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(57) ABSTRACT 

A system and method (32) for measuring line-of-sight 
angular rates for all-Weather precision guidance of distrib 

uted projectiles (16) and a guidance system (10) based 
thereon. In accordance With the novel method (32) for 
measuring line-of-sight angular rates, ?rst the range rates of 
the target (14) relative to at least tWo projectiles (16) is 
determined, as Well as the position and velocity of each 
projectile (16). Then, the line-of-sight angular rate of the 
target (14) relative to at least one projectile (16) is computed 
from the range rates, positions, and velocities. In the illus 
trative embodiment, the range rate of the target (14) relative 
to a projectile (16) is determined based on a monostatic 
target Doppler measurement, a monostatic projectile Dop 
pler measurement, a bistatic Doppler measurement of the 
target (14) by the projectile (16), and the carrier frequency 
of a data link (26) betWeen the projectile and the shipboard 
system. The guidance system (10) of the present invention 
includes a monostatic radar (18) illuminating the target (14), 
bistatic receivers (44) aboard at least tWo projectiles (16) 
?red at the target (14), and a system (32) for determining 
line-of-sight angular rates to the target based on the mono 
static measurements and the bistatic measurements from at 
least tWo projectiles. The guidance system (10) further 
includes a system (34) for computing guidance command 
signals for at least one projectile based on the line-of-sight 
angular rates, and a projectile steering unit (52) aboard at 
least one projectile for steering the projectile based on the 
guidance command signals. 
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ALL WEATHER PRECISION GUIDANCE OF 
DISTRIBUTED PROJECTILES 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to radar guidance 
systems. More speci?cally, the present invention relates to 
systems and methods for measuring line-of-sight angular 
rates for guided projectiles. 

[0003] 2. Description of the Related Art 

[0004] Navy ships are eXposed to loW ?ying, fast, and 
highly maneuverable missile threats. In order to provide the 
ships With an effective missile defense system, high accu 
racy measurements of incoming missile targets and preci 
sion guidance of anti-missile projectiles are required. 

[0005] Many guidance systems have been developed for 
missiles and projectiles (i.e.—bullets). In a typical radar 
based guidance system, the projectile is guided to the target 
by guidance signals developed from tracking data obtained 
either by a shipboard radar system or by a radar system 
located totally, or partially, Within the projectile. The former 
system is commonly referred to as a command guidance 
system and the latter as a horning guidance system. 

[0006] In a command guidance system, a high-resolution 
shipboard radar system tracks both the target and the pro 
jectile, calculates the proper guidance signals for the pro 
jectile based on the generated tracking data, and transmits 
the signals to the projectile to enable the projectile to 
intercept the target. 

[0007] In a homing guidance system, the target tracking 
radar system is located totally or partially Within the pro 
jectile. An active homing guidance system uses a monostatic 
radar system Where both the radar transmitter and receiver 
are located in the projectile. A semi-active guidance system 
uses a bistatic radar system Where a radar transmitter located 
remotely from the projectile (such as onboard the ship) 
illuminates the target and the re?ected returns are received 
by a receiver located on the projectile. The tracking data 
from the radar measurements are then used to calculate the 
proper guidance signals to direct the projectile to the target. 

[0008] Most of these systems are designed for use With 
missiles and larger caliber projectiles (greater than 3 inches 
in diameter), Whereas the optimum caliber for high rate-of 
?re guns is generally about 1 inch in diameter. Prior art 
guidance systems do not Work Well With smaller caliber 
projectiles. In particular, prior art approaches do not accu 
rately measure the line-of-sight angular rate to the target 
With enough precision for the application. Command guid 
ance systems With a high resolution monostatic shipboard 
radar are capable of measuring line-of-sight angular rate. 
HoWever, these measurements are generally not as accurate 
as measurements made from the projectile, as With homing 
guidance systems. Homing systems, hoWever, require a 
radar receiver onboard the projectile. The siZe of the smaller 
caliber projectiles places a constraint on the siZe of the radar 
receiver antenna on the projectile. With a small antenna, a 
relatively accurate range rate can be measured, but the 
angular rate Will be imprecise. 

[0009] The critical factor required for effective projectile 
guidance is an accurate measurement of the line-of-sight 
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angular rate to the target relative to the projectile. Guidance 
algorithms depend on line-of-sight angular rate information 
to successfully direct a projectile to its target. Poor line-of 
sight angular rate measurements may cause a projectile 
targeting error. 

[0010] Hence, there is a need in the art for an improved 
method or system for accurately measuring line-of-sight 
angular rates for precision guidance of small caliber projec 
tiles. 

