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gram 1s discussed. The unit amplitude
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NOSMO_DOPPLER SIMULATOR
Introduction

As the design of radar equipment becomes more complex,
the operator trainirg program must be capable of duplicating the
normal operating condition: to a more faithful dogree. The
recent development of methods for determining tine drift angle
of a moving aircraft by means of airborne radar has necessitated
the design of a unit {0 be used with ground based airborne radar
training equipment, GSince the mothod is based on Doppler beat-
ing phenomena, the unit is required to simulaiec the Doppler
beating which is observed in actual flight,

Iheory

If the antenna of a sesrci: type of aircraft radar such
as H2X is searchlighted, the returned signals as observed on an
A scope will contain beat frequencies due to ihe motion of the

aircraft with respect to the ground. In the design of radsr
trainers for such parent radar sets, it is necessary to simulate
this type of Doppler beating so that radar attachments such as
the Nosmo drift determination unit may be included in the train-
ing program. 1In order to fully understand the design rroblems
encountered in the davelcpment of suck a Doppler simulator, it
will be found helpful if an elementary analysis of the formation
of the Doppler beat frequencies is presented.




Figure 1 presents the geometry of the system under

discussion which includes & moving airecraft and two point targets
A snd B located on the ground.

In this discussion the earth is
assured to be flat.

Both point targets are located at the same
slant range R, but at different azimuth angles with respect to

the ground track of the moving aircraft. It can be seen that the
tilt angle of the radar spinner 1s the same for each target. Ale
though the aircraft 1s assumed to be moving with a ground speed
of Vor it 1s convenlent to consider the alreraft stationary and
the ground targets moving under it with a ground speed of Voo

FProm inspection of Flgure 1, the velocity of point A
with respect to the alrcraft is given by:

v, = Vv, cos ©, cos T (1) .

Similarly, the velocity of target B with respect to the
ailreraft 1s given by:

vy = Vo €0s 6p cos 7 (2)

Since relative motion exlsts batween the aircraft and
each respective target, the frequency of the received signal re-
turned by reflection from the targets will not be the same ans
the transmitted frequency from the radar antenna. The relation

between thesae two quantities 1s expressed by the usual Doppler
formula:

fr = rt E%V (3)

where:

n

transmitted frequency

y
H

* recelved frequency

<
"

relative veloclty of alrersft and target
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2 = velocity of propagation
At = transmitted wave lenéth

Since the frequencies of the reflected signals from
the two targets A and B Giffer 1f the respective azimuth angles
with the ground track are unequal, the difference frequency be-
tween these two received sigrals will appear as an amplitude
modulation of the returned signal at any given range. This beat
frequency Af is developed with the use of equations (1), (2), and
(3).

c , ¢
of = rt <; - v, cos QA cosa‘) - ft ¢ - v, cos OB cosa’) (4)
¢ - v, cos QB cos7 =c¢ + Vo €OS QA coi T
Af = ftc 3 5 2
e = c v, cos 4’{cos €, + cos OB} t v, cos @, cos 6 cos ]
(5)

Since ¢ ))vo,'the last two terms of the denominator
can be neglected.

~f, v, cosT
Af = —t—ﬁ——c (cos 8, = cos OB)

(6)
Since )\t = c/rt
v, cosT
AL = -gfx:—- (cos 9, - cos OB) (7)

The characteristics of the Doppler beat frequencies
obtained from the two point targets can be surmarized by
examination of equation (7). The beat frequency Af is directly
proportional to the ground speed of the aircraft, inversely
proportional to the transmitted wavelength, directly proportional
to the cosine of tilt angle and directly proportional to the
difference of the cosine of the azimuth angles of the targets
with respect to the ground trazck, For normal applications the
aircraft speed, transnitted wavelength, and spinner tilt angle
will rot be varying to any great extent, Thus we can write the
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further equation (8) in which the above mentioned terms are con-
sidered to have negligible variation with respect to the magnitude
of variation occurring in the brscketed term.

