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EVALUATION 

Wavefront Analysis throuqh Spatial Sampling is a multipath elimination 
technique based upon the measurement of amplitude and relative phase of an 
incident signal over a given aperture, subjecting It to computer analysis 
and separating the direct and indirect components of the complex wave. The 
proposed system will include a ground station operating in conjunction with 
the airborne ATCRBS transponder to provide range, azimuth angle and elevation 
angle data.  It should be pointed out that It would also be possible to 
utilize aircraft Interrogations from DME or TACAN equipment,  in this case, 
range would be determined by trlangulatIon as described in the report. 

Applications for the WASS technique Include but are not limited to the 
following:  (1) an Independent monitor system for ILS and MLS, (2) operation 
as a manual low approach system In a GCA mode, (3) with the addition of a 
data link It can operate in a landing system mode, and ik)   as a backup for 
GCA systems to be used during periods of extremely heavy precipitation. 

•0^, £UW4A*J^ 

CXPIL M.   EDMUNDS 
Contract Engineer 
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SECTION I 

INTRODUCTION 

1.1  GENERAL INFORMATION 

This is the Final Report prepared for the Rome Air Develop- 
ment Center under Contract No. F30602-74-C-0254.  The effort is a 
design study for an aircraft landing monitor system utilizing 
standard aircraft L-b-^.d transponder emissions in combination 
with Wavefront Analyi.   through Spatial Sampling (WASS). 

The current Precision Approach Radars (PAR's) are not capa- 
ble of Category III landings for reasons which are common to all 
tracking radars operating at low elevation angles, namely the 
ground-reflected multipath.  Some relief from multipath can be 
obtained by the use of narrow antenna beams and short pulses but 
even these begin to fail vihen the elevation angle drops much be- 
low two degrees.  In the airport environment, construction of 
large-aperture antennas near the runway is inconsistent with air 
traffic safety and this precludes the use of extremely narrow 
beamwidths at frequencies which are low enough not to be adverse- 
ly affected by inclement weather.  Similarly the use of narrow 
pulses is also limited.  To achieve time separation between di- 
rect and ground-reflected signals when the aircraft is 5,000 feet 
away and 100 feet above the runway, requires utilization of sub- 
nanosecond pulses, which generates many practical problems. 

To obtain reasonable beamwidths with reasonably sized anten- 
nas PAR operates at X-band.  While this permits generation of a 
one-degree beamwidth with a five-foot aperture, X-band radar is 
adversely affected by bad weather. Utilization of circular po- 
larization helps to alleviate the clutter problem but it dees not 
help the signal attenuation. 

Ideally one would like to use lower frequency signals, but a 
longer wavelength implies antenna beamwidths of several degrees 
which in turn means more interference from ground reflection. 
For instance, if one should select L-band and would like to track 
the aircraft down to about a quarter of a degree in elevation, 
one would need an antenna aperture of about 200 feet which is not 
practical for landing monitoring application. 

The WASS technique is designed to counteract and even to 
utilize the normally debilitating effects of multipath encoun- 
tered by tracking radars at low angles of elevation.  Unlike the 
conventional techniques which try to minimize the foreground 
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multipath by beam shaping or ignore its existence until it kills 
the system performance, the WASS is specifically designed to rec- 
ognize the presence of multipath and to separate and measure the 
angles of arrival of the direct and the reflected components even 
though the angular separation between the two may be a fraction 
of the antenna array equivalent half power beamwidth.  Further- 
more, under certain conditions where the ground reflection is 
very well defined, it will be possible to use the ground reflec- 
ted component to form an equivalent wide base free space verti- 
cal interferometer whose base line is twice the height of the 
WASS antenna and even further improve the potential accuracy of 
the system. ' 

The very impressive resolving 
was experimentally demonstrated un 
effort under Contract F30602-72-C- 
extrapolated to L-band and if it i 
signal is the standard L-band tran 
using a 30 foot structure 500 feet 
ter, to track an incoming aircraft 
down to within 30 feet above the g 
2 feet provided that the range to 
100 feet using calibrated beacon d 
measurement with a radar or a hori 

power of the WASS technique 
der a previous RADC sponsored 
0344.  If these results are 
s assumed that the tracking 
spender, it should be possible, 
to one side of the runway cen- 
and its ground reflected image 

round with an accuracy of about 
the aircraft is known to within 
elay or an independent range 
zontal wide base interferometer. 

