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[57] ABSTRACT

A radar system for measuring the vertical component of
velocity of a target uses the differences in Doppler
frequency between the direct and multipath radar re-
turns. The system filters from this difference a compo-
nent caused by the targets relative radial speed and then
determines the vertical speed from the remaining com-
ponent.

12 Claims, 4 Drawing Figures
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MULTIPATH DOPPLER SHIFT VERTICAL SPEED
MEASUREMENT SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a radar system, and
more particularly, to an airborne radar system and
method for measuring the vertical component of veloc-
ity of an airborne target. The present invention involves
receiving reflected signal returns from both a moving
target and the earth, and using appropriate processing
electronics for determining the required parameter mea-
surements.

2. The Prior Art

Typical known systems for measuring target parame-
ters are illustrated in U.S. Pat. Nos. 3,137,850; 3,229,283;
2,837,738; 3,210,762; 3,242,490; 3,812,493 and 2,907,028.
While the referenced systems provide means for deter-
mining target velocity, they generally require undesir-
ably large changes in target altitude so that an average
velocity may be calculated by dividing the pertinent
distance traversed by the target by the time elapsed.

It is an object of the present invention to provide a
system whereby the vertical speed of the target may be
measured on a single dwell such that it is not necessary
to wait for a measurable change in target altitude for a
vertical speed measurement to be performed.

Other objects will become apparent from the detailed
description of the subject invention which follows.

SUMMARY OF THE INVENTION

Generally, the present invention provides a radar
system for measuring the vertical component of veloc-
ity of 2 moving target, and in particular, an airborne
Doppler radar system for effecting such measurement.
Typically, the subject system includes a transmitter
with an associated antenna for radiating toward the
target electromagnetic energy of known wavelength A,
a receiver-processor for receiving and processing the
electromagnetic energy reflected from the target, and a
navigation subsystem for measuring the parameters of
the radar, e.g., ground speed, and altitude. As is known,
the system may include a single antenna which is selec-
tively connected to the transmitter and the receiver
processor, or a pair of antennae one of which being
connected to the transmitter, the other to the receiver
pToCessor.

The receiver-processor includes a detector which is
adapted to be responsive to two components of the
electro-magnetic energy reflected from the target. The
first component is reflected energy of frequency f,, with
associated Doppler frequency f'g, which is received
from the target via a direct line of sight or path between
the antenna and the target. The second component is
reflected energy of frequency f), with associated Dop-
pler frequency fg, which is received via an indirect
path and which includes a reflection from the surface of
the earth. The receiver-processor also includes means
responsive to the detector for generating a direct Dop-
pler signal E,| representing 'z, an indirect Doppler
signal E; representing 45, a slant range signal E4 repre-
senting target slant range Ry; a radial velocity signal
Eyr representing the relative radial velocity V,.q be-
tween the target and the radar; and a transmitter signal
Es representing the transmitted wavelength A. The re-
ceiver-processor further includes means responsive to
. the outputs of the navigation sub-system for providing
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an output signal Egrrepresentative of the target height
Hzand a radar height signal E; representing the height
Hp of the radar. Means responsible to the signals Eyg,
E3, E4, Es and Eyy from the receiver-processor pro-
vides a signal Ep) representing a Doppler difference 8y
where 8fzis approximately defined by the relationship:

v,
8 = =2 (1 = RARGE + thphnh)

Means responsive to signals E{ and E; provide a signal
Epy which represents the difference 8f4 between the
direct and indirect Doppler frequencies 'y, and Fg,
respectively. Means responsive to signals Ep; and Epp
provides a signal Eps which is a function of the differ-
ence 8ybetween Epi and Ep;. Finally, means responsive
to signals E3, Eg7, E4, Eps, and Es, are included for
providing a signal Epr which is representative of the
vertical component of target velocity Vyywhere Yryis
approximately defined by the relationship:

MR + 4hghpl

2hgp v

Vry =

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating the rela-
tions between an aircraft which is carrying the system
of the present invention, the target, the earth and the
direct path and multipath returns of electromagnetic
energy from the aircraft to target and back. FIG. 1 also
illustrates the pertinent geometrical relationships in-
volved in the operation of the subject system.

FIG. 2 is a block diagram illustrating the basic com-
ponents of the subject system.

FIG. 3 is a flow chart illustrative of the operation of
the subject system.

FIG. 4 is a flow chart illustrative of the operation of
a second embodiment of the subject system.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring to FIG. 1, the system of the subject inven-
tion is adapted to be used with a radar-bearing aircraft
10 for measuring the required parameters of a target 11
which is in relative motion with respect to aircraft 10. It
will be understood, however, that the subject system
may also be used with a stationary radar. As shown in
the figure, there are three pertinent paths along which
the radar signals transmitted from aircraft 10 may tra-
verse in going from aircraft 10 to target 11 and back.
The first echo signal received by the aircraft radar is
that traversing the direct return path defined by points
ABA. The next echo signal received by the radar is that
traversing the first multipath return which is defined by
points ACBA (and ABCA). This first multipath return
echo signal is really an addition of two signals received
back at the radar at the same time namely, one signal
traversing path ACBA and another signal traversing
path ABCA. The last echo signal received by the radar
is that traversing a second multipath return which is
defined by points ACBCA.

