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Missile Guidance for Low-Altitude Air Defense

F. William Nesline*
Raytheon Company, Bedford, Mass.

Practical design considerations for a low-altitude radar-guided air defense missile are presented. Low-altitude
target signals return to the receiver mixed with large clutter signals from ground and large multipath signals from
smooth sea. The doppler effect and the Brewster angle effect are used to separate true target returns from clutter
and multipath contaminations. Sensor design factors, including clutter and multipath rejection, doppler
resolution, and sensor stabilization, are discussed in the context of a complete missile guidance and control -
system. Basic contributors to miss distance are discussed with a quantitative miss distance example showing the

role of missile lateral acceleration capability.

Nomenclature
hyy =missile height above ground
hr =target height above ground
K =stabilization gain
m =error angle between target and image
N, =NyVe/Vy ,
N =navigation ratio
R =horizontal missile-to-target range; radome refrac-
- tionslope
R, =missile-to-target range
R, =missile-to-image slant range
Ry = missile-to-image range
Ryy  =missile-to-target range
r =magnitude of image return relative to magnitude of
target return
T, =seeker tracking time constant
T, =resultant airframe/autopilot time constant
T, =missile angle-of-attack to velocity vector angle rate
(/) ,
Yy, =missile coordinate
Y, =target coordinate
¥ =time to go before intercept
¥ =rate of change of missile velocity vector angle
Afp =1image-target doppler frequency
€ =seeker error angle
A =wavelength
Ar =missile-to-target line-of-sight
A =rate of change of line-of-sight to the target
0} = phase angle of resultant relative to target return
' =phase angle of s
() =time derivative

Introduction

UCCESSFUL missile guidance for low-altitude air

defense poses special problems for the sensing instrument,
as well as for the guidance algorithms. The sensor must
separate the target return from the clutter return over ground
and rough sea. Over smooth water or land, the sensor must
separate the target from its image reflected from the surface.
In a practical system, the doppler effect is used to separate the
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ground clutter from the target return, and the Brewster angle
effect is used to separate the image return from the target
return. Semiactive continuous-wave (CW) guidance is perhaps
the most effective implementation of these principles in
operational use today to accomplish low-altitude air defense
over land and water. This paper describes practical design
considerations of such a system, including seeker clutter
rejection, feedthrough rejection, doppler resolution, radome
refraction slope, and missile acceleration capability. Guidance
algorithms and the basic contributors to miss distance are
discussed. Quantitative examples of the use of miss distance in
system design are given. The fundamental soundness of the
principles described in this paper has been proved in many
low-altitude air defense systems operational today.

Principles of Continuous-Wave
Semiactive Homing

The basic principles of a continuous-wave (CW) semiactive
homing missile system are presented to provide the concepts
for evaluation of missile guidance for low-altitude air
defense.

A semiactive homing system!* requires a radar to
illuminate the target and provide a reference rear signal to the
missile. Figure 1 shows these desired signals reeived at the
missile, along with the two main undesired signals that cannot
be avoided—feedthrough and clutter. Feedthrough is received
by the missile directly from the illuminator’s main beam, and
ground clutter is received by the missile from backscatter of
the main beam off the ground.

