














INTRODUCTION

In the design or evaluation of electronic countermeas-
ures, radar, and line of sight communications systems, the
overall system performance is described by two basic
transmission equations involving the parameter of the
transmitter, receiver, transmission path, and in the case of
radar, the target reflectivity.

In these three electromagnetic radiating systems the
trade-off of the various system parameters under a de-
signers control can be a tedious mathematical process. For
this reason a circular slide rule, the Countermeasures
Calculator, has been designed as an engineering tool to
assist in the trade-off choice, solving the one-way, the
two-way, and the self-screening range transmission equa-
tions. In addition, other pertinent information is given on
the reverse side of the rule.

BASIC EQUATIONS:
The One-Way Equation

The line of sight communications system is concerned
with the amount of power received at a particular location
where the transmitter and receiver are separated in range.
This received power is expressed by the One-Way Equa-
tion.
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expressing
J = Signal power, peak or average (watts) re-

ceived at the receiving antenna terminals as a
function of:

P, = Power transmitted, peak or average respec-
tively (watts)

G, = Gain of the receiving antenna (db)
G, = Gain of the transmitting antenna (db)

A = Wavelength of the transmission frequency
(meters)

R, = Range from transmitting antenna to receiving
antenna (nautical miles)

B./B, = Bandwidth ratio of transmitted spectra to
receiver bandwidth

In order that a desired signal-to-noise ratio may be
received, the wavelength, the gain of the antenna, and/or
the transmitted power, may be traded off to achieve
optimum results.
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The Two-Way Equation

Of primary importance in a radar system however, is
the power returned to the transmitting antenna after re-
flection from a target: thus requiring the use of the Two-

Way Equation:
P.G Mo
S=C,f —+r—_____
C~( (47)" R, )
expressing

S = Signal power, peak or average (watts) returned
to the terminals of the transmitting antenna upon
reflection from a target as a function of:

P, = Power transmitted, peak or average respectively
(watts)
G, = Gain of the antenna (db)

A = Wavelength of the transmission frequency (me-
ters)

o = Effective target area (meters®)

R, = Range from transmitting antenna to target (nau-

tical miles)
These various parameters may also be traded off for
best results.

The Self-Screening Range Equation
The countermeasures system is concerned with both
equations. A signal which is present at the radar antenna

must be masked by a transmitted signal from a remote
location. By combining the One-Way and Two-Way equa-
tions the Self-Screening Range equation can be obtained.
This equation is valuable in evaluating clectronic counter-
measures equipment against a particular radar system.
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expressing

R = The maximum detection range (Self-Screen-
ing Range) of the radar under noise condi-
tions as a function of:

P. = Peak power transmitted by the radar (watts)

P, = Average power transmitted by the jammer
(watts)

G, = Gain of the radar antenna (db)

G, = Gain of jammer antenna (db)

B,/B, = Bandwidth ratio of the jammer transmitted
signal to the radar receivers bandwidth.

f

J/S = The ratio of the jamming power to signal
power at the radar antenna terminals to cause
required jamming.

o = Effective target area (meters”)




Through the use of these equations and the scales on
the reverse side of the rule, the Countermeasures Cal-
culator can be used to find solutions to the following
typical problems:

I. What power is received at the terminal of a radar
antenna for a given power transmitted by a noise
jammer? )

2. What sensitivity must a countermeasures receiver
have in order to detect a radar signal at a given range?

3. What power is received at the terminals of a radar
antenna upon reflection of a transmitted signal from
a target?

4. What J/S ratio is required to cause jamming of a
given radar set?

5. What is the maximum detection range of a radar
under jamming conditions?

6. What power is required by the jammer to screen a
radar target when the jammer is not located at the
target?

7. What power must a false target jammer transmit to
produce a pulse equal to the target return pulse?

8. What is the minimum detectable signal of a given
radar set?

9. What is the maximum detection range of a radar?

10. What is the gain of a specific parobolic antenna?

These problems are not the only uses of the counter-
measures calculator but are listed as prime solutions that
can be obtained. They are used below to provide a basis
for the detailed instructions.

USE OF THE COUNTERMEASURES
CALCULATOR

The slide rule as discussed above, solves two equations,
the One-Way equation (J) and the Two-Way equation
(S). These equations are solved independently of each
other on the front of the rule and, therefore, each equation
has a separate set of scales which are color coded. For the
solution of the J equation the scales are printed with blue
numbers or have a blue overlay over black numbers. The
S scales are printed in red numbers or have a red overlay
over black numbers.

