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Abstract: Stepped-frequency radar can increase the degree of freedom of the range dimension
by adding a tiny stepping frequency between neighboring pulse carrier frequencies, which has a
clear advantage in countering range false target jamming. However, when the jamming is released
by a self-defense jammer carried by the target, the range information is coupled to the Doppler
frequency. This makes it impossible for a stepped-frequency radar to extract the range information
accurately. In this paper, we derive the correlation between the phase difference of adjacent pulses
and range information and the Doppler frequency when the frequency is uniformly stepped, as well
as the error caused by the Doppler frequency in range estimation. Then, we propose a decoupling
method based on a waveform design and the corresponding suppression method of range false target
jamming. Simulation results show that the proposed method can effectively suppress the jamming of
self-defense range false targets.

Keywords: stepped frequency; range-Doppler decoupling; self-defense range false target suppression;
waveform design

1. Introduction

As an important role in battlefield information acquisition and situation awareness,
radar has always been faced with the threat of electronic jamming [1-3]. In recent years,
spoofing technology based on digital radio frequency memory (DRFM) [4,5] has developed
rapidly, and jamming has become an important threat to radar’s normal searching and
tracking tasks. Spoofing jamming is mostly the storage, delay, or frequency shift modulation
of radar signals and then forwarding so as to generate range or speed false targets, making
it difficult for radar to distinguish between true and false targets among numerous false
targets. Since spoofing jammings are coherent with radar-transmitted signals, signal-to-
noise ratio (SNR) gain can be obtained from pulse compression [6], which is difficult to
filter out from the energy domain. Moreover, jamming patterns such as direct forwarding,
intermittent sampling forwarding [7], and repeated sampling forwarding [8] can realize
instantaneous alignment and forwarding of radar signals, and traditional anti-jamming
methods such as time-domain gate, frequency agility, and frequency domain filtering
are basically ineffective. For sidelobe jamming, the spatial filtering method has some
suppression capability, but for main lobe self-defense jamming, the spatial filtering method
is invalid, and new suppression methods should be explored.

Carrier frequency micro-motion can bring freedom in the range dimension, increase
the processing dimension of jamming, and is important for improving radar anti-jamming
capabilities. Existing studies mainly concern the incorporation of stepped frequencies in
both spatial and temporal dimensions. In 2006, Paul Antonik put forward the concept of
frequency diversity array (FDA) [9], which expanded the degree of freedom of frequency
between elements on the basis of a phased array and achieved a series of performance ad-
vantages in parameter estimation [10-14] and jamming suppression [15-17]. The FDA has
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the advantage of joint estimation of range-angle dimensional parameters [10,11], utilizing
methods such as spatial spectrum [12,13] and sparse recovery [14] to achieve simultaneous
estimations of multiple parameters. The authors of [15] suggest a technique for identifying
jamming using the relative relationship of the FDA-multiple-input multiple-output (MIMO)
radar’s transmitting and receiving steering vectors, and for suppressing jamming using
adaptive beamforming (ADBF). The authors of [16] suggest a technique that changes the
beam’s zero point to the false target in order to achieve suppression, which is based on
frequency step selection. A reliable ADBF algorithm for anti-jamming devices based on
covariance matrix reconstruction for the FDA-MIMO radar is proposed in [17]. FDA pro-
vides significant gains in anti-jamming performance, but it has difficulties in the system’s
intrinsic issues with low beam gain and problematic steady-state beamforming [18,19]. In
addition, frequency-agile radar increases the carrier frequency degrees of freedom between
pulses. Reference [20] propose a target detection method under deceptive jamming back-
ground based on frequency-agile radar. In [21,22], intra-pulse and inter-pulse coding in
frequency-agile radar are combined to achieve mutual masking between sub-pulses and
suppress intermittent sampling jamming. In [23], waveform entropy in frequency-agile
radar is combined to distinguish true and false targets and suppress dense false targets.
In [24], frequency agility and mathematical morphology are combined to suppress dense
false target jamming. However, the above methods require pre-perception of jamming and
suffer from the difficulty in coherent accumulation for moving targets. In contrast, stepped-
frequency radar can easily achieve coherent accumulation. In [25], a slow-time domain
method is proposed for suppressing coherent false target jamming in stepped-frequency
radar without the prior perception of jamming. However, the influence of the Doppler
frequency of the moving target is not considered.

