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Cancellation of Distance Measuring Equipment
Interference for Aeronautical Communications
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Abstract—The L-band digital aeronautical communications
system (L-DACS1) is subject to strong interference caused by
distance measuring equipment (DME). For efficient statistical
processing of interference, we adopt a Gaussian mixture (GM)
distribution to model the impulsive nature of DME signals.
Hence, we drive the parameters of the GM model in terms
of properties of DME signals. This allows us to redesign the
optimum receiver for mitigating DME interference. We also
provide a simple pulse detector to estimate the presence of DME
signals utilizing the null subcarriers of L-DACS1.

Index Terms—DME Interference, Gaussian Mixture, L-
DACS1, OFDM.

I. I NTRODUCTION

T He L-band digital aeronautical communications system
(L-DACS) technology provides the air-to-ground data

link services within the future communications infrastructure
(FCI) for aviation. The L-DACS technology identifies two
options concerning the operational compatibility with existing
systems in the L-band. The first option is L-DACS1, which
uses orthogonal frequency division multiplexing (OFDM)
modulation with frequency-division duplex (FDD) as an ac-
cess scheme of the forward and reverse links. The second
option, known as L-DACS2, is a narrowband system that
uses Gaussian minimum shift keying (GMSK) modulation and
the all-purpose multichannel aviation communications system
(AMACS) access control.
The multicarrier design of L-DACS1 is more suitable for
interference mitigation than L-DACS2 [1]. However, the co-
existence of distance measuring equipment (DME) signals
in the L-band can interfere significantly with L-DACS1 [2].
To achieve reliable communications, L-DACS1 must employ
robust interference mitigation techniques in the physicallayer.
Due to the impulsive nature of DME pulses, several impulse
noise cancellation schemes [3], [4] have been developed in
order to mitigate the impact of DME interference [3], [4].
Those methods are classified according to DME suppression
either in time or frequency. A clipping and a blanking de-
tector use a memoryless nonlinear operation to either limit
or blank the impulse noise affecting received signals [5]. In
OFDM systems, the clipping and blanking nonlinearities [6]–
[8] are implemented before the fast-Fourier transform (FFT)
demodulation. Even though these nonlinearities add almostno
complexity to L-DACS1, they require perfect knowledge of
DME impaired samples. In frequency domain, there are several
algorithms treating the effects of DME interference after the
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FFT demodulation, such as an erasure-based convolutional
decoding strategy and a subcarrier clipping scheme [9], [10].
In [11], [12]; a sparse Bayesian learning (SBL) approach
is developed to reconstruct the impacts of impulse noise
as a sparse signal. For accurate OFDM demodulation, the
maximum-likelihood (ML) decoder utilizes the lattice-like
structure the OFDM symbol, which improves the system
performance in impulse noise [13], [14]. However, the ML
receiver is typically implemented by a lattice decoder, which
depends on impulse noise distributions. To redesign the lattice
decoder for L-DACS1, we first need to determine sufficient
statistical modeling of DME interference at the receiver.
In this paper, we investigate a Gaussian mixture (GM) model
to represent the effects of AWGN superimposed to DME
interference. We use spectral analysis of received interference
to derive the parameters of the GM model in terms of the
properties of the DME signals. Then, we develop the lattice de-
coder of OFDM systems [14] to mitigate the impacts of DME
interference. Since lattice decoding requires perfect knowledge
of the impulse noise impaired samples. We further make use of
the time-frequency properties of the DME signals to efficiently
identify their locations within the received OFDM symbols.
The rest of this paper is organized as follows: Section II briefly
describes the OFDM inlay system of L-DACS1. In Section III,
we introduce a GM model to represent DME interference
and AWGN at the L-DACS1 receiver. Section IV considers
the optimum OFDM receiver of L-DACS1 in the presence of
DME interference. Finally, simulation results and concluding
remarks are presented in sections V and VI, respectively.

II. L-DACS1 SYSTEM MODEL

L-DACS1 is planned to operate in the aeronautical part of
the L-band (960-1164 MHz) between adjacent DME chan-
nels [15]. Figure 1 illustrates the spectral placement. The

Fig. 1: The spectrum deployment of L-DACS1 in the L-
band [15]

aeronautical L-band portion from960-to-1164 MHz is mainly
used by the DME and tactical air navigation (TACAN) sys-
tems. DME is a radar system associated with airborne facilities
to determine the slant distance of the aircraft to a ground
station. The airborne interrogator uses the DME channels in
the frequency bands1041-1083 MHz and 1094-1150 MHz
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to transmit a sequence of Gaussian-shaped pulse pairs. A
transponder in the ground station replies with the same se-
quence of pulses at frequencies±63 MHz offset from the inter-
rogation frequency. Hence, the DME channels in a frequency
band 978-1025 MHz are only allocated to the responses of
ground stations. The inlay approach of L-DACS1 utilizes the
gaps in the frequency bands978−1025 MHz and1041−1083
MHz for the forward and reverse links, respectively. The
forward link (FL) is exposed to DME/TACAN interference
caused by DME transponders. However, the reverse link (RL)
is subject to interference caused by the aircraft interrogator.