In accordance with the invention, the subject system
processes the radar echo signals traversing at least one
of the multipaths in conjunction with that traversing the
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direct path to measure the desired target parameters.
The subject system uses the difference in Doppler fre-
quencies between the direct and multipath radar returns
to determine the vertical speed of the target.

More particularly, it has been found that if the differ-
ence between the Doppler frequencies of the direct
return and first multipath return echo signals, where
there is assumed to be no contribution by the vertical
velocity of the target, is filtered from the difference
between the actual Doppler frequencies of the direct
return and first multipath return echo signals, the re-
maining element comprises a third Doppler difference
which is linearly proportional to the vertical target
velocity and from which the actual vertical target ve-
locity may be determined.

Before discussing the actual components of the sub-
ject system is is desirable to derive the pertinent geo-
metrical relations between the respective Doppler dif-
ferences. The first pertinent relationship is the determi-
nation of the difference between the Doppler frequen-
cies of the direct return and the first multipath return
echo signals wherein it is assumed that the target has no
vertical component of velocity. Accordingly, referring
to FIG. 1, the values of Vgyand Vv, i.e., the respec-
tive vertical components of aircraft and target velocity,
must be assumed to be zero. Based upon the geometrical
relations depicted in FIG. 1 the value of the frequency
f, of the received first multipath echo signal is approxi-
mately defined by the relationship:

H
(Frp + V1) (cos ¢ + cos 8) W

C

fr=fz'[l +

where Vg is the magnitude of the horizontal component
of the radar velocity and V7 is the magnitude of the
horizontal component of target velocity, f; is the fre-
quency of the transmitted signal, and C is the velocity of
signal propagation.

Accordingly, from equation (1) the Doppler fre-
quency fgcaused by the first multipath return is approx-
imately defined by the relationship:

The pertinent geometric relations depicted in FIG. 1
also provide that the Doppler frequency fy, of the direct
return path is approximately defined by the relationship:

]

Consequently, the difference in Doppler frequencies
between the direct return and the first multipath return
1s:

@)
(Vg + ¥ (cosd + cos @)

C

fdf=ﬁ|:

3)
2¥VRr + V) cos @

fdasz[ C

Afg = fdo — fat

(Vr + V1) (cos & — cos )
= £ o

or if A is the wavelength of the transmitted signal,
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(VR + VD (cos 8 — cos ¢)

4
M= . @

Equation (4) gives the decrease in the Doppler fre-
quency of the first multipath return compared with the
direct radar return as a function of the angles 8 and ¢.
However, this is not a very convenient form for this
equation. A more useful relationship is obtained by
converting cos & and cos ¢ into suitable radar parame-
ters. Referring to FIG. 1:

. hr hr (5)
s = =T,
and
. hr — hr )
sin @ = R J—
0

where hg and hr are the respective aircraft and target
heights as measured from the line drawn tangent to the
earth’s surface and through reflection point C. The use
of assumed aircraft and target heights hg and hrwill be
discussed in detail below. R, is the slant range measured
by the radar system. Also from FIG. 1:

! 7
R? = (1 + hP - 4k - :

or,

I z 1]
R02=!12(l +T) —4hR27l-

but from (5):

so that

2
hr hr
R¢,2=I|2(l+ P ) ~ 4hR? =

and rearranging gives:

kR
hr + AT

J Roz + 4hghy

Iy =
Substituting the above equation into (5) results in:

hR + hT ®

sin ¢ = Te—m——————
N R, + 4hpht

and
cos¢=J I

reduces to

thg + hp?
R + 4hphT

This
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r &)

\l R — (hr — h)?

cos ¢ | —————
R + dhghy

Next cos @ can be found from (6):

) 10
9_\]' AR — hr Y _J RA — (hr ~ hrP?
CENT\TR ) NT R

By inserting (9) and (10) into (4) the new relation for
Afg becomes:

an

)

] 1
[ Ro N'R2 4 thghr

Afg =

Vr + VT\‘_'—
—— VR — (kg — hp?

[

While the relative horizontal velocity between air-
craft 10 and target 11, i.e., VR + V7, may be assumed to
be constant while the aircraft and target maintain their
courses, it is more suitable to use the relative radial
velocity, V,.q, instead of Vg+ V71 because the radar
system directly provides a value for V,.q rather than
Vgr+ V7 Referring to FIG. 1:

(VR+ V7= Vygy/cos 8

and from (10)

R,
N'R2 — thg — hpp

(VR+ VD) = Vyga

The substitution of the above in (11) and letting Afy

become 8f; results in
(12)
v, R
5y = _;ﬂ ] o
N'R,2 + ahghr

where 8f7 is the difference between the Doppler fre-
quencies of the direct return and first multipath return
echo signals wherein it is assumed that the target has no
vertical velocity. It will be noted that 8fzis proportional
to the relative radial velocity V,.s between the aircraft
and the target.

The next Dopper difference to be determined is 8f4
which is the difference between the actual Doppler
frequencies of the direct return and first multipath re-
turn echo signals, 4 and "4, respectively. As will be
described below, the radar system with which the sub-
Jject vertical target velocity measuring system is used
directly measures the values of 'y, and [ g. However, it
is desirable to express their values in terms of the verti-
cal target velocity, and thus, the geometry depicted in
FIG. 11 will again be used to derive the proper relation-
ships.

