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Adaptive Radome Compensation Using Dither
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A technique is presented for estimating a radar homing missile’s radome slope by the use of a nondestructive
dither signal on the acceleration command. A planar example is presented in detail showing how bandpass filtering
is used to extract the radome slope estimate and then to compensate for unwanted radome aberration angle effects.
A second example is presented showing how Kalman filtering techniques can also be used for the same planar
example to estimate the radome slope. Although the Kalman filter approach does not yield superior radome slope
estimates, it does provide a solid framework so that the radome slope estimation technique can be extended to the
more realistic three-dimensional case where cross-plane slopes are important.

Introduction

LL endoatmosphericradar homing missiles have a radome at

the front end to protect the missile seeker from the airflow. In
addition to being durable, the radome must also allow the incoming
signal, i.e., reflected energy off the target, to be passed without too
much attenuationor distortion. However, because the incoming sig-
nal is passing through several different media, a refraction or bend-
ing of the signaltakes placebeforeitreachesthe seeker, whichin turn
causes a false indication of the target location. The false target lo-
cationindication causes the missile flight control system to respond
in the wrong way, i.e., missile goes up when it should go down and
vice versa. In other words, the radome refraction effect is destabiliz-
ing to the missile guidance system. The stability problem becomes
more severe as the interceptor engagement altitude increases.

One approach for alleviating the radome refraction problem is
to increase the missile guidance system time constant. Although
this technique is easy to implement, it tends to increase the miss
distance over that which could be achieved at the lower altitudes
where the guidance system time constantis smaller. A more popular
technique for alleviating the radome refraction problem is by using
compensation tables stored in the missile flight computer. In this
case, a representative radome is measured or mapped extensively
in an anechoic chamber, and the resulting measurements are stored
in the missile’s flight computer to compensate in flight for radome
refraction effects. The effectiveness of the technique depends on
the accuracy of the measurements, i.e., radome aberration angle.
Significant degradation may take place if the test radome differs
significantly from the flight radome or if the radomes electrical
characteristics are not the same at room temperature, i.e., where
the measurements are taken, as they are in flight.! Traditionally,
the radome issue has limited the high-altitude performance of all
radar-guided aerodynamically controlled missiles.

The purpose of this paper is to suggest a way of alleviating the
radome refraction problem, which in turn would improve the high-
altitude performance of the interceptor. It will be shown that the
radome slope (important parameter related to radome aberration
angle) can be estimated quickly during the missile flight by using
a dither signal and simple bandpass filtering to extract useful infor-
mation. Knowledge of the radome slope leads to a determination of
the radome aberration angle, which in turn can be used to compen-
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sate for the actual unwanted aberration angle that contaminates the
guidance signal.

A simplified planar example is presented illustrating adaptive
radome compensation for the case in which the radome slope is
constant. It is recognized that extensive modifications would have
to be made to the adaptive radome estimation technique described
to the more realistic case where the slope is not constant and cross-
plane slopes are also present. However, it is also believed that the
step by step approach taken suggests ways and provides a practical
engineering framework in which the more complex problem can be
addressed.

Minimum Guidance System Time Constant

References?2 and 3 show that the radome aberrationeffects create
an unwanted feedback path in the missile guidance system, which
can cause stability problems. Figure 1 presents a block diagram of
a simplified fifth-order binomial proportional navigation guidance
system with radome effects included. In this diagram, missile ac-
celeration n; is subtracted from target acceleration ny to form a
relative acceleration. After two integrations, we have relative po-
sition, which at the end of the flight is the miss distance y(fr). A
division by range Ry yields the geometric line-of-sightangle A.