A. OFDM System

The FL of L-DACS1 inserts an OFDM system with a
bandwidth of498.05 kHz into the gap between two DME reply
channels [15]. The OFDM system is efficiently used to trans-
mit 50 subcarriers with a subcarrier spacing∆f = 9.765625
kHz. The FFT sizeN = 64 is chosen to provide7 guard
subcarriers on the outer edges of the L-DACS1 spectrum. The
OFDM system has a total bandwidthBFFT = 625 kHz with
an OFDM symbol durationT = 102.4 µs. To face different
interference conditions, L-DACS1 integrates adaptive modu-
lation and coding (AMC) into the OFDM system. For strong
interference conditions, the default setting employs quadrature
phase shift keying (QPSK) modulation with concatenated
block coding and Reed-Solomon coding in the physical layer.
Figure 2 depicts a baseband OFDM system model of L-
DACS1. An OFDM symbol can be given as

Fig. 2: The L-DACS1 OFDM baseband model

x(t) =
56∑

k=7

Xke
j2πk∆ft , 0 ≤ t ≤ T . (1)

where Xk, k = 7, 8, · · · , 56, denote complex-valued data
symbols taken from a QAM constellation of a normalized

average energy per symbol,E
{
|Xk|

2
}

= 1. The OFDM
symbol is appended by a cyclic prefix (CP) of length17.6 µs.
A part of the CP serves as a guard interval of length4.8 µs to
mitigate the multipath effects of an aeronautical radio channel.
The other part is used for transmit windowing to reduce the
out-of-band radiation [15]. The baseband received signal can
be given as

r(t) =
√

Es

T

L−1∑

l=0

hlx(t− τl) + n(t) + i(t) , (2)

whereEs is the transmitted energy per symbol andT repre-
sents the OFDM symbol duration.hl andτl denote the channel
coefficient and delay associated with thelth path, respectively.
For aeronautical channels, the fading coefficientshl is a
complex-valued random variable. The kind of fading depends
on the flight mode of an airborne. The termsi(t) and n(t)
represent DME interference and additive white Gaussian noise
(AWGN), receptively. For FL transmission,i(t) comprises of
reply signals from ground transponders operating in the DME
channels at±0.5 MHz offset to the enter frequency of the
OFDM system. The DME reply signal of thevth ground
station consists of a random sequence of Gaussian-shaped
pulse pairs with a fixed pulse rateλv pulse pairs per second
(ppps). The basic DME pulse pair signal can be written as [2]

g(t) = e−
α
2
t2 + e−

α
2
(t−∆t)2 , (3)

whereα = 4.5 · 1011 s−2 and∆t is the inter-pulse interval of
the two pulses. The DME pulses of thevth ground station at
the L-DACS1 receiver are characterized by the peak amplitude
Av and a frequency offsetfv. Since the DME interference
observed at the OFDM system is composed of DME pulses
from V DME stations,i(t) can be expressed as

i(t) =

V∑

v=1

Nv∑

u=1

Avg(t− tv,u)e
j2πfvt+jϕv,u , (4)

where Nv = λv · T is the number of DME pulse pairs
considered in the OFDM symbol intervalT for the vth DME
station. The arrival timestv,u, u = 1, · · · , Nv of the vth

DME station are randomly generated according to a Poisson
random process [2]. The phasesϕv,u are equally distributed
in the interval[0, 2π]. The RF filter in the IF stage of the L-
DACS1 receiver limits only the impacts of DME interference
that fall outside the LDACS1 spectrum. The impacts of DME
interference that fall within L-DACS1 is given by passingi(t)
through a received filterHRF (f). To avoid aliasing effects
of DME interference, the received signal after RF filtering
is over-sampled by a factor of4. In a conventional OFDM
receiver, the samples of the received signal are transformed
into frequency domain by means of an FFT. The length of
the FFT is increased according to the over-sampling factor.
For further baseband processing, only the subcarriers related
to LDACS1 are considered and all other subcarriers are
discarded.

