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1. PROBLEM DEFINITION

1.1 SCOPE

1.1.1 Background

This report documents the second phase in a study of minimizing environ-

mental effects on radar sensors. This phase involves the development of en-

vironment-adaptive radar techniques that will materially enhance the performance

of a ground-based tactical radar.

The baseline radar is intended to handle a realistic airborne threat that

is much more demanding than the threat that is handled by current radars like

the new G.E. AN/TPS-59 radars. The major features of this threat are:

1. Large search volume--360 ° azimuth by 20 km altitude by 200 km range.

2. Multiple target tracking--> 50 at 2 Hz update rate.

3. Small, high-speed targets--< 1 sq m RCS, 1000 mps speed.

4. Heavy clutter-- -15 dB terrain, 4 mm/hr rain, 100,000 lb chaff cloud.

A conventional design will not meet the needs of this realistic environment.

However, as long as the design is flexible enough to allow adaptive adjust-

ments on the basis of eventual measurements of the environment, degraded per-

formance in the most extreme environments may be acceptable. We have previously

developed baseline designs for meeting this environment without the aid of real-

time adaptivity. In this report, however, we develop the tools for a fully-

adaptive radar system in which the signal processor and waveform generator adapt

in real-time to sensed changes in the environment.

The design procedures that are used here go far beyond the procedures com-

monly found in the literature. The paramount problem in our demanding environ-

ment is that unacceptable blind-speed intervals exist when the usual design

approaches are followed. Fundamentally, the product of the range interval and

range-rate interval to be handled is so large that no single pulse burst is

adequate. In general such problems exist whenever the cited product exceeds

cX/4 (which is 107 m2 Is at 2.25 GHz). Since the product is 2 x 108 m2 Is for

our severe environment (Rmax - 200 km, vmax = 1000 mps) the blind-speed prob-

lem overpowers nearly every other design consideration. Consequently the com-

mon design procedures that are found in the literature are totally inadequate

because they do not provide a solution to the blind-speed problem.



1-2

In our baseline designs, however, we found that the problems could be

solved without reverting to UHF. By considering how waveform agility can

benefit the radar system we have developed a design approach that greatly re-

lieves the remaining problems. This approach involves a recognition that the

environment at short ranges includes ground clutter and a need far rapid track

updates while the environment at long ranges does not. The consequence of the

approach is that a schedule of waveforms that handles all ranges can be de-

veloped that is much more efficient than the usual approach which involves a

single waveform.

1.1.2 Outline of Report

In this report we first review the two baseline systems which bound the

reasonable alternatives for the defined environment. The first system is based

on a set of mechanically rotating arrays with electronic scan in elevation

only (1-D phased array). The second system is based on a set of stationary

arrays with electronic scan in both azimuth and elevation (2-D phased array).

The first system is very limited in its tracking capabilities because of a

lack of flexibility, but it is retained for consideration because it is so

much cheaper than the second system. In the process of reviewing our past de-

sign we also develop the tools for an automated design procedure. The resulting

computer programs are detailed (and listed in the Appendix). These programs are

useful not only for easily generating new designs for new conditions but also

for inclusion in a real-time adaptive system.

Before proceeding to the adaptive radar, however, we consider two new de-

sign concepts that appear to have potential for further performance improvements.

One involves the simultaneous use of multiple carrier frequencies while the other

involves waveforms where blind-range zones as well as blind-speed zones must be

resolved. The problems with each technique are revealed in the report of results.

Next, the design for a real-time adaptive radar is developed. Automatic al-

gorithms for determining the appropriate PRF schedule are developed, using the

results of the previously-developed design tools for determining the unique

design parameters. Performance improvements to be gained from the use of such

adaptivity are then illustrated with a simple example.

Finally, the plan for the remaining two tasks of the program are reviewed.

It is concluded that the next task, which is a rimulation task, will result in
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a final radar design and a specification of the capabilities of an associated

environmental sensor. The final task will then involve the design of this sen-

sor and its integration with the radar system.

1.2 PERFORMANCE SPECIFICATIONS

The baseline systems are designed to meet the requirements for a tacti-

cal, ground-based, mobile, air surveillance radar in a mountainous European

environment. These requirements are reviewed here, for use in examples that

appear throughout the report.

The parameters used for the baseline designs are listed in Table 1-1. The

physical constraints are set by the need for mobility. Up to four antenna

faces of the specified size are allowed. The two-way antenna efficiency is

consistent with -35 dB sidelobes. The surveillance parameters are determined

by the envisioned tactical environment which could include attacks from all

sides. The cited search and track update rates are specified for the short

and medium ranges. Lower rates are permissible at far ranges. The target pa-

rameters are based on small tactical aircraft, but a missile threat should be

evaluated as well. The clutter environment is based on severe but not un-

likely conditions. The cited terrain clutter is typical of dense forests.

The rain parameters are typical of heavy storms but not tornados. The chaff

is an amount that could be carried by a large transport aircraft.

When a baseline design approach involving two search zones is considered,

there is a need for separately specifying the parameters in each zone. In

the near-range zone we have clutter consisting of the combination of ground

clutter, rain, and chaff. The total clutter therefore has a combined Doppler

spread of 20 mps. The search frame time is, as in Table 1-1, 2 sec. In the

far-range zone we have clutter consisting onZy of rain and chaff clutter,

since the ground clutter is beyond the horizon at far ranges. The total

Doppler spread of the clutter is therefore only 5 mps. The far-range zone

extends from the radar horizon (typically 80 km) to the 200 km maximum range

in Table 1-1. The search frame time at these long ranges can be as long as

8 to 10 seconds, rather than 2 seconds. These sundry parameters form the basis

for the designs that follow. It is this natural separation of the environment

into two range zones that allow us to develop designs at higher carrier frequen-

cies than has been the common pract Ice In th, pb~t.
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Table 1-1. Baseline Specifications

Eguipment Constraints:

antenna size 2 m high by 3 m wide
transmitted power 100 kw prime, 35 kw avg. radiated
antenna aperture efficiency 0.55
system dissipative losses 10 dB
noise figure 3 dB

Su vei Zlare Parwneters:

azimuth coverage 3600
range coverage 5 km to 200 km in search,

1 km to 200 km in track
altitude coverage 50 m to 20 km
max elevation angle 30° in search,

750 in track

search frame time 2 sec
track update rate 2 Hz
tracking accuracy 10 m in range,

0.20 in az/el angle

max no. of simultaneously

tracked targets 500
single-look detection

probability 0.90
no. of false alarms per frame 5

Targct Paprneters

target RCS 1 sq m
fluctuation model Rayleigh
max target velocity 1000 mps
max target acceleration 5 g

Clutter Parwneters

backscatter coef of terrain -15 dB
max rainfall rate 4 mm/hr
max horizontal rain speed 20 mps
chaff cloud weight 100,000 lbs
chaff cloud size 10 km x 10 km X 1 km
chaff cloud speed 20 mps max
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2. BASELINE DESIGNS FOR AN ADVERSE ENVIRONMENT

The baseline designs developed in our previous report were unconven-

tional in the sense that they made efficient use of the prior knowledge that

the range extent of the ground clutter is limited. The approach led to much

better performance than could be achieved by a design that failed to recognize

the environmental phenomena and used a single waveform for all ranges. The

details of the baseline design approach are reviewed again here, then recently

developed procedures for automating the waveform design are described, and ex-

emplary baseline designs are repeated to illustrate the new design procedures.

This work provides the groundwork for our subsequent development of real-time

waveform adaptivity for an environment-adaptive radar.

2. 1 BASELINE DESIGN APPROACH

2.1.1 The Blind-Zone Problem and Its Solution

As identified in the earlier stages of this study, the paramount problem

for a radar in the defined environment is to avoid interference from ground,

rain, and chaff clutter while searching over a broad range of ranges and

range rates. It was concluded that the uniform pulse burst is the best choice

for a waveform because of its superior clutter suppression capabilities. How-

ever, numerous blind zones exist when just a single uniform pulse burst is

used. The number of such zones is

4 R v
max max

blind cX

where the radar must handle ranges from 0 to R range-rates from 0 to v,
max max'

and operates at a wavelength X. Thus the number of blind zones exceeds 20 for

our assumed environment (R - 200 ki, v 1000 mps) when the carrier fre-
max max

quency is above 2.25 GHz. A lowering of the PRF shifts the character of the

zones into blind speeds, while a raising of the PRF shifts the character of

the eones into blind ranges. The blind zones are illustrated in Figure 2-1

for the case where the 20 zones are factored into 10 blind speed zones by 2

blind range zones. The waveform design problem is then to find a sequence

J. E. Howard, et al, Baseline Designs for Mobile Tactical Radar, MARK

Resources Report 179-4, January 1980.
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of different PRFs that have non-overlapping blind zones, but with sufficient

efficiency that the allowed frame times and available power are not exceeded

because of the extra sets of PRFs.

A straightforward approach to solving the blind-zone problem would be to

first choose the highest PRF that avoids blind range intervals, and to next

find the set of lower PRFs that when taken together, make all regions of in-

terest free of blind speed intervals as well. The approach follows the basic

proceduree outlined by Rihaczek. However, the entire procedure can be sim-

plified into an optimization based on just two parameters summarizing the en-

vironment and radar. The 'optimization takes into account the limited dwell

times for a given beamwidth and update rate as well as the integer properties

of the pulse bursts. The optimization objective is to minimize the allowable

wavelength for a given search time, or to minimize the search time for a given

wavelength.

We previously found that we could systematically develop designs for the

defined problem by applying this two-parameter optimization directly. How-

ever, we also found that the optimization resulted in designs with relatively

low carrier frequencies (below L-band), even though the optimization is de-

signed to minimize wavelength. Since the potential benefits of a higher fre-

quency are so strong, we critically studied the source of the problem and found

that the culprit is the use of a single set of bursts for the entire range/

range-rate space to be searched. When we later separated the search space into

two distinct range zones we found that we could develop accepsable designs at

S-band frequencies. In essense, the separate design of waveformi that are cus-

tomized to each zone results in a combined system that requires less dwell

time per search direction, for a lixed set of conditions. Higher carrier fre-

quencies then become admissible even though the corresponding beamwidths are

narrower so that the available dwell time per search direction is shorter.

A. W. Rihaczek, "A Systematic Approach to Blind-Speed Elimination," IEEE
Trans.-AES, Nov. 1973, pp 940-947.

G. W. Lank, Radar Design Jor Blind-Speed Elimination for Search and
Track, MARK Resources Report 179-3, January 1980.
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In review, the baseline approach is centered on a division of the search

mode into two range zones in which the environment is distinctly different.

The nuear-range zone is defined as the set of ranges for which the ground is

not yet beyond the horizon. As illustrated in Figure 2-2, the size of this

zone depends on the height of theradar above the ground. A typical compro-

mise range extent for the ground clutter for a mobile tactical radar is 80 km,

which is used in several examples in this report. This zero-Doppler ground

clutter when combined with rain or chaff clutter produces a relatively wide

total clutter spread as illustrated in Figure 2-3 and 2-4, depending on the

wind conditions. Since the ratio of PRF to Doppler spread must exceed two in

order to solve the blind-speed problem even under ideal conditions, a wide

spread implies the need for high PRFs. A high PRF, in turn, implies a short

ambiguous range. However, as long as the ambiguous range exceeds the maximum

range extent of the ground clutter such a high PRF is acceptable for detec-

ting targets in the near-range zone. The far-range zone is the set of ranges

from the end of the near-range zone to the maximum detection range of interest.

This zone is free of ground clutter so that the totaZ clutter spread is much

narrower than that for the near-range zone, which is fortunate because only

low PRFs are allowed at the long ranges involved. Moreover, the search up-

date time (frame time) for long ranges need not be nearly as short as that for

near ranges. As a result the blind-speed resolution can be achieved in this

zone with relative ease.

At first it may appear that the two-zone approach consumes time rather

than saving time because the waveforms for each zone are transmitted in series.

In actual fact, however, the increase in overall efficiency caused by custo-

mized PRFs is so high that time is actually saved. For example, the updating

of the long-range zone can be slowed down so much that only a small fraction

of the radar's time resources is required for the long-range waveforms. And

because the clutter spread is so narrow, relatively few PRFs a re required to

avoid blind speeds. By contrast, the near-range zone requires rapid updates

but the ratio of clutter spread to PRF can be kept low because the PRFs can

be much higher than is allowed in the long-range zone. Therefore the number

of bursts required for blind-speed resolution is again low. The final result

is tiat, overall, the time available for tracking is maximized while fully

solving the !;varch problem, and the allowable wavelength is minimized.
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The baseline design approach therefore involves the reoptimlzation of

the radar waveforms for each new design, with a separate set of optimized wave-

forms for each of the two range zones. Furthermore, the approach could be

extended by similarly dividing the azimuth search region into ieparate azimuth

zones, and again providing different waveforms for .ach different zone I;o as

to minimize the total dwell required in the search mode. While the latter ex-

tension was not a part of our baseline design for a non-adaptive radar, it is

a part of our approaches to be described later for an adaptive radar. The

critical steps in all of our radar designs for the mobile tactc-aZ radar arc

therefore the repeated applications of waveforn optimization pro.edurvo for

blind-speed resolution.

2.1.2 Waveform Optimization for Blind-Speed Resolution

Since the waveform optimization must be used repeatedly in considering

various design alternatives, especially when considering an environment adaptive

radar, it is important that the optimization be reduced to a systematic design

tool. Our previously-reported initial attempts at a simple procedure resulted

in a pair of design graphs that could be used to roughly estimate the required

number of bursts and the allowable carrier frequency for the optimum -,olut ion

to the blind-speed problem in a specified zone. Since that time we haive refined

the graphical procedures to make them more useful in practice and we have de-

veloped new computer programs that allow one to bypass the graphical procedures

and take advantage of computer-aided design procedures. The graphical proce-

dures are described here in order to introduce the objectives and accomplish-

ments of the waveform optimization.

The waveform optimization can be performed graphically as follows. First,

two fundamental input parameters must be defined from the enviionment:

k v T
- a max s

w 8
p a s

p ARiCL/V ma x
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where
k - antenna beamwidth factor (which is 0.85 for the baseline antenna)

a
k - filter broadening factor (which is I to 1.7 depending on Doppler
P sidelobe levels required)

vm x - maximum target speed of interest (which is 1000 mps for the

baseline

w = antenna width (m baseline)a
T = total available dwell time in one search frame (less than

2 seconds baseline for the near-range zone)

0 = angular extent to be searched in time T (2R baseline)5 5

AR - actual range rate extent of clutter to be suppressed (20 mps
baseline)

The optimization that minimizes wavelength (or. equivalently, minimizes dwell

time) results in two parameters which uniquely define the solution:

K, the ratio of maximum target Doppler to the maximum PRF in the set of PRFs

p. the number of separate bursts required.

This optimm caa be found directly from Figures2-5 and 2-6. The solution can

then be translated into radar parameters as follows. The basic (maximum) PRF

is based on the maximum range of the radar operations R such that

f - c/2R
r max

The wavelength is then

A 2v max/f rK

and the dwell time required for all p bursts in one beam position is

Td = kp N/frK

so that the number of pulses in the basic burst is

N = k p /Kp

A practical design procedure is actually quite different from the above

procedure because the penalty for a large number of pursts p is not factored

into thl , opt tiniv.ation. First , a large v;lue of p implies a small number of

pulses N per burst. Since the optimlizatlon does not recognize that N is only

an integer, a practical application of the results causes one to round up to
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the next higher integer value of N. If N is small then this rounding up can

represent a large increase in dwell time beyond what was used in the optimiza-

tion. Second, a large value of p implies the radiation of a great deal of

radar power just to solve the blind-speed problem. That is, p times more

power is required than is required when only one burst is used. It is there-

fore important to recognize that a natural bias away from the optimum and

toward lower p is preferable. An easy means of recognizing the impact of lower

than optimum p is therefore required.

Just such a format for the graphical solution has been developed, as illus-

trated in Figures2-7 and 2-8. In this format each new value of p represents a

separate graph, and a family of curves representing a variety of values of H

is shown on each graph. It is then an easy matter to inspect the curve for

the proper F and to see not only the optimum (maximum K) but also how much K

must be sacrificed in order to arrive at a lower p. Since K is proportional

to carrier frequency this tradeoff is easily interpreted in its impact on

the radar system.