A representative amplitude-vs-frequency plot of these
signals is shown in Fig. 2 for a head-on low-altitude intercept.
Because the missile is moving away from the illuminator, the
rear reference and feedthrough are frequency shifted down
from the transmitted frequency by the doppler frequency
Vy /N where V), is the missile speed and A is the transmitted
wavelength. The target signal is shifted up in frequency by
2 (Vy+Vy)/\, where V; is the target speed. The ground
clutter is spread in doppler but peaks near V,,/\ above the
carrier frequency. When the target signal is detected against
the rear reference signal, the feedthrough occurs at zero fre-
quency, the clutter peak is at 2V,,/\, and the target peaks at
2 (Vy+Vy)/Nor 2V /N, where ¥ is the closing speed.
Figure 2 also shows the internal system noise generated by the
missile receiver. Notice that the signal must be larger than
system noise, but both the clutter and the feedthrough can be
larger than the target signal. However, because of its doppler
shift, the target signal can be separated from these competing
signals by a narrow-band filter centered at the target doppler
2 V~/\. This ability to filter and reject large ground clutter is
one reason for the low-altitude effectiveness of CW homing
systems.
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* Since closing speed is a function of the intercept geometry,
the doppler filter center frequency must be variable. A closed-
loop doppler tracker accomplishég this function. This doppler
tracker has two outputs: 1) an out ut proportional to doppler
frequency, which is used to gene{ate closing speed for the
proportional  navigation guidance law; and 2) the target
signal, which'is used for angle tracking. The angle tracker’s
main function is to generate an estimate of the inertial line-of-
sight rate. To accomplish this objective, the angle tracker
must a) point the seeker antenna at the target to maintain
‘target track, and b) stabilize the seeker against missile pitching
motions, which could be interpreted as target motions.

The closing velocity and line-of-sight rate estimates are used
to compute acceleration commands that are subtracted from
the actual missile acceleration, as measured by an ac-
celerometer. The difference is used to drive control surfaces
that generate missile normal force for guidance. This force
creates an undesired disturbance because it pitches the missile,
thus causing the radome to move with respect to the seeker
antenna and the target, resulting in a new equivalent radome
refraction angle. The change in angle appears to the seeker
exactly like a target line-of-sight rate, as shown graphically in
Fig. 3.

The missile and seeker are initially in position 1 with respect
to the target, and the missile pitches to position 2. The new
position of the radome causes the upper and lower parts of the
wavefront to be attenuated differently, which the seeker
interprets as a change in angle to the target. The equivalent
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radome refraction can cause a positive €, or negative e,
boresight error shift. Both positive and negative boresight
error shifts are important in the design because these shifts
increase miss and may actually lead to system instability. To
first order, positive shifts lower guidance gain and lengthen
the guidance time constant, while negative shifts raise the
guidance gain and shorten the guidance time constant to the
point where missile instability can occur. The seeker interprets

-a negative shift as a downward target maneuver and drives the

antenna so as to pitch the missile even further down, which is
unstable feedback. The guidance design must avoid such an
instability.

A good guidance design must also solve the problems of
acceleration sensitivity of components, as well as elasticity of
the missile structure. These problems will not be considered
because they are not unique to semiactive homing systems.
However, any CW semiactive homing system must deal with
the target doppler shift, reference signal, feedthrough, clutter,
seeker tracking, antenna stabilization, and radome refraction
slope compensation. The antenna stabilization and the
radome refraction effects are important factors in the low-
altitude design in that their values and variations influence the
achievable effective navigation ratio for homing. When
engaging low-altitude targets over highly reflective terrain,
the missile’s angle tracker must avoid tracking the radar
mirror image of the target. Note that the illuminator tracking
error is not significant so long as the target is illuminated. In a
homing system allowable tracking errors may be large without
degrading miss distance, while in a command guidance system
such tracking errors lead to large miss distances. The im-
portant multipath in the homing system occurs from the
interaction of the direct and reflected target return at the
missile seeker. However, the missile-to-target geometry
produces a steeper grazing angle for the reflected wave than
exists for the stationary radar tracking geometry. This steeper
grazing angle results in a much smaller reflection coefficient
for a vertically polarized wave than for a horizontally
polarized wave. In fact, for each frequency and terrain
condition, there is a grazing angle (called the Brewster angle)
that minimizes the reflection coefficient for vertically
polarized waves.> Values for the reflection coefficient may be
as low as 0.1 or 1.2, even over calm sea. These low values of
reflection coefficient mean that if vertical polarization is used,
the multipath interference over the flight is minimized.
Consequently, the seeker in the final stage of homing resolves
the true target from the image and produces small miss even at
long range and very low altitudes.

