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the design of pertinent component «flues for wtond-order, type 2 range tracking 
integraton. Methods of target tfaiwholjmg. acquisition, i^d reacquisition are not discussed. 
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INTRDDUCTION 

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 bcrn 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 
a design example. 

Acquisition and  reacqulsltlon 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 is 
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. 

TRANSMIT/ 
RECEIVE 

ANTENNA DEVICE       MIXER 

INTERMEDIATE 
FREQUENCY 

(LINEAR 
OR 

LOGARITHMIC) 

> 

TRANS- 
MITTER 

ANGLE 
TRACK TARGET ANGLE 

RANGE 
TRACK 

LOCAL 
OSCILLATOR 

TARGET RANGE 

TARGET 
DETECTION 

ACQUISITION 

FIG.  1.    Basic Pulse Radar Receiver/Video Processor. 
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Th« primary function of Che range crack loop la to crack th« targKC 
raCum pulses and Co enable various functions only during an cxpccccd 
target return (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 follcwlng any movement in range, aa 
would be encountered in aircraft or missile applications.    Aa the air- 
borne radar approaches the target,  the range la obviously decreasing; 
however,  the range track loop must  still be capable of providing an eat- 
able gate to the system.     This la the primary reason for utilizing 
second-order,  type 2  (zero velocity error) range trackers.     If the radar 
la traveling at a constant velocity  (aa is often the case)  aid if the 
target should fade,  the range enable gates «111 still be provided until 
the target reappears or reacqulaltlon is initiated. 

Figure 2 llluatratea a basic monostatlc radar-target can figuration. 
The radar transmits at time TQ, and the transmitted pulse reaches cite 
target at time Tj.    The pulse la then reflected and reaches the radar 
at time T2.    It Is obvious  that Tj - T2.    Thus,  Che range to the target, 
R,   (assuming the pulse  travels at  the speed of light)   Is 

cat 
2 m 

«here 

C    - speed of light  (0.984 ft/nsec) 
At " T    + T2  (total time of pulse travel) 

RAOAR 

TaffGET 

FIG.  2.     Typical Radar Target Configuration, 

It should be pointed out that all the theory presented «ill «ark 
for bistatic radars as «ell; however, the time-range equations and im- 
plementation «ill be different  from the monostatlc case. 
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TARGET 
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RANGE 
INTEGRATORS 
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ENABLE 

RANGE 
GATE 

VOLTAGE 
RAMP 

COMPARATOR 

RANGE 
VOLTAGE 

MASTER TRIGGER 

FIG.   A.     Basi».  Range  Track Loop. 

RANGE  TRACKER DESION 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 used  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  (SR ft/volt) simply relates range voltage to feet.    Figure 7 lends 
itself to straightforward  feedback analysis. 

------ ■ -   
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MASTER        k\ 
TRIGGER- 

(a)    Range raotp-range voltage timing. 

RANGE. 
TIME ERROR 

(b) Discriminator volt-error curve. 

FIG. 5. Rar.~" Ramp and Discriminator Timing« 
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The loop gaia   (LC)  for the aecood-order,  Cype 2 ra^»e tracker is 

IC - ^T  K   ♦     1    , K (5) 

lettiag. 

*1 ' h*!** (6) 

*2 ' V3S« (7) 

The discrisinator scale factor,  D,  Is left as an independent vari- 
able as this ten  is osoally dependent on the Instantaneous target video 
reCvrn. 

The track loop transfer function is 

^ (9) 
EA    i + u; 

ed range 

K » actual range 

Sobstitnting Eq. 8 into Eq. 9 and simplifying. 

