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ABSTRACT

In the frame of the GPS modernization program, i th
civil GPS signal, called L5, will be broadcasted th
first Block IIF satellites launched in 2005. Thigral
band is located in an ARNS band so that it is ofipaar
interest for users such as civil aviation. It ipested to
increase accuracy, availability, integrity and aoumty of
service.

A receiver dedicated to this signal requires spetgaign.
Signal modulation is different from that used oe thl
signal in that there are two components, in phase
quadrature with each other, available to the uBlee. first
carries data while the second, called the pilot pament,
does not. Different tracking configurations may be
considered either combined or not. Moreover, trectpl
environment in this band is different from what dam
found around L1. For instance, the L5 band is etqueto
face a strong interference environment mainly bseanf
pulsed DME/TACAN signals. The aim of this papetds
present a visual and realistic L5 signal generatod
receiver simulator that implements various tracking
schemes. In addition, a complete front-end perfogmi
digital pulse blanking is simulated. It is based a
previously validated L1 simulator and has been kbpes
under the Labview environment. This development
software enables a very visual tool with, for inst, code
and phase error stresses, integrate & dump prompt
samples but also ADC bins distribution are viswgizn
real-time. It helps to understand how the recelaraves

in various cases. This tool is used to estimateking
performance in normal conditions of use but also in



presence of different types of interference that be
generated.

INTRODUCTION

A third civil GPS signal, called L5, will be broaakted by

the first Block IIF satellites launched in 2005an ARNS
band. This signal has two components in phase
quadrature, only one carrying data available td osers.
Signal acquisition and tracking may be performethgis
the two components separately or using a combined
scheme. Various papers such as [Tran, 2003] have
addressed the choice of the tracking configuratign
carrying out simulations. The result is that tragkusing
only the pilot component leads to the lowest tragki
thresholds. The usefulness of having a receiveulaiior

is obvious; all these options may be tested.

Moreover, the L5 band is expected to face a strong
interference environment mainly because of pulsed
DME/TACAN signals that may be disruptive if no clale
design is chosen. Degradation of such interferdrae
already been theoretically studied and presentedity,
1996]. The L5 receiver simulator was then used to
estimate DME/TACAN signals impact on the received a
compare results with theory.

The first part of the paper describes the simulator
functions (e.g.: useful signal and interferenceegation).
Then, the simulator interface itself is presentettl a
finally, in the third part, results in presencererference
are shown.

SIMULATOR DESCRIPTION

The simulator emulates a single channel and caougs
the following functions (also shown in the nextiiig):

e Signals generation
o GPS L5 signal
0 Receiver thermal noise
o0 Interference
e Front-end
o Equivalent RF/IF signal filtering
0 Automatic Gain Control (AGC) and
Analog to Digital Converter (ADC)
o Digital pulse blanking
e Tracking loops
o0 Phase lock loop (PLL)
Delay lock loop (DLL)
NAYV bit synchronization
C/N, estimation
Neuman-Hoffman codes and Nav data
synchronization

O 0O 0o

Each of these functions is studied in the following
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Figure 1 L5 receiver simulator diagram
L5 signal generation

The L5 signal consists of a QPSK modulation. Three

so two carrier components that are in phase quaérat
with each other. Each carrier component, the Inpt{gs
carrier and the quadraphase carrier (Q), is BPSK
modulated by a separate bit train. Bit trains arscdbed
below:

e Inphasecarrier

The bit train is the modulo-2 sum of the 15 code,
NAV data and a synchronisation sequence. The 15
code has a period of 10230 chips and is generated a
10.23 Mchips/s so that one period lasts 1 ms. Ai4-
cyclic redundant code is added to every 267 bits of
the GPS L5 NAV to form a 300 bits data message
frame generated at 50 bps. Then this message is
convolutionally encoded with a rate %2, constraint
length 7 code resulting in a 100 sps symbol stream.
Finally, each symbol is synchronized with the
synchronization sequence that is a 10-symbol
Neuman-Hoffman code clocked at the 1 ms I5 code
period. The | component carries data and is caled
data channel.

e Quadraphasecarrier

This bit train is not very different from the preus

one, the main difference is that no data is present
More precisely, it consists of the modulo-2 sunthef

Q5 code and another synchronisation sequence. The
Q5 code has also a period of 10230 chips and is
generated at 10.23 Mchips/s so that one period last
ms. Now, the synchronisation sequence is a 20-
symbol Neuman-Hoffman code clocked at the 1 ms
Q5 code period.

