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A, aBSTRACT.

Wiork on anti-jam circuits for radar receivers has been in progress
at this laboratory since 1941. Many types of circuits have been tried
and discarded because of being impractical or because of heving unde-
sirable characteristics which offset the a.j. advantages offered. The
principal a.j. features which have been experimentally proven;éie now
being incorporated in current receiver design are: :

1. IP rejection filters.

2. Low frequency degeneration in the earlier IF stages.
3., Amplified back diasing in last IF stages.

L, Balanced video.

5. Variable bandwidth.

Most of the work to date has been with Type A presentation since the
inherent resolution of the A scope is in itself an a.j. feature (as
compared to FPI). However the mein emphasis in a.j. work now will
be applied to PPI presentation. Present circuits (when used with the
A scope) will be found quite effective ageinst any type jamming sig-
nal which the enemy has used up to the present. ZExcept by reduction
of receiver bandwidih or change of radar frequency a.j. azzinst a
truly raniom noise jamming signal is impossible since any mechanism
for accomplishing this would be used primarily to improve the signal
to noise ratio of the receiver.

B. INTRODUCTION,

The first radar anti-jamming work at Naval Research Laboratory
started in July 1941 after it had become evident that present redar
systems could be easily jammed with almost a2ny type of radiation on
the radar frequency. Since radar systems as a whole are inflexible
2s to frequency of operation because of complicated antenna arrays
which will operate over only 2 narrow frequency band and because of
maltiple tube transmitters which are difficult to make easily tunable,
work was started to reduce the valneradility of radar receivers to
Jamming signals. It was realized that any receiving system could be
Jammed but the wrk was initiated to design receivers which would be
less easily jemmed with the ultimate hope that receivers could even-
tually be designed which would make jamming impractical, or at least
much less effective.

An examination of the frequency spectrum of a2 radar pulse shows
an energy distribution spreading out each side of the carrier frequency
to a considerable extent, the exact extent depending on the pulse
shape and the pulse length. For a search radar pulse of 5 microseconds
in length the bend is approximately £ 200 kc. Since this energy spread
is more or less uniform it is pessible to eliminzte interference which
falls in only part of the band and pass the pulse side band energy
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outside the interference band with more or less pulse attenuation de-
pending on the extent of the interference band.

If two frequencies are impressed on a non-linear device such as
a detector or & converter tube new frequencies are generated equal
to the sum and difference of the original frequencies. The new sum
or difference frequency can then be amplified without amplifying
the original frequencies. This phenomena makes possible the rejec-
tion of strong interference which can be eliminated in a detector

or converter tube, only the beat freguencies between the pulse si
nal and interference then being amplified. »

Pulse echoes are stationary on a radar indicator oscillograph’
due to the sweep of the oscillograph béam being synchronized with
the outgoing pulse from the radar transmitter. Pulsing interference
is usually non-synchronous and consists of "Ghost® pulses floating
&cross the oscillograph screen. If the cathode ray tube is instan-
taneously blanked when such a signal is received the "ghost® will
disappear. However if the time between these "ghost" pulses is great
enough for the receiver to recover semsitivity the normal echoes which
are not blanked will appear as before.

Methods of meking use of the interference rejection available
because of the phenomena of fregency band spread of the radar pulse
signal, of heterodyning interfering signal and pulse signal, and of

oscillograph blanking in the presence of nonsynchronous pulse type
interference have been investigated and circuits have been developed

which have materially improved the anti-jam properties of radar re-
ceivers.