In this paper, we analyze the reason for the coupling between the Doppler frequency
and the range information of the moving target and the effect of the Doppler frequency
on the range estimation. Based on [25], a decoupling waveform design scheme and the
corresponding self-defensive range false target jamming suppression method are proposed.
According to the reason for range-Doppler coupling, the uniform stepping mode with
carrier frequency between pulses of conventional stepped radar is discarded, and the
non-uniform stepping mode with square stepping is chosen to decouple the range steering
vector between pulses from the Doppler steering vector. Firstly, we obtain the range-
Doppler two-dimensional spectrum of the target using a multiple signal classification
(MUSIC) algorithm [26]. Secondly, we extract the range gate of the Doppler channel where
the spectral peak is located, form a filter, and finally filter the pulse-compressed echo, thus
achieving suppression of false targets. Simulation results show that the proposed method
is effective.

2. Radar Signal and Jamming Model

The carrier frequency stepping strategy adopted in this paper is to step the frequency
in square increments on the carrier frequencies of adjacent pulses, as shown in Figure 1.
The carrier frequency of the m-th transmitted pulse is

fon = fo+ (m—1)°Af (1)

where f is the carrier frequency of the first transmitted pulse.
Assuming the m-th pulse emits a linear frequency-modulated (LFM) signal:

ST(t) = Arect(%) exp (jrkt? + 27t fut) @)
1,0<t<T

0,else
width, 7 is the pulse duration, and f is the distance to fast time.

where rect(%) = { , A indicates signal amplitude, k = B/ 7, B is the band-
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Assuming there is a target at range R, the m-th pulse-echo signal can be represented as

st = A'sp(E - 2 ©
where A’ indicates the echo amplitude.

Assuming that the self-defense jammer fully samples each intercepted pulse and
delays forwarding p times (completed within a pulse repetition period), it generates p range
false targets, and the number and delay modulation of false targets forwarded in each pulse
repetition period are the same, that is, each false target has coherence. The jamming signal
received by radar in the m-th pulse repetition period can be expressed as

1) = 3 S (E) 8t — 1) @
p=1

where t, is the delay time of the p-th jamming, * is the convolution operation, and 5(t) is
the impulse signal.
During the m-th pulse repetition period, the signal received by the radar is

§"(t) = S7(t) + J(t) +n(t) ©)

where n(t) represents gaussian white noise.
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Figure 1. Schematic diagram of frequency stepping method for radar-transmitted signal.

3. Analysis of the Principle of Range-Doppler Coupling and the Necessity
of Decoupling
Here, the conventionalstep frequency mode is taken as an example: f,, = fo + (m — 1)Af.
A theoretical analysis of the range-Doppler coupling phenomenon is performed.
Assuming there is a moving target at Ry with a velocity of v and a Doppler frequency
fao, then the echo received during the m-th pulse repetition period is

2Ry 2
(1) = Drect(* <) expljmk(t — 2x") 4 jorf(t — o) ©)

where R, = Rg — (m — 1)vT,, and T, denotes the pulse repetition period.
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Performing zero intermediate-frequency and matched filtering on the echo during the
first pulse repetition period result in

51y (t) = Dsinc[B(t — 220)] exp(—j2n o2 fo) @)

sin(7tx
where sinc(x) = ( )
Assuming the target aligns with common stop-and-go models. Similarly, the second
pulse repetition period echo after processing can be expressed as

2Ry — 20T, \ exp[—jZTEZRO — 20T,

Sfp(t) = Dsinc[B(t — c . (fo+Af)] 8)

According to (7) and (8), it is easy to calculate the echo phase difference between the
first and second pulse repetition periods:

Bp = [2m 2 (fo+ AT (~2n 0 A )

—mww%mmzm

where fq = 2 £ fo- Dueto fo >> A f / can be ignored. Therefore, the above equation can

©)

be written as
Ap = (2nfa0 Ty ) (— 12757Af ) (10)

When the target is a stationary target, that is f;y = 0, the phase difference between
adjacent pulses is ( ]27t2R0 Af). Considering m pulses, we can obtain the steering vector in
the range dimension:

a(Ro) = [1,e ]27T—Af e ]27’[2R0Af-2’_“ ]27‘[—Af(m 1)]T (11)

where (-)" is the transpose operation.

Therefore, uniform stepped frequency is equivalent to uniform sampling in the carrier
frequency domain between pulses, where the sampling interval is Af and the sampling
number is the number of pulses.