The missile seeker, which is represented in Fig. 1 as a first-order
filter with a derivative in the numerator, attempts to track the target.
Effectively, the seeker is taking the derivative of the noise contam-
inated geometric line-of-sight angle, thus providing a noisy mea-
surement of the line-of-sight rate. The noise filter, which is rep-
resented in Fig. 1 as a single-pole low-pass filter, must process
the seeker measurement and provide a smoothed estimate of the
line-of-sight rate. A guidance command 7. is generated, based on
the proportional navigation guidance law, from the noise filter out-
put. Because the interceptor acceleration capability is finite, the
acceleration command is limited to acceleration value n;,,. In tac-
tical aerodynamically controlled missiles, the flight control system,
which is represented as a third-ordertransfer functionin Fig. 1 (two
time constants for the aerodynamics and one time constant for the
autopilot), must by moving control surfaces cause the missile to
maneuver in such a way that the achieved acceleration matches the
desired acceleration.

The important elements in the unwanted feedback path due to
radome slope effects have been shaded in Fig. 1. The key param-
eters in radome analysis are the missile turning rate time constant
T, the radome slope R, and the missile velocity V),. The turning
rate time constantis a measure of the time it takes to turn the mis-
sile flight-path angle through an equivalent angle of attack. Larger
values of turning rate time constant tend to exacerbate the radome
problem. The turning rate time constant increases with increasing
altitudeand decreasingmissile velocity. Therefore, the radome prob-
lem becomes especially important at the higher altitudes.
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The radomerefractionor aberrationangler varies with the missile
look angle A — 6 (line-of-sightangle minus missile body angle). The
radome slope is defined as the rate of change of the aberrationangle
with the look angle or

Ro_9
d(x — 0)

Although the radome slope varies during a flight it is often conve-
nient to think of the slope as a constant. Often radomes are char-
acterized by their largest negative and positive slope values. Large
positive or negative slope values tend to exacerbate the guidance
system stability problem.

In the presence of radome slope, the missile guidance system
transfer function can be derived from Fig. 1, i.e., neglecting accel-
eration saturation effects, and can be shown to be given by

no_ N'V.
A L+ GT/5P + (N'V.R/ Vi) (1 + Ts)

where T is the guidance system time constant. We can see from
the preceding equation that if the radome slope is zero the guidance
system transfer function reduces to a fifth-order binomial. One can
show mathematically>? that if the ratio of the turning rate time
constant to the guidance system time constant is greater than unity
or

T,/T > 1

then the guidancesystem transfer will be stable only if the following
inequality is satisfied:
N'V.RT,
-0.79 < ——— < 2.07
VuT

M

Therefore, if the radome slope is negative, we can find from the pre-
ceding inequality that the minimum guidance system time constant
to yield a stable guidance system is given by

_ N'V.RT,
079V,

whereas for positive radome slopes the minimum guidance system
time constant to yield a stable guidance system turns out to be

r _ NV.RT,
T 207V

We can see from the preceding relationships that engagements
with larger closing velocities, i.e., ballistic targets, or those taking
place at high altitudes, i.e., larger turning rate time constant, will
require a larger missile guidance system time constant to keep the
guidance system stable. However, as already mentioned, the larger
guidance system time constants will also tend to increase the miss
distance.

Table1 Guidance system parameters

Name Symbol Value
Guidance system time constant T 03s
Turning rate time constant Ty 5s
Missile velocity Vi 4000 ft/s
Closing velocity Ve 6000 ft/s
Effective navigation ratio N’ 3
Missile acceleration limit Nlim 20 g
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Fig.2 Positive and negative radome slope can degrade system perfor-
mance.

To check the preceding formulas, several simulation experiments
were conducted using the value of the various guidance system
parameters shown Table 1.

Using the values of Table 1 and the preceding formulas we can see
that a minimum guidance system time constantof 0.28 s is required
for a negative radome slope of —0.01 and 0.32 s for a positive
radome slope of 0.03. Figure 2 shows from a simulation point of
view how the miss dueto a 3-g step targetmaneuver varies with flight
time for radome slope values of —0.01, 0.03, and 0, respectively,
when the missile guidance system time constant is 0.3 s. We can
see from Fig. 2 that the miss is quite large for the positive radome
slope, is oscillatory for the negative radome slope, and is small and
well behaved for zero radome slope, thus confirming the theoretical
formulas for the minimum guidance system time constant. The goal
of adaptive radome estimation will be to improve both the negative
and positive radome slope performance of the guidance system. If
the radome slope can be accurately estimated, then compensation
techniquescan be used at higher altitudes to improve overall system
performance.