1. Considerable CW interference was enceuntered during labor-
atory tests of radar systems. This brought home the fact that radar
receivers could be easily jammed. The first expedient taken to re-
duce the effects of CW jamming was to couple the final detector of
the receiver to the first video amplifier grid by means of a dlocking
condenser. This eliminated blocking of the video amplifier caused
by rectified DC from the detsctor biasing the video grid off the
operating characteristics of the tube. This method of CW elimination
was carried as far as practicable by increasing video amplifier gain
and decreasing IF amplifier gain to a point where IF overlcading was
delayed considerably. The ultimate limit for this simple scheme is
determined by the necessary signal required at the 2nd detector to
give useable output in the absence of a CW jamming signal. This
method of CW elimination is automatic, requiring little, if any, re-
ceiver regdjustment in the presence of interference. The dynamic
range (ratio of interfering CW signal voltage to the minimum detec-
table pulse voltage) can be increased with a minimum of complications
from about 10 for a receiver with direct coupled second detector to
about 1000 for a high video gain receiver.
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The dynamic range of such a2 system can be increased even further
by means of two gain controls, one on the IF amplifier znd one on the
video amplifier. If ample reserve of gein is available in each am-
plifier end ample g2in control possidble the dynamic ranze azeinst CW
can be increased as much as desired, being finally limited to the
value at which the first IF amp11f1er tube is overloaded by the in-
terference. Dynamic ranges of 1,000,000 against CW are obtainable
in this menner. a system such as this, however, requires continuous
variation of two gain controls as the interfering signal level vearies,
resulting in an awkward operational handicap. In addition to the
operational handicap, design of video amplifiers with a.gain of 1,000,000
which are suitable for radar use is very difficult.

4 modification of this method was tested which had a dynamic range
of greater than 100,000 against CW interference. This system used
parallel IF and video channels with equal gain, cross connected with
side detectors to give automatic control of IF and video gain. As
the C¥ interference level increased, blocking the later IF stieges,
side detectors zhead of the blocked IF stages fed signal into the video
amplifier at which point the interference was eliminated and the signal
was amplified to the desired output level. This system was further
modified in its finel form so that the final detector fed back through
an attenvator to the video amplifier with the earlier side detectors
coupled in at an appropriate point on the attenuator to give equal out-
put regerdless of which detector tube was in operation. Although CW
was eliminated in this fashion the difficulty of video amplifier de-
gign which wonld give a2 sufficiently short recovery time from the
transnmitted pulse combined with the vulnerability to modulated inter-
ference stopped additionzl effort on this system.

2. The idea was conceived of making use of the interference as
the heterodyne oscillator, thereby passing the beats between the in-
terference and the desired echo pulses a2nd eliminating the interfer-
ence energy a2t the first converter of the receiver. The IF amplifier
would be so designed that it would pase the high frequency video com-
ponents of the pulse and the higher frequency beats between the in-
terference and the pulse. In this manner Cii, AM, or FM with modula-
tion freaencies below or above the frequency pass ban¥ of the IF would
be eliminated. Several receivers of this type were designed and con-
structed. These used a zero beat converter followed by a high gain
differentiating video amplifier (low frequency IF amplifier) in tura
followed by a DC restorer and filter for reforming the pulse.

In operation, two methods of interference rejection were possidle
with this type of receiver. Ci of low modulation rate MCW could de
eliminated by retuning the local oscillator to exact zero beat with
the interference. 4ll of the DC and low fregquency modulation compo-
nents of the interference were eliminated because they fell outside
the response band of the IF amplifier. This allowed the higher fre-
quency components of the pulse signal to come through the amplifier
without attenuation. The second method of interference rejection
consisted in simply switching off the receiver local oscillator and
usinp the interferzng aignal as the heterodyne oscillator. FM, as
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well as AM and CW, could be eliminated in this fashion.

However, for search radar epplications where pulse lengths of four
to twenty microseconds were used it was found to be impossible to de--
sign a differentiating video amplifier with the necessary high gain
which would give sufficient pulse response and at the same time have
a short enough recovery time from the transmitted pulse for short min-
imum range. For example, a receiver of this type designed for opera-
tion with & four microsecond transmitted pulse reguired 25 microseconds
for recovery from the transmitted sigmal, corresponding to a minimum
range of two nautical miles. In addition, because of the slow recovery
time of the amplifier circuits, rsiling and other types of interference
with high frequency modulation components czused more damage than in
normal receiver circuits.

For use with very short pulses a zero-beat conversion receiver is
quite practical anid recovery times in the order of a few microseconds
are possibl=s. Both design and operation of 2 receiver of this type is
relatively simple and many types of interference can be easily elimi-
nated. Experiments were made with double superheterodynes and dual ir
receivers making use of zero-beat conversion for interference rejection
but none of them proved to be practical because of the impossibility
of obtaining short recovery time in the high gain differentiating video
amplifiers.