While the above graphical solutions and formulae are sufficient for

sizing the radar system, they do not define the actual schedule of PRFs pre-

cisely. It has been found, however, that Johnson's tables can be used along

with Table 2-1 to produce the actual PRFs to a reasonable accuracy.

When many different parameters and designs must be considered, however,

a more automated approach is preferable. We therefore describe next the

computer program that has been developed for automatically solving the blind-

speed problem.

2.2 AUTOMATED DESIGN PROCEDURES

2.2.1 Approach

The need for a computer implementation of the waveform optimization is

clear when one considers that a wide variety of environments must be investigated.

A main objective of this project is to determine whether a radar sensor that

S. M. Johnson, MultipZe Repetition Frequency Radar Covenge (Mx znn,

No-Gap Coverage), Rand Corp. Report R-969-PR. August 1972.
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Table 2-1. Values of x Corresponding to (Ko, p )
mo m

(NOTE: KP E K , P p)mO

%KP 2 3 4 5 6 7 a 9 10

2 3.00 4.00 5.00 6.00 7.00 6.00 9.00 10.00 11.00

3 2.30 2.56 2.79 3.00 3.19 3.37 3.54 3.70 3.B5

4 a 2.13 2.24 2.34 2.43 2.51 2.50 2.6, 2.72 2.70

L5 2.06 2.12 2.17 2.21 2.2, 2.29 2.33 2.36 2.39

A S 2.03 2.06 2.08 2.11 2.13 2.15, 2.17 2.19 2.2

7 s 2.02 2.03 2.04 2.06 2.07 2.08 2.09 2.10 2.11

a * 2.01 2.0? 2.02 2.03 2.04 2.04 2.015 2.05 2.06

9 1 2.00 2.0 2.01 2.01 2.02 2.02 2.03 2.03 2.03

10 2.00 2.00 2.02 2.01 2.02.01 2.01 2.01 2.02

\KF 11 12 13 14 15 16 17 18 19 20

IP\s 44*#* ;555; * * v5 a *1 x5 As * A ** ** 1555v.55$*4 5$*;.*9 $5595 *555*5 * $515

2 12.00 13.00 14.00 15. 0O 16.00 17.00 18.00 19.00 20.00 21.00

3s 4.00 4.14 4.27 4.41 4.53 4.65 4.77 4.89 5.00 5.11

4 w 2.84 2.90 2.91 3.00 3.05 3.20 3.14 3.19 3.23 3.27

5 * 2.42 2.45 2.48 2.51 2.53 2.56 2.58 2.61 2.63 2.65

6 S 2.23 2.24 2.26 2.28 2.29 2.31 2.3? 2.33 2.3, 2.36

7 s 2.12 2.13 2.14 2.15 2.16 2.17 2.18 2.19 2.19 2.20

8 * 2.07 2.07 2.08 2.08 2.0y 2.09 2.10 2.10 2.11 2.11

9 * 2.04 2.04 2.04 2.04 2.05 2.05 2.05 2.06 2.06 2.06

10 3 2.0? 2.0 2 2. 0 202 2.03 2.03 2.03 2.03 2.03 2.03

\ht" 21 22 23 24 25 26 27 28 29 30

Z 22.00 23.00 24.00 25.00 26.00 27.00 2L.00 29.00 30.00 31.00
3 5.22 5.32 5.42 . 5.62 5.72 ,.82 5.91 6.00 6.09

4 * 3.31 3.35 3.39 3.42 3.46 3.50 3.53 3.56 3.60 3.63
5 5 2.67 2.69 2.71 2.73 2.75 2.77 2.78 2.80 2.82 2.84

6 2.37 2.38 2.39 2.41 2.42 2.43 2.44 2.45 2.46 2.4?
7 a 2.21 2.22 2.22 2.23 2.24 2.25" 2.25 2.26 2.26 2.27

8 a 2.12 2.12 2.13 2.13 2.14 2.14 2.14 2.15 2.15 2.16
9 * 2.06 2.07 2.07 2.07 2.08 2.08 2.08 2.08 2.09 2.09

10 * 2.03 2.04 2.04 2.04 2.04 2.04 2.04 2.05 2.05 2.05

\KF 31 32 33 34 35 -36 3? 38 39 40

2 * 32.00 33.00 34.00 3S.00 36.00 37.00 38.00 39.00 40.00 41.00
3 * 6.18 6.27 6.35 6.44 6.52 6.60 6.68 6.76 6.84 6.92
4 * 3.66 3.69 3.12 3.7t 3.78 3.81 3.R4 3.87 3.89 3.92
Z S . fill, 2.1 I .fl8 2.90 :'.92 2.93 2.94 2.96 2.97 2.99

6 0 2.48 7.49 o. 5,0 2.1 2.52 2.5 3 2.5t3 2.54 2.t5 2.56
7 5 2.28 2.28 2.219 2.29 ?.30 -2.31 2.32 2.32 2.32 2.33

0 5 2.16 .. 16 2.17 2.17 2.17 2.18 2.18 2.19 2.19 2.19

9 • 2.09 .. 09 2.09 2.10 2.10 2.10 2.10 2.11 2.11 2.11
10 S 2.05 :'.o ?. 2.05 2. 05 2.06 2.06 2.06 2.06 2.06

\KFI 41 42 43 44 45 46 47 48 49 50

2 * 42.00 43.00 44.00 45.00 46.00 47.00 48.00 49.00 50.00 51.00
3 * 7.00 7.08 7.15 7.23 7.30 7.37 7.45 7.52 7.59 7.66
4 * 3.95 3.97 4.00 4.03 4.05 4.08 4.10 4.12 4.15 4.17

5 * 3.00 3.01 3.03 3.04 3.05 3.07 3.08 3.09 3.10 3.11
6 a 2.S7 21.58 7.58 2.59 2.60 2.61 2.61 2.62 2.63 2.64

7 3 2.33, 2.34 2.34 2.35, 2.35 2.36 2.36 2.37 2.37 2.38
a 2 2.20 2.20 2.20 2.21 2.21 2.21 2.21 :.2 2 " 2, ! 2 .72

9 * 2.11 2.11 2.12 2.12 2.12 2.12 2.12 2.13 2.13 2.13
10 0 2.06 '2.06 2.07 2.07 2.07 2.07 2.07 2.07 2.07 2.07
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adapts to its environment has a major advantage over a nonadaptive radar.

This adaptive radar must therefore be able to reoptimize its waveforms to

environmental changes. Accordingly either the radar must perform a reopti-

mization in real time or a large number of waveform sets must be precomputed

and stored in the computer. In either case tile generation of a large niunber

of waveform designs is implied.

In automating the desigr procedures it is not enough to merely automate

the previously described graphical procedures. Instead one must consider

that two range zones must be covered by the same radar. Thus, when a minimum

wavelength that is achievable in one zone is lower than the minimum wavelength

that is achievable in the other zone, the former minimum cannot be used. In-

stead the longer wavelength must be considered as a constraint in determining

the waveforms for the former zone.

The automated design procedures must therefore be separated into two ap-

proaches. In practice one may first determine the minimum allowable wavelength

for the near-range zone and then the minimum for the far-range zone. The

actual wavelength will have to be the greater of these two minima. Then the

waveform for the zone that results in the smaller wavelength will have to be

redesigned with the greater wavelength as a constraint. The overall result

will be a two-zone design that provides both short search times and small wave-

lengths.

The first design approach is therefore to find the solution that provides

the minimum wavelength for given environmental parameters 8 and p. We shall

hereafter call this approach "Case l." The second design approach is to find

the solution that provides the minimum required search dwell time for given

wavelength (and hence improvement factor K) and parameter p. We shall call

this approach "Case 2." The computer solution for each approach is detailed

next.

2.2.2 Automated Design for Fixed Wavelength

Formulation of "Case 2"

We shall detail "Case 2" first because it will be easier to appreciate

the details of "Case 1" once the solutions for "Case 2" are at hand. "Case 2"

is the design approach in which the system wavelength has already been selected

and now we want to find the radar waveform that minimizes the required search

dwell time for a given range rate extent Ai for the clutter and maximum speed

v for the target.
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Expressed mathematically, we want to minimize T for a fixed X and p. Re-

call, however, that wavelength is related to the blind-speed improvement factor K

as

max /fr

where f is that maximum allowable pulse repetition frequency (PRF)
r

f = c/2Rr max

where R is the maximum range for the zone under design. Thus, since A,max

v and f are fixed, K is also fixed. Recall that the parameter is:
max r

6= Tkp w a 6s s

which is proportional to the total dwell time T . Usually the parameters within

the parenthesis will be prespecified so that they may be considered fixed for the

purposes of the automated design. The entire design objective for "Case 2" can

therefore be stated parametrically as: "minimize 6 for a given K and p."

Optimization Approach

The optimum solution is subject to two design equations (as described in

Howard, et al, op cit):

K xp - 2x p - 1 + 1 (3-1)
x - 1

2a (3-2)
- x(2pa + p)

where x is a normalized PRF (maximum allowed PRF divided by Doppler spread of

the clutter) given by

x = Xf /2AR
r c£

(Recall also that K and p must be integers.) The constraint given by (2) can

be written also as

-2- K(K, ) (3-3)

.ii -Kp (~ )
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where we have explicitly shown the dependence of x on K and p. 8 is therefore

minimum when equality holds in (3) and the right-hand side of (3) is minimized.

Since K and p are prespecified, however, the only parameter that can be adjusted

to minimize a is the number of bursts p. We will therefore proceed to describe

the optimization for the range of parameters of interest. (From experience

this range is p from 1 to 12 and K from I to 60.)

If K is unity then we should of course use p as unity. If K is an inte-

ger larger than one then, due to the nature of x(K,p), the right-hand side of

(3) will have a single positive minimum with respect to p only at some p 2.

Thus we may implement a computer search for a minimum by starting at p=2 and

evaluating (3), then increasing p one at a time and reevaluating (3) until

the value of (3) starts increasing. Then the minimum of (3) will be recog-

nized. This "brute force" approach is reasonable because there are at most

only eleven values of p to consider. (Recall that the transmission efficiency

is only l/p when p bursts are required for blind-speed resolution. The smaller

values of p are therefore preferred, and p > 12 is unacceptable.)

In evaluating (3), however, we need not compute the function x(K,p) anew

eleven times! Since only 59 values of K and 11 values of p are ever of interest

for the subject radar, we may precompute the corresponding 649 (59 times 11)

possible values of x(K,p) and store them in a table. Then the evaluation of (3)

is reduced to a small amount of arithmetic and a serial table reading. Such a

table has been generated off-line by using a recursive algorithm:

X i+ 1 = x i + Ax i  i=1,2,..

where

xiP - 2xiP-I - Kxi + K +

pxiP-1 - 2(p-l)xi p - K

and

xI = A/P- 1) + /KA p - 1)

=, K + 1/K

-12
We iterate until Axi < 10 and use the resultant value at xt+ 1 as our value

for x(K,p).
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Sub t Ie tz

A few details in the solutions must be handled as follows. For smaller

values of p the right-hand side of (3) can be negative depending upon the values

of K and p. In those cases there is no value of a which satisfies the condi-

tions. However, for a fixed K and p as soon as a non-negative value of a ex-

ists it will be non-negative for any larger value of p. Thus we can determine

the minimum p to be used to start the search for the minimum 8.

One can show that if p > 1 or K > 1/2p then no solution exists. On the

computer output we shall denote this condition by assigning a value of p=O and

8=O. If the optimum value of p is larger than 12 we shall denote this condi-

5
tion by assigning p=13, 8=10

If K is 1 then p is 1. Under these circumstances x is undetermined in (1)

and can have a value between zero and one. We use the value x=1 in the right-

hand side in this case and thus have the computer output p=l, a=l/[ 2 (-p)].

Subroutine OPB

Using the above procedure a FORTRAN subroutine called OPB (K,p,Emp) has

been generated. For a given K and p it generates the minimum 8(E 8 ) and the
m

corresponding p. The flow diagram for this subroutine is- shown in Figure 2-9.

2.2.3 Automated Design for Fixed Dwell Time

Optimization Ap 3pioach

We now consider "Case I" where dwell time is fixed and wavelength must be

minimized. In this case B and p are given and we want the maximum integer K

along with its associated p that satisfy the design equations (1) and (2). Since

K is an integer it is possible that more than one p will provide the same inte-

ger value for K. In that case we choose the smallest of the alternative values

of p because small p corresponds to high transmission efficiency.

Another way of stating the problem is that we wish to find the integer K

which, for the given p, yields a 0 (and associated p) as close as possible to

the given B. (The reason the problem can be stated in this form is the fol-

lowing. A given K and p will have a minimum a and corresponding p. Then

these values of 8 and p will give a non-integer value for the maximum K. This

is why we use the largest minimum 8 which does not exceed the actual a and

yet gives an integer K.)
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If p I or K 1/2p

then 8m=O, p=O, Return

If K = I

1
then 1 = 2(1-p) p 1 , Return

For p=2 , 3, ...

Compute

pKx (K,p)
8 2[1-Kpx(K,p)]

until a positive minimum is

reached. The resulting 8

and p are the 8 andm

corresponding p. Return

K and p are inputs to the subroutine. The minimum 8 (denoted 8 ) and
m

its associated p are outputs.

Figure 2-9. Subroutine OPB (Kpam p)
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Subroutinle OPX

A subroutine to compute the maximum K has been developed, and is called

OPK (a,p,K,pBm). (See Figure 2-10.) For inputs 6 and p it generates the

maximum integer K and corresponding integer p. It also generates m , which

is the value of 8 needed to obtain the integer value of K. That is, m <

B yields as high an integer value for K as B, and at the same time the p cor-

responding to a . is the smallest value which will yield this integer value

for K.

The subroutine OPK (8,P,K,p,8 m ) uses the subroutine OPK (K,p,a ,p) in the

following way. It can be shown from (3) and the nature of x(K,p) that 8 in-m
creases as K increases for a fixed p. We can therefore determine, by in-

creasing K one by one, which K yields am closest to a but no larger than 8.

The subroutine OPB also determines the corresponding p.

This then gives us the maximum value of K and the corresponding p. Since

m is a minimum and in general less than 8, the form of (3) then implies that

lowering p will increase 8 above 8m for K fixed at its maximum integer value.

Thus for the fixed K and p we test lower values of p to find the smallest p

for which the 8 is no larger than the 8 given in OPK.

Subroutine SOPK

This is done using the equality sign in (3) in a subroutine called SOPK

(8,K,pp,T). (See Figure 2-11.) The inputs to SOPK are the given 8 and p
along with the maximum integer K and corresponding p and am found from OPK.

The outputsfrom SOPK are ,K,p and the smallest p and associated 8 (still

called 8 m) which yield the maximum integer K and yet has 8 < 8.

Since the value of K that we are seeking lies in the range of 1 to 60, it

is more efficient to perform a binary search for K than to search sequentially

starting at K=I and proceeding upwards using OPB (K,p,amp). From (I) and (2)

we can show that

K < 1/ 2p

so that the largest value to use for K in the binary search is bounded. The

lowest value of K we use in the binary search is 2. If the search indicates the

resultant K is less than 2 we take K=I. If the search indicates the resultant K

is larger than 60 we use K 60. Again p is assiuned no larger than 12 so that a

p 12 will result if in reality p > 12. In this case the value of K obtained from

OPK may be smaller than the maximum K.
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II

If p > I or < 2(1- -

then K-0, p=O, 8m=6. Return

If p > 1/4 or 8 < 6

1
then K-1, p=1 ,m = 2(1-p) " Return

K - Integer part of (1/2 p)
s

For K in the range of 1 to K performs

a binary search in K using OPB (K,6,t ,p)

(see Figure 2-9) to find that 8 < whichm

is closest to a. The resultant K is the

maximumn K. The resultant p will achieve

it as will the resultant •
m

Using the above values of 6,K,p,p and m

as inputs, SOPK (8,K,p,p,B (see Figure 2-11)

determines the minimum p which achieves the

value of K along with the corresponding

value of B . Return
m

and p are inputs to subroutines. The maximum integer K and cor-

responding p are outputs. Also generated is the actual 8 <

needed to achieve this K.

Figure 2-10. Subroutine OPK (O,PK,p,B )

mi
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If p-1 or 2 then return

For pP-l, p- 2 , ... compute

PnKx(Kp)

'n 2[1-Kpx(K,pn)]

until an > a or an is negative.

