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ABSTRACT

In radio astronomy, the radio spectrum is used to detect weak
emission from celestial sources. However, more and more
observations are polluted by man-made radio frequency in-
terferences (RFI). To some extent, the final power spectral
estimation can be preserved by processing the polluted chan-
nels in real time. In the case of digital modulated RFI, we
propose to use their cyclostationary properties with a view
to detecting/blanking or estimating/cancelling them. An ex-
ample of detection/blanking on real data and a cancellation
algorithm are discussed.

1. INTRODUCTION

In radio astronomy, the radio spectrum is used to detect
weak emission from celestial sources. By spectral averag-
ing, observation noise is reduced and weak sources can be
detected. However, radio astronomy has to face two contra-
dictory trends. On the one hand, the exponential expansion of
telecommunications has generated a growing demand on the
electromagnetic spectrum, reducing the number and the size
of bandwidths available for good quality radio astronomical
observations. On the other hand, radio astronomical needs
in terms of sensitivity and bandwidth have also grown. As
a result, radio frequency interference (RFI) mitigation has
become a significant issue for current and future radio tele-
scopes. In the short term, the objective is to preserve ob-
servation capabilities on previously observed objects. In the
medium and long term, the objective is to make observations
of fainter signals everywhere in the spectrum, even outside
the protected radio astronomy bands.

Various methods have been experimented to eliminate
RFI depending on the type of interference and the type of
instruments. Time, frequency and/or spatial properties have
been considered in order to find efficient mitigation tech-
niques (see [1], [2] ,[3] ,[4] for a comprehensive survey of
such methods). The present study focuses on mono dimen-
sional signals coming from a single dish antenna. In the case
of digital modulated RFI, we propose to use their cyclosta-
tionary properties with a view to detecting/blanking or esti-
mating/cancelling them.

The first section will present the hypothesis and the prop-
erties of the different signals used in this paper. The second
one will illustrate the interest of cyclostationary RFI proper-
ties in the detection scheme. The third section will discuss
theoretical and pratical considerations about the use of cy-
clostationary RFI properties in the cancellation scheme.

2. SIGNAL MODEL

Considering a receiver connected to a single dish antenna, we
model the received signal, s(t) as the sum of two independent
signals: an Gaussian noise, n(t), and a cyclostationary RFI,
b(t).

s(t) = n(t)+b(t). (1)

Practically, the Gaussian noise n(t) includes all the signal
contributions except the RFI (i.e. system noise, sky noise
and the astronomical source) and it can be considered as an
almost white Gaussian noise (the main part of the correlation
is due to the receiver spectral shape which is ideally a perfect
lowpass filter).

The RFI, b(t), is a cyclostationary signal which means
that its statistics are periodic [5]. In our case, we are in-
terested in the second order moment periodicity. Indeed,
most of the signals generated by telecommunication systems
present such cyclostationarity due to their digital modulation.
b(t) is then assumed to have a periodic autocorrelation func-
tion:

Rb(t +Tc,τ) = Rb(t,τ) (2)

where Tc is the cyclic period and Rb(t,τ) is defined by

Rb(t,τ) = E [b(t + τ/2).b(t − τ/2)] (3)

where E [.] is the exceptation.
The next sections will propose two different cyclostation-

ary uses for performing RFI mitigation.

3. DETECTION AND BLANKING SCHEME

Time-frequency (t-f) blanking consists in removing data
blocks detected as polluted in the power t-f plane before inte-
gration in order to clean up the final power spectrum. The t-f
plane is obtained in real time by a digital filter bank based on
FFT or polyphase filter [6]. If possible, the t-f blocks of this
plane must be adapted to the temporal and spectral RFI prop-
erties. Blanking decisions are based on a statistical contrast
which has been proposed in [7]. Its principle is to compute
a normalized version of the cyclic autocorrelation at time lag
zero:
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This method has been applied on real data acquired with
the decimeter radio telescope at the Nançay Observatory
(see Figure 1.a). The observed astronomical source was the
mega maser IIIZw35 which is located in the band also used



Figure 1: Detection and blanking scheme applied on the IIIZw35 observations. (a) The decimeter radio telescope of Nançay.
(b) Time-frequency (t-f)representation of the observations. Some of the t-f slots used by the Iridium constellation satellites
are clearly visible. IIIZw35 source is scrambled by the RFI. (c) Normalized averaged spectrum without (dashed line) and with
(continuous line) blanking. The receiver filter shape has been subtracted.

by the constellation of Iridium telecommunication satellites.
Their TDMA (Time Division Multiple Access) and FDMA
(Frequency Division Multiple Access) modulations lead to
RFI bursts spread in time and frequency (see Figure 1.b).
Figure 1.c shows the averaged spectrum without blanking
(dashed line). The 3.5 MHz bandwidth has been channel-
ized into 84 sub-bands (41.6 kHz bandwidth which is close to
Iridium channel bandwidth) through a polyphase filter bank
(the prototype filter was 5376 coefficients long). Our indica-
tor defined in Equ. 4 has been applied on each sub-channel
with T c = 1.6666.Ts, where Ts is the sampling period. The
blanking threshold was set empirically to 0.31. The mea-
sured percentage of removed samples was 7.9% including
both true and false alarm samples. Figure 1.c shows the av-
eraged spectrum with this blanking (continuous line). The
expected profile of IIIZw35 is recovered.