3. The next receiver was developed with the idea of making use
of the good featurcs of the zero beat receiver and yet of eliminating
as many of the disadvantaces as possible.

A double superheterodyne was decided on which had a relatively
high freguency first IF with amplified AVC to prevent overloading by
interference, followed by a secorid converter and a one Mc I¥ wnich
made possidble, under some conditions, using the interference as the
heterodyne oscillator. Tunable rejection filters were placed at the
input to the 1 Mc IF amplifier for rejection of any desired narrow
band of frequencies in the normal pass band of the amplifier. A bal-
enced detector-video amplifier was incorporated for blanking of signals
above & controllable amplitude. CW, Fi or AM with modulation rates up
to 500 Ke. could be rejected by using the interference as the heterodyne
oscillator. CW exactly at zero beat which could not be used as the
hetercdvne oscillator could be eliminated by means of rejection filters
provided.

The dynamic range of this receiver was in the region of 50,000 to
5,000 for the types of interference mentioned.

The objection to this system was that highly skilled operators
would be required for its operation and the time needed to anti-jam
under some conditions would be quite long since eight to twelve control
knobs were necessary to make use of the features provided.

k. Experiments were conducted with belemcing circuits in various
parts of a receiver with the idea of balancing strong signals to zero
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output without affecting weaker signals.

Tests were made on balanced IF amplifier circuits which balanced
the IF components directly by means of push-pull grid parallel plate
circuits in which one channel operated st low bias and other channel
operated at high bias. In this fashion strong signals would pass through
each channel and cancel in the output circuit but weak signals with ran-
dom phase relationships to the interference would pass through one channel
only. Successful amplifiers of this type were comstructed at 1 lc.,
3 Me., and 15 Mc., and a dynamic range of about 20 was realized in one
stage. The action of this circuit was dependent on amplitude differences
only and was independent of side band frequency components which was a
very desirable feature. However, the operation of this circuit was guite
critical and accurate phase control for good interference cancellation was
extremely difficult. Although single stages operated satisfactorily cas-
caded amplifiers of this type proved to be impractical.

A modification of the balanced IF amplifier which balanced the rec-
tified component of the interference against the IF component appeared
to be the most satisfactory compromise. The IF components of the inter-
ference were reduced to a value which never drove the IF amplifier grids
positive by merely feeding back enough of the rectified output to always
maintain the amplifier tubes in the negative grid region. By slightly
delaying the time of the feedback voltage the higher frequency beats be-
tween the interference and the desired pulse were not fed back in phase
s0 these echo beats were passed by the amplifier at the peak G, point
on the creast of the interfering waves. A short time constant in the
biasing back circuit allowed operation through fairly high modulation
frequencies, either AM or PM. ZFor very high modulation rates 2 long
time constant could be switched in thereby allowing the bias voltage
on the amplifiers to bdbuild up to & peak value equal to the peak modula-
tion level of the interference. In this way the echo would only be seen
when it was phased properly with the interference so that it rode on top

of a modulation peak of the interference.

In the type CG-UGACQ receiver designed as a replacement in the SC
gseries radars it has been found that the short or medium time constant
position of the feedback circuit will prevent amplifier overload with
modulation rates up to about 50 Ec at which point it is preferable to
switch to the long time constant and to work on the modulation peaks
rather than to try to follow the modulation.

Details of the actual dbiasing bagk circuits for prevention of over-
load and for suppression of interference modulation will be discussed

later.

Pulsing interference with frequency components similar to those
in the radar pulse are not appreciably discriminated against in the
biasing beck circuits. For rejection of interference of this type,
particularly for FPI presemtation or pip matching presentation where
relative peak voltege ratio of signal to interference is of utmost im-
portance, the belanced video amplifier was developed. This device has
a manual control which makes possible inverting the polarity of pulses
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above a desired amplitude without inverting weaker pulse signals. In
this way normal echoes will appear with positive output showing a dbright
spot or arc on a FPI screen while stronger pulses will drive negative
and give very little output indication. It is possible with this circuit
to make weak pulses show indications above any indications resulting from
stronger pulses. The balanced video circuit operates in the following
fashion: Two diodes are used as final detectors, one rectifying the
positive half waves of the IF and the other the negative half waves. The
negative output is coupled to the grid of a video amplifier tube which

is biased for class & operation. The positive output is coupled to the
grid of a video amplifier which is biased for class B or class C opers-
tion. The outputs of the two video tubes are connected in parallel. The
class A amplifier passes all signals, but the class C amplifier passes
strong signals only. In this manner strong signals cancel at the output
but weak siznals pass through one channel -only and give positive output
without attenuation. By means of & bias control or a gain control on
the class C channel 211 signals above some desired level can be made to
cancel or drive negative which gives no indication on a FFI scope or a
pip matching scope..

