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L3S itACTs A nethod ig presented far anslyziny the RF simel raccived
hy a verticel antenna frem the XHAT sonde in flight., Thid netacd of
aralysis, wien coupled with ralative ::plitids calidbration of tke re
selver and recording weci:anisi, is capable cf fiving a very accw oty
neaswexncnt af the vertical cuwpconent of yae of the ALY 1lssile. when
Uhe anrls tetueer the rissilo axds and the 1inz of sight ic anall (less
shen T ), 1% is .isn cuc2ble of determinirz v 2 bedy to loop field
3trer. :h relic anc phaze "¢ a bigh de;xrea of accurecy. [f a2 horizontal
artenna is al:: used, i% 11 give the hordzoni:zl eccxponint of jaw in
acditiorn, and the caaplete yaw motion can be recenstructsd.
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The methcd of yaw analysis prasented here was developed for analyzing
the flight characteristics of full scale Angled Arrow Projectilas
(Project NOL-Relio=117-1-53) ancd has given satisfactory results when
used for this purpose. With proper care in the recording and analysis
of cata it appears likoly that the general nethod can be successfully
applied to spin stabilized projectiles and other rapidly rotating
missiles, This report is intended by the Naval (rdnance Laboratory

to stimulate interest in this type of analysis and shouid not ve a
basis for official action,

EDNARD L, WOODYARD
Captain, USN

Coezmender i
I

7)—05/&:»2 / "

D. S. 94, /Ao
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AAP YAW MEASURFMENTS BY RF SIGNAL FROM XRAT SONDE
INTRODUCTION

* 1. The XRAT sonde, as described in refarence (a), was developed to indi-
cate the rotational position of the missjle. It consists essentially of
an electric dipole along the axis of the nissile and a magnetic dipole at
right mgles thereto. The farm of the signal received by a vertical
antenna from the rotating sunde is illustrated in Figure 1. The signal 3
received by a vertical antenna from the electric dipole is independent of .
the rotational position of tne missile abaut its axis; and varies approxi-
mately as ain Y, where 77 is the illumination or viewing angle, i.e., the -
angle between the line of sight from the antenna to the missile, and the
missile axis. The signal received by the same vertical antenna from the .
loop varies sinusoidally as the sonde rotates.

2. If we assume that small angle yaw in the horizontal plane has only a
second order effect on these signals received by the vertical antenna, that
reflections from the graumnd or water can be ignored, and that the missile
rotation rate is cansiderably more rapid ihan its yaw rate, then the

form of the signal received by the vertical antenna is characteristic of
the angle ¥, and ¥ can be determined from the form of the signal. These
assumptions are vital to the calculations, and they will be examined

: leter in this report in sase detail.

of B

3. At this point it seems worthwhile to draw a comparison betuween this

. method of yaw analysis and the Thampson method described in referencs ().
In the Thompson method the sonde contains only the dipole signal and
changes in the angle ¥ are detected by changes in the strength of the
dipole signal over the yaw c¢ycle. The principal disadvantage of this is
that changes in sonde signal amplitude, ground reflection or receiver gain
are indistinguishable fram changes in amplitude due to yaw. The longer
the period of interest the greater are the errors due to this cause.
In Wee limit a fixed angle of yaw (fixed in amplitude and in directicn
relative to the ground) is not detectable, The present method, on the
other hand, compares signal amplitudes only over a single rotation of the
projectile, and tharefors changes in signal amplitude from whatever cause
ars of consequence only if they contain appreciable compononts at the spin
frequency. In the limit a fixed anglc of yaw is easily measured.

4» In the present method we must obtain an analytic correspondencae between
the angle 7 and the tform of the signal. In order to accomplish this, s-ae
sarameter must Le selected to describe the signal forme For tas pur.-
pose we have selected the ratio of the majar peak height to the minor peak
height M/m (Figure 1); this ratio is cailed h. It is easily determinea
from the tilm records, varies rapidly with J~ fa small values of 7 ,

and is relatively insensitive to antenna impurity and horizontal yaw., It
nas the disadvantage that 2 is related to it W a double valued function;

' i
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ice., a3 ¥ increases, A goes to a meximum, and then decreases; so that
corresponding to a given } , there are two possible values of ¥ . ard dis-
tinguishing between them is difficult in the region of the madmum A -
Further; in this region A is a very insensitive measure of ¥ . Howcverm
as will appear presently; this region corresponds to fairly large valuec

of ¥ ; generally outside the region of interast.