The detection and blanking scheme is relevant when RFI
(t-f) occupancy is partial (i.e. free (t-f) slots still exist...). If
not, other strategies must be developed. The next section de-
scribes a method which can process continous emitting RFIs.

4. CANCELLATION SCHEME

The proposed method is based on the analysis of the time
varying autocorrelation function defined in Eq. 3. First, the
stationarity of n(t) and the independence between b(t) and
n(t) yield :

Rs(t,τ) = Rb(t,τ)+Rn(τ) (5)
where Rs(t,τ) and Rn(τ)(= Rn(t,τ)) are defined in same way
as for b(t) in Eq. 3. In our radio astronomical context, a
measure of Rs(t,τ) can be derived from real time radio astro-
nomical correlators (see section 4.3). The objective is then
to extract Rn(τ) from this measure. Several cases are now
discussed depending on an a priori assumption attached to

b(t) (see sections 4.2 and 4.1). First, the model of our cyclo-
stationary signal b(t) needs to be specified:

b(t) = m(t).cos(2π f0t +θ0) (6)

where m(t) = ∑k ak.h(t − kTc), the ak represent the sym-
bols of the white random digital message, h(t) is the shap-
ing pulse, f0 is the carrier frequency and θ0 is the carrier
phase chosen between 0 and 2π . With this model, Rm(t,τ)
becomes:

Rm(t,τ) = σa ∑
k

h(t − kTc − τ/2).h(t − kTc + τ/2) (7)

with σa the variance of a. The derivation of Rb(t,τ) from
Eq.6 and Eq.7 depends on the link between f0 and Tc. Thus,
if 2 f0.Tc is not an integer, then the carrier phase θ0 could be
seen as a random phase else θ0 will be seen as a deterministic
phase.

4.1 The case where 2 f0.Tc is not an integer
The classical shaping pulse of a digital modulation is rectan-
gular, i.e.

h(t) = hr(t) = 1 t ∈ [−Tc/2,Tc/2]

= 0 otherwise (8)

In this case, Rb(t,τ) becomes:

Rb(t,τ) =
σa

2
.hr(t − τ/2).hr(t + τ/2).cos(2π f0τ) (9)

Figure 2 illustrates this equation. In particular, for t = Tc/2,
we obtain:

Rb(Tc/2,τ) = σa
2 for τ = 0

= 0 otherwise (10)



Figure 2: The time varying autocorrelation, Rb(t,τ), of a
binary phase shift keying modulation. Tc is the rectangular
pulse width. The carrier frequency, f0, is equal to 1/33. fs,
with fs the sampling frequency.

Consequently, by observing Rs(t,τ) at t = Tc/2, an estima-
tion of Rn(τ) can be obtained through Rs(Tc/2,τ):

Rs(Tc/2,τ) =
σa

2
.δ (τ)+Rn(τ) (11)

Given that the constant σa
2 has just an offset effect on the

spectrum, it can be easily removed by an off-line normaliza-
tion processing. All this discussion can be extended to any
pulse shaping as long as its impulse response, h(t), is shorter
than T c. If this hypothesis is not valid (other pulse shaping
(see figure 3.a) or strong effect of the channel propagation
path), the method can still be used to reduce the RFI impact
on the spectral profile by looking the slice t where the influ-
ence of Rb(t,τ) is minimized. For example:

Rn(τ) ≈ Rs

(
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The interest of the method is that even when the RFI is
continuously present over the astronomical source, a spectral
estimation is still possible, especially when the shaping pulse
length is close to Tc. Besides, the hardware modification on
the correlator is simple (see section 4.3).The drawback is that
only 1

Tc
th of the observation time is used.

4.2 The case where 2 f0.Tc is an integer

In this section, we will discuss the case where the carrier
frequency has a cyclic period compatible with Tc. Then, the
following relation must be verified:

2 f0.Tc = k with k ∈ N (13)
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Figure 3: The estimated time varying autocorrelation,
ρb(n,m) (see Eq. 18 for the definition, n and m are similar
to t and τ). The RFI is a binary phase shift keying modula-
tion with Tc = 16.Ts, The shaping pulse is a 193 coefficient
raised cosinus filter with roll-off factor equal to 0.5. (a) The
case where 2 f0.Tc is not an integer ( f0 = 1/30. fs and θ0 = 0
rad). The black box represents the autocorrelation estimation
obtained when the RFI impact is minimal.(b) The case where
2 f0.Tc is an integer ( f0 = 0.25. f s and θ0 = 0 rad). The slots
where the RFI is cancelled are clearly visible.