Then the previous p along with

the previous 8 are the minimum
xi:

p and corresponding 8m  8 which

achieves K. For pn=p-1 the pre-

vious p and are the input

values of p and 8. Return
m

Figure 2-11. Subroutine SOPK (6,K,p~p,B )
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As with OPB we have no solution if p > 1. We denote no solution by pro-

ducing K=O, p=0 and 8m = 8 in OPK. Also, from the form of (3) and the fact that

x < 1 (even if K-i), we can show that no solution exists when 8 < 1/[2(1-p)".

If the maximum allowable K is 1 then the corresponding p is 1. We then

set 8 1 i/12(1-p)] because any 8 larger than this will be large enough to pro-a

duce K-1, p-1.

2.2.4 Impact of Lower than Optimum p

OPK (0,p,K,p,8) yields the maximum integer K and corresponding p for

a given 8 and p. Also OPB (K,p,8 ,p) yields the minimum a= m and corresponding

p for a given K and p. in these two optimization problems it is of interest to

know how much is lost in the optimizations if smaller values of p than the opti-

mum are used. Due to average energy constraints and/or processor complexity

there are designs where it is advantageous to lower the value of p despite a

sacrifice from optimality.

Thus given 8,p and p (less than the optimum p) we wish to solve for K after

we have used OPK. Given K, p and p (again less than the optimum p) we wish to

solve for 8.

The former problem can be most easily solved by using (2). Substituting

, p and the p of concern into the right-hand side of (2) we put decreasing

integer values of K into the right-hand side (beginning with the optimum K)

until we reach a K where the inequality holds. The resulting K is the

achievable K.

This suboptimum K is found by using the defined function called

FK(8,,Po,Kop). The flow chart for this function is shown in Figure 2-12.

The inputs are the values of a and p. Also required are the resultant optimum

values of p and K (called p and K ) and the value of p for which we wish to
0

calculate K (called FK).

For the latter problem we can simply calculate B using the equality sign

in (3) (i.e., K, p and p are given). We do this using the FORTRAN function

FB(K,p,p) shown in Figure 2-13.

If p is made too small we may have a situation where 8 does not exist. In

this case the right-hand side of (3) is negative. If this situation occurs we

output FB=O in Figure 2-13.

In Appendix A we have listed the code for the subroutines OPB (Kp,9,mp),

OPK (8,p,Kp,8m) and SOPK (8,K,p.p.) as well as the functions FK (8,p,po,K,p)

and FB (K,p,p).
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p p FK KRETURN

00

fDO I( -p(p + K

00

NO>

CONTINUE 1 RETURN]

Flire 2-12. Finiction FK ( ,p,p ,K 0.p)
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Z KPX(Kp)

Z > _t~ RT U RN7J

-Kpx (K~p
2 (1-Z)

Figure 2-13. Function FB (K,p~p)



2-26

2.3 SPECIFIC BASELINE DESIGNS

in order to illustrate the use of the new automated design procedures we

use here the baseline parameters f rom our f irst report (Howard, et al. , op Cit).

Two distinct designs based on two different antenna concepts were developed.

The first concept used a set of four rotating antennas with electronic scan in

elevation. The second concept. which is clearly more costly but also more capable

in tracking, used a set of four stationary antennas with electronic scan in both

elevation and azimuth.

2.3.1 Design for Rotating 1-D Phased Array

Background

For the mechanically rotating antennas we are greatly constrained in the

use of the antennas for various tasks. Each of the four antennas must be used

partly for tracking in order to achieve the required 2 Hz tracking rate. (The

antenna rotation rate is 30 rpm.) Roughly half of the time load for each an-

tenna face is devoted to tracking. For one of the antenna faces the other half

of the load is reser'ved for long-range search (search in the far-range zone)

in which the frame time is allowed to be as many as 5 or so antenna revolutions.

For the other three faces the other half of the load is reserved for short-

range search (in the near-range zone) in which the frame time is only 2 seconds

so that all bursts required for the blind-speed resolution must be implemented

by the three faces in just one revolution of the antenna.

Far -r!angeZone

Let us consider the far-range zone first. For search in this zone we

use just one antenna and devote only half of its tine to search. Thus, in

every antenna revolution we have available only 1 second for search. However,

we allow the frame time to be 2 p seconds where p is the number of bursts re-

quired for blind-speed resolution, as long as p does not exceed about 5 or so.

Thus the total search time available for this mode is p seconds for a search

over 2v in azimuth. We also have no ground clutter in the long-range search,

.,o t hat the elitut r -,picad is jutst t he range- rate t p rvad of winud -driven rain,

or 5 nps. The parametecrs for the long-range search are therefore

k = 0.85
a

k = 1.0
p

v mx=1000 mps

' " - . . .. . .. . .. . ... . . ° .. . ... . . . . -.... .. . .T i r -... ,. .. .m a x. . . - = -
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w =3m
a

T = p sec
S

0 =2
S

ARc 5 mps

so that the inputs to the computer design programs are

8 = 45.1 p

p = 0.005

The problem could now be stated that we wish to find the optimum K, p for

a given p, a but where 8 is dependent on the solution for p. Clearly, if 8

were fixed, we could use the programs to find the optimum K, p. However, since

8 is proportional to p a different procedure is required. Recall that only a

few values of the integer p are of interest. We could therefore approach the

problem by finding K for a given p, 8, and p, first for p=1 then repeating the

procedure for all integer p's of interest. We could then choose the K, p pair

that is optimum or at least acceptable. This procedure is performed by re-

peatedly using subroutine OPK and function FK. For a preselected value of p we

compute B (as 45.1 p in the example) and the use 8, p as inputs to subroutine

OPK. The output of the subroutine is the optimum pair K , p for the given

fixed values for a, p. This optimum pair is now used, along with the pre-

selected values for p, 8, and p, as the input to the function FK. The value

of the function will then be the value of K for the given values of p, 8 and

P.

When the above procedure is followed for the parameters of the example,

Table 2-2 and Figure 2-14 result. Evidently the achievable improvement fac-

tor K increases without limit as the number of bursts p is increased! In

other words, by not constraining the search time and instead allowing it to

grow with the number of bursts used for blind-speed resolution we find the

very high improvement factors (and hence short wavelengths) are achievable

without limit.

Evidently this conclusion is unrealistic. We had previously stated that

we allow the search frame time to increase with p. A high p therefore implies

not a need for more transmitted power but a need for a long frame time. The
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Table 2-2. Solutions for Far-Range Zone

actual optimum optimum actual

p p p jk x k

180.4 .005 2 4 12 2.896 7

270.6 .005 3 4 16 3.096 14

360.8 .005 4 5 20 2.649 19

451.0 .005 5 5 22 2.691 22

541.2 .005 6 5 25 2.748 25
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40'

p= .005

30.

K
20- K=19

p =4
10.

2'4 8

p

Figure 2-14. Example of Optimization for Long-Range Search
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frame time is 2 p seconds for the example. An increased frame time is there-

fore acceptable for the far-range zone as long as p is not greater than 5. By

contrast, frame times longer than 10 seconds would probably not be acceptable

because of the possible extensive maneuvers of the targets within such a long

frame. Thus p < 5 is a realistic constraint for the example.

If we choose p=4 we find from Figure 2-14 that the achievable improvement

factor is 19. This solution results in an 8-second frame time, as desired.

Since the maximum range for the far-range zone is 200 km, the maximum allowable

PRF for the bursts is

f c/2 R - 750 Hz
r max

Accordingly the minimum achievable wavelength is

X 2 v /f K = 14.0 cm
max r

Near-ranqe Zone

In the near-range zone we are even more constrained because we must per-

form the search within a single revolution of the antennas. Recall that one

of the four antennas has been reserved for the search of the far-range zone.

The remaining three antennas are therefore potentially available for the

search of the near-range zone. However, half of the available time resources

is reserved for tracking. Therefore each antenna has available for near-

range search a 1-second dwell time out of the specified 2-secoi,d near-range

frame time. Since three antenna6 are operating simultaneously fo- performing

the search, it is possible to trafismit separate bursts on separate antennas

at the same time. On the other hand, since coherency must be maintained

within each burst so that Doppler filtering is provided, the dwell time per

burst is limited to 2 second for 1, 2, or 3 bursts (p=l, 2 , or 3), 0.5 seconds

for 4,5, or 6 bursts, 0.33 seconds for 7,8, or 9 bursts, etc. Evidently the

available time is not efficiently used when p is not a multiple of 3. That is,

the total dwell available is really 3 seconds because there are 3 antennas.

But only 2 seconds are used when p=2, 2.5 seconds are used when p=5 , etc.,

because of the constraint on dwell time per burst. Thus, for the mechani-

cally rotating antenna we are biased toward the solutions for p=3, 6, and 9.
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Keeping in mind this constraint on p we may now attempt to achieve a

satisfactory design as follows. As far as the mathematics and computer pro-

grams are concer.ned we can now develop the design by considering one antenna

searching a 2w/3 azimuth sector rather than three parallel antennas searching

a 27 sector. The relevant design parameters are therefore:

k = 0.85
a

k = 1.0
p

v = 1000 mps• max

w =3m
a

T 1.0
s

8 = 27/3

ARck = 20 mps (including ground clutter)

so that the inputs to the computer subroutine are

a = 135.3 (equivalent to a = 270.6)

p = 0.02

The optimum solution that results from an application of subroutine OPK

is K=10, p=5. However, a nearly optimum solution exists at K=9, p=4. Further-

more, in light of the 3-antenna constraint a better solution is actually

K=8, p=3. The maximum range in the near-range zone is 80 km so that the PRF

is nominally

f = c/2R 1875r max

Accordingly, the minimum allowable wavelength is

A = 2 v /f K = 13.3 cm
max r

(Since we have not selected the mathematical optimum the actual dwell time

needed for searc.. may be less than the originally allowed time. In order to

find the actual time now needed we may recompute the parameter 8 for the se-

lected values of K and p. When we do this we find that a is 98 rather than

135.3. The time needed for the near-range search is therefore only 73% of

the originally allocated time of 1 second per antenna per search frame.)
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The 13.3 cm wavelength of this solution is slightly shorter than the

minimum allowable wavelength for the far-range zone. It is therefore evi-

dent that the far-range zone determines the operating frequency in this ex-

ample. Thus, we must now reoptimize the search in the near-range zone by

relaxing the wavelength to A = 14.0 cm and then solving for the actual al-

lowable search time. We expect to find that a somewhat lower B is optimum

for p=3, thereby allowing a reduction in the time that must be devoted to

the short-range search. This reduction would make available more time for

tracking, thereby improving the design beyond what would result if we merely

retained the bursts determined for 13.3 cm wavelength.

When we attempt the reoptimization, however, we find that a relaxation

of wavelength from 13.3 cm to 14 cm is not enough to materially alter the solL-

tion. In fact, we recall that K is related to A through the parameters f andr

v so that, for X=14 cm we have
max

K = 2v /f = 7.6
max r

Thus, since X has not been increased sufficiently to change K by a full integer,

we must retain the preceding solution of K=8, p=3 . However, we may improve

the design by adjusting the maximum PRF downwards such that K is exactly equal

to 8. That is, we select f = 1786 Hz (recalling that v is 1000 mps, X isr max

14 cm). The range ambiguities are now at a farther range than previously so

that the maximum range of the near-range zone can be increased to

R c/2f = 84 km
max r

This increase in maximum range is the only practical benefit from the slightly

lowered wavelength.

L'e4 ?,_ofa f h e DV.Lgfn

The baseline design for the mechanically rotating set of antceinas can now

be ;timmariz ed from the pireceding res,ilts along with .1olhson's tables. The far-

range zone is searched with one antenna in four successive revolutions of the

antenna. A different PRF is used in each revolution in order to resolve all

Mow
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blind speeds within the four revolutions (or 8 seconds). The PRFs for the

solution (K=19, p=
4 , x=3.23 ) are, using an automatic algorithm for computing

PRFs (to be described later)

frl =750 Hz

f = 722.75 Hz

f = 668.26 Hz

fr4 522.94 Hz

(This set of PR~s leads to just one blind region at a Doppler frequency of 63E Hz

and 5.25 Hz wide.) The number of pulses at each PRF are

n,= 5

n2  5

n 3 =5

n = 4

so that the total dwell time for all 4 bursts in one beam position is 28.7 milli-

seconds (rather than the theoretical Td = 25.3 milliseconds). Thus 56.5% of :he

time load for one antenna is devoted to the long-range search.

The near-range zone is searched with three antennas in one revolution of

the antenna. A differeit PRF is used for each successive look at the search

area. The PRFs for the solution (K=8, p=3, x=3.54) are, using the automatic

algorithm once again

frl = 1786 Hz

fr2 = 1625.79 Hz

f = 1345.42 Hz

(This solution produces a single 63.75 Hz wide blind zone centered at 1566 Hz.)

The number of pulses at each PRF are

n I = 12

n = 11

n 3  9

so that the total dwell time for all 3 bursts in one beam position is 20.2 msec

(rather than the theoretical Td = 18.9 msec). Thus 53.4% of the time load for

each antenna is devoted to the near-range search zone.

At this point we could have used Johnson's tables, as described in our

earlier report. However, when we developed techniques for determining the set
of PRFs in real time, we found a better design approach, as detailed in

Section 4.
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2.3.2 Design for Stationary 2-D Phased Array
Backgrowd

We are much less constrained with a 2-D phased array in that the same

antenna provides all bursts so that we have complete flexibility in the num-

ber of bursts allowed. Thus we need not define allowable search times consis-

tent with the periodic reappearance of rotating antennas. If we assume a total

frame time in the far-range zone of 8 sec, then we may perform the design for

a total dwell of 1.5 seconds for a search over a w/2 sector. (The other

three stationary antennas are designed identically.) Similarly, in the short-

range zone we no longer find that p=3 and p= 6 are the only easily implemented

solutions. Thus such solutions as p=4 are allowed.

Far-range Zone

For the long-range search we now have the parameters:

k = 0.85
a

k =-1.0P
v max = 1000 mps

w = 3ma

T s 1.5 sec (for 8 sec frame time)
5f

0 = n/2

5 ps

so that the inputs to the computer programs are

B = 270.6

p = 0.005

The computer solutions (or graphical solutions from Figure 2-5) are K=25, p=5,

x=2.75. However, we also find little sacrifice in K by choosing p=4 , for

which K=23. Moreover, a 25% increase in power and time efficiency results,

and the longer attendant wavelength makes the elevation beam sufficiently

wide that a major gain loss from cosecant-squared beam shaping does not result.

The PRF and wavelength corresponding to the solution are

f r c/2R m 750 Hzr max

A - 2v /f K - 11.6 cm
max r

EvidI.tly we have gainid a grtvat d(eal in terms of r.d-icing A m'rily by .,llwitig

more overall time for the long-range search because the constraints of the mech-

anical array have been removed. (Because we do not have to rely on revolving
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antennas to achieve the required 2 Hz tracking rate, we no longer have to re-

strict the search time to half the load of one antenna, or 1.0 seconds per

revolution per antenna. Thus the increase in allowance to 1.5 seconds per an-

tenna is a consequence of the removal of the mechanical constraint.) Overall,

18.75% of the time load for the antenna is devoted to long-range search.

Near Range Zone

In the near-range zone we may work backwards from the design wavelength.

That is, for the 80 km maximum range in the near-range zone we have the maxi-

mum PRF of

f = 1875 lHz
r

Thus we have for the selected 11.6 cm wavelength a value for improvement factor

K of

K = 2v if X = 9.2
max r

Since X is fixed at 11.6 cm, we must use an integer value of K larger

than 9.2. Otherwise v would have to decrease and/or f would have to in-
max r

crease. Neither situation is desirable. On the other hand we do not wish to

use a K any larger than necessary as the larger K, the larger 'a so that the

scanning time would increase unnecessarily. Thus we take

K = 10

Since 10 is larger than 9.2 we can lower the PRF and thus extend the maximum

range in the short-range mode. The result is

2v
f max = 1724 Hz

r XK

The corresponding maximum range is

R c 87 km
max 2f

r

The value for K of 10, coupled with the value for p of 0.02 in the near-range

zone, leads to an optimum solution for 8 and p. The result is 8=115, p=5.

