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The literature describes tracking devices that allow a single detector coupled to a spinning FM reticle to

determine target location. The spinning FM reticles presented were limited to single parameter reticles of

frequency vs angle, frequency vs radius, or phase. This study presents these parameters with their capabili-

ties and limitations and shows that multiple parameters can be integrated into a single reticle. Also, a general

equation is developed that describes any FM reticle of the spinning type. Key words: Reticles, FM reticles,

tracking devices.

1. Introduction
The term reticle has been defined1 as "a pattern

located in the focal plane of an instrument to measure
or locate a point in an image." Reticles have been used
and are still used in a multitude of operations from
commercial applications or surveying to military ap-
plications of boresighting surveillance and fire control
systems. The general case that most people are famil-
iar with is the simple sight on a rifle or gun. There are
as many types of reticle as there are uses for them.
However, one type of reticle, commonly referred to as a
spinning frequency modulated (FM) reticle, can be
used to provide range and bearing information. We
present here three parameters that completely de-
scribe any spinning FM reticle and derive a single
equation that can be used to specify a spinning FM
reticle transmission function to suit a particular appli-
cation or requirement.

II. Background
FM reticles can be completely described by these

three parameters, (1) frequency vs angle f(O), (2) fre-
quency vs radius m(r), and (3) phase or spoke function
p(r).
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In the literature spinning FM reticles are described
by only one of these parameters [f(O), m(r), or p(r)]. A
survey of this literature shows that the parameters
above are not integrated into combinations of two or of
all three. However, all the spinning FM reticles pre-
sented in the literature can be completely described by
using one of these three parameters.

Sections III-V describe reticles that are modeled by
a single parameter with the other two parameters held
constant. This introduces the description and design
of spinning FM reticles that involve only one of the
three parameters before considering reticles of multi-
ple parameters. Section VI presents the integration of
two or all three of the parameters and shows examples
of reticle designs where multiple parameters are used.
Examples are introduced using a reticle transmission
equation that is developed using the three FM reticle
parameters. In fact, any FM reticle transmission
function can be generated using the equation if the
desired parameters are known.

The three parameters yield a simple model for reti-
cles that can be used to design FM reticles or analyze
existing ones. It is seen that the reticle transmission
function does not have to be separable in polar coordi-
nates for the parameters themselves to be separable.
In fact, it will be seen that the transmission function is
separable only when m(r) and p(r) are constant.

The frequency vs angle function f(O) encodes azi-
muth, or bearing, target information. In the litera-
ture,2 a reticle with a sinusoidal frequency vs angle
function with m(r) and p(r) held constant is referred to
as a spinning FM reticle. It is the classical case of the
FM reticle. However, the function f(O) need not be
sinusoidal and the parameters m(r) and p(r) do not
have to be constant. Also, the functional form of f(O)
can be discontinuous at some angular position. Older
FM tracking reticles contained a continuous f(O) to
impress only azimuth target information for seeker
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guidance with m(r) and p(r) held constant. These
reticles were inefficient for tracking since the rate of
seeker turning was not weighted with radial target
distance. This caused stability problems that resulted
in loss of track or target overshoot. Section III de-
scribes the frequency vs angle parameter in more de-
tail.

The frequency vs radius parameter m(r) involves
radial target location information. The classical case3

of the frequency vs radius parameter is a linear in-
crease in frequency as the target location increases
radially from the center of the reticle. Since a reticle
of this parameter encodes only radial location informa-
tion, this type of reticle is usually coupled to a phasing
sector, or a wedge of 0.5 transmission, to provide angu-
lar target information along with radial target infor-
mation. However, the phasing sector imposes unde-
sirable harmonic distortion on the radial target
location signal. There are current studies4 on tech-
niques for minimizing the phasing sector distortion
such as variations in sector geometries. Also, while
not shown in available literature, a combination of the
design parameters f(G) and m(r) in an FM reticle can
eliminate the requirement for a phasing sector and
along with it, its peculiar type of harmonic distortion.
Section IV describes, in detail, the idea of the frequen-
cy vs radius parameter in reticle design.

The phase or "spoke" function5' 6 p(r) of a reticle is a
parameter that can be adjusted to maximize or mini-
mize the reticle response to target shapes and sizes.
Targets with lines or edges that are collinear to a radial
line from the center of a reticle correlate well with
reticles of constant spoke functions. These large cor-
relations drown out signals of smaller targets and tar-
gets of large spatial variations. Spoke functions in the
shapes of curves and jagged edges provide reasonable
compensation for large, straight, and smooth back-
grounds. The spoke function is described in greater
detail in Sec. V.

