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In order to master the law of the pseudo-signal interference effect of dual-frequency electromagnetic radiation in typical radar
equipment, a certain type of Ku-band swept-frequency ranging radar was used as the test object to carry out single-frequency
continuous wave and dual-frequency continuous wave pseudo-signal interference effect experiments. Through experiments, it is
found that dual-frequency electromagnetic radiation will cause “hill” and “spike” type pseudo-signal interference to the swept-
frequency radar. Based on the frequency analysis of the radar receiving circuit, the interference mechanism of the dual-frequency
pseudo-signal is revealed, and the morphological characteristics and distance law of the pseudo-signal are explained. The variation
law of the pseudo-signal level with interference field strength is obtained. The results show that the in-band dual-frequency
nonintermodulation interference is similar to the single-frequency interference, and the only difference is that the number of
pseudo-signals increases; when the interference frequency difference is about 400~600 MHz, the out-of-band dual-frequency
second-order intermodulation signal will cause “hill” type pseudo-signal interference, and the pseudo-signal distance is random;
when the interference frequency difference is less than 5 MHz, both the dual-frequency second-order intermodulation signal and
the third-order intermodulation signal will cause “spike” pseudo-signal interference inside and outside the radar operating
frequency band; the pseudo-signal distance is fixed.

1. Introduction

With the rapid development of information technology, the
concept of electromagnetic warfare has gradually become
the focus of research in various countries [1-3]. In the future,
integrated joint operations under the conditions of infor-
mation technology will be widely used, and the electro-
magnetic space will be increasingly crowded. Intentional
electromagnetic interference makes the battlefield electro-
magnetic environment worse, and the electromagnetic en-
vironment effect of radar equipment in the complex
electromagnetic environment has become a widely studied
problem [4-6]. In recent years, many scholars have carried
out research on the blocking effect laws and modeling
evaluation methods of typical frequency equipment (such as
UAV data links, communication radios, navigation

receivers, and so on) in single-frequency and multifrequency
continuous wave electromagnetic radiation [7-9], revealed
the damage law and blocking effect mechanism of contin-
uous wave electromagnetic radiation, established a blocking
effect assessment model for multifrequency non-
intermodulation interference and multifrequency inter-
modulation interference of frequency-using equipment
[10, 11].

The radar refers to an electromagnetic sensor that uses
radio to detect and range targets, which is equivalent to the
human “clairvoyance” and is widely used in military and
civilian fields [12]. As typical frequency equipment, a sweep
continuous wave ranging radar is vulnerable to the influence
of electromagnetic radiation interference signals inside and
outside the band, especially the continuous wave signal in
the band. Because the form of interference signal is similar to
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the form of the radar useful signal, the interference signal
can form pseudo-signal interference in the radar display
interface under the condition of weak interference field
strength. When the interference field strength is strong, the
pseudo-signal strength even exceeds the true echo signal
strength, causing the radar to misjudge [13]. The authors in
[14] pointed out that the single-frequency signal whose
jamming frequency is located in the working frequency band
of the radar can cause false alarm interference to the radar,
but the target characteristics of the false alarm interference
were not analyzed. The author in [15] believes that single-
frequency interference can cause pseudo-signal interference
on the display interface of the FM CW radar, but the above-
mentioned documents do not involve radar multifrequency
pseudo-signal interference. In particular, the interference
frequency of multifrequency signals generates intermodu-
lation signals under certain specific frequency combinations
or intermodulation signals generated by the interaction of
interference signals and useful signals. The pseudo-signal
strength caused by the above signals to radar equipment
even far exceeds the strength of single-frequency pseudo-
signals, but related research is rarely reported.

The Ku-band CW radar antenna is small in physical size,
has good portability and ranging functions, and is widely
used in short-range tracking and guidance [16]. In this
paper, a Ku-band scanning continuous wave ranging radar is
taken as the test object, and the single frequency and dual-
frequency continuous wave electromagnetic radiation
pseudo-signal interference effect tests are carried out in and
out of the radar operating frequency band. Through ex-
periments, the law of the dual-frequency pseudo-signal
interference effect was obtained, and the mechanism and
imaging mechanism of the dual-frequency pseudo-signal
interference effect were revealed. The research content of this
paper is not only crucial to the evaluation of the adaptability
test of the complex electromagnetic environment of
equipment but also lays the technical foundation and pro-
vides the mechanism and method support for the im-
provement of the electromagnetic protection capability of
the swept range radar, which has important theoretical
significance.