The amount of time devoted to the short-range search is therefore (for one an-

t nTna)
8kw 0 xi/

T m S-w a s . 115 x 1 x 3 x n/2 0.638 sec
s k v .85 x 1000

a max
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out of the available 2-second frame time. Thus, only 31.9% of the total time

for each antenna need be devoted to the short-range search.

Stwry of the Design

In summary we use 18.75% of the time for long-range search, 31.9% of the

time for short-range search, leaving 49.35% of the time for tracking. More-

over, this has been done with a wavelength of just 11.6 cm. This coatrasts

with the mechanical antenna set where Zess than 50% of the time remains for

tracking and the wavelength is 14.8 cm!

We may now determine the actual schedule of bursts to be used for blind-

speed resolution. The set of PRFs for the long-range search is found from

our new algorithm as

frl = 750 Hz

f = 727.02 Hz
r2
fr3 = 676.46 Hz

fr4 = 562.70 Hz

where a single blind zone of 34 Hz width remains. The number of pulses at

each PRF are

n 6

n 62  6

n = 6

n4  5

From these results we find a total dwell time for all 4 bursts of 34.7 msec

(rather than the theoretical Td = 31.4 msec). In this case 20.7% of the time

load for one antenna is devoted to the long-range search.

The set of PRFs for the short-range search is

f = 1724 Hz
rl
f = 1623.61 Hz
r2
fr3 = 1510.68 Hz

fr4 1313.05 Hz

f = 1016.60 Hz

In this case no blind zones rvmain. The number of pulses at each PRY are



2-37

n =5

n2  5

n 3 -4

n4 = 4

n5 = 3

These results lead to a total dwell time for all 5 bursts of 14.6 msec (rather

than the theoretical Td = 13.3msec.Then35% of the time load for each antenna

is devoted to the short-range search.

II
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3. OTHER DESIGN APPROACHES

Two other design approaches were also studied in a further search for

extended performance. The first approach is a variation of the baseline

blind-speed resolution scheme in which multiple bursts are transmitted simul-

taneously on different frequencies. The main question in its application is

whether the added performance warrants the added equipment required. The

second approach is an extension of the baseline scheme to the resolution of

blind ranges as well as blind speeds. The main question here is whether the

added performance warrants the added complexity and sidelobe requirements.

3.1 MULTIPLE SIMULTANEOUS FREQUENCIES

3.1.1 Basic Principles

We have seen that the successful resolution of blind speeds censumes a

considerable amount of extra dwell time. Our past approach has always been

to transmit sequentially the p bursts that are required. However, if we can

provide isolated parallel transmitting channels at different frequencies then

we can conceivably transmit the bursts in parallel and thereby save a consider-

able amount of dwell time. Variations of this approach are detailed here.

The parallel use of multiple carrier frequencies in place of the sequential

use of a single carrier frequency is acceptable in principle as long as one

recognizes that it is range rate, not Doppler frequency, that must be made

blind-zone free. Since range rate is related to Doppler frequency as

R = fd/2

the ambiguous range rate is related to PRF as

R =Xf/2

Thus a change in wavelength is equivalent to a change in PRF as far as blind-

speed resolution is concerned. Moreover, any new wavelength that is suffi-

ciently far for isolation from the basic wavelength could be used as long as

the PRF were adjusted accordingly. The use of multiple frequencies therefore

provides an easy means of cutting the dwell time to reasonable levels.

The conceptually most simple implementation would be to use p carrier

frequencies with wavelengths proportional to the multiple PRFs that were
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formerly required for blind-speed resolution. With this con( ept tlit, ,,

pulsing and PRF would be used for all carrier ftequenc ie? uiultaneously.

The approach therefore appears simple and attractive. However, a number of

shortcomings become clear upon further examination. First, the range of car-

rier frequencies required is usually too large for most radars. For example,

the PRFs required for the baseline design for the rotating antenna differ by

factors up to 1.5. This means that the multi-frequency approach would re-

quire a very wide range of operating frequencies, such as 2 GHz to 3 Gltz.

Second, the tuning of the multiple frequencies is rather critical for success-

ful elimination of blind zones. This means that when the environment changes

such that a new set of PRFs would conventionally be required, tie multiple ire-

quencies must be precisely retuned. A truly adaptive radar would therefore bc

considerably more difficult to implement with multiple frequencies than with

multiple PRFs.

The more reasonable approach from the standpoint of equipment is the use

of separate carrier frequencies for isolation only, and the use of PRF ad-

justments for the actual blind-speed resolution. With this approach there

are actually several levels of sophistication. For example, one could use

a two-channel system in which two PRFs are sequentially and independently

transmitted in each channel such that the blind-speed resolving capabilities

of a four-PRF system are achieved. Or one could use a four-channel system

with just one PRF for each channel (albeit each PRF is different). We there-

fore can achieve different levels of dwell time reduction depending on the

different number of parallel channels available.

Designs for a multi-frequency radar can be developed with the aid of

the automatic design procedures as follows. First it must be assumed that

the multiple frequencies do not differ in wavelength by more than about 10%.

With this assumption the change in Doppler resolution with change in wave-

length can be ignored. Second, the basic (highest) PRF will be used at the

low' st carrier fr(quv:ncy (longest wwvel ngth). Denotting this PRF and wave-

1e'ngth as f and X , we first dtsign the system for this wavelength alone.ro o

However, we replace the total dwell t tme available for search, T , by the
s

quantity qT 6 where q is the number of parallel channels available. (Note

that q < p is required, and furthermore it is a.sumed that p/q is an integer

so that all ch;annels are used to their full capacity.) The set of PRFs
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that results from a blind-speed optimization is then modified by the wave-

length of the available channels. In general the lowest PRF is used with

the shortest wavelength so that the adjuted PRF is raised toward the basic

PRF. In other words, the multiple wavelengths available will have a nor-

malizing effect on the PRFs so that the range of PRFs required is less extrer-:.

We will illustrate these design procedures by redesigning the baseline sys-

tems under the assumption that four isolated parallel channels are available

at frequencies that are spaced about 3% apart. (The relationship between the

new adjusted PRF and the original PRF is, for the i-th burst,

fnew A forig/,

ri o ri I

where X > X..)

3.1.2 Design for Rotating 1-D Phased Array

We may redesign the waveforms for the long-range zone by merely multi-

plying the parameter R by q, the number of channels. (As long as the resulting

number of bursts, p, is an integer multiple of q then the analysis is valid.)

Thus we have

721.6 for p=4 , q=4

1443.2 for p=8, q=4

p = .005

The impact on the design is phenomenal. We find for B=721.6 that K=43, p=7

is optimum and for =-1443.2 that K=57, p=8 is optimum. Since we are constrained

to p= 8 for efficiency, must lie in the range 800 to 1950, and K must be 45 to

57. If we assume K is 50 and that the basic PRF is 750 Hz at the longest wave-

lengtfi then we find that this wavelength must be

X = 2v /f K = 5.3 em
max ro

which is much less than half the admissible wavelength for a single-channel

system. The frame time is, however, 16 seconds for the long-range search!
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It is more reasonable to restrict the number of bursts to 4 so that the

frame time is 8 seconds or less. In this case , is 721 .6 and tw ,,L iz unu j

is 7, but we are constrained to the suboptimum choice of p=4. The achievable

improvement factor K is therefore reduced from 50 to about 34. The corres-

ponding wavelength is

X= 2v /f K = 7.8 cm
max ro

which is at least 40% shorter than the wavelength that results for the one-

channel radar.

For the near-range mode, we have the parameters

= 541.2

p = 0.02

for the four-channel system. Again restricting the number of bursts to p=4

we find that the achievable improvement factor is 14. In this mode, however,

we may choose p=8 without an increase in search dwell time, and the more

nearly optimum solution of K=17 results. For the 1875 Hz basic PRF of the

near-range mode, the achievable wavelength is 6.3 cm, which is shorter than

the wavelength allowable in the far-range zone. Thus we must e~ia. our-

selves to the latter wavelength (X = 7.8 cm) and work backwards. We find that

the rcsi lt ing K factor is 13.6. As with the near-range designs for the conven-

tional approaches in Section 2, we must raise K to the next integer, which is

K=14. The basic PRF then becomes 1832 Hz and the near-range search is ex-

tended to 82 km. Since K=14 can be achieved with p=4 this solution is ac-

ceptable. It leads to = 525, which is 97; ol the, v,,hiu used when

T = sec (i.e., T = 0.97 sec).5 5

3.1.3 Design for Stationary 2-D Phased Arra

We may redesign the system with the fully-phased array in an analogous

manner. If we retain the allowance of 1.5 sec (out of 8 stc) for the long-

range starch, then we merely need to miit iply the p1, rlrwt r ;- by the itii her

of chalnnels, q=4. The design paramleters are therefore

: 108:'. 2

p = 0.005
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resulting in the optimum solution K-51, p=7. Since p must be' at. integer mul-

tiple of q we will use p-8 rather than p=7. The corresponding K is still 51,

however, so p=8, K=51 is the solution. The resulting wavelength is X = 5.2 cm,

which is 35% lower than the mechanically rotating CaSe.

If we now use this wavelength as a constraint for the near-range search,

then the required improvement factor is K=20.5 for a 1875 Hz basic PRF. We

may therefore relax the basic PRF to 1832 Hz so that K is 21 and the maximum

range is now 82 km. The corresponding 6 for p=8 and K=21 is 1608. This solu-

tion implies that 2.2 seconds are needed for short-range search, which is more

than the allowed 2-second frame time. This solution is therefore clearly in-

admissable!

The difficulty is that the near-range search now controls the choice of

wavelength, as we shall see. We choose T =.638 sec for the short-range searchs

at each antenna. This is the time used for the short-range search and 2-D

phased array when only one channel can be used. The corresponding 6 was 115.

Since we have four channels this is multiplied by four so that in the near- t
range design we have

= 460

p = 0.02

These parameters lead to K=16 at p=6. For the allowable solutions we have

K=16, p=8 and K=13, p=4 . Using p=8 we obtain X= 6.7 cm. This is longer than

the value X = 5.2 cm found for the long-range search. Thus using the same

search times as we did for the one-channel case we find that the short-range

wavelength must be used.

If we use p=4 (which was used in the mechanical, four-channel design) we

find that the short-range case now yields X= 8.2 cm while the long-range case

yields X = 7.2 cm. Again the short-range wavelength of 8.2 cm must be used.

But this is Zargev than the wavelength that was allowed with the mechanically

scanned antenna using 4 channels and p=4. That is, we end up with a wors e

solution with the better antenna!

This difficulty can be overcome by using less time in the long-range

st..,trh ;tind thervb ' ptoviding more time in t'i slolt l-rallge sct.l t. Thus we

shall use I se-t (out ot 8 see) for the long-range searchih. For the long-range

n,et h we now have
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= 721.8

P 0.005

resulting in the optimum solution K=43, p=7. For the allowable values of p=4

and p=8, we have K=34 and K=43, respectively.

For p=8 the resultant wavelength is 6.2 cm which is about 50% of the value

which can be achieved with one channel. For the wavelength of 6.2 cm we find

in the short-range search that we must use a K=18. For p=8 the resultant

is 625, which corresponds to a scan time of 0.85 sec (out of 2 sec) for the

short-range case. We therefore devote 42.5% of the available time to short-

range search and 12.5% of the time to long-range search, for a total of 55%

of the time being devoted to search modes altogether.

in swn by using a four-channel system we have reduced the wavelength from

11.6 cm to 6.2 cm by devoting an equal amount of dwell time to both the long-

range and short-range searches. The tradeoff is not all advantageous, how-

ever, because we now use about twice as many bursts for blind-speed resolution.

This means that the average power required for detection is doubled, which

could exceed practical constraints.

Suppose we instead constrain the number of bursts to p=4 in light of the

possible power problem. Now we can design the four-channel system using one

burst per channel. Under this constraint the long-range mode requires K=34.

The allowable wavelength for the basic PRF of 750 Hz is 7.8 cm. Thus we still

have a very worthwhile improvement over the 11.6 cm of the one-channel case.

Using 7.8 cm as the wavelength constraint on the near-range search, we

obtain K=14, and a PRF of f = 1832 Hz. The short-range search is now ex-r

tended to Rmax = 82 km. The corresponding 6 for p=0.0 2 and p=4 is =525.

Using the fact that we are using four channels this corresponds to a s~arch

time of 0.72 seconds for the short-range case. Now we are using 36% of the

tine for short--ange search and 12.5% of the time for long-range search. This

mcans we are using 48.5% of the time for search which leaves 51.5% of the time

for tracking. This is an improvement over the 49.35% of the time left for

tracking in the one-channel, while the wavelength of 7.8 cm is 33% smaller

than the one-channel case.

The long-range search uses the following PRFs:

fi
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frl 750.00 Hz

f = 733.82 Hz

fr3 692.75 Hz

fr4 569.53 Hz

A single blind zone of 19.4 Hz width remains with this set of PRFs. The number

of pulses at each PRF are

nI= i1

n= 1

n = 10

n 4  8

The short-range search uses the following PRFs

frl 1832 Hz

f = 1744.76 Hz

fr3 1582.75 Hz

fr4 1258.72 Hz

A single blind zone of 37.4 Hz width remains with this set.

3.1.4 Implementation

We have seen that significant performance improvement can be achieved by

using a multi-channel radar system in which the bursts for blind-speed resolu-

tion are implemented in parallel on different RF carriers. We have not addressed,

however, the difficulty of implementing such a system.

Two difficulties are evident. First, a multi-channel system evidently re-

quires a duplication of RF equipment such that all channels can be used at the

same time. This requirement may be difficult to meet with a mobile system.

Moreover, the equipment complexity may be excessive. Second, there is a severe

problem of isolation among the separate channels. Since different PRFs aIre

used in the different channels, a lack of adequate isolation could easily lead

to eclipsing problems. That is, reception on one channel may be required at

the same time as transmission on another channel. The only source of isolation

is the separation in carrier frequency among the channels. Our experience indi-

cates that adequate isolation is not achieved by frequency alone. Instead, it

is usually necessary to use separate antennas for transmission and reception.
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Since weLght and size are already problems for this mobile radar, such a Sulu-

tion is probably not admissable.

In conclusion, unless the technology of the radar equipment can be ad-

vanced far beyond its present state, particularly in the area of transmit/

receive isolation, the multi-channel approach outlined here will be impractical.

3.2 SIMULTANEOUS BLIND-RANGE/BLIND-SPEED RESOLUTION

3.2.1 Background

In tile past there has existed a consensus that gr,,und-based radars which

must operate in a heavy clutter environment must be designed without range

ambiguities within the maximum detection range. In the presence of range

ambiguities, a target to be detected near the maximum detection range would

have to compete against clutter folded over from areas very close to the radar.

The K3 law for ground clutter, and in the case of rain the R2 law for rain

clutter, would enhance the clutter relative to the signal to such a degree

that clutter suppression would be impossible. Thus it has become common

practice to design ground-based radars without range ambiguities.

On the other hand, the consequence of a range-unambiguous design is the

appearance of a large number of blind-speed regions within which aircraft and

missiles cannot be detected. Since targets may go at constant range rate for

relatively long times, in particular if they are headed toward the radar,

blind speeds are unacceptable for a high-performance radar. Thus one must

introduce schemes for avoiding blind speeds, which means multiple PRFs. If

this is done inefficiently, one is wasting such important radar resources as

average transmitter power and dwell time on the target. In particular, with

respect to dwell time, it is found that avoiding blind speeds may increase

tht, ri.quired dwell time to such an extent that one is forced to choose a low

o011ir friqe'ncy , such as L-kand or even UHF. Thes, radars then have poor

angular tracking accuracy, they are subject to severe multipath effects, they

are more readily jamraned, and they have an insignificant capability for target

identificat ion.

It appears that the optimum solution (that is, the solution that a]lows

the highest carrier frequency) is to allow both blind ranges and blind speeds

;nd then provide sets of l'RFs that ailow the resolution of both types of

awl iguous clutter. The problem of the R -_enhanced stiength of range-ambiguous

.... ..... .± == ... .., ... ... ..... .. .. .... .. ... ....... ... ..... .... . ....... • I I .. ... ... .. ... I ...I I'~ l €'' .....
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clutter presents a new requirement for low sidelobes which may not always be

achievable in practice. Moreover, the elimination of all blind-speed and

blind-range zones may not be possible in general. But, as we shall see, the

performance potentials are so high from a combined system that it warrants

our serious consideration at the least.

