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ABSTRACT 

The purpose of chis work was the compilation of representative sets 

of experimental records of sweep-frequency ground backscatter—quantitative 

in amplitude, frequency, and group time delay. These data are Intended 

to serve as a comprehensive source of high quality experimental data for 

theoretical backycatter studies currently in progress. 

The invention of computer techniques for the study of ionospherically 

propagated ground backscatter has opened new avenues for productive re- 

search. However, efforts to exploit the computer synthesis have been 

hampered by the apparent lack of published, adequately-calibrated back- 

scatter records. To gather these needed data, a special, highly instru- 

mented and calibrated backscatter radar was assembled and operated for 

many months. The result is a large quantity of experimental information 

that should be of general use to the scientific community in the study of 

backscatter. 
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NOTATION 

E      antenna voltage 

E      Th^venin equivalent generator voltage g 

E      generator neter voltage m 

E      receiver terminal voltage r 

E      peak transmitter terminal voltage 

G      antenna conductance a 

P      power in antenna 

P, .    indicated power ind 

P  .    radiated power rad 

P      power delivered to antenna terminal 

R      antenna resistance a 

R      generator resistance 

R      receiver resistance r 

X      antenna reactance a 

X      generator reactance 

X      receiver reactance r 

Z      antenna impedance a 

Z      generator impedance 

Z      receiver Impedance r 
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I.  INTRODUCTION 

A high-frequency pulse radar often detects an echo commonly known 

as "ground backscatter." This backscatter consists of energy that has 

traveled outward from the transmitter, undergone one or more ionospheric 

refractions, scattered off the ground, and returned to tne transmitting- 

receiving location while undergoing more ionospheric refractions.  The 

returned energy is distributed in a complex mar )er with respect to time 

and frequency in ways that were, until recently, only vaguely understood. 

The invention of computer techniques for the study of this ground- 

backscatter phenomenon has opened new avenues for productive research. 

However, efforts to exploit the computer synthesis have been hampered 

by a total absence of highly calibrated backscatter records quantitative 

with respect to amplitude, rime delay, and frequency. 

An hf, sweep-frequency, ionospheric backscatter radar has been 

designed to obtain quantitative information about the power level of the 

returned echo as well as the usual range and frequency data.  Since this 

experiment was designed to accompany a study of c-'-puter synthesis of 

ground backscatter [Ref. l], the system was required to provide a reason- 

ably accurate measurement of the energy lost over the transmission path. 

This backscatter system transmits 0.5- to 1.0-msec puj.ses of rf 

energy and can be automatically sweep-^tuned between 7.5 and 29 Mc. By 

recording the echoes in rarge (delay time) vs amplitude (called "A- 

scans") and range vs frequency (called "Z-scans"), the ionospheric 

information is presented in a form useful for analysis. The calibrations 

and power levels of the A-scan records, as well as measurements of the 

transmitted power vs time, represent unuiual procedures; thus this system 

differs from most backscatter sounders, whxch present only qualitative 

echo-amplitude data. 

- 1 - SEL-65- 95 
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II.  DESCRIPTION OF THE EQUIPMENT 

Three major sections—the sounder, antenna, and calibration equip- 

ment—comprise the backscatter radar system. Figure 1 gives a block 

diagram of this system; its components are described below. 

A.  SOUNDER 

As a unit, the sounder provides the rf power for transmission and 

detects the returned signal. 

As shown in Fig. 2, the basic sounder consists of a modified Hammur- 

lund SP-600 communications receiver, the ES-1A exciter, and the 

PA-1A power amplifier. This system (developed by applied Technology 

Incorporated) is designed to sweep automatically the 7.5 - 14.8-Mc and 

14.8 - 29-Mc bands of the SP-600 receiver.  The following paragraphs 

outline the system in a step-by-step manner. 

The modifications to the receiver include two buffered outputs, one 

of which feeds the local oscillator  (LO) signal to a mixer-preamplifier 

in the PA-1A.  Because the SP-600 is a dual-conversion superheterodyne 

receiver having its first intermediate frequency at 3955 kc, the LO in 

this reciiver is tuned to track 3955 kc above the desired frequency. 

Only during the transmit period is this LO signal allowed to be mixed 

with the 3955-kc crystal oscillator in the mixer-preamplifier. The sum 

and difference frequencies produced are then gated back to the receiver- 

antenna input.  Only the difference, which is the exact frequency to 

which the receiver is tuned, passes the tuned-rf stages. At the second 

rf st^.ge, the other buffer removes the desired signal, free from spurious 

components, and drives the transmitter exactly in tune with the receiver. 