The full capability of this technique for modeling
spinning FM reticles is realized in the design and anal-
ysis of reticles that combine two or three of the param-
eters. It is possible to design single variable FM reti-
cles with insight and intuition, but combining
variables is more easily accomplished with the model
presented in this paper. The design and analysis of
reticles that combine two or all three of the parameters
are illustrated in Sec. VI. This section demonstrates
that an arbitrary FM signal can be obtained from an
appropriately designed FM reticle. Also, given an
arbitrary FM reticle, the FM signal, i.e., its spinning
impulse response, can be found.

Ill. Frequency vs Angle
The frequency vs angle parameter provides azimuth

target information. Consider the simple rising sun
reticle shown in Fig. 1(a). Let 0 be the angular spatial
position on the reticle with the 0 = 0 location at the
right reticle edge and the 0 = 7r, -7r location at the left
reticle edge traversing in the counterclockwise direc-

o4t -ego e-Ym-~

a. Binary Form. b. Continuous-Tone Form.
Fig. 1. Rising sun reticle.

tion. Also, let r be the radial position on the reticle.
The spatial transmission function of the reticle is

T(r,O) = 1/2 + 1/2 sgn (cosmO), (1)

where m is the total number of spokes, or angular bars,
in the reticle. In this example, m is 10. The signum
function is equal to -1 when its argument is <0 and is
equal to 1 when its argument is 20.

The signum function provides a binary on or off of
the transmission characteristic of the reticle. For IR
systems it is often difficult to construct materials of
graded transmission accurately so the binary trans-
mission is often used. This creates somewhat of a
problem in tracking systems since the abrupt changes
in transmission cause higher frequency components on
the detector output of a spinning reticle system. It is
more general to analyze the behavior of FM reticles
without this constraint on the transmission. The reti-
cles discussed here, therefore, have continuous tone
transmission functions such as the reticle shown in Fig.
1(b) where the signum function has been removed.

If a point source were imaged onto the spinning
rising sun reticle, the signal of the total transmitted
light would be of sinusoidal form. If the point source is
relatively stationary with respect to the reticle spin
rate, the total light irradiance output from the spin-
ning reticle can be found by

oR 
I(t) = 1 j T(r,O)6[r - r0,O - (wt - 00)]rdedr

R '= LR I [1/2 + 1/2 cos(m0)6[r - r,0 - (wt- )]rdodr,

(2)

(3)

where R is the radial spatial extent of the reticle, r and
00 are the polar coordinates of the point source, and w is
the rate at which the reticle spins in radians per sec-
ond. Note that Eqs. (2) and (3) show the point source
spinning instead of the reticle. The reticle spinning is
an equivalent to the point source spinning if the point
source nutates around r = 0 (the point source moves
only in angle). The temporal response shown in Eq.
(2) is referred to as the spinning impulse response of a
reticle.

It is important to note that Eqs. (2) and (3) are 1-D
correlations of the reticle transmission function and
the delta function in the 0 direction. The correlation
of any function with a shifted ipulse, or delta func-
tion, is the function located at the delta function coor-
dinate. Therefore,

1(t) = A['/ 2 + /2 cosm(wt - Oo)], (4)
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Fig. 2. Angular cosine modulated reticle.

where A is the peak integrated irradiance of the point
source through the reticle transmission function.
Since the transmission function was not a function of r,
the output irradiance waveform is not a function of r.
Note the output is a pure cosine, or shifted sine, of
frequency mw/27r with a phase shift of mOo. The phase
shift is not useful in finding the angular point source
location since the waveform reproduces itself m times
for one reticle rotation and results in an ambiguity.
That is, there are m possible angular target positions
for the same phase shift. However, it should be noted
that, if m is equal to 1, the angular location of the point
source can be found. For m = 1, the reticle looks like a
circle composed of a semicircle permitting full trans-
mission and a semicircle blocking all transmission.
This type of reticle is referred to as a phase sector
reticle. Phase sector reticles are powerful tools when
coupled to the frequency vs radius reticle parameter.
While not addressed in this paper, they are a topic of
further investigation.4