EA      S^ ♦ ajDS ♦ ajD 
(10) 
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The denominator of  Eq.   10  Is of  the classical form of  a second-order 
feedback system 

S^ + a-DS + a.D - S2 + 2du S + w 2 

2 1 n n (ID 

where 

6    ■ damping ratio 
u    " loop undamped natural  frequency 

It  is  obvious  from Eq.   11  that 

u    -   /a,Ü 
n     V   1 (l^a) 

and 

6 - 
a-D 

(12b) 

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.   11) and  the  type of   system refers to the number of 
poles of  the LG   (Eq.  ö)  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- 
cusses  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 
step acceleration  inputs.     The  error equations may be given as 

Range error  (c) Input(s) 
1 + LG(s) AR (13) 

liliiiMiiiiiMliiiiiilMWriiMifeikMiiKM — ■...-—,. -  .■  .v ■ ■"    • ^_ ^. 
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Substituting Eq.   8  Into Eq.   12 

:(.)  ,    S   (input(8?)       ,  ÄR 

S   + a2DS + a1D 
(14) 

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 6 and 
error plots. 

and Fig, 8 Illustrates the various normalized 

The effects of the damping factor, 6,  on  the error response Is 
easily seen from Fig. 8. Classically, the choice of fi 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 

BW/N = 0.6a) 0.4 <« < 1 (Ref. 5) (15) 

and experience has shown that a  Ö of 0.707 yields near-optimum error re- 
sponse and noise bandwidth. 

tc o 
tc 
CO 

o z 
< 

5 

(a)    Range. 

FIG.   8.     Error Response  to Step  Inputs. 
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Figure 9 presents the relationships between circuit design param- 
eters  (A.,  A.,  A  ,   D,   and   S    to a  ,  a  ,   6 and w  ). 

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

1. Maximum tracking range 
2. Maximum tracker-target velocity 
3. Maximum tracker-target velocity step 
4. Maximum acceleration due to g  force 
5. Power  supply voltages available 
6. Maximum range error   (c),  AR. 

Many  range trackers  employ two bandwldths:     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  is  easily  accomplished by changing 
R2 and Ci   (see Fig.   7)  via a relay.     However,   the damping  factor,   6,   for 
the two bandwldths  should  be the  same   (5  independent of  w  ),  and should 
be kept  in mind as we proceed. 

RANGE  TRACKER DESIGN EQUATIONS 

The design of   the  range  integrator component values  xs 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   (S )   in volts/second will be 

(16) 
Sv m  Y      fv D  Y  

tmi       (12.35 x 10~6)(X-nmi)       "^       (10.73 x 10"6)(X-mi) 

The range slope,   S  ,   in foot/volt may now be given as 

h. <■",.« i°8 (17) 

12 
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Loop gain rtr,      
A2A3DSR    ,    V2DSR (LG)  -         s           +        s2 

Let 
«1 - A1A2SR      a2 - A2A3SR 

^ " 7 (al + a2S) 
LG 

Konge   LracK.  xoop   Lrausier   IUHCLIUU I         I - 1 + LG 

«M,  .           alD + A2DS         ' 
R   (8)   -      o 

A            S' + a2DS + a1D 

The denominator Is of  the  form 

S2 + 26ü) S H   u 2 

n         n 

or 

S2 + a-DS + a.D - S2 + 26(i) S + 2             1                         n 
2       „2 u)      "  S 

n +
 (

A
1

A
3

S
R)

DS+
(

A
1

A
2
S

R)
D 

Now 

\m^?-Ukiki\)\p) 
a1D      a2N/Ö 

6      2\      2Fl 

If a mult Iple bandwidth  system Is wanted, 6  should be Independent of u   , 
therefore 

9            9 Ä 
-p=- ■ TS "  Constant   (K) 
>/al      >/D 

n 

Keeping S and A„  constant   (i.e.,  changin 

A3             K 

^i  FK 

I A3 and Al) 

The noise bandwidth,   BW/N = 0.6u»                 0 

n 
.A 1 6 1 1 

FIG.   9.     Second-Order,   Type 2 Range Track. Loop Analysis Equations. 
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Since the loop is a second-order,  type ? track loop,  the voltage 
o itput of  the firat  Integrator   (or velocity Integrator)  is linearly 
related  to  input  velocity.     Thus,   if the target  should fade,  the output 
range voltage will  "coast*' at  the last target velocity.    Stated anottur 
way,  the 01 tput will be a linear ramp,  the slope of which is dependent 
on velocity.     Figure 10  Illustrates the pertinent design equations for 
the range Integrator.     A design example will be presented later to dea- 
onstrate  the design procedures. 

