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FOREWORD

Analog range trackers have bcen in existence for many years; however, no general
design procedure for the velocity and range intcgrators has (as far as the author can
determine) ever been presented. This report is intended to supply this information. The
theory is put to use in designing a two-bandwidth, second-order, type 2 range tracker.
Excellent correlation is obtained between the measured and predicted results.

This work was carried out under Naval Electronics Systems Command Lette-
PME-198-21; GC; ljt, S-9678 Serial 001512-PME-198-212.

This report was reviewed for technical accuracy by Roger Orr, Mayer Freedman, and
Roger Wilcox. The author is indebted to Paul Hilliard for constructing and testing all the
track loop circuitry.
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INTRODUCTION

Many radar systems employ range trackers in their video processors.
The theory concerning the why's of range tracking is adequately covered
in Ref, 1-4. The designer, thus confronted with the need for a range
tracker, is apparently at a loss as to how to proceed to design one (a
search to find an approach to the design of range trackers has beon in
vain).’ ’

This report presents the basic analysis and design procedures for
the design of second-order, type 2 (zero velocity error) range tracking
integrators. All necessary design equations are presented, along with
8 design example.

Acquisition and reacquisition techniques and signal detection cri-
teria are not discussed in detail, as these are subjects encompassing
enough to warrant individual treatment., Rather, the discussion assumes
that the range tracker is locked on,

BASIC RANGE TRACKING OPERATION

Figure 1 illustrates a simplified pulse radar receiver/video pro-
cessor. The signal return pulse is processed via a linear automatic
gain controlled or logarithmic receiver. The video information 1is
then detected and locked on in range by the target detection and acqui-
sition circuitry. The angle track loop will then be enabled only when
an expected return pulse is present,

—
INTERMEDIATE ANGLE
FREQUENCY [P TRack [ TARGET ANGLE
(LINEAR
TRANSMIT/ OR
RECEIVE
ANTENNA DEV.CE MIXER LOGARITHMIC)
() RANGE
\_‘j —>! TRAaCK TARGET RANGE
4

TRANS— TARGET
MITTER 9! DETECTION
7 ACQUISITION
LOCAL
OSCILLATOR

FIG. 1. Basic Pulse Radar Receiver/Video Processor.

"

it el

it

sl




- WHC TP 5566

] The prissry function of the range track loop is to track the target
] return pulses and to ensble various functions only during an expected

\ target retvrn (i.e., in certain instances, the receiver may be gated on

] by the range tracker, thus decreasing the probability of false alarm).
The range tracker must be capable of follcwing any movement in range, as
would be encountered in aircraft or missile applications. As the air-
borne radar approaches the target, the range is obviocusly decreasing;
however, the range track loop must still be capable of providing an en-
able gatn to the system. This is the primary reason for utilizing

g second~-order, type 2 (zero velocity error) range trackers. If the radar
is traveling at a constant velocity (as is often the case) and if the
tsrget should fade, the range enable gates will still be provided until

1 the tatget reappears or reacquisition is initiated.

| Figure 2 illustrates a basfic monostatic radar-target canfignrzl:im.r
1 The radar transaits at time Tj, and the transmitted pulse reaches the
target at time T;. The pulse is then reflected md reaches the radar

at time T;. It is obvious that Ty = T;. Thus, the range to the target,
R, (assuming the pulse travels at the speed of light) 1is

CAt
R== a)
vhere
C = speed of light (0.984 ft/nsec)
At = ‘1’1 + 12 (total time of pulse travel)
RADAR / A
—\( \ T,
1, TARGET
’ - |

FIG. 2, Typical Radar Target Configurationm.

Ilt should be pointed out that all the theory presented will work
for bistatic radars as well; howvever, the tize-range equations and im-
plementation will be different from the monostatic case.
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FiE. 3. Rage-Tine Relationships (Momostatic Radar).

Figure & fllestrates The basic conponents of a range track loop
Guaiin, St sShoudld be esghesized thar target lock-on has occurred). The
w‘ﬁ“l’hfi’.n. This is termed the master trig-
pullse and starts a2 linesr Tanp generator. When the ramp generator
egpalls the wopltage of the ramge integrator (ramge voltage)
Sa), She comparator §s triggeved, triggering the ramge gate which
the range discriminator. The output of the discriminator
5b) s comimally “zeroed™ by the feedback actiom of the loop
» The mmge gate s driven such that the target return is centered
the zange gate).
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TARGET RANGE
RETURN RANGE INTEGRATORS
DISCRIMINATOR T
_J_L | :
o RANGE
) / - VOLTAGE
11 )
M —
S
RANGE GATE
ENABLE
RANGE
GATE
VOLTAGE R he
RAMP COMPARATO

MASTER TRIGGER

FIG. 4. Basi. Range Track Loor.