Af = K (cos © 4 = €080 5) (8)
K = constant

To investigate further, the behavior of Af will be ex-
amined for a fixed angwler difference of GA minus OB as the
absolute magnitude of thess angles 1e varied from O to 90 degrees.
For example, we c~n assume that the two point targets are dis-
placed 5 degrees with respect to one another. If the tergets
are placed so that they straddle the ground track, then cos OA
- cos OB = 0 and the Doppler beat fraguency is absent. As the
mean position of the two targets i1s shifted, the bracketed term
increases reaching a maximum vhen the two targets straddle the
90 degree axis line. Hence, Af varies as the sine of the mean
azimuth angle of the two targets. In the usual radar application
Af varles from a minimum of two or three cycles per second when
the targets are along the ground track to a maximum of the order
of 400 cycles per second when the targets are perpendicular to
the ground track, .

In the sbove analysis it is shown that the one beat
frequency obtained from two point targets varies as shown by
equation (9).

e, +
A 2 K sin @ where 0= .A_;.! (9)

If we increase the number of point targets to three, the number
of Doppler beat frequency components inereases to three. In
general, for s number N individual point targets the number of
beat frequencies present equals the number of N trings taken

two at a time or

Vhen flying over norral ground, the number of point
857-5




targets within the radiated beam at a given range is very large.
It 1s more likely for a large number of closely spaced point
targets to be present within the beam than a large number of
targets spaced widely apart. Thus, there are a greater number
of low beat frequency components present than the higher
frequency components snd although tre highest f?equeneies present
vary as sin @, there will be low beat frequencies since point
targets very closely spaced are always present. In summarizing
the above discussion, the Doppler beat frequencies always contain
the summation of a large number of frequencies with components
extending frcr zero to an upper limit determined by the beam
width of the radar set used. This upper beat frequency limit
varies as the sine of the spinner sngle as given by equation (9).

The above explanation has considered the phenomena
taking place at a given range. However, a similar thing occurs
at any other given r=nge. It can be readily seen that the phases
of the beat frequencies occurring at other ranges will be complete~
ly independent from the phase of the frequency in the above case
since the distribution of targets need not be the same at
different ranges. Therefore, ny scheme for Doppler simulation
should produce beat frequencies giving random phasing with range.
Since the ground over which the rireraft is flying continually
changes in character, the arrangement of point targets changes
from any instant to tre next. Hence, the phase and frequency
components present at any given range should vary in a random
manner with respect to time. Here again, the simulation scheme
must be capable of this duplication,

In the developzment of equation (8), it was assumed
that the pitch angle and hence cos 7° 1s a corstant. This is
certainly true for normal usage. However at short reonges where
“Y becomes large, the rate of change of cos “Y with range also
becomes large. Since the normal transmitted beam has a finite
width, at short ranges the values of cos Y for targets within
the beam differ to a considerable degree. This causes modulation
as the aircraft flies over uneven ground since K in equation (8)

d




is no longer a constant. The effect at short ranges is to
modulate the returned signals even though the spinmer angle
coincides with that of the ground track. Therefore, it is not
advisable to observe the frequencies on the expanded sweeps.
This feature should also bz duplicated in any simulation scheme
so that the student is trained to observe the Doppler beating
on the proper portion of the correct range sweeps.

If the effects of the Doppler beat frequencies are to
be accurately simulated the following features must be included:
a) formation of a frequency spectrum from zero cycles per second
and up whose components are completely random in phasej b)

variation of the upper limit of this frequency spectrum in accord-

ance with the sine of the nngle between the spinner and the
ground track; c¢) amplitude modulation of returned signals by

the random spectrum in such a manner that the modulation is com-
pletely random with respect to rengej 4) modulation at short
ranges even at zero spinner angle.

Circu D uss

The marner in which the ahove mentioned features have
been incorporated into a simulator unit for trainer purposes can
be seen fror the block diagram Figure 2 and typical wave forms
taken at various parts of the unit. A gas tube whose spectrum
is shown in Figure (3a) i1s used as a source c¢f random frequency
noise. Here it is observed that the spectrum has a peak in the
region of 750 kilocycles. Another feature of the spectrum at
this particular frequency region is that the voltage output
remains fesirly constant with variation of tubes so that greater
stability of noise output is obtained if tris region 1is utilized.
8 Since tre desired noise spectrum must start at a frequency of
gero cycles per second, a 750 kilocycle local oscillator is used
to be2t with the noise spectrur in order to produce the spectrum
strown in Figure (3c). The spectrum obtained from the beating is
passed through a lowpess filter whose band width ean be varied
in proportion to tre angle between the actual ground track of
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R 800 CYCLES
FIGURE 3 FREQUENCY SPECTRUM DEVELOPMENT