[0011] Furthermore, these guidance systems need to be 
effective under all Weather conditions. Laser or ladar based 
guidance systems have been developed for small caliber 
projectiles. These systems offer very high angular resolu 
tion; hoWever, they typically require favorable Weather 
conditions to be effective. Adverse Weather such as fog, rain, 
or clouds may block optical electromagnetic energy, causing 
a laser based guidance system to fail. 

[0012] Hence, a need eXists in the art for an improved 
method or system for accurately measuring line-of-sight 
angular rates for all-Weather precision guidance of small 
caliber projectiles and a guidance system based thereon. 

SUMMARY OF THE INVENTION 

[0013] The need in the art is addressed by the system and 
method for measuring line-of-sight angular rates for all 
Weather precision guidance of projectiles and the guidance 
system based thereon of the present invention. This inven 
tion takes advantage of the fact that several projectiles are 
usually ?red at the incoming target. While the LOS angular 
rate cannot be determined solely from the range rate mea 
surements from a single projectile, it can be calculated if the 
range rate information from several projectiles is available. 

[0014] In accordance With the novel method for measuring 
line-of-sight angular rates, ?rst the range rates of the target 
relative to at least tWo projectiles is determined, as Well as 
the position and velocity of each projectile. Then, the 
line-of-sight angular rate of the target relative to at least one 
projectile is computed from the range rates, positions, and 
velocities. In the illustrative embodiment, the range rate of 
the target relative to a projectile is determined based on a 
monostatic target Doppler measurement, a monostatic pro 
jectile Doppler measurement, a bistatic Doppler measure 
ment of the target by the projectile, and the carrier frequency 
of a data link betWeen the projectile and the shipboard 
system. 

[0015] In an illustrative embodiment, the guidance system 
of the present invention includes a monostatic radar illumi 
nating the target, bistatic receivers aboard at least tWo 
projectiles ?red at the target, and a system for determining 
line-of-sight angular rates to the target based on the mono 
static measurements and the bistatic measurements from at 
least tWo projectiles. The guidance system further includes 
a system for computing guidance command signals for at 
least one projectile based on the line-of-sight angular rates, 
and a projectile steering unit aboard at least one projectile 
for steering the projectile based on the guidance command 
signals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a diagram of an anti-ship missile defense 
system designed in accordance With the present teachings. 
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[0017] FIG. 2 is a block diagram showing the components 
of the projectile guidance system of the present invention in 
more detail. 

[0018] FIG. 3 is a How chart that illustrates the operation 
of the guidance system of the present invention. 

DESCRIPTION OF THE INVENTION 

[0019] Illustrative embodiments and exemplary applica 
tions Will noW be described With reference to the accompa 
nying draWings to disclose the advantageous teachings of 
the present invention. 

[0020] While the present invention is described herein 
With reference to illustrative embodiments for particular 
applications, it should be understood that the invention is not 
limited thereto. Those having ordinary skill in the art and 
access to the teachings provided herein Will recogniZe 
additional modi?cations, applications, and embodiments 
Within the scope thereof and additional ?elds in Which the 
present invention Would be of signi?cant utility. 

[0021] FIG. 1 is a diagram of an anti-ship missile defense 
system 10 designed in accordance With the present teachings 
shoWing a ship 12 and an incoming missile 14, also referred 
to as the target. The ship 12 ?res several projectiles 16 to 
intercept the missile target 14. A shipboard radar 18 trans 
mits a radar beam 20 toWards the target 14. The monostatic 
re?ected return 22 is received by the shipboard radar 18. In 
addition, bistatic illumination 24 re?ected off the target 14 is 
received by each projectile 16. These bistatic measurements 
are transmitted to the shipboard radar 18 by a Wireless data 
link 26. The monostatic and bistatic measurements are then 
used to calculate guidance signals to direct the projectiles 16 
to the target 14. The guidance commands are transmitted to 
the projectiles 16 via the data link 26. 

[0022] FIG. 2 is a block diagram shoWing the components 
of the projectile guidance system 10 of the present invention 
in more detail. On the ship 12, a monostatic radar system 18 
With a radar antenna 30 track the missile target 14 as Well as 
the anti-missile projectiles 16. In the preferred embodiment, 
the radar system is using millimeter Wave radar. A millimeter 
Wave system is preferable because it provides very high 
angular resolution, While still providing Weather penetration. 
The radar system 18 measures the position and monostatic 
Doppler of the target 14 and of each of the projectiles 16. 