2. Analysis on Interference Effect Mechanism on
the Single-Frequency Continuous
Wave Pseudo-Signal

In this paper, the Ku-band swept continuous wave ranging
radar is selected as the tested radar. The operating frequency
is f0+100MHz (f0 is the center frequency), and the
transmitting signal jumps in steps of 10 kHz/0.05 ms during
a single detection cycle, with a maximum detection distance
of 5000m. The authors in [13] focused on the electro-
magnetic interference effect of in-band single-frequency
continuous wave of the swept-frequency radar and described
in detail the variation law of the true target echo level and
false signal level when the tested radar equipment was
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interfered by in-band continuous wave. However, the de-
tection target set in the [13] is only 4.5 m. In order to avoid
the effect caused by too strong echo signals and make the test
results universal, we added a 30 dB attenuator at the radar
transmitting port and set the detection target to about 8.3 m.
The full-band electromagnetic radiation interference effect
test of the swept frequency continuous wave ranging radar
was carried out. After the target echo signal is received by the
tested radar, it is mixed and filtered and amplified and is
collected as I/Q road data at the back-end. The I/Q path data
are processed by inverse fast Fourier transform to obtain a
one-dimensional distance image of the target echo. The
strength of the different targets is indicated by the nor-
malized level, while the absolute value of the peak signal level
is given. The experimental results show that if the single-
frequency interference frequency is located in the radar
operating band, the tested radar will produce pseudo-signal
interference as shown in Figure 1. Outside the radar op-
erating frequency band, if the interference frequency is close
to the first local oscillator frequency of the tested radar, a
pseudo-signal interference as shown in Figure 2 will also be
generated. According to the morphological characteristics of
the pseudo-signals, the two pseudo-signals are named “hill”
type pseudo-signal and “spike” type pseudo-signal, re-
spectively, in this paper.

The working frequency of the swept-frequency con-
tinuous wave ranging radar is relatively high, and the
working bandwidth is relatively large, and it usually un-
dergoes at least one frequency conversion process. In order
to ensure the universality of pseudo-signal analysis, this
paper takes a zero-IF receiver with double frequency
conversion as an example. Figure 3 shows the block dia-
gram of the tested radar schematic structure, the radar
transmitting antenna and receiving antenna are taken to be
separated in order to ensure the physical isolation of the
two. A local oscillator fixed frequency signal and a local
oscillator sweep frequency signal are generated by the
frequency synthesizer, which are amplified by the mixing
filter and emitted by the transmitting antenna. The echo
signal returned from the target is received by the receiving
antenna. After filtering and amplifying, the echo signal is
first mixed with the first local oscillator-fixed frequency
signal, and the frequency of the received signal is down-
converted to the intermediate frequency. After filtering and
amplifying, it is mixed with the second local oscillator
frequency sweep signal. Then, by filtering by using a low-
pass filter, the low-frequency echo signal with time delay
information is further amplified. Finally, the signal is
collected and processed later, the peak signal with useful
target distance information can be observed in the radar,
and the radar ranging function is realized.

According to Figure 3, taking the single-frequency
continuous wave signal as the interference source, based on
the signal processing of the swept-frequency continuous
wave ranging radar receiver circuit, the analysis is carried
out in the form of a complex signal. Furthermore, we discuss
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FIGURE 1: Schematic diagram of “hill” type pseudo-signal interference.
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FIGURE 2: Schematic diagram of “spike” type pseudo-signal interference.

the imaging mechanism of real useful targets, “hill” type = 2.1. Real Target Echo Imaging Analysis. According to Fig-
pseudo-signals and “spike” type pseudo-signals. ure 3, the signal sent by the transmitting antenna can be
set as

NI2 :
—-TRrl/2 - 2)T
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FIGURE 3: Sweep frequency radar principle structure block diagram.

Among them, N is the number of sweep steps, E; is the
signal field strength amplitude in each step, T is the fre-
quency hopping time of a single step, f, is the center fre-
quency of the radar operating frequency band, Af is the
sweep step, ¢; is the initial phase of each step signal, and the
bandwidth of the radar operating frequency band is 2 £,
then N =2f,/Af.

Let f, be the fixed frequency of the first local oscillator of
the radar receiver, then the first local oscillator signal of the
radar can be expressed as

u, (t) = 2exp (j2nf ,t). (2)

Let f, be the center frequency of the second LO of the
radar receiver, then the second LO sweep signal of the radar
can be expressed as

(3)

exp [j(2n(fy +iAf)E + 9,) }

The real target echo signal with distance R can be
expressed as

(5)

N/2 .
B t—Tgrl2—(i+N/2)Ty
uy (t) = 2i_zl\:r/2<|rect[ T
Therefore,
f() = fu + fb' (4)
N/2 .
t—Txp/2-(i+N/2)T, - 2R/c
u.(t) = Z ACiEd{rect[ R T R
i=—N/2 R

In formula (5), ¢ is the speed of light, and A, is the
equivalent transfer function before the ith swept-frequency
ladder signal field path is coupled to the nonlinear device of

N/2

t—Tg/2 - (i + N/2)Ty — 2R/c

exp [j(2n(f, +iAf) (t — 2R/c) + q)i)]]».

the radar receiver. E; is the field strength amplitude of the
true target echo signal at the radar receiving antenna.