Guidance Signals during Image Interference

Target Tracking

Because the semiactive CW seeker guidance signal is
completely free of ground clutter, the major contamination of
the guidance return signal is from reflection of the target
return signal from the surface,® as shown in Fig. 4. Over
smooth sea or ground, this reflection is mirrorlike, producing
an image of the target below the surface. The net signal at the
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Fig. 5 Elevation error produced by image.

seeker is the vector sum of the direct target return and the
image return. As the missile and target move toward each
other, the phase of the image return rotates with respect to the
direct return to prodice resultant amplitude and frequency
modulations. For a conical scan seeker the directional error
signal is the ratio of the modulation of the composite signal to
its amplitude:

—m rcos(y—o)
T 1 cosg +r cos(y— )

&)

where € is the seeker error angle, m is the error angle between
the target and the image, r is the magnitude of the image
return relative to the magnitude of the target return, y is the
phase angle of s, and ¢ is the phase angle of the resultant
relative to the target return.

As the target moves, the boresight error alternates between
maximum and minimum values:

emaxzrn[r/(l_r)] (2)
Emin =mLr/(1+r)] 3)

Figure 5 shows the elevation error produced by an image vs
phase angle between the target and the image over the
complete cycle of reinforcement and cancellation. Clearly, the
average signal is on the target, and as the amplitude of the
image return reduces, the angular error fluctuation about the
true target signal reduces.

Ground Lobes from Target-Image Interference

The effect of target and image enhancement and can-
cellation is to produce ground lobes. For the geometry shown
in Fig. 4, the two path lengths from target to seeker are given
by

R2=R2+ (hy,—h;)? e
RI=R?+ (hy+hp)? i 5)
where R, is the missile-to-target slant range, R, is the missile-
to-image slant range, R is the horizontal missile-to-target
range, h,, is the missile height above the round, and, 4 is the

target height above the ground. The difference in path length
is

D=R,—R,=4hyhs/(R,+R;) (6)
The lobes of the interference pattern are obtained by letting D
equal integral numbers of wavelengths. At long range,

compared to the target height, define

R, +R,=2L ' M
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Fig. 8 Geometry of low-altitude interception problem.

Then the difference in path length is

_4hyhy  2hyhg cosh

D
2L R, ®

where 6 is the angle between the lobe and ground, and R, is
the slant range from missile to ground just below the target.

Reflection Coefficients

For a radar target located near a reflecting surface, the
magnitude of the signal reflected by the surface compared to
the magnitude of the direct signal is defined as the reflection
coefficient. For horizontal polarization this coefficient is
approximately unity for all grazing angles, thereby producing
large peaks and deep nulls in the lobing structure. Such a
lobing structure leads to erratic tracking of the target.
However, if vertical polarization is used, the reflection
coefficient drops sharply with increasing grazing angle until a
minimum is reached,” after which a gradual rise occurs. The
value of grazing angle at which this minimum occurs varies
from about 8 deg, for 3-cm waves over a smooth sea to 27 deg
for dry sandy soil, as shown in Figs. 6 and 7. For missile
homing the trajectory can always be shaped to give grazing
angles that yield small reflection coefficients—certainly less
than 0.5 and more likely in the region less than 0.2.

Trajectory Relationships

In a proportional navigation homing missile, the velocity
vector turning rate is controlled proportional to the angular
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line-of-sight rate to the target:
¥=NAr Q)

where N is the navigation ratio, 4 is the rate of change of the
missile velocity vector angle, and )\T is the rate of change of
the line of sight to the target.

From the homing geometry shown in Fig. 8, assuming small
angles, a constant missile and target velocity, and a constant
altitude target,

