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Abstract—The L-band digital aeronautical communications FFT demodulation, such as an erasure-based convolutional
system (L-DACS1) is subject to strong interference causedyb decoding strategy and a subcarrier clipping scheme [9], [10

distance measuring equipment (DME). For efficient statistal . ; ;

processing of interference, we adopt a Gaussian mixture (GM !n ([jll]‘l [12]& ? sparse tBayte?;]an .Iearnltng (fSI.BL) T\pproaf:h
distribution to model the impulsive nature of DME signals. IS develope _O reconstruc € 1mpacts or impu Se_‘ noise
Hence, we drive the parameters of the GM model in terms as @ sparse signal. For accurate OFDM demodulation, the

of properties of DME signals. This allows us to redesign the maximume-likelihood (ML) decoder utilizes the latticedik
optimum receiver for mitigating DME interference. We also structure the OFDM symbol, which improves the system
p.rOV'Olle a.f.'mp'e kf’”'se”deticmr to eS“fmate tgg presence oME  yerformance in impulse noise [13], [14]. However, the ML
signals utilizing the null subcarriers of L-DA . = . receiver is typically implemented by a lattice decoder,achhi
Index Terms—DME Interference, Gaussian Mixture, L- depends on impulse noise distributions. To redesign thiedat
DACS1, OFDM. decoder for L-DACS1, we first need to determine sufficient
statistical modeling of DME interference at the receiver.
I. INTRODUCTION In this paper, we investigate a Gaussian mixture (GM) model

o ) o to represent the effects of AWGN superimposed to DME
T He L-band digital aeronautical communications systefRterference. We use spectral analysis of received itz

(L-DACS) technology provides the air-to-ground datg, gerive the parameters of the GM model in terms of the
link services within the future communications infrasture properties of the DME signals. Then, we develop the lattze d
(FCI) for aviation. The L-DACS technology identifies two.qder of OFDM systems [14] to mitigate the impacts of DME
options concerning the operational compatibility withstXig  jnterference. Since lattice decoding requires perfectkedge
systems in the L-band. The first option is L-DACS1, whiclyf the impulse noise impaired samples. We further make use of
uses orthogonal frequency division multiplexing (OFDMjhe time-frequency properties of the DME signals to effitlien
modulation with frequency-division duplex (FDD) as an aGyentify their locations within the received OFDM symbols.
cess scheme of the forward and reverse links. The secofith rest of this paper is organized as follows: Section Bityi
option, known as L-DACSZ2, is a narrowband system thglscribes the OFDM inlay system of L-DACS1. In Section Il
uses Gaussian minimum shift keying (GMSK) modulation angle introduce a GM model to represent DME interference
the all-purpose multichannel aviation communicationsesys 5;nq AWGN at the L-DACS1 receiver. Section IV considers
(AMACS) access control. _ . the optimum OFDM receiver of L-DACS1 in the presence of
The multicarrier design of L-DACS1 is more suitable fop\E interference. Finally, simulation results and conahgd

interference mitigation than L-DACS2 [1]. However, the COpamarks are presented in sections V and VI, respectively.
existence of distance measuring equipment (DME) signals

in the L-band can interfere significantly with L-DACS1 [2]. Il L-DACS1 SYSTEM MODEL
To achieve reliable communications, L-DACS1 must employ o ) )
robust interference mitigation techniques in the phydmpér.  L-DACSL is planned to operate in the aeronautical part of
Due to the impulsive nature of DME pulses, several impuldB€ L-band 960-1164 MHz) between adjacent DME chan-
noise cancellation schemes [3], [4] have been developedﬁﬁ's [15]. Figure 1 illustrates the spectral placement. The
order to mitigate the impact of DME interference [3], [4].
Those methods are classified according to DME suppression PRt MR
either in time or frequency. A clipping and a blanking de-
tector use a memoryless nonlinear operation to either limit DME (1157-1213)
or blank the impulse noise affecting received signals [B]. | ood o7s 1025 loss  1os3 1095 1150 1164 Frequency (M
OFDM systems, the clipping and blanking nonlinearities—[G]Fig_ 1: The spectrum deployment of L-DACSL1 in the L-
[8] are implemented before the fast-Fourier transform (FFfanq [15]
demodulation. Even though these nonlinearities add almmost
complexity to L-DACS1, they require perfect knowledge Oferonautical L-band portion frof60-to-1164 MHz is mainly
DME impaired samples. In frequency domain, there are skvejaeq by the DME and tactical air navigation (TACAN) sys-
algorithms treating the effects of DME interference afteg t toms. DME is a radar system associated with airborne fiagsilit
_ _ o to determine the slant distance of the aircraft to a ground

