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ANALYSIS OF FREQUENCY SPECTRUM OF
COHERENT PULSE DOPPLER RADARt
DURING VELOCITY INTERFERENCE

Wang Wantong

Research Institute No. 29
Ministry of Electronic Industry, Chengdu

ABSTRACT: This paper describes the feasibility of
convolution integration and waveform integration

methods in analyzing the frequency spectrum properties

of pulse Doppler (PD) radars, and realizing frequency
agility. It is concluded that phase modulation frequency
shifting, which was designed for jamming continuous wave
(CW) radars, is also available for jamming coherent PD
radars.

KEY WORDS: pulse signal modulation, pulse Doppler radar,
frequency spectrum, velocity jamming, frequency shifting.

0. Introduction

It is well known that CW wave radars and pulse Doppler (PD)
radars can be used to measure velocity, based on the unique
relationship between Doppler frequency and relative target

. velocity. By modifying the frequency of a radar signal (radar

* This paper was accredited as an outstanding paper presented at
. 95 Annual Academic Conference sponsored by Research Institute
No. 29, Ministry of Electronics.




return), phase modulation frequency shifting can realize velocity
jamming of CW radars with respect to continuous waves. Likewise,
this paper analyzed the feasibility of applying this principle in
realizing velocity jamming of PD radars through frequency

shifting.
1. Realization of Sawtooth Wave Modulation Within Pulse Width

When signals are input by continuous waves, sawtooth waves
as signal-modulating waves can be used at any time to modulate
the signals, and the modulation result will stay unchanged as
long as the optimal modulation conditions can be met. Now, we
use the same sawtooth waves to modulate pulse signals. Since
radio frequency signals are discontinuous in pulse intervals, the
modulation of sawtooth waves that are broader than the pulse

width will also be discontinuous.

Since the pulse width is fairly narrow, the period of
sawtooth waves used to modulate within the pulse width will be
correspondingly smaller, and the frequency shift value
correspondingly will be larger and may even overreach the
passband of a set of velocity filters, thus failing to attain the
optimal jamming effect. Under such circumstances, the analysis
given in this section must be limited to the modulation of

optimal sawtooth waves within the maximum pulse width.

First of all, we must demonstrate that by using a single
sawtooth wave to modulate within a single pulse width, the
optimal frequency shift can also be realized as confirmed by the

waveforms shown in Fig. 1.
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Fig. 1. Waveforms derived through modulation

using single optimal sawtooth wave within

pulse width

KEY: 1 - input waveform 2 - modulated waveform
3 - output waveform

The majority of pulse Doppler radars adopt a radio frequency
coherence system. Generally, to ensure an extremely high
stability of radio frequency, main oscillation amplification plus
pulse modulation is preferred. With this arrangement, for a
better analysis, we can replace the waveforms in Fig. 1 with the
waveform integration method shown in Fig. 2 with regard to total

coherence radars.

Following is a brief description of the waveform integration
method:

Sl(t) is a sine wave with frequency fo, which turned into a
sine wave S;(t) with frequency fy+f, after optimal modulation
using a sawtooth wave S,(t) with frequency f,- Then, by
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multiplying Si(t) with Sy(t), the video frequency pulse train
with pulse width T and the same repetition period and input
pulse, we finally obtained S;(t), the radio frequency pulse train

modulated with frequency shift, whose carrier frequency is
Egtfopg-
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Fig. 2. Generation of waveforms in Fig. 1 using
waveform integration method

-~

Let Sl(t)=cosd)ct, with an amplitude unit 1: S,(t) is a

forward sawtooth wave with an amplitude Uopt and repetition

frequency fyi  §,(1)=cos(w,+w,)t;S,(¢)=Repr[Rect(z/7)] *
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According to the Fourier transform rules presented in
reference [1], S;(f) and Sy (f), the frequency spectra of S;(t) and

S4(t) , can be derived:

S$:() = 2[8(f = fo= fu) + 8 + fo+ f)] Rty

S((f) = Fr « comby « sinc(fr) = Fr Z Sinc(nFr) « §(f — nF) (2)

Rw — oy

where n is a random integer.

~

Since Sy t=S;(t)'s,;(t), then S:(/) =S,(f) RS, (f)

Fr Z sinc(nFr) {8(f — nF) Q@ [6(f — fo—fu

nes —on

+o0(f+ fo+ 0]

According to the convolution formula for two "3"

o |-

t

functions, the following can be obtained:

S:(f) =-,1)—FTZ sinc(nFo)[6(f — fo— [, — nF) (3)

+O0(f —nF + fo+ f)]

S, (f)
~fe 0 . ifo f
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Fig. 3. Spectrograms of Sl(f), S,(f) and Ss(f)




S;(f) is theé spectrum function of the radio frequency pulse
that underwent frequency shift, and its carrier frequency changed
from f; to fy+f,. It is symmetrically distributed on positive and
negative frequencies. The spectrum of S;(f£) is plotted in
Fig. 3.

For a better analysis, we assumed that the frequency shift
f, is integer times (three times in the figure) of the pulse
repetition frequency F. However, this is not an indispensable
condition because the relationship between f, and F could be

random, which does not affect the calculation results.

The foregoing analysis indicates that theoretically it is
possible to realize the optimal modulation within a pulse width.
Nevertheless, actual radar parameters show that with an
excessively large frequency shift value (Aé), the main spectral
line cannot fall within the bandwidth of the radar Doppler filter

and may result in interference energy loss, decrease or even

total failure.

