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ABSTRACT

In the coming years, additional radio navigation signa
will be broadcast. For the civil aviation communitiie
GPS L5 signal and GALILEO E5a and E5b signals &re o
particular interest. Indeed they will be broadcestan
ARNS band and are expected to increase accuracy,
availability, integrity and continuity of servicélowever
E5a/L5 and E5b bands interfering environment isviiea
and has been presented in several papers. In wartic
Distance Measuring Equipment (DME) and Tactical Air
Navigation (TACAN) systems operate in the 960-1215
MHz frequency band also allocated to these new GNSS
signals. These pulsed navigation systems consisnof
airborne interrogator and a ground-based transpahdé
emits high-power signals constituting a real threat

The aim of this paper is to propose a new assegsofien
the impact of such interference on future GNSSivecs.
This impact is evaluated through the computatiorthef
equivalent post-correlation signal-to-noise densiyio
degradation. Degradation is derived from the Sigoal
Noise plus Interfererence ratio (SNIR) at the promp
correlator output. Obtained results are useful $seas
performance of receiver functions using prompt elator
sums such as signal acquisition and carrier plaskimng.
DME/TACAN degradations have already been assessed
by other authors but we bring here more accurdtevace

and theoretical tools and the corresponding results
Degradation computation is carried out in two dife
ways. First, a realistic receiver simulator is ugbdt
processes useful GNSS signals and interfering
DME/TACAN signals. Then, a theoretical derivatioh o
degradation has been developed taking into account
separately the effects of low-level and high-lepelses.
One important assumption for interference genemaitso
that arrival times of pulses follow a Poisson dlsttion
that is used to assess the effect of pulse caiksio
Another important aspect of the theoretical analisithe
consideration of the interference carrier effealding
low blanker duty cycles but contributing to the



degradation. Results obtained with the two methams
compared for a worst case scenario at high altiirde
400) with and without safety margins over Europe.

INTRODUCTION

E5a/L5 and E5b bands interfering environment is
presented in [1,2]. It is highlighted that majoristixng
interfering systems are pulsed and that the mawaths
DME/TACAN signals. There are pulse-ranging
navigation systems operating in the 960-1215 MHz
frequency band. DME signal provides distance
measurement between the aircraft and a grouncbistati
TACAN also provides azimuth information and is a
military system. These navigation systems condisiro
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 pul$es pa
with an inter-pulse interval of 1i1s.

In the first part of this paper, the selected generceiver
model considered for theoretical derivation and
simulations is presented. This model includes toatf
end equivalent filters (directly driven by the antly
proposed EUROCAE and RTCA interference masks), the
Automatic Gain Control (AGC) and the ADC that are
carefully designed to work in a pulsed environmbnt
implementing digital pulse blanking. Then useful &N
signals and interference signal modelizations radecated
along with the statistical approach implemented to
generate DME/TACAN pulse pairs arrival times.

Then, a theoretical study of the equivalent post-
correlation C/N degradation resulting from these
interfering signals is detailed. Theoretical degtaihs
are also computed over the whole of Europe and
geographical maps are presented to highlight the
topography of these degradations. The paper further
describes the realistic single-channel E5a/L5 amlth E
receiver simulator used to run simulations. Sin&&8G&5
and GALILEO Eb5a signal structures will be identjcak
assumed degradations brought by DME/TACAN are the
same for these two signals. GALILEO E5b signal
structure will also be identical; the sole diffecerlies in

the equivalent RF/IF filter. Results obtained by tfwo
approaches are indicated and compared over Eumpe f
multiple safety margins. Finally, analyses weredtaied

to determine the optimal blanking threshold and
degradation sensibility to beacon reallocation.

GENERIC RECEIVER SCHEME

Equivalent post-correlation C{Nlegradation is computed
from prompt inphase correlator output samples. Aida
correlator is illustrated below in the receiver etie. The
received signasg(t) at the antenna port is first filtered by
the equivalent RF/IF front-end filte(f). The filtered
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signal s(t) is multiplied by the Automatic Gain Control
(AGC) gain and is sampled/quantized by the Anatpg-t
Digital Converter (ADC). Digital pulse blanking is
implemented within the ADC so as to cope with pdlse
interference. Digital samples are then multiplied the
local carrier and code replica. Finally, the rasgltsignal

is integrated oveN samples.

s (t)

- (k)
s e | Crcamoe ] —|
filter B Diéllitalkpulse | ﬁz 1,
H (f ) anking =
| dkT-7)
cod2rt kT, - 6)
correlator

Figure 1 Single channel receiver front-end and correlator

In the previous figure,
e fie is the final intermediate frequency

e @ is the tracked GNSS signal carrier phase
estimate

* c(t) is either le datacf(t)) or pilot (Cxq(t)) local
code replica

e 7isthe tracked GNSS signal code delay estimate

e Tsis the sampling period

¢ N is the number of samples so tizfls equals
the coherent integration tinTg

As a basis, we considered two different out-of-band
filtering requirements at L5/E5a. The first one was
proposed by RTCA [1] and the other one by EUROCAE
[3]. Then we sought to simulate filters as clos@assible

to the masks to assess the influence of the mésktion

on degradation. Of course the obtained degradatidihs
constitute a worst case since real-world filterimdj be
more stringent especially in stop-bands. Both
requirements and simulated filters are shown onirgi@.
For the two filters, pass-band is [E5a-10 MHz,ESa+1
MHz]. On E5b, an interference mask has also been
proposed by EUROCAE [3] and a corresponding front-
end filter was simulated as shown on Figure 3.his t
case, pass-band is [ESb-10 MHz,E5b+4 MHZz].