K. A. Saaifan and W. Henkel are with the Transmission Systemuf . . . .
Jacobs University Bremen, Bremen, 28759, Germany, e-nkisaaifan, station. The airborne interrogator uses the DME channels in
w.henke} @jacobs-university.de. the frequency band$041-1083 MHz and 1094-1150 MHz

Galileo/GPS

GSM DME DME DME

L ava - -
[ uss
[ uss




to transmit a sequence of Gaussian-shaped pulse pairsavkrage energy per symde{|Xk|2} = 1. The OFDM
transponder in the ground station replies with the same sgmbol is appended by a cyclic prefix (CP) of length6 us.
guence of pulses at frequencie63 MHz offset from the inter- A part of the CP serves as a guard interval of lengthus to
rogation frequency. Hence, the DME channels in a frequeneytigate the multipath effects of an aeronautical radioncied.
band 978-1025 MHz are only allocated to the responses ofhe other part is used for transmit windowing to reduce the
ground stations. The inlay approach of L-DACSL1 utilizes theut-of-band radiation [15]. The baseband received sigaal ¢
gaps in the frequency banég8 — 1025 MHz and1041 —1083 be given as

MHz for the forward and reverse links, respectively. The -1

forward link (FL) is exposed to DME/TACAN interfe_rence r(t) = \/%Z hx(t — 1) 4+ n(t) +i(t) 2)
caused by DME transponders. However, the reverse link (RL) =0

is subject to interference caused by the aircraft interiarga where E, is the transmitted energy per symbol aficrepre-

sents the OFDM symbol duratioh; andr; denote the channel
A. OFDM System coefficient and delay associated with #he path, respectively.

The FL of L-DACS1 inserts an OFDM system with gFor aeronautical channels, the fading coefficiehjsis a
bandwidth 0f498.05 kHz into the gap between two DME rep|ycomplex-.valued random var.iable. The kind of fading depends
channels [15]. The OFDM system is efficiently used to tran@" the flight mode of an airborne. The tern(s) and n(f)
mit 50 subcarriers with a subcarrier spacifgf = 9.765625 represent DME interference and additive white Gaussiasenoi
kHz. The FFT sizeN = 64 is chosen to providg guard (AWGN), receptively. For FL transmission(t) C(_)mp_rises of
subcarriers on the outer edges of the L-DACS1 spectrum. TiP!Y signals from ground transponders operating in the DME
OFDM system has a total bandwidByrr = 625 kHz with channels at+0.5 MHz offset to the enter frequency of the
an OFDM symbol duratiof” = 102.4 s. To face different OFDM system. The DME reply signal of the™ ground
interference conditions, L-DACS1 integrates adaptive modStation consists of a random sequence of Gaussian-shaped
lation and coding (AMC) into the OFDM system. For stron@UlS€ pairs with a fixed pulse rate, pulse pairs per second
interference conditions, the default setting employs gatade (PPPS). The basic DME pulse pair signal can be written as [2]
phase sh.ift keying (QPSK) modula_tion_ with congatenated g(t) = e~ 3 4 o5 (t-AY? , (3)
block coding and Reed-Solomon coding in the physical layer. ) ) )

DACS1. An OFDM symbol can be given as the two pulses. The DME pulses of th&" ground station at
the L-DACS1 receiver are characterized by the peak amgitud
B = 628 ki A, and a frequency offsef,. Since the DME interference
] observed at the OFDM system is composed of DME pulses
0{;» opT from V. DME stations,i(t) can be expressed as
X T
‘ ‘/ x; T? fs = Brrr (8 = vV Ny A ; ; P2 futtiun 4
B::::y ak sp| a;;Dp;Tt sl E ON IO i(t) _;11;1 vg(t —tyu)e ) (4)
k Koo 263 where N, = X, - T is the number of DME pulse pairs
o{T' chanmel considered in the OFDM symbol interval for the v'" DME
— station. The arrival times, ,, v = 1, ---, N, of the Ptk
L-DACSL1 transmitter DME station are randomly generated according to a Poisson
_ DME ., random process [2]. The phases, are equally distributed
interference in the interval[0, 2x]. The RF filter in the IF stage of the L-
] AWGN n(t) DACS1 receiver limits only the impacts of DME interference
Z ii: e that fall outside the LDACS1 spectrum. The impacts of DME
. bsopomdett ixippr  RF Filter interference that fall within L-DACS1 is given by passii(@)
to QAM S ) I PV S }ﬁ_ﬁ:q_ through a received filtef zr(f). To avoid aliasing effects
demodulatoN 228 . () of DME interference, the received signal after RF filtering
] Y255 is over-sampled by a factor of. In a conventional OFDM
receiver, the samples of the received signal are transfibrme

into frequency domain by means of an FFT. The length of
the FFT is increased according to the over-sampling factor.