It has been shown that the reticle in Fig. 1 has a
constant output frequency of mw/27r regardless of the
point source location in r or 0. For a FM reticle to give
angular target location information, an angular varia-
tion in frequency must be imposed on the reticle trans-
mission function. The case shown most often in the
literature for this variation of frequency vs angle is
shown in Fig. 2(a). The spatial transmission function
of the reticle is of the form

T(r,O) = 1/2 + 1/2 cosm(O + a cosO). (5)

The spinning impulse response of this reticle is

I(t) = 1/2 + /2 cosm[(t - 00) + a cosWt - 0o)I. (6)

The angular frequency content of the reticle can be
derived from the basic definition of frequency. For a
given transmission function

T(O) = 1/2 + 1/2 cosg(0), (7)

where g(O) is the transmission function's cosine argu-
ment, the frequency content of T(O) is the derivative of
g with respect to 0. Hence, f(O), the angular spatial
frequency content for the reticle described by Eq. (5),

: : , : 0 
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Fig. 3. Frequency vs angle functions with reticles.

f(O) = dg(O) = d [m( + a cosO)] = m(l-a sin). (8)

The frequency content of the temporal spinning im-
pulse response is found by simply taking the derivative
of its cosine argument with respect to time. That is,

(9)f(At) = - {m[wt - 0,) + a cos(wt - 00)]}

= mw[l - a sin(wt - 0)]

in radians per second. The frequency content of the
spinning impulse response is the frequency content of
the detector output signal. Note that the temporal
frequencyf(wt) and the spatial frequencyf(0) are of the
same functional form. The temporal frequency of the
spinning impulse response varies from (1 - a)mco/2r
when the point source travels through the 0 = 7r/2
location of the reticle to a frequency of (1 + a)mw/2r
when the reticle travels through the 0 = -7r/2 location
of the reticle. That is, the irradiance output is of FM
form where the frequency of the output signal follows a
sinusoidal variation of one period per reticle rotation.
The value of a for the reticle shown is 0.4. Two target
point sources are shown in Fig. 2(a). Figure 2(b) shows
the output frequency plotted with respect to cot for
target A and Fig. 2(c) shows the output frequency for
target B. The phase from the "t = 0 axis to the center
of the downward cosine slope is equivalent to the nega-
tive value of the angular target location in radians.

(10)
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The difference between the cosine peak for target A
and the cosine peak for target B is equivalent to the
angular offset between the targets. Note that these
waveforms are periodic with a period equal to the
reticle rotation time.

The simple angular FM reticle shown in Fig. 2 is of
the most basic periodic form. However, the variation
in frequency vs angle can be any function imaginable.
Some examples of reticles with other frequency varia-
tions in angle are shown in Fig. 3. The angular fre-
quency content f(O) is shown along with the corre-
sponding transmission function for each reticle. Note
that in each case the argument of the reticle transmis-
sion cosine function g(O) is related to the reticle angu-
lar frequency f(O) by its derivative

f(0) =dg(0) (11)
do

Consider a base angular spatial frequency of m cy-
cles per 2 rad and let f(O) either add to or subtract
from this base frequency. The reticle in Fig. 3(a) both
adds to and subtracts from the base frequency in a
linear manner from -7r to r. The reticle in Fig. 3(b)
only adds to the base frequency as a square function
with a minimum frequency of m at 0 = 0. The reticle in
Fig. 3(c) only subtracts from the base frequency with a
peak frequency of m at 0 = 0. The frequency content
of the reticle in Fig. 2 oscillates around its base fre-
quency in a sinusoidal manner. With a little work, it
becomes apparent that the frequency vs angle parame-
ter f(0) is the derivative of the cosine argument of the
reticle transmission function.

The spinning impulse response I(t) of the reticles
shown in this section can be found by simply replacing
o in the transmission function with (t - 00) and scal-
ing its amplitude to some peak integrated irradiance A.
The spinning impulse response is of the same function-
al form as the reticle transmission function. The fre-
quencies of the reticles (spatial and temporal) can be
found as shown previously for the reticle in Fig. 2. All
the frequency variations of the reticles in Figs. 2 and 3
have a period of cot = 27r. That is, the recurrence in the
frequency function is periodic in a time wt = 27r, or one
rotation of the reticle. This periodicity allows the
phase of the waveform to be used to locate the point
source. Now a restriction can be placed on the fre-
quency vs angle function f(0) for use in azimuth target
location determination. The function f(0) cannot re-
produce itself in a period <27r. Also, since the reticle
transmission will now allow f(0) to have a period >27r,
all the useful frequency vs angle functions will have a
period equal to 27r.