B. Aeronautical Channel Models

The different flight modes of the aircraft lead to several
distinct wireless channel scenarios for L-DACS1. The channel
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model [16], [17] of each scenario is characterized by the type
of fading, the Doppler frequencyfD, and the delay spread
τ . In Table I, we summarize the channel models for different
worst-case scenarios such as en-route, take-off/landing,and
parking [17]. The en-route and take-off/landing scenarios

TABLE I: Channel model parameters for different flight sce-
nario [17]

Scenario fading delay spread Doppler
frequency

en-route
Ricean,

Rice factor
KR = 15 dB

direct + 2 paths
τ1 = 0.4 µs and
τ2 = 15.2 µs

Gaussian PSD,
fD = 1.25 kHz

take-
off/landing

Ricean,
Rice factor

KR = 10 dB

exponential,
τmax = 20 µs

Jakes PSD,
fD = 512 Hz

parking Rayleigh exponential,
τmax = 3 µs

Jakes PSD,
fD = 54.6 Hz

correspond to the case where a very strong line-of-sight
(LOS) direct path is present between the ground station and
the aircraft. Since the L-DACS1 receiver is assumed to be
perfectly synchronized with the delay spread and Doppler
shift, the receive signal can be written as

r(t) =
√

Es

T h0x(t) + n(t) + i(t) , (5)

whereh0 is a constant gain of the channel. Due to the strong
LOS component, the performance of L-DACS1 for the en-
route scenario is similar to the performance of the additive
interference plus noise channel. In the parking scenario, the
channel model can be approximated by frequency-selective
Rayleigh fading with an exponential power delay profile [17].

III. STATISTICAL MODELS FORDME INTERFERENCE

One of the essential steps for receiver optimization in
interference limited channels is the statistical modelingof
the received interference. For Gaussian interference, theop-
timum OFDM receiver can be implemented using the FFT
receiver. However, when the interference exhibits an impulsive
appearance, the FFT algorithm is not optimum for OFDM
signal detection in impulse noise [13]. The impulsive nature of
DME signals follows some heavy-tailed distributions. Existing
models of impulse noise are classified as either empirical or
statistical-physical. On the one hand, empirical models provide
tractable distributions, which fit the probability distributions
of measured data. On the other hand, the statistical-physical
models admit more accurate and complex distributions whose
parameters have a direct physical significance. In the following
subsections, we adopt a GM distribution to model the influence
of DME interference superimposed to AWGN. Additionally,
we evaluate a power spectral density of DME signals to derive
the parameters of the GM model.

A. Gaussian Mixture Model

A GM distribution is one of the most accepted models
for impulse noise superimposed to AWGN [18], [19]. The
GM model is designated to approximate a Middleton Class-A
(MCA) model for moderate and strong impulse noise environ-
ments [20]. Similar to received interference at L-DACS1, the

MCA model [21] assumes that the received interferencez(t)
consists of two independent components: a Gaussian compo-
nentn(t) and an impulsive componenti(t). The impact ofi(t)
can be represented as a train of random pulses as illustrated
in Fig. 3. The impulsive waveforms comprisingi(t) have the

Fig. 3: OFDM signals in the presence of impulse noise

same impulse durationTD, which is quite similar to the DME
signals. According to the rate of impulsesλ = 1/TI , the duty
cycleA = TD

TI
defines the impulsive index of the MCA model.

The GM approximation of the MCA model assumes that the
samples ofi(t) follow a Gaussian distribution with variance
σ2
I = E {i(t)}. For A < 1, the probability distribution of the

complex-valued received interferencez(t) = n(t) + i(t) can
be expressed as [22]

pz(z) =
1−A
πσ2

0

e
− |z|2

σ2
0 + A

πσ2

1

e
− |z|2

σ2
1 , (6)

where

σ2
m = σ2

G + m
A σ2

I , m = 0, 1 , (7)

whereσ2
G denotes the variance of complex-valued Gaussian

noisen(t). The ratioΥ =
σ2

G

σ2

I

represents the Gaussian factor
of the MCA model. The GM approximation considers that the
noise process ofz(t) has two statesm = 0 andm = 1. The
Gaussian statem = 0 denotes AWGN andm = 1 indicates
the presence of impulse noise. The variance ofz(t) can be
expressed as

σ2 = (1−A)σ2
0 + Aσ2

1 ,

= σ2
G + σ2

I . (8)