In deriving the value of 8fs as expressed in equation
(12) it was assumed that the target had no vertical com-
ponent of velocity. When such an assumption is not
made the geometric relations in FIG. 1 provide that the
actual Doppler frequencies of the indirect (first multi-
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path) and direct return echo signals, f'g and fg4, are
defined as follows:

a3
(VR — V1x)cos ¢ + cos 6) Vri{sin 8 — sin ¢)
Sar= T + x
and
2(FR — Vrx)os @ 2¥7ysin 8 14)
fdo = FY A
where

Vr=V¥ry t x+¥7y 1 y=target velocity.

These result in a new difference in Doppler frequency,
Af'g, which is:

Afd=fdo— Sat (15)

(VR — V1x)(cos 8 — cos $) | Yofsin 6 + sin &)
c T Y A

M+ Vrylsin Oh-i— sin &)

Based on the above the third difference Av between the
Doppler frequency of the direct return signal and that
of the first multipath return signal which is caused by
the target vertical velocity alone is defined by:

Ay = My~ Afg

Vrysin 8 + sin ¢)

Ay = Y

- Substitution for sin 8 and sin ¢ using equations (6) and
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(8) gives:

(16)

AR + hr
N'R2 + ahghr

hr — hr
R,

)

Again, because the subject radar system measures a
relative radial component of velocity V,aq, it is prefera-
ble to use an equation such as (12) to predict 8y rather
than Afg, which is predicted by (11). Therefore, it is
desirable to have 8v, the apparent shift in Doppler
caused by a vertical velocity component, rather than
Av, the actual shift. Referring to FIG. 1, Afy may be
defined to be 8y as a function of V,zq and Vy, rather
than Vg, V7, and V7y as follows:

Vead=(VR— Vrx) cos 8+ ¥y sin 6
or by rearranging:

Viga — ¥rysin @
VR — Vrx = = cos?
This relation may now be substituted for (Fr— Frx) in
equation (15) to yield:

Vrad — V7ysin @
cos &

(cos 8— cos ¢) + ¥ry(sin & + sin ¢)

L Y )
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-continued
¥, oS 1 Z
= ;ﬂd L= f:osz + ;{y {sin ¢ + cos ¢ tan &)

Using relations (6), (8), (9) and (10) as substitutions
for the trigonometric functions gives:

]+

Y1y hR + hT

| —
N'R? + 4hrhr

R,

N'R,? + 4hghr

V,
5f¢=—)"£[l -

hr — hr
\J RS2 — (hg — h1? R,
R + dhghr “ RS2 — (g — hpP
R,

and from (12)

hr + kT
N R + dhghT

¥Vt hg — ht
=58 —_
8 a =0+ — ( + N FEppT ]

¥r 2hg
— ta + =2
N'R,2 + 4hphr

subtracting 8fs from 8f 4 gives:

6y = 8fd — 84

Y
=%

2hR

ke ———— and
N R,? + 8hphr

SvA(R,? + 4hphpt

= 2hg

Based on the above, the pertinent Doppler frequency
differences may be summarized as follows:

[~

84 = 8f, _|__VTL -
4= VTR TR + shght

Ro
(R;? + 4hghpt

Vrad
4 = ——

2hR

VT T TR TR + ahghpt

)

Referring now to FIGS. 2 and 3, the operation of the
subject system, which is based upon the above derived
relationship, will be described. As shown in the figures,
the subject vertical target velocity measuring system
proper, which is designated generally by reference nu-
meral 5, is typically an addition to a Doppler radar
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system which may include, as depicted schematically, a
transmitter 20 with an associated antenna 21, a receiver-
processor 30, and a navigation subsystem 22 for measur-
ing the parameters of the aircraft 10, e.g., ground speed,
and altitude.

Turning specifically to FIG. 2, as is known in the art,
antenna 21 is adapted to communicate selectively with
radar transmitter 20 and receiver-processor 30 such that
when coupled with transmitter 20, antenna 21 radiates
electromagnetic energy of known wavelength A and
frequency f; towards target 11, and when coupled with
receiver-processor 30, antenna 21 receives the echo
signals traversing the respective paths, e.g., direct, mul-
tipath. Preferably, antenna 21 is designed to provide the
radar system with a large elevation beamwidth such
that the radar may acquire target altitude data without
scanning in elevation. It will be noted that a pair of
antennae, one coupled to the transmitter, the other to
the receiver-processor may be employed rather than the
single antenna.

Still referring to FIG. 2, the radar receiver-processor
30 includes components which process the echo signals
received from target 11 and provide at their outputs
signals which are representative of certain of the tar-
get’s parameters. More particularly, the radar receiver-
processor 30 includes a Doppler frequency detector 31
and a central processor 32. Doppler frequency detector
31 is responsive to the transmitted signal of frequency f,,
as well as to the echo signals traversing the direct path
and first multipath, each of the echo signals having a
frequency that is different from f;as a result of the Dop-
pler Effect. Detector 31 compares transmitted signal
frequency f; with the frequency of each of the received
direct return and first multipath return signals and de-
tects the Doppler differences or frequencies as f'¢, and
41, respectively. Because detector 31 measures the
actual Doppler frequencies of the pertinent echo sig-
nals, each of the values of ', and {41 includes an ele-
ment caused by the vertical component of the target
velocity. Accordingly, as will be described below, the
subject system may process signals representative of
f 4o and g1 to ascertain the vertical velocity of the tar-
get.