RANGE TRACKER DESIGN ANALYSIS

Figure 6 illustrates the classical second-order, type 2 range
tracker. The design of the discriminator, comparator, ramp generator,
and early-late gates are critical for a well-designed range track loop.
However, these circuits are fairly well established and the design is not
discussed here. The main task and objective of this report is to design
the range and velocity integrators. Assigning values to the R's and C's
is not as straightforward as might appear at first glance.

Figure 7 is a functional diagram of Fig. 6 and is uscd for analysis.
The range error (actual-measured) is amplified by .he discriminator, in-
tegrated and compared with the actual range. The box marked output scale
factor (S ft/volt) simply relates range voltage to feet. Figure 7 lends
itself to straightforward feedback analysis.
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leteing '

5 = AHA5

22 = A5

1€ = D? (‘1 + azs)

The loop gainm (iC) for the second-order, type 2 ra ge tracker s

%)

(5)

(6)

@)

(8)

The discriminator scale factor, D, is left as an independeat vari-
able as this term is uvsuzlly depeundent on the instamtaneous target video

reture.

The track loop transfer function is

M, _16_

l‘ 1+ 10
vhere

lu-medtmgz
and

RA-a:tnalran;e

Substituting Eq. 8 into Eq. 9 and simplifying,

-l_.!' all)*azDS

A Sz+azn$+alb

9)

o)
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The denominator of Eq. 10 is of the classical form of a second-order
feedback system

2 2 2
S” + azDS + alb ST+ 26wnS + wn (11)

where

§ = damping ratio
wn = loop undamped natural frequency

»

It i8 obvious from Eq. 11 that

un = aID (1"a)
and
82D
6 - ——Zw (12b)
n

The order and type for a feedback system are used indiscriminately
by many people. The most common usage is: the order of a system refers
to the highest degree of the polynomial expression for the character-
istic equation (Eq. 'l) and the type of system refers to the number of
poles of the LG (Eq., () located at the origin. Thus, from Eq. 8 and 11,
the range track loop is a second-order, type 2 system. It is well known
from classical control theory that a second-order, type 2 system has
zero positional and velocity error, and a constant acceleration error.

The similarity of Fig. 7 to that of a classical phase lock loop
should be noted., Indeed, if range is substituted for phase, velocity
for frequency change, and acceleration for frequency ramp, the basic
range tracker loop and phase lock loop are identical. (Appendix A dis-
cusges the similarities between the range track loop and the phase lock
loop.) The following discussion is based on classical phase lock loop
theory.

The design of the range track loop will depend on the maximum range !
error that can be tolerated for various step position, step velocity, or l
step acceleration inputs, The error equations may be given as

Input (s
1 + LG(s)

Range error (c) = = AR 13)
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Substituting Eq. 8 into Eq. 12

2
c(s) = S {Input(®)) oo 14)

S + aZDS + alb

Substituting the various input functions (step position, velocity,
and acceleration) into Eq. 13 and solving for e€(s) yields very compli-
cated results. However, Ref. 5 has solved and plotted these equations
as a function of § and w , and Fig, 8 illustrates the various normalized
error plots. n

The effects of the damping factor, 6, on the error response is
easily seen from Fig. 8. Classically, the choice of & depends on the
wanted error overshoot, closing time, and bandwidth, The noise band-
width, BW/N, for a second-order, type 2 system may be given as

BU/N = 0,60 0.4 <8< 1 (Ref. 5) (15)

and experience has shown that a & of 0,707 yields near-optimum error re-
sponse and noise bandwidth.

1.0
0.8

AR
R

=]

E]

R = RANGE STEP

t =50
20 A

RELATIVE RANGE ERROR,
=]
L= ]

=01 =
- 1 .ﬂ
—0.2 |— = 0707
—ﬂ.:l — L ﬂ.'ﬁ
i - 03
—05 | l i 2 | | | | |
/] 1 2 3 4 1] ] 7 B
w, t
(a) Range.