Y, —-Y Y —-Y
Ap= r—Yu _Yr—'m (10)
Ry Ver

where A is the missile-to-target line of sight, Y is the target
coordinate, Y,, is the missile coordinate, Ry is the missile-
to-target range, and 7 is the time of flight to go before in-
tercept. Thus

d /Y. —Y
‘=N-—(u> 11
v dr Ver (tn

or integrating both sides
Yy=(N/Ver)(Yr—Yy)+C (12)
but
Y=Y/ Vy 13)
Therefore,

NV Yy _NVy ¥

Y+ —H +VyC 14

MU Ve 7 Ve 7 M a9
The solution of this equation for Y,, gives the missile
trajectory as a function of time. Note that the trajectory is
fixed by the parameter NV,,/ V., defined as N’, the effective

navigation ratio. Solving, we get

7=‘(‘}\77(3“%<%>(N1—”*(N770_1) (15)
= [(5)-(5)"] as

Where 7, .is the time of flight at the beginning of the
engagement; the missile flies this trajectory through the lobing
structure of the target-image interference pattern. The angle
between the missile flight path and the particular lobe that the
missile is in is given by (see Fig. 8)
a=[(Yy +h)/R1+v (V! V) (7
The distance between two lobes along this flight path is
d=N\2h«a (18)

and the frequency with which lobes are being cut is

f=Vc/d lobes/s (19)
Therefore,
vV (N=2y  2h? 2
f= 2hvoVu (L) i) (T_o> 20)
AR, Ty AgRy \ 7

The minimum frequency is found by differentiating Eq. 20
with respect to 7, setting the result to zero, solving for 7

min
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and substituting
£ =(’LT)‘2N"2”N' 2N Ve [(N’—2)VM70]2’N(21)
min R, (N'=2) X 2V,

The lobe- cutting rate for a given example is shown in Fig. 9.
The grazing angle durmg flight determines the reflction
coefficient and is

Yy +2h,
R

Wl ) o

Grazing angles for the same application are shown in Fig. 10.

= (22)
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Guidance Noise from Lobe Cutting

If the homing missile has a guidance bandwidth of 1 to 2
rad/s, and the minimum lobe-cutting rate is 4 to 6 Hz or 25 to
38 rad/s, the missile virtually ignores perturbations in
trajectory caused by lobe cutting. The acceleration of the
missile caused by lobe cutting for a reflection coefficient of
0.5 is shown in Fig. 11. Note that the maximum acceleration is
of the order of 1 to 2 g and that this reduces to zero as the
missile. appproaches intercept. For a smaller reflection
coefficient, the missile acceleration is negligible.

Doppler Resolution

As the missile dives onto a target over highly reflective
terrain, the target return differs from the image return in
doppler frequency, as well as in amplitude. If this doppler
spread exceeds the doppler tracking speedgate bandwidth, one
of the signals will be resolved. After doppler resolution, image
interference does not occur. The range at which resolution
occurs depends on the doppler bandwidth and the target
altitude. A planar formula for differential doppler derived
from Fig. 121s

AS
Afp = — 24
A
. Ry 2(hyh+hrh
AS = [ ]Rm 2y thrhi) g
RMI RMI
where
Ry =V (Rfvn' +4hyhr) & (26)
AS =Ry — Ry 27)

For proportional navigation homing the missile velocity
vector leads the line-of-sight angle, as shown in Fig. 12.
Calculations of target altitude from 100 to 500 ft were made
and plotted in Fig. 13 for a 15-deg missile dive angle.

Figure 13 shows that for a 1000-Hz doppler bandwidth, the
last 710 ft of homing against a target flying at 100-ft altitude
is free of multipath. This is 0.23 s to go, which is not enough
time to maneuver. However, if the target altitude is 500 ft,
doppler resolution occurs at 3500-ft range. At 1000-ft
altitude, resolution occurs at 7000-ft range, which isover 2.3 s
to go. Therefore substantial guidance corrections can be made
if needed, and the last 2.3 s of fllght is completely free of
image interference.

Image Interference Summary

For low-altitude intercepts, interference between the target
return signal and its image can occur over highly reflective
land or water. Vertical polarization and an appropriate
missile dive angle are used to minimize this interference.
However, even for relatively high values of reflection coef-
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Fig. 12 Doppler resolution geometry.
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ficient, the missile’s flight through the lobbing pattern of the
target-image pair produces an angle noise frequency that is
high compared to the guidance bandwidth. Therefore, missile
acceleration commands caused by multipath interference are
small. Finally, the terminal homing dive angle, closing
velocity, wavelength, and seeker doppler bandwidth deter-
mine a range at which the seeker can resolve the target from
the image in doppler frequency. Once this resolution occurs,
guidance is completely free of image interference.

