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Abstract

We explore the statistical radio frequency interference
(RFI) mitigation technique spectral kurtosis (ŜK) in the
context of simulated realistic RFI signals. ŜK is a per-
channel RFI detection metric that estimates the kurtosis of
a collection of M power values in a single channel to dis-
cern between human-made RFI and incoherent astronomi-
cal signals of interest. We briefly test the ability of ŜK to
flag signals with various representative modulation types,
data rates, and duty cycles, as well as accumulation lengths
M and multi-scale ŜK bin shapes. Multi-scale ŜK uses a
rolling window to combine information from adjacent time-
frequency pixels to mitigate weaknesses in single-scale ŜK.
High data rate RFI signals with significant sidelobe emis-
sion are harder to flag, as well as signals with a 50% ef-
fective duty cycle. Multi-scale ŜK using at least one extra
channel can detect both the center channel and side-band
interference, flagging most of the signal at the expense of
larger false positive rates.

1 Introduction

As the problem of human-made radio frequency interfer-
ence (RFI) grows and datasets are increasingly large, there
exists a need for new techniques of automated online RFI
mitigation that works inside the spectrometer. It is also
extremely important that these RFI mitigation techniques
can detect and remove human-made signals without nega-
tively impacting scientific data. Many modern RFI mitiga-
tion techniques happen in the post-averaging phase after the
data leaves the spectrometer, which can have their own set
of drawbacks [12]. For example, if a low duty cycle inter-
ferer affects a longer averaged scan or a very narrow signal
saturates a much wider frequency channel, there may be a

significant amount of clean data that is thrown out along
with the RFI, as is documented for the Canadian Hydrogen
Intensity Mapping Experiment (CHIME; [7]). Thus, it is
important to characterize online RFI mitigation techniques
that can work on un-averaged data inside the spectrometer
to increase their effectiveness [2] while ensuring the extra
computation involved is optimized enough to keep up with
the data rate and not bottleneck the spectrometer.

In these proceedings we explore the ability of the statistics-
based spectral kurtosis estimator (ŜK ) [9, 10] to detect
and flag RFI signals while preserving astronomical signals.
The algorithm determines the Gaussianity of channelized
voltages by assessing the distribution of their associated
squared power values per spectral channel over time, and
it is a computationally simple method that has been proven
to mitigate RFI in real-time inside the spectrometer [4, 11].
The statistical qualities of different RFI signals can vary in
significant ways, and a typical radio observatory can have a
large collection of incoming human-made radio signals cor-
rupting data. We aim to determine how these qualities de-
termine how well each is detected by ŜK. It is particularly
important to ascertain the optimal setup for an unknown
RFI environment that will detect the most interference pos-
sible, as well as provide insight into how to detect a specific
RFI source with known qualities.

In Section 2, we describe how flagging is applied and eval-
uated, as well as the process of creating simulated datasets.
Results are shown via flagging charts in Section 3, and these
are contextualized in Section 4.



2 Methods & Data

The SK estimator of a set of data is calculated with the for-
mula
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with M as the accumulation length of power spectral density
(PSD) values. [4, 9, 10, 8, 11]. S1 and S2 are defined per
spectral channel k as
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where Pj are the power spectral density values. The sta-
tistical distribution of ŜK values from RFI-free active white
Gaussian noise is modelled by a Pearson type III curve cen-
tered at 1, so we find thresholds for clean data by numeri-
cally solving the related cumulative distribution function at
the 3σ level. ŜK is run individually on each channel on M
spectra at a time. The RFI environment and spectrometer
characteristics can influence a suitable choice of M, which
should be large enough to avoid errors from small statistics
without making the time resolution too coarse. The RFI en-
vironment and spectrometer characteristics can influence a
suitable choice of M.

ŜK is weak to signals with ∼ 50% duty cycle [9], which
has led to the development of multi-scale ŜK that averages
rolling windows of adjacent time-frequency pixels in the
arrays of S1 and S2 and allows us to bypass this weakness to
50% duty cycle signals [4]. For a multi-scale ŜK bin width
of m channels and n ŜK time bins, S1 and S2 become
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which changes the effective duty cycle seen by each ŜK bin
and allows for more complete flagging of 50% duty cycle
signals. ŜK is applied with the new S1,ik and S2,ik, and if
the multi-scale bin is found to have RFI, all of the orig-
inal single-scale time-frequency pixels within the bin are
flagged.