For a particular SV, all transmitted signal elersent
(carriers, codes, synchronisation sequence ang deata



coherently derived from the same on-board frequency
source.

The simulated GPS L5 signal is directly generatethe
intermediate frequency (IF). Aliasing occurs, buie t
effects are minimized by using a sufficiently high
sampling frequency (typically 160 MHz for our
simulations). Here is the generated digital signal
expression:

s(k) = /C, d(kT, - r(kT,))XI (kT, - 7(KkT.))
NH (KT, - 7(KkT.)).cod27£ . kT, - 8(KT.))
(kT,))
(kT,))

+ /Co XQ(KT, — 7(KT, ))NH 0 (KT, — 7(KT
sin(27£ KT, - 6(KT
where
« C,is the total (data+pilot) received power at
the antenna output
- d(Kk) is the navigation message

- X (k) and XQ(k) are respectively the PRN
codes used on data and pilot components
. NHlO(k) and NH 20(k) are respectively the

Neuman-Hoffman codes used on data and pilot
components
e T isthe propagation delay

«  fis the intermediate frequency
« T,is the sampling period
« @is the carrier phase

Dynamics may be included by the user such as Dopple
frequency offsets or line of sight accelerationmr
Moreover, an arbitrary constant code delay or @orist
phase offset may be included. These parameterssait

to test the behavior of code and phase trackingddmut
also to simulate receiver dynamics. The acquisition
process is not simulated so that the user can inettly
include the real carrier Doppler frequency and cdelay.
Instead the user can select their estimation eafes the
acquisition process. Thus the generated signal is
constructed using these initial estimation errors.

In the nominal case, only Gaussian thermal noiselded
to the useful GPS signal. It is characterized bydduble-

N
sided power spectral dens«i%&.

User-accessible parametersfor GPSL5 signal
generation are
« satellite vehicle identity
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e Useful signal power before front-end filtering
e Sampling frequency

¢ Intermediate frequency

e Constant code offset

e Constant carrier offset

* Doppler frequency

e Doppler velocity

e Thermal noise PSD

Interference generation

Different kinds of interference may be generatedhe
simulator:

e Continuouswave interference (CW)
Available parameters are the Jammer-to-Signal

J _ :
(z) ratio and the frequency offsef with

~

respect to L5.

e Frequency Modulation (FM) interference
The user can select the frequency offset with

J
respect to L5, the ratiec— and the Carson band

that is an empirical estimation of the FM signal
bandwidth.

e DME\TACAN pulsed signals
Available parameters are the number of signals,
J/S, frequency offset and pulse repetition
frequency (PRF)

Note: these interference are also generated at IF.

Then the useful GPS L5 signal, thermal noise and
interference are added and the resulting incomignpbis
filtered by the equivalent front-end filter reprateg a
combination of RF and IF filtering in a real rec&ivAs a
basis, we considered two different out-of-bandefitg
requirements at L5/E5a. The first one is proposgd b
RTCA, [Hegarty, 1996], and the other one by EUROCAE
Next figure shows both requirements and simulaitests.



EUROCAE ESa mask & simulated filter
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L

Magnitude (dB)
i
L

400

1
0 10 20 30 40 =0 =] 70 a0
Frequency (MHz)

RTCA L& mask & simulated filter

Magnitude (dB)

Frequency (MHz)

Figure2 RTCA and EUROCAE interference masks and
simulated filters

The equivalent filter is generated as a successi@nlIR
Butterworth filter and a FIR filter. Steep slopstjwut of
the pass-band is due to the FIR filter that sinedal
filters effects. Lower slope away from the passeb@n
brought by the Butterworth filter as RF filters @oreal
receivers. We sought to simulate filters as close a
possible to the requirements.