After mixing the real target echo signal with the first local
oscillator signal of the radar, we obtain

(6)

Z A E, {rect [

i=—N/2 TR

exp [j(2m (f, +iAf)(t - 2R/c) + (pi)]}.
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After mixing with the radar’s second local oscillator
signal, we obtain

cici
i=—N/2 Ty

Suppose the sampling time of the sweeping ranging
radar in each sweeping step is
t=ty+ (i+N/2)Tg,t =—-N/2,-N/2 +1,---,N/2, and after
sampling formula (7), the sampling sequence is obtained:

u;. (i) = A4E,; exp [j2nf,, (—2R/c)]exp [j2miA f (=2R/c)].
(8)

The first exponential term exp [j27f, (-2R/c)] in for-
mula (8) is a constant, which only acts on the useful signal
level amplitude. The second exponential term
exp [j2miA f (—=2R/c)] can obtain the real target echo distance
information R through fast inverse Fourier transform and
threshold judgment. For the convenience of analysis, for-
mula (8) is normalized as follows:

u (i) = exp [j2n (i + N/2)I/N]. 9)

Among them, [ = Round(2RNAf/c), Round(x) are
rounding operations. We perform the inverse fast Fourier
transform operation on formula (9) and find the modulo:

sin (k—1)

Dl = S =

k=0,1,2,-- N -1 (10)

When k =1, then formula (10) can take the maximum
value. After the threshold judgment, the real target echo
distance R can be calculated by the value of k.

N/2 _ _ (3 —
Z A {mt[t Txr/2 - (i+ N/2)Tg — 2R/c

5

exp [j(2m (fy + iAf)(—ZR/c))]}. (7)
ck

TANAS (1)

2.2. Imaging Analysis of the “Hill” Type Pseudo-Signal.
Assume that the single-frequency continuous wave inter-
ference signal whose interference frequency f is close to the
working frequency band of the radar is

S, (t) = Eyexp [j(2nf it +6,)]. (12)

Among them, E, is the field strength amplitude of the
interfering signal at the receiving antenna, and 6, is the
initial phase of the interfering signal.

Then, the interference signal received before the non-
linear device of the radar receiver is

u, (t) = A|E exp [j(2nf it + 6,)]. (13)

Among them, A, is the equivalent transfer function
before the interference signal field path is coupled to the
nonlinear device of the radar receiver.

After the interference signal is mixed with the first local
oscillator signal of the radar, we obtain

AE exp[j(2m(fy = fa)t +6))]. (14)

After mixing with the radar’s second local oscillator
signal, we obtain

NP2 B G
aik, Y frea( TN o ian (s, - 1, - gy 6 )] | (15)

i=—-N/2

Sampling formula (15), the sampling sequence can be
obtained as

uy (i) = A Eyexp [j(2n(fy = fo = fu)to + (61— 9))]
-exp [j27((f1 = fo = fu)Tr — Afty) (i + N/2)]
cexp [—j2mAfTx (i + N/2)?).
(16)

In the above formula, 8, and ¢; in the exponential term

exp j2n(f,— fo— fto+ (0, —9;))] are both random
variables, but because they do not contain the primary phase

of i, the exponential term only affects the absolute level value
of the pseudo-signal to a limited extent. The second expo-
nential term exp [j27((f, — fo — fu)Tr — Afty) (i + N/2)]
contains the primary phase of i, so this term determines
where the pseudo-signal appears. If the frequency of the
jamming signal is determined, the radar will generate a
pseudo-signal at a fixed location. However, when the radar
equipment measures the distance each time, the ¢, value is a
random value, which will cause a random distance shift in
the center position of each test pseudo-signal. The third
exponential term exp [—jZnAfTR(i+N/2)2] contains the
quadratic phase of i, which will cause the energy of the
pseudo-signal to be dispersed, the waveform will be



broadened, and finally, it will appear as a “hill” type pseudo-
signal. If the sweep step and frequency hopping time are not
changed, the pseudo-signal waveform will not change.

In order to find out the distance of the “hill” type pseudo-
signal, ignoring the influence of the third exponential term
in formula (16), formula (16) is normalized:

u (i) = exp [j2n (i + N/2)m/N]. (17)

Among them,
m = Round[N ((f,— fo— fu)Tr — Afty)]. Similarly, the
“hill” type pseudo-signal distance R; is obtained:
R = [(f1 = fo— fu)Tr—Afto)e
! 20 f '

(18)

2.3. Imaging Analysis of the “Spike” Type Pseudo-Signal.
In order to distinguish it from the “hill” type pseudo-signal,
the single-frequency continuous wave interference signal
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with the interference frequency f, close to the radar’s first
local oscillator frequency f, is

S,(t) = Eyexp [j(2nf,t +6,)]. (19)

Among them, E, is the field strength amplitude of the
interfering signal at the receiving antenna, and 6, is the
initial phase of the interfering signal.