FIG. 8. Error Response to Step Inputs.
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Figure 9 presents the relationships between circuit design param- i
eters (Al, A2. A3. D, and S to a1, 85, § and wn). ]

Before discussing the design of the range tracker, the following
basic factors must be known:

Maximum tracking range

Maximum tracker-target velocity
Maximum tracker-target velocity step
Maximum acceleration due to g force
Power supply voltages available
Maximum range error (c), AR.

AW N e
.

Many range trackers employ two bandwidths: one wide bandwidth for
quick normalization of a velocity step, and after velocity normalization,
a slower, narrow bandwidth for normalizing out any expected accelera-
tions, The changing of the bandwidth 1s easily accomplished by changing
Ry and Cy (see Fig, 7) via a relay. However, the damping factor, §, for
the two %andwidths should be the same (6§ independent of w ), and should
be kept in mind as we proceed.

RANGE TRACKER DESIGN EQUATIONS

The design of the range integrator component values .s straight-
forward. The maximum tracking range is X-miles (nautical or statute)
and the maximum voltage that can be obtained from the range integrator,
Y. The range voltage slope (Sv) in volts/second will be

S

v Y Sv Y
e = ok = (16)
(12,35 x 10 ) (X-nmi) (10.73 x 10 ") (X-mi)
The range slope, SR’ in foot/volt may now be given as
8
4.92 x 10
SR —s 1a7)

v

el R e et ;
TR e I s i N bl L o . 2k’
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A A DS A DS
Loop gain (LG) = 2 g R, Al § A
S

Let

a - AlAZSR a " A2A3SR

1G --z-z-(al +a28)

R LG
Range track loop transfer function (-ﬁ-—-) 1+ Lo
Hn
: RM alD + A2DS
R (&) = =
A S+ azDS + aID
The denominator is of the form
82 + 20w S + w 2
n n
or
82 + a,DS + a,D = 52 + 28w S + 2 = 82 + {AA,S_|DS + [A,A,S_)D
2 1 Y T Yy (13R) (12R)
Now

o 5 ()
a,D 82"[5

If a multiple bandwidth system is wanted, § should be independent of w ,
therefore L

6 =

a
“a L 20 Constant (K)
1

Keeping S_ and A2 constant (i.e., changing A3 and Al)

R
T 4
™1 25R

0.4 <6<1

The noise bandwidth, BW/N = 0.6wn

FIG. 9. Second-Order, Type 2 Range Track Loop Analysis Equations,
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Since the loop is a second-order, type 7 track loop, the voltage
oitput of the first integrator (or velocity incegrator) {as linearly
related to input velocity. Thus, if the target should fade, the output
range voltage will "coast' at the last target velocity. Stated another
way, the ovtput will be a linear ramp, the slope of which is dependent
on velocity, Figure 10 {llustrates the pertinent design equations for
the range integrator. A design example will be presented later to dem-
onstrate the design procedures.

¢,
IL
—{ -
Ry
VELOCITY
VOLTAGE ——Wi\WA— RAMGE
{E,)
v P VOLIAGE (Eq)

o

The output scale factor is Sg (ft/volt). The maximum output slope
occurs for maximum velocity, me. (The input to the range integrator is
E_/max.)

v

dER/max - "max (volt)
dt SR sec
Now
E /max (V )
\ - c_[-_max
R3 2 SR
Therefore

LY
max 2

Cp.
A

FIG. 10. Range Integrator Design Equations.
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Figure 11 is a plot of the range error, AR,, for normalized veloc-
ity step, Vel/w, (see Fig. 8b). The necessary w, for a given velocity
step, Vel, may ve found as

XAVel
ARV (18)

\Y -
wn/ el
vhere
ARV
‘ X = value of ZVZI7;; from Fig. 11 for a given §

ARv = maximum permissible range error for velocity step

AVel = maximum velocity step

The design equations for Ry, Ry, and C, can now be found by solving
Eq. 6, 7, and 11, The results are illustrated in Fig. 12,

Figure 13 illustrates the range error, AR,;, for normalized acceler-
ation step (see Fig. 8c). The natural frequency for a practical acceler-
ation .nput is usually smaller than for a velocity step. Therefore, the
design for a given acceleration is termed the narrow-band mode. The loop

natural frequency may be found, using Fig. 12, once the maximum range
error, acceleration, and § are known.