"
1
.
1

i

the simulated airernft and the azimuth angle of the spimner.
Hence, the spectrum of random frequencles contained in the output
of the filter 1s a function of this angle as sltown in Figure (3d).
When the spinner angle coircldes with that of the ground track,
the upper frequency cutoff of the filter will be very low, that
is, in thre order of two cycles per second; whereas, 1f the spinner
angle approaches 20 degrees to the ground track, the cutoff
frequency of the filter will increase to npproximetely 400 cycles
per second. Hence, we have obtained a source of rondom fre-
quencies which 1is controlled by the angle between the ground

track and the spinner heading in the desired marner. The method
by which this roise spectrum is used will row be discussed.

A negative trigger which synchronizes the range sweeps
in the radar set must be brought into the simulator unit. A posi-
tive sawtooth 1s developed from these triggers as shown in Figure
4, a and b. The noise spectrum described above 1s applied to
the cathode of a picloff diode so that the output from this
dlode 1is varied in the manner shown in Figure 4c. Since the
instantareous value of the cnthode potential varies in a random
manner with the frequency cormponents present in the noilse spectrum,
the time at which the sawtooth obtained from the pickoff diode
begins will also vary in a random manner and with frequency
components corresponding to trhose in the spectrum of the filter
output. The output from the pickoff dlode 1s used to trigger s
40-mile gnte circuit. Since the diode output is jittered in
time, the 40-mile gate will also be Jittered in time so that the
gate will start at a different time with respect to the start
of each sweep of the parent set. Positive and negative 40-mile
gntes are obtained frcm the same gate circuit., The negative gate
is employed to turn on a 200 kiloeycle pulsed oscillator sand the
positive gate 1s used to turn off a 50 kilocycle pulsed oscillator.

e

1 Since the 200 kilocycle pulsed oscillator is started
by the 40-mile negative gate, its oscillations will be phase
émodulated with respect to the start of the radar sweep in accord-
:ance with the information contained in the noise spectrum previ-
gously deseribed. Tris is shown in Fipure 4f. The trailing edge

I 857-10
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FIGURE 4 VOLTAGE WAVE FORMS FOR THE
NOSMO-DOPPLER STIMULATOR
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of the 40-mile gate is jittered in time by a 60 cycle voltage
injected into the gate circuit. This jittering 1s constent and
independent of spinner position. Since the positive gate 1is
employed to turn off the 50 kiloeycle pulsed oscillator, the

time at wrich the 50 kilocycle oscillations begin is determined
by the trailing edge of the 40-mile gate. This 1s jittered by
the 60 ecycle voltage so that the 50 kilocycle oscillations are
phase modulated at ths constant €0 cycle rate. As has previously
been rentioned, this action is independent of the spirner
positions. Since the 60 cycle jitter on the trailing edge of the
gate 1s superimposed upon the jitter present in the leading edge
of the gate, the 50 kilocycle pulsed oscillations are jittered

by the summation of the noise jitter, which 1s a function of
spinner positicn, and the 60 eycle Jitteyr, which 1s constant.
Hence, even though the antenna may be along the ground track
which results in 1ittle roise jitter, the 60 cycle jitter is
sufficient to phase modulate the 50 kiloeyele pulsed oscillations
by a considerable degree. Thils 1s shown in Figure 4g.

The output of the simulator comprises the summation of
the 200 and 50 kilocyecle. pulsed oscillations which gives the
resultant wave form as shown in Figure 4h. The pulsed oscillators
are designed so that the effect of the superposition of the 50
kilocycle oscillation dies out at n» time equlvelent to approvi-
mately e¢ight miles from the start of the sweep of the parent
radar set, The 200 kilocycle oscillations are then present
until the end of the 40 mile gate whereupon the 50 kilocycle
oscillations reappear. lience, the summation only appears in
the overlapping interval from 0-8 miles. Since the 50 kilocycle
oscillations are phase modulated even though the spinner angle
may be zero, the echoes appearing along the sweep within the 0-8
mile region will be amplitude modulated so that the student will
be taught not to use this portion of the sweep.

