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INTRODUCTION

This report details the investigation of the errors and measurement
differences between radars when tracking a common transponder signal. An
effort has been made to clarify methods and orinciples from measurement of the

transponder delay through actual track of the transnonder.
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The purpose of this measurement is to obtain the correction to be applied to
the range data due to the delay of the transponder signal reply. It is highly
desirable that this delay be measured with an accuracy equal to or less than
the least significant bit of the radar range (+1 yard). All instrumentation
radars are equipped with a beacon delay adjustment which can automatically
correct for this delay.

Transponder delay should be measured from the time that the voltage on the
reference pulse reaches the level that fires the transponder to the time at
which the output of the transponder indicates the beginning of the output pulse. -
This is the method presently in use by WSMR Transponder personnel. In the past
there have been arguments for measurements from peak of the reference pulse to
peak of the return pulse; from 3DB point of the reference pulse to 3DB point of
the reply pulse. Such arguments are not valid and in fact complicate the
measurement as revealed later in this report. The present procedure used by

the transponder personnel to measure the delay is to measure from start of the
reference pulse to start of the transponder pulse at 0 DBM. The reference pulse
is then lowered in steps until the transponder ceases to fire. The value of
delay is computed as the average value of the delays measured. This value will
normally fall in the area of +0.02 usec over the value measured at 0 DBM. The
transponder delay measurement remains fairly constant from O DBM to -35 to -40
DBM. Also the variation bears no relationship to the radar measurement due to
difference in pulse shape. The signal level reaching the transponder from the
1 megawatt radars is normally greater than -20 DBM on all radar tracks at WSMR.
‘. Therefore the average of the delay from O to -70 DBM will cause an error equal
to the amount that exceeds the measurement at -15 DBM. In the past all measure-
ments were conducted in this manner and in all probability there was an error
in the range data equal to -0.0l1 usec or -1.6 yards since positive errors in
delay create a negative error in target range measurement.

Figure 1 is a representation of the present reference pulse used to measure
transponder delay. The rise time on this pulse is .035 usec. and the measurement
of delay is normally made with a O DBM signal. The voltage level necessary to
fire the present transponders is reached with a -68 to -70 DBM signal. Note that
with a O DBM signal the firing point of the transponder will occur very close in
time to the reference point. As the signal level decreases, very little change
in time occurs until the region of -35 to -40 DBM is reached. At this point the
rise time of the pulse enters the picture. By the time the pulse is decreased to
-56 DMB there is a difference between the reference time and the firing point of the
transponder equal to approximately .0l usec. An expanded view of this area is
shown in Fig. 1A. Note that as the signal level decreases below -56 DBM there is
a fairly rapid increase in time between the reference time and the firing time of
the transponder (.03 usec). A point is reached at approximately -68 DBM where the

rise time of the pulse is no longer linear and the increase in pulse amplitude is




[image: image5.jpg]{ Jvery slow. Figure 1B is a more expanded view of the -68 DBM pulse and a -70
DBM pulse. Note that the minimum level for tramnsponder operation is approached
and the leading edge of the pulse at -70 DBM does not reach enough amplitude to
fire the transponder. In fact the point at which the transponder fires is 0.3
usec from the reference point. This is to be expected since the pulse center
peak would occur approximately 0.3 usec after the reference time for a 0.5
usec pulse at the 3 DB points. Note that the time differences follows the pulse .
rise time in a linear fashion until the pulse approaches the minimum firing level. :
As. this minimum level is approached the transponder will be intermittent and
changes in delay will result having amplitudes of .035 up to .3 or 6 yds to 50 yds.
Therefore radars having pulse rise times of 0.035 usec would experience this kind
of delay variation when signals arriving at the transponder are the same as indi-
cated here. It can be seen that if the radar rise time is 0.10 usec the delay
change will be 16.4 yards as the transponder received signal approaches -68 DBM.

A further decrease in signal strength will cause the delay to vary between 16.4
yards and 50 yards.

For a correct transponder delay measurement the pulse width of the transponder
must be considered. This is necessary since all measurements both transponder and
radar are based on a 0.5 usec pulse measured at the 3 DB point. Should the
transponder reply pulse be 0.54 usec the measured delay would be off by a -0.02
usec, This amount would have to be added to the measured transponder delay. If
the output pulse had been 0.46 usec the error would be +0.02 and would have to be

subtracted from the measured delay. This correction is presently being made by
the transponder personnel.