A broadband driver in the ES-1A exciter amplifies the injected rf 

signal to a 50-w pulse level, which in turn drives the final power ampli- 

fier.  Only the final stage of the ES-1A is tuned. A servo-tracking 

system in the ES-1A adjusts a Jennings vacuum-variable capacitor, which 

can tune this output sta^e over the entire 7.5 - 29-...C range.  The 1-kw 

peak pulse power from the ES-1A drives the PA-1A power amplifier to 

produce 10 - 20-kw peak output. The final output of the PA-1A is also 

servo-tuned but requires band-switching at 14.8 Mc. 

SEL-65-095 - 2 - 
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FIG. 1.  SYSTEM BLOCK DIAGRAM. 
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The base of the ES-1A contains the timing and gating circuits, 

which may be adjusted to produce the desired pulse repetition rate and 

pulse width. The rf power stages in boch transmitter units are con- 

trolled from this chassis. When the sounder has finished transmitting 

a pulse, the gate that disables the 3955-kc crystal oscillator then trans- 

fers the receiver input to the transmitting antenna through a preamplifier; 

thus the sounder is prepared to receive the backscattered echoe? on the 

same antenna. 

After a second conversion, to 455 kc, the receiver output is fed to 

a special logarithmic detector unit and is then presented to the recording 

oscilloscopes.  This logarithmic detection allows the oscilloscopes to 

display a wider dynamic range of signals than would be possible in a linear 

system.  Of the two recording oscilloscopes connected to the detector, the 

first presents the signal amplitude as a function of time (the A-scan) 

and is used both for monitoring and photographing the calibrated A-records. 

The second oscilloscope is a specially built unit designed for direct- 

coupled intensity modulation.  On this oscilloscope, time (or range) is 

presented horizontally, while signal strength is presented as brightness. 

The single line generated by the oscilloscope is photographed by a slow- 

moving, 35-mm strip film, thus building the Z-scan pictures line by line. 

The timing and gating circuits trigger the horizontal sweeps of both 

oscilloscopes.  Ten-msec range marks are generated and are seen on the 

Z-records as a grid of dots whose distance from the base line shows the 

delay or range; their position along the base line locates the frequency 

scale. 

The Z-records are generated by attaching a Hewlett-Packard 207A 

sweep-drive unit directly onto the receiver tuning shaft.  The speed is 

such that one band is covered in 5 min, with a total of 10 min necessary 

for the 7.5 - 29-Mc Z-records.  Except for the pause while band-switching, 

there are no breaks or discrete jumps in the covered frequency range. 

Because the film motion and sweep drive are linear with time, the fre- 

quency scale on the Z-record follows the dial calibration. From Fig. 3 

it can be discerned that the dial calibration is a close approximation 

to a logarithmic scale. The position of the range marks on the A-records 

allows this scale to be fixed along the base line. 

- 5 - SEL-65-095 
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FIG.   3.     SCALE-COMPRESSION FACTOR OF THE CALIBRATED RADAR. 

B. ANTENNA 

The antenna for this project was chosen because detailed pattern 

information was available [Ref. 2],  In addition to detailed pattern 

information, the basic requirements for the antenna are desirable radia- 

tion pattern and direction. The antenna selected is a rhombic (Fig. 4) 

located on flat marshland along the south end of San Francisco Bay, near 

Mountain View, California. 

The antenna bearing was originally 302 T; however, by attaching a 

second feed line to the NW end of the antenna, it is possible to choose 

either 302 or 122 T bearings (Fig. 5).  A short 600-ohm transmission 

line connects the switching point to the equipment van. 

C. CALIBRATION EQUIPMENT 

The sounder and a calibrated time-base oscilloscope would normally 

be sufficient to produce the Z-records. To make the A-records with 

calibrated transmitted and received powers, however, the following addi- 

tional equipment is required: a Jennings kilovolt vacuum-tube voltmeter 

(VTVM),  a Hewlett-Packard 606A rf signal generator, and a General 

SEL-65-095 - 6 - 
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SIDE VIEW 

TOP VIEW 

FIG. 4.  LAYOUT OF RHOMBIC ANTENNA. 
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Radio 1606-A rf  impedance bridge.  This equipment and an impedance- 

transforming balun can be seen in Fig. 1. 

As will be shown in Chapter IV, the antenna ir.pedance and the antenna 

voltage must be known in order to calculate a transmitted power.  By using 

the antenna impedance and transmitter (effective receiver input terminal) 

impedance, the actual power received by the antenna can be compared with 

the indicated signal-generator power. 