The equivalent RF/IF filter is simulated as a sgstmn of
a lIR Butterworth filter and a FIR filter. Steepk in the
stop-band is achieved by a FIR filter that simidate
filters effects. Lower slope away from the passebén
brought by the Buterworth filter as RF filters do rieal
receivers.

The AGC is a variable gain amplifier whose roletas

adapt its gain to reduce quantization losses. Gihen

front-end filter bandwidth and the number of bhgre is

an optimal gain [4,5]. The AGC system can be analog
digital by, for instance, looking at ADC bins dibtstion.



The system selected to cope with DME/TACAN signsis

a digital blanker implemented within the ADC [6].
Samples are zeroed on a sample-by-sample basis: eac
individual quantized sample whose absolute value is
above the blanking threshold is zeroed. Because thea
limited number of possible blanking thresholds. (2&*
with n the number of bits), this digital implementation
implies blanking threshold quantization as well.eTh
blanker is characterized by its characteristic fi@mGypank
equal to 0, in case of signal suppression, othertgsl.
Moreover, blanked samples shouldn’t be used tcedtie
AGC gain to avoid incorrect gain adaptation due to
interference.

EUROQCAE ESa mask & simulated filter

Magnitude (dB)

1 1
1140 &0 1160 1170 1180 1190 1200 1210
Frequency (MHz)

RTCA LS mask & simulated filter

4B}

I

Magnitude

e LA i i i i i i i
1140 1180 1160 1170 1180 1190 1200 1210
Freguency (MHz)

Figure 2 RTCA and EUROCAE interference masks and

simulated filters on E5a/L5 bands

EUROCAE ESb mask & simulated filter
e I e e e S
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-120 “n
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i i PR
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Figure 3 EUROCAE interference masks and simulated filter
on E5b

1180 1190
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SIGNALS EXPRESSIONS

The composite filtered signad(t) is the sum of the
filtered useful tracked GNSS signagnssft) , filtered
receiver thermal noise(t) plus filtered DME/TACAN
signalssammer (). Note that other received GNSS signals
that would cause inter-system or inter-system fetence
are neglected.

The useful considered GNSS signals within E5a/L8 an
E5b bands are QPSK modulations. There are assumed
composed of two equal-power signal components: the
data component, carrying data, and the pilot corapbn
without any data. For instance details about th& GB
signal may be found in [7] and information on fur
GALILEO signals in [8]. After down-conversion and
front-end filtering they may be expressed as

SGNSSf (t) = PGNSS d( ) Xl f ( T)
NH(t - 7).cof27f .t - 6)

+ V PGNSS'CXQ,f ( )NHZO( T)
sin(27f .t - 6)

where

e Pgnssis the total (data+pilot) received power at
the antenna port

e d(t) is the P/NRZ/L materialization of the
navigation message

*  Cx andcxor are respectively the filtered PRN
codes used on the data and pilot components

¢ NH10 and NH20 are respectively the P/NRZ/L
materialization of the Neuman-Hoffman codes
used on the data and pilot components

e tistime-varying received signal code delay

e @istime-varying received signal carrier phase

Receiver thermal noise is modelized as a zero-mean
Gaussian white noise whose PSD equatg®.NThe
filtered noiseny(t) is zero-mean and its PSD is simply
No/2.|H(P)P .

Concerning DME/TACAN signals, each signal may be
modelized as a succession of Gaussian-shape pailse p
each pulse having a 345 half-amplitude duration. A
pulse pair has the following expression and issthated

in the Figure 4 [9].

_712

t)=e 2

~li-at)?
pulsepair (

S +e?

where
. a=45el1%
e At =12e-6 s is the inter-pulse interval



In the theoretical derivation, filtering impact @nly
accounted for on the received interfering power aat
on the possible pulse shape deformation. This ug tr
when the interfering signal frequency is locate@roffat
frequency response regions (i.e. pass-band). E@wh
(i.e. stop-band) it is not rigorously true. Thug tthown-
converted and filtered DME/TACAN signal expressisn

alt-t, ) —a(t-at-,)*

- )
Some/TACAN f (t) =4 J-‘H (fJ )‘Z ;{e 2 +e 7 ] COS(ZH(fn: + Afjammer)[ +6, )

where
¢ Jis the jammer peak power at the antenna port
» f;is the received jammer carrier frequency
+ {t,} is the ensemble of pulse pairs arrival times
¢ Nammeris the frequency offset of the jammer
carrier with respect to either E5a/L5 or E5b
¢ @;is the jammer carrier phase

MNormalized DMETACAN pulse pair

Mormalized amplitude

Time in microseconds

Figure 4 Normalized DME/TACAN pulse pair

We assumed ground stations transmit pairs at armami
rate (pulse repetition frequency - PRF) of 2700 sppp
(pulse pairs per second) for DMEs and 3600 ppps fo
TACANSs. This figure represents the mean number of
pairs per second. Arrival times of pair pulses raredom
and may be assumed independent and of constant
behavior over time for each ground beacon. Thus a
convenient modelization is a Poisson distributioithw
parameter. equal to the PRF. An illustration of such
generated DME signal, modulating a carrier, is gioa
Figure 5 over 2 ms. On average, there should belse
pairs over 2 ms, in this snap-shot only 4 pairssapp