3.2.2 The Basic Principle

The conventional approach to PRF selection in a heavy clutter environ-

ment for a ground-based radar is to choose the fundamental PRF so that the

first range ambiguity will be at the maximum detection range. If multiple

PRFs are required to avoid blind speeds, then all other PRFs will be lower

than the fundamental one so that there will be no range ambiguities closer

than the maximum detection range. The wisdom behind this choice is that

range ambiguous operation causes an enhancement of the clutter, which is to

be avoided.

However, in spite of the enhancement of clutter there is much to be

gained by range-ambiguous operation. The additional clutter could conceivably

be suppressed by Doppler filtering, and the higher PRFs make the blind-speed

avoidance problem much easier.

In order to illustrate how clutter is enhanced by range-ambiguous oper-

ation, let us assume that the fundamental PRF is 5 kHz, so that the first

range ambiguity will be at 30 km. In volumetric clutter the received power

from clutter will be proportional to (1/R)2 for the first 30 km. At R=35 km

the received power will be proportional to (1/35)2 plus the ambiguous compo-

nent at R=5 km, so that the total clutter power will be proportional to
2 2

(1/35) + (1/5) . In general, we can define

R = target range

RA = range of first ambiguity

N = largest integer less than (R/R A)

R' = R - NRA

The received clutter power will then be proportional to

N 1

n=o (R' + nR A )

k.A
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If we compare the received clutter power with the component at range R, we can

define an enhancement factor

E=noZ A

which is illustrated in Figure 3-1.

The Doppler filtering processor must be designed to suppress the enhanced

clutter. For example, if the processor is capable of handling an additional

20 dB of clutter, we can read from Figure 3-1 and determine that the particu-

lar pulse burst will be blind at:

R _ R _ 1.10 RA

2R ' R _ 2.25 RA

A A3R A < R <_ 3.50 R A

4 RA < R - 4.70 RA

If the processor could handle an additional 30 dB of clutter (10 more than

above) we can limit the blind-range interval to about 10% of RA up to the

fourth range ambiguity. In Figure 3-2 we show the combined range-Doppler

blind zones for a 2-PRF burst of 7 and 5 kHz with a blind-range interval of

0.10 RA and a blind-Doppler interval of 2 kHz. Note that the first range at

which both PRFs are blind is 7 tiineS the tirst blind-range of the fundamen-

tal PRF (7 kliz), which is 150 km. The first Doppler at which both PRFs are

blind is 14 kHz. There are also local zones at which both PRFs will be

blind, but these zones amount to only about 5% of the total range-Doppler

area of interest. Additional PRFs can be used to improve coverage, or to

reduce the clutter enhancement.

We have expended a great deal of effort in attempting to develop syste-

matic procedures based on these principles, but the choice of PRFs for oper-

ation in range-ambiguous chtter is not yet solved. There are many consid-

erat ions such as the maximum detection range, first blind speed, Doppler

width of clutter, and 'luttor Supl)pressio ca;pabilit ics via Doppler filtering.

We bclieve that a systtmatic appro;ich could be 'volved, and the re.sult would

be ip frior to tle conventioial approach of unamtbiguous opt. ration. We will

de.monstrate the possible improvements through the following intuitive look at

the approach.
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3.2.3 Achievable Performance Improvement

The given quantities in any such system are the maximum detection range,

R max, the maximum target speed to be accommodated, V max, and the maximum

range rate spread of the clutter, AR C. We assume that the ambiguous range

is to be some fraction of the maximum detection range,

R = R /A , (3-i.)
a max

where it would be desirable for A to be no larger than unity. The case to

be discussed is where A must of necessity be larger than unity.

From (3-1), the repetition frequency is

f = c/2R = cA/2R , (3-2)

r a max

and by multiplication by X/2 we obtain the ambiguous range rate

= cAX/4R max (3-3)

The normalized basic PRF of the system is simply the ratio of R and thea

range rate spread of the clutter, ARK, so that from (3-3) we have

x = R a/AR = cAX/4ARc£Rmax (3-4)

It is seen from (3-4) that the normalized PRF decreases with the

wavelength. Since blind-speed resolution is impossible when x is much

smaller than two, a decrease of the wavelength must beyond some point be

offset by an increase in the value of A, since the other parameters in (3-4)

are fixed. A value of A exceeding unity, however, implies the introduction

of range ambiguities, so that the system of multiple PRFs must be designed

to avoid both blind speeds and blind ranges. The interesting question is

whether there are any limits on the maximum value of A, and what these limits

are if they do exist. In other words, how do we find sets of PRFs for com-

bined blind-speed and blind-range resolution which allow us to achieve high

values of A, and are there any fundamental restrictions?

On the basis of a limited study of the problem, we have come to the

following conclusions. Although there is a systematic way of designing a

set of PRFs for complete elimination of blind speeds, this is not possible

for the two-dimensional case of combined blind-speed and blind-range
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elimination. Blind regions n the range/range-rate plane can he eliminated,

or made insignificantly small, for close ranges. With increasing range an

increasing percentage of the range/range-rate plane will be blind, until

beyond some range essentially the entire region is blind. Thus there appears

to be a fundamental restriction on how large a range interval can be accom-

modated with acceptable blind regions.

it turns out that, with a good design of the set of PRFs, the range in-

terval over which blind regions can be reduced to acceptable level is in-

versely proportional to the range-rate spread of the clutter. The larger the

range-rate spread, the smaller the range interval that can be "cleared".

This maximum operational range can be written as

cX
R =9n , (3-5)
op 4Ak

where the factor n depends on the design of the PRF set.

We have found in the limited research that a factor ri=l is easy to

achieve, but that the blind regions increase rather rapidly in relative size

when the value of unity is exceeded. There appear to be no problems of find-

ing PRF sets for n=1.2, and perhaps n=1.3. It is more difficult, but possible,

to find sets with q=l.5. The general trend is that larger values of n can be

achieved with a larger number of PRFs, evidently at the price of increased

system complexity and power inefficiency. We shall postpone a discussion of

how the PRF sets are found, and simply assume here that the value of rT that

can be realized is limited. Although our research is not broad enough to

permit a completely reliable estimate for the maximum value of p, we shall

here assume as a reasonable estimate

nmax = 1.5 (3-b)

We return to our system design problem, which means finding the value

of the normalized PRF x of (3-4). Since x must be larger than two but a

small wavelength is desired, we must increase the value ot A. Thus we con-

sider next the question of how large A can be made.

We evidently must make the operational range R of (3-5) equal to theop

maximum detection range Rmax. Substituting R for Rmax in (3-4) gives

.. . .~m X . .. . . . . . . .. . . .m a , x N r. .
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x = A/n , (3-7)

so that

max max

If we substitute A into (3-4), we find the mimimum wavelength for which

combined blind-range and blind-range rate resolution is possible,

Amin 4AR R /Cn (3-9)cLmax / max

With n ma 1.5, we have

Xmin = 2.7 CR R /c (3-10)

As an example, suppose AR = 20 m/sec and R = 200 km. The minimumc . max

wavelength for which the problem of blind ranges and blind speeds can be

overcome then is X . = 3.6 cm. Since the minimum value of x is two, we seemain
from (3-8) that such a design would have at least a triple range ambiguity.

In practice, the wavelength may be fixed. If it is not fixed, then we

may estimate from (3-10) the minimum usable wavelength from the point of view

of avoiding clutter problems, and assess other problems at this wavelength

(such as rain clutter and rain attenuation strengths). This will then lead

to a decision about the wavelength to be used.

Once the wavelength is chosen, we can from (3-4) find the relation be-

tween x and A. A must be large enough to yield a value of x exceeding two,

and the larger the value of x, the fewer the number of PRFs that must be

used. Thus we want A large. On the other hand, the more closely A approaches

its maximum value as given by (3-8), the more serious the residual clutter

problems will be. Thus the value of A is bracketed between Amin correspond-

ing to a value of x=2, which from (3-4) is

A min 8AR R /cA , (3-11)m~n dc£ max

and the value A of (3-8). However, the latter constraint means only thatmax

x must be made large enough to accommodate the chosen value of A. A high

value of A means that there are many effective range ambiguities. The sim-

plified derivation on which the above conclusions are based does not fully

take into actount the incr.tse In clutter problems with increaS in , ordOr of
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the range ambiguity. Thus we want to keep A, which means the number o

range ambiguities, as small as possible; that is, close to the value of

A . of (3-11).
min

In the design procedure, we find from (3-11) the value of A .i, and

from (3-7) the corresponding value of x. We decide at this point how criti-

cal the clutter problem and the situation are, by deciding whuther we want

to design for n=l. 2 , 1.2, or a higher value. Tht more PRFs that are used, the

higher the admissible value of ri, but also the higher the cost. We survey

the available solutions for the sets of PRFs, and decide on the best compro-

mist- between x and n. What is still needed is the set of "best" solutions

for x and the associated other normalized PRF values.

It appears that the design of an optiauim set of P'RFs is not pessible.

We have found one set of solutions by a combination of reasoning and computer

trials. We have found other solutions by starting with the sets of PRFs used

for resolution of blind speeds only, and multiplying the normalized PRFs by

some factor. This has revealed the general trend of results as discussed

earlier, yet some solutions are better than others and locally reverse the

trend. The best procedure for a generalized syiem of solutions appears to

be the following: Start with the blind-speed oniy sets of PRFs for three,

four, and five PRFs, and in each case for different values of the extension

factor for the blind speed. Also multiply these normalized PRFs by some

selected factors. For these diverse sets of PRFs we then find the value of

r, for which percentage blindness at the largest range exceeds a certain

threshold. We then select those solutions for which il is largest for a given

number of PRFs and a given extension factor (or equivalent measure). The re-

sulting table of solutions is the one to be used in the system design. The

same solutions are used in an adaptive system, where the clutter conditions

art chi.nging and range ambiguous operation is necessary under some conditions

and in some beam positions.

3.2.4 Application to Radar l)es in Co-pti

The diff iu ty of finding a systemat ic soIut ion to the combined bli nd-

ipe-d/b ind -raigc probl em has I cd us to t he ConclIu:; ion that a furtler study

is beyond thc scope of tie present program. lowever, we hiave recently had

the opportunity to study the problem of a low-probabilitV-of-intercept (LPI)
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radar in which the principles just discussed are applicable. Our study of

the LPI problem has led to the conclusion that the combined blind-range/

blind-speed problem rmust be solved if future radars are to be made signifi-

cantly less vulnerable to anti-radiation missiles. We therefore review the

tradeoffs here to demonstrate that a separate program is needed.

Background

Our study of the LPI problem has shown that a common assumption made in

these types of investigations is that the ARM will use essentially the same

type of receiver against LPI radars as is being used against existing radars.

Specifically, the assumption is made that the ARM will not use a high degree

of noncoherent integration of the radar signal. We believe that this is an

entirely unrealistic assumption. Since the signal of a conventional radar

can be detected with extreme ease by an intercept receiver, there is no justi-

fication for designing any but the simplest type of intercept receiver.

However, with LPI developments under way, it is reasonable to assume that

better intercept receivers will be designed. In particular, it is simple and

inexpensive to design the intercept receiver so that it uses long-term ;,on-

coherent integration. However, with current radar designs and conventional

design approaches one can show it to be impossible to prevent easy homiiing on

part of the ARM. Although it is true that one can deploy radar decoys in

order to protect the radar, these decoys become rather expensive and vulner-

able if designed for conventional radars.

At MARK Resources we have studied the problem and have found that LPI

performance can be obtained if nonconventional design approaches are being

used for the radars. In fact, these approaches appear to be so effective

that it may be unjustified to design modern radars in accordance with the old

methods, including the ones we have developed at MARK Resources. Hence it

appears to us extremely important to extend the present problem on radar

adaptivity to the inclusion of LPI. We see a way of modifying our design

methods to where effective LPI radars can be designed just as efficiently and

systematically as we have done previously for "ordinary" radars.

Brief Description of the New Approach to Radar Design

There are several departures from conventional radar design which, taken

together, allow the implementation of a true LPI radar. By this we mian a



radar that prevent., succets li homing by an ARM. We shall brielly i de-a., ri,

these new design features.

As perhaps the most important features, the radar must be designed so

that it operates intermittently. For example, it might search for half a

second and not transmit at all for the next half second. It is, of course,

obvious that such intermittent operation is highly desirable. What is not

so obvious is how to perform all the required radar functions within the re-

duced time, where even with conventional designs it is difficult to provide

sufficient time for all functions.

Our study of the problem has shown that dwell time requirements can be

drastically reduced by going to range-ambiguous operation. The ambiguous

range is chosen much smaller than the maximum detection range. We have found

that the unsolvability of the clutter enhancement problem due to the ambigu-

ous foldover is a myth. Although penalties must be paid, these penalties can

be made to be acceptable. The overall result is that the dwell time require-

ments are reduced by a factor roughly in the order of the multiplicity of the

range ambiguity. In other words, if we introduce five range ambiguities

within the maximum detection range, we would expect a dwell time reduction

by a factor of roughly five.

The scheme for resolving blind speeds for range-unambiguous operation

must be replaced by one fur resolving the combination of blind speeds and

blind ranges. We have done enough work to know that the problem is solvable,

and we have investigated particular approaches. We also understand the limi-

tations, but these limitations are beyond the typical practical combinations

of maximum target speeds and maximum detection ranges. What is not available

is a unifj-d twory of optimum algorithms for selecting multiple PRFs for

combined blind-speed/blind-range resolution for minimizing dwell time

requirements.

A second important feature is the use ot many range zones during the

search. The farthest range zone, for example, requires !he highest trans-

mitter power, but the search frame time for this far zone can be \'cry long,

perlaps close to a minute for really long search ranges. A high--power

signal that i.; observed only once every mi nute evidentlv is tof no use for

an ARM. As the :;,arch zones get closer to the rad;r, the ce, reh f 1,nr t ime
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must be reduced. However, the transmitter power will be reduced in accordance

with the R4 law. Thus, as the frame times become shorter, tie signal will

be more and more difficult to detect. We may use a wilinmum-rang, st-arch zone

for which the largest detection range is, say, only 20 kin, with a search

frame time of only one second. The radar power then will be many orders of

magnitude lower than for the maximum range; so low in fact, that suc'ces S;ul

homing on the part of the ARM can be pievented.

We have used different search zones in our earlier designs, but for dif-

ferent purposes and subject to different constraints. For LPI radar, for

example, we want to time the search over all zones so that when the search

for different zones coincides, it can be done with a single transmissiol,

just as with an ordinary radar. This implies, however, that the multiple PRF

scheme for blind-speed/blind-range resolution is appropriately designed. A

consecutive search over different search zones must be avoided in order to

achieve a longer dead time for the radar.

Another important design constraint concerns the presence of multiple

radars. It is usually argued, with much hand-waving, that a radar with only

a minimal LPI capability might prevent homing by an ARM since there will be

more than one radar in the battlefield. A closer extmination of this Point

shows that the presence of multiple radars can indeed be utilized for im-

proved LPI performance, but only if this is taken into account in the design

procedures. For example, use of a very high carrier frequency will allow

the ARM to implement a sharp beam, for better angular resolution ol mult iple

radars. On the other hand, much of this advantage can be offset by the tre-

mendous differences in the power levels used by these radars for the ditier-

ent search zones. A radar in the outskirts of the ARM bear- and transmitting

at the power level for the far zone can appear much stronger for the ARM

than a radar within the beam and transmitting at the power level for the

close zone. The resulting phase center wander is another contribution to

the defeat of the ARM.

Recorrnena t ions

These preliminary results indicate that a program should be initiated

for extending our design procedures to radar with LPI capability. The central

issue is that of combined blind-speed and blind-range avoidance by multiple

.. .... a,€I
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PRFs, and its interrelation with clutter enhancement due to range ambiguities.

Optimum methods of dividing the range interval into multiple search zones,

with a particular view toward the compromise between reduction of the dwell

time and increased clutter enhancement, must be developed. The interrelation

with search frame times as a function of distance from the radar and power

levels as seen by the ARM must be studied, and optimum design procedures must

be developed. In essence, wu should arrive at a point where tile design of an

LPI radar can be carried out in the same systematic fashion as for a conven-

tional system.
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4.0 DESIGNS FOR ENVIRONMENT-ADAPTIVE RADAR

The designs reviewed thus far have been cognizant of the environment

but have not been adaptive to it. For example, the systems have been designed

to handle ground clutter to some maximum range (say, 80 or 100 km), but have

not been designed to readjust themselves as this maximum range changes with

time (or with time-varying azimuth angle). The final big step in performance

improvement is expected from this and other adaptive readjustments to the en-

vironment. Just how this is done is detailed in this section along with a

preliminary estimate of the expected performance improvement.