THBORBTICAL RFLATION A AND ¥

So Referance (a) presents a graphical derivation of tne form of ths

signal received fram the sonde by a vertical antenna. 7his farm ia shown
in reference (a) to be a functdon of Ap/ Ay and B vhere B 1s ths R,F.

phase difference between the signals frcm Xaxe loop and dipole and Ap/Ay do-
pends on the relative strength of the dipole and loop radiators and the aine
of the viewing sngle ¥ ., For present purposes we are concernsd only with
the heighte M and m of the signal (figure 1); &nce A is the ratio of these
two heights. We wish to find directly s relation between B, 2 , ¥, and A
wheres

B is ti.._. RF phase difference between the radiation from the loop and
dipole.,

A is the loop to dipolse ratlo, i.e,; the ratio of the maxismum loop field
strength to the maximum dipole field strength at the samo distance from the
sonde, This is the ratio of loop to dipole field strength in the plane of
the loop at 90° from the missile axis,

& 1s the angle between the missile axds, and the line of sight from
the entenna to the nmissile.

2 ia the ratio of the field strength of tho major maximum to that at
the ninar maxdimuua (M/m Figira 1)

By a alight change in the notation in reference (a) we can obtain the
values of the radiation received from the dipole and loop as:

Dipole Ey=C £( X) sip ¥
Loop B  AC f( X ) cos & edv

Where i is the index position of the loop i.e., the angle bstween the
loop plane and the vertical,

oA 18 the angle batweon the receiving antenna and the perpendicular to
the line of sight in the plane of the trajectary.

C 18 a function of range; sonde power etc, which varies only ldowly
and can be considered constant for pressnt purposes.

The major and miner maxdma (M and m) occur when the loop 18 in » vertiiai

plane i.e., when coa 1 = 1 or ~1, Thua ¥ is the magnitude of the sum of the
body and loop signals; i.e.:

2
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N M Jate

C & o()/[?ennzr o 20 8in ¥ cos B
and m is the magnitudoe of
cCe( &) (A eJB -piny )

P e

C £ ac)'/nx2 s 8in?y -2A €ny¥ cos B

and 3
A2,A2-oain2?f ¢2A8inY¥Y cosB
) Aéfainar~2l\sinf cos B

B

2
Az1.b4Aasin? cosB

A% o 81n27 - 2 A sin? cos B

We bave thus found A ae an analytic function of B, ¥ and A, W2 can now
exanine some of the properties of this function. First what is the maximx
value of { , and at what value of ¥ does 4t occur

if we 1ot 9-":—1—: 2

2,- U4 A cosB
A 1- 1 a2 2 "cos B Equation (1)

When ) is a maximum )2-1 wil) also be a maximus. This will occur for :
fixed value of B, when

-3 __ 2 -
AL ( A “1) -0

Q.o/“z-2/‘coa§) ls cos B -l 4 Cos B (24 -2 co8 B) - o
(L & _m 2.2 «cos B)2 .

The denominatar carmot be infinite so

LcosB- L 4«2 cosB=0

M2en
So the maximun value of A will occur shen

2
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This - siaaw value 18 fram fige 1s
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witich dgpeads only on B, and not vpon A, ‘This maxirnm value of A is :
pletied in Figure 2 a3 a function of B. 2

Accarding to the bhest ‘nfcrmation avallable,B For the IRAT 2 wrn
lcop soade is approximately &0 degrees, and A is rougnly 1/8. Figure °
i3 a plot of } vs ¥ for this condition fram Eg. Z.

GENFRAL “ROCEDURE

6. If we knew A and B ( the loop to dipsle ratio and phase) with sufficient
accuracy, we could make 2 plot simiiar to Figure 3 for tha AAP missile. we
could then detemine the vaiues of ) from the calibrated film record of

the signal received by tte vertical anteina from the missile in flight., By
roferring each value of 2 to ocur graph, we cculd fird the corresponding
value of ¥ , which is the instantaneous angle the missile axis ma-es with
our line of sight. Frax the aoroballistic trajectory tebles we could fiad
the location of the nd.sile at that tima, and the arientaulon of tae line

of sight from ths artsmna to ths misslle, The instantanecus orieniation

of the :nnissile coulc then be obtained from geametrical consideration of tnese
two angle s, both in the plane of tho trajectory. I1f ithere wers no yaw, this
procedure would give an arientetdon coincident with tha* of the trajeclory.
Yaw warld be represenied b a psriodic fluctretion of the missile orientatior
about the direction of the iwrajactory. Im fact the yaw oscillatiozs are
sufficiently rapid campsred to the rats of change oi‘ *ha trajectory that
change in trajectory during a yaw cycle i3 small and lie approxdmala yaw can
be determined directly from Figure 3 witxout rafersnce to the trajuzctory
tables, as angle of yaw = 1;2 ( 6 max - & min) whers the maximum and mini .