One last note on frequency vs angle reticles regard-
ing the separability of the reticle transmission func-
tion. If the reticle is purely of the frequency vs angle
type (i.e., constant radial frequency and constant
phase), the reticle transmission function is separable.
That is, the reticle transmission function can be writ-
ten T(r,0) = T(r)T(O). The reticles considered in this
section are of this form where T(r) = 1.

m(rr)Al
18 _

-

a. Lovell Reticle. b. m(r) Versus r.
Fig. 4. Lovell reticle with radial dependence.

IV. Frequency vs Radius
Unlike the frequency vs angle parameter, the fre-

quency vs radius parameter m(r) is nonperiodic. Since
the reticle is moving in the direction only, the spin-
ning impulse response repeats in angle but not in radi-
us. For the reticles presented so far, the number of
spokes or bars subtended onto a circular contour cen-
tered at the reticle origin for any radius is constant.
Therefore, radial target information was not contained
in these reticles.

In frequency vs radius FM reticles, the radial infor-
mation is obtained by changing the number of sub-
tended bars for circle contours of different radii. That
is, m(r) must change vs radius. The classic case of this
type of reticle is the Lovell7 reticle shown in Fig. 4(a).
For any circle drawn around the reticle origin, a cosine
of constant frequency lies under the circular arc. This
is a deceiving phenomenon since the reticle bars on the
left are smaller and closer together than the bars on the
right. The manner in which the arc subtends through
the smaller bars corrects the bar widths to be equiva-
lent. At any rate, the arc overlays a larger number of
bars as the radius increases. The reticle transmission
function for the reticle is

(12)T(rO) = + - cos[Om(r)] = - + 2 cos[0(18 -)].
2 2 2 2 L\RR

Note that the angular spatial frequency and the tem-
poral frequency of the spinning impulse response is
still found by taking the derivative of the cosine func-
tion with respect to theta or time, respectively. Also,
m(r) is not a function of theta and is considered a
constant in the derivative calculation. However, m(r)
can change the angular frequency since the frequency
of Eq. (12) is simply m(r) which increases linearly with
respect to radius.

The reticle shown in Fig. 4 has a linear one-to-one
mapping of r to m(r). A requirement for a useful
tracking m(r) function is that the mapping be single
valued. The m(r) function for the reticle in Fig. 4
satisfies the single value mapping constraint for track-
ing in the r direction. Consider the reticle shown in
Fig. 5(a) along with its m(r) vs r plot in Fig. 5(b). The
angular frequency vs radius parameter is

m(r) = 18expI-2(R2)l}. (13)

The reticle has a two-to-one mapping from r to m(r) for
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Fig. 5. Reticle with a Gaussian m(r).

all frequencies other than m(R/2) and there exists two
radial positions corresponding to a single frequency.
Therefore, the temporal frequency of the spinning im-
pulse response allows two radial target locations to
correspond to one temporal frequency. Hence, the
reticle would not be useful to locate a target in radial
position. This reticle shows the importance of the
single value mapping constraint.

One similarity to the f(O) parameter is that the m(r)
parameter can be any function imaginable with the
one-to-one mapping restriction. Some examples of
frequency vs radius reticles are shown in Fig. 6 along
with their corresponding m(r) and T(r,O) functions.

The reticle shown in Fig. 6(a) has an m(r) parameter
that begins with some nonzero frequency at a small
radius. This type of reticle may be useful for a track-
ing system that has an ac coupled detector that does
not respond well to signals at lower frequencies. In
fact, the slope of the m(r) curve adjusts the reticle
bandwidth so that the reticle frequencies can match
the temporal frequencies of the system electronics.
One last note about the reticle in Fig. 6(a) is that, if a
target were located at the center of the reticle, a dc
signal would be seen on the output of the detector.
When the target is moved to a small neighborhood of
the reticle origin, a jump in frequency occurs. Hence,
the m(r) function is discontinuous at the reticle origin.

The reticle shown in Fig. 6(b) has an m(r) function of
the squared form. This type of reticle may be used
when a larger frequency change is required to give a
tracking system more target location resolution. For
the reticle shown, the larger frequency change occurs
at the outer edges of the reticle. So the reticle may be
useful for tracking targets at a higher resolution
around the periphery of the reticle and at a lower
resolution near the reticle center.