VELOCITY 
VOLTAGE 

RANGE       ,E   , 
VOL1AGE      R 

The output  scale  factor  Is   SR  (ft/volt).     The maxicum output slope 
occurs for maximum velocity,  V       .     (The input  to the range integrator Is 
w   /        \ max E /max.) v 

dE-Anax      V ,     _ R m    max /volt \ 
dt   " S„ Uec / K 

Now 

E /max 
v 

■ cfr) 

Therefore 

R3C2 
. (vHK) m 

max 

14 

TIG.   10.  Range Integrator Design Equations. 
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Figure 11 Is a plot of the range error,   ARy,  for normalized veloc- 
ity step,  Vel/'iip   (see  Fig.   8b).    The necessary u-  for a given velocity 
step,  Vel,  may be  found  as 

/» i       XAVel w /Vel - —7=— 
0 AR (18) 

where 
AR v 

X - value of    ■ ■ -J,— from Fig.  11 for a given 6 
n ' 

AR    - maximum permissible range error for velocity step 

AVcl ■ maximum  velocity step 

The design  equations   for Ri,  Rv,  and Cv can now be  found by solving 
Eq.   6,  7, and 11.     The  results are  illustrated  In Fig.   12. 

Figure 13 illustrates  the range error,  ARa,   for normalized acceler- 
ation step  (see Fig.   8c).     The natural  frequency for a practical acceler- 
ation jnput  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  5 are known. 

u /Ace 
n V X Accel 

AR (19) 

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

a,           to    /Accel 
1       „     n  

Accel (20) 

or 

..       ,        X Accel 
ai/Accel " -ÄiTD— (21) 

15 
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where 

AR 
X - value of AcceWM- fro« Flg.   13  for a given 

AR    - aaxlnua permissible range error for acceleration  Jtep 

Accel - Acceleration step 

It vas Mentioned that  the daaplng,   6,  should be independent of ui  , 
Substituting Eq.   12a into Eq.   12b and solving  f or  5, n 

..a2^ 
2/ä (22) 

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

Since D is independent of  bandvidth. 

a2/Vel       2« 
Constant   (K) a3) 
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Thus,  once 32 and  a^ have  been calculated  for the wideband mode  (veloc- 
ity step),   the constant,   K,   has  been determined.    To  solve  for  the 
narrow-band 32,  simply  solve  Eq.   23 

a«/Accel  ■/Ka1/Accel 

Figure 14 summarizes   the design equations for the narrow-bsnd 
(acceleration) mode. 

(24) 

FIG.   13.     Transient   Range  Error,   ARa,  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    1,250 
Maximum acceleration,  g   (180  ft/sec^)    5.6 
Maximum range,   nmi    30 
Maximum velocity step  AVel,   ft/sec     A00 
Maximum voltage  fcr  range ramp,  volts    15 
Range gate width,  nsec     100 
Maximum range error,   ft  AR    ■ 10; 

ARy = 5 
A 

18 
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RANGE 
ERROR. (AR#r 

"A "A 
-VS/S/ II- 

X" 

VCLOCrTY 
VOLTAGE IC^ 

FIG. A.    TRANSIENT RANGE 
ERROR. ARA. DUE TO A STEP 

ACCELERATION 

•V 

For   a given  step acceleration,   find  (for a given 6 and range error 
AR )  u /Vel, 

A      n 

ID /Accel 
n ■i X Accel 

^ 

where X is  read  from Fig.  A. 

M,       X Accel 
.   ccel " TAOD- a /Accel « K/a /Accel 

where 

a2/Vel 25 
VA" 

^^ 
a./Accel  A. 