The Self-Screening Range equation (R) is a combina-
tion of the J and S equations. The rule is constructed to
perform this combination. To solve the R equation the
appropriate J and S scales are combined by intermixing
the scales, thereby, arranging a set of scales to solve the
R equation. For identification, all of the scales which are
used for the solution of the R equation are printed in black
numbers.




For ease of scale alignment an Alignment Guide is pro-
vided. If either a J or an S equation solution is to be ob-
tained, starting on the outer disc, align the red and blue
alignment guide bars on each disc to form two continuous
lines, one red and one blue, extending from the center of
the rule to the outer disc. Upon turning the rule such that
the printing on the inner disc is upright, it will be found
that all scales to the left of the center are either in blue
numbers or have a blue overlay (J scales), and that all
scales to the right of the center are in red numbers or have
a red overlay (S scales). Therefore, the rule is aligned for
solution of either the J or S equation respectively.

To align the rule for the solution of the R equation,
. starting at the alignment guide, align the black strips on
each disc such that a continuous straight line extends from
the inner to outer disc. Upon turning the rule such that the
printing on the inner disc of the rule is upright, it will be
found that the black numbered scales are aligned some-
what left of center down to the inner disc and at the
bottom of the rule. The slide rule is now ready to solve
the R equation.

The units of the scale are noted on each individual
scale and listed for each equation as discussed above.

Detailed Example of Use

PROBLEM 1—What power is received at the terminal
of a radar antenna for a given power
transmitted by a noise jammer?

This solution requires the use of the J equation. To
begin—align the blue scales, through the use of the
Alignment Guide. Assume a typical situation:

Jammer antenna gain (G;) = 10db
Radar antenna gain (G,) = 30db
Bandwidth of transmitter -
Bandwidth of receiver (B/B,) =1
Wavelength receiver (M) = 10cm
Range to Jammer (R) = 50 N. Miles

Power of Jammer (P;) =.100 watts
*When B, > B, use B,/B. = 1.0

Starting at the center of the rule; align the gain of the
jamming antenna and the gain of the radar antenna, then
setting the B,/B, ratio opposite the blue arrow and align-
ing the wavelength versus the range, the answer J in dbm
can be found opposite the power of the jammer after
alignment of the index arrows. These arrows are found on
the black P, and R scales located at the bottom of the rule,
the P, scale is on the center disc and the R scale on the
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outer disc. These scales are not used for the solution of
this equation, but the red and blue index arrows must be
aligned to obtain the correct answer of J.

Upon alignment of these arrows, the answer is found
to be equal to — 52 dbm opposite the 100 watt jamming
power scale marking.

PROBLEM 2—What sensitivity must the countermeas-
ures receiver have in order to detect a
radar signal at a given range.

" This solution is essentially the same as the above. First
align the J scale by the use of the alignment guide. Then
starting at the center of the rule align the appropriate
values.

For example:” *
Jammer Antenna Gain (G;) = 10 db

Radar main lobe antenna gain (for main lobe detec-
tlon) (G,) = 30db

Bandwidth of Radar Spectrum B.\_ 1.0%
Bandwidth of Countermeasure Receiver\B,/
Wavelength of Radar (M) = 10cm

Range Radar (R,) = 50 N. Miles

Power of Radar (P,) = 1 Meg. Watt
*When B: > B., use B(/Brj,. 1.0

iy
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Align G; opposite G,, B,/B, opposite the blue arrow,
and A vs R,, align index arrows opposite P,, find J of —12
dbm.

PROBLEM 3-—What power is received at the terminal
of a radar antenna upon reflection of a
transmitted signal from a target?

This solution requires the use of the S scales. To begin
align the red scales as above using the red alignment
guide.

As an example of operation of these scales, assume a
radar with:

Antenna Gain (G,) = 30db
Wavelength (1) = 10cm
Range to Target (R,) = 50 N. Miles
Power Transmitted (P,) = 100 K watts
Target Area (o) . = 100 m*

To find the signal returned at the radar antenna ter-
minals, stagl'at the cenfer of the slide rule and align G,

.. and A, then: ‘set R, opposite the arrow, and align P:

versus o, ad]ust the index arrows on the tenter and outer
disc as in the previous problem, and find the answer S

~opposite the red arrow (marked S) at the top of the rule.