The unbalanced 50-ohu impedance of the measuring equipment is trans- 

formed by a Granger Associates Model 523-50/600 balun transformer to the 

balanced 600-ohm impedance at which the transmitter and antenna operate. 

The balun appears in the calculations only as a 12:1 impedance transformer, 

since tests have indicated no measurable loss. 

Figure 1 shows the Jennings VTVM in position to measure tht antenna 
terminal voltage. 

Because it is not desirable to have continuous range-mark lines across 

the Z-records, a special range-mark generator was assembled to produce 

five marks spaced at 10-msec intervals beginning at the transmitted pulse. 

This generator produces delayed marks with accurate spacing and is trig- 

gered at the free-running pulse repetition frequency (approximately 15 

pps).  Pulses are gated into the Z-scope only when actuated, at three 

exact frequencies, by cams on the receiver dial. Thus, six sets (over 

two bands) of dots are unobtrusively placed on the Z-records,  From 

these dots the frequency and delay (range) scales can be drawn along the 
edges of the photographs, 

^s shewn in Fig. 6, the range-mark generator is constructed from 

standard Tektronix 160-series pulse units arranged in a gated regenerative 

loop.  The trigger pulse, coincident with the transmitted rf pulse, 

initiates the 45-msec gate, which in turn triggers unit 2 and closes the 

regenerative loop.  Unit 2 produces clean pulses to drive unit 3, the 10- 

msec delay generator.  Unit 4, ehe final unit, produces the desired output 

pulse as well as a regenerating pulse.  Each regenerating pulse passes 

through the gate, which cuts off after the fourth pulse (40 msec) has 

initiated the fifth pulse.  The generator is now ready to accept another 

transmit-trigger pulse and to recycle. 

- 9 - 
SEL-65-095 



:    . 

E 
8 

—Ji 

§ 

6 
fa 

t in 

SEL-65-095 -  10  - 



III.  DATA ACQUISITION 

The basic requirement of this system is the ability to produce sets 

of Z-records and calibrated A-records in the shortest practicable time. 

A set consists of one Z-record (7.5 - 29 Mc) and individual Polaroid 

A-records on every megacycle from 8 through 14 Mc on the low band of the 

receiver and on even megacycles from 16 through 28 Mc on the high band. 

In order to have the A-records represent the Z-records with the greatest 

accuracy, one band of A-records is taken, then the Z-record, and then 

the other band of A-records.  The basic set is often augmented by addi- 

tional Z-records taken before and after. 

A.  TYPICAL SCHEDULE 

After equipment warmup, oscilloscope adjustment, and range-mark 

calibration, one Z-record sweep is run, starting at 29 Mc and sweeping 

downward in frequency to 7.5 Mc.  This first sweep provides a check on 

equipment operation and adjustment. Sweeping downward in frequency 

assures better servo tracking because the atmospheric pressure assists 

the vacuum capacitors in this direction. Next, the A-records are taken, 

starting just above the highest propagating frequency. When the 16-Mc 

A-record is completed, the sounder is returned J,o 29 Mc, and the Z-sweep 

is  started. A'ter band-switching and completing the low band of the 

Z-sweep, photographing of A-records is resumed at 14 Mc.  The total 

elapsed time is 20 - 25 min per set. 

Received power calibrations are run at least once a day. For these 

calibrations, the rf signal generator is connected to the antenna 

terminal at t.ie sounder; then, with no transmitter excitation, A-scope 

records are made at the standard rf power levels, which arc 10 db apart 

throughout the useful range. 

Antenna and transmitter impedances are calibrated only when changes 

are made In the system. Because all A-records are taken on fixed, 

resettable frequency points, only a finite number of points must be cali- 

brated. 

- 11 - SEL-65-095 
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B.  OPERATING PROCEDURE 

1. Basic Adjustments 

T -lor to operation but after proper warmup, several parameters 

are checked and adjusted.  The pulse width is observed on a calibrated 

scope and adjusted, if necessary, to 0.5 msec.  The range marks are 

adjusted to give five marks spaced at lO-msec intervals. A 3-kc receiver 

bandwidth proves adequate to receive the 0.5-msec pulses while sweeping. 

Since standard-size Z-records are required, the sweep range on the 

Z-scope is shifted so that the 0- and 50-msec marks coincide with marks 

on the scope face.  Next, the pulse repetition rate is roughly checked 

to make certain that the rate is slow enough (approximately 15 pps) to 

allow the Z-scope time to reset and trigger on every pulse. 