This model is memoryless since the impulsive samples are
taken independently according to a state probabilityA. In
OFDM systems, the received OFDM signal is typically sam-
pled at a frequencyfs = BFFT . Since the duration of pulsed
interferenceTD ≥ 1/BFFT , the impulsive samples corrupt a
few consecutive samples of the received OFDM symbol. For
DME interference,TD may reach20% of the length of the
OFDM symbol [23]. A Markov model can be well integrated
into a memoryless GM model to introduce memory between
impulse noise samples [22]. The probability distribution of the
received noise samplezn under a known state of noisemn can
be given as

pz(zn|mn) =
1

πσ2
mn

e
− |zn|2

σ2
mn , (9)

which is the same for impulse noise models with and with-
out memory. However, for impulse noise with memory, the
receiver can utilize the correlation properties of impulsive
waveforms to identify the presence of impulses. To specify an
accurate model for DME interference, one should relate the
GM parametersA andΥ to the proprieties of DME pulses.
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B. Spectral Analysis and Parameters Determination

As already mentioned, the baseband DME interference at
the L-DACS1 receiver is obtained by passingi(t) through
an RF filter. The noise resulting from passing AWGN and
DME interference through a band-limiting receive filter can
be expressed by

z̀(t) = ǹ(t) + ì(t) , (10)

whereǹ(t) and ì(t) are the contributions of AWGN and DME
interference inside the L-DACS1 spectrum, respectively. The
samples ofǹ(t) can be modeled as band-limited complex-
valued white Gaussian noise with zero mean and variance
σ2
G = N0BFFT . To derive the GM parametersA and Υ

of DME interference, we first consider the interferenceiv(t)
of the vth DME station operating at a frequency offset
fv = BFFT /2 − 0.5 MHz. Then, we extend the result to
derive the impacts ofV DME stations operating at the same
or different offset frequencies. Figure 4 illustrates a baseband
model and signal processing of DME interference at the L-
DACS1 receiver. Due to the cyclostationary feature of the

Fig. 4: A baseband model of DME interference for L-DACS1

DME pulses,iv(t) can be expressed as

iv(t) = Av

∞∑

u=−∞

g(t− uTv − tv,u)e
j2πfvt+jϕv,u , (11)

where Tv = 1/λv is the period of pulses and delaystv,u,
∀u, are uniformly distributed in the range with[0, Tv]. Since
g(t) is deterministic, the time-average power spectral density
of iv(t) can be written as

Siv (f) =
A2

v

Tv
|G(f − fv)|

2 , (12)

whereG(f) is the Fourier transform ofg(t), which is

G(f) = 2

√

2π

α
e−

2π2

α
f2

cos(πf∆t)e−jπf∆t , (13)

where∆t = 12µs for the X-mode operation of the DME
station. Sinceiv(t) is passed through a receive filterHRF (f),
the time-average power spectral density of the filtered inter-
ference,̀iv(t), is given by

Sìv
(f) =

A2
v

Tv
|G(f − fv)|

2|HRF (f)|
2 . (14)

Figure 5 depicts the time-average power spectral density of
DME pulses at the offset frequencyBFFT /2− 0.5 MHz with
Av = 1 and λv = 3600 ppps. Ideally, the received filter
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Fig. 5: The spectrum of DME interference operating at
−0.5 MHz offset to the center frequency of L-DACS1

HRF (f) should pass the baseband spectrum of L-DACS1,
i.e., HRF (f) = 1 for 0 ≤ f ≤ BFFT . The time-average
autocorrelation function can be expressed as

φìv
(τ) =

∫ ∞

−∞

Sìv
(f)ej2πfτdf ,

=
A2

v

Tv

∫ BFFT

0

|G(f − fv)|
2ej2πfτdf . (15)

Indeed, the received DME interferenceì(t) comprises of mul-
tiple DME random sequences from different and independent
DME ground stations. Thus, the time-average power spectral
density of DME interference caused byV DME stations can
be given as

Sì(f) =

V∑

v=1

A2
v

Tv
|G(f − fv)|

2|HRF (f)|
2 . (16)

Since the background Gaussian noiseǹ(t) and DME inter-
ference are statistically independent, the time-average power
spectral density of the received interferencez̀(t) is

Sz̀(f) = N0 · rect

(

f−
BFFT

2

BFFT

)

+ Sì(f) . (17)

The variance of̀z(t) can be computed as

σ2 =

∫ BFFT

0

Sz̀(f)df ,

= N0 ·BFFT +

V∑

v=1

A2

v

Tv
Eg,v . (18)

whereEg,v =
∫ BFFT

0 |G(f − fv)|
2df . The termN0 · BFFT

denotes the variance of AWGN,σ2
G. From (18) and (8),

the varianceσ2
I can be related to the properties of DME

interference as

σ2
I =

V∑

v=1

A2
v

Tv
Eg,v . (19)
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Since the DME random sequences of theV ground stations
are independent, the pulse rate of the composite sequence is
λI =