Missile Acceleration Effects
Introduction

The missile acceleration developed from its guidance
commands causes body pitch rates that contaminate the line-
of-sight rates measured by the seeker. The seeker is stabilized
in inertial space to minimize this contamination, but perfect
stabilization cannot be achieved. Imperfect stabilization
affects homing dynamics by changing both the effective
navigation ratio and the missile guidance time constant.’
However, at low altitude and high velocity, only the change in
effective navigation ratio is important because miss is
proportional to effective navigation ratio for scintillation,
fading, and receiver noise.? Radome refraction slope effects
modify the degree of imperfect stabilization required to
achieve small miss distance at low altitude. In addition to
adequate seeker stabilization, it is necessary that the missile be
capable of developing adequate acceleration levels to ensure
small miss against an accelerating target.

Guidance Transfer Function

The guidance transfer function with imperfect stabilization
and radome refraction slope is derived from the linearized
miss distance dynamics depicted in Fig. 14. The miss distance
in each case depends on N’ ., the effective navigation ratio.?
The missile trajectory position is computed from its ac-
celeration and subtracted from the target position. This error,
when evaluated at the end of the flight, is the miss distance.
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Fig. 13 Target-image doppler frequency.
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Since the seeker measures angles, the position error is divided
by range. The seeker dynamics differentiates and smooths this
angle to get an estimate of the line-of-sight rate ;. Propor-
tional navigation guidance multiplies this estimate by N, the
effective navigation ratio, and V., the closing velocity
estimate  derived from the doppler tracker. The resulting
acceleration command is applied to an acceleration autopilot
that moves wind or tail control surfaces so as to develop the
commanded acceleration, thus completing the trajectory loop.
The rotational loop also derives its input from the missile
lateral acceleration. The simplified transfer function to pitch
rate is

6 _(I+T,5)
N, Vi

In

(2%

where T, is the a/4 time constant. This pitch rate signal
drives the seeker’s stabilization system, which operates so as
to remove missile pitching from the line-of-sight rate estimate.
Because stabilization is imperfect, the line-of-sight rate used
for guidance will be contaminated by missile pitch motions.

The fundamental signals that contribute to miss distance in
Fig. 14 are target maneuver, scintillation noise, and angie
noise in the seeker. Target maneuver produces miss only to
the extent that missile dynamics are too slow to keep up or
that the missile maximum acceleration is inadequate. Scin-
tillation noise is wander of the apparent radar center at the
target caused by the complex shape and motion of the target.
Angle noise has two components—one is range dependent and
the other range independent. Range-dependent noise is
receiver noise and is large at long range. Range-independent
noise, also called fading noise, is caused by amplitude fluc-
tuations of the target signal that occur at the information
frequency in the missile receiver—for example, at. the conical
scan frequency of a conically scanning missile seeker.?

With' imperfect stabilization as a simple gain K and
radome refraction slope as another gain R, the transfer
function from actual line-of-sight rate, XT, to missile ac-
celeration is

T NoVe 9)
Xy [U+N,(Ks+R)1X
where
e [1+ T,+T,+N,T,(Ks+R) T,T,S? ]
I+N,(Ks+R) (1+N,(Ks+R)
(29a)

where N, =NgV./V,,, K is the stabilization gain, R is the
radome refraction slope, T, is the seeker tracking time
constant, T, is the resultant airframe/autopilot time constant,
and T, is the missile angle of attack to velocity vector angle

. rate (a/¥) time constant. At low altitude and high velocity,
the missile-turning-rate time constant 7, is small; so the only
significant effects occur in the gain function.