After filtering, the signal is quantized using aifarm
non-centered quantization law. So as to decrease
quantization losses, a post-ADC AGC is implemented.
is a variable gain amplifier that is driven by AQtput
sample statistics and more precisely by the ADGCs bin
distribution [Bastide, 2003]. In presence of therma
Gaussian noise only, it may be shown, [Van Dierec#p
1996] [Chang, 1982], that the Signal-to-Noise ré8bIR)
degradation at correlator output is only a functadrthe
ratio of the maximum quantization threshold to Bois
standard deviation. Next figure plots SNR degraatatit
correlator output for several bits in the case aihdorm
non-centered quantization law. Front-end filteringd
limited sampling frequency are not accounted for.
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Signalto-Moise Ratio degradation (dB)

Degradation (dB)

i ] i I
0 04 1 15 2 25 3 35 4 45 ]
Ratio of maximum threshold to RMS noise level k=L/c

Figure 3 S\R degradation at correlator output due to quanti zation.
Precorrelation filtering and finite sampling frequency
effects are neglected

There is an optimal ratio that minimizes those
quantization losses. The role of the AGC is to emshis
ratio is respected. The automatic gain control is
implemented as a first order feedback loop. The cam
select the time constant of the AGC that is geheddlthe
order of a few milliseconds.

The digital pulse blanking principle is described i
[Grabowsky, 2002] and is implemented in the sinarlab

as to cope with pulsed interference. This methoaiush
simpler than analog pulse blanking first proposed i
[Hegarty, 2000]. Indeed, no pulse detector cirdsit
required to identify the beginning and end of epalse.
Further, the implementation does not need memory to
track samples that are part of a pulse. Samplegeaoed

on a sample-by-sample: each quantized sample Idrger

a threshold is zeroed. Even if there are some
disadvantages, this method is likely to be onecsedkein
future GNSS receivers as a result of the simplioftyhe
design. It requires more bits than necessary intallig
tracking loops. For instance, the next plot show th
optimal, from Fig. 3, 3-bit ADC bins distribution
represented over 4 bits. Thus, a 4-bit ADC is ugeithe
receiver but only 3-bit samples are fed to digitatking
loops. Output quantized signal is between -15 atil By
steps of 2.



Optimal 3-bit ADC bins loading - 4 bits in tatal
L2 S B A A

o
o

01

Percentage of loading

4513119 7 53
ADC hins

Figure 4 Optimal 3-bit loading using a 4-bit ADC

357 9111315

The blanking thresholdh is selected on this distribution
and blanked samples are set to zero. Other saraptes
grouped so as to get a representation on 3 bitstheerd
fed to digital tracking loops.

User-accessible parametersfor AGC/ADC systemsare
e AGC time constant
e Useful bits used in digital tracking loops
*  Total number of bits
» Blanking threshold

Tracking loops

One difference with the GPS L1 signal is the preseof

an additional component accessible to civil usiespilot
component. This one is in phase quadrature wittd#tie
component and does not carry any data. [Hegart99]19
demonstrated the advantage of using both data #oid p
components to increase accuracy. Code and carrier
tracking error standard deviation may be reduced by
implementing a linear combination of discriminatorsie
accuracy may be improved by the square-root of gt
C/Np when compared to the use of the pilot channel.only

However, an issue arises when it comes to carhies®
tracking. If the two same discriminators are usaeceach
component then the combination is easy. Otherwise,
assume a classical Arctangent Costas PLL is impiesde
on the data component and an extended Arctangent PL
on the pilot component. Because of different linear
regions, this combination requires a detection1of1
jumps that may arise on the data component discaitoi.
[Macabiau, 2002] has shown that there is no adgeanta
perform this correction. Indeed, the G/Mequired to
perform robust jumps detections is higher than the
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tracking threshold using the pilot component ofiliius,
there is little gain if continuous phase trackirg the
objective.

Moreover, it was also demonstrated that the carrier
tracking threshold is lower when carrier phasekiragis
only performed on the pilot component [Tran, 2003je
reason is that carrier tracking error is trackeitsavalue
and not twice as it is done in the data discrindnat
Indeed a pure PLL may be implemented on the pilot
component.

For code tracking, there is no issue of combinasimce
only two identical discriminators can be used. Thus
accuracy may be easily increased.

The opinion of several experts is that there iseason to
use the data channel for both code and carriekitrgc
Indeed most users, such as civil aviation, onle aout

at which C/N carrier cycle slip occurs. Moreover, even if
code tracking is more accurate using both compsnent
tracking errors due to noise are much smaller thtaer
(e.g., multipaths) errors. The achievable improved
accuracy is not worth the extra complexity.

