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ABSTRACT 

(Distribution Limitation Statement No. 'J) 

A d.evice that generates a doppler shift• compa-rable to the optical reflections 
frc,m a target moving with constant velocity I without any net translational 

rnuvement, has been produced. 
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SECTION I 

INTRODUCTitlN 

A large number of optical frequency devices, currently in 

·prototype or ,earlier stages of development, us,e a single laser 

as both transmitter and local os,cilla tor. In such an arrang,ement, 

the in termed ia te frequency is gen,era ted by the target- induced 

d,oppler shift i~erent in system operation. Although such an 

arrangement has many merits as ,an operational device, it has the 

disadvantage that static tests cannot be performed on it. 

This report describes a device that has the property of pro­

ducing, without any net translational movement, a doppler shift 

comparable to th,at associated with reflection from a target moving 

at a fixed velocity. 

SECTION II 

THE CURVE 

Required is a rotating, mirrored surface (Fig. 1), having 

two properties relative to a specific ray: 

(1) 

.(a) The surface of the mirror must be, for all angular 

positions, normal to the ray at the poin.t of intersection 10£ 

the ray and the mirror. 1.l'hat is ,, 

~ = tan a. 

(b) The locus of the intersecti,on o,f the ray and 

the mirror must move along the r ,ay at a velocity dir~ctly 

proportional to the rotational velocity of the mlrror 

assembly.. Iha t is, 

l 
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(2) 

We must solve for the surface shape y(x) ln a way to meet these 

requiirements. 

After a fairly involved derii.vati.on, it was foun,d tha't the 

curve that defines the desired surtac,e is the involute of the 

circle. The involute of the circle io described by the parametric 

equa.t;ions 

x = K(cos a.+ a. sin a.} 

(4) y = K(sin a. - a. ,cos a.) 

wh,ere the symbols a.re defined in Fig. 1. Let U!S demonstrate that 

the conditions of Eq. (1) and Eq. (2) are met. 

The ccmditi,on imposed in Eq. (1) can be studied by con.sidering 

From Bq. (4) 

a'nd from Eq. (3) 

~=i rue dx 
aa: 

i g~ = cos a. - cos er. + a. sin a. 

=a.sin CL 

l ,dx I< ai == - sin a. + sin a. + a. cos a. 

= (X. cos (It 

sln a. • ------ = tan a. cos a. 

Next, c~sider the condition 1:Jltl)Osed by Eq. (2). We know from 

• 

t . f I,, 

the ged ietry ,of Pig. 1 that .. 
1

,j 

K2 + a2 • ~2 + y2 

2 
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and o, 

Therefore* 

; II , 11 II 1 

I I 

I I 

, __ 111,~• ~,.~;....:J...J.L,.,...,___ .... _ 

2 • x2' + y2 - K2 

■ 1<2 {cos a. + a. s i n a.)2 + x2 {sin a. - a. cos u)2 - x2 • 

•
2 

• • 0 '082 a. +•:• 2ct sin a. + a.2 ain2 o. + sin2 a 
"ii 

... 2a. sin ex. cos a. + a.2 cos2 a. - l 

a Ka. 

da V da. Tim cJ't•""atllll,l'IUI) 

and Eq. {2) is satisfied with c • K. 

SECTlON III 

THE DEVICE 

The detivation in the preceding' aec"F,ion treated the 11 inside 11 

of ~e invo,lute •s the reflector. However, practical ~r,obll.,ems of 

strength, air resistance, etc., suggest th.e use of an "outside"' 

reflector surf ce. Any ray approaching uch ref'1ectoi tangen.t 

to the generating circ'le will be r~flected by a surface normal to 

the ray ?and at a distance varying with the angle. Thus, as the, 

refleotor rotate at a fi.Med spee.d, the reflected 1ignal experiences 
,/ 

a. doppler ohift qual to th•t generated by a reflector with a 

lin r velocity equal to the product of I< and the angular veloaity. 

Any well oolll•t.ecl beam striking a c,on.vex ·cylindtical a,u:face 

suoh as that de11crib d bove will mcpsri 11,ce a d,i.ve:tgenoe in the 

plane ,of tb c~rvat.ur,_ The character of this divergence will 

.. 
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depen4 11pon th radiu1 of C:UE'\V t\till'I ( , ) ana the cent•t: of eurv tu:re 
' 

(h, ) of_ the involute. In order to calculate the11e, we, need ~he 

fi:r•t 1.11d second deriva·tivea of y(x). we have previw•ly de111on-

atrated that 

I· tan a. 

and 

~
2i • ! (tan a.) 

dJC2. a. • 
I ' j 

·r !i("tran ~) ....... ------
ff 

S$,nc:- l I II 

l (tan o.) • ■ed2 Cl , 

' I 

and 

ft• Ka. C0 

'I 

Cl 
I, I 

1:,hen 

42 . 1 ~ 
;j • -Ko. co•' a. 

the radiv.1 Of c:urvatur, I ' 
12 

I " 
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h lit -

k•y+ 

• K sin a. 