Let the interference signal received before the nonlinear
device of the radar receiver be

u, (t) = A,E, exp [j(2nf,t +6,)]. (20)

Among them, A, is the equivalent transfer function
before the interference signal field path is coupled to the
nonlinear device of the radar receiver.

The interference signal is intermodulated with the radar
useful echo signal, that is, formula (5) is mixed with formula
(20), and the intermodulation signal can be obtained:

t—Tp/2— (i + N/2)T - 2Rlc

rect
1 N2 [
Py Z AGAEGE,
i=—N/2

When the interference frequency f, is close enough to
the radar first local oscillator frequency f,, the above-
mentioned intermodulation signal will not be filtered out by

o]

(21)

€xp [j<277<(f0 +idf = fo)t = (fo +iAf) ?) T - 02)]

the bandpass filter after the first local oscillator of the radar
receiver. After amplification, it can be directly mixed with
the second local oscillator signal of the radar to obtain

rect[t —TRl2-({+N/2)Ty - 2R/c]
1 N2 Ty
= ) AGAEE, (22)

i=—N/2 IR

exp [j(2n((fa - £2)e = (o +in)) =) -6,
Sampling formula (22), the sampling sequence can be
simplified to
N . 2R
up (i) = SAGAEE, exp [J<2”((fa - fa)to—(fo- fu) ?) - 92)]
(23)

exp [j27r<(fa )T - Af?) i+ N/Z)].

It can be seen from formula (23) that the first exponential

term exp [j(2n((f, — f2)to — (fo — fu)2R/c) - 0,)] does
not contain the phase of i, so its value is only related to the

absolute level of the pseudo-signal. Because the second
exponential term
exp [j2n((f, — f.)TR — Af2R/c) (i + N/2)] contains the
primary phase of i, if the frequency of the interference signal
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and the distance to the useful target are fixed, the center
position of the pseudo-signal is a fixed value. The secondary
phase of i is not included in formula (23), so the energy of the
pseudo-signal generated by the interference signal is con-
centrated, the waveform will not be scattered, and a “spike”
type pseudo-signal will be generated on the radar display
interface. In order to find out the distance of the “spike” type
spurious-signal, formula (23) is normalized:

u (i) = exp [j2n (i + N/2)n/N]. (24)

Among them, n = Round[N ((f,— f,)Tr — Af2R/c)].
Similarly, the “spike” type pseudo-signal distance R, is
obtained:

(fa— f2)Tre
= . 2
R, 2Af +R (25)

It can be seen from formula (25) that when the frequency
of the interference signal is determined, the distance of the
“spike” type pseudo-signal is only related to the echo dis-
tance of the useful target.

3. Dual-Frequency Pseudo-Signal Interference
Sensitive Phenomenon

In order to find out the pseudo-signal interference law of the
above-mentioned swept-frequency radar in the complex
electromagnetic environment, the research on the pseudo-
signal interference effect of dual-frequency electromagnetic
radiation was carried out. The test configuration is shown in
Figure 4. Two signal sources are used to generate continuous
wave interference signals of different frequencies, which are
injected into the radar receiving port through a combiner
and a directional coupling injection module. The main
parameters of the equipment are as follows: the signal
generator uses ROHDE&SCHWARZ SMR20, which can
generate 1~20 GHz microwave signal. The spectrum ana-
lyzer uses Ceyear company’s 4204 G, and the frequency
range is 9kHz~44 GHz. The target antenna uses BBHA
9120D type dual ridge broadband horn antenna, a frequency
range of 1~18 GHz, and a gain of 6.3~18 dBi. In addition, the
injection coupling module with monitoring function was
developed by our team.

3.1. In-Band Dual-Frequency “Hill” Type Pseudo-Signal In-
terference Phenomenon. When the interference frequencies
of the dual-frequency CW signal are randomly combined
and all are located in the single-frequency pseudo-signal
interference frequency band of the radar under test, the
interference characteristics are basically the same as those
of the single-frequency continuous wave pseudo-signal
interference. The only difference is that the radar display
interface generates two “hill” type pseudo-signals, and the
center positions of the pseudo-signals are randomly
generated.

3.2. Out-of-Band Dual-Frequency “Hill” Type Pseudo-Signal
Interference Phenomenon. In the dual-frequency electro-
magnetic radiation test, it is found that if the frequency

combination of the dual-frequency interference is changed
so that the frequency difference between the dual frequency
is about 450 MHz~550 MHz, it will still cause “hill” type
pseudo-signal interference to the radar. Taking the jamming
frequency as f, — 300 MHz and f, + 300 MHz as an example,
any single-frequency jamming signal will not cause pseudo-
signal interference to the tested radar equipment, but when
two jamming signals irradiate the radar at the same time, the
radar display interface will be displayed. It produces a “hill”
type spurious signal interference similar to Figure 1.