5« T¥ide band random noise modulated interference cannot be effec—
tively eliminated by means of rejection filters, biasing back circuits
or balanced video amplifiers. Improving signal to noise ratio in the
receiver when the noise in guestion is from an external source and is
appreciably higher than the inherent receiver noise appears to be im-
possible without reducing receiver bandwidth. Improvement in signal to
noise ratio obtained by means of integration, feedback through delay
lines, etc., is a method of reducing bandwidth without requiring in-
creased pulse length. The maximum improvement in signal to noise ratio
obtainable by post detector integration (which seems to be the only
practical way of doing it at the present time) appears to be between
3 and 10 db., and such equipment has not as yet been developed to.-a
stage practical for incorporation in a radar receiver.

However, an appreciable improvement in signal to noise ratio ean
be accomplished if definition can be sacrificed (as it often can be in
a search radar) by narrowing the receiver bandwidth and increasing the
transmitter pulse length. A& practical improvement of 15 db can be ac-
complished in a radar system if the receiver bandwidth is decreased by
10:1 and the pulse length is increased a similar amount. Particularly
in a multi-purpose radar which must have good deTinition for short range
work but also must be capable of good sensitivity for early warning an
improvement of 15 db is valuable. This improvement in-signal %o noise
ratio would result in a 60% increase in radar range against aircraft.
Variable bandwidth and varizble pulse length is being incorporated in
the XBF (SR) radar system in the process of development at the Naval
Research Laboratory. =

D. P STATE OF RADAR AJ AT NAVAL RESEARCH LABORATORY.

1. - Anti-jem circuits of various types have been mentioned. The
CG-M6ACQ anti-jam receiver was developed at Naval Research Laboratory
to replace existing SC, SC-1, 8C-2, and SK radar receivers. This receiver
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makes use of the most practical of the aJ circuits invostigotod &nd con-
teing the following general featuras:

Frequency band 175 to 225 idc.

Ov.rall receiver bendwidth 30C Ke.
Sensitivity 6 db.

EF amplifier - 2 stagc using GL 446 tudbes.
Converter GL LU6

Local oscillator GL 4k6.

IF frequsncy 15 Me.

If amplifier 5 steges using 6aCy.

AVC &aB7.

Detector 6H6.

Balanced video 2 - B4G7.

Total number of tubes 13.

(Sce Plate 2 for photogrophs znd plate 5 for wiring diagram).

The aJ festurss of the CG-H64CQ receiver are as follows;

a. Two IF rejection filters are tunsdle individually over the
IF Yand. Thoese reject & very narrow band of froguoncies so that z pulse
signzl cen be passsd duc to the side band frequencies present while an
intorfering signal without side bands (cw) or with only low frequoucy side
bands {modulation fregucnecies roughly below 1000 cycles without apnraeciabdblo
Fi{ component) or a side bend componcnt which consists of esseatially a
single irequency can be greatly reduced in amplitude.

b. High cathodc biasing resistors ars vsed in the sccond and
third IF stages in order that demodulstion of the high levol inturforing
signel will tako placc and demodulated voltage will autometically dias
beck the amplifiors so thet ovordriviang of the ecmplifiors into the grid
current region is ercatly delay.d. In order to diffcerentiate between the
desired pulse #nd the intorf.rence modulation a small condensor is placed
across the cathode rosistor and the time const nt is so adjusted that high
frequency pulse componcnts and high froguoncy beats between tho interfercnce
and the desired pulse will not be dogencrated but all Iower fregquency com-
ponents will beheavily dogoncrated, rosulting in reduced gain to the in-
texference but not to tho desired pulse.