When the radar emits a coherent pulse train, thatis Af = 0, the system degenerates
into a pulse Doppler (PD) system, and the phase difference between adjacent pulses shown
in (10) becomes (—j27tf;oT;). Then, the steering vector in the pulse dimension becomes

a(fyp) =11, d2faolr 27faoTr2 ”,eJ'2TffdoTr(m—1)]T (12)

Therefore, the range-Doppler dimensional steering vector of the moving target echo
for a uniformly stepped-frequency radar is

a(Ro, fa0) = a(Rg) o a(fay) = [1,e*izﬂ(@AfffdoTr),e*jZﬂ(@AfffdoTr)-Zl._.,e*iZW(@AfffdoTr)(mfl)]T (13)

where o is the Hadamard product operator.

It can be seen from (13) that there is a common coefficient term (m — 1) between the
range steering vector and the Doppler steering vector, resulting in range-Doppler coupling
that cannot be distinguished. This is essential because both the range spectrum and the
Doppler spectrum adopt the same sampling method, resulting in a correlation between
the spectral coefficient terms of the range spectrum and the Doppler spectrum, making it
difficult for the receiver to distinguish.
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If the influence of the Doppler frequency is ignored, the phase difference will only
include range information. Hence, we have

2R’ 2R T T,
TAf:TAf—fdoTrﬁRlzR—cfdo ' AR = — aTr

2Af 2Af

(14)

where R’ is the range that ignores the influence of the Doppler frequency, R is the actual
range, AR is the range error when ignoring range-Doppler coupling. For a target with a
Doppler frequency of 2 kHz, the variation curve of AR versus Af and T, is shown in the
following figure.

As shown in Figure 2, in the case of visible range-Doppler coupling, the range estima-
tion error is directly proportional to the pulse repetition period and inversely proportional
to the stepped-frequency size. When the stepped frequency is 0.5 kHz and the pulse repe-
tition period is 100 us, the range error even becomes 60 km, indicating that the coupling
condition cannot be ignored.
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Pulse repetition period/us
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Figure 2. Schematic diagram of range error under different pulse repetition periods and stepped
frequencies.

4. Decoupling Waveform Design and False Target Suppression Method

The previous section analyzed the reason for the range-Doppler coupling phenomenon
for uniform stepped-frequency radar. To remove the range-Doppler coupling, a kind of non-
uniform stepped frequency is proposed in this section. Then, a square-stepped frequency is
proposed. In this case, the echo phase difference between the first and m-th pulse repetition
periods is as follows:

Ap = [Rr2=T 11 o=l £ jor 2R (4 — 1)Af]

= {2r2 1T [y — (m — 1)°Af] [ -j2n22 (m — 1)) (15)

= {j2mtn ~ 1)inl1 ~ PP o - 1)
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Due to fo >> Af, (m— 1)2A f can be ignored while m is small. For conventional
ground-based radar, this is reasonable. So, the steering vector of the moving target echo
shown in (13) will become

a(Ro, fa0) = a(Ro) o a(fs) = [1, e*ﬂﬂ(@M*fdoTr),e*j2ﬂ(4@Af*2fdoTr),_..,e*j2ﬂ[(m*1)2@Af*(mfl)fdoTr]]T (16)

From (16), it can be seen that in the case of carrier frequency square stepping, the range
spectrum and the Doppler spectrum no longer have a common coefficient term, and the
Doppler spectrum and the range spectrum are no longer coupled.

We will use the MUSIC algorithm to verify the decoupling effect of the proposed
stepped frequency.

Assuming that the radar emits M pulses, the echo data received by the radar can be

represented as
M

X(t) =) a(Ro, fao) - S™(t) (17)

m=1

The covariance matrix of the echo data can be calculated as follows:

R, = ixm -x(t)1 (18)

where L denotes the number of snapshots and ()H represents the conjugate transpose
operation.
By performing eigenvalue decomposition on Ry, we have

R, = UsTsUY + uyzyull (19)

where Us is the signal subspace corresponding to large eigenvalues and Uy is a noise
subspace corresponding to small eigenvalues.
The Doppler frequency and range of the signal can be estimated through the following

MUSIC spectrum:
1

R, fa)UnURa(R, f4)

where R is the distance scanning range and f; is the Doppler frequency scanning range.

Figure 3 shows the MUSIC spectrum under the condition of uniformly stepped carrier
frequency. Assuming that the stepped frequency Af is 1 kHz, the target is located at
15 km, and the Doppler frequency is 2 kHz. We can find that the range and Doppler are
coupled together.