Central processor 32 is responsive to detector 31 and
provides at its outputs a direct Doppler signal E; which
is representative of f4; an indirect Doppler signal E;
which is representative of {'g1; a slant range signal Eq4
which is representative of the target slant range R,; a
radial velocity signal Epg representing the relative ra-
dial velocity Vg between the target and the radar; and
a transmitter signal Es which is representative of the
wavelength, A, of the transmitted electro-magnetic en-
ergy.

In accordance with known methods, navigation sub-
system 22 determines radar height Hg and radar ground
speed and transmits this information to central proces-
sor 32 which may or may not modify it for further use
by the overall system. Thus, central processor 32 is also
responsive to navigation sub-system 22 to provide an
output signal Egrwhich is representative of the target
height Hr.

Turning now to a more detailed description of the
invention proper, the subject system 5 preferably in-
cludes an adjusted height computer 40 which is respon-
sive to signals E3, E4, and Eyr for processing said sig-
nals and providing at its outputs signals Egand E7repre-
sentative of assumed radar and target heights hgand hr,
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respectively, said assumed heights hg and h7being mea-
sured from the respective radar and target to the line
tangent to the earth’s surface and going through reflec-
tion point C of the earth’s surface. As described in the
above derivations, the values of hg and hrare employed
by the subject system 5 in accordance with the inven-
tion, and so adjusted height computer 40 is provided to
convert the actually measured height values Hgand Hr
to the assumed values of hg and hy. It will be noted,
however, that for relatively short slant ranges R, on the
order of about 100 nautical miles or less, the values of
hg and h7 are substantially identical to the values Hg
and Hr actually measured by the radar such that the
subject system may process signals representative of
Hpg and Hy to determine a suitable value of vertical
target velocity. However, for greater slant ranges or
where a more accurate measurement of vertical target
velocity is required, the computation of hg and hrfrom
Hpg and Hr must be effected by computer 40.

Still referring to FIG. 2, the subject vertical target
velocity measuring system includes a first Doppler dif-
ference processor 50 which is responsive to signals Fyg,
Es, Es, E7 and Eyg and provides at its output a signal
Epi which is representative of the difference 8fy be-
tween the direct and indirect Doppler frequencies
caused by the relative radial velocity between aircraft
10 and target 11 wherein 6fz is approximately defined
by the relationship:

85 = l’ﬂ 1 — __}3_"—_
TR (R + 4hphpi

As indicated above, 8fy is determined by assuming that
neither the aircraft nor the target has a vertical compo-
nent of velocity and that the relative radial velocity
V ggresults from the horizontal velocities of the aircraft
and target.

A second Doppler difference processor 60 is respon-
sive to signals E; and E; for processing said signals and
providing at its output a signal Ep; which is representa-
tive of the difference 5 7 between the direct and indi-
rect Doppler frequencies g, and f'd1, respectively. As
indicated above, the values of f' 4, and f 41 are the actual
Doppler frequencies of the direct return and first multi-
path return echo signals, respectively, and as such, f'z,
and 41 each include a contribution representative of the
vertical component of target velocity. Accordingly, the
difference 6f 4 between the direct and indirect, i.e., first
multipath return, Doppler frequencies also includes a
contribution of the vertical component of target veloc-
ity. It will be noted that while 8'f; may theoretically
reflect a vertical component of velocity for the radar,
for most practical applications, the vertical velocity of
the radar may be assumed to be insignificant such that
the only vertical component of velocity reflected in 5'f;
is that of the target.

As derived above, the relationship between 8f'y and
the vertical component Vry of the target velocity is
defined approximately by:

A third Doppler difference processor 70 is responsive
to signals Ep; and Epz and provides at its output a signal

2hp

8= fuo— fr = B + SL
AT =T [(R.,2+4hxhr)*
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Epsrepresentative of the difference §v, which is a func-
tion of the difference between Ep; and Ep;y, the differ-
ence dv being approximately defined by :

A target vertical velocity processor 80 is responsive
to signals E4, Es, Eg, E7 and Ep3 and provides at its
output a signal Ey7which is representative of the target
vertical velocity V 7y, where Vryis approximately de-
fined by:

2hR

v bfg— bfy = L 2R ___
A G N T Ty

MR + 4hphpyt
Vry = -

FIG. 3 is a flow chart illustrating the various process-
ing steps performed by the subject system, the particu-
lar processing steps performed by the subject vertical
speed measurement system proper being contained
within the dotted-line box. As indicated, the Radar
Navigation System and Radar Processor provide the
Vertical Speed Measurement System with certain given
values ie. Vygg, A, '3, Tg1, Ry, Hg and Hy that are
needed to ascertain vertical target velocity Vry using
the first multipath return. In addition, in accordance
with an embodiment of the invention, the given values
of Ry, Hg and Hrare processed by an adjusted height
computer (reference numeral 40 in FIG. 2) to provide
the measuring system proper with values hg and hr
which, as described above, are assumed values of radar
and target height, said assumed heights being a function
of actual radar and target height Hg and Hrand range