The closure time may be found, knowing 6 and w , from Fig. A 

R a  /Accel 

Ri        VR 

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

19 
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DESIGN PROCEDURE 

Deteralne Llne*r Rip Width  (see  Fig.   3) 

1 aal - 12.35 usec 

therefore 

At - fl2.35 J~C) (30 rmi)  - 370,5 usec (25) 

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

Since 

S    - 
Y  (volts) 

V       (12.35 x 10    )(X-m»i) 

4.92 x 10 8 

(26) 

(27) 

.  (6.076 x Kr)(X-nai) 
Tl ' Y  (volts) (28) 

^ .   ^6.076 xs103)(30)  . 12  15 x 103 ft/volt 

or 

(29) 

(30) SR - 12.15 ft/aUlivolt 

Design Rang,e  InteRrator  (see Fis«   10) 

Once the range slope,  S  ,  is known it is a siaple natter to define 
the range integrator. 

R3C2- 

(Ev/nax)   (SR) 

Vel/i (31) 

20 
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«here 

E /sax - velocity  Integrator output  for Vel/max 

Vel/aax * 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 is usually specified.     Let 

Mow 

E /max - 10 volts 
v 

B r    - (12.15 x 10J)(10) 
3 2 1250 (32) 

I^Cj - 97.2 (33) 

or 

A2 " O 0.0103 (34) 
3 2 

It  i£ usually desirable to solve  for  R    after choosing a C  ,   since ca- 
pacitor  values are restricted. 

It  Is obvioue that A_  is  too small,  since a C. of 1 microfarad 
yields R3 ■ 97 megoteis.     It  is  a simple task,  however,   to scale R3C2 by 
placing an attenuator  in  front  of  the  integrator  (Fig.   15).     Resistors 
Ra and Rjj attenuate the  input  voltage  to the  integrator to yield more 
reasonable values  for R    and C_.     Let 

1 Ki C2 - 2.2  j/F (35) 

How,   from Eq.   30,  substituting E  *  tor E , 
v v 

(R^)  Vel/max 

r    " Si (36) 
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or 

I ' -  grilflgai , 0.227 
*        12.13 x 10J 

(37) 

,   Che atCCBoaCiiw needed is 

Let 

E • 
Attea ' -jr-' ^j^ - 0.0227 

t    - IX fi s 

t  U-Atccn) 

h.' *"** (EJ;) •0-0227 (o)- 0- 

wtiich compares vith Eq.   34. 

0103 

(38) 

(39) 

(40) 

PIC.   15.    Scaled Eange  Integrator. 

Design Wideband Velocity  Integrator  (see Fig.   1?) 

A value of 4 « 0.7 vill be chosen as this yields near-optimun noise 
bandvidth and transient response. The na»iiimm range enror, AJ^, will be 
10 feet.     Using Fig.   12, 

-r/^ - -zr- (41) 

22 
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where 

X - maximum normalized error for a given 6, 

Thus,  for 6-0.7 

X - 0.A6 

and 

(42) 

tt /Vel . icuejAoo m 18<4 rad/ 
n Iü 

sec (43) 

The noise bandwidth Is 

BW/N/Vel - 0.6w /Vel - 11.0A Hz 
n 

(4A) 

Avi  J) /Vel  338.6 a^Vel - —g g- (45) 

a2/Vel 
26u) /Vel  „, 

n      2o 
—  i    = — 

D      D 
(46) 

Experience has shown that a discriminator gain, D, of 50 millivolts/foot 
will yield realizable values for R,, R , and C . 

1   V       V 

_ r    
A2DSR   (0.0103)(0.05)(12a5 x 103) 

Vv "  2... . " 338 
u /Vel 
n 

(47) 

or 

F^C - 0.0185 - 

R   a./Vel 
v   2 

1 
Aj/Vel 

520 

h.        A2SR   (0.0103)(12.15 x 10~3) 

(48) 

(49) 
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or 

-^ - 4.163 - A-/Vel (50) 
Rl J 

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

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

fX Accel 

V     ^A 
Un/Accel  - /^|^i (51) 

where 

X - 1.05 for  6 - 0.707 

AR    -  5  ft   (Note  that   this is  smaller than  AR  ,  which Is 10 feet.) 
A v 

ü)n/Accel - /iii0|lÜM = 6#15 rad/8ec (52) 

BW/N/Accel  = 0.6ü) /Accel  =  3.68 Hz (53) 
1 

/*       i       X Accel       (1,05)(180)       -,c, 
al/Accel  = -ÄR^D~ =     (5) (0.05)     =  756 (54) 