To simulate and flag RFI, we start by summing together the
time samples of an RFI signal with additive white gaussian

noise. We ramp up the RFI amplitude from zero over the
course of the scan to help discern how bright the signal has
to be before ŜK detection. The data stream is then channel-
ized via a poly-phase filterbank routine1, which uses 24 taps
and a Hanning window to smooth the filter shape, as this
mimicks the VEGAS spectrometer at the Robert C.Byrd
Green Bank Telescope (GBT; [14]). The resulting data is
reshaped and squared, resulting in a 2-dimensional array of
un-averaged pseudo-power spectra.

The data is split up into chunks of M spectra to apply single-
scale and multi-scale ŜK. When multi-scale ŜK is used, we
apply both multi-scale and single-scale and use the union
of the two flagging masks. To calculate true positive rates
(TPR) and false positive rates (FPR), a comparison mask is
generated by channelizing the RFI independently from the
noise and convert into decibels using the noise as reference.
We consider RFI to be present when the signal is greater
than -10dB. These percentages are then recorded for each
simulation run. To contextualize the false positive rates, we
run the simulations with no RFI present. For M > 1024, we
approach the Gaussian 3σ level of 0.3%.

As mentioned above, the simulation process is done for a
wide range of different RFI characteristics. Table 1 sum-
marizes the various possible values for the different param-
eters.In order to generate flagging plots as shown in Section
3, a script was written to simulate every combination of two
parameters in Table 1 one hundred times each to generate a
statistically significant population of flagging results from
which means and variances can be calculated.

The general form of each RFI generation function is mod-
eled after examples found at http://cyclostationary.
blog. Phase-shift keying (PSK) changes the phase of the
signal, amplitude-shift keying (ASK) changes the ampli-
tude, and frequency-shift keying (FSK) changes the fre-
quency while holding the phase constant. After the full
signal is generated, apply a duty cycle ranging from from
5% to 100% by setting a period of 1 millisecond and set-
ting some fraction of the data to 0 for however many duty
cycle periods there are. The signal generation process is
described more rigorously in Smith et. al (2022, submit-
ted), which is a full paper outlining results with more sig-
nal characteristics and more fully clarifying reasons behind
why certain signals are detected or non-detected.

3 Results

We summarize the most key flagging results from compar-
ing signal data rate to either duty cycle or ŜK M, as well as
how multi-scale ŜK increases flagging.

1The code is adapted from https://github.com/telegraphic/
pfb_introduction.

http://cyclostationary.blog
http://cyclostationary.blog
https://github.com/telegraphic/pfb_introduction
https://github.com/telegraphic/pfb_introduction


Data Rate (ksps) Duty Cycle (%) ŜK M (# spectra) MS shape
1 5 128 Single-scale
4 10 256 MS-12
20 15 512 MS-21
100 ... 1024 MS-22
200 2048 MS-24

... 4096 MS-42
95
100

Table 1. Values for the different RFI and flagging parameters.

3.1 Signal Data Rate to Duty Cycle

We start by testing the ŜK algorithm’s known weakness to
50% effective duty cycle. These simulations were run with
a duty cycle period of 1ms, which is shorter than the time
length of a single M = 512 ŜK bin by a factor of 2.62144.
This can cause the effective duty cycle as the ŜK algorithm
sees it to be slightly different from the given intrinsic duty
cycle, but we keep this distinction as there is no reason a
transmitter duty cycle has to operate at a similar or fortu-
itous rate (e.g. 3/4) to the radio spectrometer.