∑M
v=1 λv. This is in agreement with a Poisson process

for modeling and simulating DME interference. Thus, the duty
cycle of composite pulses is

A =
TD

TI
,

= λITD , (20)

whereTD is the duration of the basic DME pulse after filtering
andTI = 1/λI is the average period of the composite DME
pulses.
To investigate the amplitude distributions of the received
interferencèz(t), we consider a worst-case scenario for DME
interference [9], [10]. In such a case, the receiver is exposed
to a strong DME station operating atf1 = BFFT /2 − 0.5
MHz with a peak power of−67.9 dBm. The received signal
is additionally corrupted by another DME station atf2 =
BFFT /2+0.5 MHz with a peak power of−74 dBm. The pulse
rate of each station isλ1,2 = 3600 ppps. Figure 6 illustrates
the composite DME pulses̀i(t). Since the interference process

Fig. 6: The impulsive appearance of DME interference at the
L-DACS1 receiver

is complex-valued, we depict the envelope and quadrature
components of̀i(t). For both DME stations, the basic DME
pulse pair after filtering is characterized byTD = 20 µs and
Eg,v = 1.6 · 10−8 W/Hz. In Table II, we summarize the
properties of DME interference for the worst-case scenario.
For additive Gaussian noise, we assume the thermal noise

TABLE II: The properties of DME pulses after the receive
filter

Scenario TD (µs) λv (ppps) Av (µV) Eg,v

(W/Hz)
DME station

1
20 3600 12.735 1.6× 10−8

DME station
2

20 3600 6.301 1.6× 10−8

density N0 = −174 dBm/Hz, which results in a noise
power σ2

G = 2.49 × 10−15 W in the considered bandwidth

TABLE III: The parameters of the GM model for the worst-
case scenario of DME interference

λI (ppps) A = λI × TD σ2

I
(W) Υ =

σ2

G

σ2

I

7200 0.144 1.165× 10−14 0.2135

BFFT = 625 kHz. According to the values in Table II, we
use (19) and (20) to compute the parameters of the GM model
as presented in Table III. To demonstrate the GM model of
z̀(t), we computed the probability density function (PDF) for
the amplitudes of the in-phase and quadrature components.
Figure 7 depicts the GM distribution for modeling the received
interference. We observe that the GM distribution provides

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
received noise voltage, µV
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106

107

108

P
D
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Gaussian mixture density

in-phase component of z̀(t)

quadrature component of z̀(t)

A = 0.144
Υ = 0.2135

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

a sufficient model for DME interference and AWGN. In
addition, we observe thatσ2

I ≫ σ2
G, which justifies the heavy

tails of the computed PDF. The previous analysis is well-
suited to aeronautical channels with a strong LOS component.
Similar to the L-DACS1 channels, the DME signal from
each DME station is transmitted over an aeronautical channel
with different scenarios. In a parking scenario, the received
interference in multipath fading channels is

i(t) =
V∑

v=1

L−1∑

l=0

hv,liv(t− τv,l) , (21)

wherehv,l, ∀l, are complex-valued Gaussian distributed chan-
nel coefficients. The average power of thevth DME channel
is given byσ2

hv =
∑L−1

l=0 E
{
|hv,l|

2
}

. Hence, the varianceσ2
I

(cf. (19)) can be rewritten as

σ2
I =

V∑

v=1

A2
vσ

2
hv

Tv
Eg,v , (22)

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
simplicity, we assume two equal power paths withσ2

hv = 1
andτmax = 3 µs. Sinceτmax ≪ TD, it is interesting to note
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that the GM modeling of (21) provides the same parameters
of DME interference as without fading.
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Fig. 8: The GM distribution of the received fading DME
interference for a parking scenario

IV. RECEIVER DESIGN AND OPTIMIZATION

The detection problem of OFDM signals involving a GM
model for impulse noise is considered in [14]. The optimum
detector treats the OFDM symbol as a complex number (CN)
code that uses the IDFT matrix as a generator matrix [13].
The design rule of the CN codes in memoryless GM noise
shows that the IDFT mapping provides a large coding gain.
Since the existence of a DME pulse within an OFDM symbol
corrupts several consecutive received samples, a memoryless
assumption for DME pulses will not be correct. Hence, to
optimize the L-DACS1 receiver, we need to specify the joint
distribution of the impaired samples by DME pulses. At the
L-DACS1 receiver, the received OFDM symbol after filtering
can be expressed as follows:

y(t) =
√

Es

T

L−1∑

l=0

hlx(t − τl) + z̀(t) , (23)

where z̀(t) = ǹ(t) + ì(t) can be modeled by the GM
distribution with parametersσ2