L-DACS1 receiver

Fig. 2: The L-DACS1 OFDM baseband model For further baseband processing, only the subcarriersetela
to LDACS1 are considered and all other subcarriers are
56 discarded.
2(t) = Xpe?HA 0 <t < T, 1)
k=7 B. Aeronautical Channel Models
where X, k = 7,8,---,56, denote complex-valued data The different flight modes of the aircraft lead to several

symbols taken from a QAM constellation of a normalizedistinct wireless channel scenarios for L-DACS1. The cleghnn



model [16], [17] of each scenario is characterized by the tyfMCA model [21] assumes that the received interferenge

of fading, the Doppler frequencyp, and the delay spreadconsists of two independent components: a Gaussian compo-
7. In Table |, we summarize the channel models for differemientn(¢) and an impulsive componefit). The impact ofi(t)
worst-case scenarios such as en-route, take-off/lan@dind, can be represented as a train of random pulses as illustrated
parking [17]. The en-route and take-off/landing scenarids Fig. 3. The impulsive waveforms comprisiig) have the

TABLE I: Channel model parameters for different flight sce- X (pps)
nario [17] B B R a=1p
. . Doppler time
Scenario fading delay spread frequency Ty T Ty
onroute Rll:ég:(f%:;,or gil’ectotfuzagglsd Gaussian PSD., OFDM symbol OFDM symbol
- 1 =U. — .. L
Kp =15 dB =152 us 1D =125KHz lor] =01 enoa Jor| soo - enoa |
Ricean, : . : : : ;
take- Ricle(;?::tor exponential, Jakes PSD, Fig. 3: OFDM signals in the presence of impulse noise
off/landing Kp — 10 dB Tmax = 20 us fp =512 Hz
parking Rayleigh exponential, Jakes PSD, same impulse duratiofp, which is quite similar to the DME
Tmax = 3 pS fp =54.6 Hz signals. According to the rate of impulsas=1/77, the duty

] .cycleA = fF—D defines the impulsive index of the MCA model.
correspond to the case where a very strong line-of-sighfs G\ approximation of the MCA model assumes that the
(LOS) direct path is present between the ground station aggnjes ofi(#) follow a Gaussian distribution with variance
the aircraft. Since the L-DACSLI receiver is assumed to he _ E{i(t)}. For A < 1, the probability distribution of the

perfectly synchronized with the delay spread and DOpp'Eémplex-valued received interferencé) = n(t) + i(t) can

shift, the receive signal can be written as be expressed as [22]
. 212 212
r(t) =/ Zehox(t) +n(t) +i(t) , (5) pa(z) = 171246_‘0‘% N %6_\0\% | ©
wherehq is a constant gain of the channel. Due to the strongore ’ '
LOS component, the performance of L-DACS1 for the en- ) ) )
route scenario is similar to the performance of the additive om =0c+ 307, m=0,1, (7)

interference plus noise channel. In the parking scena®, tyhere o2, denotes the variance of complex-valued Gaussian
. _ H . 2 .
channel model can be approximated by frequency-select &sen(t). The ratioT = Z represents the Gaussian factor

Rayleigh fading with an exponential power delay profile [17 f the MCA model. The GM approximation considers that the
noise process of(t) has two statesn = 0 andm = 1. The
[1l. STATISTICAL MODELS FORDME INTERFERENCE Gaussian stater — 0 denotes AWGN andn — 1 indicates

interference limited channels is the statistical modeldofg expressed as

the received interference. For Gaussian interferencepghe
' . _ . 02:(1—A)02+A0'2

timum OFDM receiver can be implemented using the FFT 0 1o

receiver. However, when the interference exhibits an isipal =0t +o7. (8)

a.ppearance,.thg FFT algorithm is not OP“m”m, for OFDMyis model is memoryless since the impulsive samples are
signal c_ietectlon in impulse noise [13,)]' Th? mpul_swe nam taken independently according to a state probability In
DME signals follows some heavy-tailed distributions. Exig OFDM systems, the received OFDM signal is typically sam-

models of impulse noise are classified as either empirical &@d at a frequency’, — Brpr. Since the duration of pulsed
statistical-physical. On the one hand, empirical modetsioe interferencel’, > 1/Byrr, the impulsive samples corrupt a

tractable distributions, which fit the probability diswtions ¢, consecutive samples of the received OFDM symbol. For
of measured data. On the other hand, the statistical—mdysiBME interference T, may reach20% of the length of the

models admit more accurate and complex distributions Whoé‘ffDM symbol [23]. A Markov model can be well integrated
parameters have a direct physical significance. In theVidtig into a memoryless GM model to introduce memory between

subsectiqns, we adopta GM distribution to model the_ i_nﬂeenﬁ‘npulse noise samples [22]. The probability distributidrie
of DME interference superimposed to AWGN. Add't'ona"yreceived noise sample, under a known state of noise,, can
we evaluate a power spectral density of DME signals to deriyg given as

the parameters of the GM model. _lzpl?
p=(2n|my,) = #e T 9)
A. Gaussian Mixture Model which is the same for impulse noise models with and with-