The action of the phase modulated oscillators when the
simlator output 1s emplcyed to szplitude modulate the radar
receiver can be explaired with the use of Pigure (5). Figure (5a)

ggr-12
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FIGURE S MODULATION EFFECT ON SIGNALS.
THE NOSMO DOPPLER SIMULATOR
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shows the instantaneous gain of the receiver as a function of
time for the three different sweeps, a, b and ¢. The horizontal
dotted line indicates the gain of the receiver with the simulator
unit turned off while the sinusoids a, b and ¢ drawn for three
different sweeps are drawn arbitrarily to indicate 100% modulation.
The effect of such a phase modulated sinusoidal modulation signal
is shown by Figure 5b, ¢ and d, In these diesgrams three targets
are srown at ranges corresponding to time delays after the
synchronizing trigger of tl, t2 and t,« During sweep a, the
galn of the recelver 1s varied in time by the sine wave labeled

' as shown 1n Flpure 5a. Hence, the relative height of the three

targets shown in #igure 5b can be obtained from this former curve,

The height of the targets during sweep b will be controlled by

the instantaneous value of the rodulating sinusoid during sweep b.

Throughout sweep ¢ the relative helght of the targets will be

controlled by sinusold c. By comparison of curves b, ¢, and d

of Figure 5, 1t 1s seen that the helght of targets at different

ranges will vary in a manner determined by the phase modulation

on the modulating signal. Since the modulating signals are

phase modulaied by the randcm nolse voltage, the amplitude

mor.uaatior of the signals at any given range 1s also of a random

nature. The frequency comporents in the random modulating signal

are determined by the position of the lowpass fllter cutoff.

Since tris 1s controlled by the angle between the spinner and

alrcraft ground track, the amplitude modulation of signals is

also controlled by this angle as 1s desired.

One of the stated conditions for proper simulation was
that tre amplitude modulation must be random with range. Strict-
ly speaking, the simulation scheme does not provide this since
the height of each tarpget at any glven range is determined by
the phase of the modulating sipnal at the start of the particular
sveep in question. So far as the eye 1s concerned, tlie modulation
with range appears to be randox 1n nature because the rate of
change of galn per degree phase modulation of the modulating
signal is varlable with range. Thic 18 due to the fact that the

85n-14




slope of the sinusoid is not a constant, For instance, some
targets appearing at a time corresponding to the top of the sine
wave will not have much change in gain from sweep to sweep
whereas targets appearing at a time corresponding to that at
wrich the sinusoid passes through its axis will have the maximum

chenge in gain from sweep to sweep, Therefore, some targets will

appear to be changing slowly in amplitude whoreas others will be
changing rapidly. This can also be seen by examination of the
signals of b, ¢, and d of Figure 5. Thus, the original criteria
have been fulfilled by the method outlined above.

Degeription of Actu Circuits

The schematic diagram of the simulator unit is shown
in Figure 6. The noise source employed is a 6D4 miniature gas
tryratron with a permanent magnet surrounding the tube. The
megnet 1s used to suppress inherent oscillations within the gas
plasma which develops a non-uniform frequency apectrum from tube
to tube with respect to the absolute noise level at any given
frequency. Since a very narrow band of frequencies is actually
required (a band of only 500 cycies in width) a tuned eircuit
comorising L1l and C2 is used to rerove tre undesired frequercles
from sppe>ring on the grid of the 6SA7 convarter stage V2. This
feature prevents overloading of the tube. The 750 kilocycle
local oscillator is also incorporated in this stage by a standard
oscillator circuit. The output frcm the plateof V2 consists of

the random frequency spectrum from zero to apnroxiamtely 5CO cyecles.

Capacitor C6 is erployed to eliminate the undesired frequencies
above 500 C.P.S, wiich would ordinarily appear at the output of
the converter stage. The firat helf of tube V3 it used as a
direct coupled catlode follower in order that the low-pass
filter be driven from a low irpedance source, A detailed dis-
cussion of this low-pass filter follows,

Es 1

where T = RC (10)

E) - [1 - (@ T2 )+ 30T
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~ A plot of the absolutc value of the transfer characteristic
versus frequency is shown in Figure 8.