Figure 1a shows that single-scale ŜK minimally detects low
data rate BPSK signals with about a 50% duty cycle. The
100 and 200 ksps signals are not sampled entirely accu-
rately, however, which leads to somewhat different flagging
responses. For these data rates, the symbols change at a
comparable rate to the spectra dump rate, which leads to
the minimum flagging occuring at duty cycles higher than
50%. For the 100 ksps signal, the center channel is more
completely flagged as the duty cycle rises above 60%, with
a drop in the sidelobe flagging effectiveness, leading to the
local maximum at 80%. These effects can be eliminated by
changing the simulation parameters such that the sampling
rate is increased by a factor of 10 and the duty cycle period
reduced by the same factor.

Due to their shifts in signal strength, amplitude-shift keyed
signals have an effective duty cycle different from the in-
trinsic duty cycle given during signal generation. Figure
1c shows how this manifests for ŜK detection. Lower data
rates remain largely undetected at around 85% duty cycle.
Since the amplitude changes over time the signal appears
at full strength for a shorter amount of time than when it’s
actually on, causing the effective duty cycle of the signal to
become larger than the intrinsic duty cycle. We define the
intrinsic duty cycle as the percentage of time where the sig-
nal is physically on, and the effective duty cycle is when the
signal appears to be on at the point of RFI detection. This
is explored more in Section 4.2. It is therefore important to
realize the difference between effective and intrinsic duty
cycle in the context of signals that change amplitude.

We run the same experiment as above with a MS-21 ŜK,
which was shown to be the smallest multi-scale ŜK bin

Figure 1. Flagging percentages for various data rates com-
pared to the duty cycle of the RFI signal. (a) Single-scale
ŜK on a BPSK signal. (b) MS-21 ŜK on the same signal. (c)
Single-scale ŜK on a binary ASK signal.

shape shape that significantly improves flagging. Adding
one extra channel in the multi-scale shape is indeed enough
to detect the center channel when it gets missed by single-
scale ŜK due to 50% duty cycle, as shown in Figure 1b.
QPSK and ASK signals are also completely flagged under
MS-21 ŜK .



3.2 Signal Data Rate to ŜK M

As shown in Figure 2, we see that higher data rates lead
to less flagging, due to the fact that sidelobe emission in
adjacent channels is not detected as well. There are larger
sidelobes at higher data rates because the symbol sequence
that modulates the carrier wave acts like a square wave
multiplied along the data sequence. This square wave has
a smaller and smaller period for higher data rate signals,
which translates to a wider emission bandwidth after chan-
nelization. As the sidelobes get larger, less of the RFI is
flagged. On the other hand, the flat flagging curve at lower
data rates in Figure 2a are caused by the fact that there is
no sidelobe emission beyond the center channel until the
data rates rise high enough. Quadrature phase-shift keyed
(QPSK) signals are flagged along slightly lower rates than
the BPSK signals, although at slightly lower rates due to
slightly larger sidelobes.

Figure panels 2b and 2c show that ASK signals are also
flagged better with higher M and at slower data rates, but
go almost completely undetected at 200ksps. 4-bit ASK
signals are flagged slightly less, but only at higher M. As
M rises, the disparity between the two bit rates rises. As the
data rate rises, the sidelobes start to get flagged more reli-
ably while the center channel gets less flagged, leading to a
local maximum. The ŜK algorithm is likely affected by how
the effective duty cycle of an undersampled ASK signal ap-
pears, and we is explored more in Section 4.2. However, we
do see that a higher M does lead to higher TPR across the
board. A larger value of M is able to detect weaker signals
and sidelobe emission somewhat better.

Figure 3 shows the effect of MS-12, MS-21, and MS-42
multi-scale ŜK on different M and data rates. It is appar-
ent that MS-12 did not increase flagging, while MS-21 and
MS-42 ŜK perform much better than single-scale ŜK, espe-
cially at higher M. So, the weakness to sidelobe emission
can be mitigated by including at least one extra channel
in the multi-scale ŜK window allows the algorithm to de-
tect some of the sidelobe emission. MS-42 ŜK was found
to heavily overflag clean data, with false positive rates of
up to 2.9%, more than 2 percentage points higher than the
baseline noise FPR of 0.3%. In these cases, MS-ŜK flags
extra clean channels on either side of the center channel,
even when the RFI doesn’t actually have any sidelobes.
This is apparent in Figure 4, which shows an unmitigated
signal, the comparison mask, and the single-scale and MS-
42 ŜK masks. While the sidelobe emission gets missed in
the single-scale mask, the MS-42 mask is much wider than
the comparison mask, leading to the overflagging. Larger
multi-scale shapes have the potential for even more over-
flagging on clean data, depending on the frequency width
of the RFI.