[0023] The radar measurements are used by a target track 
ing system 32 Which calculates the range rates and line-of 
sight angular rates needed by the guidance system 34 to 
compute guidance signals for the projectiles. In the illustra 
tive embodiment, the tracking system 32 and guidance 
system 34 are implemented in softWare in a high-speed 
computer 36. A data link transceiver 38 With an antenna 40 
is provided to communicate With the projectile. The data link 
transceiver 38 receives bistatic projectile measurements 
needed by the target tracking system 32 and roll angle 
measurements needed by the guidance system 34, and 
transmits guidance signals from the guidance system 34 to 
the projectiles. 

[0024] On each projectile is a loW cost bistatic radar 
receiver 44 and antenna 42. The projectile receiver measures 
the bistatic Doppler off the target and data links these 
measurements back to the shipboard radar by a data link 
transceiver 46 and antenna 48. The carrier frequency of the 
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data link is synchroniZed to the receiver local oscillator (LO) 
50. Thus the shipboard tracking system 32 can derive the 
local oscillator offset by comparing the data link carrier 
frequency With the Doppler of the skin return. The projectile 
data link transceiver 46 receives the guidance signals from 
the shipboard guidance system 34 and sends them to a 
projectile steering system 52. The projectile may also 
include an accelerometer 54 or other device for measuring 
properties of the projectile needed by the guidance system 
34, such as the inertial roll angle. These measurements are 
transmitted to the shipboard system by the data link trans 
ceiver 46. 

[0025] The present invention includes a novel method for 
determining the line-of-sight (LOS) angular rate to the target 
relative to each projectile by using the range rate informa 
tion obtained from several projectiles. This invention takes 
advantage of the fact that several projectiles are usually ?red 
at the incoming target. While the LOS angular rate cannot be 
determined solely from the range rate measurements from a 
single projectile, it can be calculated if the range rate 
information from several projectiles is available. 

[0026] In accordance With the novel method, the range rate 
of the target relative to each projectile is determined based 
on the monostatic target Doppler, the monostatic projectile 
Doppler, the bistatic Doppler measurement of the target by 
the projectile, and the frequency of the data link carrier. The 
position and velocity of each projectile is also calculated 
based on the monostatic range, range rate, angle, and angle 
rate of the projectile measured by the shipboard radar 
system. Finally, the line-of-sight angular rates to the target 
from each projectile are computed, Which are the key 
measurements in projectile guidance. 

[0027] The relatively large separation betWeen the projec 
tiles (compared to their diameter) leads to highly accurate 
measurements of the line-of-sight angular rates. Note that 
unambiguous angular accuracy relative to the separations is 
not required, so the separations do not need to be measured 
to Within a Wavelength. 

[0028] FIG. 3 is a How chart that illustrates the operation 
of the guidance system of the present invention. First, at Step 
110, the monostatic shipboard radar system measures the 
range, range rate, and angle of the target (relative to the 
shipboard radar), and the range, range rate, angle, and angle 
rate of the projectiles (relative to the shipboard radar) in 
accordance With conventional methods. 

[0029] At Step 112, the position and velocity of each 
projectile is determined. In the illustrative eXample, the 
position and velocity of each projectile is calculated based 
on the monostatic radar measurements of the projectile. The 
skin return of the projectile can be enhanced by a rear corner 
re?ector. Alternatively, the position of each projectile may 
be determined by a transponder return of the projectile. In 
the illustrative eXample, the location of each projectile b, is 
determined relative to the centroid of the ensemble of 
projectiles, and the relative velocity of each projectile Av, is 
calculated relative to the mean velocity of all the projectiles. 

[0030] MeanWhile, at Step 114, the receiver aboard each 
projectile measures the bistatic Doppler fBD off the target. 

[0031] At Step 116, properties of the projectile needed by 
the guidance system such as the antenna roll angle and 
acceleration are measured in accordance With conventional 
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methods. For example, the inertial roll angle of the projectile 
may be determined based on an accelerometer that is com 
pensated for inertial acceleration based on the measured 
change of projectile velocity. 

[0032] At Step 118, the bistatic Doppler measurements 
and antenna roll angle and acceleration measurements are 
transmitted to the shipboard system by a coded data link 
message. The carrier frequency of the data link is synchro 
niZed to the local oscillator of the projectile receiver. 

[0033] At Step 120, the shipboard system receives the 
projectile measurements from the data link and measures the 
carrier frequency of the data link fDLM for each projectile. 