A GM distribution is one of the most accepted modelsut memory. However, for impulse noise with memory, the
for impulse noise superimposed to AWGN [18], [19]. Theeceiver can utilize the correlation properties of impedsi
GM model is designated to approximate a Middleton Class\aveforms to identify the presence of impulses. To speaify a
(MCA) model for moderate and strong impulse noise enviroaccurate model for DME interference, one should relate the
ments [20]. Similar to received interference at L-DACSZ% thGM parametersA and Y to the proprieties of DME pulses.



B. Spectral Analysis and Parameters Determination Figure 5 depicts the time-average power spectral density of

As already mentioned, the baseband DME interference BME pulses at the offset frequendyrrr/2 — 0.5 MHz with
the L-DACS1 receiver is obtained by passing) through A» = 1 and A, = 3600 ppps. Ideally, the received filter
an RF filter. The noise resulting from passing AWGN and
DME interference through a band-limiting receive filter can ‘ ‘
be expressed by 50 - — |[Hrr(F)] 1

é(t) = ’h(t) + \Z(t) s (10) —DME before filtering
- -DME after filtering

time-average power spectral density
: .

wheren(t) andi(t) are the contributions of AWGN and DME

interference inside the L-DACSL1 spectrum, respectivehe T

samples ofn(t) can be modeled as band-limited complex-

valued white Gaussian noise with zero mean and variance

0'20 = NoBppr. To derive the GM parameterd and T

of DME interference, we first consider the interfererigg)

of the v*" DME station operating at a frequency offset -100 - v |

fo = Brrr/2 — 0.5 MHz. Then, we extend the result to o

derive the impacts o DME stations operating at the same

or different offset frequencies. Figure 4 illustrates adsd 150 0 05 N

model and signal processing of DME interference at the L- Frequency (MHz)

DACS1 receiver. Due to the cyclostationary feature of thejg. 5. The spectrum of DME interference operating at
—0.5 MHz offset to the center frequency of L-DACS1

-50

PSD (dBm/Hz)

A i () Hgr(f) should pass the baseband spectrum of L-DACS1,
—9(®) i.e., Hrr(f) = 1 for 0 < f < Bppr. The time-average
: autocorrelation function can be expressed as
t Alej?.’rflt 4!): Brpr ) - j2wfr
—I—I—LH o, = [ S, (N”Idf,

R iy () ©(t) i(t)
—d gt _|_>_. Hy o () B |
=7 (G(f = fo)Pe7df . (15)
: 0

" Ay EjQﬂfvt

Fey o) Indeed, the received DME interferenie) comprises of mul-
— g(t) —»(%)— tiple DME random sequences from different and independent
DME ground stations. Thus, the time-average power spectral
P density of DME interference caused by DME stations can
v be given as
Fig. 4: A baseband model of DME interference for L-DACS1 ar
DME pulses;i,(t) can be expressed as Si(f) = Zl T:'G(f = fo) P HRre () (16)

in(t) = A, Z gt — uT, — ty)e>Fottivvn — (11) Since the backgrqund (_Baussian noise) ar_1d DME inter-
ference are statistically independent, the time-averayeep

where T, — 1/), is the period of pulses and delays.. spectral density of the received interfererice) is
Vu, are uniformly distributed in the range with, 7.,]. Since e f—ZEET :
g(t) is deterministic, the time-average power spectral density S:(f) = No - rect | =52 | + 5;(f) - 17)

of i, (t) can be written as The variance of(¢) can be computed as

A2
Si, (f) = Z2IG(f = fu)I?, 12 Brrr
(f) = F1G( = 1) (12) o= [ s,
whereG(f) is the Fourier transform of(¢), which is 0 v
‘ — No-Brpr + > 4B, 18
G(f) = 20/ e 258 cos(mfAt)e ™A (13) v ;T” ’ (o)
«

where At = 12 us for the X-mode operation of the DMEwhere E, , = OBFFT |G(f — fo)|?df. The termNy - Brpr
station. Since,(t) is passed through a receive filtHiz~(f), denotes the variance of AWGN;Z. From (18) and (8),
the time-average power spectral density of the filteredrintehe variances? can be related to the properties of DME

ference,i,(t), is given by interference as v
2
A2 2 _ A
5,(0) = Z2IGU ~ LIPIHRe (P (14) 7= 7, Far (19