For this example, the answer is —91 dbm.




PROBLEM 4—What J/S ratio is required to cause
jamming of a given radar set?

In order to make an accurate calculation of the Self-
Screening Range, the J/S ratio for a specific radar is
required. However, if it is not known, it can be estimated
by the use of the “Approximate Radar J/S Ratio” scales
on the back of the rule for the case of probability of detec-

thH

tion of 50 percent and a false alarm probability of 10"

Assuming a radar-jammer situation such that:

10 radar returns are integrated, and jamming noise
is used and equivalent to gaussian noise.

Referring to the “Approximate Radar J/S Ratio”
scales, the number of pulses integrated are aligned oppo-
site the arrow. Then opposite the jamming efficiency of 1
(the arrow) the J/S ratio for this radar is found to be
— 5.5 db. The efficiency of 1 was used as the noise was
equivalent to thermal noise. If the jammer noise is not
equal to gaussian noise, then the appropriate jamming
efficiency must be used.

PROBLEM 5—What is the maximum detection range
of a radar under the jamming condition?

The Self-Screening Range equations (R) must be used.
Aligning the R scales (black numerals) by the use of the

black alignment guide and assuming a typical radar-
jammer situation:

Radar Integrates 10 pulses 2
Noise modulation of jammer equivalent) J/S = —5.5db
to gaussian noise S
o = 100 m*
P, = 100 KW
B/B, = 1
G, = 30db
G; = 10db
P, = 10 watts

set the —5.5 db J/S ratio (as found above on the outer
J scale) opposite the J/S arrow, aligning the o versus P,,
the arrow versus the B,/B, ratio and G, and G; scales,
opposite the 10 watt mark on the P, scale on the inner
disc at the bottom of the rule opposite the answer, the self-
screening range, on the R scale. R is equal to 0.8 N Miles.

If the jamming power is given in watts per megacycle
then insert the bandwidth of the radar receiver on the B,
scale instead of the B,/B, ratio. This scale is directly below
B./B. scale.



PROBLEM 6—What power is required by the jammer
to screen a radar target when the jammer
is not located at the target?

In order to solve the problem of the jammer screening
range while the jammer is not located at the target, the
J and S equations must be used independently instead of
combining them to form the R equations as above.

This problem can be attacked from many different
aspects, depending upon the answer required. For this
solution what is required is the power that the jammer
must transmit in order to screen a specific target while the
jammer is located at a point in space other than at the
radar target.

First, align the S scales, (red numbers) in order to solve
for a specific value of S at the radar antenna terminals.
Assuming that:

G, = 45db
=3cm

R, = 100 miles

P, =1 Mw

o= 10m*

and upon aligning these values and the index arrow on
the rule the signal S at the antenna terminals is found to
be — 84 dbm.

Then turning the rule to the J equations (blue num-
bered scales), align the assumed jammer parameters on
the scales. Since the jammer is not located at the target,
the effective Radar Antenna Gain (Gy) in the direction
of the jammer is less than the gain in the direction of the
target.

Therefore, for this particular case:
Gy = 10db and

G, = 10db
B, _
E—l
A= 3cm
R, = 50 miles

J

and then align the index mark as in the previous calcula-
tions opposite the appropriate figure on the J scale will be
the number of watts necessary to screen this target. The
number to be inserted on the J scales equals the S figure
which was obtained from the previous calculations plus
the J/S ratio in db necessary to jam the specific radar.
From the previous calculation, it was found that a J/S
of —5.5 db was needed. Set —84 (S found above)
—5.5db = —89.5 dbm. Thus, the power necessary to
screen this target is 20 watts.



To find other answers such as range of jammer required
instead of watts required, align the known figures on the
appropriate scales and observe the answer on the un-
known scale, in this case R.

PROBLEM 7—What power must a false target jammer
transmit to produce a pulse equal to the
radar target return pulse? (The same
type of solution applies to beacon prob-
lems.)

As for the previous equation, the answer is obtained
in the same manner the radar return power is first ob-
tained by the use of the S scales. Then this value of S is
used on the J scale of the J equation to determine the
jammer power after using the appropriate values in the
J equation.

PROBLEM 8—What is the minimum detectable signal
of a given radar set?