é;}The transponder delay must also include the cable delay between the transponder

and the transponder antenna. This delay is presently being applied to all
transponder delay measurements.

The total transponder delay includes measured value + PW correction + cable
delay. Since the measured value has contained the +0.01 usec error in the
measured transponder delay tests conducted to validate this report contained this
error. Thus a 0.0l usec range measurement error can be attributed to the 2

transponder delay. However this does not account, for all the error or differences
in radar range measurements.,
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The accuracy of the range measurement is a function of the time base generator
and the O set of the radar. An atomic standard is used to generate the time
base frequency for range measurement and is accurate to the degree of calibration
established by the calibration laboratory. This calibration is considered to

be within the 1 yard accuracy required for measurement. Therefore when a radar
calibrates range it is not an actual calibration of the range but is a 0 setting
of the range to bias out system delavs within the radar. The linearity and
accuracy of the range from this 0 set is then a function of the time base
generator.

The method Used to 0 set the ranpe svstem is to use a symmetrical target (corner
reflector) at a known surveved range. The radar is locked on this target and
the 0 set is adjusted to read the surveyed range with the radar set up in the
track mode to be used on the operation. In the case of transponder track the
radar would be in 0.5 usec transmit PW, two pulse code, receiver gate associated
with 0.5 usec, automatic frequency control and narrow bandwidth. The range
would then be 0 set on the skin return from the corner reflector. There are
indications that this is a highly accurate 0 set of the radar. When targets are
used which are non-symmetrical the O set becomes very inaccurate due to distortion
of the reflected pulse. Such distortion can cause errors in excess of 20 yards.
Therefore targets other than corner reflectors should not be used to 0 set the
range unless extensive studies of the reflected return has been made to determine
‘gﬁthe amount of error generated. Likewise such targets should not be used in setting
“” transponder delays for the same reasons.
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Once the O set of the range system has been accomplished as indicated in

Para 3, the transponder delay is set in the radar to correct the range track

for the transponder delay. This is accomplished by switching the radar to
beacon track gate and locing the radar on the corner reflector and adjusting

the transponder delay generator in the radar until the cormer reflector range
reads the surveyed range minus the measured transponder delay. This will set
the transponder gate at a point farther out in range from the skin gate by an
amount equal to the transponder delay. It has been determined that this setting
is accomplished within the +1 yard LSB of the radar. Therefore this set up does
not generate an error in the transponder range measurement.

The use of a target other than a corner reflector for calibrating and setting
transponder delay will result in a measurement error. Radars R-124, R-127 and
R-128 are presently using this method. Results of transponder checks on these
three systems indicated considerable variation in readings over the period in
which the tests were conducted. The magnitude of difference measured on the

transponder did not correlate with the difference measured on similiar type
radars.

A number of tests were conducted on all radars to determine if gate widths,
pulse centroid track point’ use of manual frequency contro], receiver bandwidth
--and power differences generated errors in the measurements. Results of such
| lests indicated only minor errors of less than two yards. Such errors were
considered small compared to the overall errors being experienced.

At this point it was decided to review the overall relationship between the radar
design, the radar track mode and the transponder delay measurement and pulse shapes.

Initial design of all instrumentation radars was for a pulse centroid range tracker.
In other words the range tracking error would be generated by determination of
how far off center the track point was on the received pulse. As a result an
early and late gate system centered on the track point was used. Thus if the

power in the early gate was equal to the power in the late gate the error would

be zero and the track point would be at the center of the pulse as measured at

the 3DB point on the pulse. Regardless of gate width the system would center at
the same point. A result of this centroid tracker was to delay the 0 set of

the radar to a point equal to the radar system delay. Figure 2 indicates the
relationship of the transmitted pulse, the zero set (reference) and the received
pulse for a 1 megawatt radar on skin track. However, the range reference indicated
in Fig 2 is not the original reference for the radar. The original reference was
the point at which the transmitter was triggered. Due to the centroid track the
range reference must be the center of the transmitted pulse. Note that the range
reference is delayed from the original center of the transmitter trigger or gating
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pulse by an amount ecqual to the
transmitter pulse and the point
308 point. This time measured

Since the system delay is biase
existing on a track could be th
transponder in the same manner

time difference between the start of the
at which the transmitter pulse reaches the
on a 1 megawatt FPS-16 is equal to (.05 usec.

d out of the range bv 0 setting the condition
at indicated in Fig 3. The radar tracks the
except with a delaved gate. For gimplicity only

the reference pulses are used in the figures.