In some previous analysis, i.e. [9], DME/TACAN sas
were assumed periodical and without any pulse pairs
collisions. This modelization was not realistic bor
model enables collisions as shown on Figure 6. The
plotted composite DME/TACAN interfering signal is
simply the sum over the whole beacon ensemble ef th
previous generic jammer signal expressgfieracanft)-
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Carrier phases of signals are random and may herass
uniformly distributed over [0 so each jammer is
centered and so is the sum.

w10t Simulated DME signal
15 T T T ! T T T
I SR N RO N GRS SN 1 SN SN, BN — .
D 5 ,,,,,,,,,,,,,,,,,,,,,,,,,,, :L ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
) i
Py :
= H
2 H
g0 :
= H
= |
2 i
=) :
ol _D 5 ,,,,,,,,,,,,,,,,,,,,,,,,,,, foctosaicaten | Mbsessorbacanaaibe, | seosbesaas —
T S | SRR U S G S| S N — .
15 i i i i i i i i i
02 04 06 08 1 1.2 1.4 16 1.8 2
Time {ms)

Figure 5 Simulated DME signal over 2 ms

Simulated composite DME/TACAN environment

collisiong

Signal amplitude V)

" i i | i i i
3.84 3.56 3.58 3B 362 3.64
Time {ms)

Figure 6 Example of composite DME/TACAN signals
environment

The filtered signals are then multiplied by the A@&in
Gacc and sampled/quantized by the ADC yielding

So(k) = Guee-si (k) + ey (k)

whereeg is the quantization error. This error is assumed
uncorrelated from the input signal thus quantizatasses
may be accounted for separately from degradatiorsal
interfering signals. The power link budget will gm
them. The AGC/ADC systems and associated |osses
being not addressed in this paper, theoretical
derivation and simulations do not consider these
processes. As a consequence signal expressions and
mathematical calculus are carried out using
continuous-time signals.



Finally, the data or pilot prompt inphase correfatotput
is the sum of contributions of each signal:

+ Z I jammerP,i

The summation is over all the received DME/TACAN
beacon signals.

I P =1 GNSSP

EQUIVALENT POST-CORRELATION SIGNAL-
TO-NOISE DENSITY RATIO DEGRADATION

This degradation may be calculated from eitherdat&a

or pilot prompt correlator output Signal-to-Noiséugp
interference Ratio (SNIR) degradation. We chose to
consider the pilot component for the theoretical
derivation. The classical definition of the SNIR tise
ratio of the squared mean of the prompt correlatdput
divided by its variance [10]:

E[l

SNIR=
varl,]

The numerator of this ratio equates the useful aign
power available while the denominator is the nqkes
interference power. First, the theoretical methogyl
developed to assess this degradation is presentesh
the realistic GNSS receiver simulator also usedaoy
out degradation estimation is presented.

Useful signal power degradation at correlator output

In this section the useful power available at datoe
output is expressed when a digital blanker is
implemented. This power B[l 5] >= E[l gnss 3° given that
both thermal noise and DME/TACAN signals are zero-
mean. Neglecting double-frequency terms that #erdid

by the 1&D filter and the data/pilot spreading cedgoss-
correlation, the GNSS pilot prompt correlator otitpu
signallgnss piS

lonssp = Z/iIC-SCJ‘ GNSSCXQf(t T) ><Q(t T 5049 G)Xblank()

The blanking function may be assumed independent fr
both the useful GNSS signal and thermal. Indeeid, th
function mainly depends on pulsed interference tiaie
the predominant signals. So,

] \/?SSGAGC J'

Ele.g (t- 7)oyt - ) Elcods - ] El D] at

[ GNSSP.

Suppose in the following code and carrier phasssking
processes are perfect so that7 and 8=4. Then,
previous expression leads to
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2
GAGC GNSS

412

KO ey, I

E[IGNSSP]2 =

where K. {(7)=E[c(t)ci(t-7)] is the cross-correlation
between the spreading code and its filtered versitwe
expected value of the blanking function equates

E[Xblank] =1-Bdc
Where, by definitionBdcis called the blanker duty cycle.
It is expressed as the ratio of the portion of tifgker

where the blanker is “on” (signal set to zero) teet
coherent integration tim&dc=Tyjanke/ Tp-

Let denotea:KC,fZ(O) , a refers to as the useful signal
power loss at correlator output due to front-enigring.
The useful signal power at correlator output isithe

2
E[I GNSSP] =
In the absence of blanker it becomes

a.G‘Z‘GC;lPGNSS (1-Bdc)’

Gacc-P
4
So the useful signal power degradatieysignal) is

‘deg(signal) =(1- Bdc)z‘

Noise floor adjustment

The global noise at correlator output comes fronthbo
thermal noise and DME/TACAN signals contributions
and has the following expression

Var[l F,] = E[(l P J E[
=g, +1 Jammerp)
= E[' n,PZ] + 2E[| n,P'I jammer,P] + E[I Jammeﬂpz]

GNSSP J

Each of these terms is expressed below

1. the first one corresponds to the receiver
thermal noise contribution

To

Efiz]= EH Croe [ (t)c(t—f)cos(m,Ft—é),ybank(t).dt]}

GAGC E{J. I r()r{u)elt - 2)clu-7) CO{Zﬂ‘Ft —é)co{an‘Fu _é) biank{ Wbian( U ditdlu