Now 

K-^"öM3-6-26 ^ 

a2/Accel  - K/a^Accel - 6.26V756 = 172 (56) 

RiC    . _VR      .   (0.0103)(12.15 x 103)  . 0166 
1  A      a./Accel 756 v     ' 

24 
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172 
R.       a^/Accel 
mm—    m ■   ii    ■ m i 

Rl A2SR (0.0103)(12.15 x 103) 

CA - 2.2  pF 

-1.37 (58) 

m      0.166        _ „ 5K „ 

^      2.2  x 10'6 
(59) 

Now,   from Eq.   58 

R.  -   (1.37)(75.5K n) " 103.^K U A (60) 

Now,  knowing Rj,  R  ,  and C  ,  may be  found from Eq.   50 

Rv -   (A.16)(75.5K il) ' 31A.3K SI (61) 

From Eq.  48 

C    - 
0.0185 

v      75.5  K 0.25  pF (62) 

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

Table 1  summarizes  the design calculations. 

The discriminator  gain,   D,   is  seldom constant  in most designs   (D 
will usually be at  least  somewhat  dependent on  the received signal  in- 
put intensity).     Figures 17a and 17b  illustrate  the effect of varying 
D on  the natural  frequency,  w  ,  and damping,   6. 

25 
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BANDWIDTH SELECT 

I 
I 

3I4.3KCV    LO.26MF 

RV | 

RANGE    J*^ . 
VOLTAGE -WV—* 

ERROR R 

VELOCITY INTEGRATOR 
RANGE  INTEGRATOR 

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

TABLE 1.     Design  Summary. 

Wide bandwidth Narrow bandwidth 

A2- .0103 A2 - 0.0103 

n 18.4  rad/sec u 
n 

- 6.15 rad/sec 

BW/N - 11.04 Hz BW/N - 3.68 Hz 

Al- ire- " 54-05 R
lCv 

Al 1 a 

R R 
A3- ^ - «•" A3 

-J.1.37 
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180       200 

t.4 

1.2 

1.0 

OS 

(a)     to    versus D. 
n 

DESIGN 
CENTER WIDE  BAND  AND 

NARROW  BAND 

J L 
0 20 40 60 80 100 120 140 160 180 200 

D, MV/FT 

(b)     6 versus D. 

FIG.   17.    Effect of Varying D on Natural Frequency,  to  ,   and Damping,   6, 
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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,   is 
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 illustrates the velocity Integrator output voltage versus 
velocity. Again, the small difference between measured and predicted is 
due to  the deviation   in  SR. 

The track loop was designed  for a discriminator gain,  D,  of 
50 millivolts/foot;  however,   the measured discriminator gain is 
35 millivolts/foot.     This deviation may also be adjusted if a poten- 
tiometer is placed   in  the discriminator.    However,   this deviation only 
slightly degrades wn and  &   (see Fig.  17).    The predicted values for 
utp and 6 for a discriminator  gain of  35 millivolts/foot are: 

Wide band w    " 15 rad/sec 6 - 0.6 

Narrow band wn "    -* ra^/ßec 6 * 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 
(A 5r 0.6).    The measured values for wn and 6 are: 

Wide band w^ as 15 rad/sec 6 = 0.6 

Narrow band un at 5.5 rad/sec 6 ^ 0.6 

The important point  is  the measured and predicted values for un and 6 
are very close   (the value  for  D was  Increased  to 50 millivolts/foot,  and 
indeed  the values  for Cü„  and  6 approached the designed values shown in 
Fig.   17). 

Figure 21 Illustrates  the effect of decreasing the video Input pulse 
(thus D).    D was decreased  to 15 millivolts/foot.     The decrease in 6 is 
obvious   (5 ~ 0.4).     Again,   &  is   Independent of bandwidth and (iin.    The pre- 
dicted  (see Fig.   17) and measured^ values for »_ are: 

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 

The measured value  for u^  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 w^t  (see Fig.   8b)  by the measured 
time to  find un.     The value  for  & can be closely measured by comparing 
the undershoot with  that  of   Fig.   8b. 