4 Discussion

We summarize the results above and outline some rea-
sons for why certain RFI signal characteristics had different
ŜK detection rates. Again, Smith et. al (2022, submitted)
provide a more rigorous insight into these causes.

4.1 Data Rate

Higher data rates were generally harder for single-scale
ŜK to detect, due to the wider sidelobe emission. As men-
tioned in Section 3.2, the modulation of the carrier wave
acts like a square wave in time, with a period related to
the data rate. After channelization, a shorter period square
wave results in a signal with wider emission bandwidth.
This sidelobe emission does not get flagged optimally, lead-
ing to the result that the larger the data rate is, the less likely
the full signal will be flagged. It is unclear at this point how
the statistical properties of sidelobe emission cause it to be
missed by single-scale ŜK. However, we do see that us-
ing multi-scale ŜK with enough frequency width to cover
the sidelobe emission can detect the entire signal, compar-
ing panels c and d of Figure 4. Despite not knowing why
single-scale ŜK does not detect this emission, we can see
that multi-scale ŜK does nullify this weakness even in the
case that the center channel doesn’t get flagged.

4.2 Duty Cycle

To expand on some of the differences in flagging across
duty cycle and for different modulation types, we state the
equation for the spectral variability Vk [8]:

Vk =
σ2

k

µ2
k

(4)

with µk as the mean and σ2
k as the variance of power

values in frequency channel k. It was found that when-
ever these two values were very similar, single-scale
ŜK underperformed in comparison to multi-scale ŜK, and
equation 4 does approach unity for the channelized voltages
of a 50% duty cycle BPSK signal. Different modulation
types and data rates affected how µ2 and σ2 changed over
different intrinsic duty cycles, but this general rule applied
as a good marker of flagging effectiveness, and explains the
minima in flagging rates in Figure panels 1a and 1c, as well
as other tested simulation setups. Again, we restate that
multi-scale ŜK with at least one extra channel in bin size
was able to cover these weaknesses effectively. In practice,
then, one could detect RFI with a known 50% effective duty
cycle by making use of multi-scale ŜK.

5 Conclusions

We simulated realistic RFI signal data sets with varying
encoding schemes, data rates, and duty cycles and miti-



Figure 2. Single-scale ŜK flagging percentages for various values of M compared to the data rate of the RFI signal. a) BPSK
modulation. b) 2-bit ASK modulation. c) 4-bit ASK modulation

Figure 3. Flagging percentages comparing data rate to M for several multiscale ŜK bin shapes. a) Single-scale ŜK , b) MS-12,
c) MS-21, d) MS-42.

gated them with single-scale and multi-scale ŜK to test the
strengths and weaknesses of this method. We found that
signals with higher data rates are typically harder to flag,
especially those with significant sidelobe emission. Signals
with an effective duty cycle of ∼50% also went undetected.
Multi-scale ŜKwith m ≥ 2 can subvert these weaknesses
and detect the entire signal, but with the possible expense
of significant FPR if the signal’s width did not exceed m
channels.

For future work, we want to include more complicated
modulation types, as the list of possible modern encod-
ing schemes contains lots of possible alternatives, such
as minimum-shift keying and spread-spectrum modulation.
The basic modulation types we explored in this paper can
also be scaled up to larger amounts of bits per symbol such
as 32-PSK, which can transmit 32 bits per symbol. Smith et
al. (2022, submitted) expand upon more simulation param-
eters than are tested in these proceedings, which include

different carrier frequencies relative to the PFB channel
centers and FIR response shape, as well as testing against a
realistic stationary and incoherent astronomical signal.
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Figure 4. Examples of flagging a 200 ksps BPSK signal. (a) The unmitigated signal. (b) Comparison mask. (c) Single-scale
ŜK. (d) MS-42 ŜK.
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