[0034] At Step 122, the range rate of the target relative to 
the projectile Ri is calculated for each projectile. The range 
rate Ri is given by the folloWing equation: 

Ri=RB_RM [1] 
[0035] Where RM is the range rate of the target relative to 
the monostatic radar and RB is the bistatic range rate. The 
bistatic range rate RB is the rate of change of the sum of the 
distance from the monostatic radar transmitter to the target 
plus the distance from the target to the bistatic receiver, and 
is determined from the bistatic Doppler measured by the 
projectile. The bistatic range rate RB is given by the folloW 
ing equation: 

. cfBDT [2] 
R = 
B Le 

[0036] Where c is the speed of light, fR is the frequency of 
the transmitted radar, and fBDT is the true bistatic Doppler 
frequency. 

[0037] The true bistatic Doppler fBDT adjusts the Doppler 
frequency measured by the projectile receiver to accommo 
date any differences betWeen the receiver local oscillator 
frequency and the monostatic local oscillator reference. The 
true bistatic Doppler frequency fBDT is calculated from the 
folloWing equation: 

fBDT=fBD_€fR [3] 

[0038] Where fBD is the bistatic Doppler frequency mea 
sured by the projectile and e is the fractional frequency error 
of the projectile local oscillator relative to the monostatic 
local oscillator. The LO frequency error e is given by: 

fDLM RSM [4] 
s = — — l + — 

fDL c 

[0039] Where fDL is the nominal data link carrier fre 
quency, fDLM is the data link carrier frequency measured by 
the shipboard receiver, and RSM is the range rate of the 
projectile relative to the monostatic radar. 

[0040] Thus, the range rate of the target relative to the 
projectile Ri is calculated from the range rate of the target 
relative to the monostatic radar RM, the range rate of the 
projectile relative to the monostatic radar RSM, the bistatic 
Doppler frequency measured by the projectile fBD, and the 
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data link carrier frequency measured by the shipboard 
receiver fDLM. This range rate Ri is computed for each 
projectile. 
[0041] At Step 124, the line-of-sight angular rate is com 
puted for each projectile. First, the line-of-sight angular rate 
relative to the centroid of the ensemble of projectiles Q is 
calculated by the folloWing equation: 

[0042] Where s is the line-of-sight unit vector from the 
centroid toWards the target, bi is the location vector of each 
projectile relative to the centroid projected onto the plane 
perpendicular to s, I is the second order moment matrix of 
the ensemble of projectiles (given by 

given by I : Zb‘b‘T , 

[0043] Ri is the range rate to the target for each projectile 
as computed in Step 122 (Ri is negative for closing), and Avi 
is the velocity vector of each projectile relative to the mean 
velocity. 
[0044] After the line-of-sight angular rate relative to the 
centroid Q is computed, the line-of-sight angular rates 
relative to each projectile Q are computed using the fol 
loWing equation: 

[0045] Where R is the mean range to the target and Ris the 
mean range rate of the target relative to the projectiles 
(negative for closing). 

[0046] At Step 126, the line-of-sight rates are used to 
compute guidance commands in accordance With conven 
tional methods. The guidance commands are transmitted to 
each projectile via the data link. 

[0047] Finally, at Step 128, the projectiles receive their 
guidance commands and, in accordance With conventional 
methods, adjust their navigational ?ns to guide the projec 
tiles to the target. 

[0048] Thus, accurate measurements of projectile veloci 
ties, especially in the forWard direction, are essential. In the 
illustrative example, this accuracy is attained because of the 
enhanced projectile radar cross section, or by projectile 
transponders. 
[0049] The RMS accuracy OW of the line-of-sight angular 
rate as calculated by this method is given approximately by: 

OW=OR/(\/\/W)[7] 
[0050] Where OR is the bi static Doppler accuracy of the 
projectile receiver, N is the number of projectiles, and D is 
the RMS distance betWeen projectiles. 
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[0051] While the present invention is described herein 
With reference to illustrative embodiments for a particular 
application (an anti-ship missile defense system), it should 
be understood that the invention is not limited thereto. It 
may be applied to any precision targeting application. 

[0052] Thus, the present invention has been described 
herein With reference to a particular embodiment for a 
particular application. Those having ordinary skill in the art 
and access to the present teachings Will recogniZe additional 
modi?cations, applications and embodiments Within the 
scope thereof. 

[0053] It is therefore intended by the appended claims to 
cover any and all such applications, modi?cations and 
embodiments Within the scope of the present invention. 

[0054] Accordingly, 

What is claimed is: 
1. A system for determining the line-of-sight angular rate 

to a target comprising: 

?rst means for determining range rates Ri of the target 
relative to at least tWo projectiles; 

second means for determining the position and velocity of 
each projectile; and 

third means for calculating the line-of-sight angular rate 
of the target relative to at least one projectile (hi from 
said range rates, positions, and velocities. 