For this new “hill” type pseudo-signal interference
sensitive phenomenon, it cannot be explained by the non-
intermodulation superposition mechanism. It is necessary to
explore the essential cause of this pseudo-signal interference
effect from the perspective of intermodulation.

3.3. Dual-Frequency “Spike” Type Pseudo-Interference
Phenomenon. On the basis of the above experiments, we
continue to change the frequency difference combination of
the dual-frequency interference frequencies. The test found
that no matter the interference frequency is in the band or
out of the band of the tested radar equipment, when the
frequency difference of the dual-frequency interference is
less than 5 MHz, the “spike” type pseudo-signal interference
similar to Figure 2 will be caused to the tested radar
equipment. The shape of the “spike” pseudo-signal is much
narrower than that of the “hill” type pseudo-signal, similar to
the real target signal, and the interference level of the “spike”
type pseudo-signal is much higher than that of the “hill”
pseudo-signal. Even when the interference field strength is
low, the pseudo-signal level value has exceeded the real echo
signal level value, causing the radar equipment to misjudge.
This interference phenomenon deserves attention. At the
same time, by changing the intensity of the dual-frequency
interference signal, it is found that the “spike” type pseudo-
signal is sometimes single and sometimes two. It is necessary
to find out the reason for this phenomenon.

4. Generation Mechanism of Dual-Frequency
Pseudo-Signal Interference

In order to further explain the imaging mechanism of the
above-mentioned dual-frequency pseudo-signal, combined
with the working principle and structural block diagram of
the tested radar equipment, we assume the first case: the
receiving antenna receives the out-of-band dual-frequency
interference signal with frequencies of f, and f,, and we let
fo—fu<f.—fi<f,+ fu we suppose the second case:
the receiving antenna receives interference signals with
frequencies of f; and f, so that f, — f; is smaller than the
filtering range of the low-pass filter of the tested radar. The
frequency of each component of the output signal after the
above-mentioned interference signal enters each structure of
the tested swept-frequency radar is shown in Table 1. In
Table 1, ignoring the effects of components above the third
order, the frequency components shown in the table can
only be output when the frequency of the interference signal
is not far from the operating frequency of the radar under
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TaBLE 1: After the dual-frequency interference signal enters each structure of the swept-frequency radar, the output component frequency.

Structure Frequency
Antenna
reception Fo, f15 |2 Fo, f3 f4
First level
amplification Fo, f1s foo Fo £ fr1, Fo £ fo, fo 2 f1, Fo + (f, = f1) Foo f3 fas Fo £ f3, Fox fuo fat f3, Fo £ (f4—f3)
Primary mixin F0>f1’f2>Foif1»Foif2>fziproi(fz_f1)> Foo f3 fas Fo £ f3 Fo £ fo fat f3, Fo & (f4 f3)
(fy e tfor f1% for fo% fur Fox f1 % fo tfor f3% for fot fr Fox f3% for Fox fu % for
ad ol F0+f2+fa’f2+f1+fu’F0 (f2-fD)* fa Jatrfax fo Fot (fu-fa)* fa
B teri
gy e Fo~for 2= fo Fo~for 3= for S~ for Fo £ (fa=f2) = fa
s Jurfsfu fam fuFo = a9~ fuFo~f
F, - - — fuFot (fo—f3) = furFo— fo+F
Secondary mixing Fo—fu fo—firFo—fa®tFp fo—f1=Fp 0 Jadd Jatt Jal 0T g g3 a0 S b
(Fh) _fai(fz_fl) f3 faiFh’sz fain’Foi(f4 f3) faiFh’
ot fo Fox fs Fot fy
Fy— f.—F, (real target echo signal)
. t (f4— f3) = fa — F, (third-order intermodulation
. ~ fo — F, (real target echo signal) . “spike” type pseudo-signal) f, — f; (second order
Low pass filtering  f, f | — Fy, (second order intermodulation “hill . e 2 .
type pseudo-signal) intermodulation “spike” type pseudo-signal)
Ype pseu & f3— fa—F, (first-order “hill” type pseudo-signal)
f4— fa—F, (first-order “hill” type pseudo-signal)

test. Among them, the working frequency of radar is set as F,
, and we set f,, = fo+iAf,i=—-N/2,-N/2+1,---,N/2 -
1,N/2, then F,= {f—N/ZO’f(—N/ZJrl)O""’f(N/Z—l)O’fN/ZO}'
We set the second LO sweep frequency of the radar as F, set
fiw=fp+iAf,i=-N/2,-N/2+1,---,N/2-1,N/2, then
Fy = f—N/Zb’f(—N/2+1)b’ e ’f(N/Z—I)b’fN/Zb}'

