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ABSTRACT

Narrowband radio-frequency interference (NBI) degrades synthetic aperture radar (SAR)
images. Frequency-domain notch filtering is a common countermeasure, but a hard (rectangular)
notch trades interference rejection against raised sidelobes, and a fixed apodized (tapered) notch
cannot suit emitters of different bandwidth. This paper presents a simple, low-complexity notch
whose shape is matched to the measured interference spectrum. Based on the classical Wiener idea,
it estimates each emitter’s power spectral density from the averaged SAR range spectrum and applies
a parametric minimum-mean-square-error gain whose roll-off follows that emitter; the filter is
linear, needs no per-scene tuning, and costs about one spectral multiplication per pulse. On a 2-D
SAR simulation with emitters of differing bandwidth it gives the lowest point-target peak sidelobe
ratio (PSLR; about —15.1 dB), integrated sidelobe ratio (ISLR; about —7.2 dB) and image
normalised mean-square error (NMSE; about —7.0 dB) among a hard notch and a fixed apodized
notch. The contribution of this paper lies in the per-emitter spectrum-matched notch design and the
comparative evaluation of the proposed method’s effectiveness against other approaches.
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1. INTRODUCTION

Synthetic aperture radar (SAR) in the lower microwave bands increasingly shares its spectrum
with terrestrial radars and communication links. The resulting radio-frequency interference (RFI)
couples into the receiver and, after compression, can appear as bright streaks, ghost targets, and a
raised noise floor [1]. Narrowband interference (NBI) — energy concentrated in a small part of
the chirp bandwidth — is one of the more common types and is the focus of this work.

A range of mitigation methods has been studied, including eigensubspace and independent-
subspace techniques [2, 3], low-rank/sparse decompositions [4], linear prediction [14],
consecutive-mean excision [15], and learning-based approaches. In practical processing,
frequency-domain notch filtering remains popular for NBI because it is fast and robust to the
number of emitters: the contaminated range-frequency bins are detected and then attenuated. More
broadly, recent Journal of Military Science and Technology (JMST) work formulated RF-
interference mitigation as a two-stage time—frequency segmentation and signal-reconstruction
problem and demonstrated effective recovery under broadband burst interference [16].

The hard (rectangular) notch, however, ties interference rejection to image quality. Setting a
band of bins abruptly to zero is equivalent to subtracting a slowly decaying response from the
impulse response; to cover an emitter’s spectral skirts the notch must be widened, but a wider
rectangular notch tends to raise sidelobes and may create paired-echo ghosts. A fixed apodized
notch with smooth, tapered edges reduces these sidelobes [5], yet a single taper shape cannot match
emitters of different bandwidth — it may over-notch a narrow emitter (wasting signal) or under-
cover a wide one (leaving residual RFI). A separate line of work reduces sidelobes after notching
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by nonlinear apodization: the Apodized RFI Filtering (ARF) approach [6] uses spatially-variant
apodization (SVA) [7] in the image domain. Such methods are effective but nonlinear, which can
bias distributed clutter and add image-domain cost.

This study is intentionally incremental, and we try to state plainly what is inherited and what is
new. The closest prior work is acknowledged: adaptive least-mean-square and Wiener filtering for
low-frequency SAR RFI were studied by Lamont-Smith et al. [8], who reported good suppression
and sidelobe behaviour for an adaptive Wiener filter; subband spectral cancellation [9] suppresses
SAR NBI by subtracting range sub-band spectra; and bandwidth-matched adaptive notches are
common in the global navigation satellite system (GNSS) and communications literature [10, 11].
We do not claim Wiener filtering or apodization as new; rather, the specific contributions of this
paper are threefold: (i) a specific per-emitter, parametric, spectrally-matched notch on the SAR
raw range spectrum, with a simple detector and gating — in effect an adaptive apodization obtained
linearly at the suppression stage; (ii) a robust spectral-peak detector for SAR spectra, where a
median/MAD threshold tends to degenerate; and (iii) a like-for-like comparison of a hard notch, a
fixed apodized notch, and the proposed notch, using peak sidelobe ratio (PSLR), integrated
sidelobe ratio (ISLR), image RFI suppression (RFIsupp), and normalised mean-square error
(NMSE).