4.1 REAL-TIME ADAPTATION OF WAVEFORM DESIGN

4.1.1 System Approach

The Need for Adaptivity

We have previously determined that the solution of the blind-speed prob-

lem dominates the radar design. It is therefore natural that a readjustment

of the solution to a changing environment would dominate the design of an adap-

tive radar. Since the blind-speed problem is solved through proper waveform

design, the basic problem in developing an adaptive radar therefore lies in

developing a means of redetermining and readjusting the waveforms as the en-

vironment changes.

There are basically three environmental characteristics that greatly in-

fluence the waveform design: range extent of the ground clutter, Doppler spread

of the clutter, and intensity of the clutter backscatter. These characteris-

tics are clearly time varying.

On a short-term basis they are time varying because of the rapidly

changing azimuth look angle of the radar antenna. The search is performed

with a beam that is narrow in azimuth and scans s(.quentially through the

search volume (e.g., through 360 degrees of azimuth). Each azimuth angle

will generally have different clutter characteristics so that the wave foim

must be capable of rapid readjustment within each search frame. For example,

a northerly wind will cause rain to present a high mian Doppler and Ploppier

spread to the radar when the radar is pointed to lorth or .;outh, but a low

mean Doppler and Doppler spread when pointed to east or west. As a conse-

quence the total clutter spread, including the ground clutter which has zero

Doppler, will be maximum at north and r;outh azimuths and minimum at cast and

west azimuths.
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The clutter characteristics are also time-varying on a iong-ter , si,.

That is, over several search frames the weather may change enough to couse

the clutter characteristics to change even at a fixed azimuth angle. Iiigh

winds may increase clutter spread, and high moisture may increase the clutter

intensity of vegetation. Moreover, an adversary may dispense chaff, which will

alter the required waveforms trtmendously.

lmv~mmationof Adai~tivitz4

Evidently the earth-referenced clutter conditions change relatively

slowly with time even though the radar-referenced conditions change rapidly

because of a rapidly changing azimuth angle. This fact suggests that the

waveform changes with azimuth angle should be implemented with a rapid ]ok-Lp

table, where the contents of the table are modified relatively slowly as the

earth-referenced environment changes. In other words, real-time waveform re-

design is a relatively slow procedure because of a slowly changing environment

wloreas real-time waveform resetting is a rapid process that occurs many ties

within a search frame but is based on waveforms that have been previously de-

signed.

This two-pronged approach to the adaptive radar is illustrated in

Figure 4-1. An auxiliary sensor, which may actually be integrated with the

radar, measures the environment and thereby determines the design paraint ers

for the waveform designs. For an azimuth angle e the relevant parameters will

be P(O), R amb(0), and k ((),where p is the ratio of clutter spread to haxim--=

target speed of interest, Ramb is the range extent of the ground clutter, an, k

is the filter broadening required to provide adequately low sidelobes for sup-

1,, ';inq; tie .('nsed cl utter. A 360' search sector may, for example, be divided

into 16 ;ector. of 22 1/2' (ach, with separrately nw,.tc urd veilues for -, R

and k in each se,.ctor. Whencvewr the ieas ured va l ue. in a sector change sig-

nificantly from those that resulted in the current waveform set, a new set is

(omputed by meains of a real-time algorithm for waveform design. This new ,et

then replaces the old ,set in the me mory for that s;ector so that the new set

will be us;ed th, next time the ((-' resluiding azimuth is passed.

'rhe payoff for these real-time (cadjustments is wo-fold. First, the

dwell time requi red per search frame is miniimized for each environment so

that the remaining time available for tracking is r:,ximi .ed. Second, bc,-'w:c
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Aux i Ii a ry
_________ ____Sensor

Ramb (0)

k (0)
p 01Slcee
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f -- ---- Commutator

Waveform sets
for N azimuths

Figure 4-1. Architecture for Adaptive Radar
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the time is used so efficiently the allowable wavelength for a given perfor-

mance level is reduced below the wavelength allowable in a non-adaptive system.

In theory, the judicious use of adaptivity allows one to design for the average

conditions rather than the worst-case conditions with the knowledge that the

adaptive networks will adjust to adverse conditions when needed. In practice,

the radar will be designed such that the search frame time is not exceeded by

the search dwell time even in the worst case. Then as conditions becc.,e more

benign the waveforms will be redesigned, thereby freeing more and more time

for tracking.

In the following we will develop the formalism for the wavefor'n redesign.

First we will outline how the optimum design parameters are determined (e.g.,

search time, number of bursts, basic PRF), then we will demonstrate a real-

time algorithm for deriving the full PRF schedule from these parameters.

4.1.2 Optimum Design Parameters

The adaptive radar is controlled by spatio-temporal changes in the environ-

ment as summarized by just three environmental parameters:

R = range extent of ground clutter

AR = range-rate spread of total clutter

Scz = Doppler sidelobe level required for clutter suppression

We shall differentiate between long-term time variations and short-term time

variations as described previously by redesigning the waveforms as a function of

R (O,t)
a

AR (ot)

Sck (Ot)

where 0 is the azimuth angle and t is time. Although azimuth angle is a strictly

rapidly varying function of time for a sequential scan, we shall treat each

azimuth independently and thereby treat azimuth as a constant. The time-varying

azimuth angle will then be handled by the counutator illustrated in Figure 4-1.

In other words, we will divide the search volume into N azimuth sectors and

perform independent waveform design for each sector on the basis of the param-

et ers

R (0 , t )

AR (0 t)
cf n'

for n=1 to N. 5 ~'t
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In developing the real-time procedures fur waveform reoptimization we

must first translate the three environmental parametcrs into parameters that

are recognizable in our automatic blind-speed algorithms. Recall that we

have two search zones: long-range zone and short-range zone. The parameters

that are measured by the auxiliary sensor must also be measured separately in

each zone. The parameters to be measured for the short-range zone are

R (e ,t)
a n

AR ( ,t)S

S c(n ,t)S

where the subscript S indicates the short-range zone. The parameters for the

long-range zone are

AR c(0 nt)L

S c(0 nt)L

(The maximum operating range, R , is also relevant, but it is fixed, unlikemax

the maximum range for the short-range zone, R a.)

The input parameters for the automatic design algorithms are K(9 ,t) andn
p( nt), which must be defined separately for the long- and short-range zones.

The algorithms will then result in the parameters a(H ,t) and p(b ,t). The
ii n

search dwell time for the sector is then determined from ci(0 ,t) from a

knowledge of k (6 ,t). The time remaining for tracking is then evident. Thep n

required translations are therefore, for a given system wavelength,

R (6 ,t) K(0,t)
a n n' S

Sk (0n 0s" p(On 0~

ARc(0nt)L---
5  p(0n't0

L

S c(n t) L k (n ,t)L

and K( 0,t) L is fixed by Rmax

The translation of maximum ranges into the improvement factor K is based on

the implicit assumption of avoiding range ambiguities. Thus the basic PRF is
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c/2R a(0 nt) for short-range mode

c/2R for long-range mode

The improvement factor is therefore

4v

max R (0 ,t) for short-range mode

2v fC a n

K- max
f X ~4vr max R for long-range mode

CA max

The translation of clutter spread into the parameter p is direct:

p(0n t) = AR c(0n,t)/Vmax

with an S subscript for the short-range zone and a L subscript for the long-

range zone.

The translation of required sidelobe level S into filter broadening fac-

tor k is much less direct. The precise translation depends on the precise

filter synthesis used. When deep sidelobe suppression is required over only

a narrow fraction of the sidelobe region, the broadening is relatively be-

nign and k is near unity. However, when the suppression is required uni-P

formly over the entire sidelobe region, the broadening can be wide. Moreover,

a restriction to relatively simple filter types leads to much worse than min-

imum broadening. For the design purposes we will conservatively assume a

simple cosine-on-a-pedestal class of filters. The broadening can then be

written as

-2k (0 ,t) = 0.886{1 + 0.636[- .3409 + /.04545(-SD) - 47466] 2 }
P ndB

where Sdb is the required (negative. sidelobe level in dB, or

SdB 10 log 10 S (0 t)

(again with an S subscript for the short-range zone and a L subscript for

the long-range zone).
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4.1.3 The Use of Subroutines for Determinin, K, 2 in Real Time

For each new Ra- AR c and S that is -; n,;ed, we proceed to ,repot t 1h.

new K and p as follows.
4v R

K max a

From the initial design v and A are fixed so that we determine K isom thl

new R alone. In general the resulting K will not be an integer. Sinc- Ka

must be an integer we use the next highest integer as already discu:..*;vd. Then

we have

4v R

K = smallest integer no smaller than 
- -

The value of p is then obtained from subroutine OPB. In this ,ubroutinc

we have inputs K and

p = AR c/Vmax

Thus p is determined from our new value of ARCC The subroutine outputs the

optimum value of p. Thus we have the required values of K and p.

The new value of S is not needed in order to dete;mine the new values

of K and p. It does however, determine search dwell time in the following mal-

ner. The subroutine OPB outputs the minimum along with the corre..spunding op-

timum value of p. We can relate k to S from the relations in Section 4.1.?.

The dwell time required for search is then determined from

kw 0
T k

a max

4.1.4 New Subroutines for Determining PRF Schedules in Real Time

Needfrr a _Nwproh

Once the improvement factor K and number of bursts p have been determined

we still have the problem of determining the precise set of PRFs. In the past

we have relied on Johnson's tables for defining tlhis set. However, there are a

*Johnson, op cit.
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number of reasons why this is not the best approach for incorporation in our

environment-adaptive radar.

First, a table of all sets of PRFs from Johnson's tables would be very

unwieldy. Numerous sets of PRFs would have to be stored by the radar when

all useful pairs K, p are considered.

Second, the tables are not complete in that not all possible K, p pairs

are included. The reason for this shortcoming is that some pairs have no

solution for which all speeds are unblinded. Johnson has tabulated only

those sets of PRFs for which there are absoluteZy no blind speeds from 0 to

v . In practice, however, we would allow a few narrow blind-speed zonesmax

because such narrow zones really involve only the skirts of the clutter

spectrum. As a result their inclusion would degrade detection performance

only slightly overall, especially considering that detection probabilities

no greater than 0.9 are expected anyway. Had Johnson included solutions

with a few narrow unblinded regions, his tables would have been complete and

useful to us. On the other hand, since he maintained a stricter definition

of the blind zonewe find that we must develop more practical solutions of

our own.

Third, not only does a looser definition allow completion of the tables

but it also leads to more practical solutions in the cases where Johnson does

have solutions. For our application a few narrow blind-speed regions would

be admissible if these regions occurred only at low speeds. With this allow-

ance for some blind zones we find that we can evolve sets of PRFs which use

fewer bursts and a narrower range of PRFs, thereby increasing the practi-

cality of the solutions.

AL'Lc U' the_ Ncw App~roach

Before mathematically detailing our new approach to finding the sets of

i'RFs, le't us outline tihe philosophy and give an example. The automatic al-

gorithm for computing the PRFs picks PRFs in decreasing values such as to

unblind the higher ambiguities first. Thus if we do not use the lowest PRFs,

then the lower ambiguities may be parti ally or wholly blinded. It is of

inerest in some situations to see what regions are blinded when the lower

PRFs are not used. Because these regions correspond to low velocity rates,

it is unlikely that threatening targets will lie in these regions. If this

is the case then we clearly gain by using ftwer PRFs.
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As ail example we consider the bast-I in(, design 1o the mc, lin ic illy [ru-

taring set of antenrias in the 1,ar-ranbge zone. By us ig our n.w algiu,,t itht

(to be described next) for determining the JRFs, we ilad !hat al .ac.ptt;ibl e

set is

f = 750 11z

fr 722.75

f r bb.26
r3

fr4 522.94

This solution differs from the set that would be found i rom Johnson's tables

in that a narrow blind-speed zone remains. This zone is, however, only

5.25 Hz wide, which is certainly small by comparison with the 15 kliz Doppler

spectrum being searched. Moreover, the zone is centered at a low speed

(about 50 m/s). The existence of this residual blind zone is theWrelore, ot

little practical consequence.

Our new solution also has the property that the omission ol the l west

PRF in the schedule introduces blind zones at the lower speeds lir~t. This

property is illustrated in Table 4-I. Evidently the omission of eacl: sue-

cessive PRF, starting at the lowest PRF, merely introduces more blind .nt,n0s

at the lower speeds. A good tradeoff therefore exists betweeii the number )I

bursts used and the size of residual blinded regions at low speeds. Thus,

when transmitter power or dwell time iS it j premium eUc may opt to omlit the.

PRF of lowest frequency.

Description of the IRF SeZcction AZqorithm

We can now describe our new procedure for selecting the PRIs once the

parameters K and p have been selected. We shall choose tile ireqtIlt'eitb .

as to first eliminate the higher blind speeds as these are tile r t impoitailt

regions in practice. Thus if after using the p frequencits I lIC-' 11C 'till

blind regions, they will be at the lowest bl ind speeds. With this, proaedtrf

we can also examine how many extra blind regions are creat(d at he. I ,wer

end if we use p-1 instead of p frequencies, etc.

For a given K and maximum PRF f r, the highest blind-speed region which

we wish to unbllnd is centered at (K-l)f . We are given p and K from tur
r

automatic design procedure. The maximum PRF is f r c/( 2 Ra) and we lwavsr a;
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Table 4-1. Blinded Regions Versus Number of Frequencies Used

Frequencies (Hz) -- Ambiguity Blinded (Hz) EZteB Iinae (HzI)

f= 750 #1 5.25

f 2= 722.75

f3 = 00.26

f 4 522.94

f 750 #11 150.56

f') = 722.75 #/2 68.82

f 668.26

f, 750 #/1 205.06

f2 = 722.75 #/2 177.81

#/3 150.56

#4 123.32

#/5 96.07

#/6 6~8.82

#17 41 .5 8

#/8 14.33

(Sol Iut ion for rot at ing antenna operat ing in the far-range miode is shown.)
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choose this as our first PRF. We pick our second PRF in the following maine:.

It is chosen so that it blinds the region just above the blind region cen-

tered at (K-1)f Thus we unblind the region centered at (K-1)fr. This
r r

second PRF (f2 ) is chosen to be as large as possible but no larger than f

The blind region centered at (K -2)f is checked to see if it is now un-
p r

blinded when f is present. If it is unblinded, we similarly check (Y-3)f
2 r'

etc., until we reach a region where there is some blinding, say at jfr" We

compute where the upper end of the blinded region lies. The frequency f 3 is

chosen so that it blinds the region just above this upper end. Thus we un-

blind the region in the vicinity of jf r" Again f3 is chosen to be as large

as possible but no larger than f .r

This procedure will generate decreasing frequencies f. for i=l, ... , p
i

(where fl = fr ). When a blind region exists in the vicinity of ji r the above

procedure implies we choose the frequency f. as

(f - A + v)r
f, = - r (4-1)

r j + I

Here A is the width of the blind zone and is given by

c -

2R x(K,p)a

We thus use R and the computer routine which coriiputes x(K,p) to obtain A

as a function of the real-time values for (K,p).

The above procedure assumes that if there was blinding in the vicinity of

jf r the choice of fi in (4-1) totally urnbinded the egion noar jiI.