2. Z-Records 

Z~recordF are made on a slow-moving, 35-mm film strip that photo- 

graphs the horizontal scan of the Z-scope.  In order to avoid differen- 

tiation, a direct-coupled amplifier is used between the receiver detector 

and the oscilloscope. 

To start the sweep, the servos are run to the top of the band 

(29 Mc) by manual control and then locked tc the rf drive for automatic 

tracking. Next, the Hewlett-Packard dial drive is switched on and the 

camera motor/shutter switch is simultaneously thrown. As the unit sweeps, 

slight manual rf gain adjustments are made. At 14.8 Mc, the end of the 

hig;h band, the camera and dial drive are simultaneously «witched off and 

the servos are locked. Then the PA-1A band-switch is thrown and its 

servo is "etuned manually. To maintain a continuous sweep record from 

the high to the low band, the receiver, after band-switching, is tuned 

until maximum drive is shown on the PA-1A grid. The grid drive indi- 

cates that the receiver and, therefore, the rf drive are in tune with 

the ES-1A servo, which was locked at approximately 14.8 Mc. Thus, no 

gap or overlap in the frequency can occur. Before sweeping is continued, 

both servos are switched back to automatic tracking. Since the film 

shutter, film drive, and sweep drive are then turned on together, no gap 

appears in the photographic record.  The total elapsed time at the end 

of the full sweep is approximately 10 min. 

SEL-65-095 - 12 - 
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3.  A-Records 

The sounder is set basically the same for making A-records  as 

for Z-records, except that the detector output feeds the A-scope.  On 

this oscilloscope a fixed, calibrated sweep rate of 5 msec/cm and a fixed, 

vertical sensitivity are used.  Because received-power calibraticrs are 

made after a full siquence of records, the accurate resetting of the 

receiver rf gain is  assured by several switch-selected fixed controls 

that have been substituted ior the usual variable control.  The logging 

scale on the receiver dial is used for all settings, and the true fre- 

quency is m^sured by more accurate means at a later time. 

After a frequency is selected, a Polaroid photograph is taken of 

the A-scope.  The film is given five 1-sec exposures over a 15-sec period 

to integrate out. the :.ongen«ral characteristics of the backscatter.  To 

save time, all data pertinent to this photograph (frequency, gain setting, 

transmitting kilovolts, and time) are dictated into a tape recorder while 

the Polaroid is developing.  The next photograph is taken after the receiver 

dial has been tuned to the next fixed-frequency point, and so on until one 

band is completed.  The last record taken is usually one frequency step 

beyond the highest propagating frequency. 

4.  Calibration 

a.  Received-Power Calibration 

At least once each operating day, the sounder is calibrated in 

the receiving position on all of the A-record frequencies.  This cali- 

bration consists of connecting the Hewlett-Packard 606A rf signal gener- 

ator to the sounder antenna terminals and then photographing the resultant 

deflections of the A-scope as known power levels are switched on the sig- 

nal generator.  The vower marked on these records is an "indicated" power 

and requires antenna and transmitter impedance calculations tc be converted 

into true received power. 

A calibration is made for each fixed A-record frequency used. 

The sounder is tuned in .he same manner as for the A-records, and the 

servos are allowed to tune the final output.  Then the servos are locked 

and the rf drive is disconnected.  Thus, the sounder is in the receive 

- 13 - SEL-65-095 
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moae, and the signal generator can now be connected to the transmitter 

terminals (via the balun).  The receiver gain is checked to ascertain 

that the setting is identical to that used on the A-records.  By using 

the antenna terminals on the sounder, the whole receiving path to the 

final A-scope is calibrated at once.  Care is taken to maintain condi- 

tions identical to those used when running the A-records, 

These calibrations, though always run once each operating day, 

are found to be reasonably valid for a period of several days or more, 

b.  Impedance Calibration 

The antenna and transmitter '^effective receiver input) imped- 

ance measurements are taken for every A-record frequency.  When changes 

are made in the antenna, a new set of measurements J. • run.  Just as in 

the power calibration, the transmitter is tuned to the desired frequency 

end the servos are allowed to tune the output tank circuit.  The servos 

are again locked and the  -f drive is removed. At this time the rf 

signal generator ^ased to drive the impedance bridge) is tuned to the 

exact sounder frequency.  The bridge detector (an R-388 communications 

receiver) is then tuned to the signal-generator output.  This receiver, 

besides being used as the bridge indicator, is used to measure accurately 

the exact A-record frequencies. 