2
Te ToTe

Sl [ [ (- 0K, (t- WE(codort .t 8)codort, =) (s )i ).t

P TeTp

Front-end filtering is neglected for the moment shu
thermal noise is supposed white and its autocdivela
function is K\(7)=Ny/2.6(z) so the double integral is non
null only whent=u. Thus,



GiGC N

1
SHE 2 .70.KC(O)E.KM(O).TP

The blanking function autocorrelation is denokg@.n(7)
whose value in 0 is equal to the blanking functimwer
expressed below,

K)(mank (O) =E tflank) = Pr()(blank = 1) =1- BdC
Finally, the correlator output power due to thermaise
is

2
E[iz,]= 76*\60"'1\'0' o (1-Bdg)
Without blanker, the power is
Ghec-No. f
E|12 | =2acc "o P
[ n,P] 4

So eventually, the thermal noise power degradation
deg(thermal noisegxpression is

|dedtherma|noise) =(1- Bdc)l

Note:
Because of the front-end filtering, output powetower,
indeed it can be shown [11] that

efi2,]= pez. Nete 1-Bdg

with ,B:TQ(f I, | Hee( ) if

where Hgg(f) is the base-band equivalent filter of the
front-end filter andi\f.ssymis the frequency offset between
the GNSS carrier frequency and the center of tbatfr
end passband. For instance on E5b, given the pedpos
filtering requirements by EUROCAEAfu w3 MHz
whereas on E5a/LBf,y70 MHz. £ is the thermal noise
power reduction at correlator output due to fromt-e
filtering. Correlation losses are defined as the loss of SNR
at correlator output due to front-end filtering Hwey
equaten/p.

2. The second term corresponds to the thermal
noiss and DME/TACAN signal cross
correlation. It is null since signals are
independent and zer o-mean.

3. The last term is the DME/TACAN signal
contribution that is computed in the
subsequent section.

DME/TACAN signal characteristics (peak power, cahtr
frequency and PRF) determine the blanker duty cgsle
well as the noise power increase at correlator wutp
High-level pulses, pulses whose peak power is taign

the blanking threshold, determine the blanker ayfsle.
They also contribute to the noise power increaseesi
some samples are not blanked thanks to the carrier
amplitude variations.
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Low-level pulses are assumed to not affect the Bdc
computation; this hypothesis was verified through
simulations. Indeed, low-level pulses constructive
combinations causing blanker activation are vetikaly
because of carrier phase offsets. Since they ate no
blanked, all these pulses add noise at the coorelat
output.

DME/TACAN SIGNAL CONTRIBUTION TO THE
NOISE FLOOR

Pulses whose peak power is below the blanking tiotds
will entirely enter the digital correlator. A comient way

to take into account their effect is to compute the
interference coefficient. So as to compute thidfaoent,
DME/TACAN signal power spectral density is required
so first its autocorrelation function is calculatetio
simplify computation, the main assumption in the
following is to consider a Gaussian-shape pulse as
rectangle, see next plot, whose lendtf is called the
equivalent duration of a pulse and is defined &% [1

For DME/TACANS T =2.64 us. The amplitudeA of the
rectangle is simply the DME/TACAN square-root peak

power.

Simulated DME/TACAN pulse and equivalent rectangle

_| === Gaussian-shape pulse !
—— Equivalent rectangle

--------------------------------

! 4
ittt S0t I ERRRRES 8

(5] ———————

____________________________________________

Mormalized amplitude

————————————————————————————————————————————

S
1 £eopes
] '

Tirme in microsecond

Figure 7 Simulated DME/TACAN pulse and equivalent
rectangle

It can be shown that the theoretical expressionaof
DME/TACAN signal autocorrelation functioikg(z) is
[13]:

K(r)=2K(r)+K(r-at)+K(r +At)

where K(7) is the autocorrelation if single pulses are
considered instead of pairs. Assume rectangulgresha
pulses, the autocorrelation function is then, [13]:



K(r)=A? (1— g M )2 +m(r)
with

)= A (a-e e T -l i)

1if 70O-T,T
and Where| [-1.7] (T) = {O e|seWh[ere ]

This theoretical derivation was verified by simidat

next plot presents the theoretical as well as iimelated

rectangular-shape and Gaussian-shape autocornslaifo
a single DME signal.

Theoretical rectangular-shape and simulated DME signal autocarrelations

D0G =-emeeee HEEEECED R
: v | === Gaussian-shape simu
H H H 2 —— Theory H
(U seessees A P [ [ e Rectangular-shape simu |1
| | | ! T T T |
0012 i

o
=]

Magnitude
o
]
=
o

0.008
0.004 f-emeeee e RN 68 1SRN 1 SO 3 | O S
i : ]
' i 1
. . {
0.002 - e e
ok ¥ A IR
ok e | e a—— =
004 00 4w 0 0o 002 0nE 004

Oiffset (ms)

Figure 8 Gaussian-shape and rectangular-shape simulated
and theoretical DME signal autocorrelation

Theoretical expression matches well simulated $igna
autocorrelation. We have shown that TACAN
autocorrelation is very close to that and so issmered
identical. The base-band PS[B;mmerpsdl) Of a
DME/TACAN signal is then the Fourier transform bfg
autocorrelation function. A close-up of the obtaine
theoretical normalized PSD is plotted on Figure 9.

A sinc-shape, with nulls every 380 kHz, is easily
observed on the PSD plot. It originates from negtéar-
shape pulse with length 2.6d4s considered in the
theoretical derivation. Moreover, the 1& separation
between the two pulses of each pair implies smaller
internal lobes separated by about 83 kHz.

