 representation. There are
4 possible output combinations of Gj
and G, (-1 —1], [-11], [I —1],
[1 1]); these combinations are defined
by the vectors, Gy, Y=1,....4

(3) In the j* iteration, the decoder pro-
cesses the last two batches of data re-
ceived from the carrier tracking mod-
ule, i.e. d._1, d;, A; 1, and A;. For each
state, two weight functions are calcu-
lated as W4, = (I/W,j) {|dir1Ai-1—
A Gl +\d,'A,'—AGg_,Ml|}:, and
W, = (/W) {ldiiAia —
A Guu,| +|dAi—A Gou,l}-
Where, A is the expected signal level.
Wf/ is a scale value used to prevent the
cumulative weight from growing too
large. It can be calculated as

VVt- = |(2171A1;1*A Gocy(1)|

J

(Ai— A Goey(2)].

+ M-

(4) Two temporary cumulative summa-
tions, for each state M, are calculated
as Ny, = FM/A + VVIA,M/-v and My, =
Tum, , + Woi um;. Each state will have
two transitions from two other states.
The transition that comes from the state
with the minimum cumulative weight
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is chosen, and the other one is dis-
carded. Thus, the cumulative weights
are updated as follows

T = min {Naan, Meanre), § »
for M=0,...,31

Tag, = min {N2(a1-31)),, N(2(M=31)4+1), } »

forM =32,...,63.

The matrix Y is updated to record
the states that made transitions to
each state. For M = 0,...,31, if
Nemy, < Memry,. then Y(M, j) =
2M, otherwise Y(M,j) = 2M + 1.
For M = 32,...,63, if News1), <
Nem-31)+1), Y(M, j) = (2(M—31)),
otherwise Y(M, j) = (2(M—31)+1).
(5) Concluding a sequence of data is
done every Np iterations. The state,
MHf"ND’ that generates the minimum
FMND, for M =0,...,63, is used to
backtrack the transitions to construct
the path information from Y, and con-
sequently decode the navigation data.
This is done as follows:

(5.1) The path information is initial-
ized as P(Np) = Mm,«,,ND, and the path
is constructed as

P(k) =Y(P(k+1),k+1),

for k= ND—I,ND—Z,...,O.

(5.2) For a state with a binary repre-
sentation of [B6 B5 B4 B3 B2 Bl],
if this state makes a transition to state
[0 B6 B5 B4 B3 B2], then Ky =
+1, but if it makes a transition to

[l B6 B5 BA B3 B2, then Fy =
—1. A transition to a state between
0-31 indicates the input data is +1,
while a transition to a state between
32-63 indicates the input data is —1.
Thus, the decoded data, i.e. the ac-
tual navigation message, can be con-
cluded directly from the path informa-
tion in P(k), where k=1,..., Np. That
is, if 0 < P(k) < 31, then di = 1, but if
32 < P(k) < 63, then dy = —1.

7 SIMULATION AND RE-
SULTS

The algorithms are tested using simu-
lated L2C signals, with the low quality
temperature compensated crystal oscil-
lator (TCXO) clock and the high qual-
ity ovenized crystal oscillator (OXO)
clock. The sampling rate is f; = 5700
kHz. The initial phase error, Doppler
shift, Doppler shift error, Doppler rate,
and Doppler rate error are modeled as
uniformly distributed random variables
(UDRV) in the ranges of (—m,m) ra-
dians, (—10, 10) kHz, (10, 10) Hz,
(=300, 300) Hz/s, and (—10, 10) Hz/s,
respectively. ~ The code delay er-
ror is modeled to take a value be-
tween (0,1/f). This value is ob-
tained by generating a UDRV between
(0, Tprecision fs), and dividing the re-
sult by (TPrecision [52 )v where TPrecision
is an integer constant. The oscillator
phase and frequency noises are mod-
eled with normal random walks as in
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[18], and the variances are derived as
in [19]. The values of the phase and
frequency random walk intensities for
the TCXO clock are Sy =5%1072! s
and Sg =5.9%10"20 57! and for the
0XO clock are Sy =5%10"2 s and
Sg=15%10"2 s71. The CM code
is modulated by a convolutionally en-
coded message with a rate of 1/2 and a
constraint length of 7.