Since the DME random sequences of thieground stations TABLE I T_he parame_ters of the GM model for the worst-
are indej&endent, the pulse rate of the composite sequencE@€ scenario of DME interference
A1 =Y ,—1 A This is in agreement with a Poisson proces

for modeling and simulating DME interference. Thus, theydut| A7 (ppps) | A=X; xTp o7 (W) T= %
cycle of composite pulses is 7200 0.144 1.165 x 1012 0.2135
j— TD
=7
=\Tp, (20) Brrr = 625 kHz. According to the values in Table I, we

. ] ] ~_use (19) and (20) to compute the parameters of the GM model
whereT, is the duration of the basic DME pulse after filteringys presented in Table I1l. To demonstrate the GM model of
andT; = 1/X; is the average period of the composite DME ;) \ve computed the probability density function (PDF) for
pulses. _ S ~ the amplitudes of the in-phase and quadrature components.
To investigate the amplitude distributions of the receNeﬁigure?depicts the GM distribution for modeling the reeeiv

interference:(t), we consider a worst-case scenario for DMEyerference. We observe that the GM distribution provides
interference [9], [10]. In such a case, the receiver is exgdos

to a strong DME station operating gt = Brpr/2 — 0.5
MHz with a peak power of-67.9 dBm. The received signal — Gaussian mixture density
is additionally corrupted by another DME station ft = O in-phase component of ()
Brpr/2+0.5 MHz with a peak power of-74 dBm. The pulse X wdrature component L0
rate of each station i3, » = 3600 ppps. Figure 6 illustrates 107¢ 8
the composite DME pulsei:st). Since the interference process A=0.144

YT =0.2135

[ 105F
a
0.8 T T T T T T T T [N

—— envelope [i(t)]

====in-phase component

= = = quadrature component

Tp

| |
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
received noise voltage, uV

Fig. 7: The GM distribution of the received DME interference
| ] caused by two DME stations for the en-route scenario

10°

pulse amplitude (V)

—04f ! 1 a sufficient model for DME interference and AWGN. In
h P T v T addmon, we observe that? > o2, whlch justifies th(_a h.eavy
time (i) tails of the computed PDF. The previous analysis is well-

) . ) . suited to aeronautical channels with a strong LOS component
Fig. 6: The impulsive appearance of DME interference at thgiiar to the L-DACS1 channels, the DME signal from

L-DACSL1 receiver each DME station is transmitted over an aeronautical cHanne

. | lued deict th | q q with different scenarios. In a parking scenario, the remgiv
s complex-valued, we depict the envelope and quadratyf terence in multipath fading channels is

components of(t). For both DME stations, the basic DME

pulse pair after filtering is characterized By, = 20 ps and _ v L-1 _
Ey, = 1.6 - 1078 W/Hz. In Table Il, we summarize the i) =D hosin(t — 7)), (21)
properties of DME interference for the worst-case scenario v=11=0

For additive Gaussian noise, we assume the thermal nojggeren, ;, Vi, are complex-valued Gaussian distributed chan-
TABLE II: The properties of DME pulses after the receivepeI .COEffg"ths' TheLil\llerage p‘;""er of thie EME qhaaneI
filter is given byo?, = >, E{|h.|*}. Hence, the variance?

(cf. (19)) can be rewritten as

) Eyv v
Scenario Tp (uS) | Av (PPPS) | Av (1V) (Wj’,qz) o2 — Z Ao }21'0 E (22)
. I — 7 g
DMEftat'O” 20 3600 12735 | 1.6 x 10~8 o D
DME;ta“O” 20 3600 6.301 1.6 x 10-8 | which extends the GM model to represent DME interference

with fading. In Fig. 8, we investigate the PDF of the received
DME interference through a two-path fading channel. For
density Ny = —174 dBm/Hz, which results in a noise simplicity, we assume two equal power paths with, = 1
power o2 = 2.49 x 107! W in the considered bandwidthand ., = 3 us. Sincer,,.. < Tp, it is interesting to note



that the GM modeling of (21) provides the same parametesbierey; = [7;/T¢"] is the channel delay (rounded to samples)
of DME interference as without fading. associated with thé" path. The sample indepo, — p] for

ns = 0,--- 255 representsns — 1;] modulo256 due to the CP

: : : : insertion. Sincel’ = 256 - T2V, the received OFDM symbol
0k — Gaussian mixture density , consist of Ny = 256 samples. In a matrix form, the received