The interference coefficier (Af) at the frequency offset
Af is defined as [4],

CI (Af ) = J‘j:‘ H BB(f XZ'Sjammer,BB(f - Af)SC (f - Afassyn')'df

where
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*  Sammeredl) is the base-band normalized
DME/TACAN PSD

e §(f) is the base-band normalized PSD of the
PRN code with chip raté, and chip duration
T=1/,

*  Afyeym is the frequency offset brought by

asymmetric filtering on E5b

We can assume a continuous spreading code PSD
neglecting spectrum lines:

Sc(f)zl_(s"‘(’ﬂc)jz

.\ T,

C

DME and TACAN interference coefficients can be
considered equal. Figure 10 shows interference
coefficients as a function of the frequency offset
E5a/L5 (symmetric filtering) and on E5b (assymneetri
filtering). Because summation is over a larger diety
band on E5a/L5, the associated interference caosffiés
larger.

Theoretical DMETACAN signal PSD

Magnitude (dB)

50 i i i i i i
BilS il 05 1} 05 1 15
Frequency (MHz)

Figure 9 Close-up of the theoretical normalized DME/TACAN
signal PSD

The corresponding correlator output powy, is then
very well approximated by,

c, (o)

P T
4

out

=GZec.P

jammer*

Piammer is the mean DME/TACAN signal power after
front-end filtering. According to the Poisson distition
properties, it can be easily demonstrated that

= _J

ammer — o
: 2

H(f, ) (24T, Je ™™

Note: division by two comes from the carrier effect



DMETACAN interference coefficient on ESa/L5 and ESb
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Figure 10 E5a/L5 and E5b DME/TACAN interference
coefficient as a function of frequency offset

Moreover, because of the pulse blanking systenoyéon

of the low-level pulse samples will be zeroed se ttial
power at correlator output must be reduced by #utof
(1-Bdc) as we did with the receiver thermal noise so
finally, for a single DME/TACAN signal

P

out

C, (af )—> (1- Bdc)

_G/iGC Jammer Tp
Note: Until now, only low-level pulses were considered.
Regarding high-level pulses, induced degradatiors a
assumed to equate degradation caused by low-lels#gu
with instantaneous power equating the blanking tioles

We did this approximation to simplify the derivatio
Simulations have shown this approximation was pretty
good.

Eventually, the correlator output SNIR in preserdfe
DME/TACAN signals (referenced by indéxis:

a.PGTNSS.(l— Bdc)’

,B.NOT'fP _(1_ Bdc)+%_z Prammes -C

SNIR=

. (af)

and the equivalent post-correlatioB/N, degradation
(equal to the SNR degradation) with respect to the
nominal case (front-end filtering but no interfezehis

1-Bdc
Z jammer;i * ( )

1+
BN,

de < =
NO equ
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This degradation is not the pure degradation brobgh
DME/TACAN signals since front-end filtering effect
appears throughp. However this expression is useful
when calculating the power link budget where coriefat
losses are accounted for first then are DME/TACAN'’s
degradations.

Bdc COMPUTATION

Consider a single strong DME/TACAN pulse: a portion
of its samples is larger than the blanking thredtaold so

is zeroed. The objective is to find this proportiwhen
collisions with other pulses occur and when it mothda
carrier. First assume the absence of the carhien given
the DME/TACAN peak power at the blanker level
J.JH@® and the digital pulse blanking threshdld, the
portion of time T when the blanker will be “active”
without any pulse superposition is

Now any additional strong pulses, transmitted by othe
ground beacons that would occur during this pewodId
decrease the blanker activation time of the inifialse.
The mean value of the activation tifige,, When pulse
collisions are assumed may be computed from thenmea
activation times in the absence of collisiohgancand in
presence of ON€nean/s tWO Tihean2 €tC...collisions:

Toean=T,

mean mean/0*

+T

mean/2*

P(0collision)+T, ...,.P(Lcollision)

mean/1*
P(2 collisions) +
According to the Poisson distribution propertiese th

probability P(Ngz) of having N arrival times duringz
seconds is [14]

N
P(N,7)= ()l|\r||) et

Moreover, one very useful property of such random
distributions is that knowing there is one (or masival
time(s) during a certain interval of time this arrival
time(s) is(are) uniformly distributed over For the sake
of simplicity, assume pulses that may enter inisiolh
have blanker activation times at least equal toblheker
activation time of the initial pulse. In reality idions
may be shorter if for instance their peak poweeslawer.
Thus, without any collision,

T/Ocollision

=T

for one collision,
.

l
/lcolllswn j ?

0

for two collisions,



/2co\||s|on jjmln T2 tZ dtl t )dtldt

| j tatdt, + [ | tz.dtldtg]
00

0t,

ir,rr
6 2 3

and so on...
Eventually, the generic expression of the mearvatitin

time of a strong pulse is (higher order terms are
negligible)

Tean=T€T +—. U o T wr) e+
mean 2 l 2|

w

Note: Parameter. corresponds, in this case, to the total
parameter. For instance, if there argy:n DMEs
(PRF=2700) and mcan TACANs (PRF=3600), these
signals are of course independent then the totalnpeter

is A=2700*nme+3600.FacaN-

However, because of the carrier variations over tiisep
duration, some samples present in the previoudinet
mean activation time are in fact below the blanking
threshold and so are not zeroed. It is illustratetthe next
plot for a threshold of 0.6.