Bandpass Filters

Bandpass filters are well known in signal processing and can
be used to extract a sinusoidal signal of known frequency that is
embedded in noise. One set of such filters has the transfer function

Ks"

L —1,2.3,...
(1 + 5 /) "

H(s) =

where 2n determinesthe filter order and the gain K canbe chosento
provide unity transmission at the bandpass filter natural frequency
wg.

It is often easier to understand bandpass filter properties in the
complex frequency domain, i.e., replace s with jw. Table 2 presents
second-, fourth-, and sixth-order bandpass filters transfer functions
in the Laplace transform domain and the magnitude of the transfer
function in the complex frequency domains. The gain K for each
of the filters has been chosen to provide unity transmission at the
bandpass filter natural frequency wj.

The magnitudes of the different order bandpass filters are shown
in Fig. 3. We can first see that all filters have unity magnitude at
10 rad/s, i.e., the bandpass filter natural frequency in this example.
Next we can see that as the filter order increases, the amount of
attenuationat frequenciesother than the natural frequencyincreases.
For example, at 5 rad/s the magnitude of the bandpass filter transfer
function is approximately 0.8 for a second-order filter, 0.6 for a
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Table2 Transfer functions and magnitudes of several bandpass filters
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Fig.3 Higher-order bandpass filters have better rejection properties.
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Fig.4 Low-order bandpass filter can remove signal from noise.

fourth-order filter, and 0.5 for a sixth-order filter. In other words,
the filter is becoming more selective as the filter order increases. In
the limit, the ideal bandpass filter should have magnitude of unity
at 10 rad/s and magnitude zero everywhere else.

To illustrate some fundamental properties of bandpass filters, an
experiment was conducted in which a 10r/s sinusoidal signal of
unity amplitude was corrupted by Gaussian noise with standard
deviation of one every 0.01 s. In this case, the signal to noise ratio
was one. Figure 4 shows that when this noisy measurementis passed
through a second-orderbandpass filter the outputis a noisy version
of the input. We can see that although the bandpass filter outputis of
the same frequency as the noise-freeinput signal, the outputis rather
jagged. In other words, some of the noise has not been rejected by
the low-order bandpass filter.

Figure 5 shows that when a higher-order bandpass filter is used
more of the noiseis rejectedand the filter outputmore closely resem-
bles the input signal before it is contaminated by noise. However,
by comparing Figs. 4 and 5, we can see that a higher-orderfilter also
requires a longer initial time to get good estimates than the lower-
order filter. In other words, the transient properties of this type of
bandpass filter will degrade as the filter order increases. Normally,
this phenomenon is of no concern in the signal processing world
where frequencies are in the megahertz regime, but will be of con-
cern to the guidance system engineer where frequencies of interest
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Fig. 5 Higher-order filter does better job of rejecting noise.

are a million times smaller. Because the eventual application of the
bandpass filter will be a missile guidance system where time con-
stantissues are very important, we will not consider bandpass filters
higher than sixth order.

Using Dither to Estimate Radome Slope

Several investigators have reported success in using banks of
Kalman filters, each tuned differently,to estimateradome slope.*> In
this paper, a simpler and less computationallyintensive approachis
taken, where a dither signal and bandpass filtering are used to adap-
tively estimate the radome slope. The idea behind using a dither
signal for estimation purposes is certainly not new and has been
used by many including Stallard® and Gratt.! Stallard applied the
dithering concept to an autopilot design application, whereas Gratt
applied dithering to the radome estimation problem. Many expe-
rienced engineers also know that in the 1960s and 1970s there
were undocumented, unsuccessful attempts in apply dithering to
the radome problem. Although the lack of documentation prevents
one from knowing why these attempts failed, one possibility could
be the large amount of seeker noise present. The proposed scheme
will deteriorateif there is an order of magnitude more noise. There
is much less seeker noise today than there was several decades ago
because of hardware improvements. In addition, many seekers now
operate at higher frequencies, which further reduces the noise.