The reticle shown in Fig. 6(c) is the converse of the
reticle in Fig. 6(b). The reticle has a larger frequency
change near the center of the reticle and a lower fre-
quency change near the periphery. This allows target
locations to be resolved better toward the center of the
reticle, much like human visual resolution. Also note
that the frequency change is negative as the radius
increases in contrast with the other frequency vs radius
reticles presented.

Now that various frequency vs radius reticles have
been presented and some insight to the m(r) parameter
has been gained, it is easy to verify that a frequency vs
radius reticle is designed by imposing a particular vari-

rni(r)
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Fig. 6. Frequency vs radius reticles.

ation in m as a function of radius. Also, m(r) is the
same base frequency presented in Sec. II. The base
frequency m(r) has a radial dependence and the angu-
lar frequency f(O) modulates on this base frequency.
The angular spatial frequency becomes a function of r
and 0,

freq(r,O) = m(r)f(O), (14)

where

f'°'= dg(O)
dO 

and g(O) is contained in the reticle transmission func-
tion

T(r,O) = 1/2 + I/2 cos[m(r)g(O)]. (15)

The spinning impulse responses of the reticles are
found as before with the exception that r is replaced
with r0. The temporal frequency content is also found
as before by taking the derivative of the spinning im-
pulse cosine function with respect to time. The tem-
poral frequency functional form is the same as the
angular spatial frequency functional form with r = ro
and 0 = wt - So.

V. Phase or Spoke Function
The last parameter of FM reticles is the phase or

spoke function p(r). Until this point, all our transmis-
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sion functions have been written with respect to some
phase reference. This reference has been the 0 = 0 line
on the reticle. This line can be thought of as a phase
line. The transmission function can be thought of as a
set of angular functions that occur on discrete radii.
The phase is the line where each discrete angular func-
tion begins. That is, the arguments of the angular
functions are zero and T(r,O) = 1 on this line.

In the early days of FM reticle design, it was found
that reticles that contained spokes with straight lined
edges correlated well with large objects with smooth,
straight edges such as clouds, horizons, and buildings.
These large correlations drowned out signals of small
targets which were usually the targets of interest. To
dampen the larger spatial signals, either a curvature or
a high frequency variation was imposed on the edges of
the spokes to decorrelate the reticle with large objects.
In fact, the type of spoke function used in a reticle
depended directly on the size and shape of the desired
target and the sizes and shapes of the expected back-
ground clutter.

Consider the rising sun reticle in Fig. 1. The reticle
has a constant f(O) and m(r) parameters of 10 cycles per
rotation as do all the reticles presented in this section.
The reticle also has a constant phase of p(r) = 0 at any
radius. That is, the transmission function cosine be-
gins, or is equal to one, on the 0 = 0 line for any radius
chosen. Now consider the reticle in Fig. 7(a). The
T(r,0) = 1 line, or the phase line, curves around clock-
wise as the radius increases. This curving is linear in
angle as the radius increases as shown in Fig. 7(b).
Note that the reticle looks different from the original
rising sun reticle but its f(0) and m(r) parameters are
equivalent. Hence, the phase or spoke function
changes the geometric shape of the spokes but does not
change the fundamental frequency variations of the
reticle.

The transmission function that describes the phase
reticles in this section is

p(r)= piecewise continuous.
p(r)

-yr

R

Reticle c.

Fig. 8. Various phase reticles.

T(r,O) = 1/2 + 1/2 cosilO[ + p(r)]I,

where
7r r

p(r) =--

for the reticle shown in Fig. 7(a).
reticle in Fig. 7(c) is

p(r) = 7r 2

(16)

(17)

The phase of the

(18)

Note that a linear increase in phase angle vs radius is
not a straight line in spoke geometry. Only a constant
phase can give a straight spoke line. The reticle shown
in Fig. 7(c) is similar to the linear phase reticle with the
exception of a squared dependence of phase angle on
radius. The reticle curves more toward its periphery
than the linear phase reticle. Figure 7(d) shows the
p(r) graph vs r for the reticle.

As in the last two sections, the variations in p(r) are
limitless. A few of these variations are shown in Fig. 8.
Again, the reticles all have constant f(0) and m(r) pa-
rameters of 10 cycles per 2r rad. Also, their corre-
sponding p(r) functions are presented. All their trans-
mission functions are described by Eq. (16).