- R
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65

The subject measurement system proper first pro-
cesses signals representative of V44, A, Ry, hgand hyin
accordance with the relationship indicated in the first
box contained within the dotted lines of FIG. 3 to ascer-
tain first Doppler difference 6f;. This processing is
performed by First Doppler Difference Processor 50 in
FIG. 2. The system then processes signals representa-
tive of {4, and f'd1 in accordance with the relationship
indicated in the second box contained within the dotted
lines of FIG. 3 to obtain Second Doppler difference
8f" 4. This processing is done by Second Doppler Differ-
ence Processor 60 of FIG. 2. The system then processes
signals representative of 8 gand 8fyin accordance with
the relationship indicated in the third box contained
with the dotted lines of FIG. 3 to provide a third Dop-
pler difference 8v. This processing is performed by
Third Doppler Difference Processor 70 of FIG. 2. Fi-
nally, the system processes signals representative of A,
Ry, hg, hrand 8v in accordance with the relationship
indicated in the fourth box contained within the dotted .
lines of FIG. 3 to provide vertical target velocity V7y.
This processing is done by Target Vertical Velocity
Processor 80 of FIG. 2.

Again, it will be noted that in determining Vryit is
assumed that the radar has no vertical component of
velocity itself and that the value of Vryis the vertical
velocity of the target. Where the radar has a significant
vertical velocity, however, the value of V rywill reflect
the vertical velocity of both the target and the radar. To
determine the vertical velocity of the target alone it
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would be necessary to first determine the vertical radar
velocity by separate means and then to filter it from
V ry to reflect the target velocity alone.

Referring to FIG. 4, a flow chart for the operation of
an alternate embodiment of the subject system is illus-
trated. In accordance with this embodiment of the in-
vention, the second multipath return echo signal, i.e.,
that traversing points ACBCA rather than the first
multipath return is processed with the direct return
echo signal. If the embodiment of FIG. 4 is compared
with that of FIG. 3 it will be noted that they are quite
similar except in that the embodiment of FIG. 4 ac-
counts for the fact that the difference Af 4 between the
Doppler frequency of the second multipath return echo
signal and that of the direct return echo signal is twice
the difference f'd| between the Doppler frequency of
the first multipath return signal and that of the direct
return echo signal. Accordingly, in FIG. 4, where ',
i.e., the Doppler frequency of the second multipath
return echo signal replaces g1, i.e., the Doppler fre-
quency of the first multipath return echo signal, the
pertinent geometrical relations in FIG. 1 provide that:

5fqg=Sdo — F2
2V raa R,
5fy = 1 —
Ja =X ( (R + 4hghp)t ]

MR + 4hphrH

Vry = — TR v

Based upon these modified relationships it will be un-
derstood that the respective electronics contained in the
respective Doppler difference processors of the system
must be accordingly modified.

Referring to FIGS. 2 and 4, the Radar Navigation
System and Radar Processor provide the vertical speed
measurement system proper with certain given values,
i.e. Vega, A, a0, a1, Ro, Hg and Hy that are needed to
ascertain vertical target velocity Vyj using the second
multipath return. In addition, in accordance with an
embodiment of the invention, the given values of R,,
Hg, and Hy are processed by an adjusted height com-
puter (reference numeral 40 in FI1G. 2) to provide the
measuring system proper with values hg and hy which,
as described above, are assumed values of radar and
target height, said assumed heights being a function of
actual radar and target height Hg and Hrand range R,.

The subject measurement system proper first pro-
cesses signals representative of V.44, A, Ry, hrgand hrin
accordance with the relationship indicated in the first
box contained within the dotted lines of FIG. 4 1o ascer-
tain first Doppler difference 8fy. This processing is
performed by First Doppler Difference Processor 50 in
FIG. 2. The system then processes signals representa-
tive of {4, and g2 in accordance with the relationship
indicated in the second box contained within the dotted
lines of F1G. 4 to obtain second Doppler difference &f 4.
This processing is done by Second Doppler Difference
Processor 60 of FIG. 2. The system then processes
signals representative of 8f' yand 6fy in accordance with
the relationship indicated in the third box contained
within the dotted lines of FIG. 4 to provide a third
Doppler difference §v. This processing is performed by
Third Doppler Difference Processor 70 of FIG. 2. Fi-
nally, the system processes signals representative of A,
R, hgr, hrand &v in accordance with the relationship
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indicated in the forth box contained within the dotted

lines of FIG. 4 to provide vertical target velocity V7.

This processing is done by Target Vertical Velocity

Processor 80 of FIG. 2.

In summary, the present invention provides an im-
proved system for measuring the vertical velocity of a
target. The system uses the significant difference in
Doppler frequencies between the direct and multipath
return echo signals to detect the target vertical velocity
on a single dwell, i.e., without the need for the target to
traverse a measurable vertical distance. Accordingly,
targets having a relatively large vertical component of
velocity may be more rapidly detected and classified. In
addition to actual target velocity measurement the sub-
ject system may be used simply to detect types of tar-
gets. For example, where the measured vertical veloc-
ity is above a predetermined threshold it may be deter-
mined that the target is a missile rather than an aircraft
and that certain special precautions must be taken.