G, A, and σ2
I as presented in

the previous section. To avoid aliasing of DME interference
occurring at offset frequencies outside the OFDM bandwidth,
the received signal is over-sampled by sampling ratefov

s =
4 ·BFFT . The received samples within an OFDM symbol can
be expressed as

yns
=

255∑

ns=0

δ(t− nsT
ov
s )y(t) , 0 ≤ t ≤ T , (24)

where T ov
s = 1

4·BFFT
is the sample spacing. From (23)

and (24), we obtain

yns
=

√
Es

T

L−1∑

l=0

hlx[ns − µl] + z̀ns
, ns = 0, · · · , 255 ,

(25)

whereµl = [τl/T
ov
s ] is the channel delay (rounded to samples)

associated with thelth path. The sample index[ns − µl] for
ns = 0, · · · 255 represents[ns−µl] modulo256 due to the CP
insertion. SinceT = 256 · T ov

s , the received OFDM symbol
consist ofNs = 256 samples. In a matrix form, the received
OFDM vector can be expressed as

y =
√

Es

NsT ov
s
H̄FH

Ns
X+ z̀ , (26)

whereH̄ ∈ CNs×Ns is a circulant convolution channel matrix
of i.i.d. complex Gaussian entries. The matrixFH

Ns
denotes

the inverse discrete Fourier transform matrix. SinceWH
Ns

=
1√
Ns

FH
Ns

forms a unitary IDFT matrix, the received OFDM
vector can be given by

y =
√

Es

T ov
s
H̄x+ z̀ , (27)

where the OFDM symbolx = WH
Ns

X results from an IDFT
of a complex-valued data vectorX = [X0, · · · , X255]

T ,
which contains the transmit data symbolsXk, k = 7, · · · , 56.
Due to over-sampling, the received interference vectorz̀ ∈
C

256×1 spreads the samples of DME interference onNI =
⌈TD/T

ov
s ⌉ = 50 consecutive observations. Similar to (9),

the probability distribution of̀zns
, ns = 0, · · · , 255, under

perfect knowledge of impaired samples by DME interference,
is

pz(z̀ns
) =







1
πσ̀2

0

e
−

|z̀ns |2

σ̀2
0 , if

mns=0
︷ ︸︸ ︷

z̀ns
= ǹns

,

1
πσ̀2

1

e
−

|z̀ns |2

σ̀2
1 , if

mns=1
︷ ︸︸ ︷

z̀ns
= ǹns

+ ìns
,

(28)

whereǹns
denotes a sample of band-limited complex-valued

Gaussian noisèn(t) with varianceσ2
G = N0 · BFFT in the

L-DACS1 bandwidthBFFT . The impaired samples by DME
interferencèzns

= ǹns
+ìns

can be modeled as Gaussian noise
with varianceσ̀2

1 = σ2
G+ 1

Aσ2
I , whereσ2

I andA are computed
by (19) and (20), respectively. The temporal correlation of
the DME signal determines the covariance matrix of the
noise observations, which leads to anNs-dimensional GM
model [24]. Hence, under perfect knowledge of noise states,
the distribution of the received interference vectorz̀ can be
written as

p(z̀) =
1

πNs |Σz̀|
e−z̀HΣ

−1

z̀
z̀ , (29)

whereΣz̀ is the covariance matrix of̀z. In the absence of
DME signals, the covariance matrix can be given asΣz̀ =
σ2
GINs

. However, in the presence of DME interference within
the received OFDM symbol, we need to evaluate the exact
covariance matrix of the DME samples. For simplicity, we
design the optimum L-DACS1 receiver with

Σz̀ = E
[
z̀z̀H

]
,

=








σ̀2
m0

0 · · · 0
0 σ̀2

m1
· · · 0

...
...

. . .
...

0 0 · · · σ̀2
mNs−1








, (30)
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wheremns
, ns = 0 · · ·Ns − 1, are noise states of the inter-

ference observations̀zns
within the received OFDM symbol.

Thus,mns
= 0 for samples corrupted only by AWGN and

mns
= 1 for impaired samples by DME interference. The

above model represents the samples of DME interference
as independent Gaussian random variables. To model the
temporal correlation of DME samples,Σz̀ should include
correlation coefficients outside the main diagonal. In the fol-
lowing subsections, we introduce a simple DME pulse detector
to determine the noise states of DME interference. Then, we
present the optimum OFDM receiver to mitigate the effects of
DME interference.