. .. [ X Accel
wn/Acck : ’——7ﬁ§:- (19)

Now, a, may be found similarly as in the wideband mode

a w 2/Accel
l_..0n (20)
Accel D
or
X Accel
allAccel Tﬁ—;-)— 1)

15

# L g
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vhere
X = value of “a ~ from FPig, 13 for a given §
Tc'c_e_ﬂ';n ;
AR. = maximum permissible range error for acceleration itep
Accel = Acceleration step

It was mentioned that the damping, &, should be independent of w .
Subsiituting Eq. 12a into Eq. 12b and solving for 4, n

a,JD
1

&=

bbb ol i i

i

F1G. 11. Transient Range Error, AR,, Due to a
Normalized Step Velocity.

Since D is independent of bandwidth,

azl Vel

;;_e.f = J——l; = Constant (K)

16
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T B2
- o1 L
[ ]
R
-z
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lonzflk'l ZﬁunIVel
a el = S —— a,fvel = —2—
gn(c N Azm i! vl = azfvel
* T X el %2 - % 5 As,

c&nmxmﬁn"-yiltﬁmnﬂ,knmringﬁmﬂwn, from Fig. A.
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Thus, once a; and a; have been calculated for the wideband mode (veloc-
ity step), the constant, K, has been determined. To solve for the
narrow-band aj, simply solve Eq. 23

a2/Accel -’KaI/Accel (24)

Figure 14 summarizes the design equations for the narrow-band
(acceleration) mode,

14

' 13
12

11

10

b 08

08
0.7
06
05
04
0.3
02
0.1

an

1]

FIG, 13. Transient Range Error, AR,, Due to
a Normalized Acceleration Step.

DESIGN EXAMPLE

Now that the design equations have been presented, a typical range
tracker will be designed to illustrate the usefulness and validity of
these equations, The range tracker will be designed according to the
following specifications:

Maximum closing velocity, ft/sec ecseeescsesccnacanss 1,250
Maximum acceleration, g (180 ft/sec?) ...eeeeeceeaees 5.6
Maximum range, MMi svevvesecesssccoccscsososcncasansaosas 30
Maximum velocity step AVel, ft/SeC seecevessvscsssess 400
Maximum voltage fc: range ramp, VOltS ...ccecesseeees 15
Range gate width, NSEC .ieevsvecrssssscsssccssesssses 100
Maximum range error, ft ....cccciiececsarcncnsssoccene
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RANGE
EAon, (an WA

VELOCITY
VOLTAGE (E,)

-
-

g i
T T

am,
SeE b
L

ACCEL/w,?

oc2EBEZSEEG

t =50 FIG. A. TRANSIENT RANGE
ERROR, aR,. DUE TO A STEP

ALCELERATION

For a given step acceleration, find (for a given ¢ and range error
ARA) wn/Vel,

w [/Accel = KAl
n \} 2\

wvhere X is read from Fig. A.

X Accel
allAccel (ARA)D azlAccel l(,al/Accel
where
a2/Ve1 28 AZSR R azlAccel

1 1 1

The closure time may be found, knowing § and » from Fig. A.

1 A
i ;aIWZI - \D Rch T a.JAccel R, K, AZSR

= A

3

Fig. 14. Velocity Integrator Design Equation (Narrow Band).
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DESIGN PROCEDURE

Determine Linear Ramp Width (see Fig. 3)

1l omi = 12,35 usec

therefore

At = (12.35 %‘) (30 vmi) = 370.5 psec

o -

Determine the Range Slope, Sp (Eq. 16 and 17)

Since
Y (volts)

(12.35 x 10°%) (X-oni)

S =
v

_ 492 x10°

Se S

v

_ (6.076 x 103) (x-nmi)
SR Y (volts)

3
5, = £6.076 :sm 230 _ 12,15 x 10% fe/volt

SR = 12,15 fr/millivolt

Desjgn Range Integrator (see Fig. 10)

Oace the range slope, S

the range integrator. R

(&, /max) (S.)

"3°z = T Vel [max

{25)

(26)

@7

(28)

(29)

(30)

» is knowm it is a simple watter to define

@31
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vhere

Evllax = velocity integrator output for Vel/max

Vel/max = maximum expected velocity

The value for Ey/max is open for choice. This voltage may be used for
other system functions, so a large voltage 1is usually specified. Let

Ev/-ax = 10 wlts

Now
e o215 x 10%710) (32)
372 1250
23C2 = 97,2 33
or
2 v R=C ‘

372

It ips usually desirable to solve for R

after choosing a CZ’ since ca-
pacitor values are restricted.