Different tracking configurations combined or noiay be
implemented in the receiver simulator. Whatevethis
configuration, code tracking loop is a first ordeop
using either Early-Minus-Late (EML) or dot-product
discriminators. For a single component, performaimce
Gaussian thermal noise are respectively:

o= CB:'d 1+ 4 c (chip)?
ot Tp(2—d)ﬂ
NO NO
and
o?= Bdl,, 2 (chip)?
Cu| 1 Ca
N "N
0 0
where

«  Bis the equivalent loop noise bandwidth
« C,, isthe total received power

+ disthe Early/Late delay

. Tp is the coherent integration time of the 1&D
filters. The predetection bandwidth is so

1

f,=—

TP



Moreover, code tracking is aided by carrier phaseking
loop. Carrier phase tracking loop is a third orttsop
whose loop filter is indicated in [Stephens, 1995urier
discriminators on the data component are eithéassical
Arctangent or a Product discriminator. On the pilot
component, an extended Arctangent or a normalized Q
discriminator (pure PLL) is implemented. Using tieta
component, carrier phase tracking error variance is

0 =22 14— | (rdf
& T Ctot
N, " N,

If only the pilot component is used, squaring lssaee
suppressed so the tracking error variance is

»_ 2B 2
Og = h (rd)
NO

Data bits estimation

Data bits are simply estimated from the sign ofgrempt
Inphase correlator on the data component.

Signal-to-noise density ratio estimation

The C/N is estimated at correlator output according to the
following equation

E(I P, pilot )2 f

C_
N, varl P

P, pilot

where | is the prompt correlator output sample on

P, pilot
the pilot component.

Neuman-Hoffman codes/Nav data synchronization

Neuman-Hoffman code synchronization is equivalent t
data bit synchronization since the two trains are
synchronized. A very convenient and robust way daitd
is to form the NH20 autocorrelation function, sesxtn
figure, on the prompt pilot component. More prelgise
pilot prompt samples are cross-correlated with caest
NH20 sequence whose delay takes all the twentyilgess
values. The estimated offset corresponds to thenmuaix

of this cross-correlation  function. Once this
synchronization is performed, coherent integratipnto
10 ms is possible on the data component. Of colasger
integrations are possible on the pilot component.
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NH20 CODE AUTOCORRELATION FUNCTION

0.2 L I L L L I L
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CODE DELAY OFFSET

Figure 5 NH20 code autocorrelation function

Generic L5receiver architecture

Next plot shows the generic simulator tracking kop
diagram.
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‘ loop filter
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1D
1ms

18D
1ms

ek

Figure 6 L5 receiver simulator tracking loops diagram

The number of correlators may be reduced if cod® an
phase tracking is only performed using the pilot
component. Indeed, Early and Late I's and Q’s bstb a
the Q prompt correlator may be suppressed on the da
component. The indicated diagram is voluntary galner

Correlator output samples are expressed below in
presence of thermal noise only. For the data comapipn



(0= Sl (5B 1, + 8o ), (9
1 00= Sl (TR, ooz, o, (0
)= d(k)NHm(k)%Rx.(s, gjcos(eg)m.m(k)
Qelk)= | SN, (), 8 sinle o, ()
Qu ()=, N )S'”(’”T IR, (6 )sine) . (9
Q.9+ %d(k)%i:})m(e,—gjsm(eg)mqt(k)

And for the pilot component,

B B e . SN

oK)= SN (S VTE ) (i), ()

0K STV [ St on, (9

Quel)= NHZO(k)%f{rP) R &+ Joode,)+n, (9

Qul)= | Snr BT (e o)+,

Qull)= S W) [, -8 eode)+n, )
where

«  Af is the carrier frequency tracking error
« Ry and Ry, are, respectively, the data and the

pilot PRN codes autocorrelations
* &, isthe code tracking error

* &,is the phase tracking error equal, to first

order, to &, = 27MT, + Ag,, where AG, is a

constant phase tracking error
The last terms in each equation are the noise coemis.
receiver tracking

So as to \validate our

equivalent loops noise bandwidths are respectit@élyHz

and 1.5 Hz for the carrier and code tracking loops.
Predetection integration time is 10 ms, there is no

quantization and front-end filter effects can begleeted.
The real code and carrier tracking errors are dtamd

variances are computed for various Signal-to-Noise
density ratios (C/p). Obtained results are compared to
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loops
implementation, some tests were carried out. Chosen

theoretical expressions. Tracking is performedhenpilot
component only.