-Reference [5] states that to avoid too many range gates, it
would be desirable that the working ratio of the pulse Doppler
radar d be in the range of 0.5-0.1. We designed dm£=o'5'

Pulse Doppler radars usually a adopt high pulse repetition
frequency. For tactical requirements, the minimum value of the
high pulse repetition frequency also should conform to the
relative speed of twice the speed of sound. At the X~-waveband,
the Doppler frequency corresponding to twice the speed of sound
velocity is approximately 40kHz. If the high repetition
frequency designed can only satisfy the requirement for four
times the speed of sound, then PRF;,=80kHz, so:

d max

Tz = P—R—F:l = 6. 25us



The period of sawtooth wave, which corresponds to the lowest

frequency shift value, is T =r1,,.=6.25us

Here, the lowest modulating freguency can be derived as
A min — ==
v 5 25 160kHz

while the passband of the Doppler filter set is

Afss < PRF.., = 80kH; < Af

min

It is obvious that the fregquency shift is far overreaches
the passband of the Doppler filter. 1In this case, although part
of the energy still can enter the radar, the loss of jamming

power is enormous, which will be discussed as follows.

! I

R A _ 1

Fig. 4. Relationship between the passband of
filter set of pulse Doppler radar Afas and
repetition frequency (F)

KEY: 1 - principal spectral line

Fig. 4 shows the relationship between the passband of the
Doppler filter set of the PD radar Af.s and pulse repetition

frequency F.




It is known -that as the principal spectral line moves, other
spectral lines will move correspondingly. Thus, if the principal
spectral line moves out of the passband of the Doppler filter set

Afss + there should be another spectral line (£,#NF), which
will fall into Afy,s and still produce a certain jamming
effect.

(1) NF=f, (N is a positive integer not equal to zero): At
this moment, the jamming signal generated due to modulation,
coinciding with the Doppler signal of the target, does not create
any jamming effect, because the modulation can only move the non-
principal spectral line (£¢tNF) in the figure to the position of

the principal spectral line £q-

(2) NF#f, : It can be seen from Fig. 4 that when the
modulated spectral line appears in front of or behind its
original position, it can produce a certain deéeption effect. If
the jamming energy is larger than the radar return wave energy,
the radar can only see the jamming signal, but if the jamming
energy and radar return wave energy are almost equal, the radar
can see both the actual target and the deceptive jamming at the

same time and become somewhat perplexed.

(3) It is desirable that the direction of the frequency
shift be opposite to the direction of the Doppler frequency shift
of the actual target, i.e., changing the "approaching velocity"”
to "departing velocity", and changing the "departing velocity" to
"approaching velocity". As a result, the deceptive effect can be
enhanced, and the frequency shift can be larger and thereby does

not move out of the passband of the Doppler filter set.

(4) Instead of the principal spectral line, if the Nth
spectral line that deviates from the principal spectral line
enters the radar receiver, then, it will suffer from an energy

loss since its energy is less than the energy of the principal
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spectral line. The amount of loss can be calculated in
accordance with the "sinc function". Generally speaking, the
farther away it deviates from the principal spectral line, the

larger its energy loss can be.

From the foregoing analysis on the frequency shift
modulation within pulse width, the following conclusions can be
drawn:

In realizing frequency shifting within a pulse width, it is
extremely difficult for the principal spectral line to lie within
the passband of the Doppler filter due to a large shift value.
However, one of the other low-energy spectral lines will
definitely enter the radar receiver and produce a certain jamming
effect. The degree of this effect completely depends on the
jamming energy as well as the "jamming/signal" ratio inside the

receiver.

It is very difficult for the actual equipment to realize
frequency shift modulation technology within pulse width, because
in a multiple signals environment or to counterattack multiple
threat radars, the interferometer has to deal with entirely
different signals. Under such circumstances, to realize the
optimal frequency shift modulation within the width of each pulse
would be an extremely complex task in terms of signal

discrimination and control techniques.

2. Realization of Optimal Modulation in Several Pulse Periods

2.1 Optimal Frequency Shift Modulation in the State of Radar
Detection

The video frequency pulse waveforms generated in the state

of radar detection are shown in Fig. 5.
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Fig. 5. Plot of pulse waveforms derived in
state of radar detection

In Fig. 5, T; is the width of the pulse set: T=1/F is pulse

repetition period; T is pulse width; T, is antenna scan period.

Suppose the optimal sawtooth wave modulation is conducted in
a set of pulses, i.e., let the period of the sawtooth wave be
equal to Ty Since this is a PD radar, we again employ the

waveform integration method as shown in Fig. 6.

In Fig. 6, Sl(t) is an input pulse with carrier frequency
f;, pulse width v and period T; S;(t) is a continuous-wave signal
that corresponds to Sl(t); S;(t) is a sawtooth wave which is used
to modulate Sy(t); Sg(t) is a continuous wave generated after the
optimal modulation of S,(t) by S;(t), with a frequency fo+£f,
(fm=1/Td=1/Tm)7 S;(t) is a rectangular pulse series, whose width
and period are equal to those of the input pulse; S;(t) is a
square wave with a width TUTH=TQ; S;(t) is the product of Sg(t)
and Ss(t), i.e., S5(t) is selected only from Td' Finally, through
multiplying Sy(t) by S;(t), we obtain S(t), the modulated output

radio frequency pulse with a carrier frequency f0+fm.