In Table 1, when f; and f, fall into the single-frequency
“hill” type pseudo-signal interference sensitive frequency
band, the first-order “hill” type pseudo-signal will be

generated. From Table 1, it can be seen that the essential
reason for the out-of-band dual-frequency “hill” type
pseudo-signal interference is that the second-order inter-
modulation signal f, — f, is generated at the first-stage
amplification of the radar receiver, and this signal can pass
through the first local oscillator smoothly, band-pass filter,
thereby causing interference to the radar. The essential
reason for the generation of dual-frequency “spike” type
pseudo-signal  interference  is  the  third-order
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intermodulation signal F; + (f, — f3) generated at the first-
stage amplification of the radar receiver, and because the
frequency is similar to the radar echo signal, it can smoothly
pass through all levels of filtering and can finally form a
third-order intermodulation “spike” type pseudo-signal
Fy = (f4— f3) — f,— F, with real target echo information;
at the rear end of the radar, the second-order intermodu-
lation signal f, — f; generated at second-order mixing can
also pass through the low-pass filter at the back end, thereby
causing second-order intermodulation “spike” type spurious
signal interference to the radar.

In order to explore the morphological characteristics of
radar dual-frequency pseudo-signal interference, by com-
bining equations (12) and (19), the interference signals of the
interference frequencies f,, f,, f5, and f, in Table 1 can be
set as

S, (t) = Eyexp [j(2nfit +6,)
2nfyt+6,)
2nf 5t + 05)

I
S, (t) = Eyexp [j
S5 (t) = Eyexp [j
[

( )
( ] . (26)
( )
( )

S,(t) = Eyexp [j(2mfqyt +6,)

Then, the interference signal received before the non-
linear device of the radar receiver can be expressed as

uy (t) = A Ey exp [j(2nf 1t +6,)]
uy (t) = AyEy exp [j(2mf,t +6,)]
us (1) = AsEyexp [j(2nf5t +65)]
uy(t) = AE exp [j(2mf 4t +6,)]

The sampling sequence of the out-of-band second-order
intermodulation “hill” type pseudo-signal is

(27)

uy (B)uy (Huy (1) — %AlAzElEZ exp [j(2n(fy— f1 - fo— fu)to +(0, - 0,))]

(28)

cexp |j2n((fa= f1=fo = fu)Tr- Aft0)<i + %)]exp [‘jZﬂAfTR<i +§)2]-

The sampling sequence of the second-order intermod-
ulation “spike” type pseudo-signal is

1
uy (Hu, (£) — §A3A4E3E4 exp [j(27(fq = f3)to

- (0~ 0:))Jexp [j2n(fs - Ta(i 45 )]

(29)

The sampling sequence of the third-order intermodu-
lation “spike” type pseudo-signal is

uy (D)uy (Ou, (), (O, (t) — iA3A4AciE3E4Eci exp [j(2m(fq = f3)to + (04— 05))]:

exp [j271<( Fom f3)Ta-Af ?) (i+ N/Z)]

(30)

The first exponential term in formulas (28) to (30) only
acts on the target signal level amplitude. Because the second



10

exponential term contains the primary phase of 4, the target
echo distance information can be obtained. The third ex-
ponential term in formula (28) contains the quadratic phase
of i, which will make the pseudo-signal energy disperse, the
waveform broaden, and finally appear as a “hill” type
pseudo-signal. Formula (29) and formula (30) do not
contain the secondary phase of i, so the energy is concen-
trated, and it finally appears as a “spike” type pseudo-signal.

From the aforementioned theory, the distance of the out-
of-band second-order intermodulation “hill” type pseudo-
signal can be obtained:

_ [(f2-f1- o= fu)Tr—Afty)c
Ry = bZAf , (31)

because t, is a random quantity every time the radar
detects, the position of the out-of-band second-order in-
termodulation “hill” type pseudo-signal is random.

The distance of the second-order intermodulation
“spike” type pseudo-signal is as follows:

(f4_f3)TRC' (32)

R =
43 2Af

The distance of the third-order intermodulation “spike”
type pseudo-signal is as follows:

R = (f“;Tf;)TRC +R (33)

It can be obtained from formulas (32) and (33) that when
the frequency difference of the interference signal is fixed,
the positions of the second-order intermodulation “spike”
type pseudo-signal and the third-order intermodulation
“spike” type pseudo-signal are fixed. The distance between
them is the real echo signal distance.

5. Test Verification

In order to verify the correctness of the above mechanism
analysis, the test configuration shown in Figure 4 is used to
set the frequencies of interference sources 1 and 2 as the
interference signals of f, = f, —300MHz and f, = f,+
300MHz, and it is easy to know that the frequency dif-
ference of the interference signals is Af,, = 600MHz. The
interference signal is turned on under the normal working
state of the tested radar, and the attenuation of 30dB and
40dB is set at the radar transmitting port to change the
interference field strength of the dual-frequency signal. The
test results are shown in Table 2. From this, the variation
curve of the interference level of the out-of-band dual-
frequency “hill” type pseudo-signal with the interference
field strength is drawn as shown in Figure 5.
It can be obtained from Table 2 and Figure 5:

(1) When the dual-frequency interference field
strength is low, the tested radar equipment works in
the linear region, and the pseudo-signal level value
increases approximately linearly with the increase
of the interference field strength. When the inter-
ference field strength increases to the point that the
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tested radar equipment operates in a strong non-
linear region, the pseudo-signal level value basically
does not change with the increase of the interfer-
ence field strength.