3

It is obvioue that A is too small, since a C, of 1 microfarad
yields R4 = 97 megolms, it is a simple task, however, to scale FE3C2 by
placing an attenuator in front of the integrator (Fig. 15). Resistors
R, and Ry attenuate the input voltage to the integrator to yield more

reasonable vzlues for R3 and C2' Let

R3 =1 M C2 = 2,2 yF (35)

Now, from Eq. 30, substituting Ev' for Ev,

(R3C2) Vel/max

e 5 (36)
|
21 i
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3
oY
i £’ - Ze2 12”3 = 0.227 a7
. 12.15 x 10
¢ Thus, the attenvation needed is
E,’ 227 'V
v 0. .
Atten -z—'- —1—0‘— 0.0227 (38) ;‘
; R = 1XxeQ
1 3
"
1 l‘(l-Attan)
] % = Artea  C43-ZE (9
' 1 1
A, = Atten (ﬁ-) = 0.0227 (5——2- = 0.0103 (40)
372 .

vhich compares with Eg. 34.

A < “
| 1

!'
n [ o
£, —AAN—T— AN s
.hj%i

FIC. 15. Scaled Range Integrator.

Design Wideband Velocity Integrator (see Fig. 1))

A value of & = 0.7 will be chosen as this yields near-optimum noise
bandwidth and transient response. The maxfimwmum range ervor, AR, will be
10 feet. Using Fig, 12,

(41)

XAVel
unIVel =

v

22




b i b L e it e e Pl e S i L bl i i et ad e e

NWC TP 5566
i
I vhere ’
j | X = maximum normalized error for a given §. i
: Thus, for & = 0.7
% X = 0.46 “42)
' and
.
i wn/Vel = o'ig 400 12 18.4 rad/sec (43)
3 . c
The noise bandwidth is
BW/N/Vel = 0.6w /Vel = 11.04 liz (44)
2
w “/Vel
338.6
a,/Vel 3 = 45)
26w _/Vel 2
82/V81 = —-P)-——- == (46)

“xperience has shown that a discriminator gain, D, of 50 millivolts/foot
will yield realizable values for R Rv, and Cv.

l’ ‘.
ADSp (0.0103)(0.05)(12.15 x 10°) 1
R, = ——F .0 47) ;
1%y 2 338
w /Vel i
n '1.
or
C = 0.0185 = —% (48) |
R1 v : Ay Vel i
R, aZ/Vel 520 1
D - — (49) : ;
& 2R (0.0103)(12.15 x 107°)
.|
i
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or

1 R .
v
; i‘; 4.163 = A3/Vel (50)

; Values for Ry, R,, and C, will be solved for after the narrow-band
(acceleration) values have been found.

Design Narrow-Band Acceleration Integrator (see Fig. 14)

w [Accel = ’_JE_&C_C_Q (51)
4 n ARA

where

X =1,05 for 6§ = 0.707
ARA = 5 ft (Note that this is smaller than ARV, which 1s 10 feet,)

; wn/Accel = ’ 1.0; 180) = 6.15 rad/sec (52)

BW/N/Accel = 0.6wn/Accel = 3,68 Hz (53)
a,/Accel = X A:;Eel . (t;‘;ﬁgf})ggﬂ =756 (54)
x-%sﬁ%-e.zs (55)
a,/Accel = ijl_/EcE = 6.26\756 = 172 (56)
Now
R,C, - al‘/‘i::el - L0103 (2.15 10%) _ o.166 57
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aZ/Accel - 172
A)Sp (0.0103) (12.15 x 10°)

r T e

Ba
R

- 1,37 (58)

ey

Let , :

: CA = 2,2 yF

i 0.166
R, = 6

— = 75,5K @ (59)
. 2,2 x 10 .
Now, from Eq. 58

RA = (1.37)(75.5K Q) = 103.4K @ (60)

Now, knowing R Rv' and Cv’ may be found from Eq. 50

l’

WA

Rv = (4.16)(75.5K 22) = 314,3K 0 (61)
E From Eq. 48
‘ 0.0185

CV 75.5 K ° 0.25 uF (62)

Figure 16 illustrates the second-order, type 2 analog range

e bitia s b i

tracking integrators.
] Table 1 summarizes the design calculations.
k The discriminator gain, D, is seldom constant in most designs (D
] will usually be at least somewhat dependent on the received signal in-
3 put intensity). Figures 17a and 17b illustrate the effect of varying
; D on the natural frequency, W and damping, 6.
1 } 3
,
b !