Fig 3 also depicts the transpon
the transponder delay was measu
until start of the transponder
the value of delay setting nece

der delay as set by the radar. Note that when

red it was from start of the reference pulse
pulse. Thus, the measured value differs from
ssary for the radar by N0.05 usec or the difference

in the reference points. In other words the delay as measured would always be

larger than that required by th

e radar by an amount equal to the differnce between

the start of the transmitter pulse and the point at which the transmitter pulse

reaches the 3DB point, Fig 3A

gives a more comprehensive picture of what actually

occurs on each system. For any given measured transponder delay all radars

would set the same delay or dis
that this would require that th

tance between the skin and transponder gate. Note
e transponder fire at the same time from the

refoveonce on all radars. lowever this is not the case. It can be seen that for

this given delay the 3 megawatt

FPS-16 fires the transponder approximately 01

usec prior to this time, the AN/MPS-36 fires approximately .02 usec prior and the

1 megawatt FPS--16 about .05 use
transmitters requires different
would be off by the amount the

for the delay setting. The val

(1) 1 Megawatt AN/FPS-16 0
(2) AN/MPS-36 0.02 usec
(3) 3 Megawatt AN/FPS-16 O

It might be noted at this point

c prior. This means that different types of radar

delays, since the center of the transponder return
actual transponder firing time precedes that point
ue measured at the radars for this time was

.05 usec

.015usec

that no matter what reference is used by the _

transponder personnel in measuring the transponder delay this reference will

have to be related to each type
method presently used is probab

radar transmitter. Based on this fact the
ly the best.

At this point we have now accumulated an error in the radars measurement

as follows: AN/FPS-16 1 Megawa
AN /FPS-16 3 Megawa
AN/MPS-36 1 Megawa

AN/FPS-16 1 Megawa
AN/FPS-16 3 Megawa
AN /MPS-36

The values do not correspond to
Therefore an investigation into
the radar and the transponder w

. very start of the received puls

tt = .01 + .05 = .06 usec
tt = .01 + .015 = .025 usec
tt = .01 + .02 = .03 usec

or

tt = .06 usec = 9.84 yards
tt = .025 usec = 4.2 vards
= .03 usec = 5 yards

what the radars measured on the test transponder.
the effect of the difference in pulse ghare of
as made. Since the transponder will fire on the.
e a condition of zero delay is assumed and the

6
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radar pulse and transponder pulse is compared as to when the center of the
pulse is reached Fig 4 1is the condition for a 1 megawatt AN/FPS-16. Note
that the transponder center point will arrive at the radar orior to the center
of the radar pulse. The amount of difference is equal to the difference in time
required for the pulses to reach the half power points. For the 1 Megawatt
AN/FPS-16 .this time is equal to 0.02 usec in Fig 4, Fig 5 and 6 are for the
3 Megawatt AN/FPS-16 and the MPS-36 radars respectively. The figures are not t
exact but are presented for explanation. The exact values measured were:

1 Megawatt FPS-16 =0
3 Megawatt FPS-16 = +.035
MPS-36 = +,01

Now if we combine this error with those accumulated we will have:

1 Megawatt FPS-16 .01 + .05 + 0 = .06
3 Megawatt FPS-16 .01 + .015 - .035 = -.01
AN /MPS-36 = ,01 + .02 - .01 = +.02

Converting the above to vards:

1 Megawatt FPS-16 = .06 = 9.84 yards
3 Megawatt FPS-16 = -.01 = -1.6 yards
AN /MPS-36 = ,02 = 4 yards

ST,

Y

“.’This is the computed value of how much long tne beacon delay is on each radar.
Therefore the radars should measure (using present delay methods) .

1 Megawatt AN/FPS-16 -~10 yards
3 Megawatt AN/FPS-16 +2 yards
AN/MPS-36 -4 yards

Actual tests conducted over a six month period of time utilizing three different
transponders the average value that radars were off the surveved and corrected
range to the Salinas beacon was:

1 Megawatt AN/FPS-16 -11 yards +2
3 Megawatt AN/FPS-16 -0 yards +2
AN /MPS-36 -4 yards +2

It should be noted that the same refraction correction was used on the radar for
all measurements. This would account for some of the variation in readings. It
is felt that the preceding errors account for all transponder range errors outside
the tracking accuracy of the radars.
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TRANSPONDER RECEIVED POWER