Mormalized original and blanked DMETACAN pulse - blanking threshaold=0.6
I I ‘ : -+ original pulse 1
blanked pulse |1

Marmalized amplitude

Time in microseconds

Figure 11 Original DME/TACAN pulse and the blanked
version

Samples falling below the blanking threshold shaolilde
neglected because they participate to the noise fh
correlator output. Their effect has been described
previously.
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Thus the real mean activation time is lower; we need
know the number of samples, with time indexes {k},
satisfying:

KT
JH(f)Pe 2 cod2mfkT,+6,)>+Th
or equivalently,
T Th

2 + _—
e 2 cod27 kT, +6,)> SR
We remind carrier phasé; is unknown and assumed
uniformly distributed over [0/4. Thanks to simulations,
it has been shown that the proportion of samples/@b
the threshold is independent@fndf,. So finally, it only
depends on the square-root of the blanking threstml
interference peak power (at filter output) raticex plot
gives the ratig, obtained by simulations, of the real mean
activation time to the previously defined mean\adion
time as a function of).|[H()[»)/Th.

Ratio of real to classical mean blanker activation time estimates

0 5 10 15 20 25 30
Al \H(f)\z)J’Th Jarmmer peak power to blanking threshald ratio (dB)

Figure 12 Ratio of the real activation time of a single puise
the activation time when assuming pulse envelope
only and collisions

The larger is the power ratio the closer is thd neean
blanker activation time to the mean value compirtettie
absence of carrier. This result may be better stded
when considering the probability density functioh a
sinusoidal function with uniformly distributed pleasver
[0,2n[, see Figure 13. Clearly there are more samples of
the carrier located around extremities than at fowe
values. So when the rati@.|H()[)/Th is large, the
probability for the carrier samples to be above the
threshold gets larger as compared with a loweo rathus
the real activation time gets closer to the actvatime
value assuming pulse envelope only. Eventually,réda
mean activation timelywer Of @ DME/TACAN pulse
assuming pulse collision and carrier effect is

T, = M Te '™ +I@e-ﬂ +I (/]T)z e 4
blanker Th k 2 1 3 2




Thus the real mean activation time for a set gfien
DMEs (PRF=2700) andiacan TACANs (PRF=3600) is

Npme Mracan
Tblanker,tot = 2(2700 ZTbIanker,DME (I ) + 3600 ZTbIanker,TACAN (I )J

i=1 i=1

This duration equates the total blanker duty cyfléhe
DME/TACAN set because it is computed over 1 s.

Note: in the previous expression, factor 2 is duehte
presence of pulse pairs instead of single pulses.

CW probability density function - amplitude of 1

I I I I i
02 04 0B 08 1

o I T R A

-1 08 08 04 02 0
b

Figure 13 Unity-amplitude sinusoidal signal probability
density function.

SIMULATOR DESCRIPTION

A complete GLS L5 receiver simulator is availabte f
our tests [15]. This simulator is based on a praslip
built GPS L1 C/A receiver and has been validatedugh
extensive tests. Because GPS L5 and GALILEO Eb5a
signals will have the same signal structure, comgbut
degradations are assumed identical for these tgmaks.
GALILEO E5b structure is also identical so the only
difference when simulating degradation is the eagjeint
RF/IF front-end filter.

The aim of these simulations is to estimate thevedgnt
post-correlation C/pdegradation and blanker duty cycle
due to DME/TACAN signals only. Thus, some functipns
such as AGC/ADC system, are not implemented to not
take into account associated losses. Only the \iatig
functions were used:

e Signals generation: useful GNSS signals,
receiver thermal noise, DME/TACAN signals

e Front-end: equivalent RF/IF signal filtering,
equivalent digital pulse blanking without
AGC/ADC

e Tracking loops: phase lock loop (PLL) and delay
lock loop (DLL)
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Note: even if there is no AGC/ADC system, digital pulse
blanking can be performed equivalently on the sated
“analog” signal. The “analog” signal in the receivs
represented on 64 bits.

Signals are generated according to expressionemtezs
earlier in the paper. Equivalent RF/IF front-enttefis
implemented in the simulator have frequency resgens
indicated in Figure 2 and Figure 3.

The opinion of several US experts is that therends
reason to use the data channel for both code amigrca
tracking [16]. Indeed most users, such as civiagon,
only care about at which C{Ncarrier cycle slip occurs.
Moreover, even if code tracking is more accurategis
both components, tracking errors due to noise awehm
smaller than other (e.g., multipaths) errors. The
achievable improved accuracy does not worth theaext
complexity. Thus, the selected tracking configumatin
our simulator is to use only the pilot componend &me
following loop parameters were selected accordiag t
results presented in [17]. Carrier phase trackisg i
performed using a pure PLL (Q discriminator) withrhs
integration time and a 10 Hz equivalent loop noise
bandwidth. Code tracking uses an Early-Minus-Late
Power discriminator with 10 ms coherent integratiame,

1.5 Hz equivalent loop noise bandwidth and 0.5 €hip
Early/Late chip spacing. Moreover, loop filters igesis
based on [18].