While there have been described herein what are at
present considered preferred embodiments of the inven-
tion, it will be obvious to those skilled in the art that
many modifications and changes may be made therein
without departing from the essence of the invention. It
is therefore to be understood that the exemplary em-
bodiments are illustrative and not restrictive of the in-
vention, the scope of which is defined in the appended
claims, and that all modifications that come within the
meaning and range of equivalency of the claims are
intended to be included therein.

What is claimed is:

1. A Doppler radar system for measuring the vertical
component of velocity of a target in relative motion to
the radar system comprising:

A. transmitting means for radiating toward said tar-

get electromagnetic energy of known wavelength

A and known frequency fy;

B. navigation means for determining the height of the
system Hg above the ground and for providing at
its output a signal Ej representative of Hg;

C. receiver-processor means in communication with
said transmitting means for receiving and process-
ing electromagnetic energy reflected from said
target, said receiver-processor means including:

i. detector means adapted to be responsive to first
and second components of the electromagnetic
energy reflected from said target, said first com-
ponent comprising reflected energy received
from the target via a direct line of sight path
between said radar system and said target and
having a Doppler frequency fg,; said second
component comprising reflected energy re-
ceived via an indirect path between the radar
system and the target and having a Doppler
frequency f'4 said second component including
one portion traversing a path from the system to
the surface of the earth to the target to the radar
system, and another portion traversing a path
from the radar system to the target to the surface
of the earth to the radar system; .
central processor means responsive to said detec-
tor means and said navigation means for;

(1) processing said first component of reflected
electromagnetic energy to provide at its out-
put a direct Doppler signal E; representative
of g0,

ii.
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(2) processing said second component of re-
flected electromagnetic energy to provide at
its output an indirect Doppler signal E; repre-
sentative of fgy;

(3) determining target slant range Roand provid-
ing at its output a slant range signal E4 repre-
sentative of target slant range R,;

(4) determining target height H7 and providing
at its output a signal Egrrepresentative of said
target height Hr;

(5) determining the relative radial velocity Vg
between the system and target and providing
at its output a signal Epg representative of
radial velocity V,uq;

(6) processing the transmitted electromagnetic
energy to provide at its output a transmitter
signal Esrepresentative of the wavelength A of
the transmitted electromagnetic energy; and

(7) processing said E3signal from said navigation
means and providing said Ej signal at its out-
put;

D. means responsive to the signals Eyg, E3, Eq4, Es,
and Egrfor providing a signal Ep, representative
of a Doppler difference 8fy, where 5f; is approxi-
mately defined by the relationship:

Bfg=(Vraa/N) (1 - Ro/(Ro2 +4 HRHPY),

E. means responsive to signals E| and E; for provid-
ing a signal Ep; representative of a difference 6"y
between the direct and indirect Doppler frequen-
cies {4, and 'z respectively;

F. means responsive to signals Ep; and Ep; for pro-
viding a signal Ep3 which is a function of the differ-
ence §v between Ep; and Ep3; and

G. means responsive to E3, Eyr, Ea4, Ep3, and Es for
providing a signal Eprrepresentative of the target
vertical velocity Vry where Vryis approximately
defined by the relationship:

Vry=[Rs?+4 HRHp!/2 HRlov

2. The system of claim 1 which further includes a
height adjustment computer responsive to signals Ej,
E4 and Egr for providing at its outputs signals Eg and
E7 representative of the heights hg and hyof the system
and target, respectively, over a line drawn tangent to
the earth’s surface and through the point on the earth’s
surface from which said indirect energy path is re-
flected.

3. A Doppler radar system for measuring the vertical
component of velocity of a target in relative motion to
the radar system comprising:

A. transmitting means for radiating toward said tar-

get electromagnetic energy of known wavelength

A and known frequency fy;

B. navigation means for determining the height of the
system Hg above the earth and for providing at its
output a signal E3 representative of Hg;

C. receiver-processor means in communication with
said transmitting means for receiving and process-
ing electromagnetic energy reflected from said
target, said receiver-processor means including:

i. detector means adapted to be responsive to first
and second components of the electromagnetic
energy reflected from said target, said first com-
ponent comprising reflected energy received
from the target via a direct line of sight-path
between said radar system and said target and
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having a Doppler frequency f4,, said second
component comprising reflected energy re-
ceived via an indirect path between the system
and the target which includes a double reflection
from the surface of the earth and having a Dop-
pler frequency a2 said second component tra-
versing a path from the radar system to the sur-
face of the earth to the target to the surface of
the earth to the radar system;

. central processor means responsive to said detec-

tor means and said navigation means for;

(1) processing said first component of reflected
electromagnetic energy to provide at its out-
put a direct Doppler signal E; representative
of Fgy

(2) processing said second component of re-
flected electromagnetic energy to provide at
its output an indirect Doppler signal E; repre-
sentative of f'g;

(3) determining target slant range R, and provid-
ing at its output a slant range signal E4 repre-
sentative of target slant range Ry,

(4) determining target height Hr and providing
at its output a signal Exrrepresentative of said
target height Hr;

(5) determining the relative radial velocity V,ugq
between the system and target and providing
at its output a signal Epg representative of
radial velocity V4

(6) processing the transmitted electromagnetic
energy to provide at its output a transmitter
signal Es representative of the wavelength of
the transmitted electromagnetic energy; and

(7) processing said E3signal from said navigation
means and providing said Ej signal at its out-
put,