Figure 4 shows the MUSIC spectrum under the condition of square-stepped carrier
frequency. As can be seen from this figure, in the case of non-uniform frequency stepping,
range information has been decoupled from Doppler frequency.

From the above image, it can be seen that the range and Doppler frequency have
been successfully decoupled through the waveform design of carrier frequency square
stepping. At this time, the spectral peak appears to be a clear peak. The Doppler and range
values corresponding to the peak are that of the target. Taking the Doppler dimension
cross-section corresponding to the peak value, we can obtain Figure 5. Actually, it is a filter
in the range dimension.

Pyusic(R, fa) = 2 (20)
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Figure 3. MUSIC spectrum of conventional-stepped frequency.
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Figure 4. MUSIC spectrum of square-stepped frequency.
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Figure 5. Filter schematic diagram.

Therefore, by taking out all the range gates of the Doppler channel where the spectral
peak is located, a set of filters can be formed. By using this filter to filter the time-domain
echo after pulse compression, self-defense range false target jamming can be suppressed.

The steps of the proposed method for suppressing range deception jamming are
summarized in Figure 6.

Construct the covariance MUSIC algorithm obtains

Radar echo data .
matrix target feature parameters

A4

All the distance gates of the
target Doppler frequency
tchannel are taken out to form

Y
A

Matched filtering J

the filter

Echo data after false
target suppression

Figure 6. False target suppression processing flow.

As shown in Figure 6, the original echo was first divided into two channels: one
for pulse compression and the other for constructing a covariance matrix. Secondly, the
covariance matrix was decomposed to extract noise subspaces. Then, estimating the
Doppler frequency and range of the target by the MUSIC algorithm, and extracting all
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range gates of the spectral peak Doppler channel to form a range dimension filter. Finally,
jamming suppression was performed on the pulse-compressed echo through this filter.

5. Algorithm Analysis
5.1. Simulation of False Target Suppression

Assuming an LFM signal is emitted by the radar under the following simulation con-
ditions: initial carrier frequency of 1 GHz, step frequency of 1 kHz, pulse duration of 50 ps,
pulse repetition period of 100 us, pulse number of 16, bandwidth of 2.5 MHz, and sampling
frequency of 10 MHz. There is a target at a distance of 15 km, the Doppler frequency is
2 kHz, and the SNR is —40 dB. Assuming that the self-defense jammer delays forwarding
four false targets with beginning ranges of 14.4, 14.7, 15.3, and 15.6 km, respectively, and
the jamming-to-signal ratio (JSR) of 40 dB from the same angle as the target.

Figure 7 shows the results of radar echo processed by pulse compression.
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Figure 7. Echo waveform after pulse compression.

It can be seen that, after pulse compression processing, the false target generated by
the delay forwarding of the self-defense jammer is distributed before and after the real
target, and the energy intensity is much higher than the real target. However, delayed
forwarding does not modulate the phase, so the phase of the jamming is the same as the
target. According to the derivation in Section 2, the range-Doppler dimensional steering
vector of the jamming is consistent with the target:

“j(RO/ de) — a(RO) o u(fdo) — [1, esz’n(@AffdeTr);eszn(ZRTOAffdeTr)'z; .. ;eijﬁ(@AffdeTr)(mfl)] (21)

The echo is

16 4

=) 2 (Ro, fa0)Sy'(t) x 8(t — tp) + a(Ro, fao)Sy' (t)] + n(t) (22)

m=1 p=1
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We constructed the covariance matrix of the echo data through (18), then decomposed
the noise subspace of the echo data through (19), and finally obtained the MUSIC spectrum
of the echo through (20). The spectrum is given in Figure 4, which is consistent with
Figure 4. Taking out all range gates of the Doppler channel where the target is located as
filters, the filter forms a spike at the range gate where the target is located, as shown in
Figure 5.

Using this filter to filter the echo after pulse compression. The result is shown in
Figure 8.

dB

-100 7

-120 7

_140 | | 1 | 1 | 1 |
6 8 10 12 14 16 18 20 22 24

Distance/km

Figure 8. Filtered echo.

After filtering, it can be seen that the false target has been suppressed, and the output
signal-to-interference-plus-noise ratio (SINR) of real targets is 24 dB. This simulation
experiment illustrates the effectiveness of the false target suppression method.