In the proposed scheme a dither signal of fixed amplitude and
frequencyis added to the proportional navigation accelerationcom-
mand. The amplitude of the dither signalis chosen be small enough
and the frequency high enough so that the known disturbance or
intentional guidance system bias will not cause additional miss dis-
tance. In other words, we are attempting to add a nondestructive
signal of known frequency and amplitude to the guidance system.

If the missile guidance system is assumed to be operating in the
nearly linear region, i.e., not in acceleration saturation, the missile
body angle 6 (which can be obtained from seeker dish and gimbal
angle measurements) and measured line-of-sight angle A* (which
can be obtained from seeker dish angle and boresighterror measure-
ments) will also have an attenuated signal component due to a dither
signal applied at the acceleration command. If we bandpass filter
the line-of-sight angle measurement and divide it by the negative
of the bandpass filtered body angle measurement we can obtain an
estimate of the radome slope.

To test this simple dithering concept, an experiment was con-
ductedin which anoise-free 10-s flight was investigatedin which the
only disturbance was a 3-g target maneuver. The sinusoidal dither
amplitude was 3 g, whereas the dither frequency was 10 rad/s. The
actual radome slope considered for the experiment was —0.01. The
radomeestimationscheme describedin the precedingparagraphwas
slightly modified so that if the denominatorin the division required
to estimate radome slope was zero the slope estimate would be set to
zero. In addition, slope estimates would be automatically limited to
maximum and minimum values, i.e., 0.06 in this example, to rep-
resent a priori knowledge of radome physics. In other words, we
already know maximum and minimum radome slope values from
radome acceptance tests.
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Fig. 6 Dithering can be used to estimate negative radome slope.
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Fig.7 Low-pass filter can be used to smooth radome estimates.
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Fig.8 Estimated radome slope spikes are eliminated by 0.5-s low-pass
filter.

Figure 6 shows that in the presence of the target maneuver dis-
turbance the estimated slope is very near the true value of —0.01.
However, Fig. 6 also showsthat there are several spikesintheradome
slope estimates, which are fortunately limited to 3=0.06.

The spikes of the radome slope estimates are undesirableand can
be removed by common sense, i.e., by editing the data, or smoothed
by low-pass filtering. Figure 7 shows how a single-pole low-pass
filter can be implemented to get a smoothed radome slope estimate.

The same case of Fig. 6 was repeated, except this time a 0.5-s,i.e.,
Tr = 0.5 s, low-pass filter was used to smooth the radome estimates.
Figure 8 demonstrates that the low-pass filter eliminates the spikes
from the radome estimate. In addition, we can see that the slope
estimate is nearly equal to the true value of —0.01.

Radome Slope Estimation and Miss Distance

To make effective use of the smoothed radome slope estimate in
the missile guidance system, we multiply the radome slope estimate
by the measured body angle to obtain an estimate of the aberration
angle. The estimated aberrationangle is added to the measured line-
of-sight angle A* in attempt to cancel out the existing, unwanted
aberration angle, as shown in the block diagram of Fig. 9.
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Fig. 9 Incorporating radome slope estimation in homing loop.
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Fig.10 Compensation reduces miss due to negative radome slope.
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Fig. 11 Compensation reduces miss due to positive radome slope.

Miss distance experiments were conducted for the case in which
the disturbance was a 3-g target maneuverinitiated at the beginning
of the engagement for various flight times. Figures 10 and 11 show
that, in general, the miss due to negative and positive radome slope
effects is dramatically improved when adaptive radome compensa-
tion is used with a 3-g, 10-rad/s dither signal. Only when the flight
time is short does radome compensation lose its effectiveness. The
reason for the loss of effectivenessis that the frequency of the dither
signal is not high enough relative to the short flight time to ensure
that the dither signal is nondestructive.