Connected by knife-switch and jumpers, the balun is again 

employed to measure the impedances of the transmitter and antenna, 

c. Miscellaneous Calibrations 

The rf  signal generator and Jennings kilovolt VTVM are 

calibrated by their respective manufacturers.  The t  e-base of the 

A-soope is calibrated by a frequency standard and, from this time base, 

the 10-msec range-mark generator is calibrated. 

SEL-65-095 - 14 - 



IV.  CALIBRATION CALCULATIONS 

The desired values—transmitted power and received power—are not 

directly measurable  The direct quantitative measurements snd the manner 

by which the desired powers are calculated from these measurements are 
described below. 

A.  TRANSMITTED POWER 

The actual peak power radiated by the antenna is the quantity desired. 

This power is calculated from measurements made by the Jennings kilovolt 

VTVM and the antenna impedance bridge in the following manner: 

The measured quantities are: 

E = peak transmitter terminal voltage (indicated by Jennings VTVM 
across 600-ohm transmission line) 

Z = R +jX = antenna impedance (nominal 50 ohms; measured by impedance 
bridge through the 12:l-impedance-ratio balun). 

The parallel equivalent antenna conductance xs given by 

Ga ~ "2 2  (PO,ninal conductance 1/50 ohms) 
R +X ' ' 
a a 

or, when converted to a nominal 600 ohms through the balun. 
by 

i  RQ 
G 

- —  a a 
'aGOO • 12 R2+x2 - 12 

a a 

The power delivered to the antenna terminal i- 

E2G 
P = x a 
t    12  * 

- 15 - SEL-65-095 
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In a ter- inated rhombic antenna, half of the power delivered to the 

terminal is radiated in the forward direction, the other half is dissi- 

pated in the 600-ohm terminating resistor (if not terminated, tne antenna 

would be bidirectional, and half of P  would be radiated in each direc- 

tion).  Therefore, the desired radiated power is 

rad 

E2G 
x a 
24 (peak watts) . (1) 

B.  RECEIVED POWER 

Here the calibration procedure is designed to calculate the true peak 

power received by the antenna from the indicated power on the A-record 
calibrations. 

The measured quantities are: 

P   = indicated power given by hp 606A signal generator (nominal 
50-ohm source) 

Z = R +jX = antenna impedance (nominal 50 ohss) a   a  a 

Z = K +jX = transmitter (effective receiver terminal) impedance 
(nominal 50 ohms) 

Z  and Z  are measured by the impedance bridge through the 12:1- a       r 

impedance-ratio balun. Z = R = 50 ohms = hp 606A signal-generator 
impedance. 

The deflection of the A-scope trace is a function of the voltage 

at the antenna terninal of the transmitter (effective receiver input). 

All of these equations arc derived from the model of the sounder 

system shown in F;.g. 7.  This model «epresents the system where E , R , 

and X  form the Thlvenin equivalent of the hp 60üA generator;  E 
g a 

R ,  and  X  form the equivalent antenna, and R  and X  represent 

the effective receiver terminals.  The system is in the calibration mode 

with the switch up and in the receive or transmit mode with the switch 

down. All impedar.ces ind voltages are translated to a nominal 50-ohm 

impedance. E  is measured by the oscilloscope after detection by the r 
receiver.  All voltages are peak values. 

SEL-65-095 - 16 - 



■ ■ ■ ■"  ■ 

H3 
^ 

Ro - xo —J   Kl   ' 

J 
FIG. 7.  MODEL OF CALIBRATION SYSTEM. 

The following equaUons show the relationship between E , E ,  and 
g  a 

Er.  The generator has a resistance R = 50 ohms and reactance X = 0 
g 

but all other impedances vary widely with frequency. g 

R +jX  I 
r " r1 

R +jX +R +jX 
a      a    r      r1 

R +JX 
r      r1 

g 
50+R  +jXr 

r I 

E    = 
ER  +jX 
 a1   r       r1 

= E VJXrl 
r '    IVJ WJXJ    '    «  |80+R +JX a  a r  r r  r1 

Thus, for a given deflection on the A-scope (proportional to E ) 

R +JX +R +jX 
E  = E   a   a  r   r 
a " g  50+R +jX 

r  r 
(2) 
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The total power delivered to the antenna is assumed equal to the 

total power produced by the Th.venin-e.ulvalent volt. 

Thus, the power delivered to the antenna is 
:age generator E 

P = - 
a 

E (R +R ) 
O      f»      ^. ' a  a  r 

^a
+RJ + (x„+x ) a  r" 

and is dissipated in both R :nd    R   . 

by 

Substituting Eq.   (2)  for    E   , 
ai     we can relate  the power    p to    E 

a g 

E   (R  +R   ) 
p  = g  aJjL. 