The optimal modulation of radio frequency pulse series S, (t)
using optimal sawtooth wave Si(t), i.e., velocity jamming to
pulse Doppler radar is equivalent to optimal modulation of
original sine wave S)(t) of S;(t) using sawtooth wave S;(t), and
then multiplied by rectangular pulse series of S,(t). This is

10



the core of the waveform integration method as discussed in this
paper.

. -
S,(t)I /]
t

o7 =T, =1/ f

S‘(t) .f0+f-
AA AAAAAAA AANANAN lllll[“l 41441114..1
AR AR AR AIA A ARAAR 1 ¢

el T e w1

“mMnpoooono

Ss(t)l : - — |
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5@ | B e B

Fig. 6. Waveform integration method used
to realize optimal phase modulation within
width of a pulse set

Following is an analysis of the S(t) spectrum

Se¢(¢) =Rect(t/T,) (4)
S;(¢) =Repr[Rect(:/T,)) (5)
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S4(t) is the waveform derived after the optimal modulation of

$,(t) by S;(t), so

S, (t) = cos(2nfot + 2nf,t) = cos2n(fo + f,)t (6)
According to the principles of the waveform integration
method and Fourier analysis,
S() = S5,(2) « S;(2) « S, (2)
Let: S.(1)<—5,(/);S; (1)<=—>S,(f) 15 (1) ——>S, () ;S —=—>S(F)
thus: S<f) =S4(f)®83(f)®$s(f) (7)
Since: Se(f) =T sinc(T,f) (8)
S;(f) =F « comby + [zsinc(rf)]
=Ft « comb; * sinc(fr)
=Frsinc(rf) >, 8(f — nF)
~ {9)
=Fr 2 sinc(nFt)é(f — nF)
- (10)
SN =508 = fo = f) + 6 + fo + f)]
the following can be obtained from Egs.~(8) and (9):
Se() Q@ Ss(f) =T ysine(T,f) R Fr Z sinc(nFr)0(f — nF)
=T,Fr Z sinc (nF7) [sinc(T,f) @ 6(f — nF)]
T (11)

o

=T,Fr Z sinc(nF1)sinc[T,(f — nF)]
Eq. (11) represents two sinc functions, and it is known from
their parameters that the larger function encloses the smaller

one. Their spectrograms are plotted in Fig. 7.

From Egqs. (10) and (11), the following can be derived:
- . 1. .
S =S, RS () RS (f) =T, Fr z sinc{(nF1)sinc{T,(f — nF)] R ?[O(f — fo—

n= —er

— 6 = fo= 1,0] =%T;,Ff S sinc(nFt)isinc[T,(f — nFYI1 Q6 — fo — [0

— sinclT.(/ = a1 @o(f — f, — L) =—.‘;-T,,Fz' Z sinc(nFo) {sinc[Ty(f — f, — f.. — nF)]

-
nEm —on

~sinc[T,(f + fo+ foo —nF) ]} (12)
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Similarly, Eq. (12) is also composed of two functions the
way that the larger function encloses the smaller one as in
Fig. 7. The difference lies in the fact that Eq. (12) is
symmetrically distributed on the positive and negative
frequencies, while in Fig. 7, the central frequency is zero. The
spectrogram of S(f):aa(f)QQSJfWQQ is plotted in Fig. 8. 1Its
amplitude occupies half the figure because its energy is evenly
distributed on the positive and negative frequencies.

It can be seen from Fig. 8 that the energy of the modulated
signal, i.e., the jamming energy is distributed in the smaller
sinc function. The main lobe of either sinc function has a width

Af,=2/T, (calculated from zero). 1In other words, each
spectral line of the radio frequency pulse signal has turned into
a stretch of continuous spectrum that blocks several Doppler
filters. If the energy is sufficiently large, jamming signals
will appear in all corresponding filters to fornm blocking
jamming. The evaluation range of concrete parameters is given
through examples as follows:

Suppose T=1lps; T=10us; T}=10T=100us

then: _ 2 _2X10°
Af‘—Td—-W——-ZOkHZ

Since the passband of the Doppler filter set
1
Afys =F = 7 = 100kH:z

Af, 20 .
Af s 100 0.2
i.e., due to energy spread, the single enlarged spectral line

blocks 20% of the passband of the Doppler filter set.

thus:

If the bandwidth of a small Doppler filter from the Doppler
filter set is evaluated in the range 100-200Hz, then the
foregoing result indicates that 20% of passband blocking
signifies that 100-200 small Doppler filters are blocked.

13
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Fig. 7. Spectrogram of S HCN )
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—— %’I’.F?

Fig. 8. Spectrogram of SN=S5:(NRS (RS, ( f)
2.2. Optimal Frequency Shift Modulation During Radar Tracking

This kind of modulation is similar to optimal modulation
during the state of radar detection as described above except
that the radar pulse is an unlimited series, and therefore the
modulating sawtooth waves are continuous one after another.

Fig. 9 shows the waveforms derived in this modulation.
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Fig. 9. Waveforms generated durlng modulation

of unlimited pulse series by using continuous
sawtooth waves
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In the figure, the characteristics of individual waveforms
are highlighted, while the other features are similar to those of
the foregoing waveforms. Here, we used the continuous wave

optimal modulation method.