How Measurement Noise Influences Performance

So farall of the results presentedhave beenin a noise-freeenviron-
ment. The purpose of this section is to determine how measurement
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Fig. 12 Measurement noise slightly degrades radome slope estimates.
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Fig. 13 Higher dither frequencies are not as effective in presence of
measurement noise.

noise degrades the results presented so far. Consider a case in which
there is 1 mrad of measurementnoise entering the guidance system
every 0.01 s on the line-of-sightangle. In addition, we will still as-
sume that the sinusoidal dither signal is 3 g at 10 rad/s. Figure 12
presents single-flight results, which indicate that although the esti-
mated radome slope is noisier than it was before it is still very close
to the true value of —0.01.

Rather than just presentmore radome slope estimate results, con-
sider the entire guidance system and investigate how the rms miss
distance due to target maneuver and noise depends on the dither
signal frequency. In this example, the dither amplitude is fixed at
3 g. Figure 13 indicates that going to higher dither frequencies,i.e.,
nominal dither frequency is considered to be 10 rad/s, increases
the rms miss distance because less noise is being rejected by the
bandpassfilters. We can see that going to smaller dither frequencies
increasesthe rms miss for short flight times because the dither signal
frequencyis near the guidance system bandwidth. For this example,
it appears that 10 rad/s is a good choice for the dither frequency.

In all of the experiments conducted so far, the dither amplitude
has been set to 3 g. In the next experiment the dither frequency is
set to 10 rad/s, and the dither amplitude is varied. Figure 14 shows
that the rms miss due to both target maneuver and measurement
noise improves as the dither amplitude increases and gets worse if
the dither amplitude decreases. Larger dither amplitudes make it
easier to estimate the radome slope because it is more observable.
For future work we will keep the dither amplitude fixed at 3 g.

More filtering could have been done on the raw estimated slopes
to get the smoothed radome slopes. Figure 15 shows that the rms
miss distance results improve if the low-pass filter time constant
Tr increases from the nominal value of 0.5 to 1 s. However, in
reality, the radome slope will not be a constant throughoutthe flight
and so a small value of low-pass filter time constant is desirable.
Therefore, future results will use the nominal value of 0.5 s for the
time constant.

To see the true benefits of radome compensation, itis bestto make
comparisons with cases in which there is no radome compensation
at all. Figure 16 shows how the rms miss due to target maneuver

Flight Time (Sec)

Fig. 14 Performance improves when dither amplitude increases.
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Fig.15 Increasing time constantfor smoothingimproves performance.

509 5@ Maneuver, 1 Mr of Noise
R=-.01, 50 Run Monte Carlo Sets

4 0 1 ""‘.\\ l"' ““ ,O'
@ 30 ; No Compensation
= i .
O 20— S Compensation
=2 P 3 G Dither @ 10 R/S
T S Te=5S

10—

0 T | T | I
0] 2 4 6 8 10

Flight Time (Sec)

Fig. 16 Radome compensation in presence of noise is beneficial for
negative radome slopes.

and measurementnoise varies with flight time for a negativeradome
slope. Note that in both cases adaptive radome compensation dra-
matically reduces the rms miss distance.

So farall of the experiments conducted have assumed a 3-g target
maneuver and 1 mrad of measurementnoise. It is appropriate to ask
if the adaptive radome compensation scheme would break down or
degrade if either the target maneuver level or measurement noise
level increased. To conductthe experiment, the missile acceleration
limit was increased from 20 to 30 g so that the missile would still
be operatingin the linear region with the increased level of the error
sources. Figure 17 shows that increasing the target maneuver level
from 3 to 5 g does not effect the radome slope estimates.

At high altitudes it may not be possible to have a 3-g dither
because of angle-of-attack constraints. However, in this case there
would also probably not be a 3-g target maneuver, i.e., a slower
traveling aircraft will have significantly less maneuverability than a
missile at the same altitude. The results of this section were checked
in two ways. First, key cases were repeated in which there was a
3-g target maneuver and 1-g dither. In those experiments the miss
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Fig. 17 Larger target maneuver does not degrade radome slope esti-
mation capability.

degraded about 20% but still there was a tremendous improvement
over doing nothing at all, i.e., no compensation. In the other set of
cases, a 1-g dither and 1-g target maneuver were assumed. In those
sets of experiments, the miss with radome compensation showed a
significant improvement over using no compensation.