3       (50+R   )'  + x2     ' 

1  IIZJTT "  the """^   internal  VOltaBe -— *** -t tne  indicated  voltawo    IT       ^u 

It  1. .       ,   !                        " 0n  the    hP 606A    si8-l-^nerator „ater 
U is e.uaa to twice the peak tergal vdta.e;  thus    E   = 2 ^E       .J' 
«■_.     is  the volt^o .1,  ... g      '!V2 E

m.     *her<ä «„    is  the voltage shown on  the meter. 

The power  indicated  by  the meter  is    P.       - E*/50,    Beoause    , 
E /2 y2 ind w because    Em = 

g/ 

X 
ind    ,.   /-x2 400   • (2 fiy X  50 

The ratio of the power in the antenna P  to the indi 

Pind'  
1S 

cated power 

E (R +R ) 
g a r7 

ind (50+R )2 + x2 
r     r L 

n-l 

400 

400(R +R ) 
a  r 

(50+R )2 + x
2 

r     r 
(3) 

SEL-65-095 
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The above equation in its final form is the correction factor applied 

to the A-record calibrations.  In decibels this ratio becomes 

ind 
(db) = (10 log  400) + 10 log 

R + R 
a   r 

10 (50+R )2 + x
2 

r     r 

For the ideal 50-ohm antenna and 50-ohm receiver, this correction 

reduces to 

p (10 log  400) + 
ind        iU 

10 log 50 + 50 

10 (50+50)
2 

= (10 log10 400) - (10 logi0 100) 

= 10(2.60206-2.0000) = 6 db . 

In practice, this correction haö varied +3 db to -7 db from the ideal 

6 db. 

- 19 - SEL-65-095 



V.  ERROR CALCULATIONS 

Section IV presented calculations for the transmitted and received 

power separately because the received-data presentation is independent 

of the transmitted power. After making the power corrections, the 

A-record powers are combined with the transmitted powers to give the 

transmitted-to-received power ratios.  The following calculations directly 

show this relationship and then examine each factor and the error it con- 

tributes. 

The ratio between the transmitted and received powers is derived by 

taking Eq. (3) and rewriting it in terms of the received power as 

P = 400 P 
a 

R + R 
a   r 

ind f^n  o \2   2 (50+R }  + x 

and dividing it by Eq. (l) for the transmitted power 

rad 
t a 
24 

R 

R 2 12 

which gives 

= P 
rad 

400X2X12(R +R )(R 4X2) 
 a r  a  a 

ind „2 r / „   x'2 2, 
E [(50+R r + X R 
t     r     r a 

(R +R )(R2+X
2
) 

2 

&    a ind 

E2  [(50+R f  + X2]R 
t       r     r a 

(9.6 X 10 ) (4) 

There are six independent variables:  P.  , E , R , X , R   ard X 

SEL-65-095 - 20 - 



For error caiculatiors Eq. (4) is defi 

three sections as follows: 
ined as p and is broken in to 

; 

P = 
(R +R )(R2+X2) _ar  a a 

Lr(50+R r  +  X lR 
r     r a 

[PindJ 
E 

(9.6 X 103) . 

For convenience, the first section is designat 

is rewritten as 
gnated as  5 and the equation 

P = UJ [PindJ 
1- t J 

(9.6 X io3) 

with each of the three ter.s to be analyzed separately for its contribution 

to the error in p. 

The four variables R^ X^ R^  and x^  whioh are considered inde_ 

Pendent variables although they are .easured by the sa.e impedance bridge 

comprxse  6.  Large variations in the servo-tuning of the transmitter 

tank circuit causes variations so large in Rr and Xr as to be indepen- 

dent of any systematic errors in the bridge.  If 

r,2   2 
R + X 
a   a R + R 

a   r 

a   (50+R )2 + x2 
r     r 

it can be shown [Ref. 3] that the standard deviation in  g.  sg,  is the 

followinfc function of sRa.  sx   sR .  and sX , 

s^ = k) (SB*,2 + (^J (^)2 + (^J ^ > {^j ^] 

- 21 - 
SEL-65-095 



^-V---*-!*,*,-™ ^--: 

where sR  is the standard deviation from the mean of R ,  etc.  These 
a a 

partial derivatives are: 

N, R (R
2
+X

2
) + (R +R )(R

2
-X

2
) 

Of   aa a     a ra a/ 

¥• 
[(50+R )2 + X2]R2 

r     r a 

(R +R )2X 
o 5      a r  a 
<5x   r/, i    i      \2    21 

a   L(,50+R ;  + X JR 
r     r a 

Ne   R^ + X
2 [(50+R )2 + X2] - 2(R +R )(50+R ) 

0£    a   ß      r     r      a r     r £- 3R      R 
r      a [(50+R )2 + X2]2 

r     r 

# 

2   2 
R  f X 
a   a 

(R +R )2X 
a r  r 

[(50+R )2 + X2]2 
r     r 

Because the four parameters of  § have no relationship with respect 

to each other for the fixed-frequency points (i.e., on one frequency 

R  is 46.9 ohms and R  is 37 ohms while on another frequency R  is 

29 ohms and R  is 7 ohms) no general conclusions can be made about the 

relative importance of any one of the partial derivatives above. 