Q in-phase component of %
x qu;’draturc c;)mpont(‘nt o(ffi(i) OFDM vector can be expressed as
7L 2 i _ .
N y = /5w HFY X + 2, (26)

A=0.144
T =0.2135

whereH € CV-*N: s a circulant convolution channel matrix
of i.i.d. complex Gaussian entries. The mati¥ denotes
the inverse discrete Fourier transform matrix. Sm&@@ =
\/_LNSF%S forms a unitary IDFT matrix, the received OFDM
vector can be given by

104 F

y = %I:Ix +z, (27)
10° ' ' ! ! ! : : °
0 e s votage v where the OFDM symbak = W X results from an IDFT
Fig. 8: The GM distribution of the received fading DMECT @ complex-valued data vecta = [Xo, - -, Xass]",
interference for a parking scenario which contains the transmit data symb&g, £k =7,--- , 56.

Due to over-sampling, the received interference veetor
C?%6x1 gpreads the samples of DME interference ¥p =
[Tp/T2Y] = 50 consecutive observations. Similar to (9),
the probability distribution o, , ns = 0, ---, 255, under
The detection problem of OFDM signals involving a GMperfect knowledge of impaired samples by DME interference,
model for impulse noise is considered in [14]. The optimuns
detector treats the OFDM symbol as a complex number (CN)

IV. RECEIVERDESIGN AND OPTIMIZATION

My =0

code that uses the IDFT matrix as a generator matrix [13]. ) —‘zj‘,—;z i —

The design rule of the CN codes in memoryless GM noise () = wz® 0 A= n"il’ (28)
shows that the IDFT mapping provides a large coding gain. ° a2 e

Since the existence of a DME pulse within an OFDM symbol %{T 0 2 =T, + i,

=

corrupts several consecutive received samples, a merseryle
assumption for DME pulses will not be correct. Hence, toheren,,, denotes a sample of band-limited complex-valued
optimize the L-DACS1 receiver, we need to specify the joirbaussian nois&(t) with variancec? = Ny - Bppr in the
distribution of the impaired samples by DME pulses. At the-DACS1 bandwidthBrrr. The impaired samples by DME
L-DACSL receiver, the received OFDM symbol after filteringnterference:,,. = #,,.+1,,. can be modeled as Gaussian noise

can be expressed as follows: with variances? = 0% + 407, whereo? and A are computed
o by (19) and (20), respectively. The temporal correlation of
_ /E. _ X the DME signal determines the covariance matrix of the
y(t) = \/:lZO: hia(t — ) +2(1) , (23) noise observations, which leads to af-dimensional GM
\7 model [24]. Hence, under perfect knowledge of noise states,
where 2(t) = n(t) + «(t) can be modeled by the GMthe distribution of the received interference vectocan be
distribution with parameters?, A, ando? as presented in written as
the previous section. To avoid aliasing of DME interference N 1 —2fx 1y (29)

) . . - p(z) = N.ov ¢ S
occurring at offset frequencies outside the OFDM bandwidth Ve |3, |

the received signa} is over-samplled. by sampling r&te = where X;, is the covariance matrix ok. In the absence of
4- Bppr. The received samples within an OFDM symbol cap e signals, the covariance matrix can be given3as —

be expressed as aéINS. However, in the presence of DME interference within

255 the received OFDM symbol, we need to evaluate the exact
Yn, = Z 0t —nTM)y(t), 0<t<T, (24) covariance matrix of the DME samples. For simplicity, we
ns=0 design the optimum L-DACS1 receiver with
where TV = 4-B;FT is the sample spacing. From (23) >, —F [zzH} ’
and (24), we obtain )
Ome 0 0
L1 0 (‘77271 - 0
Yo =\ B> hulng — ) + 2, ns =0, 255, = . | (30)
1=0 : : . :
(25) 0 0 - on



wherem,, ., n, = 0--- N; — 1, are noise states of the inter- 4 x10°
ference observations,, within the received OFDM symbol.

—received OFDM signal
Thus,’fl’bnS = 0 for Samples Corrupted Only by AWGN and 351 —reference signal of interference| |
m,, = 1 for impaired samples by DME interference. The | — DME pulse

above model represents the samples of DME interferenceg
as independent Gaussian random variables. To model th¢s 25+ 8
temporal correlation of DME sampleg;; should include
correlation coefficients outside the main diagonal. In thie f
lowing subsections, we introduce a simple DME pulse detecto — 15,
to determine the noise states of DME interference. Then, we = ’l l
I fi
‘, ‘

N
T

[6)]

T
TS

A. DME Pulse Detection 0 5

T_he_ detect!on of DME. puls_es was considered in [8]2 [quig. 9: Utilizing the null subcarriers to extract a referenc
to limit the impact of impaired samples together with %ignal of received interference

pulse clipping technique. The locations of DME samples are
identified using a correlation with a Gaussian-shaped pulse