25
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r,

SANDWIDTH SELECT
1 314.3x v !/ 0.25 uf
L , O——

R, |
" |
i R, C, c, i 2.2 uF

. 1034K 2.2 uF o
1 AANGE 755K
3 VOLTAGE VWA~
3 £RAROAR A,
—Ep

_—

VELOCITY INTEGRATOR =
RANGE INTEGRATOR

PIG. 16. Second-Order, Type 2 Range Tracking Integrator,

TABLE 1. Design Summary.

Wide bandwidth Narrow bandwidth
P A2 = .0103 A2 = 0,0103
1
E w = 18.4 rad/sec w_= 6.15 rad/sec
l!' n n
3 BW/N = 11.04 Hz BW/N = 3.68 Hz
1 1
A, = = 54,05 A, = —— = 6,02
1 RICV 1 R1Ca
Rv Ra
— = 4,16 A, = — = 1,37

>
W
]
w
-]
[

DT R PO C RPN

ke o el oy PP PO TE NI AT FPO L
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x
; ol WIDE BAND
' DESIGN
CENTER
=
5 b
1
{ E 20—
] z
€
3 15—
W
1 : NARAOW BAND
1
1
4 -]
3 o | LY | | | | l | |
1 0 20 40 60 8O 100 120 140 160 180 200
; D, MV/FT
1
. (a) W~ versus D.
14
12
DESIGN
GENTER WIDE BAND AND
1.0 }— NARROW BAND
08
© VY
06

04 B

0.2

{ 5 | | ¥ | I 1 I | I |
: 0 20 40 60 80 100 120 140 160 180 200

D, MV/FT
(b) & versus D.

FIG. 17. Effect of Varying D on Natural Frequency, wn, and Damping, §.
3 27
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DESIGN RESULTS

Figure 18 illustrates the experimental range track loop (Appendix B
contains the schematics for the early/late gates, discriminator, ramp
generator, and comparator). The measured output range slope, Sg, 1s
12,800 foot/volt, which compares favorably with the predicted value (Eq.
29) of 12,150 foot/volt. (This deviation can easily be adjusted if one
wishes to place a potentiometer in the ramp generator.)

Figure 19 {llustrates the velocity integrator output voltage versus
velocity. Again, the small difference between measured and predicted is
due to the deviation in Sg.

The track loop was designed for a discriminator gain, D, of
50 millivolts/foot; however, the measured discriminator gain 1s
35 millivolts/foot. This deviation may also be adjusted 1f a poten-
tiometer is placed in the discriminator. However, this deviation only
slightly degrades w, and § (see Fig. 17). The predicted values for
wn and § for a discriminator gain of 35 millivolts/foot are:

Wide band w, = 15 rad/sec § = 0.6

Narrow band Wy, = 5 rad/sec 8§ = 0.6

Figure 20 shows the error voltage as a function of time for a 300-foot/
second velocity step. A comparison of this figure and the theoretical
range error (see Fig. 11) shows the system is indeed slightly underdamped
(6  0.6). The measured values for w, and § are:

Wide band w, = 15 rad/sec 8§ ~ 0.6
Narrow band wyp ¥ 5.5 rad/sec 8 =~ 0.6

[

I

The important point is the measured and predicted values for wn and §
are very close (the value for D was increased to 50 millivolts/foot, and
indeed the values for w, and 8 approached the designed values shown in
Fig. 17).