The parameters with the widest variations are R  and X . These 
r      r 

are quite critical to the servo-tuning, and it was found that the servo 

was not resetting as close as anticipated. A more precise method of 

tuning this circuit has been developed and will be used in future opera- 

tions. Unfortunately, not enough impedance measurements were made on the 

early runs to derive any statistics on variations in the servo-tuning. 

The following error calculations pertaining to g are based on a series 

of tests run later. For these tests the transmitter (receiver input) 

impedance is measured for each servo resetting on a given frequency (six 

frequencies and two antenna settings each). The receiver (as well as the 

SEL-65-095 - 22 - 
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tank circuit) is detuned before making another measurement, and several 

days are allowed to elapse between sets of measurements.  These data are 

indications of the gene; il concitions existing when the backscatter data 

vere taken. Because cf the smeli number of samples the data fell into 

a split distribution: one group about 0 - 10-percent standard deviation, 

and an equal group about 30 - 55-percent standard deviation.  Thus, the 

worst case, 50 percent, had to be chosen as the error due to |,  In the 

Improved tuning system this error has been reduced to approximately 10 

percent. 

The next component of p to b^ discussed is P. ^  the power indi- 
md 

cated by the Hewlett-Packard 606A rf signal generator.  The manufac- 

turer's literature gives an inclusive accuracy of 1 db, which is a 1:1.25 

power ratio (fss25 percent). Although the instrument used had been recali- 

brated by the manufacturer while the experiment was in progress, the 

Table 1.  Calibration Chart for Hewlett Packard 
606A rf signal generator. 

FREQUENCY 
1   (Mc) 

INDICATED 
POWER 

ACTUAL 0U TPUT (dbm) 
Before After 

(dbm) Adjustment Adjustment 

7 -21.0 -21.4 -21.1 

8 -21.0 -21.4 -21.0 

9 -21.0 -21.35 -21.0 

10 -21.0 -21.2 -21.0 

12 -21.0 -21,15 -20.9 

14 -21.0 -21.1 -20.8 

16 -21.0 -21.1 -20.9 

18 -21.0 -21.1 -20.7 

20 -21.0 -21.4 -21.0 

22 -21.0 -21.4 -21.0 

24 -21.0 -21.35 -21.0 

26 -21.0 -21.3 -21.1 

28 -21.0 -21.2 -20.95 

29 -21.0 -21.2 -21.0    ; 
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power output deviated from the meter indication on the average about 

±0.3 db before and after calibration. 

For the range concerned here, 7 - 30 Mc, the manufacturer stated to 

the author that this ±0.3 db, equivalent to approximately ±7.5 percent, 

was a valid choice for instrura^nt error. 

The last measured component of p is E ,  the peE.k voltage across 

the antenna terminals as measured by the Jennings VTVM.  As in the case 

of the rf signal generator, this instrument can be relied on with a 

greater accuracy than stated in the manufacturer's general specJficr.';ions. 

On the scale used for all voltage measurements (5 kv full scale), the 

readings centered about 2.5 kv.  The specified accuracy of ±3 percent 

of the 5-kv full scale would allow for an error of ±150 v„ or about 

6 percent in these readings.  Calibration data for the instrument, cali- 

brated by Jennings, are available both before and after adjustment. 

Before adjustment, the readings at full-scale and mid-scale were 2 and 

4 percent high, respectively.  After calibration the meter readings showed 

insignificant error. 

Another potential source of systematic error in E  is the effect 

of the pulse repetition rate on the meter-circuit time constant. The 

Jennings instruction manual gives correction information for various dc 

pulse-duty cycles.  Because the pulses in this experiment are rf enve- 

lopes, however, the meter indicates the true peak reading with no sag 

between pulses; this finding was confirmed by an oscilloscope.  Therefore 

3-percent accuracy with respect to the above calibrations, checks, and 

aging is chosen as a reasonable error for this instrument. 