This approach exploits the shape of the DME pulses to inglicat 157 ;

the presence of DME interference. However, the correlation __;?fi1lcﬁﬁcll;?fn signal
approach suffers from false detection of DME pulses at high —DME pulse

signal levels. To overcome this problem, we make use of o
the guard subcarriers of the OFDM system to reconstruct a=~ 1|
reference signal of the interference. After an FFT bloak, i.
Y = Wy.y, the received signal from the null subcarriers is
given by [8]

Y[k] = N[k] + I[k], k=0,---,6,57,---63, (31) 081

where N[k] and I[k] represent the DFT samples of AWGN

and DME interference, respectively. Since the power spkctr

density of DME interference is concentrated at the edges of M ‘ ‘ ‘
the L-DCAS1 spectrum, the null subcarriers of the OFDM 0 *0 " e sample 200 20
system are sufficient to reconstruct a replica of receiv

interference. Therefore, one can reconstruct a referégnals
of the interference as

nal amplitud

present the optimum OFDM receiver to mitigate the effects of ’
DME interference. 05

100 150 2
time sample

0

signal amplitud

?qg. 10: DME pulse detection from a cross-correlation signa

Zret = WE Yo, (32) completely match_ t_he peaks (_)f the actual DME interference.
o56x1 This leads to efficient detection of DME pulses regardless
where Yy, € C is formed only by the data of null 4 the power of the received OFDM signal. To compute the

SUb?arrierSY‘m‘}v’“ = Ry, k = 0,---,6,57,---63. Figure .9 covariance matrix2; of noise observations, the noise states
depicts a received OFDM signal and a reference replica plfns can be estimated as

the interference employing the null subcarriers of the OFDM

system. The power level of the received signal was set such 1 for |z [ns]| > Teliv
that the signal-to-noise ratid;, /Ny, is equal tol0 dB. Similar " 0 for |relns]| < TP
to the correlation approach, we correlatg; with a generic

Gaussian-shaped pulse. The generic DME pulse in discriteereT!'P denotes a clipping threshold to identify the DME
time is given by pulses [25].

(35)

dk] = e 2®I" g —0,.. N,—1. (33) . .
B. Optimum OFDM Receiver

The cross-correlation., between the time domain reference Using the N-dimensional GM model (29), the likelihood
signalz,.r and a generic DME pulse can be expressed as functionsp(y|X) of the received signal (27) can be expressed

Zer[ns — k] = E {Zet[ns]d¥ K]} - (34) as
Based on a cross-correlation signal, a threshold decisaon ¢ 1 “(y— ] Eeax i v | 2 Ex
. . . . . . ( |X) — T z T
efficiently identify the locations of DME pulses. Figure 10 P\WYI%) = 7TNS|§;2|6 :
illustrates a cross-correlation signal of the referenderin (36)

ference with the generic Gaussian-shaped pulse. From tBimilar to the optimum OFDM detector in GM noise, we
figure, we observe that the peaks of the cross-correlatipraki optimize the L-DACS1 receiver to select the sequence that



maximizes p(y|X). For M-ary modulation schemes andnoise are also depicted as references. Figure 10 shows the
N, used subcarriers, the receiver searches dveé¥* pos- BER curves for the en-route channel in the presence of DME
sible choices of the transmitted signal vect®. For L- interference caused by two different DME ground stations as
DACS1 with QPSK, the optimum receiver searches ovegiven in Table Il. For this scenario, we additionally depict

459 possible sequences. Sin(E;1 = LLY, whereL = the performance of the optimum receiver in memoryless GM
diag [1/0mq, =+ » 1/0my,_,], the maximum likelihood (ML) noise with the predetermined parameters= 0.144 and Y =
estimate of the transmitted symbol leads to 0.2135 as a reference. Second, we repeated the simulations
A _ 2
K, = argmin ’LHy —JELrrawl x|, @37 ¢
X <

-a-conventional OFDM receiver

which searches over all possible information symbols tecel 10t -0-clipping detector

a closest signal vector to the received vedidty. To avoid

the exhaustive search of the optimum receiver, we use aspher
decoder, which searches only over possible lattice poivas t
lie within a sphere of radiug,. The sphere equation of the ook
optimum detector can be expressedas &+ ___