-mum ¢ refer to the Same yax cycleo

7. The procedure outlined above for finding the verticsl componeni of yaw
presupposes an accurate xnowladge of the loop to dipule ratio and vhase

far the sonde in question. The accurats measurement of these parameters
for each sonde tefore firing is a task o’ considerable magnituds, und
actually need not be done. The plot of A vs ¥ can be mede dire~tly frea
the film record of the received signal 17 the trajectory is known. instecad
of being derived from B and A. The process is one of plotting an zverage I
over a yaw cycle against the viewing angie ¥/ which would exist at that time
it the missile pointed along the trajectory. ¥’ is obtained from the tra-
jectary tables. The average value of A used should not be an arithmetic
avarage; but en "educated" averags based on the assumpticn that the missile
yaws symetrically above and below the direction of the trajectory., This
assumption is quite reasonable sirce except for aerodynamic ferces which
are along the Wrajectory, the missile is a freely falling body. The only

b
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source of asymatry in ths yaw of the miusile is the curvature of the
irajeclory which should have negligible offect on a fin stabilized nissile.

If this assumption, that the missile yaws equally above and below the
directicn of the trajesctory, is accepted, then 2’ 1s the mean cf ¥ max ..

J nin wiure ¥ max and )’ min are tha values of ¥ correspoadi.g to the maxt-
rmun and mininun velues of ( over the yaw cycle. The “educated average"

value of A which should be plotted on our curve of Avs ¥ is %aat correspond-
ing to)” widch is not necessarily the arithmetic mean of A max and A mino

8o This procedure for determining the "educated average" value of A for
plotting A vs ¥ pre-supposes the existence of & A vs ¥ plot, This
apparent impasse i3 not serious since the "educated average" depends only on

the goneral shapo of the A vs Y curve, which can be obtained by plotting
the average valuz of 2 .

9~ The acturl mechanism for finding the yaw from the values of A can be
described Wi t&. the aid of Figure L as follows. From the film recoxzds  1is
chtained 29 2 functicn of the timc of fizht. 377, the dowizg onzlc which
would exist if the missile pointed along the wrajectory 1s obtained fram
the trajectory tables, also as a function of the time of fiight. /4 1s then
plotted (as in Figure L) agalnst the value of ¥’ occurring at the same
time. If the upper and lower envelopes of this curve are drawn, a first
approximation to the average curve is obtained by averaging the height of
the upper and lower envelopes at a singlo valus of ¥ ,

10, This first appraximation is sufficiently accurate to permit obtaining
from it the "educated average” valus of A . At any ¥o draw a harizontal
line from the vpper envelope to the righ% until it crosses the first approxi-
maticn average curve, and find the value of ¥ at thic point. Call this ¥
maX. 1t 1s, to the accuracy of our first average curve, the value of ¥
corresponding to the maximum dounward yew angle. Fror the intersection of
¥ with the lower eonvelope draw a horizontal line to the laft., Tre intar-
section of this with the {irat average curve gives ¥ nin, the approximata
value of ¥ corresponding to the maximum upward yaw angle. Find
A( ¥ mex » ¥ min) and from the mean curve, the va.ve of A corresponding
to this ¥ , This valus is our "educated average" corresponding to ¥°
and when plotted at 35 represents one point on our final vs ¥ curve.

11. From this final A va ¥ curve we can find the yaw angle directly, by
a prccess very similar to that used far finding the final curve., To find
the amplitude of yaw at anmy point on Figure L, say when 7’2 ¥ find the
intersection of the upper envelops with J7 , and draw a harizontal line
to the right until it intersects the fingl 2 v8 ¥ curve. Jhis gives

¥, max, and the yaw amplitude is ) max ~ ¥, The anplitude could be
obtained in the same Way from ¥ min, and will give the same result if the
final A vs ¥ curve is correct.

ASSUMPTIONS

12, In the introduction several assumptions which are vital to this yaw
analysis method were made without justification. The first of these was

5
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that small angle yaw in the hoarizontal direction could be neglected, Sinoe
our analysis is only concerned with the points m and M (Figure 1), when

the plane of the loop is vertical, the firat order effect of horizmtal yaw
is to move the receiving antenna fram the plane of the loop, and the signel
received by it from the loop will be proportional to the cosine of the
horisontal yaw angle, For sasll angles the variation in the cosine function
is negligible. The signal arriving fram the dipole depends upon the total
viewing angle which is the square root of the sum of the squares of )~

and the horisontal yaw angle, but the verticsl receiving antenna is sensitive
cily to the vertical component of the arriving signal, which eliminates the
dependence on horisontal yaw angle, of the signal frox tha dipole; so that
A 18 sensitive to the horizontal yaw angle only to the same order as the
cosine of the angle, which is negligible. It should be noted that through-
out this analysis the receiving antenra is considered to be in the plane of
the trajectory. If the antenna is appreciably removed fram this plane

much of the present method must be reviewed.