The principles of the Wavefront Sampling are reviewed in 
Section 3.  For the purpose of introductory remarks it will suf- 
fice to state that the essential feature of the WASS is to verti- 
cally sample the phase and the amplitude of the incident signal 
at several points in space and then by means of appropriate 
algebraic algorithms to resolve the inciden'; field into the di- 
rect and the ground-reflected components. This is illustrated in 
Figure 1-1.  A minimum of three sampling antennas are required to 
resolve the direct and the reflected components.  For reasons 
which will be explained in Section 7, five vertical sampling 
antennas with nonuniform spacing are recommended for this appli- 
cation. 

In order to make this report as self contained as possible 
important theoretical and experimental results of previous ef- 
forts are summarized in Section 3.  In addition, a new and a 
more efficient solution of the WASS equations which was devel- 
oped in the course of this effort is described in Section 3.4. 

Section 4 gives a conceptual overview of the WASS landing 
monitor as it is currently envisioned.  This section sets the 
stage for the detailed discussion of the v; .ous subsystems which 
are discussed in Sections 5 through 11. 

mttmtUtammim'm*-*. mtmmmmtmnmMim, 
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Section  12  describes  the  definitive  tests   and evaluation 
procedure which must  be  carried out  to realistically  assess  and 
experimentally  verify  the high  potential   capab   lity  o?  the  wSs 
system under  simulated operational   environment  using real   air 
craft   and real  runways. ö 

Section  13 contains  conclusions  and recommendations. 

1.2     STATEMENT  OF THE   PROBLEM 

CatP^rv  ^^r^nt,Precision Approach  Radars   are not  capable  of 
Category  III   landings  because  of multipath  contamination       To ob- 
tain narrower beams   it would be  necessary either to biild  la?ßer 
antennas   or go  to higher frequencies.     Larger antenna strucSe, 
are  incompatible with   runway  safety  requirement  anS higher  fre- 
quencies  would be very  adversely  affected by bad weathe? which is 
mo'st'neeLf enraddi^0nal  landing mo^orin^ capabilitfes  are 

lull as   ILS^nd1^!^5^ ^  ^  faVOr 0f air ^rl^r^L^ 

There  is,  however,   a continuing need for  an  inexpensive  and 
independent  land based monitoring  system which  could    iS^emer- 
h8ri^,-?rride  a^?^ate  guidance'to'the  incoming  aircra?t?o 
bring  it  down safely under adverse weather conditions: 

The  WASS  Landing Monitor   (WASS-LM)   offers   this  capability 
f\0  SI  Present1y conceived WASS-LM will utilize  the existing* 
L-band  transponders  on  the aircraft  and therefore woSld not ?f- 
Ttnrt  ^  f^1^^1  equipment  aboard  the aircraft.     F^thermore 
er    ?he  seys;emnshiuiHrelatiV.ely uraf£ected by the  inclemen? wea^h- 
L^vy'ra^^now^aid LT        ' hlgh degree  0£ ^^^ ^ 

thp WI5Q  
design study  described  in  this  report  demonstrates  that 

the WASS  system should be rather  inexpensive which should make it 
attractive  for  extensive  deployment  at Air Force  installations. 

1.3    SCOPE  OF THE EFFORT 

Fir.tSC??e
i
0£ the ef£or! described in this  report  is  two-fold 

First,   it was  recognized that  there is always a large caü be- 
tween a  laboratory demonstrated  capability which WASS  is   and a 
real  life  operational   capability which has  yet  to be demonstrated 
for^h611^ ^■WaS decided that the immediate goal of ^e^ fort should be directed toward a definitive field test fln5 «frfi, 
ation even though such evaluation wo^d blrfs dieted o^y to the 

4 
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vertical angle reso 
essential features 
was felt that the d 
total operational s 
muth tracking, and 
capabilities. This 
throughout the effo 
of this study would 
a later date. 

and tracking capability to evaluate the 
o WASS technique.  At the same time it 
study should take into consideration the 

Iving 
of th 
esign 
ystem which would be capable of ranging 
integ--      • .. .. 
dual 

rt in 
be d 

azi 
ration with the existing ground control 
approach was utilized whenever possible 
order to insure that most of the results 
irectly applicable to the full system at 
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SECTION   II 
SUMMARY 

The report describes in detail a Landing Mon 
Wavefront Sampling (WASS) Technique on siJna 
transponder  aboard  the   aircraft.     PrevioUly 

"ide^eli^f'   the  WA?S  LandinS Moni^  shoil vide  reliable   aircraft  tracking  information 
the   runway with  a  typical   accuracy  of aSout 
^nt1S m,ade   °£ fisting  L-Band  transponders 
S!2Q  f0St,S   t0   the  ail-craft  would be   incurred 
WASS  Landing  Monitor  system  is  estimated It 

itor System utilizing 
Is  from the L-Band 
carried out tests 

d be  capable  to  pro- 
down  to  30  feet  above 
+2   feet.     Since  the 
no  additional  equip- 
.     The  cost  of the 
less   than $200,000. 