-¢- optimum receiver with DME
=« optimum receiver with GM noise

2 L

10 ——w /0 interference

BER

L7y — GX[* < fo . 8 :

whereG = |/ Z LYHWZ . The sphere equation (38) can  10°
be implementea sequentially as in [26], or concurrently as
in [27], [28]. Using a QR decomposition, the mati@ can 10°E ] \
be factorized into a product of a unitary mat§y and an ’ ° Cp N g

upper triangular matriR. Thus, (38) can be reduced as

I
20 25

Fig. 11: Performance comparisons of different L-DACS1 re-
ILHy — QRX|2 < B, ceivers for two DME interferers, QPSK, uncoded, and an

AWGN channel.
Q7L y - QQRX|* < (39)

y - RX]Q < B, to inyestigate the per_formance Qf th.e optimum rt_eceiygr @ th
parking scenario as illustrated in Fig. 12. For simplicitye

which is identical to solving the following linear least suas assume flat Rayleigh fading. From both figures, we observe
problem

Ns—1 2

> Jun — S RapXe| <Boume =Ny = 1,00, g 7

n=ng

(40)
For L-DACS1, the sphere decoder solves the above set ol 1? 5
conditions in the order ofiy, = 56 to n, = 7. .
E 3
V. SIMULATION RESULTS 0 ]

We performed a link level simulation to validate the receive :Eﬁ;::‘;’i‘iﬁilm recelver
optimization of L-DACS1 in canceling the effects of DME 10°F |9 optimum receiver with DME 3
interference. To assess the receiver performance, we imple ~+ optimum receiver with GM noise
mented the described DME detection scheme along with the ==w/o interference
sphere decoder to realize the optimum OFDM receiver. W5 10 15 20 25 30 35 40 45 50

E,/N,, dB

For generating the OFDM signal, uncoded QPSK symbols
were transmitted over an AWGN channel for the en-route sdéig. 12: Performance comparisons of different L-DACS1
nario. However, to investigate the performance of L-DACS$1 ireceivers for two DME interferers, QPSK, uncoded, and a
the parking scenario, we consider a Rayleigh fading channehyleigh fading channel.

For both scenarios, we first consider the worst-case for the

DME interference. Then, we investigated the case of a sindlet the optimum receiver provides better performance than
DME station on the L-DACS1 spectrum with a received peatonventional receiver and the clipping detector. Addiibn
power —65 dBm and different rates of pulses. We use (19ye observe that the optimum receiver for DME interference
and (20) to determine the GM parameters for each case. In irevides a performance near the limit of GM noise. This
following results, we depicted a bit-error ratio (BER) wess confirms the robustness of the optimum receiver against the
E,/Ny of the sphere decoder compared with the clippingnpulsive nature of DME interference as well.
detector and the conventional OFDM receiver. For comparisd-igure 13 depicts the BER curves for the en-route scenario
the performances obtained for AWGN and memoryless GM the presence of one DME interferer with powe6é5 dBm



and different pulse rates; = 10800 ppps,A\; = 7200 ppps, [2]
and A\; = 3600 ppps. This scenario results in different values
of the parametergl andY of GM noise. From (19) and (20), 3]
for a fixed DME power, we note that? and A are increased

as the pulse rate increases. This justifies why the optimu%
receiver provides different performances with respecthi® t

rate of pulses.
(5]

(6]

] (7]

102

1 (8]

8 109
m10

—-8-conventional, A\; = 10800 ppps
—-x—conventional, A\; = 7200 ppps
-3 conventional, A\; = 3600 ppps
—g-optimum, A; = 10800 ppps [9]

-x—optimum, A; = 7200 ppps

5| E
10 -%-optimum, A; = 3600 ppps
=#=w /0 interference [10]
106k | | | ! ! ! S
0 2 4 6 8 10 18 20
E,/Ny, dB [11]

Fig. 13: Performance comparisons for a single DME interfere
with different pulse rates, QPSK, uncoded, and an AWGN
fading channel. (12]

VI. CONCLUSION (23]

In this paper, we have investigated the statistical modelin
and cancellation of distance measuring equipment (DME)4]
interference for the L-band digital aeronautical commatian
system (L-DACSL1). In particular, we treat the impacts of DMES]
interference as impulse noise. First, we introduced a Gauss
mixture (GM) model to represent the statistical distribati
of the received DME interference superimposed to AWGNE®!
Then, we optimized the detection scheme of OFDM signals
in GM interference to cancel the effects of DME interfer-
ence. We showed that the maximum likelihood (ML) detectd’]
leads to sphere decoding under perfect knowledge of DME
pulses affected observations. To support the receiverswith [18]
knowledge, we developed a simple DME pulse detector, which
identifies the locations of DME samples from the receivegl
OFDM symbol. In this approach, we extracted a reference
signal of the interference by utilizing the null subcarsief
L-DACS1. We presented simulation results showing that ttgzeo]
optimum design of the L-DACS1 receiver outperforms other
mitigation schemes. (21]
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