Since: S, (@) =cos2nrf ¢ (13)
thus: S:(8) =cos(2nfot + 2xfot) = cos2n(fy + f. )t (14)
Here we obtain: S,(f) =_;_[a(f_'fo_fm) + 8+ fo+ £ (15)

While: S, () =RepT[Rect(z/r)] (16)
thus: S,(f) =Fcomb, - [rsinc(zf)] (17)

Since: S@) =8,(t) + S,(2) (18)
thus: S(H=S(HRAS:(H

=Fcomb;~[rsinc(rf)]®—;—[B(f—fo—fm)+3(f‘:"fo+fm)]

sinc(nF)6(f—nF)RLSf— fo—Fu) +6(f+ FotFd]

sinc(nFr)[6(f— fo—fm—nF)+8(f+ fot+ fo—nF)] (19)

<
TP 2
L
Fe 2
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S(f) is two sets of & functions symmetrical at zero. The
amplitude of each set of & functions can be divided into seven
segments in accordance with the sinc(frt) function. The maximumnm
value appears on f=i(fﬁfm), whose spectrogram is plotted in
Fig. 10.

A comparison between Figs. (8) and (10) suggests that
modulating a set of pulses with a single sawtooth wave is roughly
equivalent to modulating a continuous pulse series with
continuous sawtooth waves. The only difference is that the
former is a frequency spectral band, while the latter is a
frequency spectral line. This is totally determined by whether
or not the pulse train is a periodic function, without any

connection to the modulation itself.

2.3. Modulation within a Limited Number of Pulses Using a Limited
Number of Sawtooth Waves

Another kind of modulation, which is intermediate between
the foregoing two cases, is qualitatively introduced in this
section. Introducing this modulation is of practical interest
because an absolute periodic function actually does not exist.

It can be imagined that the spectrogram resulting from this
modulation must be the spectrogram between Figs. 8 and 10, which
is a narrow frequency spectral band close to a spectral line.
During this modulation, the broader the pulse set, the more
sawtooth waves are involved in modulation, and the closer to a
spectral line the spectral band can be; or otherwise, it tends to

be a wide spectral band.
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2.4. Negative Sawtooth Wave Modulation

The foregoing analysis is based on the assumption that the
sawtooth wave is positive. However, a negative sawtooth wave can
also lead to a similar result except that the direction of
frequency shift is opposite to that in the case of a positive
sawtooth wave. 1In other words, following the optimal modulation
with a negative sawtooth wave, the carrier frequency of the radio
frequency pulse has decreased by fm' or the frequency has
decreased compared to that before modulation, i.e., it has
imitated the negative Doppler frequency shift. Apart from this,
the rest is the same as in modulation with a positive sawtooth

wave. This was supported experimentally.
3. Qualitative Analysis of Non-optimal Modulation

In practical operation, the sawtooth wave cannot completely
satisfy two optimal conditions: optimal amplitude and flyback
time equal to zero, while the frequency shift that cannot meet
these two conditions is not considered as absolutely ideal
because it will carry residual carrier wave and high-second
harmonic wave. The experimental result indicates that in
modulating continuous waves using a sawtooth wave with excellent
linearity and flyback time less than 10%, the spectrum varies

18




regularly with tﬁe change of the amplitude of the sawtooth wave

as shown in Fig. 11.

The experiment with continuous waves shows that a single

sideband modulator that proves to be satisfactory in engineering

can well realize modulation.

in equipment with desirable results.

This technology has long been used

Even though absolutely

ideal conditions can hardly be met, this technology can satisfy

technological requirements in engineering as long as its

frequency energy is hopefully 10-20dB larger than that of other

frequencies. This conclusion drawn from the experiment with

continuous waves is also applicable to pulse Doppler radars,

because such radars extract only one spectral line from the pulse

spectrum, and a single spectral line just represents a continuous

sine wave signal.

Fig. 10. Spectrum generated
of an unlimited pulse train using continuous

sawtooth waves
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Fig. 11. Variation of modulated spectrum with
amplitude of sawtooth waves

4. Conclusions

It is feasible to realize velocity jamming of the commonly
used radio frequency coherent pulse Doppler radars with the

Jjamming technology based on sawtooth wave modulation, which is

20



designed to deal with CW radars. Sawtooth waves can be used for
modulation at any time and continuously, or once in several pulse
periods. As a result of modulation, the radio frequency received
by the radar will move one modulating frequency value upward or
downward so as to achieve deception effects. It is also possible
that multitarget jamming appears in the Doppler filter set.
During optimal modulation, sweep frequency sawtooth waves can be
used to create velocity pull (VGPO).

Modern radars are normally equipped with auxiliary
techniques for velocity discrimination, such as range
differentiation. Therefore, velocity jamming alone may not
produce ideal effects. For optimal jamming effects, it would be
advisable to employ a combination of several jamming patterns,
such as synchronous realization of distance deception and

velocity deception.
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Appendix: Fourier Transform and Convolution Characteristics

(1) It S(t)=cos2ﬂfct, the corresponding spectrum is:
SN =58 —fI+8(F+£3)]

(2) If time function is Rect(t), its spectrum is
S(f)=sinc(f).