2. MATERIALS AND METHODOLOGY

2.1. SAR raw signal and NBI model

Consider a point scatterer of complex reflectivity A at closest-approach range R, and azimuth
position x, in a broadside stripmap geometry. With azimuth (slow) time 7 and platform velocity
v, the range is R(n):

R(7) = (R +(vip —x,)?) (1)

Writing the round-trip delay as t;(n) = 2R(n)/c (with ¢ the speed of light), the demodulated
echo in range (fast) time 7, for a linear-FM chirp of rate K., is:

s(z,n) = AWr (r— t, )Wa (U)ej”K'(T"" )? e IATRIA) (2)

where w,., w, are the range and azimuth amplitude envelopes and A the wavelength. Mitigation is
carried out in the range-frequency domain, X (f,n) = F.{s}, where f is range frequency and F; is
the Fourier transform along 7. The chirp occupies |f| < B,./2 with chirp bandwidth B, = |K,|T,
(T, the pulse length). NBI is modelled as M finite-bandwidth emitters within the SAR receive band
(here X-band, around the carrier frequency f.), the m-th centred at a range-frequency f,,, with a
tall core and lower tapered skirts of emitter-specific width, and decorrelated across azimuth.
Averaging the contaminated spectrum X, over azimuth:

P(N=(1X%,(/mF), 3)

2.2. Hard notch and its limitation

A notch applies a real gain g(f) € [0,1] to each pulse, X = g X,5. The hard notch sets g = 0
on a stop-band § and g = 1 elsewhere. Its effect on the range impulse response h is

A

h=h—h*y (4)

where h is the mitigated response, operator * is convolution, and 1 is the time-domain response
of the stop-band (the inverse transform of the band indicator). For a rectangular stop-band of width
W, is a slowly decaying sinc, so widening stop-band S raises sidelobes. A hard notch therefore
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trades rejection (favouring large W) against sidelobes (favouring small W); a fixed apodized notch
softens the edges but still uses one shape for all emitters.

2.3. Robust spectral-peak detection
We remove the signal envelope with a sliding median of length L (taken wider than the
emitter bandwidth), P4z = movmedian(10log;,P, L), and define the residual r(f) in decibels.

A bin is flagged as interference when it stands clearly above the local baseline and lies in the
occupied band:

r(f)=10log,, P(f)— Py (f) (5)
C={f:r(f)>T, & forpuna} (6)

where T, is a detection margin (about 8—12 dB) and “in-band” means the baseline is within T; dB
of its maximum. We use an absolute margin rather than a median/MAD (median absolute
deviation) threshold because, on SAR spectra, the residual is near zero away from the few emitters,
so the MAD tends to collapse and a relative threshold would flag the natural ripple. The set C is
used only to locate the emitters; the notch shape itself comes from the gain below.

2.4. Proposed interference-matched notch

Raw SAR echo x(t,n)

v

Range FFT (fast-time) - X(f, n)

!

Averaged power spectrum
P(f) = (| Xi(f, n)]? )n

!

Local envelope (sliding median) §(f)
Interference PSD 1(f) = max{P(f — 5(f, 0}

!

RFI detection
bins exceeding baseline by T4, in-band - C

¢ Proposed
contribution

Interference-matched gain
g(f = [5/(5 + al)?, gated to ¢

v

Apply notch & range IFFT
X(r,n) =F"{ g Xx(f.n) }

!

SAR focusing (RDA) — mitigated image

Figure 1. Block diagram of the proposed interference-matched notch.
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Treating the interference as additive coloured noise, we estimate the signal-plus-noise power
spectral density (PSD) by the local envelope, S = 10°d48/10_and the interference PSD by its excess,
[ = max(P — S, 0). A parametric Wiener (minimum-mean-square-error, MMSE) gain is then

defined as g(f):
T
S
g(f)—LhaJ (7)

applied near C and set to 1 elsewhere; @ = 1 controls how strongly the cores are suppressed and
[ = 1 the sharpness of the roll-off. Because g depends on the measured I, its shape follows each
emitter: where interference dominates (f > S) the gain approaches 0, so the emitter core is
effectively removed — a spectral null, as in any notch; where interference is absent (I ~ 0) the
gain is near 1 and the signal is kept; and in between the gain transitions smoothly along the
emitter’s measured skirts. The benefit over a rectangular notch is therefore not the avoidance of a
spectral null at the core, but the smooth, data-matched transition and the automatic adaptation of
the notch width to each emitter: a narrow emitter yields a narrow notch and a wide one a wide,
smoothly tapered notch, with no fixed width or taper to set per scene. The cost is about one spectral
multiplication per pulse. Figure 1 summarises the pipeline; the two highlighted blocks (detection
and matched gain) are the contribution, the others being standard range-frequency processing.