D. means responsive to the signals Eyg, E3, Eq, Es,
and Eyr for providing a signal Ep; representative
of a Doppler difference 6z, where 5fy is approxi-
mately defined by the relationship:

[

)

814=2(Vraa/N) (1— Ro/(R + 4 HRHPY)

E. means responsive to signals Et and E3 for provid-
ing signal Ep; representative of a difference 8fy be-
tween the direct and indirect Doppler frequencies f'4,
and {42 respectively;

F. means responsive to signals Ep and Ep; for pro-
viding a signal E p3 which is a function of the differ-
ence 8v between Ep; and Epp; and

G. means responsive to E3, Egr, E4, Eps, and Es for
providing a signal Epyrepresentative of the target
vertical velocity Vry where Vry is approximately
defined by the relationship:

Vry=Al(R,2+4 HRH /4 HR)ov

4. The system of claim 3 which further includes a
height adjustment computer responsive to signals Es,
E4 and Egr for providing at its outputs signals E¢ and
E7representative of the heights hg and hrof the system
and target, respectively, over a line drawn tangent to
the earth’s surface and through the point on the earth’s .
surface from which said indirect energy path is re-
flected.

5. In a Doppler radar system responsive to first and
second components of electromagnetic energy reflected
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from a target, said first component comprising reflected
energy received from the target via a direct line of sight
path between the system and the target, said second
component comprising reflected energy received from
the target via an indirect path between the system and
the target, which includes a reflection from the earth’s
surface, said second component including one portion
traversing a path from the system to the surface of the
earth to the target to the system and another portion

traversing a path from the system to the target to the jo

surface of the earth to the system, for providing at its
output a signal E; representative of a Doppler fre-
quency f'g, of said first component of reflected energy,
a signal E; representative of a Doppler frequency 41 of
said second component of reflected energy, a signal Eq
representative of target slant range Ry; a signal Egr
representative of target height Exr, a signal Es repre-
sentative of the wavelength A of the transmitted electro-
magnetic energy, a signal Eygr representative of the
relative radial velocity V ,qqbetween the system and the
target and a signal E;3 representative of the system
height Hg the combination with said system of means
for measuring the vertical component of velocity of the
target comprising:

A. means responsive to the signals Eyr, E3, Es, Es,
and Eyr for providing a signal Epj representative
of a Doppler difference 5fy, where 8fy is approxi-
mately defined by the relationship:

8g=(Vraa/N) (1 =Ro/ (R,2+4 HRHDY);

B. means responsive to signals E; and E; for provid-
ing signal Ep» representative of a difference 6fy
between the direct and indirect Doppler frequen-
cies 'y, and g respectively;

C. means responsive to signals Epy and Ep; for pro-
viding a signal Ep3 which is a function of the differ-
ence &v between Ep| and Epy; and

D. means responsive to Ei, Eyr, E4, Ep3, and Es for
providing a signal Eprrepresentative of the target
vertical velocity Vry where Vryis approximately
defined by the relationship:

Vry=A[(R,2+4 HRH Pt/ 2HRISv.

6. The system of claim 5 which further includes a
height adjustment processor responsive to signals Ej,
E4 and Eyr for providing at its outputs signals Eg and
E; representative of the heights of the system and target
respectively over a line drawn tangent to the earth’s
surface and through the point on the earth’s surface
from which said indirect energy path is reflected.

7. In a Doppler radar system responsive and second
components of electromagnetic energy reflected from a
target, said first component comprising reflected en-
ergy received from the target via a direct line of sight
path between the system and the target, said second
component comprising reflected energy received from
the target via an indirect path between the system and
the target which includes a double reflection from the
earth’s surface, said second component traversing a
path from the system to the surface of the earth to the
target to the surface of the earth to the system, for
providing at its output a signal E; representative of a
Doppler frequency 4, of said first component of re-
flected energy, a signal E; representative of a Doppler
frequency fg; of said second component of reflected
energy, a signal E4 representative of target slant range
R, a signal Eyrrepresentative of target height Egr, a
signal Es representative of the wavelength A of the
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transmitted electromagnetic energy, a signal Eypg repre-

sentative of the relative radial velocity Vgbetween the

system and the target and a signal E3 representative of

the system height Hg the combination with said system
5 of means for measuring the vertical component of ve-
focity of the target comprising:

A. means responsive to the signals Eyg, E3, E4, Es,
and Egrfor providing a signal Ep; representative
of a Doppler difference 8fy, where 8f4 is approxi-
mately defined by the relationship:

8f=(2V rad/ N1 — Ro/ (R +4HRHY);

B. means responsive to signals E; and E; for provid-
ing a signal Ep; representative of a difference &6f 4
between the direct and indirect Doppler frequen-
cies f'g, and 4] respectively;

C. means responsive to signals Ep and Ep; for pro-
viding a signal Ep3 which is a function of the differ-
ent 6v between Ep; and Ep;; and

D. means responsive to E3, Eyr, E4, Ep3, and Es for
providing a signal E 7 representative of the target
vertical velocity Vry where Vryis approximately
defined by the relationship:

20

Vrr=A(R,2+4HgHDi/4HRg|6v.