(3) If time function is Repy « S(t), its spectrum is
s(f)=IFl combyg(£), in which: S(t)«-g(f); F=1/T.

(4) If  Si@)=0G—12);5,)=6(t—1z,) ., then:
S1(2) « Sy () =8(t—~ty—1,)

(5) If S(t)=Rect(t/Tﬁ, its frequency spectrum is
s(t)=l Tyl sinc(T;£) .

(6) Iftsl(t) is multiplied by S,(t), its spectrum is
S(t)=S1(f)&2(f), in which: Sl(t)*--Sl(f),' SZ(t)""SZ(f).

(7) The formula for the comb coefficient of the frequency

domain is: comb,= Z O(f—nF)

(8) If Sl(f) is convolved with BSl(f)gk(f—nF)=Sl(f-nF), then

S1HQEf—nF)=S8,(f—nF)

Notes: (1) Rep;, is the repetition factor with a period T.
(2) =- is the symbol for the Fourier transform pair.
(3) comb; is the comb function with F as the
repetition frequency.
(4) Rect(t) is the symbol for rectangular function of

time t.
(5) ® is the symbol for convolution integration.
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NOISE MODULATION TECHNIQUE BASED
ON AMPLITUDE MODULATION METHOD

He Min

Research Institute No. 26 ~
Ministry of Electronic Industry

Chengdu

ABSTRACT: A new noise modulation technique based

on an amplitude modulation method is proposed in

this paper, following an analysis of the conventional
noise technique based on the phase modulation method.
This method, low in cost, convenient in use and
reliable in performance, features several advantages
including better suppression of carrier frequency,
stable modulating noise width, and lower requirements
for noise sources. A comparative test on PD radars
shows that the noise modulation technique based on

the amplitude modulation method is feasible and efficient
in realizing jamming, and proves to be superior to the
conventional noise modulation technique based on phase
modulation method.

KEY WORDS: phase modulation, amplitude modulation, noise

modulation, noise jamming.

0. Introduction

Noise has been regarded as an efficient radar-~jamming means.

For noise to become a realistic threat to radars, it is necessary

to insert the noise into the passband of radars in every possible

way.

For this purpose, noise should be modulated at or close to

the radar carrier frequency so that it can be carried by the

carrier frequency into the radar passband and undermine normal

radar operation. To ultimately disable radar operation, the
width of the modulating noise should be broader than the passband
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of the radar receiver, i.e.,

AN > AR
(1)

where AN is the noise spectrum width after modulation; AR is the

passband of the radar receiver.

The conventional method of modulating noise onto the carrier
frequency is to apply noise in modulating phases. It has been
used as an exclusive method to achieve this goal thus far. 1In
earlier times, the noise modulation of phases was realized
directly on traveling wave tubes taking advantage of their phase
shift properties. While in recent years, with the appearance of
high-speed electronically modulating phase shifters, noise
modulation of phases has been conducted on electronically
modulating phase shifters in many engineering designs. Whatever
the device, the mechanism of noise modulation is based on "phase

modulation".

In practical applications, the author found that the above-
mentioned method, though conventional, has some disadvantages
while applied. First, this method does not have adequate
capabilities to suppress carrier waves, which is actually a fatal
defect in terms of electronic countermeasures, because if the
carrier wave has not been suppressed, not only can it not produce
any jamming effect, but it also becomes a radar return wave
intensifier and therefore may expose itself too soon. Secondly,

this method has stringent requirements on noise amplitude.

In response to this situation, a new noise modulation method
is proposed in this paper, which is essentially based on
"amplitude modulation". The conventional amplitude modulation
method as one of the noise modulation methods has been rejected
due to some inherent problems and shortcomings. However, with

the development of modern device technology, it is possible now
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to solve and overcome these problems and shortcomings.

The modulation method presented in this paper can not only
effectively overcome those inherent amplitude modulation
shortcomings, but achieve much better results compared with phase
modulation as well. Moreover, the equipment needed for this
method is much cheaper than a phase modulator, and the
requirement for the amplitude of noise has reduced by one order

of magnitude.
1. Theoretical Analysis

1.1. Phase Modulation

The phase modulation oscillation can be expressed with the

following formula:

U = U,cos[wt + aS(t) + @] (2)

To simplify the analysis, let S(t) be simple sine
oscillation with frequency (% and initial phase ®, . Eq. (2)

can be written as:

U = U,cos[w,t + mycos(yt + &) — ¢.] (3)

To accurately expand the phase modulation oscillation with a
random modulation index m; to the sum of simple functions, we use
the following formula: o = .

g erm]sxn.zl . Z J" (m] )em.x]

. o=l (4)
where J,(m;) is n-order Bessel function of m. Let QO:+@==x .
then Eq. (3) can be rewritten as U =U,cos(wyt + m;sinz, + @)

=l]m}Qe [ei(wol+;‘°)eim]sin.z] ]

+ e
=U, Z Ja(my)cos(wet + nz, + @)

ne= —oco

(5)

By substituting ©i={Ot+®, in Eq. (5), we obtain

U=U, 3 J.on)cos[ (@, + nfd)t + n®, + ] (e)

ne= —co
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and the modulation index

. (7)
m, = &"2\%’"’

From Eq. (6) and Bessel function properties, some simple
conclusions concerning phase modulation oscillation can be

derived as follows:

a. When a signal with frequency {h is employed for
modulation, the phase modulation oscillation can be expressed
with the sum of oscillation with carrier wave frequency w, and
the amounts of side frequency oscillation which are symmetrically
distributed on both sides of the carrier frequency and have a

frequency w,*+nfl,. The frequency difference between them is
o

b. The amplitude of each component is Upd, (my) .

c. Theoretically, the amount of side frequency is unlimited,
vyet starting from n=m;+1, the amplitude of side frequency rapidly
decreases with increase in n. Thus, in reality, it can be

assumed that the amount of side frequency is equal to 2(mﬁ1).