2.5. Simulation setup and compared methods

A broadside stripmap scene (5 point targets and 140 speckle scatterers) is focused with a Range-
Doppler algorithm (RDA) focuser [12] using Hamming weighting [13], so the reference impulse-
response floor is about —30 dB and notch artefacts are visible. Parameters: carrier frequency f, =
9.6 GHz, range sampling rate f; = 120 MHz, chirp bandwidth B, = 80 MHz, pulse length T, =
10 us, data size N,- X N, = 1024 X 512 (range x azimuth samples), platform velocity v = 200
m/s, pulse repetition frequency (PRF) = 1000 Hz, scene-centre range Ry, = 15 km, and raw
signal-to-noise ratio SNR = 5 dB. Three emitters of different bandwidth (narrow, medium, and
wide with heavier skirts) are added at a total interference-to-noise ratio (INR) = 32 dB, so that no
single fixed notch width is ideal. The proposed gain uses @ = 1 (a pure Wiener gain) and f§ = 2
(a moderately sharp roll-off); these values are fixed for all experiments and are not tuned per scene.
Four cases are compared at a common detection setting: no mitigation; hard notch; fixed apodized
notch; and the proposed matched notch. We restrict the comparison to this linear notch family, so
that all methods act at the same processing stage and the comparison is like-for-like. A comparison
with nonlinear sidelobe-apodization methods such as spatially-variant apodization or Apodized
RFI Filtering [6, 7] is left to future work, since a faithful implementation requires a per-pixel
optimisation on Nyquist-sampled data and would not be directly comparable to the linear notches
here. We report point-target PSLR and ISLR (lower is better), image RFIsupp (higher is better),
and NMSE relative to the RFI-free reference (lower is better).

3. RESULTS AND DISCUSSION

Table 1 summarises the quantitative comparison. Among the methods tested, the proposed
notch gives the lowest PSLR and ISLR and the smallest NMSE. The remainder of this section
examines each result figure in turn.

The table shows one main point. With emitters of different bandwidth, the fixed apodized notch
is the weakest at suppressing the RFI — its RFIsupp of 24.6 dB is even slightly below that of the
hard notch — because a single taper cannot both cover the wide emitter and spare the narrow one.
Matching the shape per emitter recovers RFIsupp to 28.4 dB and, at the same time, gives the lowest
PSLR, ISLR, and NMSE among the three notches. The improvement is modest but consistent
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across the metrics, and is obtained at essentially the cost of a hard notch.

Table 1. Heterogeneous-NBI comparison with fixed random seed.

Method RFI suppression (dB) | PSLR (dB) | ISLR (dB) | NMSE (dB)
No mitigation 0.0 —13.25 -3.21 —0.15
Hard notch 273 —13.58 —6.12 —6.05
Apodized (fixed) 24.6 —14.92 —7.05 —6.05
(pr(l)\gitsfée)d noteh |55 4 -15.11 —7.24 ~7.03
RFI-free reference — —-30.03 —25.28 —

Figure 2 shows the averaged range-frequency spectrum (top) and the notch gains (bottom). The
three emitters of different bandwidth appear as peaks of different width on the smooth signal
envelope. The hard notch (black) is a fixed rectangular stop and the fixed apodized notch (blue) is
a fixed tapered one; both apply the same shape to every emitter. The proposed gain (orange) instead
follows each peak — narrow and sharp at the narrow emitter, wide and smoothly tapered at the
wide one — obtained directly from the measured spectrum, with no width or taper to set by hand.

100 (a) Contaminated range-frequency spectrum L AETAA G
T T T T T

90

Power (dB)
3

~
o

1 | 1 L 1 |
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Range frequency (MHz)

(b) Notch gains: hard, apodized, and proposed matched
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Notch gain

‘ - ‘ ‘ 4
-60 40 -20 0 20 40 60
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Figure 2. (a) Averaged range-frequency spectrum (three emitters of differing bandwidth), (b)
hard, fixed-apodized, and proposed matched-notch gains.

Figure 3 shows the range impulse response of an isolated point target for the four cases. Without
mitigation the interference raises the whole sidelobe region; the three notches lower it, and the
proposed notch (drawn in bold) has the lowest peak and integrated sidelobes (Table 1). Every notch
here leaves a sidelobe floor well above the RFI-free reference (about —15 dB versus —30 dB):
removing a band of frequencies punches holes in the spectrum, and the Hamming weighting only
controls the sidelobes caused by band-edge truncation, not those caused by interior holes. To
confirm that this is a property of the notch rather than an artefact of the implementation, we applied
the same gain g(f) to a clean point target (no interference): the PSLR fell from —31.6 dB to —15.0
dB although no RFI was present, the Hamming weights were unchanged outside the notch
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(deviation < 1072), and removing the Hamming weighting made the PSLR worse (—12.4 dB),
which shows the window is still active and that the loss comes from the spectral holes alone. The
residual level reflects the notched fraction of the band (here about 11%, as the three emitters are
deliberately wide and strong), so the comparison between methods is relative, at a common

operating point, rather than a claim of near-ideal sidelobes.
Point-target impulse response (proposed has the lowest sidelobes)
T T T T T T T T

oF ~eeeee- No  mitigation
— — = Hard notch
...... Apodized (fixed)

m—— \atched (proposed)

Normalised amplitude (dB)

-35 Hil

1
1 H
R
40 Y VY ) ‘{

-45 : L 1 1 1 1
-50 -40 -30 -20 -10 0 10

Range sample (rel. to peak)
Figure 3. Isolated point-target range impulse response; the matched notch keeps the
sidelobes a little below the hard and fixed-apodized responses.