Ideal Effective Navigation Ratio

If we solve the ideal proportional navigation equation for
missile acceleration due to target acceleration normal to the
line of sight, we get

(N'=2) €3]
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Clearly, the effective navigation ratio must be greater than 2
to keep missile acceleration bounded. A typical lower limit on
N’ is 2.3. At this limit the final missile acceleration level is
almost eight times the target acceleration. At N’ =3, the final
acceleration is three times the target’s acceleration. The upper
limit on N’ is determined by the miss due to noise.

Imperfect Seeker Stabilization

The effective navigation ratio with zero radome refraction
slope is

Ny =Ny/ (1+NyKs) 32)

Representative engagément numbers may be Nj=3 and
Ny=NyV/Vy=2.4. Then if N’ is to be kept from dropping
below 2.3, K must be 0.068.

If engagement factors (V. and V,,) are known ahead of

time, N, can be adjusted to compensate for this drop in ef-
fective navigation ratio. Thus, Fig. 15 shows a plot of

NI — ’

K= 0 off 3
s NgiNo(Ve/ Vig) Y
for different values of the parameters N; and N/, at a given
V./V,, ratio. A practical stabilization gain might be 0.05,
although lower values may be found in state-of-the-art
seekers. To achieve an effective navigation ratio of 3 at a
stabilization gain of 0.05 requires N;=3.9. Therefore
achievable stabilization gain determines the design value of
Nj.

Radome Refraction Slope Effects

Radome refraction slope effects modify the stabilization
gain setting previously dscribed because N/ now changes
according to both stabilization gain and its parallel path
radome refraction slope.® However, unlike K, the value for
R is not a constant but varies over a range of negative to
positive values, with the resuit that the effective navigation
ratio cannot be held constant. If R varies +0.03, Nj =4, and
K;=0.055, then the effective navigation ratio varies as
follows:

, _3.48at negative R (34)
eff — 2,65 at positive R

Therefore we see that practical values of stabilization gain and
radome refraction slope interact to determine the attainable
effective navigation ratios at low altitude. Achievable miss
distance will depend on these navigation ratios.

Effect of Limited Missile Acceleration Capability

The missile acceleration capability is especially important at
low altitudes where aircraft targets are capable of violent
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Fig. 15 Stabilization required to achieve effective navigation ratio.
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Fig. 16 Effect of acceleration limit on miss distance.

maneuvers, particularly if they are trying to evade defensive
missiles. Analysis of ideal proportional navigation without
time lags given shows that the required missile acceleration is
larger than the target acceleration by the factor N’/ (N’ —2).
For N’ =3, this factor is three, so that a 3-g target maneuver
would ideally require a 9-g missile maneuver. Practically,
however, the missile must contain time lags as previously
discussed. The presence of these time lags increases the ac-
celeration required by the missile. A forward model computer
study was performed on the system discussed previously with
no radome refraction slope and with perfect stabilization, i.e.,
Kg=0. The missile acceleration limit was included and the
results are shown in Fig. 16 for a 5-g target maneuver. If the
missile has a long time of flight, it will reduce the miss to zero
even with a limited g capability. However a 15-g limit
(3X Ny) yields large miss even at relatively long times of
flight. If the missile has an unlimited acceleration capability,
the miss reduces to a small number for 5 or 6 s of homing after
the maneuver occurs. This performance is approached rather
closely by a missile having 20 to 25 g. Therefore, we see that
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the missile should have about five times the maneuvering
capability of its targets to obtain the full performance
capability of the guidance system.

Summary and Conclusions

Practical design considerations for a low-altitude radar-
guided air defense missile have been presented. The effects of
surface clutter have been eliminated by using a semiactive CW
seeker. The effects of multipath have been eliminated by using
vertical polarization and a lofted trajectory to obtain grazing
angles that minimize multipath reflections. The effects of
doppler resolution, seeker stabilization, and radome
refraction slope on system performance have been discussed.
It is shown that, even at low altitudes, seeker stabilization and
radome refraction slope interact to influence the effective
navigation ratio and hence miss distance caused by noise. The
effect of limited missile acceleration on miss distance is
discussed, and it is shown that the missile should have about
five times the target acceleration capability to attain the full
performance capability of the guidance system.
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