It is known from the above discussion that the spectrum
width of the phase modulation oscillation and the amplitude of
the spectral line are closely associated with the modulation
index m. Fig. 1 shows the spectrum distribution with different

modulation index m.

Let us discuss the side frequency during single sine
oscillation with frequency () as an example. Suppose the
modulator is a 3600 electronically modulating phase shifter, and
the phase modulation is a limiting wvalue 0—3600, then according
to the definition of modulation index, we obtain

— Prmax — Prnin — 360° ~ Q°
2 2

= 180*=n=x

m,
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From this we can- derive the amount of side fregquency at this

moment as: ‘
n=2m+1)=2(r+1)~§ .

1.2 Amplitude Modulation

The oscillation in amplitude-based noise modulation can be
expressed with the following formula:
U =U, (t)cos(wet — &)

=U.[1 =~ N()Jcos(wit — @) (8)

|
-

Lo

0.8¢
0.5p
0. 4f
o2} m1='0.5
0
&

0. 8r
0. 6p
0. 4¢
0.2

ol

0. 6

0

505

A 0 24
Fig. 1. Spectrogram of phase modulation
oscillation with different m
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The noise functien N(t) can be described as the sum of the
amounts of sine oscillation., Thus, Eq. (8) can be written as:
U=U.[1-— ;MECOS(th‘r@‘)jcos(woz-]—%> (9)
where & is the angular frequency of modulating noise: M, is the
partial modulation index. To simplify the subsequent discussion,
we assume N(t) is simple sine oscillation with angular frequency
 , then we obtain
U=U:[L1+M,cos(yt+P,) Jcos(wot+@) (10)

Making use of triangle function relations, we rewrite Eqg. (10) as

U=UC<C°S(%I+%) +A—g—lcos[(wo+01)t+goo+@1]

+%cos[(wo—.(21>t+%—@1]} (11)

In this way, the simplest amplitude modulation oscillation
can be expressed with the sum of three sine oscillation. All the
three sine oscillation feature constant amplitude, frequency and
phase shift. The angular frequency of the three oscillation,
respectively, is (w,—{2,) , wo and (wy+{2) , with the difference
£, among them: the corresponding amplitude, respectively, is
(MU,) /2, U.r and (MU.))/2. Their spectral lines are shown in
Fig. 2.

7 .
H]Uc M]UU
2 7

®—0 & e+ @

Fig. 2. Spectrum of amplitude modulation oscillation

It is known from the above analysis that an inherent
shortcoming of the amplitude modulation oscillation is that it

carries an extremely large carrier wave component U,. This is
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the reason why the amplitude modulation method is not accepted in
general noise modulation. It is quite obvious that to apply
amplitude modulation method in realizing noise modulation, our

task is to decrease the carrier wave component.

1.3. Comparison between Phase Modulation and Amplitude modulation

TABLE 1. Comparison of Phase Modulation/Amplitude
Modulation Characteristic Features

WAE 1 WHiE 2
; %ﬁﬁﬁ‘3 2(m+1) 2
BB 4 2(m + 1, 20,
iiljﬁﬁﬁ 5 U;Jo (”Ly) Uc
. BAEEG U (m) Mél
1 2 ax 7 $min 2 AUC
1%%‘.”‘5&7 m.1=—‘% 2% < 1 M,= T <1

KEY: 1 - phase modulation 2 - amglitude modulation
3 - ayount of side frequency 4 - spectrum
width 5 - residual carrier frequency
6 - amplitude of side frequency 7 - modulation

index
* Higher-second harmonic wave of modulating

signal is ignored.

Table 1 shows a comparison between the characteristic
features of simple single sine phase modulation and amplitude
modulation. From this table, several conclusions concerning

"phase-based" and "amplitude-based" noise modulation can be drawn

as follows:

(1) Phase modulation normally has higher capabilities of
suppressing carrier waves than amplitude modulation.
Furthermore, the carrier wave-suppressing capability during phase
modulation is related to modulation index my in the following
tendency: the larger the my, the better the suppression can be,

while in amplitude modulation, the carrier-suppressing ability is

unrelated to my.
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(2) Amplitude of side frequency: In phase modulation, the
amplitude of side frequency varies regularly with the variation
of m; obeying Bessel function Jn“%)7 while in amplitude
modulation, the amplitude of side frequency varies in linear

direct proportion to m;.

(3) Spectrum width: Since m; could be much larger than 1
during phase modulation, its spectrum would be much broader than
that in amplitude modulation and furthermore, under the
precondition that the higher-second harmonic wave of the
modulating signal is ignored, the amount of side frequency is

much larger in phase modulation than in amplitude modulation.