If cre defines the urper frequency cutoff in the usual
manner as that frequency for which the transfer characteristic
equals 707, it 18 given by:

g =03 11)

CeOs T

Here 1t is sesn that the upper frequency limit is
inversely proportioril to the time constant of the individual
sections under the conditions that the sections are similar and
that the filter 1s oren circulted. As was srown previously, the
‘upper frequency cutoff must vary as sin @, therefore T must vary
AS ST B Since it is moro practicable to employ constant
capancitors in the above network one must obtaln varisble resistors
wiich can be varied by a mechanical shaft rototion so that the
rasistance 1s proportional to ET%-ﬁ if the displacement shaft
equals ©. A potentiometer approximating the desired curve is
'commercially feasible and at the present writing such potentio-
meters are being developed.s In the actual installatlon, the
votentiometers in the two respective sectionc are ganged and the
pechanical shaft rotation varies the upper frequency cutoff in
the desired m=nner to give the proper variation in filter bandoass
with spirner angle.

The output Irom the low pass filter 1s ariplified in
the second half of the tube V3 (see Fipure 6) after being a-c
gounled through the network comprising C7?7 and R6. Since the
time const-nt of these two elements 1s 3,3 seconds only the
frequency compenents very close to zero c.p.s. are discriminated
apgainst. The output from this section of V3 consists of the
amplified low frequency spectrum whose upper cutoff frequency is
gontrolled by the angle tre spinner makes with the ground QKnck
of ‘he aircraft.

A negative trigger is dbrougit into the simulator unit
and is used to cul off the first half of V4, Since capacity is
f57-18
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FIGURE 8 TRANSFER FUNCTION FOR FILTER USED IN
THE NOSMO DOPPLER SIMULATOR
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Apresent in the plate circuit of this tube, an approximate saw-
tooth will be gener~ted at the plate.

It is applied to the plate

of the second half of tube V4 which is connected as a diocde. The

" previously obtained low frrquency spectrum voltage is applied to

tre cattode through Rll and controls the instantaneous bias.

The diode conducts only when the plate potential exceeds that

of the cathode, hence, the sawtooth voltage appears.across

resistor R1l when the plate voltage exceeds the instantaneous

In this manner, the leading

. edge of the sawtooth appearing at the cathode of the diode is
delayed in time proportional to the instantaneous value of the
voltage obtained from the low pess filter network. Tube V5
is a binsed multividbrator giving poslitive and negative gates of

This multivibrator is triggered

potential of the noise spectrum,

approximately 40 miles duration.
. by the sawtooth which has been delayed in time by the pickoff

diode, Hence, the 40 mile gate is nlso deleyed with respect to-
the beginning of the radar sweep by this same time,

In order to jitter the troiling edze of the 40 mile
gate, a small nmount of 60 cycle voltage is injected across
Since the trigger initisting
the multivibrator action is large, the 60 cycle voltege applied
to the cathode does not effect the st-rt of the gate. However,
sirce the application of the 60 cycles effectively varies the
- grid biases of tube V5, the time at which the multivibrator
again assumes its stable stote (trailing edge of gate) will be

the cathode resistor of tube V5.

‘Jittered at a 60 cycle rate.

The amplitude of the jJitter is

determined by the ampiituda of the 60 cycle voltrge injected

dnto the cathode circuit,
pultivibrator is standard.

el

In every other festure, the delay

| Tube V6 generates the 200 kilocyele pulsed oScillations

*r the following marner;

In tke stable condition, the flrst
‘Belf of tube V6 1is conducting so that current flows through the

ferk circuit of the Hartley oscillator comprising the second
‘alr of tube V6 and the associated elements. This flow of

crent through the tank circuit lowers the Q and prevents
iscillation. The application of the 40 mile negative gate cuts