In this case, Rb(t,τ) becomes:

Rb(t,τ) =
Rm(t,τ)

2
[cos(4π f0t +2θ0)+ cos(2π f0τ)]
︸ ︷︷ ︸

g(t,τ)

(14)

For specific values of f0 and θ0, g(t,τ) can be partially
cancelled. In particular, with f0 = 0.25. fs, where fs is the
sampling frequency, and θ0 = 0 [π/2], 3/4 of the g(t,τ)
plane can be cancelled (see figure 3.b). The integration with
t of the slots where Rb(t,τ) is cancelled provides a perfectly
clean estimation of Rn(t,τ). This method has two additional
advantages compared to the other case. First, there is no con-
dition on the shaping pulse for a perfect cancellation. Sec-
ondly, only half of the observation is lost. The drawback is
that the correlator configuration has to be driven by the RFI
specifications.

4.3 Application to radio astronomy
The theoretical expression defined by Eq. 3 can be estimated
by synchronized averaging [5], that is:

Rb(t,τ) ≈ R̂b(t,τ) = 1
2N+1 ∑N

n=−N b(t +nTc +
τ
2 ).b(t +nTc −

τ
2 ) (15)

The same estimation can be applied to compute R̂s(t,τ) and
R̂n(t,τ). When N increases, these estimated values tend to-
wards the theoretical ones.



In radio astronomy, correlators compute the following
expression:

ρs(m) =
1

2N +1

2N

∑
n=0

s(n).s(n−m) (16)

With a slight hardware modification, namely the addition
of Tc-long circular buffers in the accumulators, the corre-
lators can compute the synchronized averaging autocorrela-
tion, ρs(n,m):

ρs(n,m) =
Tc

2N +1

2N/Tc

∑
k=0

s(n+ kTc).s(n+ kTc −m) (17)

Besides, the correspondence between (t,τ) and (n,m)
can be easily derived:

ρs(n,m) = R̂s((n+m/2) mod Tc,m)

with n ∈ [0,Tc] (18)

where mod is the modulus operator.
Due to the RFI synchronization requirement, the second

cancellation scheme involves more modifications of the cor-
relator processing line. Thus, the RFI must be centered at
f = 0.25. fs and the carrier phase must be a multiple of π/2.
In practice, this constraint can be obtained through a phase
lock loop controled by, for example, a nulling criterion on
ρs(n,m).

Figure 4 shows simulations on this cancellation algo-
rithm. The simulated RFI is a Glonass spread spectrum
emission (see [1] for details on this satellite constellation).
The modulation can be seen as a BPSK modulation with
Tc = 8.T s. A raised cosinus shaping pulse (193 coefficients
and roll-off equal to 0.5) has been added to show the ro-
bustness of the method to any filtering. The astronomical
source is a band-limited Gaussian noise emitting in the same
frequency band as the RFI. The spectrum measured without
blanking is shown in Figure 4.a. Assuming that the synchro-
nization with f0 and θ0 has been done, Figure 4.b shows the
result after cancellation. The RFI has been completely re-
moved. The sensitivity of the method will depend only on
the precision of synchronization in f0 and θ0.

5. CONCLUSION

In this paper, we have proposed different uses of cyclo-
stationarity for processing polluted radio astronomical data.
First, a cyclostationary detector has been tested on a real
cosmic source. This method can blank polluted slots of the
time-frequency plane and it is well adapted for more or less
sporadic RFI emission. For continuous emitting RFI, a cy-
clostationary cancellation scheme has been proposed. By a
precise synchronized averaging of the autocorrelation func-
tion, an autocorelation nulling is performed. This method
is very efficient and only half of the data are lost. Practical
implementations must now be designed to perform real time
tests on these different methods.

REFERENCES
[1] S.W. Ellingson, J.D. Bunton and J.F. Bell, “Removal

of the GLONASS C/A Signal from OH Spectral Line
Observations using a Parametric Modeling Technique,”
Astrophysical Journal Supplement, vol. 135, pp. 87–93,
July 2001.

0  0.1 0.2 0.3 0.4 0.5
−2

0

2

4

6

Normalized frequency

P
o

w
er

 S
p

ec
tr

u
m

 M
ag

n
it

u
d

e 
(d

B
)

0 0.1 0.2 0.3 0.4 0.5
−0.2

0

0.2

0.4

0.6

0.8

Normalized frequency
P

o
w

er
 S

p
ec

tr
u

m
 M

ag
n

it
u

d
e 

(d
B

)

a) 

b) 

Figure 4: Simulation of cancellation with a simulated spread
spectrum Glonass emission. (a) Spectrum estimated without
cancellation. The position of the simulated cosmic source is
drawn in dashed line. It cannot be detected with a classi-
cal spectral analysis. (b) Spectrum estimated with cancella-
tion. The synchronized autocorrelation estimation proposed
in this paper cancelled perfectly the RFI impact on the auto-
correlation estimation. Thus, a clean spectral profile of the
simulated source can be estimated. The dashed profile is the
expected one.
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