The fourth and fifth IF amplificrs have amplificd DC foudbeck
for the purpose of marimum supprossion of inturforonc. with minimum loss
of gein to the desired pulsc signals. The cathodes of these two amplifiors
are returncd (through docoupling notworks) to the plate of the 64G7 dback
bias amplifior. The grid of thc 6aG7 is directly conncctod to the nogative
detector output. As the nogative output from thoe detoctor is incroasad
(thc 6AG7 bias is ineruesod) raising the plate impedance und incroasing the
bias on the IF amplifior tubos. Sufficicnt gain is aveailadle in the 6467
that the sccond detcctor output can never exceod oane to two volts regardlass
of the signel lovel at tho IF grids. This foature prevenis any possibility
of vidco amplifior overloading. & time constant switch is provided which
allows & cholec of froguency rosponse in thoe focdbeek circuit for operztion

through various typcs of interferenecg.
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Another feature of this biasing bick circuit which is not ob-
vious at a glance is brought about by the manner in which the GaG7 bias-
ing back amplifier operates. Normally in the absence of interference
the 6aG7 is operating at low bias on its diode characteristic with a
plate impedance of about 4000 ohms. In series with the 6aG] are the IF
amplifier tubes which are operating with high bias and high plate im-
pedance. In the presence of sirong pulsing or railing interference the
grid of the GaG7 is driven far negative past cutoff blocking the tube
completely. Bias them builds up on the IF amplifier at & rate depend-
ent on the tube impedance and the cathode to ground capacity. However,
the instant the pulse goes off, the taG7 grid is returned to normal bias
and the bias voltage developed across the condenser from IF cathodes to
ground is very quickly returned to normal through the low impedance tube.
This ratio of buildup time to recovery time in the APC amplifier circuit
is about 5:1 and helps to maintain a short receiver recovery time from
the main transmitted pulse and from railing interference.

The second detector-video circuit gives the balanced video
operation previously described. The two sections of the 6HG diode are
so connected thet one element rectifies the positive half cycle and the
other rectifies the negative half cycle of the IF wave. The negative
diode is coupled to the normal video amplifier tube (64G7) which oper-
ates class A. The positive diode is coupled (throuwgh a variable atten-
uator) to the grid of the dalancing tude (GAG]) which is cperated with
cutoff bias. The beslancing tube will only smplify sighals which are
sufficiently strong to drive the grid voltage high enough so the tube
will conduct. The signal level required to meke the tube conduct is
controlled by the potentiometer at its grid. Since the plate of the
balancing tude is in parallel with the plate of the normal video ampli-~
fier it is possible to make all signals above some level determined dy
the input potentiomeler setting cancel to zero output while all signals
below thet level will still give positive output. This circuit is par-
ticularly useful in bdlanking out pulse interference on PP1 indicators,
and to reduce the masking effect of nonsynchronous pulses and railings
on pip-matching scopes.

2. The following tadble shows the cowparison between the AJ
receiver and a conventional receiver with no AJ protection for various
types of interference: (See also appendix - plate 4)

Dynamic e
Type of Interference AJ Receiver (Conventional Receiver
cW ' 100, 000 15
400 cycle 505 modulated CW 100,000 25
1000 cycle 50% modulated CW 100,600 25
10,000 cycle sq. wave 50% modulated CW 100,000 50
100 Ec. 505 modulated CW 25,000 50
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(Table continued)

Dynamic Range
Type of Interference ~ #&J Receiver Conventional Receiver
100 Kc. 100% modulated CW (Railings) 100,000 . 2000

100 Kc. 50% modulated CW plus)
) - 25,000 25
1000 cycle 50% modulated CW )

3. A standard AJ receiving system has been developed at Kaval
Research Laboratory for use wi th the XBF, CXCB, SR and ST radar systems
which makes use of the AJ features of the (G-46ACQ receiver plus (except
the ST) incorporation of a variable bandwidth circuit which makes avail-
able bandwidths of 2 ic, 250 K¢, or 50 Kc.

The flexibility of this receiving system is increased by split-
ting the receiver into two parts. The RF circuits complete with a con-
ventional IF amplifier feed a monitor scope in the transmitter frame.