28 

mmmmmtmtmmmmmm 



mmmummmm 

NWC TP 3566 

u 
o 

o 
«8 
U 
H 

9 

I 
tM 

HS 

01 

'S 

1 
o 
u 
4) 
V) 

o 
M 

29 

^M^mtrntu^^tm mtuma m  



WC TP 5366 

fREOICTEO 

-20 
600 1J0OO 

VELOCITY, FT/SEC 

tÄ» 

30 

FIC  19.     Velocity Integrator Voltage Versus 
Velocity. 
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::   sec;   0.05 V cir;   Ü, 1   sec/cm; 

1   = 

'r     femw r.anc;   301   fi  sec;   Ü.2  sec   cm;   video 

2I_     sirrrrr   I r   - sr^     :      'CeTBus   7 ime   for   LXel  =   3ÜÜ  foot/second. 
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9—1 

8 — 

5 

4 — 

10 

CM 

(a)   Wide  band;   JÜ0   ft/sec;   0.05   V/cra;   0.1   sue/cm; 
video   input,   1   V. 

9—1 

8— 

5 u 

4— 

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

FIG.   21.     Error  Voltage   (c)   Versus  Time   for   AVel  =   JÜÜ   foot/second, 
D =  13 millivolt/foot. 
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CONCLUSIONS 

This report »..iS, .. r ■,. has presented a simple approach to the design of second- 
order, type 2 range trackers.  The validity of the design equations is 
demonstrated by close correlation between measured and predicted values 
of   hi      anrl   A    for   a   (foslon   ovamnlp. of w    and 6  for a design 
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Appendix A 

RANGE HtACK LOOP/PHASE LOCKED LOOP 
COMPARISON 

It «MS stated that the range track loop is essentially a phase 
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  6^t which is coopared with  the output phase,  f        The dif- 
ference  in  integrated,   F(S), and the resulting voltage, V2,  drives  the 
voltage controlled oscillator  (VCO).    The nature of  feedback ensures 
that after loop closure 

6    - 6. o        i (61) 

Ibe error voltage, c, say be given as 

c - Kd(e1 - eo) (62) 

where 

Kj • phase detector gain factor  (volts/radian) 

FIG.   22.     Basic Phase Locked Loop. 

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

c • D(R- - R ) i        o 
(63) 
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«her« 

D " dlscrlalnator gain function <volc/foot) 

Tbu»,  the  range tracker is nothing sore than a phase locked loop vlth 
Inputs of feet rather than radian«. 

# - D (R. - R 1 
/                *         ^ 

<VOLT«^ 
DISCRIMINATOR /            , F(SI 

. 
RANGE 

i t OUTPUT 
IVOLTSt 

FIG. 23.  Basic Range Track Loop. 
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Appendix B 

lASCE TKACX LOOP SCHEMATICS 

Figorcs 24-26 illustrate  the range nop generator, early-late gates, 
error dlscrininator and comparator.    These circuits are con- 

in Fig.  6. 
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NOMENCLATURE 

40 

1/R.C     (Where  R C     Is   the velocity  Integrator time 

constant) 

l/R-C-   (Where R-C»   is  the range  Integrator time constant) 

3 

Accel 

'I 

m2 

BW/N 

C 

D 

ER 

Ey/max 

Ev' 

K 

LG 

RA 

«M 

S 

SR 

sv 

V max 

6 

wn 

c 

AR 

AVel 

Rj/R.   (Velocity  Integrator gain) 

Acceleration 

A1A2SR 

A2A3SR 

Noise bandwidth 

Speed of  light   (0.984  ft/nsec) 

Discriminator scale  factor   (volts/foot) 

Range voltage  (volts) 

Maximum velocity integrator voltage for Vi 

RbEv/max/Rb + Ra 

Constant   (26/D) 

Loop gain 

Actual range to  target 

Measured range to target 

LaplacIan S 

Scale factor  (ft/volt) 

Range voltage slope   (volts/sec) 

Maximum closing velocity 

Damping ratio 

loop undamped natural frequency 

Range error   (AR) 

Range  error  (e) 

Maximum velocity step 

max 
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