This total unblinding is true except for cases where both A is la rge and j is

small. When these cases exist we repe at our unhliriding prouieduie in the

vicinity of jf tntil enough f are used to totally unbilnd the rejgion near
Jfrr

In Figure 4-2 we show the blinded region in the vicinity of j• 'hus in

the expression for f . we have that v is the width of the unblihndd pa rt at t-he

top of the original blinded region. Also u is s.imilarly the width (if the un

blinded part at the bottom of the original hl inldid region. The regio'n we

show blinded may not be totally blinded. It 1.1y ha wv gaps w ich .,,. r t

blinded. However, u and v define the I egirin where there it; ;.,mrv iliolinig.
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u p.r vqtc

Ii '4-2. EXaruple of blind Repion
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We have generated a FORTRAN program which deterTirns u and v at jf, jLYv"

that frequencies fil ".'fM are present. We have used this r out ine ,jid (-,

to determine the frequencies needed to unblind the regions of concern. T1(

program can also be used to determine the u and v which exist when we do not

use enough frequencies to unblind the total region below Kf r

The FORTRAN program is shown in the Appendix. Tie ain subroutin( is

called BLIND(K,P,FR,DI). For inputs of K,p and FR it determine.s the frecnen:ien

to be used, any regions which remain blinded and the ntumber of fequ.nciVen

actually used if less than p. If DI=O then the p o,ra: fi,:ipn, e O Ion: the

optimum relationship, i.e.,

FR
A (4-2)x(K,p)

If DI#O then it uses this value as the value for I.. The philosophy in

using (4-1) to determine the f. is that we wish T,' 1171b) d reg i u : ol :,

as high a frequency as possible and at the same time have it blind re.nio-

that we know previous frequencies have unblinded. Ouii x per 1 en',- w 1h t he

algorithm in the run using many cases is that at wor't it blinds .," ol the

lower end of the lowest blind-speed region. None of the. higher blin : d

regions ever remained blinded. This of coors ir.,.me.n that we ri,e , . i-

mum relationship for A in (4-?).

In most cases that were run, tht blinding did not exist at all ,r w.1

well below the 20% value in the 1owes;t blii,d- spe, d egi ,n. For ::.Miv a,,I.L ,

particularly for higher p (p > 6) we (lid not netd to use all the fi .qu.n'es

available in order to unblind the total region of co'cern.

4.2 PERFORMANCE _1?ROVkEN24T FROM ADAPTIVE 'ECHIN IqUES

We wish to illustrate the payoff from an adapliVe radar by giving ;ome

examples of nonhomogeneous cnvironneints. The payoff O, curs in the etduction

of the dwell time required per search frame. We conl:;i dor the case of a a I,,t-

range search which in the worst case is d, signed for a range R of 80 km cid
a

a clutter width LAR of 20 m/sec. This cliuttei width corresponds to gitoundci

clutter in the presence of the worst expected rain clutter. The zmriining

parameters which are fixed are given as



4-14

v - 1000 m/sec
ma x

w 3 m
a

k =1
p

k =1
a
0 = r/2

s
T = < 2 sec

s

If we take T 1.56 sec (leaving .44 sec for track) then we have
s

kv T
a max s

kw -331k w 0
p a s

while

p /AR Vmax = .02

For these values of and p the subroutine OPK yields the maximum value of

K-15 along with the corresponding value of p=
6 . The wavelength of trans-

mission is then given by

4v R
max aA cK - =7.1 cm
cK

Thus we operate the transmitter at a wavelength of 7.1 cm and in the worst

case need a dwell time for search of 1.56 sec.

We next divide the search sector into two equal parts so that each sector

has a width

AU U /2 = w/4s

and we perform a two-zone search. We do this to examine how a nonhomogeneous

e.nvironment can ;ippreciably reduce the dwell time required per search frame.

As our first example, suppose R is 80 km in the first zone while, due to
a

the change in t.r 1raln, it is only 50 km in the s;e(cond zone. We still ausllme

the worst clutter width of 20 m/sec for both Zones. The wavelength of the

transmitter must st.ay fixed at 7.1 cm. Thus we obtain K from

4v R
max a
cX



In the first zone K is still 15. in the to, %... r . , ,,

use K=10 so that we extend R to 53 km in th, ,-. ',;,ta

In the first zone we then have K=15, ;- .ui whi], ill th, tc,, ,

K=10, p=.02. We now use subroutine OPB to find the mini1mi alid Lcrrespo>i inj

p in each zone for the given K and p. We then use

w AG

T pa =1 ,2
si kv

a max

to find the dwell time needed for search in each azimuth zone. The total

dwell time is then given by Ts = T + T for the siort-range bursts.

The result of the above procedure for this example as well ;.s otht-r c,..

amples are given in Table 4-1. We see from this table that the dwell tile

can be decreased by anywhere from about one-half second to one second if th.,

nonhomogeneous nature of the environment is taken into account. We further

see that for the four cases considered the maximum of R and AiR for each

case are 80 km and 20 m/sec. These are the values in the worst case design.

Thus we have achieved significant improvement over the worst c,,sc even thouth

one or the other zone has worst case conditions associated with it.

We have given an example of dividing a region into two zone., idal lv

we should divide the region into mny zones so that in the li-PJt

T dT
T = -a-6- dO

region

where

dT s  ()k w

dO k v,'i maIx

Here 0(0) is obtained by subSt tot uing (K,f)) into lb T t1l inU OPB . We h ive

that

4v g (0)mnax aK l ;, - I
C _ ,
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41, . J)wcll 1'imcus io AdIaptivL R.'diT- (t . in)

ZONE 1 -E I Z()NE?-- -T ,

Ail 1 .Ri/-C 20 2 0 l

abe IS11

p b

T bc 0. 7b I 0. 76

C,-d tnfli n W orst Caet sma~iexczl n Clutter

hange

R k 80 53

AR, M/hvc 20 20

p £ 5

0.78 0. 27

Condit ion Worst Cane S~)1ei R.1in Clutter
Ext en t

R k 80 80

AR in/bec 20 5

TwK is 1506

p 6

T sec 0.28 0.28

Range & IS-0I ler Rain

Clut ici Lx tent

R k 80 53

AR t/u, 20 5

Th r e 15 10 0. 93

p6 4

I ~ 0.18 0. 1

(jId i tI Ion Smallvt Ciound No R.,In Citeir
Clot I r Rouge

R k 53 80

AR r/nc 20 0

I-rK 10 is 0.49

p5 4

0.27 0.22
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while

AR 
(0)

V
max

As a practical matter, we use sums and zones (rather than integrals and

differentials) because we require integer mathematics (e.g., integer number

of pulses). However, as seen from the examples in Table 4-1, even dividing

the region into a small number of zones can yield appreciable improvement in

the required dwell time for scanning.
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5. CONCLUSIONS

The major conclusion that is evident from the preceding results is that

the potential payoff from adaptivity is great. The radar can be designed to

meet average conditions rather than worst-case conditions, with the knowledge

that the radar will adapt to changing conditions. We have found in our ex-

amples that large reductions in search dwell time and/or operating wavelength

can result from the adaptivity.

The major remaining question is how much improvement can be realized in

prrctice. Although we have already defined the basic design for the adaptive

radar, we cannot yet answer the difficult performance question. The problem

is that the degree of performance improvement depends on the range of environ-

ments to be encountered. It therefore becomes important to simulate the .1dap-

tive radar under a broad variety of conditions in order to define performance.

The simulation of the radar system is precisely the next task that is

planned. As illustrated in Table 5-1, the next task (Task 3) is about eight

months in duration and will involve a testing of the simulated system against

realistic environments. We expect to gain from this simulation not only an

estimate of performance but also a feeling for the measurement accuracies re-

quired of the environmental sensor that measures the adverse clutter environ-

ment. The final task (Task 4) will then involve the actual design of the entire

system with such an environmental sensor included.
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Table 5-1. program Schedule

Months After Contract Award Date (19 Sept. 79)

1. 2 3 4 5 6 7 8 9 10 11 12 113 14 15 16 17 16 19q 20l2 22 23 24 125 2 6 2?7 -25 3 03 11

ENCINEERING:

Task 1. Define and Evaluate Baseline
Rada r

Task 2. Design Envirunment-Adaptive

Radar Techniques

Taisk 3. Eval". Tecluliqueb vI6.

Realistic Environment r

rtask 4. Design Envirotnental Sensor

it. uKI I NG I
ral brirefings Ai

,JIicaI Interim Reports (draft) Ai

,clinical Interim Reports

(reproducible) Ai

Lchnical Final Report (draft) L

echnical Final ReportK

zi) Status Repiorts Ai Ai Ai Ai L i L i
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APPENDIX A. SUBROUTINE LISTINGS

Following are the codes for the various subroutines and functions that

are described in the text.
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%UpRCa I K CPK 18(1 AIPC.k P.81 for I
IN ICI ctp

I p I pol.C( . I Il-Eh
K -C
P-C
el. I AP-BE I A

t NI IFK

81I(5 1-1./,tl. 1 .- R-0)
IF iBETA.LE.BIEST) TH-EN

K-C
P.C

INE IF

If (RhC.CI..25.CR.EI4.tI.6~.) TF-it

BE I A r I 12' . 9 1 . -R I-C I3
Rt I TUR
I KC IF

IF (PI-C.1C.0. I ]-EN
KS-tIC
CECU ICC
EtNE IF

K5-IhT(1./(Z.*Ri-03I
K5-P IhO4KS.6C?

20C I-I./R-,C*EIKS.12l I
IF I I.L.LOATEKS)) lD-,EN

KS-KS--I
IF EKs.fC. IJ THElN

K-1
P.-I
BI.TAP-BET A
61 t I L RK
IL SE
COlIC 200
lINC IF

f N C IF
If (KS.FC.2) IF-tN

CALL CP612.KI-L.KETAP,P)
If MI1AP.Lk.EEIA) Il-tN

K-j
CALL %CPIFITA..HG.P.8ETAi'I

P-
PIIAP-1.1i2.*hI.-RHMI

RE IL&N
ENC IF

NE If
100 K l-2

CAI L CPS t)S,RHC BE TAKP P
IF (8'. TA P. IE etI A) TI-tN

I NL If
DUO X N KL *Pt- I I

If IKh .[C.KXL.AKL.HFTIAP.t1Fr.BETAW Il-EN

C ALL S P K I SE T A . X ,A R-HO. P , E I IA P
- I RE T URN

FKC IF
If IN..fC.KL.ANC.TEIAP.GI.HTAD 11-th

RE TURN
INKC IF

DI I BE IAP'.FT.pf JAI TlEN

NI- -K K

FK11 IC
I '. S
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SUBROUTINE OPB(K. RHO.I3BETAM, P)

C CALLED BY OPK.
REAL KREAL
INTEGER P. PP
COMMON /TABLES/ X(60, 12)
KREAL= FLOAT CK)
PREAL=FLOAT (P)
IF (RHO. EQ. 0.) 0010 200
TESTK=1. 1(2. *RHO)
IF (RHO. CE.1.. OR. KREAL. CE. TESIK) THEN

BETAM=O.
P =0
RETURN
END IF

2-00 IF (K.EG.l) THEN
BETAM= 1. /(21. *1. -RHO))
P=1
RETURN
END IF

DO 400 J=21, 12
COMP=KREAL*RHO*X (K. J)
IF (COMP. GE.1. ) GOTO 400
BETA=FLOAT(J)*KREAL*X(KJ)/(2-. *(1.-COMP))
IF (J. EQ. 12) THEN
BETAM=BETA
P=J
RETURN
END IF

PP=J

IETAP=BETA
GOTO 300

400 CONTINUE
I3ETAM=1. E5
P=13

300 NN=J+1
DO 10 I=NN, 12

BETA=FLOAT(I)*KREAL*X(K,I)/(2.*(1.-KREAL*RHO*X(K, I)))
IF (BETA.CE.BETAP) 0010 100
PP=I
BETAP-=BETA

10 CONTINUE
P=PP+1
BET AM=BET A
RETURN

100 BETAM=BETAP
P=PP
RETURN
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SUBROUTINE SOPK(BETA. ,RH-I, PBIETAM)
C CALLED BY OPK.

INTEGER P,PP
COMMON/TAZ3LES/XC60. 12)

IF (P.EG.2-.OR.P.EO.1) RETURN
PP=P
BET AP =B ElAM
N-P-2
DO 10 I=1,N

J=P-I
TEST=FLOAT (K)*RHO*X(K. J)
IF (TEST. GE.1. ) THEN

P=-PP
BE TAN = 1E TAP
RETURN
END IF

BETAN=FLOAT(J*K)*X(K,J)/(2-. -2=. *TEST)
IF (BETAN. LE. BETA) THEN
PP=J
BETAP=BETAN

COTO 10
ELSE
P=PP
BETAM=3E TAP
RETURN
END IF

10 CONTINUE
P=PP
BETAM-BETAP
RETURN
END
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INTEGER FUNCTION FAdI3ETA. RHO PNOT,KPNDT, P)
INTEGER P, PNOT
COMMON /TAI3LES/X(60, 12)
IF (P. EQ.PNOT) THEN

FK=K4NOT
RETURN
END IF

N-4&NOT-1
DO 100 I=1,N
1=2. *BETA/(X((IkNOT+1-I),P)*(2. *RHO*flETA-eFLOA1I(P)))
IF (T.GE.FLOAT(NT+-1)) THEN
FK=KNOT+1-I
RETURN

END I F
100 CONTINUE

FK=l
RETURN

-END
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FUNCTION FB(K, RHO. P)
INTEGER P
COMMON /TAI3LES/X(6O, 12)
CRUD=FLOAT(K )*RHO*X (KP)
IF (CRUD. GE.1. ) THEN
FB=O.
ELSE
FE3=FLOAT (K*P) *X(K, P)/(2. (1. -CRUD))
END IF
RETURN
END



A- 7

SUBROUTINE TABLE
C THIS SUBROUTINE SETS UP A TABLE OF VALUES OF THE
C FUNCTION XX(KP) FOR K=_'....,60 AND P=2-.,l.2.
C THIS TABLE is THEN PUT INTO THE COMMOiN BLCK'
C 'TABLES'. THIS SUB3ROUTINE MUST BE CAllF D [0-FORE
C USING ANY OTHLRS.

INIEGER P
COM-MON /TABLES/ X(60, 12)
DO 10 I=1,60

X(I, 1)=0.
10 CONTINUE

DO 20 I=1,112

20 CONTINUE
DO 40 P=2, 12

DO 30 K=2, 60
X(KP)=XX(K,.P)

30 CONTINUE
40 CONTINUE

RETURN
END
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FUNCTION XX(K.P)
C THIS FUNCTION IS DEFINED FOR K=2-,. .60, AND
C P=',. ..,12. THE VALUES OF THIS FUNCTIPON ARE
C USED IN MOST ALL OF THE SUB-PROCRAIS.