Using a Kalman Filter

So far we have used common sense and the dither principle in
estimating radome slope for the single plane example considered. A
Kalman filter can also be used to provide a more systematic frame-
work so that when cross-plane slopes are considered the dithering
scheme can logically be extended and the filter states can be aug-
mented. Figure 18 presents an adaptive radome slope compensation
scheme in which a Kalman filter is utilized. In this scheme the
Kalman filter simply replaces the division in Fig. 9. The use of
bandpassfiltering is still used to extractuseful information from the
dither signal. Once the slope is estimated with the Kalman filter, the
method of compensation remains the same as the earlier method.
The purpose of the Kalman filter is just to estimate the radome slope.
Estimates of the line-of-sightrate for guidance purposes can still be
accomplished with a simple noise filter, as shown in Fig. 18, or with
an additional Kalman filter if so desired.

The plant equation on which the Kalman filter for estimating
radome slope is based is shown next where the states considered are
line-of-sightangle, line-of-sightrate, and radome slope. This model
assumes that the radome slope is a constant, i.e., because its deriva-
tive is zero. Process noise is added to the radome slope equation to
account for the fact that the slope may not be a constant, that is,

i 01 0 0
il=10 0 ofl|A]|+]0
R 0 0 Of||R U,

Both the systems dynamics matrix and the process noise matrix can
be found from the preceding equation. In many applications the
measurement noise matrix is either constant or a known function
of time. In this particular application the measurement equation is
unusual because it contains the body angle €, which is assumed to
be known perfectly. Thus,

A

A=[1 0 —01| A | +u,
R
Once the Kalman gains K, K,, and K3 are obtained by solving the

Riccati equations, the resultant Kalman filter can be expressed in
matrix form as

by o1 o][s K, 5
il=10 0 0of|i|+|K||r—11 0 -]
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Fig. 19 Kalman filter is able to estimate negative radome slope.
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Fig.20 Dither and compensation using Kalman filter reduces miss due
to positive radome slope.

In summary, the preceding equation assumes that the line-of-sight
angle is being measured and that the missile body angle is known
exactly.

Figure 19 shows that when the Kalman filter is used, negative
radome slopes can be estimated accurately, even in the presence of
measurementnoise. Adjusting the process noise matrix will change
the bandwidth of the Kalman filter, which in turn will influence how
quickly and accurately the radome slope can be estimated.

Because the radome slope can be accurately estimated with the
Kalman filter, it is expected that system performance can be im-
proved. Figure 20 shows how the miss due to a 3-g target maneuver
varies with flight time. For flight times less than 10 s the miss can
be quite large in the presence of a positive radome slope if no com-
pensation techniques are used. The ability of the Kalman filter to
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Fig. 21 Dither and compensation with Kalman filter improves noise
performance in presence of negative radome slope.

estimate the radome slope enables the miss distance to be dramati-
cally reduced for flight times greater than 1 s.

Figure 21 shows how measurement noise and target maneuver
influence system performance in the presence of negative radome
slope. The rms miss can be quite large, even for large homing times,
if no radome compensation techniques are used. We can see from
Fig. 21 that when the ditheringtechniqueis used in conjunctionwith
Kalman filtering the rms miss is significantly reduced.

Conclusions

The paper shows that the radome slope can be estimated by us-
ing dithering techniques along with bandpass filtering. The radome
slope estimates in conjunction with the missile body angle are used
to derive an estimated aberration angle, whichis used to compensate
the missile guidance system against unwanted aberration angle ef-
fects. It also shows how Kalman filtering techniques can be applied
to same problem so that the concept considered can be extended to
the more realistic case where cross-coupling effects are important.
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