The power available at the transponder is equal to:
Sp = (PR) + (Gg) + (G¢) + 2 A -2 (R) - (Lg) -127 DBM

according to the classical radar equation and D.K. Bartons. ''The Radar Equation'
Hanuscript dated 1961. Where

(PR) = Transmitter Pwr DBM

(GR) = Radar Antenna Gain DB

(Gt) = Transponder Antenna Gain DB

(A) = Wavelength (Ref to 1 cm) DB

(R) = Range (Naut Miles) DB

(LT) = Loss between Radar Tx & Trans Rec DB

For the transponder at Salinas the following conditions would exist

PR = 90 DBM (1 Megawatt Radar)
GR = 44 DB
Geg =0

A =5.6 Cm=17,5DB

R =57.5n, mi. = 17.5 DB

Lt = Radar Waveguide Loss = 2 DB

x..};

€

"~ Therefore:

e

Sp = (90) + (44) + 2(7.5) - 2(17.5) - (2) -127 DBM
= 149 - 164
= -15 DBM

This would be the theoretical power level available at the transponder receiver
terminals. However, this assumes a ) DB transponder antenna pattern loss. The
average loss over most transponder antenna patterns is 2 or 3 DB with nulls
reaching much higher values. An approximation of the transponder antenna pattern
loss can be obtained by the following nrocedure. Comnuting the value of Radar

S/N for the measured transponder output and subtracting the actual measured Radar
S/N will give the approximate value of the transponder antenna pattern loss. Using
the equations from the previous references:

S/N = (P¢) + (Gg) + (G) + 2 () -2 (R) - (B) - (NF,) - (Lg) + 47 DB
Where:

(P¢) = 650 watts (measured) = 58 DBM

(B) = Receiver BW = 1.8 mh = 62 DB

(NFo) = Receiver Noise Fig = 3.5 DB

47 = Constant derived from units conversion

LR = Loss between transponder and radar receiver = radar receive
waveguide loss = 1 DB
all other factors as previously defined

8
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then the Radar Signal to noise is

S/N = (58) + (44) + (D) + 2(7.5) - 2(17.5) - (62) - (3.5)
-(1) + 47
= 164 - 101.5
= 62.5 DB

The measured value of radar S/N for this transponder from a ""C' Station radar
was 61 DB. If the assumption is made that the transponder antenna is in line
with the center of the main lobe of the radar antenna pattern then the difference
between the calculated value and the measured value can be considered the DB

loss due to the transponder antenna pattern or loss = 62.5 - 61 = 1.5 DB,

It can be seen that at this point in the transponder antenna pattern there is
little or no loss. Therefore the power received at the transponder is approxi-
mately -15 DBM from a 1 megawatt radar located at 'C” Station. The power
programmer on the radar maintains this power level between the ranges 2 n. mi.
and 64 n. mi. within +1 DB. As the target range increases above 64 n. mi. the
power level at the transmitter will drop at the rate vielded by the radar equation.
For a 3 megawatt radar the power level at the transponder would be approximately
-11 DBM. Such levels are maintained on most on range transponder tracks. On
longer range tracks the power level available at the transponder for a 1 megawatt
radar would be

100 n. mi. = -20 DBM
200 n. mi, = -26 DBM
400 n, mi. = -32 DBM
800 n. mi. = -38 DBM

Since the leading edge of the radar pulse received by the transponder for simal
levels over -30 DBM has little or no effect on the transponder reply time it can
be seen that for all present WSMR operations this is not a problem area under
normal track conditions. Due to transponder antenna pattern nulls resulting from
the physical configuration of the vehicle on which théy are mounted, ideal condi-
tions do not exist. Therefore, there will be times during tracks when the signal
level received at the transponder will be:much lower. Normally, the drops in
signal level are momentary as the pattern nulls are very sharp and have little
effect on the range measurement. There is a two fold result of this drop in
signal level at the transponder. First there is a corresponding droo in the
signal strength at the radar and second if the droo in signal level goes helow
-50 DBM there will be a change in delav corresponding to that yielded by the
pulse rise time versus transponder firing level as previously described.
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The range of tie radar is calibrated (9 set) hy using a reference corner
reflector. This reflector is locatad at a selected range from the radar

and this range varies with each individual radar. If this target reflector

is located over one thousand vards from the radar, the effects of propagation
delay (refraction) should be considered in the calibration. At present no
consideration or accounting for this delav is used since the radar sets the

range to the exact surveved range of the target reflector. Inder such conditions
the reduced data will have a constant bias eaual to the refraction correction

for the calibration target. If the radar sets the range on the exact survey there
is approximately 3 yds of delav in this reading due to the refraction delay. Since
this delay is not considered in the reduction procedure a target at an identical
range will be reduced with the correction and will have a reading of 9,997 vds or
three vards short. It can be seen that all tracked target ranges would be in
error by a minus three yards.