2. The invention of claim 1 Wherein said ?rst means 
includes a monostatic radar system for illuminating the 
target. 

3. The invention of claim 2 Wherein said monostatic radar 
is a shipboard radar. 

4. The invention of claim 2 Wherein said monostatic radar 
is a millimeter Wave radar. 

5. The invention of claim 2 Wherein said monostatic radar 
measures the range, range rate and angle of the target, and 
the range, range rate, angle, and angle rate of each projectile. 

6. The invention of claim 5 Wherein said ?rst means 
further includes fourth means for obtaining a bistatic range 
rate RB from each of the projectiles. 

7. The invention of claim 6 Wherein said fourth means 
includes a bistatic radar receiver aboard each projectile for 
measuring the Doppler frequency of the target from each of 
the projectiles. 

8. The invention of claim 7 Wherein said fourth means 
further includes ?fth means for transmitting said Doppler 
measurements to said system. 

9. The invention of claim 8 Wherein said ?fth means 
includes a data link having a carrier frequency synchroniZed 
to the local oscillator of the projectile radar receiver. 

10. The invention of claim 9 Wherein said ?rst means 
further includes means for adjusting said Doppler measure 
ments for differences betWeen the projectile receiver local 
oscillator frequency and the monostatic radar local oscillator 
frequency. 

11. The invention of claim 10 Wherein said adjusted 
Doppler frequencies fBDT are obtained by taking the bistatic 
Doppler measurements fBD and subtracting the fractional 
local oscillator frequency error 6 times the frequency of the 
monostatic radar fR. 

12. The invention of claim 11 Wherein the fractional local 
oscillator frequency error is computed from 
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R 8 : fDlM l + SM 

fDL c 
a 

Where fDL is the nominal data link carrier frequency, fDLM is 
the measured data link carrier frequency, RSM is the range 
rate of the projectile relative to the monostatic radar, and c 
is the speed of light. 

13. The invention of claim 10 Wherein said bistatic range 
rate RB is calculated by taking the adjusted Doppler fre 
quency fBDT, multiplying by the speed of light c, and 
dividing by the frequency of the mono static radar fR. 

14. The invention of claim 5 Wherein the range rate of the 
target relative to a projectile Ri is determined by subtracting 
the range rate of the target relative to the monostatic radar 
RM from the bistatic range rate RB. 

15. The invention of claim 5 Wherein the position and 
velocity of each projectile is calculated based on the mono 
static radar measurements of the projectile. 

16. The invention of claim 15 Wherein said monostatic 
radar measurements are enhanced by a rear corner re?ector 

placed on each projectile. 
17. The invention of claim 1 Wherein the positions bi and 

velocities Avi of the projectiles is determined relative to the 
centroid of the projectiles projected onto the plane perpen 
dicular to s, Where s is the line-of-sight unit vector from the 
centroid toWards the target, and the mean velocity of the 
projectiles, respectively. 

18. The invention of claim 17 Wherein said third means 
includes calculating the line-of-sight angular rate of the 
target relative to the centroid of the projectiles (i) using the 
folloWing equation: 

Where s is the line-of-sight unit vector from the centroid 
toWards the target and I is the second order moment matriX 
of the ensemble of projectiles in the plane perpendicular to 
s. 

19. The invention of claim 18 Wherein the line-of-sight 
angular rate of the target relative to each projectile mi is 
calculated by the folloWing equation: 

Where R is the mean range to the target and R is the mean 
range rate of the target relative to the projectiles. 

20. A system for guiding projectiles to a target compris 
ing: 

a monostatic radar system for illuminating the target and 
measuring monostatic returns from the target and from 
the projectiles; 

a bistatic receiver aboard each projectile for measuring 
the bistatic Doppler off the target; 

a target tracking system for determining the line-of-sight 
angular rates to the target based on said monostatic 
measurements and the bistatic measurements from at 
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least tWo projectiles; a guidance system for computing 
guidance command signals for each projectile based on 
said line-of-sight angular rates; 

a projectile steering unit aboard each projectile for steer 
ing the projectile based on said guidance command 
signals; 

a transceiver for receiving the bistatic measurements from 
the projectiles and sending the guidance command 
signals to the projectiles; and 

a transceiver aboard each projectile for sending the 
bistatic measurements to the target tracking system and 
receiving the guidance command signals. 
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21. A method for determining the line-of-sight angular 
rate to a target including the steps of: 

determining range rates Ri of the target relative to at least 
tWo projectiles; 

determining the position and velocity of each projectile; 
and 

calculating the line-of-sight angular rate of the target 
relative to each projectile (hi from said range rates, 
positions, and velocities. 