INTEGER P
REAL KK
KK= FLOAT (K)
PP=FLOAT (P)
X=KK**(h./(PP-1.))+./(KA**(L./(PP-1. )))

100 TOP=X**P-2-. *X**(P-1)-KK*X+KK+1.
IOTTOM=PP*X**(P-l)-. *(PP-1. )*KX**(P-2 )-KK
DELTAX=-TOP/I3OTTOM
X=X+DELTAX
IF (ABS(DELTAX). CT.1I.E-12) GOTO 100
xx=x
RETURN
END
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SUI-RUUT INE DLI1NLI (KIv,[,F K r 11vM vULIIEI11 L F
IMPLICIT I'UUBLE I-RE.ClSIUN( A-HPO--Z)
DIMENSIONF(1 S(1) S(13 33(1) S(13 UL(),IL()
INTEGER P
COMMON/JAbLESc/X(60P 12)
CALhL XMITfi(-6070. PII{L)
CALL XM ITD ( -60r0 . vUDL)

IF' (I-.Nf.0) Grjro ' j10
TYPE 50()O

500o FORMATV (lx,zl7HV1 0.*
RE TURN

1010 IF (t\.NF.1) GOTO 3
TYPE t520? FRPF*

520? FORMAT (1Xr4HFR ~~I1.~X4F ,?
RETfURN

530 I F ([DII. EP .0.) DIIIR/X K F)
J=K- 1
U-0 .

F I ):=F-R
F (2) )sF0 (Li, V r J rF (1I) vII)
M=2
LO 7)
IF ( F( 1 ) LT. 'DI/J4 2. *DI) LO-tiLO
IF (LO.FP.1) GOTO 550
IF (J.NE.1) G3U1O 550-
CALL CL-EARJ ('il ,FvM vJ ?7UP Zr)
RETURN

550 IF (M.E0.P) LL=l
lDO 580 L=LO,(k\-1)

560 CALL SAE(I FMJS~I SAJ,3,3,\
NN:=NS (IIPJJEKK)
IF (NN.EU.8) GOTO 580
CALL Exr(S1E, II F2AJ.JS3DfS3AYKKFA1-CCACC)
CALL UV(II ,tAi,'C(,CS3,S3ikt\KNNrUrV)
IF (U.Ef4DI .UR. (UV) *FI.II) (:OTO 500
IF (LL.NE.1) GOTU 570
UAL ( J) U
DL((J ) 4 I-U-V

(3010 580J
570 M=Mf1

F ( M ) -V U IJV , , iF (1)P , )
IF (M.[0.F') LL'l
IF (V.1 1.('/4'-'i (1))) (4)10 ',60

t580 CON TI NUF
Ri:TURN
ENDL



I;Ic (t I Ni (Ai I (A (I 11 t I - J~ Ii , LJ1'L. , 11'B1
1I FL- I C I I i't) lJBlF fP'C I S I ONU (A-IUitL-Z
DIIME:NSIUON F (lI) v UBL I) rDL 1)il

.100 UIWM(A ( /// v' PilI y D16. 8 p M p13p/, F p~ ,13( 1'16 .81X)
T Y PE ''lO1

[10 530 J--JF , JF
CAIL C LI ARJU(1I ? F YMY JvZ~ Z.11iE'
UJPI C J ) zu
HDL ( -1) --Z1'
IF ( 71.11 U. 0. ) G 0 T 0- ~330
f YFE '):'0 v I UlEL ( J ) DFlL ( J

,) c f CN T I NLJE
RF~ 1 URN

IMIPLICIT DOUBLE PREiCISION (o-Hv0-Z)
l1'iUFNSION F( 1 ) PS1P( 13) ,cC13) PS3P( 13) S1---A( 13)
COAL STA FES(l' PFYM JySliE'7 11 f S2AYJJYS3F',S3ApKj\I
NN -NF)( 11 IIJ ER)
IF CNN * [P* () GOlL) 'i00
CALL FXT C I3 1,) ? IS',5AlIFAHLvCC)
CA(LLI Fl '1'EVA lC LL58 5AkNNNU
IF (LG.' *EUR11.F U+V.EC4.[iII (3070J 7.00

Zr' 11J L -(J V
Rl VIIRN

o00 Zl I :0.
" - 0.
k L I LI[-:N
I-N T
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SUBROUTINE EXT(SIB, 1,S2A,J,S3B,S3APg\,I4,AP BCC PAUc,
IMPLICIT DOUBLE PR~ECISION (A-HO-Z)
DIMENSION S1B(13)PS2A(13),S3A(13),S3.(J3)
B-0.

BCC=0.
ACC=O.
IF (I.EO.0) GOTO 510
B=S1B( 1)
IF CI.Ego.) GOTO 510
DO 500 II=2PI
B=DMIN1 (E(S1B( II))

500 CONTINUE
510 IF (J.EQ*O) GOTO 530

A=S2A (1)
IF (J.EQ.1) GOTO 530
DO 520 JJ=2pJ

A=DMIN1 (APS2A(JJ))
520 CONTINUE
530 IF (K.EGO) RETURN

BCC=S3B( 1)
ACC=S3A( 1)
IF (K.EQ.1) RETURN
DO 540 KK=2pK
BCC=DMIN1 (BCCPS3E'(KO))
ACC=tiMIN1(ACCPS3A(hKK))

540 CONTINUE
RETURN
END

FUNCTION FB(KFRHOPP)
IMPLICIT DOUBLE PRECISION (A-HPO-Z)
INTEGER F
COMMON /TABLES/X(60, 12)
CRUE'=FLOAT (K )*ZHO*X(K 'Fl
IF (CRUD.LT*1.) GOTO 500
FB=0.
Goo~ 510

500 FE=FLOAT(K*P)*X(KPP)/(2.*(l.-CRUD))
510 RETURN

END
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INTEGER FUNCTION FtK(1ETAvRHOrPNOTI(NOrP)
IMPLICIT DOUBLE PRECISION (A-HPO-Z)
INTEGER FPNOT
COMMON /TAB4LES/X(60vl12)
IF (P.NE.PNOT) GOTO 500
FK=I(NOT
RETURN

500 N=KNOT-1
DO 510 I=lN

T=2.*EiETA/(X( (INOT+1-I )P)*(2.*RHO*EIETA+FLOAT(P)))
IF (T.LT.FLOAT(IKNOT+l-I)) GOTO 510
FtK=KNOT+1-I
RETURN

510 CONTINUE
FK=l
RETURN
END

FUNCTION NS(I,J,K)
IMPLICIT DOUBLE-PRECISION (A-H,O-Z)
IF (I+J+t(.NE.0) GOTO 500
NS=8
RETURN

500 NS=1
IF (I .GT.0.AND.J.GT.0.AND.K.GT.0) RETURN
NS= 2
IF (I .GT.O.AND.K.GT.0.AND.J.EQ*0) RETURN
NS=3
IF (KGT.0.ANE'.J.GT.O.ANII EQ.0) RETURN
NS=4
IF (I .GT.0.AND.J.GT,0.AND.K.EQ.0) RETURN
NS=5
IF (K.GT.0.ANDl.J.EQ*0.AND. I.EO.0) RETURN
NS=6
IF ( .GT.0.ANE'.J.E.O0.AND.K.EQ.0) RETURN
NS =7
RETURN
ENE,
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SUB~ROUTINE OF[4(KRHOE4ETAMvP)
IMPLICIT DOVEILE PRECISION CA-HO-Z)

C CALLED B4Y OPK.
REAL KREAL
INTEGER FvPP
COMMON /TABLES/ X(60,12)
KREAL=FL OAT (K)
PREAL=FLOAT (F)
IF (RHD.EQ.0.) GOTO 200
TESTK=1 ./(2.*RHO)
IF (RHO.LT.1..AND.KREAL.LT.TESTK) GOTO 200
IETAM=O.
P=0
RETURN

200 IF (K.NE.1) GOTO 201

F= 1
RETURN

201 DO 400 J=2p12
COMP=KREAL*RFIO*X (K, J)
IF (COMP.GE.1.) GOTO 400
BETA=FLOAT(J)*KRf-AL*X(KJ)/(2.*(1 .-COMF'))
IF (J.NE.12) GOTO 202
BETAM=IIETA
P=J
RETURN

202 PP=j
BE TAP=EIET A
GOTO 300

400 CONTINUE
BETAM~1 .E5
P=13

300 NN=J+1
DO 10 I=NNu12

BETA=FLOAT(I)*KREAL*X(KI)/C2.*(1.-KRE7AL*RHO*X(K.I)))
IF (BETA.GE.[4ETAP) GOTO 100
PFP I
BETAP=I4ETA

10 CONTINUE
F*=PP+ 1
BET AM=BETA
RETURN

100 IETAM=EIETAP
FP~p

RETURN
END
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SUIICU I )NI fit 4 .IUI *LCA)

IF t(Wt.L1.i.) 1,010 400

P. 0
ldtlAfl-i'IA
RE I UIN

400 I1SI.('*1-.HJ
IF (14CAJOJO.FWI) G(110 405

11FIAM 14ETA

40~ IF II0L 2.N'1tAG . 00 410

RETURI'N

hs=60

415 6=Nl.(.IH)

IF t17.G.FLOAT(KS)) 0010 420

IF (1S.NE.1) 070 200

1- 1

420 It' ~iS.NE,2) 6010 100
CALL QPi4(2,h<H0,JHI4AMf')
IF (i4L1AM.G1.11EIA) OD0t0 4,50

CALL S~f* (PETA.1(. HOP F'E TAM)
kElURN

450 K~1

fit TAI iE TA

100 KL-2

CALL OFJJ4(ISpFROvJ4E7AhP)
If (1'E1AM.GT.IRCTA) 010 300

CALL SOF'K(PTAtkR4OF'I4E7AM)

300 N-(KLJ1(b)/2
CAIL 0FFI.(,N,Rlf0.14EIAi.F')
IF (1N.NF.1(L.OR.14LlAM.I;T.BlA) GOut 460
h *KH
CAIL Klhl.,40FIEAh

460 IV t1(N.NL.KL.OR.1E7AII.IE.14E1A) 0010 470
K1

14FAM'./2s(1-RHO))
Rl TURN

470 IF (PI1 lAM.l.[ ( PTA) 0010 480O

601ll0 300
4B0 1(L-KN

0010 300
F, Nis
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1*11 £. 3dI 11U)LILI 1t.i (DN f-I-/
* I'IfLN!1(JN Yf13).Yv14)

flu 10 I11#1%k

10 C(INI INUE

20 If (X(I).LE.Ie) 6010 40

REIURN
40 IF (Y(J).LT.A) 6010 50

RETURN
50 R=Y(I)

IF (Kt(.EO.2.OR.I.E0.KK) RETUkN

100 30 K=IYEI*,IKN
IF (X(K).GT.R14) RETURN
ZF (Y(K).LE.k') G070 30
IF (Y(K).L1.A) 6010 60

RETURN
60 1= K
30 CONTINUE

KE1UkN
ENLI

SUI'ROU71NE SOPK(I'ETA#KrRHOtP.eE7Afl)
IMIPLICIT DOUL'LE PRECISION (A-HtO-Z)

C CALLED. BY OPK.
INTEGER PvPP
COIIMON/TAI'LES/X(609 223
IF (P.EO.2.OR.F,.E0.1) RETURN
PPXF
['El Ar=I4TAM
N-P-2
DO0 10 11IpN

J=P-1
TEST=FLOAT (K)*kHO*X(KeJ)
IF (IEST.LT.1.) 010 20

RE TURN
20 ElANFL0A(J*I)*X(tJ)/(2.-:!.*TCST)

IF (1'E7A11.G1.J4ECA) 0010 30
Pp=J
['ETAF -fE TAN
0010 10

30 PFPp
feE TAM=14E7AP
RETURN

10 CONTINUE

leE IAM-teE A'
RETURN
END
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ltilLICIl Mkl*U'Ll I'd.C k41UN 441It40-2)

10 coNlINUE
Ul( )-6f I)

UA( I)-R( 1)
IF (KhI.Efl.1) 3sEIURH

[to 20 I~pIl
IF 6SI.1U.I.)00030

20 CONTINUE
up4(] )=S( I
UA( I)1( I)

30 LBO 40 L=Kptl-I)
UI'(L4 )-U4(L)

UA(L41)=UA(L)
40 CUNTINJC

UA(K)=ktl)

:0 CONTINUE

END'

SUIbR0UTINE S1AIEs(t.I*r,M,JJ,sIli, I S2A,JS3',S3AI.)
IMPLICII 1'0U1LE -iECIS1ON(A-Hoo-Z,

1-0

J=0

110 100 21=2eN
O=VLOAYTJJ)*F( 1)/F(11)
11=IN1 (0)
I'BC-FLOAVCN)*F(IIr 4Ie1
AC-beC#F(II -2*!.?
7EMVLOAI (JJ)*F(j)
IF (?C.GT.IENF'.R.AC.Ll.TEMP) GOTO 10
1=0
J-0
IK=0
RETUR~N

10 If (leC.LE.1EMP.Of.AC.tJE.1EMP) 60020

S3I'(K')=fC-7EflF

6010 100
20 IF (I'C.E.lTflF) 0010 30

1=1+1

30 J.J41
',?A(.11- -AC. lLfl

100 CONIINUL
ki I IUkN
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SUBROUTINE TABLE
IMPLICIT DOUBLE F'FECISION (A-HO-Z)

C THIS SUBROUFINL SETS UP A TA'LEL OF VALUES Of' rliE-
C FUNCTION XX(KF') FOR \=2p,...,P60 AND =,.,2

C THIS TABLE IS THEN PUT INTO THE COMMON ]BLOCK
C *TABLES', THIS SUBROUTINE MUST BE CALLED BEFORE
C USING ANY OTHERS.

INTEGER P
COMMON /TABLES/ X(60r12)

DO 10 I=1,60
X(I,1)=O.

10 CONTINUE
DO 20 I=1,12

X(1,I)=O.
20 CONTINUE

DO 40 P=2,12
DO 30 K=2,60

X (K , F) =XX (K, P)
30 CONTINUE
40 CONTINUE

RETURN'
END

SUBROUTINE UV(DIBPA,BCCACCS3BS3A,K,N,LV)
IMPLICIT DOUBLE PRECISION (A-HO-Z)

DIMENSION S3A(13),S3B(13)
IF (N.GT.7.OR.N.LTol) GOTO 80
GOTO (10,20,30,40,50,60,70) N

10 CALL UVI(DIB,ABCCACCS3BS3A,K,U,V)
RETURN

20 CALL UV2(DIBBCCACCS3B4,S3A,K,U,V)
RETURN

30 CALL UV3(DII,APCCACCS3BS3A,K,U,V)
RETURN

40 CALL UV4(DIPBAU,V)
RETURN

50 U=O.
V=0.
RETURN

60 U=0.
V=DI-B
RETURN

70 U=DI-A
V=0.
RETURN

80 TYPE 90, N
90 FORMAT (IX,37HN OUT OF BOUNDS IN SUBROUTINE UV. N =,I3)

STOP

END
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SUBROUTINE LIVl (111 P',ALICCACCvS3E',S3AI'\vU~V)
IMPLICIT DiOUBE PRECISION (A-HvcJ-Z)
DIMENSION S31(13)vS3A(13),LJB(13)vUA(13)
['AC = aI -ACC
DE'C=DI -[CC

IF C(A+EO.GT.DI) GOTO 10

U=E'I -
V= D -E
RETURN

20 IF (B.OT.E'AC*OR.A.GT.LDBC) GOTO 40
CALL SORT(S3E4,S3ApUE4,UArKvDI)
U=RB(U',UAYI'I-AI',rK)
IF (U.NE.B) GOTO 30
U=1['I

RETURN
30 CALL SORT(S3AvS34,U'UArKE'I)

RE TURN
40 IF (B.LE.rIAC.OR.A.GT.DBC) GOTO 50

CALL SORT(S3'tS3ArUcUAvKI'I)
U=RP(U4,UAE'I-AE'ACvK)
V= DI -
RETURN

50 CALL SORT(S3AS3BrU4,UArKE'I)
Y=RE.(UBPUAE'I-IEBCPK)
U=DI1-A
RET URN
END

SUB-ROUTINE UV2(DI ,BECCACCS3EBS3AKUV)
IMF LICIT DeOUB~LE PRECISION (A-HYO-Z)
DIMENSION S3E(13)vS3A(13)vUH(13)vUA(1

3 )
U=0.
['AC-ElI -ACC
IF ((FB.GT.JIAC.ORJ4.GTr.'cc) .ANDl.E.LE.DAC) GOTO 10

RETURN
10 CALL SORT(S3AS34,U~UAt~pE'DI)

V=RF4(UE4UAElI-BI,lICCvK)
RETURN
END



A- 19

SUB4ROUTINE UV3(DIAd'CCPAC,P.3tSp~3AkIJV)
IMPLICIT DIOUBLE PRECISION (A-ip(J--Z)
DIMENSION S314(13),S3A(13)rUI(13) 'UA(13)
V=0.
IIBC=DI-I4CC
IF ((A.GT.DBC.OR.A.GT.ACC).AN.A.LE.EIBC) GOTO 10
UEI I-A
RETURN

10 CALL SORT(S314,S3AvUEIUAPKYDI)
U=RB(UBUADI-APPI-ACCPK)
RETURN
END

SUBROUTINE UV4(DiIEAUV)
IMPLICIT DOUBLE PRECISION (A-HO-Z)
IF ((B+A).GT.DI) GOTO 20
U= DI
V=0.
RETURN

20 U=DI-A
V=DI-E4
RET URN
END

FUNCTION XX(KrF)
IMPLICIT DOUBLE PRECISION (A-HrO-Z)
REAL KKrPP

C THIS FUNCTION IS DEFINED FOR K=2, ...,v60p AND
C F*=2,*..,12. THE VALUES OF THIS FUNCTIPON ARE
C USED IN MOST ALL OF THE SUB-PROGRAMS.

INTEGER P
KK=FLOAT (K)
FP=FLOAT (P)
X=KK**('i./(PP-l *) )+1 ./(M'K**( 1./(PP-1 *)))

100 TOP=X**FP-2.*X**(P-1 )-KK*X+MK+1.
BOTTOM=PF**X**(FP-1)-2.*(FPP-1. *X*I-2-
DELTAX=-TOF/BOT TOM
X=X+DEL TAX
IF (ABS(DELTAX).GT*1.E-12) GOTO 100
XX=X
RETURN
END
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