THEORETICAL AND SIMULATION RESULTS

Degradations are now computed for the set of
DME/TACAN beacons “visible” from an aircraft flying
over the worst European location (longitude of &da
latitude of 50°) at high altitude (FL 400). Only
DME/TACANSs within the direct line of sight visibtly
have been considered. The tropospheric refracfiects
which may be assessed through a longer 4/3 eadthsra
radio horizon has not been considered at this stage

Given the aircraft elevation with respect to eaeladon,
the proper DME/TACAN beacon antenna g&paconis
applied to the transmitted powB§eacon We assumed two
different antenna gains, plotted in Figure 14, RiVIE
and TACAN beacons. An elevation angle of 0 degrees
corresponds to the horizontal direction. It is iagting to
note over the European hot spot, the angle of araf
DME/TACAN signals is always comprised between -20°
and 0° at the aircraft antenna level.

Cable losd .. between the transmitter and the antenna
and free space propagation loskgs are accounted for.
Moreover regarding the aircraft antenna g&ig, it is
assumed constant (-10 dBi) for elevations from -802



90° degrees. From 0° to -30°, as proposed by RTCA S
159 WG 6, it corresponds to a line joining -6 dBda10

dBi.

DME/TACAN signal polarization is vertical and so is
different from the RHCP polarization of GNSS signal
However, according to [19] we can assume aircraft-
installed GNSS antenna have a 0 dB polarization
mismatch loss for vertical polarization signals ovee

lower hemisphere. Eventually, interference poweriB,
at the antenna pOI’t IFPbeacoﬁ"'—cable+Gbeacoﬁ|'Lfree+Gair-

blanking -120.0 -118.4 -117.1 =11519
threshold (dBW) simu/theory ~ simu/theory  simu/theory  simu/theory
0dB margin

degradation (dB) -8.0/-7.4 -7.5/-7.5 -7.9/-7.8 -8.2/-8.2
Bdc 0.40/0.40  0.34/0.33  0.29/0.28  0.26/0.24
3dB margin

degradation (dB) -9.5/-9.3 -9.7/-9.4 -9.5/-9.6 -9.4/-9.8
Bdc 0.48/0.53  0.43/0.45 0.38/0.40  0.34/0.35
6 dB margin

degradation (dB)  -10.6/-11.6 -10.3/-11.4 -10.4/-11.5 -10.9/-11.8
Bdc 0.56/0.65  0.52/0.59  0.48/0.53  0.44/0.48

Correlation lossesa/ff due to front-end filtering are
included in the SNIR estimate obtained from simatat

Table 1

Simulated and theoretical results obtained for the
E5a/L5 band

data so they must be subtracted. These losses were Now on E5b, simulations and theoretical derivatiave
led to the following results with four blanking &sholds
(-121.9, -120.0, -118.4 and -117.1 dBW):

estimated by simulation and are respectively -@lB3&nd
-0.42 for the simulated EUROCAE and RTCA filterdan
0.92 dB for the simulated E5b filter.

A higher receiver noise figure of 5 dB for E5a/LBda

E5Sb than for L1 has been widely accepted. The re&so
the expected larger filter insertion loss due toreno
stringent filtering requirements. With a 100 °K gkgise,
the resulting thermal noise power spectral densily= -
200 dBW/HzThis figure is considered for the two tools.

DME & TACAN beacon normalized antenna gain vs elevation
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Figure 14 Considered DME/TACAN beacon antenna gains
versus elevation

Simulations have shown negligible differences in
degradations and blanker duty cycles for the two
proposed masks (RTCA and EUROCAE) so no
distinction will be made in the following.

Next tables present the Bdc and equivalent post-
correlation C/N degradation estimates obtained by the
theoretical derivation and simulations. A safetyrgira of
either 3 dB or 6 dB was also applied to the tratisahi
power by DME/TACAN beacons. Four blanking
thresholds were considered on Eb5a/L5: -120.0, 4118.
dBW, -117.1 and -115.9 dBW and the following result
were obtained:
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Blanking -121.9 -120.0 -118.4 -117.1

threshold (dBW) simu/theory  simu/theory  simu/theory  simu/theory

0dB margin

degradation (dB) -5.5/-4.6 -5.4/-5.2 -6.0/-5.8 -6.3/-6.3

Bdc 0.34/0.33  0.27/0.28 0.23/0.23 0.20/0.20

3dB margin

degradation (dB) -5.8/-5.1 -5.6/-5.7 -6.4/-6.4 -6.8/-7.0

Bdc 0.39/0.41  0.34/0.36 0.30/0.32 0.27/0.28

6 dB margin

degradation (dB) -6.6/-5.7 -6.5/-6.3 -6.7/-6.9 -7.3/-7.6

Bdc 0.45/0.49  0.40/0.44 0.36/0.40 0.33/0.36
Table 2 Simulated and theoretical results obtained for the

E5b band

Clearly there is a great agreement between thekbtan
duty cycles and equivalent

post-correlation £/N
degradations computed from the developed theory and

simulations. Less accurate theoretical resultsoatained
when implementing a 6 dB safety margin on E5a/L5.
Simulations results are, of course, more trustworth
Except the 6 dB-margin case on E5a/L5, estimaticore
of simulation results by the developed theory dveags
lower than 1 dB on degradation and lower than @04

the Bdc.

An important result is that degradation is lowerksb by
about 2 dB without safety margin. With a safety gnar
of 6 dB, E5b degradation is even lower by aboutdB5
Finally, a safety margin of 6 dB yields much higher
degradations on both bands; there is an increasbmit
2.5 dB on E5a/L5 and about 1 dB on E5b.