This answer is found on the reverse side of the rule. On
the scales entitled “Minimum Detectable Radar Target
Return Power —S,.;,/dbm.” The appropriate numbers
are aligned. For example:

Bandwidth of Radar Receiver (B) = 1 mc
Hits per scan of the antenna (H/S) 10
Noise figure of the receiver (NF) = 10db

The minimum detectable radar target return power
S.in (dbm) is found to be —98.5 dbm. These scales are
based on the work of Dr. A. V. Haeff at the Naval Re-
search Laboratory'®.

The calculator provides two possible approaches to the
determination of minimum discernable signal powers
through use of the approximate J/S calculator. For
example, J/S for a one hit radar is read as —13.5 db from
the approximate J/S scale. This is equivalent to stating
that a +13.5 db S/N ratio is required for detection.

Signal sensitivity then can be determined from KTB NF

S

—N’— = Smln-

The value obtained in this manner will be slightly dif-
ferent than that obtained from the scales provided for
this calculation directly. The minimum discernable signal
calculated directly on the rule is 3 db more sensitive for a
1 hit system, and is the same for a 10 hit system, and is
2.5 db less sensitive for a 10,000 hit system. The reason
of course is that the scales for calculation of S,,, directly
are based upon empirical results and do not define the
detection probability and false alarm number.

If the hits per scan of a given radar is not known this -
value may be calculated by the use of the equation
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(——F6(;’”) printed next to this scale, where F is the pulse

repetition frequency of the radar in cycles per second, 0y,
is the half power beamwidth in degrees and @ is antenna
rotation rate in revolutions per min.

PROBLEM 9—What is the maximum detection range
of a given radar set?

This answer can be found by using the S scale after
having determined the value of S, as above. After align-
ing the S scales by use of the aligning guide enter on the
outer scale the value S,,;, (dbm), as found above, —98.5
dbm.

Assuming the additional parameters are:

o= 10m?

P. = 1 megawatt
G, = 30db

A= 10cm

align the target area (o) opposite the power (P,), then
skipping the R, setting for the moment, go to the center of
the rule and align the G, versus A. Upon aligning the index
marks, the radar detection range, opposite the arrow in
the center of the rule is found to be 75 nautical miles.

PROBLEM 10—What is the gain of a Specific Parabolic
Antenna?

On the reverse side of the rule, the scale marked
“Antenna Gain for Parabolic Reflectors” is for this pur-
pose. Assuming a 2 ft. dish at 3 cm the gain is found to be
33 db and has an H plane half power beamwidth of 3.2
degrees.

EFFECT OF LOSSES

The countermeasures calculator does not attempt to
take into account all losses which normally occur in the
radiation of electromagnetic energy. For example, in
radar systems there are losses associated with the propa-
gation of signals through the atmosphere, antenna
scanning losses, equipment inefficiencies, and the losses
associated with the performance of a human being when
used for detection purposes. These losses can however be
factored into the calculations for radar performance by
adjustment of the system sensitivity for one way losses
such as operator degradation, scanning losses, and equip-
ment inefficiencies.

Two way losses effecting both transmission and recep-
tion such as antenna and transmission line inefficiencies
can be accounted for by adjusting the antenna gain factor
accordingly.




Additional losses in the microwave transmission system
are produced by atmospheric absorption. This effectively
reduces radar range performances. Its effect is frequency
sensitive and are not very significant until operation at
the higher frequencies under normal atmospheric condi-
tions. At frequencies of X-band and below it can be
neglected for most situations. For further discussion of
these losses the reader is referred to reference (1).

The calculator can readily be used for computation on
non-pulsed radars by using average radar power in situa-
tions where either the average power J/S ratio or the
minimum discernable average signal power is known. An
alternate method is to convert the average signal powér to
an equivalent single pulse peak signal by multiplying the
average power by the effective integration factor, and
using the J/S associated with a single hit situation. This
factor is approximately the product of the received signal

bandwidth (in cycles) and the integration time( in sec-

onds), assuming that an efficient integration technique is
used. The integration time is normally determined by the
reciprocal of the smoothing filter bandwidth.

RANGE SCALES

In order to solve problems for greater ranges than can
be achieved with the markings on the range scales, two
additional index marks are provided.

To multiply the range scales for the J equation by a
factor of 100, use the blue index mark at the 0.1 NM mark
on the range scale at the bottom of the rule. This is located
to the right of the normal index arrow.

To multiply the range scale for the S equation by a
factor of 100, use the red index mark which is located to
the left of the normal index somewhat past the alignment
guide.
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