(2) Changing the strength of the useful signal has almost
no effect on the interference level value of the
pseudo-signal. The interference level value of the
pseudo-signal is only related to the field strength of
the two interference signals, and the maximum value
can reach about 16 dBmV. It is proved that the es-
sence of out-of-band dual-frequency “hill” type
pseudo-signal interference is out-of-band second-
order intermodulation interference, which verifies
the correctness of the theoretical analysis above.

(3) The center distance of the out-of-band dual-fre-
quency second-order intermodulation “hill” type
pseudo-signal is random because the random
quantity ¢, is contained in formula (31).

The same as the previous test configuration, we change
the interference source frequency to the interference signal
of f, = foand f, = f, + 1.21MHz, and it is easy to know
that the frequency difference of the interference signal is
Af,, = 1.21MHz. We change the interference field strength
of the dual-frequency signal, and the test results are shown in
Table 3. From this, the variation curves of the interference
level of the dual-frequency “spike” type pseudo-signal with
the interference field strength are drawn as shown in
Figures 6 and 7.

From Table 3, Figures 6 and 7, it can be obtained:

(1) Changing the useful signal strength only affects the
interference level value of the third-order inter-
modulation “spike” type pseudo-signal. The distance
values of the two pseudo-signals are fixed and remain
basically unchanged. According to formula (32) and
formula (33), the theoretical distance values of the
two pseudo-signals can be calculated from the fre-
quency difference of the interference signal fre-
quency to 907.5m and 915.8m. The difference
between the distances of the two pseudo-signals is
the real echo signal distance. The experimental re-
sults prove the correctness of the theoretical analysis
above.

(2) When the dual-frequency interference field strength
is low, the tested radar equipment works in the linear
region, and the second-order intermodulation and
third-order intermodulation “spike” type pseudo-
signal levels increase approximately linearly with the
increase of the interference field strength; when the
interference field strength continues to increase, the
radar under test works in a strong nonlinear region,
the level of the second-order intermodulation
pseudo-signal gradually increases to the maximum
value and remains constant, and the third-order
intermodulation pseudo-signal level value reaches
the maximum value. It gradually decreases. The
reason is that the real target echo signal is suppressed
in the strong nonlinear region of the radar, which
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TaBLE 2: Test results of the out-of-band dual-frequency second-order intermodulation “hill” pseudo-signal.

Interference field strength 1

Interference field strength 2

Pseudo-signal level

Pseudo-signal
center distance

(dBV/m) (dBV/m) (dBmV) (m)
-15 -15 3.35 2419
-12 -12 7.93 2534
Transmit signal attenuation -9 -9 12.65 2920
30dB -6 -6 15.93 3211
-3 -3 15.97 1154
0 0 16.11 926.2
-14 -14 417 540.7
-11 -11 9.85 2175
Transmit signal attenuation -8 -8 13.95 1243
40 dB -5 -5 15.59 2432
-2 -2 15.85 2376
0 0 15.99 2428
18 -
= 16 L
E - a—e—R—g—
=
= 14+
=
X0
g 12F
2
S0t
o
L
=
g 8
o)
2 6f
L
3
g 4t ®
= o
2 1 L 1 L 1 L L 1 L 1 L 1 L 1 L 1 L J
-6 -14  -12 -10 -8 -6 -4 -2 0 2

Interference field strength (dBV/m)

—#— 30dB attenuation
—8— 40dB attenuation

FIGURE 5: Variation of the two-frequency second-order intermodulation “hill” type pseudo-signal level with interference field strength.

TaBLE 3: Two-frequency second-order intermodulation and third-order intermodulation “spike” type pseudo-signal test results.

Second-order Third-order Second-order Third-order .
Interference Interference . . . . . . . . Distance
intermodulation  intermodulation  intermodulation intermodulation .
field strength field strength . . . - difference
| (dBV/m) 2 (dBV/m) pseudo-signal pseudo-signal ps.eudo—51gna1 ps.eudo—s1gnal (m)
level (dBmV) level (dBmV) distance (m) distance (m)
-59 -59 3.03 13.39 913.4 921.7 8.3
—54 -54 7.38 20.11 917.2 925.4 8.2
—-49 -49 13.35 26.81 916.4 924.7 8.3
—44 —-44 17.62 31.36 915.7 923.9 8.2
Transmit -39 -39 21.89 33.86 920.2 928.4 8.2
signal -34 -34 26.04 33.09 920.2 928.4 8.2
attenuation -29 -29 28.57 30.11 904.4 912.7 8.3
30dB —-24 -24 28.9 27.64 906.7 914.9 8.2
-19 -19 27.55 24.37 903.7 912.0 8.3
-14 -14 27.66 21.1 902.9 911.2 8.3
-9 -9 28.3 17.93 905.9 914.2 8.3
—4 —4 28.34 14.51 909.7 917.9 8.2