Thus we conclude that the involute mirrof ia such that the 

center of curvature 1a always on th11 generating circle at the 

point of tangency of the extended central ray of the reflect d 

beam. The radius of curvature is such that the refle1i::ting ur­

face can be apprCDCimated by a circle intersecting the mirror at 

the point of t-e·f lee ti on of the central ray. With such an apprax,­

imation, we can estimate the angle of diivergence shOlffl in Pig. 2. 

consider a circle of radius a from which an ideally collima tedl 

beam of radius bR is reflected. The extre• rays of the incoming 

beam de:fi.ne an angle cp such that 

1 ·b 
q> • sin- i 

- .b 
-. 

The axt.t"eme rays of the refleeted be-.m diverg~ •t ·t.he d~le 11ns.l,e,. 

2;. Thus, the full beam divergep.c, fJ is given by 

Since al• tim varyinq, the divergent beam appears to emanate 

a movtq9 po.f.-.,t. 
' 

111. 
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In preparing a final design for a doppler simulator of this 

type, th re is an engineering compromise between si21e, beam diver­

gence ana the r tio af simulated linear speed to ro,tational speed. 

A further consideration ts the numbe,r of 11 flyba.ck"' discontinuities 

per revolution. Two of these discontinuitie,s are labeled "D" in 

Fig. :, and 4. Since the divergence of the beam will be cletermin,ed 

by the curvature in the neighborhood of the reflection, the radius 

l( should be large compared to th,e beam diameter. Al though an 

increase in I< also inc:r: asfls the moment of ine,rtia and thus the 

speed stability, prac.ticail limitations on the size of the simulator 

restrict K. Since a. 0 gives R • O, and since s,mall values of 

R a give the worst ,(i.e., the la~gest) divergence, we place a 

lower bou.nd, . 8, on a. .. J!•or -.ny (jliven K, an increase in 8 generates 

an increase in eize. For the designs shown in Fig. :, and 4, we have 

chosen '8 =;., Thus, fo•r Fig.:,,,, 

and, for Fig. 4, 

¥<R<JC1r 

Thex-e will be orne improvc.ment in the divergence-size relation-

. ship if :Lt is pos1i~l• . to hlv~ ~111,,;a~ dlac;::ontinuitie per revolutian. 
I 

obviou ly, t le~1t, Qlle uah discontinuity i, n.ea ,sa•r:y, and, f,or 

purpa of meahania l bal nae, at 1,, st two are das!.ratble. A■ the 

nUn,ber of di continui tie• (and hence the, numb 1 ,af II lc,bea 11 
) i• 

:Lnerea ed, the ratio of nuucirnmn to minim\.im radius deorea e ,. 'th:La 

will d er••• the v•~i•tion, of the dl~eirence but ~oes ,oat the 
I 

e:,c:pen ~£ inci, atog the n\lfflber' .-:1:f pha111 di1Jrupti,on• expe:rienQed 

i•t f voJ~tic;m.. s~m q~ipm•nt .'"1d r teat may he a1,tu~bea by 

• 

w I 
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these sudden ph ae changes , especially in systems using coope~ating 

ref lectore (such as corner reflectors). However, in most cases, 

both the divergence and the phase shift associated with the dis­

continuities will be fairly typical of most opera.ting conditions. 

Selection of the number of discontinuities to be used will thus 

be largely a matter of the type of system to be tested. 

TWo different prototypes were fabricated from alumini~. 

One, designated as the "two-lobe" model, is shown in Fig. :,. 

The other, designated as the "four-lobe 11 model, is shown in Fig. 4. 

Both use the same size generating (lircle (.radius K • l inch) and 

thus represent different compromises between beam divergenc and 

number of discontinuiti s. The two-l~be model has priMrily b en 

retain d for testing and for use in the Air :rorce Weapons Laboratory 

{AFWL) at Kirtland Air rorce Bas, while the four-lobe model has 

been u ad at The univ 1reit.y of New Mexico (UNM). The two prototype, 

were built in machine 1h0p1 at AFWL. Although produced on equip­

ment not intended for manufa.cturing optical devic a, the e proto­

types proved aati factory. 

Preliminary t at of the four-1,obe model at UNM indicated 

that the aluminium ■urface would not retain its luater. It was 

decided that thla mod l aho~ld -• chromium plat ·d, even though 

it waa expected that 1uch plating would further redu.ce th• preciaion 

of the 11ur!•ce. In fact, it appears that the poli,111hin1 nd p,l ting 

•od•iated the amoun.t of random ■c tte:r due1 to ,mall flaw■, thereby 

givinq th• Jurfac an 1ppearance of a m.ore accurat,e 1hape. 
I 

IIIC'l'JOlf lV 

TJ!lS 1TS AND1 MSUL'J.'S 

,j 
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simulator is shown in Fig. ,5; it consists of a Michelson inter­

ferometric arrangement;,,,Wi th the simulator acting as on$ of the 

reflective elemi"nts. A stationa,ry mirror, a beam splitter, and 

a gas laser* used as a light source were all mounted on an optical 

bench. The simulator was driven by a variabLe s,peed motor through 

a speed-reducing gear train. This permitted ext::cemely low rotational 

speeds. To help prevent motor and gear vibration from being coupled 

t ,o the system, the entire drive assembly was shock .. isolated from 

the optical bench. Although various detectors were employed, adequ£.te 

results were obtained with a simple photo-emissive type whose output 

was fed into a conventionc:l audio amplifiex- and loud$peaker. This 

c~ination facilitated the initial alignment of the optical system. 