The first thought for correcting this condition was to have the correction
computed using the weather data from each radar and appnlied during the reduction
process. However, three yds does have some significance in real time if one
considers a comparison of two radars tracking a target located between them. This
could result in differences up to six yards. Consideration was given to doinge
this correction on site. This would be accomnlished by using a correction based
~-on the average condition at the site. Thus for a range target in the order of
me;0,000 yards the correction varied around 3.0 yards + 0.2 yards. .Thus using
3.0 yds would reduce the error to less than 1.0 vd. or less than the LSB of the
radar. For radars having shorter ranges to the calibration target the error in
using the average correction would be even less. To implement this correction
the radar would compute the average refraction for the surveved rance to the
corner reflector then add this value to the surveyed range and use the total
for the calibration range. The range target reading would no longer be sent

to the reduction center since all range calibration corrections would be anplied
on site.

10




[image: image13.jpg]RADAR RECEIVER FREOQUENCY COJTROL

Some operators like to use manual frequency control for calibration and beacon
track. In view of the discussion on pulse shape and its effect on range
measurement it can be seen that considerable error could be created bv the
operator who uses this method. It would pe extremely rare when an éperator

could match his tracked pulse shape with the original calibration pulse share,

a condition that would have to exist for a correct measurement. Alsé, if the
correction based on the data contained in Paragraph 1 is impleriented then an
exact reproduction of the received pulse is reaquired. This situation can be
obtained only when automatic frequencv control is used and the receiver is
aligned for”the 30 Megahertz IF. Granted that at times the transnonder frequencv

variations are greater than can be tracked by the AFC, such conditions are not
normal.

It is imperative that radar O&M personnel maintain the best IF alignment nossible
and use AFC for calibration and track conditions.

11
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Effect of using other than 0.5 usec pulse for coding transponders can be seen

in Fig 7. Zero delay has heen assumed on the transponder for convenience. Note
that the radar range to the target is the same for all three pulse widths which
is the way the radar is calibrated. This is true even though 1 or .25 usec is
used to set up the radar and the transponder delay. If everything was ideal

the range measured with 1 usec would be 0.25 usec short and that measured at 0.25
usec pulse width would be 0.125 usec long. This results from the radar being
calibrated to the center of the 1 usec pulse and the transponder firing at the
start of the pulse. Since the transponder pulse is only 0.5 usec at the half
power point- the radar range would lock on 0.25 usec short of the calibration’
point. In other words everything is referenced to a 0.5 usec pulse width and
that is what the radar must use if it is to make a correct range measurement.

12
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PROCEDURE

Results of this investigation indicate a need to implement the following.

1. That the transponder personnel continue to measure transponder delay
using present procedures with the exception that the delay be measured
using a -20 DBM reference pulse with no averaging.

2. Radars using other than the corner reflector for 0 set and transponder
delay set establish how much they are off by using such targets.

3. The radars adjust the range lock on to the corner reflectors by an
amount equal to the refraction delay.

4. Radars adjust the transponder delay received from the transponder
personnel as follows:

1 Megawatt AN/FPS-16 subtract eleven yards from the delay
3 Megawatt AN/FPS-16 use delay as received
AN/MPS-36 subtract four yards from the delay

5. All radars use only 0.5 usec transmitter pulse width when tracking 0.5 pulse

width transponders.

13
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NATIONAL RANGE OPERATIONS DIRECTORATE
DATA COLLECTION DIVISION
RADAR BRANCH

TECHNICAL MEMORANDUM: NR-DR  76-1

-SUBJECT: ANALYSIS OF TRANSPONDER INDUCED BIAS ERRORS

DATE: 29 JAN 76

ORIGINATOR(S): CLYDE A. WOOD

"The Radar Branch Technical Memorandums are

informal preliminary recordings of technical information.
The intent is to provide a medium which will encourage
maximum recording of technical material for immediate use
within the organization. Contents will be treated as and
used for INFORMATION ONLY.
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