5.2. The Influence of Stepped-Frequency Size Algorithm Performance

From the analysis in Section 2, it can be concluded that carrier frequency stepping is
actually a sampling method; the stepped frequency size is the sampling interval. Similar to
the antenna aperture in the spatial spectrum estimation theory [26], when the pulse number
is fixed, the larger the stepped frequency, the greater the total frequency difference, and the
higher the resolution of the range spectrum.

We set three stepped frequencies: 0.5 kHz, 1 kHz, and 1.5 kHz. Figure 9 shows the filter
shapes of the three stepped frequencies under the simulation conditions of Experiment 1.

As shown in Figure 9, the larger the stepped frequency, the higher the range spec-
trum resolution. Therefore, the narrower the constructed filter “beam”, the better the
filtering effect.
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Figure 9. Comparison of filters constructed with asynchronous feedforward.

However, increasing the sampling interval can lead to the appearance of gate lobes,
which limits the maximum unambiguous detection range of stepped-frequency radar.
Therefore, the range dimension “directional pattern” of stepped-frequency radar was
simulated and studied using the following formula:

Fyr = a"(R)ass(R) (23)

The simulation results are given in Figure 10.

o | X?:z:;;. .ﬁz”f_éﬂ i
S : 1 “ m‘m \ M “ l’ 'l'“ lq' lu ',' &’ b YU“ ‘?r "U" '\{‘] rt'
|
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Distance/km

— Af=500Hz Af=1000Hz

Af=1500Hz

Figure 10. The maximum unambiguous range corresponding to asynchronous forward frequency.
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From Figure 10, it can be seen that at a stepped frequency of 0.5 kHz, a —3 dB “gate
lobe” appears at 90 km, indicating a maximum unambiguous range of 75 km. At a stepped
frequency of 1 kHz, the maximum unambiguous range is 37.5 km, and at a stepped
frequency of 1.5 kHz, the maximum unambiguous range is 25 km. In addition, it can be
seen that the larger the stepped frequency, the higher the average “sidelobe” level. This is
consistent with the spatial spectrum theory.

In summary, the larger the stepped frequency, the narrower the filtering “beam” in
the range dimension, and the better the filtering effect. However, the problem that arises
at the same time is that the appearance of “gate lobes” will intensify, leading to a smaller
detection range of maximum ambiguity in the range dimension and an average increase in
“sidelobes”. In actual equipment operation, a suitable value should be selected based on
actual needs.

5.3. Analysis of the Impact of Input SNR on Output SINR

To study the impact of input SNR on the performance algorithm, 5 SNR conditions of
—45 dB, —40 dB, —35 dB, —30 dB, —25 dB, —20 dB, —15 dB, and —10 dB were taken for
50 Monte Carlo simulations. The simulation conditions were consistent with Experiment 1,
and the output SINR was averaged, which was compared with the method in reference [26].
The results are shown in Figure 11.

80

60

40

207

output SINR/dB

R
o
T
1

input SNR/dB

—+*—PROPOSED —#— Comparison Algorithm
Figure 11. Analysis of the impact of input SNR on output SINR and compare with reference [26].

As shown in Figure 11, the higher the input SNR, the better the performance of the
algorithm. This is because the higher the input SNR, the higher the accuracy of the range-
Doppler MUSIC spectrum, the finer the “beam” of the target parameter estimation, the
narrower the filter constructed based on the “beam”, the better the jamming suppression
effect. However, the method in [26] did not consider the factor of range-Doppler coupling,
making it impossible to find the true target range. So, the filtering method is invalid, and
the output SINR remained at —40 dB.

6. Conclusions

This paper proposes a range false target jamming suppression method based on
decoupling waveform for self-defense range false target jamming. Firstly, by designing
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decoupled waveforms, the influence of the Doppler frequency on range estimation was
eliminated. Secondly, a covariance matrix was constructed using mixed echo signals, and
the range-Doppler spectrum of the echo was obtained using the MUSIC algorithm. Then, all
range gates within the Doppler channel were taken out where the spectral peak is located
as range dimension filters. Finally, using this filter, the pulse-compressed echo was filtered
to achieve jamming suppression. Simulation results have verified the effectiveness of this
method. We also studied the impact of stepped-frequency size on the proposed method
and found that the larger the stepped frequency, the better the filtering effect. However,
the problem it brings is that the “side lobes” are raised, and the “gate lobes” are increased.
Ultimately, the size of the stepped frequency needs to be set according to actual needs. The
limitation of this method is that it can only suppress range false target jamming caused by
delay modulation. The next step will be to conduct research on this issue and find ways to
suppress other kinds of jamming.
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