The first reticle, Fig. 8(a), has a Gaussian phase
function. A one-to-one mapping is often not of con-
cern in phase functions since enhancement of the cor-
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relation of the spoke edge with target objects and sup-
pression of the correlation of the spoke edge with
background objects are the usual design constraints.
The reticle shown in Fig. 8(b) has an inverse exponen-
tial phase function. This type of phase function may
be useful in giving good correlation with straight line
targets near the reticle periphery while discriminating
against straight line targets near the reticle center by
providing a poor correlation. The reticle shown in Fig.
8(c) is a common reticle in applications of cloud filter-
ing. The higher frequency variation on the edges of
the reticle spokes appears to filter out clouds, horizons,
and other large objects well, while maintaining a good
correlation with smaller targets of interest.

All the reticles presented in this section have been
reticles of variation in phase only. Given this insight
in phase functions, it is possible to combine the phase
function with the other reticle parameters in the trans-
mission function. Now, for any given three reticle
parameters, f(O), m(r), and p(r), the reticle transmis-
sion function can be constructed

T~,)= -- + - cos[m~r) :~' f~a]cj (19)

where the spinning impulse response is found by re-
placing 0 and r with Oo - wt and r,, respectively.

VI. Combinations of Reticle Parameters
Equation (19) is an important relationship in that it

relates the FM signals (spatial and temporal) to a
reticle transmission function. Given any desired FM
signal, a reticle can be constructed to provide that
signal given a point object in the FOV. Or conversely,
given any FM reticle transmission function, the FM
signal or a spinning impulse response can be found.

A convenient means to analyze or synthesize a FM
reticle is to make use of its parameter graphs. For
example, the simple rising sun reticle can be complete-
ly described with the three parameter graphs shown in
Fig. 9(a). It has aconstant f(O), aconstant m(r), and a
constant zero phase. Figure 9(b) shows the parameter
graphs for the Lovell reticle in Fig. 4(a). The Lovell
reticle has a constant f(O), a linear increase in m(r) as r
increases, and a constant zero phase. Figure 9(c)
shows the parameter graphs for the reticle in Fig. 8(a).
The reticle has constant f(O) and m(r) parameters
along with a Gaussian phase function. The point is
that any FM reticle can be described with the three
frequency parameters. And once the parameters are
known, a straightforward evaluation of Eq. (19) allows
the generationi of the reticle transmission function.

Combinations of the three various types of FM reti-
cle have not previously been shown in the literature.
The usual treatments were that when one parameter
was varied, such as the spoke parameter, the other
parameters were held constant. To use a reticle for
finding a target in both the radial and azimuth direc-
tions, at the very least, nonconstant f(O) and m(r)
parameters must be imposed on the reticle. Then, to
correlate the reticle to a desired target and decorrelate
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7T 'T~~~ R

a. Rising Sun Reticie Parameters.
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Fig. 9. Reticle descriptions using FM parameters.
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Fig. 10. Marriage with two nonconstant parameters.

the reticle to background clutter, a phase function
must be imposed on the reticle.

To illustrate the integration of two nonconstant pa-
rameters, consider the reticle in Fig. 10(a). Figures
10(b), (c), and (d) show the f(O), m(r) and p(r) parame-
ters, respectively. The f(O) parameter is ofthe sinusoi-
dal form and angular target location information is
provided through the phase offset of the angular fre-
quency variation., The base frequency of the angular
frequency variation is contained in the m(r) parame-
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Fig. 11. Marriage with three nonconstant parameters.

ter. The m(r) parameter increases linearly as the radi-
al target location increases. The phase function for
the reticle was held constant and equal to zero. The
transmission function of the reticle was evaluated to be

T(r,O) = I + I cos{40 [0 + 0.4 sin(0)}. (20)
22 R

This reticle appears to be a powerful reticle in that it
provides a FM detector signal that is unique for every
point source target location in the FOV. In fact, the
reticle can be altered to match the electronic specifica-
tions of a tracking system. The m(r) slope and offset
along with the reticle spin rate can be fixed to corre-
spond with the tracking system electronics bandwidth.
Also, the modulation index of the angular frequency
variation can be set to provide a phase signal compati-
ble with the electronics.