Figure 4 sweeps the notch width for the hard and fixed apodized notches, plotting PSLR and
RFI suppression against the notched fraction of the band, and overlays the proposed matched notch
as a star. The sweep makes the underlying trade-off explicit: widening the notch improves RFI
suppression but raises the sidelobes. The proposed notch sits off these curves — it reaches a high
RFI suppression at a small notched fraction (about 11%), which the hard and apodized notches
attain only at a larger width and hence higher sidelobes. This is the practical benefit of adapting
the width to each emitter rather than choosing one global width.
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Figure 4. Notch-width sweep for hard and fixed apodized filters: PSLR and RFI suppression
versus the notched fraction.

Figure 5 summarises Table 1 as bar charts of the four metrics, with the RFI-free reference
indicated for PSLR and ISLR. The proposed notch is best (or tied) on all four; the margin over
the fixed apodized notch is clearest for RFI suppression and NMSE.
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Figure 5. Bar summary of Table 1: image RFI suppression,
point-target PSLR and ISLR, and image NMSE.

4. CONCLUSIONS

In this paper, we presented a simple, low-complexity notch filter for narrowband-RFI
suppression in SAR. By estimating the interference spectrum of each emitter and applying a
parametric Wiener gain, the notch adjusts its width and roll-off to the emitter, which helps ease
the hard notch’s trade-off between rejection and sidelobes without a fixed taper or nonlinear post-
processing. On a 2-D SAR simulation with emitters of differing bandwidth, it gave favourable
PSLR (about —15.1 dB), ISLR (about —7.2 dB), and NMSE (about —7.0 dB) among the compared
methods, while remaining linear and at roughly hard-notch cost. The work is incremental: the
inherited Wiener/apodization ideas are attributed to prior work, and the per-emitter matched design
and comparison are the contribution. Future work will study the choice of (a,f), a two-
dimensional (range—azimuth) extension, and validation on real Sentinel-1 Level-0 data with
various RFI types.
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TOM TAT

Bo loc notch khép pho nhidu dé ché 4p nhiu tan s6 vo tuyén dai hep
trong ra da khau do tong hop

Nhiéu tan sé vé tuyén dai hep (NBI) lam suy giam chdt lwong anh ra da khau d¢ tong
hop (SAR). Loc notch trong mién tan sé la giai phap phé bién, nhung bé loc notch cimg
(dang chit nhdt) viudng su danh doi giita ché dap nhleu va bup phu, con bg loc notch vat mép
voi tham s6 co dinh khong phit hop vdi cac nguon nhiéu cé d¢ réng bang khdc nhau. Bai
bdo dé xudt mét bé loc notch don gidn, do phirc tap thap, cé hinh dang khép theo phé nhzeu
do dwoc. Dya trén y twong loc Wiener co  dién, bo loc wdc lwong mdt do pho cong Suat cua
tirng nguon nhiéu tir pho cw ly trung binh cua SAR roi ap mét ham khuéch dai sai s6 trung
binh binh phiong cuc tiéu c6 tham so Vvéi phan vt mép bam theo dang pho cua nguon
nhiéu dé; bé loc tuyen tinh, khéng can tinh chinh theo tirng canh va chi ton khodang mot
phép nhdn phé trén méi xung. Trén mé phong SAR 2-D vdi cdc nguon nhiéu c6 dg rong
bang khdc nhau, phuong phdp cho ty so bup phu tai dinh (PSLR) khoang —15,1 dB, ty so
biip phu tich hop (ISLR) khodng —7,2 dB va sai sé binh phicong trung binh chudn héa
(NMSE) nhé nhat, khoing —7,0 dB, so véi bé loc notch ciing va bé loc notch vit mép c6
dinh. Béng gop ciia bai bdo la thiét ké b loc notch khép phé theo tirng nguon nhiéu va
ddnh gia so sanh hiéu qua cia gidi phdp dé xudt voi cdc hudng tiép cdan khac.

Tir khoa: Ra da khéu d6 tong hop; Xir 1y tin hiéu s ra da; Ché ap nhidu tin sé v6 tuyén; Nhidu tan s6 v6 tuyén dai hep;
Bo6 loc notch.
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