GEOGRAPHICAL DEGRADATION MAPS OVER

EUROPE

Theoretical derivation of the equivalent post-clatien
C/No degradation and blanker duty cycle has been

validated

through

tests using

the GNSS

simulator. So we can compute theoretical degradstio
over the whole of Europe at FL 400. Figure 15 shtves

receiver



DME/TACAN beacon locations (circles on the figuie)
Europe that reply in the 1151-1213 MHz band (X-njode

DMETACAN heacon locations in Europe in the 1151-1213 MHz band

Latitude (7

Longitude (%

Figure 15 Locations of DME/TACAN beacons in Europe
replying in the 1151-1213 MHz band (X mode)

Here is the E5a/L5 degradation plot over Europe &or
blanking threshold of -118.4 dBW:

Lo T setraiano s idoldoe sz Ll AUA

HL backn hzsrod= CILS LR
-

Figure 16 Theoretical E5a/L5 degradation over Europe due to
DME/TACAN signals — blanking threshold -118.4
dBW

On E5b we get the results indicated on Figure 1th wi
blanking threshold of -120 dBW. The European haitsp
location is obvious on the two previous plots.

BLANLKING THRESHOLD OPTIMIZATION

Up to now, only four blanking thresholds were cdesed
on each band leading to different results. Thus
simulations were run on both bands for multiple
thresholds to estimate the optimal blanking threskath
respect to Bdc and equivalent post-correlation (C/N
degradation. We used simulations instead of the
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theoretical derivation since the former are more
trustworthy. Figure 18 presents results for E5a/L5.

e | T IR RN TT X By e Sy i B MTE TR TR Rt R VT

Lolr.dz dzqn

l A = 44
1wl g

Figure 17 Theoretical E5b degradation over Europe due to
DME/TACAN signals — blanking threshold -120.0
dBW

ESalls CfND degradation and Bdc vs blanking threshold
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Figure 18 Simulated E5a/L5 Ci\degradation and Bdc versus
blanking threshold over the European hot-spot

Thus E5a/L5 degradation is pretty constant: frog dB

to 8.5 dB if the blanking threshold is comprisedween -
122 dBW and -115 dBW. However the Bdc varies
greatly: from 0.22 to 0.45. On E5b we get the rtssul
shown in Figure 19. Again, the degradation is prett
constant: from 5.4 dB to 6.0 dB if the blankingesinold

is comprised between -123.5 dBW and -118.5 dBW.
However the Bdc varies largely: from 0.22 to 0.38e
four previously selected thresholds for each barel a
around the optimal blanking threshold.

REASSIGNMENT OF DME/TACAN BEACONS

One suggested way to reduce degradation is toigeass
DME/TACAN beacons transmitting around E5a/L5 and



E5b. Thus theoretical equivalent post-correlatioiNC
degradation and blanker duty cycle are computethis
section as a function of the bilateral reallocation
bandwidth over the European hot-spot at FL 400. For
instance a bilateral reallocation of 2 MHz on Eba
corresponds to the exclusion of all DME/TACAN
beacons transmitting ifE5a-1MHz,E5a+1MHz] Figure

20 shows results on E5a/L5 when the blanking thoigsh
equates -118.4 dBW.

E5h C/MN, degradation and Bdc vs blanking threshold

.| = degradation
{| === Bdc

0.45

Degradation (dB)
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S125 0 124 4123 12 A2 1200 19 -ng -1 -1B (115

Blanking threshold (dBW)

Figure 19 Simulated ESb C/i\degradation and Bdc versus
blanking threshold over the European hot-spot

E5a/Ls degradation and Bdc vs reallocation bandwidth

T T T T T I
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Bilateral reallocation bandwidth (MHz)

Figure 20 Theoretical E5a/L5 C/Ndegradation and Bdc as a
function of the bilateral reallocation bandwidthesv
the European hot-spot

Degradation could be reduced by a factor 2 if b t
beacons transmitting within +/- 5 MHz around E5a#rB
reallocated. On E5b, with a blanking threshold D20
dBW we get results of Figure 21. In this band atbilal
reallocation of 10 MHz almost cancel degradations.
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CONCLUSION

In this paper we proposed two approaches to athess
impact of DME/TACAN signals that are the main threa
for the future GALILEO E5a/E5b and GPS L5 signals.
The theoretical approach enables to better undwefsta
what will happen in future receivers because ofs¢he
pulsed signals. Thanks to it reliable results cam b
obtained very quickly. The simulation tool requitesger

running times but more confidence can be placethén

obtained numbers. Thus these

two tools are
complementary.
E5b degradation and Bdc vs reallocation bandwidth
0.3
0.25
& ’ 0.2
e Toi1sd
g

o1

—0.05

i 2 4 53 g 10 12 14 16 18 20
Bilateral reallocation bandwidth (MHz)

Figure 21 Theoretical E5b C/i degradation and Bdc as a
function of the bilateral reallocation bandwidthesv
the European hot-spot

Obtained results are very useful to assess thempeahce

of receiver functions using prompt correlator otitpu
samples such as signal acquisition and phase miacki
One application is the establishment of power link
budgets to evaluate the usability of navigatiomalg at
high altitude. We have found at FL 400 with an adapted
blanking threshold the minimum degradation is abt6t
dB on E5a/L5 while on E5b it is about 5.5 dB.

With a 6 dB safety margin, degradations are muadjela
about 10.5 dB on E5a/L5 and about 6.5 dB on E5b.

Reallocation of DME/TACAN beacons seems to be an
efficient way to reduce the impact of DME/TACAN
signals on GNSS receivers. However this solution is
expensive.
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