Fhase tracking error stand deviation as a function of C/N,

35 40 15 20 55
TotaL G/, (dBHz)

Figure 7 Theoretical and simulated phase carrier
tracking error standard deviation asa
function of the total (1+Q) C/Ngy

Code tracking error stand deviation as a function of C/N

—— theary :
simulation
DB ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

3 0 15 2] 55
Tatal. C/M, (dBHz)

Figure 8 Theoretical and simulated code carrier
tracking error standard deviation asa
function of the total (1+Q) C/Ng

The results obtained are very close to theorydatihg
our tracking loops implementation.

User -accessible parametersfor tracking processes are

e Combined tracking or not
e Carrier phase tracking
o Classical Arctangent, Product, Pure
PLL or extended arctangent
discriminators
0 Loop equivalent noise bandwidth

e Code tracking
o EML or Dot-Product discriminators



0 Loop equivalent noise bandwidth
o E/L spacing
EXAMPLE OF SIMULATOR INTERFACE

Here is an example of the simulator interface m thse
of the nominal tracking configuration (use of thiofp
component only: pure PLL and EML code discriminator
and when only DME/TACAN signals are generated.

Figure9 L5 receiver smulator interfacein the
nominal tracking configuration

On the left hand side panel all the user parametegs
available whereas on the right hand side part, Isitiom

results are displayed in real time. From the topth®e

bottom, the results are:

e« ADC bins distribution plot, blanking duty cycle
and AGC gain
e DLL,PLL error tensions
e Data and pilot I's and Q’s
¢ Real instantaneous code, carrier and frequency
tracking errors
 CIN, estimate
e Current data, NH10 and NH20 bits value. Data
estimate is also indicated
* 1/Q phasor diagram for both data and pilot
components. Each point is located on the unity
circle and has for coordinates:
0 the x-axis is the normalized | prompt
sample
0 y-axis is the normalized Q prompt
sample
Thus carrier tracking error evolution is directly
observable
e simulated DME/TACAN signals

INTERFERENCE TESTSRESULTS
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Since DME/TACAN signals impact on L5 receiver
performance is a primary issue, we focused ontypis of
interference.

DME/TACAN signals generation

The L5 band interference environment is presented i
[Hegarty, 1996]. It is highlighted that the majodsting
systems in the L5 band are pulsed and that theapyim
threat is DME/TACAN signals. These are pulse-raggin
navigation systems operating in the 960-1215 MHz
frequency band. DME signal provides distance
measurement between the aircraft and a groundstati
TACAN also provides azimuth information and is a
military system. This navigation system consistsaof
airborne interrogator and a ground-based transponde
DME/TACAN operate in four modes (X, Y, W and 2)
and only the X-mode replies in the 1151-1213 MHz
frequency band. X-mode replies are made of pulses pa
with an inter-pulse interval of 12s. Ground stations
transmit pairs at a maximum rate (pulse repetition
frequency- PRF) of 2700 for DME and 3600 for TACAN.
Each pulse has a 35 half-amplitude and a pair may be
modeled using the following formula [Monnerat, 2D01

-at? ~a(t-at)?
SDME(t): e’ +e ?

where
e a=45ell1%
e At=12e-6

Thus DME and TACAN signals transmitted by a ground
station are well approximated as a succession, of
Gaussian-shape pulse pairs modulating a carriegn[T
2001]. Arrival times of pair pulses may be assumed
independent and of constant behavior over time.sTdu
convenient modelization of arrival times of eaclir i@ a
Poisson distribution with parametet equal to the PRF.
An illustration of such DME/TACAN signal generatios
given on the next plot over 2 ms and for a sampling
frequency of 160 MHz:



w10 Simulated DME signal

Signal amplitude ()

Time (ms)