857-20
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.~ off the first half of tube V6 and the Hartley oscillator is
5 free to oscillate until the negative gate is completed. Tube V7
3 operates in an exactly similar manner with the exception that
i the circuit constants are designed to give 50 kiloeyele oscilla-
tions. Here the positive 40 mile g-te 1s impressed across the -
first section of tube V7 so that the oscillator is on in the
steady state condition but is turned off by the application of
the positive gate. It may seem strange that one oseillator is
normally off while the other is normally on, inasmuch as both
. have essentially the saire circuit constants. This occurs since
the duty cycle of the getes is large, in the order of 70%. The
average d-c potentials on the control grids (Pin 1) of both vé
and V7 must be zerc while the instantoneous potentials before
"the grtes arrive are deterrined by tre irnstantaneous potentials
'of the gates with respect to their average values. The
“instantanecus potential of tre negative gate waveform before the
‘gate arrives is positive whlle that of the positive gate is
“negative. Therefore, the first half of V6 1s conducting heavily
before the arrival of the negative gate, while that of V7 is
"cut-off in the srme period. This prevents V6 from oscillating
‘while permitting V7 to cscillate. Capacitor Cl3 shapes the
:leading edge of the positive gate so that the 50 kilocycle
‘oscillations damp out expcnentially, decreasing to a negligible
7ulue at a range corresponding to about 8 miles.

The outputs from the two oscillators are added through
the capacitor adding network, Cl7 and C2l. A gain control
}otentiometer Pl is provided so that the ocutput level can be
ecntrolled to provide a suitable proportion of modulation for
different receivers trat may be used. The first half of tube
Y& omplifies the sum from the two pulsed oscillators and applies

“%he amplified sign~l to the second half of tube V8 which serves

js a cathode follower designed to drive a capacity of approximately
30 micromicrofarads.

The network used in the cathods circuit of the output
@8 thode follower prevents serious frequency diserimination which

857-21




otherwise would be encountered since two frequencies differing
by a ratio of 4 to 1 are to be passed. Unless the cathode
eircuit of a cathode follower is resistive for the frequencies
to be passed, a phase srift occurs between the cathode voltage
. and grid voltage. When this occurs, the cattode degeneration
voltage and input signal are not 170° out of rhase and if the
aprlied signal is large tre tube will be found to cut off during
. portions of the eycle and hence will create distortion in the
. output wave form. The network shown in the csthode eircuit of
the output cathode follower is designed to create a resistive
cathode impedance at the two frequencies of 50 kiloeycles and 5
200 kilocycles when the total capacity of the load is approximate-
' 1y 300 micromicrofarads. This latter figure includes the
. capaclity of any eable used to. connect the simulator unit to the
{receiver which is to be modulated. Sinc:e capacitor C24 1s
essentially a short circuit for the frequencies in question, the
network whieh presents a resistivs impedance at the two named
frequencies is as shown in Figure 9.

thode Fo e oad HNetwork

Capacitor Cl represents the capacity of the load being
driven plus the capacity of the cabling. The set of equations
‘below are the defining relations which can be used 4o find the
value# of the elements for any arbitrary values of Cl, w) and w,,

dn order that the input impedance of the network be recistive at
the two frequenciles.

L, = (“’§°1 L'l (1‘“‘531 ‘1)

(12)
2 2 2
(of of 1‘1)
2

e (13)

2 2 2
| (wzclLl-l)(l-wlclLl)

2° 2 1
: 0] Wy o (14)
1 LG L Cp
f By employing this cathode network, distortion and
} 8g7-22
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and diserimination of the two frequency components present 1s
prevented and large voltage output 1s obtained across the load
ecapacitor without overdriving the cathode follower. For the
AN/APQ-T1 radar trainer, tre output from the Doppler simulator
unit i1s applied to the sereen of one of the pre-amplifier stages
to modulate the grin of the receiver. Sinece the screen has

an R-F bypass capneitor, the cathode follower load impedance
network described above is required.

Portinent data concerning the voltages throughout the
cireuit, wave forms, and power input will be found in the in=-
cluded wave form charts (Figure 10). The unit requires no
ad justment with the exception of the gain control to adjust the
percent modulation and the trimmer capacitor C2 wrich adjusts
the amount of phase modulation of the pulsed oscillators.
Neither adjustment is at all critieal and once fixed need not
be touched further except for minor adjustments that may de
necessary when replacing tubes.

W. Roth
September 28, 1945
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FIGURE 10 TEST DATA ON TWINKLE SIM. UNIT # 1,2,3,
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