13. The problem of ground and water reflections is not readily subject to
thecretical analysis since the reflecting surfsce is partly groaurd and
partly water, botnh of variable and uncertairn electrical properties. The
basis for assuming thess reflections negligible is twe~fold, Ilrst the
receiving antennas in use have the vertical pattern of a half.wave dipole
cocked up 15 degrees so that the gain in the direction of the missile is
greatar than the gain in the directior of the image; and secund the reflec-
tions can cause only minor errors unless their pnase variations are rapid,
or th2 arngle of the missile betwcen the direct line cof sight, and that to
the image, is large. Neither of these conditions exists in the Dahlgren
configuration after the first rew seconds of missile flight,

14, The assumption that the missile rotation rate is considerably mare
rapid than its yaw rate 1s actually not justified. For the AAP missiles
which have been studied to date, the spin rate is only L or 5 times the yaw
rate, That this is not a sufficient factor is evident fram the fact that
if A is measured as the ratio of a majar paak to rhe follow ng minor peak,
the results are substantially different from measuring )\ as the ratio of
major pesk to the preceding minor peak, It is evident that the viewing
angle clmnges appreciadly between the time of occurrence of the major and
minor peaks. In order to reduce the error fram this source, A is not mea-
sured directly from the film. Two graphs are made, one of major peak
neignt (as a function of time), the other of minor peak height. The
points on each graph are ccrnected by a smooth curve, and A is measured

as the ratio of the simultaneous neights of the two curves,

15, In this way the accuracy of the analysis depends only on the acauracy
with which the proper curve can ve drawn botiscen the measured points repre-
senting major and minor peak heights.

HORIZONTAL YaW

16. if a herizontal sntanna ia used in addition to the vertical antenna, tha
horizontal yavw ¢f the mi.sile is also deducible, The procedure and analysias

)
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is very similar {0 that described above for the vertical antenna with

one essential difference; the A vs & curve cannot be obtained fron

the harizontal antemna unless the antenna is greatly displaced fror -ae
miisile launching point, and from the plame of the trajectary. For

the horizontal antenna the values of A will depend, not on the value

of ¥ which is measured in the vertical plane, but on the values of v ,
its horizontal counterpart, i.e., d¢ 18 the horizontal projection of the
angle between the missile axis and the line of sight. If the horizantal
antenna is not greatly displaced fram the plans of the trajectory, the
average value of ¥ over a yaw cycle will be unifornly O (for the unsteersd
missile). Therefore we do not have available in this case a systemaidc
variation of the average valus of ¥ from which we can deduce the A

vs ¥ curve,

#

17. Te A vs ¥ curve, however, depends only on the parameters of the
missile radiation system, and is the same far a vertical and horizontal
antemna. Therefore; although the horizontal antenna record alone cannot 3
be used to deduce the horizontal yaw, when it is used in conjunction with

a vertical antenna, the values of A from the horizontal antenna can be

raferred to the 2 va ¥ curve from the vertical antema, and the hori-

zontal yaw can be deduced.

e

CALIBRATION AND RESULTS

18, It has been stuied that toe field strength recordings fror which the
yau 1s Lo be deduced must be calibrated, The only measurement from these
records which is used is A , the ratio of major to minor psak heights,
Since A is a ratio, only relative and not absolute calibration is requirasi.
Thn accuracy of this relative calibretion i3 the major factor in the
accuracy of the final yaw amplitudes, and if the receiver recording system
is calibrated after the record is talen, spuriocus results will eometimes
appear due to changes i receiver chsracteristics, which may or may no®. be
dne to changes in signal frequency.

19. The results to be presented in this report wers obtained using a

syotem of contimious relative calibr:tion during tha recording. A

Germanium diode was put across the lins between the antenma and the receiver,
and adjusted so that a square wave applied to the diode effectively in-

serted and removed a fixed amount of attenuation., The square wave used was of
sufficiently high irequency that in the inal record there are effeciively
trvo traces, the lovwer one always representing = fixed fraction of the iici;
strength of the upper cne. Thus there 1c a contimuoue chuck of one point

on the relative caliation curve, and any fluctuaticns in system linearity
can be detected and corrected for in the analysis.

20, Figure S pregents a partion of the final yaw data on AAP Round

Serial Mo. 225 fired at the Naval Proving Oround, Dehlgren, Virginia, on

Jarmary 16, 1958. The round was gun launched at 3600 ft/sec. and steered

to the right after 4.9 seconds of flight. kecurdings were made of both z
vertical and horizontal polarization, and analysas of vertical and horizontal
ya¥ were made as described in this repurv. Figure S is a plot of vertical '
v3. horizontal yaw molion with tiwe indicated by the croszes svery ..'2 sesonds

along tl» carve,
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