Figure10 Smulated DME signal over 2 ms

Here is a close-up of the first generated pair:

w10 Simulated DME signal - clase-up
S S A P S i
3 N |1 - N2 A N S -
=) ' i ‘
% (1) SN RS O R S T
& : ‘ 3
B I o | R SRiatnl A | ST ECE SEERES oo
Y TSRS SRR N 4
i i i i
0.18 0.165 017 0175 0.18
Time (ms)
Figure1l Close-up on thefirst generated pulse

pair

Using this methodology to generate DME/TACAN
signals, pulse pairs collision occurs. Next is at joif the
simulated DME/TACAN signals over a specific locatio
in Europe:
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w10 Simulated DME signals
6 T ! T ! T T T ! T
PSS SR S S AR T T S A .
E 2 - _JE _________ i. ________________ || ________ || -
% ‘ ) i
S L (1 1 U0 IR
) S N e AR I L I K [ b
& i i i i i i i i i
0 0.1 0z 0z 04 s 06 07 e o9 1
Time {ms)
Figure12  Composite generated DME/TACAN

signals at the antenna output of a
GNSSreceiver over Europe

Here is a close-up illustrating pulse pair collisio

10 Simulated DME signals - pulse pairs collision

Signal amplitude [%)
e o

5 L L I | i
0.45 0.455 0.46 0.465 0.47 0.475 0.48
Tirne (ms)

Figure13 Example of pulse pairs collision

Two methodologies that do not take into accounseul
pairs collisions have been published. The first om@s
initially used by RTCA to assess DME/TACAN signals
impact on GPS L5 receivers, [Hegarty, 1996]. Theuto
here is on the second methodology indicated in
[Monnerat, 2001]. Pulses collisions are not congiden
both theories; it is a conservative assumptionesithey
undoubtedly do occur. Signal-to-Noise density ratio
degradation is given by the following equation:



N
1- Bdc+ljz 2.P.PW.PRF.C, (Af,)
0 1

(1- Bdc)

{5

where
« Bdcis the blanker duty cycle, it corresponds to
the blanker activation time by unity of time
« N is the total number of low pulses whose peak
power is below the blanking threshold
. P| is the peak received power of the i-th

undesired signal
«  PW is the pulse width. For DME/TACAN, it is
defined by half-voltage:

1 +0o
PW = [p(t)dt=26us
i o
« PRF is the pulse repetition frequency of the i-
th low level DME/TACAN signal
- C (Afi) is the interference coefficient of the i-
th DME/TACAN signal at the frequency offset
Af, .

The denominator of previous expression correspaads
the lost useful signal power due to the blankerlevttie
numerator reflects the adjustment of noise floar ttu

e Thermal
1-Bdc

¢ Noise floor contribution due to low-level pulses
expressed in the last term

noise suppression by the blanker:

According to results presented in [Tran, 2003] eedRLL
with an equivalent noise bandwidth of 10 Hz and an
update rate of 10 ms was implemented for the t€xide
tracking is performed by an EML power DLL with aigh
spacing of 0.5 chip.

A set of DME/TACAN signals was selected and
simulations were run on it. Theory was also applied
results are presented in the next tables. Firstetab
corresponds to the simulated filter from the EURGCA
interference mask whereas the second table giwsgtse
for the RTCA simulated filter.

Blanking Blanker C/NO degradation (dB)
threshold | duty cycle simu/theory
(dBW) | simu/theory
-118 0.18/0.37 -5.51/-5.91
-116 0.08/0.15 -5.68/-6.02
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Tablel Smulation and theoretical results for the selected set of
DME/TACAN signals using the EUROCAE simulated

filter
Blanking Blanker C/NO degradation (dB)
threshold | duty cycle simu/theory
(dBW) | simu/theory
-118 0.17/0.37 -5.48/-5.86
-116 0.08/0.14 -5.71/-5.99

Table2 Smulation and theoretical results for the selected set of
DME/TACAN signals using the RTCA simulated filter

It is clear that the theoretical blanker duty cyisldarger
(ratio of two) than the one indicated by simulatidiine
explanation is the conservative assumption thapuise
collisions occur. Moreover degradations estimatgd b
theory are well approximated by the simulation kssu
Thus it implies that noise floor contribution due t
DME/TACAN signals going through the blanker is not
well modeled by the proposed theory.

CONCLUSION

The developed L5 receiver simulator turned outedaéry
useful in assessing degradations bought by intaréer. It
highlighted the need to rethink previous gfiegradation
formula in a more realistic way to take into acdopulse
collisions.
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