It can then be concluded that compared with amplitude
modulation, the phase modulation features higher capabilities of
suppressing carrier waves, more abundant side frequency

spectrums, i.e., it can derive broader noise spectrum width.
2. Noise Modulation
2.1. Shortcomings of Conventional Noise Modulation Method

The above analysis clearly indicates that phase noise
modulation is by no means perfect. 1In the author's view, it

suffers from at least the following shortcomings:

(1) It is not an ideal method in suppressing carrier waves,
and the carrier-suppressing degree is directly related to the
modulation index m. 1In this case, to achieve an ideal carrier-
suppressing ratio, a sufficiently large modulation index m is
required. To meet this condition, vigorous requirements should
be posed on the electronically modulating phase shifter as well
as the modulating noise level, i.e., the electronically
modulating phase shifter should achieve the maximum phase shift
3600, for which, the amplitude of the modulating noise should be
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approximately 20V.

(2) With the development of electronic countermeasures, the
"frequency-aiming" precision of the interferometer is growing
higher and higher. To effectively utilize jamming resources, the
noise modulation spectrum should be limited to a narrower width.
In other words, the width of noise modulation should be limited.
In this case, applying the noise modulation technology would be
disadvantageous in controlling the spectrum width of noise
modulation. This can be seen from Table 1, where the final
modulating spectrum width is related to an uncertain factor--the
modulation index m. Due to the effect of factor m, the phase
modulation technology is advantageous when noise modulation
spectrum is required as broad as possible. However, when the
noise modulation spectrum width is required to be limited and
especially, when a narrower noise spectrum is required, this

technology will not be helpful.

(3) Vigorous requirements for modulating noise: A typical
modern electronically modulating phase shifter generally needs a
modulating voltage larger than 20V to achieve a 3600phase shift.
Designing a noise source with such an amplitude seems to be a

heavy pressure on a circuit engineer.

(4) High insertion loss: Commercial phase shifters available
on the market are usually manufactured with multiple cascade
connection so as to reach a 360" phase shift, which will

inevitably lead to a fairly high insertion loss, generally more

than 10dB.

(5) High cost: Whether traveling-wave tubes or
electronically modulating phase shifters used for phase
modulation, both devices are very expensive, particularly the
electronically modulating phase shifter, which ranks first in the

price list of microwave devices.
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As far as amplitude modulation is concerned, the most
critical problem is the excessively large residual carrier. As
long as we can manage to suppress the carrier frequency, the
amplitude modulation method will be feasible for noise

modulation.

The carrier-suppressing technology was a problem long-since
solved in telecommunication engineering. To effectively make use
of transmitter power resources, the carrier frequency that does
not contain any information should be suppressed during
transmission with only side frequency spectrums retained. This
kind of modulation is called carrier-suppressing modulator. The
device used in this modulation is a balanced modulator as shown
in Fig. 3, with the variation of modulated spectrums shown in

Fig. 4.

2
EHEEER
1 g% Vot
Uccos (wot+m@) =5 cos (@n+Q )+

Ucﬂ!._
Ty cos (wo—0 M+

3
WHiEe
UcMicos (Qyt+0,)

Fig. 3. Diagram showing the principle of

carrier-suppressing modulator

KEY: 1 - carrier frequency 2 - modulated
signal output 3 - modulating signal

Under ideal conditions, i.e., under total "balance", this
modulator is capable of completely suppressing the carrier
frequency at its output end. 1In practice, however, total balance
is impossible due to the difference of circuits and devices, and

a certain amount of residual carrier frequency will always be
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output at the output end. Normally, carrier suppression can

reach over 20dB.
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Fig. 4. Amplitude modulated spectra

2.2. Characteristics of Noise Sources

To effectively realize noise modulation, it is necessary to
discuss some of the characteristics of noise sources so that we

can work out appropriate requirements.

2.2.1. Noise Energy and Energy Spectra

When we talk about the output level of noise sources, we use R
noise power to specify it, for example, a certain noise source
with an output power 100mW, etc. Sometimes we describe it .
directly with voltage, such as noise voltage 10V. These
statements are not exactly strict, because in specifying the
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characteristics of noise sources, our first concern is: on which
frequency and within how broad a band the noise is, and the
output power should be the "total power" within this bandwidth.

Based on this point, we introduce the following formula:

P, = JS(w)dw
0
(12)

where S(®) is the density of the noise power spectrum, which is

defined as noise power within the unit frequency width (W).

P, is the sum of noise power in the whole frequency domain,
i.e., the noise power that we usually measure using a power

meter.

In practical applications, it is the density of noise power
spectrum, not the total noise power that is interesting, because
in reality, a noiée power may be an extremely high value measured
with a power meter, yet it appears extremely small in the
expected band. Therefore, our major concern is always
concentrated on the noise power in a certain band, i.e.

wot+Aw/2
P = J S{w)dw (13)

wo—Anu/Z

2.2.2. Low-frequency Noise and Its Generation

It is known from spectrum analysis that to moderate a noise
with bandwidth @, near a carrier signal with a frequency Ae, the
frequency range of the noise to be modulated is required to be
DC~Aw/2. sSimilarly, to counterattack radars with different
characteristics, the required Aw is also different. For
instance:

To counterattack ordinary pulse radars: DC~5MHz

To counterattack pulse Doppler radars: DC~50kHz

To effectively utilize jamming resources, we always hope
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that the noise spectrum will be limited to a certain range.
However, as we know, the spectrum range of any primary noise
source is very broad, while in our expected low-frequency bandg,
the density of power spectrum is extremely low. To acquire a
satisfactory low-frequency noise, it is possible to move the
primary noise frequency and convert it to a low-frequency noise

starting from DC. The process of such moving is shown in Fig. 5.
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Fig. 5. Process of realizing low-frequency noise

KEY: 1 - noise spectrum of primary noise source 2 - filtered
noise spectrum 3 - local oscillated signal 4 - noise spectrum
after frequency mixing 5 - amplified noise spectrum through

filtering
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Fig. 6 is a - block diagram of a circuit designed to complete

the above process.