From the 2nd IF amplifier of the monitor receiver 2 line zoes to the AJ
unit at the main indicator frame where PPI and A scope presentation is
available. Remote PFI units are then fed from the main indicator. The
AJ unit contains variable bandwidth-circuits, rejection filters, ampli-
fied short time constant back biasing circuits and balanced video circuits.

4, 4n AT adapter to be used with Mark III and Mark IV radar
gystems has been developed (Plate 3 and Plate 6) This unit consists of
an IF rejection filter, four IF amplifiers, short time constant amplified
back biasing and balaneed video. The dynamic ramges of the CG-UGACQ re-
ceiver shown in the table are representative of the other AJ systems be-
cause the basic iJ features are ihe same.

E. CONCLUSIONS.

1. The surface of radar anti-jamming has been scratched and
considerable improvement against Ci, #CW, and FMCW interference has been
realized, More improvement with reduction in operational complexity is
in order.

The iAJ work which has been done will prevenit the enemy jamming
our radars with the simpler types of interference such as CW, sine wave
or square wave amplitude or freguency modulated CW with modulation rates
below 50 Kc. and will meke it appreciably more difficult than it was pre-
viously to jam with modulation rates above 50 Kc.

The power necessary to seriously jam an SC receiver is about
10 watts of CW or MCVW at 20 miles. The C Q receiver could operate
through nearly 40 million watts of CW at that range without serious loss
of sensitivity.
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: In the final analysis it may be stated that the AJ problem
has been carried to the point where in order to jam our radars effec-
tively the enemy must use complex wide band modulation (such as noise)
on his jammers. As yet no complete answer to the problem of noise
Jemming has been evolved except to shift the radar operating frequency
off the band which is being jammed. Work is progressing en easily
tunable radar systems and that will probably be the best AJ feature
available in any radar.

2. Following is a list of AJ features which are to be inves-
tigated at Naval Research Laboratory in the immediate future for possible
value in improving AJ performance of radar receivers:

2. Side band bdalancing circuits for elimination of any ampli-
tude modulated interference.

b, Side band bdblanking circuits for elimination of any frequency
modulated signal.

c. Pulse length discriminator circuits for rejecting any pulses
either longer or shorter than the radar pulse.

d. Improved back biasing circuits for shortér recovery time
and elimination of manual controls.

e, Improved clipper circuits for cleaning up presentation
on FFl in pregence of jamming.

f. Automatic control circuits to keep echo amplitude inde-
pendent of jamming level in order to prevent PPI blanking in jammed
gector and to prevent bearing inaccuracies in fire coatrol systems due
to off bearing interference.

g+ Improved varieble bandwidth circuits.

With the above features properly incorporated it is the
eventual hope that a radar AJ receiving system will be developed which
is virtually impossible to jam except with true random noise. In the
meantime it is hoped that experiments on noise reduction will lead to
a practicel method of combating noise jamming.

At the present state of the art the only completely sure fire
AJ device is 2 second radar on an unjammed frequency and this may always
be the case.

It is recommended that work be continued on AJ receivers but
that in addition, every effort be made to make all future radar systems
very easily tunable over at least a 10% frequency range, preferably
with repid automatic variation in steps.



Apvendix:

7 e. 00 ABY of OAV Jamnings Signal Generator.

The 60 ABY jamming signsl generstor was developed to fur-
o s X ;) B PP TS - ~n L o7
nish typical jamming signals to be used with the CG L6 ACQ receiver
Tor operator training sboard ship.

Phe jamming signal generator contains “n oscillater, tunable
between 150 z2nd 250 lec., 2 built-in multivibrator, ond a modulstor.
an attenuation range of approxinately 2 volts io 100 microvelis is
avoilable with modulstion of about 50> at 100 cycles, 1000 cycles,
10,000 cyecles, or 100,000 cycles per second nnd pulse modulstion with
the seme frequencies of repetition rete ot o pulse length of ~bout
six microseconds. An attenustor cencrol (cal ibrated in aprnrevim: te
cutput volts), sn RP tuninz control calibrated in approximete nege=
crcles per seccnd, - pulse-modulstiocn switch, a 5 nosition tap switch
to select modul:tion freauency, cnd 2 power switch, are tie contrels
on the front panel. Cme 50 ASY signel senerstor ie to lie furnished
with eaclh CG 45 ACY remlacement receiver,
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