8. The system of claim 7 which further includes a
height adjustment processor responsive to signals Esj,
E4 and Eyr for providing at its outputs signals Eg and
Ej7 representative of the heights of the system and target
respectively over a line drawn tangent to the earth’s
surface and through the point on the earth’s surface
from which said indirect energy path is reflected.

9. A method for measuring the vertical component of
velocity of a target in relative motion with respect to a
reference point comprising the steps of:

A. radiating toward said target electromagnetic en-

ergy of known wavelength A and known frequency

30

35

[

B. determining the relative radical velocity Vg be-
tween the reference point and the target and the
height of the reference point Hr above the earth
and providing a signal Eyg representative of V,ug
and a signal Ej representative of Hg;

C. detecting first and second components of the elec-
tromagnetic energy reflected from said target, said
first component comprising reflected energy re-
ceived from the target via a direct line of sight path
between said reference point and said target and
having a Doppler frequency f 45, said second com-
ponent comprising reflected energy received via an
indirect path between said reference point and said
target which includes a reflection from the surface
of the earth and having a Doppler frequency fg,
said second component including one portion tra-
versing a path from the reference point to the sur-
face of the earth to the target to the reference point
and another portion traversing a path from the
reference point to the target to the surface of the
earth to the reference point;

D. processing said first component of reflected elec-
tromagnetic energy to provide a direct Doppler
signal E| representative of g

E. processing said second component of reflected
electromagnetic energy to provide an indirect
Doppler signal E; representative of {41;
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F. determining target slant range R, and providing a
slant range signal E4 representative of target slant
Rg

G. determining target height Hr and providing a
signal Egrrepresentative of said target height Egr;

H. processing the transmitted electromagnetic energy
to provide a transmitter signal Es representative of
the wavelength A of the transmitting electromag-
netic energy;

I. processing the signals Eyg, E3, E4, Es, and Egrto
provide a signal Ep; representative of a Doppler
difference 8fy, where 8f; is approximately defined
by the relationship:

8a=(Vrsa/ M| — Ro/(R2+ 4HRH DY),

J. processing signals E; and E; to provide a signal
Ep; representative of a difference 8f y between the
direct and indirect Doppler frequencies f'goand g
respectively.

K. processing signals Ep1 and Ep; to provide a signal
Ep3 which is a function of the difference 6v be-
tween Epj and Ep;; and

L. processing signals E3, Egyr, E4, Ep3, and Es to
provide a signal Ep7 representative of the target
vertical velocity V ry where V ryis approximately
defined by the relationship:

Vry=A(R,2+4HRgH )i/2Hg]5v.

10. The method of claim 9 which further includes the
step of processing signals Ej3, E4 and Egr to provide
signals E¢ and E7 representative of the heights hg and
hr of the system and target, respectively, over a line
drawn tangent to the earth’s surface and through the
point on the earth’s surface from which said indirect
energy path is reflected.

11. A method for measuring the vertical component
of velocity of a target in relative motion with respect to
a reference point comprising the steps of:

A. radiating toward said target electromagnetic en-
ergy of known wavelength A and known frequency
fy;

B. determining the relative radial velocity V.4 be-
tween the reference point and the target and the
height of the reference point Hg above the earth
and providing a signal Epg representative of V.4
and a signal Ej representative of Hg;

C. detecting first and second components of the elec-
tromagnetic energy reflected from said target, said
first component comprising reflected energy re-
ceived from the target via a direct line of sight path
between said reference point and said target and
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having a Doppler frequency f'4,, said second com-
ponent comprising reflected energy received via an
indirect path between the reference point and the
target which includes a double reflection from the
surface of the earth and having a Doppler fre-
quency g2, said second component traversing a
path from the system to the surface of the earth to
the target to the surface of the earth to the system;

D. processing said first component of reflected elec-

tromagnetic energy to provide a direct Doppler
signal E | representative of f g,

E. processing said second component of reflected

electromagnetic energy to provide an indirect
Doppler signal E; representative of fg;

F. determining target slant range R, and providing a

slant range signal E4 representative of target slant
range Ry;

G. determining target height Hy and providing a

signal Eyrrepresentative of said target height Hr;

H. processing the transmitted electromagnetic energy

to provide a transmitter signal Es representative of
the wavelength A of the transmitted electromag-
netic energy;

. processing the signals Epgr, Ej3, E4, Es, and Egrto

provide a signal Ep; representative of a Doppler
difference 8fy, where 8fz is approximately defined
by the relationship:

863=(2V rad/AX1 — Ro/(R 2 +4HgH Py,

. processing signals E; and E; to provide a signal

E p» representative of a difference §f ; between the
direct and indirect Doppler frequencies f'g,and £ #;
respectively;

K. processing signals Ep) and Ep; to provide a signal

Ep3 which is a function of the difference &v be-
tween Ep| and Ep;; and

L. processing signals E3, Egr, Es, Eps, and Es to

provide a signal Epr representative of the target

vertical velocity V 7y where V ry is approximately
defined by the relationship:

Vry=AR:2+4HRH P /4HR)Sv.

12. The method of claim 11 which further includes
the step of processing signals E3, E4and Egrto provide
signals E¢ and E7 representative of the heights hg and
hr of the system and target, respectively, over a line
drawn tangent to the earth’s surface and through the
point on the earth’s surface from which said indirect

energy path is reflected.
* * * * *