The total percentage error in p  is calculated by the rms combina- 

tion of the fractional errors in P  » E ,  and  f.  Partial derivative 
ind  t 

analysis gives the same results as rms combinarion of the fractional 

error, but, because of the simple relationship between P  . E ,  and 
ind  t 

5,  the rms combination has proved the most practical method in this 

case.  If the fractional error in P    and E ,  drawn from the manu- 
ind       t 

facturers' data, are taken to be fractional standard deviations of the 

parameters in question, it is valid to combine the fractional deviation 

of  £ with the above two values.  Thus 

l! 
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= [(0.50)2 + (0.075)
2 + (2X0.03)

2^ 

- [0.25 + 0.0.156 + 0.0036]^ = [0.259]^ « 0.51 or 51 percent. 

Since the „ajor source of error co.es fro. the inpedanc- measuren.enta 

the ™.uer errors in the kllovolt VTVM and rf signal generator can 

alnost be neglected. With the Improved tuning system, the impedance devi- 

auons are reduced to a point where the three error factors are of „early 

equa' weight.  Thus, the accuracies of the rf signal generator and kilo- 

volt vrVM will hold a more important role in future operations 

- 25 - 
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VI.  AN ATLAS OF CALIBRATED BACKSCATTER RECORDS 

This chapter contains 90 Z-records and 25 sets of calibrated A- 

records.  Most, though not all, of the Z-recc^ds are matched with 

calibrated A-records; especially interesting is the long sequence of 

Z-records of 7 November 1964, All records arc presented in chronological 

order and grouped into sets of A- and Z-records, 

At the beginning of each pet of calibrated records, a timing chart 

(Fig, 8) has been placed.  These allow the leader to ascertain at a quick 

glance the number and timing of records in the set. 

26 16 14 9 

ICQ 
1300 1400 

POT 
1500 1600 

FIG. 8,  EXAMPLE OF TIMING CHART. 

The Z-records are represented by the boxes marked Z covering the 

10-min interval in wnich the record was made.  Small vertical lines 

between the Z-records show the timing of the A-records, with the first 

and last records in a group marked wich their frequencies in megacycles. 

Where no A-rerords were made, no timing charts are given for that day. 

The calibrations around the borders of the Z-records are self- 

explanatory.  It should be noted that the time, recorded along the top, 

increases from right to left.  Since th« transmit-receive gate is about 

5 msec long, the zero has been allowed to fall somewhat below the lower 

edge of the Z-record.  Zero may be found by extrapolating the range 

scales. 

Figure 9 shows A-r .'cords and original A-calibrations. The hori- 

zontal traces on the calibration records represent the indicated power 

levels introduced by the generator. The calibrations Pl^ng the right- 

hand edge are corrected received-power levels, which are labeled as 

SEL-65-09-, - 26 - 



A-CALIBRATION 
RECORDS A-RECORDS 

FIG.   9.     EXAMPLE OF ORIGINAL    A-CALIBRATIONS, 
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received power on the A-record pages.  The frequency, time, and corrected 

transmitted power are indicated beside all records except the calibration 

example in Fig. 9, from which they have been omitted for purpose of clarity. 

The compilation of calibrated backscatter records is presented in 
Fig. 10. 

s 

REFERENCES 

1. T. A. Croft, "The Synthesis of Sweep-Frequency Ground Backscatter 
by Digital Computer," Rept. SU-SEL-63-002 (TR NO. 84), Stanford 
Electronics Laboratories, Stanford, Calif., Jan 1965. 

2. Cecil Barnes, »Antenna Pattern Measurement of a Full-Scale Rhombic 
Antenna," Supplement 2 to Research Memorandum No. 9, Contract 
DA36-039 SC-87 197, SRI Project No. 3670, Stanford Research Institute 
Menlo Park, Calif., May 1963. m^e, 

3" IT^  B^rS, ^^  0f Err0r' Vision-Wesley Publishing Co., Inc Reading, Mass., 1953, pp. 26-36. e "•, ^c., 

f 

SEL-65-095 - 28 - 



- •■ .I.,'- - - 

FIG. 10.  ATLAS OF CALIBRATED BACKSCATTER RECORDS. 
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61 
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63 
64 
65 
66 
67 
68 
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70 
71 
72 
73 
74 
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76 
77 
78 
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1965 
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122 
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82 
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86 
87 
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1965 
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1965 
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1965 
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1965 
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302 
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FREQ, 
TIME 
XMTD.  POWER 
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20 
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A RECORDS, 27 OCT 1964, 302° BEARING 
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FREQ. 
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