12 International Journal of Antennas and Propagation
TaBLE 3: Continued.
Second-order Third-order Second-order Third-order .
Interference Interference . . . . . . . . Distance
intermodulation  intermodulation  intermodulation  intermodulation .
field strength field strength . . . . difference
| (dBV/m) 2 (dBV/m) pseudo-signal pseudo-signal ps'eudo—51gna1 ps.eudo—s1gnal (m)
level (dBmV) level (dBmV) distance (m) distance (m)

-59 -59 2.33 4.89 907.2 915.4 8.2
—54 -54 8.65 10.95 904.2 912.5 8.3
—-49 -49 13.37 16.64 908.7 916.9 8.2
—44 —-44 16.7 20.42 908.7 916.9 8.2
Transmit -39 -39 21.25 22.04 910.9 919.2 8.3
Signal -34 -34 25.17 20.11 910.9 919.2 8.3
attenuation -29 -29 27.63 18.15 905.7 913.9 8.2
40dB —-24 -24 28.86 15.26 906.4 914.7 8.3
-19 -19 27.47 12.79 909.4 917.6 8.3
-14 -14 27.67 10.86 907.2 915.4 8.2
-9 -9 27.44 8.25 907.9 916.2 8.3
—4 —4 28.43 6.03 908.7 916.9 8.2

25 -

15

Absolute level value of pseudo-signal (dBmV)

-60

-50 -40 -30 -20 -10 0
Interference field strength (dBV/m)

—m— Second-order intermodulation pseudo-signal (30dB attenuation)

~@— Second-order intermodulation pseudo-signal (40dB attenuation)

FIGURE 6: The second-order intermodulation “spike” type pseudo-signal level changes with the interference field strength.

35+

30 |-
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Absolute level value of pseudo-signal (dBmV)
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\.
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L L " L " L " L " L " L
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Interference field strength (dBV/m)

—e— Third-order intermodulation pseudo-signal (40dB attenuation)
—s— Third-order intermodulation pseudo-signal (30dB attenuation)

FIGURE 7: The third-order intermodulation “spike” type pseudo-signal level changes with the interference field strength.
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affects the strength of the third-order intermodu-
lation pseudo-signal, while the second-order inter-
modulation signal is not affected.

(3) When the radar works in the linear region, if the
target is closer, the real echo signal is stronger, and
the interference level of the third-order inter-
modulation pseudo-signal is higher, which is the
main interference signal; if the target is far away,
the real echo signal is weaker, the second-order
intermodulation pseudo-signal interference level is
higher, which is the main interference signal. When
the radar works in the strong nonlinear region, the
third-order intermodulation pseudo-signal grad-
ually disappears, and the second-order intermod-
ulation pseudo-signal is the main interference
signal.

6. Conclusion

In this paper, on the background that the swept-frequency
radar is interfered by the dual-frequency continuous wave
electromagnetic radiation, the pseudo-signal interference
effect test is carried out, and the pseudo-signal interference
law of the swept-frequency radar under the dual-frequency
continuous wave electromagnetic radiation is studied. The
specific research contents and conclusions are as follows:

(1) It is revealed that the effect mechanism of out-of-
band dual-frequency “hill” type pseudo-signal in-
terference of the swept-frequency ranging radar is
the second-order intermodulation radio frequency
interference. The effect mechanism of dual-fre-
quency “spike” type pseudo-signal interference is
second-order intermodulation low-frequency inter-
ference and third-order intermodulation low-fre-
quency interference. The condition for such “spike”
type pseudo-signal to appear is that the frequency
difference of dual-frequency interference is less than
5 MHz.

(2) The waveform shape of the “hill” type pseudo-signal
is much wider than that of the “spike” type pseudo-
signal because the third exponential term in the
sampling sequence of the “hill” type pseudo-signal
contains the quadratic phase of i, which will widen
the waveform, and the energy is dispersed.

(3) The position of the second-order intermodulation
“hill” type pseudo-signal is random, the second-
order intermodulation “spike” type pseudo-signal
interference position is fixed, and the distance is
determined by the frequency difference of the dual-
frequency interference. The third-order intermod-
ulation “spike” type pseudo-signal interference po-
sition is fixed, and the distance is determined by the
dual-frequency interference frequency difference
and the real target distance.

(4) The maximum value of the “spike” type pseudo-
signal interference level is much larger than the
maximum value of the “hill” type pseudo-signal
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interference level. If the detection target distance is
relatively short, the protection focus should focus on
the third-order intermodulation pseudo-signal in-
terference; if the interference field strength is strong,
the protection focus should focus on the second-
order intermodulation pseudo-signal interference.
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