A. DME Pulse Detection

The detection of DME pulses was considered in [8], [25]
to limit the impact of impaired samples together with a
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 indicate
the presence of DME interference. However, the correlation
approach suffers from false detection of DME pulses at high
signal levels. To overcome this problem, we make use of
the guard subcarriers of the OFDM system to reconstruct a
reference signal of the interference. After an FFT block, i.e.,
Y = WNs

y, the received signal from the null subcarriers is
given by [8]

Y [k] = Ǹ [k] + Ì[k] , k = 0, · · · , 6, 57, · · ·63 , (31)

where Ǹ [k] and Ì[k] represent the DFT samples of AWGN
and DME interference, respectively. Since the power spectral
density of DME interference is concentrated at the edges of
the L-DCAS1 spectrum, the null subcarriers of the OFDM
system are sufficient to reconstruct a replica of received
interference. Therefore, one can reconstruct a reference signal
of the interference as

z̀ref = WH
Ns

Ynull , (32)

whereYnull ∈ C256×1 is formed only by the data of null
subcarriers,Ynull,k = Rk, k = 0, · · · , 6, 57, · · ·63. Figure 9
depicts a received OFDM signal and a reference replica of
the interference employing the null subcarriers of the OFDM
system. The power level of the received signal was set such
that the signal-to-noise ratio,Es/N0, is equal to10 dB. Similar
to the correlation approach, we correlatez̀ref with a generic
Gaussian-shaped pulse. The generic DME pulse in discrete
time is given by

d[k] = e−
α
2 (k/fov

s )2 , k = 0, · · · , Ns − 1 . (33)

The cross-correlatioǹzcr between the time domain reference
signal z̀ref and a generic DME pulse can be expressed as

z̀cr[ns − k] = E {z̀ref [ns]d
∗[k]} . (34)

Based on a cross-correlation signal, a threshold decision can
efficiently identify the locations of DME pulses. Figure 10
illustrates a cross-correlation signal of the reference inter-
ference with the generic Gaussian-shaped pulse. From this
figure, we observe that the peaks of the cross-correlation signal
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Fig. 9: Utilizing the null subcarriers to extract a reference
signal of received interference
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Fig. 10: DME pulse detection from a cross-correlation signal

completely match the peaks of the actual DME interference.
This leads to efficient detection of DME pulses regardless
to the power of the received OFDM signal. To compute the
covariance matrixΣz̀ of noise observations, the noise states
mns can be estimated as

mns
=

{

1 for |z̀cr[ns]| ≥ T clip ,

0 for |z̀cr[ns]| < T clip ,
(35)

whereT clip denotes a clipping threshold to identify the DME
pulses [25].

B. Optimum OFDM Receiver

Using theNs-dimensional GM model (29), the likelihood
functionsp(y|X) of the received signal (27) can be expressed
as

p(y|X) =
1

πNs |Σz̀|
e
−

(

y−

√

Es

T ov
s

H̄x

)H

Σ
−1

z̀

(

y−

√

Es

T ov
s

H̄x

)

.

(36)
Similar to the optimum OFDM detector in GM noise, we
optimize the L-DACS1 receiver to select the sequence that



8

maximizes p(y|X). For M -ary modulation schemes and
Nd used subcarriers, the receiver searches overMNd pos-
sible choices of the transmitted signal vectorX. For L-
DACS1 with QPSK, the optimum receiver searches over
450 possible sequences. SinceΣ−1

z̀
= LLH , where L =

diag
[
1/σm0

, · · · , 1/σmNs−1

]
, the maximum likelihood (ML)

estimate of the transmitted symbol leads to

X̂ML = argmin
X

∣
∣
∣LHy −

√
Es

T ov
s
LHH̄WH

Ns
X

∣
∣
∣

2

, (37)

which searches over all possible information symbols to select
a closest signal vector to the received vectorLHy. To avoid
the exhaustive search of the optimum receiver, we use a sphere
decoder, which searches only over possible lattice points that
lie within a sphere of radiusβ0. The sphere equation of the
optimum detector can be expressed as

∣
∣LHy −GX

∣
∣
2
≤ β0 , (38)

whereG =
√

Es

T ov
s
LHH̄WH

Ns
. The sphere equation (38) can

be implemented sequentially as in [26], or concurrently as
in [27], [28]. Using a QR decomposition, the matrixG can
be factorized into a product of a unitary matrixQ and an
upper triangular matrixR. Thus, (38) can be reduced as

∣
∣LHy −QRX

∣
∣
2
≤ β0 ,

∣
∣QHLHy −QHQRX

∣
∣
2
≤ β0 , (39)

∣
∣y

′

−RX
∣
∣
2
≤ β0 ,

which is identical to solving the following linear least squares
problem

Ns−1∑

n=ns

∣
∣
∣y

′

n −
∑Ns−1

k=n Rn,kXk

∣
∣
∣

2

≤ β0 , ns = Ns − 1, · · · , 0 .