L b
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ES

Fig. 6. Block diagram showing realization

of low-frequency noise

KEY: 1 - primary noise source 2 - filtering
3 - low pass 4 - amplification
5 - local oscillation

3. Amplitude-based Noise Modulation Technology

3.1. Single Modulator-based Noise Modulation Method

The advantages of this method include simple structure,
i.e., noise modulation can be realized with only one balanced
modulator, and low insertion loss. & disadvantage of this method
lies in the fact that it needs a fairly high level of the
modulating noise to suppress carrier waves as required. Fig. 7
shows a circuit designed to realize noise modulation using this

method and its spectrum variation.
3.2. Double Modulator-based Noise Modulation Method

The principle of the double modulator-based noise modulation
method is: The first modulator modulates the carrier frequency
and the sine oscillation with a fixed frequency, and acquires the

suppressed carrier frequency as well as the generated side
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frequency; then, these signals again are modulated by the second
modulator, through which ideal modulation results can be derived.

Fig. 8 shows how the spectrogram of this modulation is generated.
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Fig. 7. Single modulator-based modulation
spectrogram
KEY: 1 - modulator

With high carrier-suppressing capabilities, the double
modulators are always considered as the first choice among

devices, for which fairly high requirements are posed.

3.3. Parameter Selection of Modulating Signals
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Suppose the-width of the final noise spectrum is A@d, then
the related parameters should be selected in accordance with the
following principles:

Frequency of sine oscillation with fixed frequency

A )

4

Spectrum width and range of noise modulation

Width: AN = 4@

Range: ¢ DC ~ AN

Level of sine oscillation with fixed frequency

Power level should be higher than 7dBm (5mW)

Noise power

Theoretically, the noise power is required as large as

possible; its minimum value shqg1d be larger than 20dBm, i.e.,

JS(w)dw > 20dBm
0

RSB
1

? %—K?ﬁﬁﬁ%ﬁ%

w—L ] w+Q

Py : ==K BRIY
3 iEmIsTE
wy— & [=) wn+Q

Fig. 8. Double modulator-based noise

modulation spectrogram

KEY: 1 - unmodulated carrier frequency
2 - spectrum derived after first
modulation 3 - noise modulation
spectrum obtained after second
modulation
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Requirements for: fixed sine and noise waveform:

Fixed sine should be sine oscillation, symmetrically
distributed relative to "zero"

Noise waveform should be normal distribution noise,

symmetrically distributed relative to "zero".

3.4. Comparison among Several Modulation Methods

The major indicators of several modulation methods are

compared in Table 2.

TABLE 2. Comparison of Performance Among Several
Modulation Methods

BB 0P AL | % B & 22 R BE H B 3 B o 4
TR 5 BRE BY 6 BE BH 7 BE BHs
BAMME 9 . — & 10 R 11 BE 12

EARFEAB) 13 <10 <20 20”14

| BRI RESUER R Aw/2 Bw/4 A :
! BRES 16 BAREHEU) 17 TARIEH () 18 o TIAFER () 19
BHEIESEE (V) 50 <10 - <10 >20
PE B\ 22 2] 23 —f 24
- BmEGE 5 #1000 26 #2000 27 L% 28
_ ARER » I I N

KEY: 1 - content of comparison 2 - single modulator 3 - double
modulators 4 - phase modulation 5 - functions 6 - noise,
frequency shift 7 - noise, frequency shift 8 - noise, frequency
shift 9 - carrier suppressing 10 - average 11 - excellent

12 - poor 13 - insertion loss 14 - approximately 20

15 - required spectrum width of modulating noise 16 - frequency
shift signal 17 - variable sine 18 - variable sine

19 - variable sawtooth 20 - amplitude of modulating signal

21 - reliability 22 - high 23 - high 24 - average

25 - price of modulator (RMB: Yuan) 26 - approximately 1000

27 - approximately 2000 28 - tens of thousands 29 - volume,
weight 30 - small 31 - small 32 - large (imported phase
shifters), small (domestically developed devices)
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4. Experiments and Conclusions

With the double modulator circuit amplitude-based noise
modulation technology, we experimented with pulse Doppler (PD)
radars and obtained satisfactory noise jamming results. The
Doppler noise modulation jamming signal with bandwidth 20kHz,
generated with this technology, can totally suppress radar
carrier frequency as shown in Figs. 9-11. Similarly, with the
single modulator circuit noise modulation technology, we also
successfully realized the goal of frequency shift in the
laboratory and arrived at over 10dB carrier suppression as shown
in Fig. 12.

As confirmed in both experiments and applications, the
amplitude modulation-based noise modulation technology turns out
to be feasible and efficient, and can therefore serve as another

applicable resource in electronic warfare technology.
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