There are an infinite number of parameter combina-
tions. Many combinations can be found that are more
elaborate than the reticle shown in Fig. 10. The reticle
in Fig. 11 has a combination of parameters where none
of the parameters was held constant. The f(O) param-
eter is of Gaussian form that is offset by a Gaussian
phase over the radial extent of the reticle. The Gauss-
ian phase function can be clearly seen by taking the
white bar at 0 = 0 point at the reticle periphery and
traversing it to the center of the reticle. The m(r)
function is of squared form where the frequency vs
radius increases toward the periphery. The bar pair
size at the 0 = 0 point on the reticle periphery is such
that 100 cycles would fit around the reticle parameter.
However, the bar pair size increases at a one over
Gaussian rate from the = 0 point.

It easy to get carried away and combine parameters
that may not provide a useful tracking FM reticle.
Each parameter must be evaluated closely to deter-
mine whether it can provide a useful signal for a partic-
ular tracking system and target/background scenario.
For example, the spoke size of a reticle may have to be
large for a specific application of a system to track large

targets. The large spoke limitation places an upper
limit on m(r). However, once the three parameters are
found to provide a useful signal, the reticle can be
generated using Eq. (19).

VII. Conclusion
Three parameters have been presented that com-

pletely describe any spinning type FM reticle. The
parameters were frequency vs angle, frequency vs radi-
us, and phase or spoke function of the reticle. A
simple relationship was shown relating the parameters
to a reticle transmission function. It was also shown
that a spinning impulse response of the reticle could be
found by replacing the spatial variables of the trans-
mission function, 0 and r, with cot + o and r, respec-
tively. co was the angular spin rate of the reticle and
(0o,ro) was the spatial location of the impulse or point
source. The temporal frequency of the output of the
single detector placed behind the reticle could be
found by taking the derivative of the spinning impulse
response with respect to t.

Since there is no one universal reticle that can satisfy
all applications, each parameter must be individually
specified for a particular application. Each parameter
must be analyzed to give an optimum signal on the
output of the detector due to a desirable target in
undesirable background clutter. Typical questions to
be answered in the specification of reticle parameters
are as follows: What type of spoke edges correlate well
with the desired target while filtering backgrounds?
What is the optimum size of the spokes for the desired
target size? What bandwidth does the detector elec-
tronics operate at? Is a higher resolution desired at
particular regions of the system FOV? Once the pa-
rameters are picked, it is a simple task to generate the
reticle.

Two areas that may be interesting for future study
using the three FM reticle parameters are as follows:
The first is the application of reticle theory to spatial
light modulators (SLMs). It appears that with insight
into the three reticle parameters, algorithms for modu-
lation schemes of tracking systems using SLMs are
similar to the requirements and limitations of FM
reticle design. The second area is the marriage of focal
plane geometries to reticle geometries. This includes
the marriage of SLMs to focal plane geometries. The
insight of reticle parameters may provide a means to
decide the optimum focal plane geometries for mar-
riage to certain types of reticle. This can even include
adaptive filtering since the capabilities of SLMs allow
an effective reticle pattern to change over time to
optimize the tracking response of regions that contain
candidate targets.

References
1. Editors of Photonics Spectra Magazine, The Photonics Dictio-

nary (Laurin Publishing Company, Pittsfield, MA, 1988), p. D-
104.

2. R. 0. Carpenter, "Comparison of AM and FM Reticle Systems,"
Appl. Opt. 2, 229-236 (1963).

3. R. D. Hudson, "Optical Modulation," Infrared System Engineer-
ing (Wiley, New York, 1968), p. 235.

894 APPLIED OPTICS / Vol. 30, No. 7 / 1 March 1991

e I- I/ 

a.

m(r)

100-

r
R

.j9=



4. M. Meads, G. Boreman, R. Driggers, and C. Halford, "Effect of
Phasing Sector Angular Extent in FM Reticles," Opt. Eng., sub-
mitted.

5. Z. W. Chao and J. L. Chu, "General Analysis of Frequency-
Modulation Reticles," Opt. Eng. 27, 440-442 (1988).

6. L. M. Biberman, Reticles in Electro-Optical Devices (Pergamon,
New York, 1966).

7. D. J. Lovell, "Electro-Optical Position Indicator System," U.S.

Patent 2,997,699 (22 Aug. 1961).

1 March 1991 / Vol. 30, No. 7 / APPLIED OPTICS 895