Four C/ N, of 10, 15, 18 and 20 dB-
Hz, are tested. Each test is run for 600
seconds. The performance is compared
with that of the L1 C/A signal using
the algorithms developed in [10], chap-
ter 5. The carrier tracking is tested us-
ing two integration lengths of 20 and
80 ms. The results of the C/A tracking
are obtained using 20 ms integration.
Figure 4 shows the standard deviation
(SD) of the Doppler shift estimation er-
ror, using TCXO clocks, while figure 5
shows the SD using the higher quality
0OXO clock.

o (Hz)

i 76
CINg dB-Hz

Figure 4. Standard deviation of the
Doppler shift estimation error vs. C/ N,
using TCXO clock.

Figure 6 shows the SD of the phase es-
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timation error, using TCXO and OXO
clocks. As can be seen, the L2C track-
ing gave more accurate estimation than
the L1 C/A tracking. This is partly be-
cause both the data-less CL signal and
the data modulated CM signal are used
in the L2C tracking, while the L1 C/A
signal does not have a data-less por-
tion. In both L2C and L1 C/A track-
ing, the better quality OXO clock gave
a remarkably better performance. Fig-
ure 7 shows the Doppler shift track-
ing error history for the 15 dB-Hz sig-
nal, with the low quality TCXO clock,
during the first 180 seconds of oper-
ation. The upper graph is generated
with 20 ms integration, while the lower
graph is generated with 80 ms integra-
tion. The £ square root of the covari-
ance, ¢, of EKF is also shown. Figure 8
shows the phase tracking error history
for the same test cases, where the upper
graph is generated with 20 ms integra-
tion, while the lower graph is generated
with 80 ms integration.

~— LiCAZoms
& 12C 20ms

o (H2)

i i
CIN, dB-Hz

Figure 5. Standard deviation of the
Doppler shift estimation error vs. C/ N,
using OXO clock.
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The code tracking is tested using
two integration lengths of 20 and 200
ms. Two code delay separations of
1/ f; and 2/ f; are used simultaneously.
The results are compared with the L1
C/A signal using the larger integration
length, i.e. the 200 ms integration. Fig-
ure 9 shows the SD of the code de-
lay estimation error, using TCXO and
0OXO clocks. As can be seen, the 200
ms integration of the L1 C/A signal
gave comparable performance to the
L2C signal when using only 20 ms in-
tegration. The L2C signal gave a sig-
nificantly more accurate delay estima-
tion when using the same integration
length as the L1 C/A signal, 200 ms.
This is because of the two longer codes
of the L2C signal (the CM code is 10
times longer than the C/A code).

OX0: L2C - 20ms.

G, (degree)

‘(b:/No dE*}‘;Z6 ®
Figure 6. Standard deviation of the phase
estimation error vs. C/Np, using TCXO
and OXO clocks.

1,(H2)

Time (sec)

Figure 7. Doppler shift tracking error
history and =+ sigma of EKF for C/p of
15 dB-Hz, using TCXO clock.

®m  m @ N
Time (sec) Sigma of EKF

Time (se0)

Figure 8. Phase tracking error history and
+ sigma of EKF for C/\j of 15 dB-Hz,
using TCXO clock.

&, (nano seconds)

73 i
CIN, dB-Hz

Figure 9. Standard deviation of the code
delay estimation error vs. C/Np, using
TCXO and OXO clocks.
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8 SUMMARY AND CON-
CLUSIONS

This paper presented code and carrier
tracking, and CNAV message decoding
algorithms for the new L2C GPS signal
to work with weak signals. The track-
ing algorithms were based on EKF. A
square root EKF was used with the car-
rier tracking to achieve a stable perfor-
mance, while a second order EKF was
used with the code tracking to achieve
high accuracy. The CNAV decoding al-
gorithm was based on the Viterbi algo-
rithm, and it decoded the convolution-
ally encoded message.

Several capabilities were imple-
mented in the tracking algorithms to in-
crease the time to lose lock and achieve
high performance. Long coherent in-
tegration was used, and the effect of
high BER was minimized by weight-
ing the estimated data bits based on
their likelihood before incorporating
them into the EKF equations. A per-
formance monitoring mechanism was
implemented to detect large code and
carrier errors. A code acquisition-
like module and carrier re-initialization
algorithms were implemented to re-
fine the large errors, and avoid losing
lock and having to reacquire the signal,
which wastes time and resources. The
decoded message was re-encoded and
passed on to the tracking modules to be
used as an aid to remove the effect of
the data signs.

The algorithms were tested for C/ Ny

EIJEST, Vol. 14, No. 1

in the range of 10-20 dB-Hz, and the
results were compared with that of
the L1 C/A signal. The results gave
promising performance for such weak
signals, and provided higher estimation
accuracy than those of the L1 C/A sig-
nal.
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