For qualitative measurements, the signal was sampled and played 

back on a tape recorder wj,th a continuous loop, which permi tted 

detailed harmonic analyses to be made. 

Beicause of the divergence o,f the beam after ref lee ti on from 

the simulator, it was necessary to minimize the distances from the 

beam splitter to the s,imulator and detector 4 When this requirement 

was met, it was possible to obtain a, signal produced by the mixing 

of the original and doppler-shifted beams. The apparent trans­

lational velocity due to the simulator is 

V = * = l< ~~ = Kill 

where K is the rad,ius of the generating circle and ID is the rotational 

velocity of the simulator in radians, per second. For the simulator 

*A helium-neon cw laae,r operating' in the TJ!IM00 mode at 6,2a J. ,, 
with an output pO'.tler of app,rGltimat.ely 4. 5 milliwatts and a beam 
divergence of less than o.; milliradians. 

111 
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unde1r test, K m l in. Thus we have a. simul,a'tion coeffi~ient of* 

l in/e 
rad/s 

:, m/s 
111 2 • 66 x 10"" ........ r""'/m...,l,...n-

In conjunction with the usual doppler equation 

Af • 2V f 
C S 

and with the basic laser beam (6:,281) having a frequency of 

4.74 x 1014 Hz, we obtain 

Af = 5.04 x 105 
Hz 
r7s 

"Jl B:si: 
== 8.40 x 10.., -r-/m_i_n_ 

'l'hus, in order to stay in the audible range. it was desirable to 

drive the simulator at less than l r/min. 

When the simulator was turned at speeds in the range of 1 r/min 

an audio signal was produced, which is best described as so1.::.nding 

like a "tree full of singing canari'es. 11 This random chirping sound 

is almost certainly the result of frequency modulation due to surfad 

irregularities and some remaining mechanical vibration, and is 

expected to diminish in a mor,e precis,ely built simulator. A rep- _ 

resentative analysis of the beat note resulting from turning the 

aimulator a:t approximately 3/8 r/min ll:ieaulted itt' the spectrum shown 

in Fig. 6. The frequency-modulated signal at 3.1 ~z is apparent. 

In order to reduce the eff,ects of long-period amplitude · varia.tions 

due to gross irregularities in the simulator surface, the spectrum 
I 

analysis was ma,de from a 3.5-second sample ,of the beat note. 

A s,imilar analysis was made on tbe two-lobe simulat,or from 

AFWL. Thea resulting spect.:r.um its; shown in Fig. 7. The unplated 

surface of the two- lobe model should yield a lower sional-to,.noiere , 
,1i ' 

*Unit synit,ols in tbis1 report <,amply With the XEBE standards 
in J;~BE §pecttµm, pp. 11:,-115, August 1965. 
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ratio than the plated surface af the four- lobe model. 

the lower signal-to-no,ise ratio of Fig. 7 (as ,compared with Fig. 

6) should not be conetri.ed as proof of this, since small, arbitrarily 

selected samples were used to p;toduce the two spectra. 

Both spectra shO'II a component centered near o.6 kJ:fz. This 

co1nponent has been identified as c1. harmonic of a. vibratory sig­

na,l ge,1erated by the reducing g,!ar train. Other harmonics of 

this signal were present in ea1.rlier analyses but were removed by 

shock-mounting the drive mec:nanism. 

SECTION V 

SUGGES'rIONS FOR FURTHER WOP.K 

Several possibilities for further development of the ba.sic 

design suggest themselves .. Q,f imm,ediate inte:icest, of course, is 

the production of a truly specularly surfaced simulator. Also, 

it might be possible to apply coatings to the device, to simulate 

closure with a variety of nonepecular surfaces. In a multilobed 

device it would be possible to use different coatings on adjacent 

lobes to give immediate comparisons. When extremely high closure 

rates are desired, it will probably be necessary to have a more 

detailed mecbanical design to optimize structural integrity under 

high stresees. Als01, :i,.t might be desirable to enclosie the aseep\bly 

i~ a prdtiective housing containing a law-pres,sure gas to decrease 

0 "Windage loes '1 and to allow highe!t rc,ta tiona 1 "velocities. 

In addition to the de$ig~ te:sted, othe:i: sha:pes o,2 
11
0pticial 

cartUI' ar~ pQJaisible to g'iv~ other effedts. ror :i.~stance, the problem 
I 

oei pradutb>.g optic~ l f regyenoy chirp radar c: 101,lld be app::roachtd 

tn this fashion. 
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SECTION VI 

CONCWSIONS 

:,11 
111 

II 

! 
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A doppler simulator suitable for optical frequency applica­

tion has baen fabricated and tested. Although the basic result~ 

indicate v:Lbra.tion and an optically rough surfaC"!e, they demon-

stra·te the validity of the tecbnique for doppler shifting of optical 

signals. 
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