(40)

For L-DACS1, the sphere decoder solves the above set of
conditions in the order ofns = 56 to ns = 7.

V. SIMULATION RESULTS

We performed a link level simulation to validate the receiver
optimization of L-DACS1 in canceling the effects of DME
interference. To assess the receiver performance, we imple-
mented the described DME detection scheme along with the
sphere decoder to realize the optimum OFDM receiver.
For generating the OFDM signal, uncoded QPSK symbols
were transmitted over an AWGN channel for the en-route sce-
nario. However, to investigate the performance of L-DACS1 in
the parking scenario, we consider a Rayleigh fading channel.
For both scenarios, we first consider the worst-case for the
DME interference. Then, we investigated the case of a single
DME station on the L-DACS1 spectrum with a received peak
power −65 dBm and different rates of pulses. We use (19)
and (20) to determine the GM parameters for each case. In the
following results, we depicted a bit-error ratio (BER) versus
Es/N0 of the sphere decoder compared with the clipping
detector and the conventional OFDM receiver. For comparison,
the performances obtained for AWGN and memoryless GM

noise are also depicted as references. Figure 10 shows the
BER curves for the en-route channel in the presence of DME
interference caused by two different DME ground stations as
given in Table II. For this scenario, we additionally depict
the performance of the optimum receiver in memoryless GM
noise with the predetermined parametersA = 0.144 andΥ =
0.2135 as a reference. Second, we repeated the simulations

0 5 10 15 20 25
Es/N0, dB
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10-4

10-3

10-2

10-1

100

B
E
R

conventional OFDM receiver

clipping detector

optimum receiver with DME

optimum receiver with GM noise

w/o interference

7.5 dB2 dB

A = 0.144
Υ = 0.2135

Fig. 11: Performance comparisons of different L-DACS1 re-
ceivers for two DME interferers, QPSK, uncoded, and an
AWGN channel.

to investigate the performance of the optimum receiver in the
parking scenario as illustrated in Fig. 12. For simplicity,we
assume flat Rayleigh fading. From both figures, we observe

0 5 10 15 20 25 30 35 40 45 50
Es/N0, dB

10-5

10-4

10-3

10-2

10-1

B
E
R

conventional OFDM receiver

clipping detector

optimum receiver with DME

optimum receiver with GM noise

w/o interference

Fig. 12: Performance comparisons of different L-DACS1
receivers for two DME interferers, QPSK, uncoded, and a
Rayleigh fading channel.

that the optimum receiver provides better performance thanthe
conventional receiver and the clipping detector. Additionally,
we observe that the optimum receiver for DME interference
provides a performance near the limit of GM noise. This
confirms the robustness of the optimum receiver against the
impulsive nature of DME interference as well.
Figure 13 depicts the BER curves for the en-route scenario
in the presence of one DME interferer with power−65 dBm
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and different pulse ratesλI = 10800 ppps,λI = 7200 ppps,
andλI = 3600 ppps. This scenario results in different values
of the parametersA andΥ of GM noise. From (19) and (20),
for a fixed DME power, we note thatσ2

I andA are increased
as the pulse rate increases. This justifies why the optimum
receiver provides different performances with respect to the
rate of pulses.

0 2 4 6 8 10 12 14 16 18 20
Es/N0, dB

10-6

10-5

10-4

10-3

10-2

10-1

100

B
E
R

conventional, λI = 10800 ppps

conventional, λI = 7200 ppps

conventional, λI = 3600 ppps

optimum, λI = 10800 ppps

optimum, λI = 7200 ppps

optimum, λI = 3600 ppps

w/o interference

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

VI. CONCLUSION

In this paper, we have investigated the statistical modeling
and cancellation of distance measuring equipment (DME)
interference for the L-band digital aeronautical communication
system (L-DACS1). In particular, we treat the impacts of DME
interference as impulse noise. First, we introduced a Gaussian
mixture (GM) model to represent the statistical distribution
of the received DME interference superimposed to AWGN.
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) detector
leads to sphere decoding under perfect knowledge of DME
pulses affected observations. To support the receiver withsuch
knowledge, we developed a simple DME pulse detector, which
identifies the locations of DME samples from the received
OFDM symbol. In this approach, we extracted a reference
signal of the interference by utilizing the null subcarriers of
L-DACS1. We presented simulation results showing that the
optimum design of the L-DACS1 receiver outperforms other
mitigation schemes.
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