Figure 21 1illustrates the effect of decreasing the video input pulse
(thus D). D was decreased to 15 millivolts/foot. The decrease in § is
obvious (6 ~ 0.4). Again, & is ipdependent of bandwidth and w,. The pre-
dicted (see Fig. 17) and measured” values for w, are:

n
Wp, 8
Measured Predicted Measured Predicted
Wide band 10.7 rad sec 10 rad/sec 4 3.8
Narrow band 2.8 rad/sec 3 rad/sec 4 3.8

2The measured value for w, is easily found by noting the time of the
first zero crossing of the error curve. This gives the value w,t. Thus,
simply divide the predicted value for wpt (see Fig. 8b) by the measured
time to find w,. The value for & can be closely measured by comparing
the undershoot with that of Fig, 8b,

28
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FIG. 19. Velocity Integrator Voltage Versus
Velocity.
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1
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i M. Izopr Lr_zaps :  Versus Time for Vel = 300 foot/second,
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CM

(a) Wide band; 300 ft/sec; 0.05 V/cm; 0.1 sec/cm; :
video input, 1 V. .

P e N G T

(b) Narrow band, 300 ft/sec, 0.2 V/cm, 0.5 sec/
cm, video input,1l V.

FIG. 21. Error Voltage (¢) Versus Time for AVel = 300 foot/second,
D = 15 millivolt/foot.

32




-] v o b it s e ksl 1 - ——

NWC TP 5566

3
b
E
3
b
3
3

CONCLUSIONS
‘ i
This report has presented a simple approach to the design of second- ;
order, type Z range trackers. The validity of the design equations is 3
demonstrated by close correlation between measured and predicted values 3
of w, and 6 for a design example. ]
]
i
: 3
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Appeniix A

; RANGE TRACK LOOP/PHASE LOCKED LOOP
COMPARISON

It wvas stated that the range track loop is esseatially a phase
L locked loop. A brief discussion will now be given to clarify the
: similarities.

Figure 22 illustrates a basic phase locked loop. ‘the loop input
has a phase €;, vhich is compared with the ocutput phase, f The dif-
ference in integrated, F(S), and the resulting voltage, V,, drives the
voltage controlled oscillator (VOO). The nature of feedback ensures
that after loop closure

r o = © , (61)

The error voltage, ¢, may be given as

‘ €= Ky (0, - 6) (62)

where

Kq = phase detector gain facter (volts/radian)

Va
@ c-K to, - o)

FIG. 22, Basic Phase Locked Loop.

Figure 23 illustrates the basic range track loop. The input to
the discrininator is essentially a voltage that represents true range
(see Fig. 6 and 7). This range-voltage conversion is accomplished via
the early-late gates, veltage ramp, and conmparatcr (see Fig. 5). The
error voltage, €, is

€= D(Ri - Ro) (63)
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vhere

D = discriminator gain fuaction (volt/foot)

Thus, the range tracker is nothing more than a phase locked loop with

inputs of fest rather than radiam~,

t-D(Ri—RJ

/

RANGE INPUT (VOLTS)

—  DISCRIMINATOR —L—" F(s)

FIG. 23.

Bagic Range Track Loop.

RANGE
OUTPUT
(YOLTS)
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Appendix B
RANCE TRACK LOOP SCHEMATICS
Figures 24-26 illustrate the range ramp generator, early-late gates,

snd range error discriminator and comparator. These circuits are con-
nected as shown fn Fig. 6.
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max

AR
AVel

NOMENCLATURE

1/R1C1 (Where RIC1 is the velocity integrator time

constant)

1/R302 (Where R is the range integrator time constant)

3%
Rzlkl (Velocity integrator gain)
Acceleration

AlAZSR

A2A3SR

Noise bandwidth

Speed of light (0.984 ft/nsec)
Discriminator scale factor (volts/foot)

Range voltage (volts)

Maximum velocity integrator voltage for vma
RbEv/max/Rb +R,

Constant (26/D)

Loop gain

X

Actual range to target
Measured range to target

Laplacian §

Scale factor (ft/volt)

Range voltage s.iope (volts/sec)
Maximum closing velocity
Damping ratio

Joop undamped natural frequency
Range error (4R)

Range error (c)

Maximum velocity step



Btk i i i R i e L

NWC TP 5566

1.

2,

3.

S,

REFERENCES

Skolnik, Merrill (. Radar Handbook. New York, McGraw-Hill, 1970,

Barton, David K. Fadar Systems Analysis. Englewood Cliffs, N.J.,
Prentice-Hall, 1964.

Locke, Arthur S, Guidance. Princeton, N.J., Van Nostrand, 1955,

Pdvejsil, Donald J., Robert S.” Raven and Peter Waterman. Airborme
Radar. Princeton, N,J., Van Nostrand, 1961,

Gardner, Floyd M. Phaselock Techniques. New York, Wiley, 1966.

41