processor and thl^^dispUy g  tl0n and ranSln8'  the ^ta 

Itsllul  tllTulfo^t^iV' a
t

imed a* the develop^t of  the 

i 
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SECTION III 

REVIEW OF THE WASS CONCEPT 

3.1  GENERAL DISCUSSION 

In order to make this report as self-inclusive as possible 
the underlying features of the WASS concept, the basic equations 
and experimental results will be summarized.  Many details will 
be omitted and for more comprehensive discussions the reader will 
be asked to consult previously published RADC Technical Reports; 
RADC-TR-71-262 and RADC-TR-73-302. 

Wavefront Sampling is a technique which records the phase 
and amplitude of the incident wavefront at several points within 
the antenna aperture and processes this spatial information to 
resolve the incident field into discrete plane wave components. 
Since each plane wave component is represented by three para- 
meters:  amplitude, phase and angle of arrival, and each sampling 
antenna provides two measured data points:  resultant field 
strength and resultant phase, the minimum number of sampling an- 
tennas must be equal to 3/2, the number of incident plane wave 
components in order to insure that the number of unknown para- 
meters equals the number of measured data points. 

In order for this approach to be valid it is necessary that 
the incident signal be representable by discrete components.  In 
the present application of the WASS to a landing monitor, the 
flatness of the runway and its environs will insure that this 
assumption is valid. 

It should be noted that the criterion for roughness is de- 
termined by the projected wavelength (free space wavelength di- 
vided by the sine of the elevation angle).  At L-band and at ele- 
vation angles below three degrees the projected wavelength is 
about 20 feet.  Thus, such objects as runway lights, signs, boul- 
ders, and other obstructions-along the runway or in the region^ 
immediately adjacent to the runway should appear "smooth" to the 
L-band signals from the approaching aircraft.  It is therefore 
reasonable to assume that a typical runway and vicinity will give 
rise to a well defined reflected component.  Drainage slopes and 
other large scale non-level terrain features will affect only the 
effective height of the sampling array and can be calibrated out. 
This will be discussed more fully in Section 5.2. 

In principle, the resolving power and the accuracy of the 
WASS is determined only by the available signal-to-noise ratio. 

--—- iitiii«mi    i inn r   i  i 
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J?derPtnV^hS  ^C sP?nsored study*  it was  demonstrated  that  in 
?I«J K  

0  af5^Ve fngular resolutions  of one-fifth of the eauiva- 
aScrairto w^WhlS rUld P™1  tracking  of the  approaching aircraft  to within  25   feet  above  the ground  7  000  feet  from  tL 
aZt11?^ Jr^/ m^nimum signal-to-noise ratio will need ?obI 
about  30  dB.     Signals  more  than  20  dB  in excess  of this val,^ 

is'reLo^ble6^11'^ ^Tl  ^™^ condition^ 'ulteltlTit 
scattering  €rnlm

Umt  that  eSuiPment  limitations  and secondary 

p v sfg^rt^oisfri?- irxir^n ^IA^I ^ 

3.2  HISTORICAL SUMMARY 

D  • JP16»^? sampling technique was first tried in 1966 at th* 
Pacific Missile Range, Point Mugu, to explore the feasibn^tvnf 
separating the multipath components which severelyImpair nerfor 
mance of the FPS-16 tracking radars at low angles of eleva?ion 
562561?  ^ Perf0rmed under Navy Contract N! N123C61756) 

sistin^ofSfx^^'^T^ r5 a 12-f00t ve^ical array con- 
1? fin? vvcz ^, 9

J
x12 C-band horns positioned by the side of a 

oil on  I    I16.  radar antenna-  The test source was locked on ?OD 
tointUnlu      ThTf 0n Sfnta .CrUZ Island about 30 miles west of P 
ioint Mugu  This was also the location of the radar calibrati™ 
'boSrhalPa6 degre":0" an8le fr0m the radar t0 ^"^In'ltl^ 

The receiver was a- two-channel, phase-lock receiver  On^ 
channel was connected permanently to one  of the anteinal'and the 
JennL^f^^iJ7 SWit?ed amo^  the remaining ?ive In      '" tennas.  This switching technique proved to be marginal and 
tnbuted appreciably to signal degradation.   marginal and 

ProcriSmin^diJfJn^?118 loJi5tica1'   experimental, and computer 
T^gr!o   fi   3

1
CUl^les' the results were most encouraging 

The sea-reflected and direct components were readily seoarfted 

id con 

'^^'Ncve^r^n'"70-0"0290-  See ^ RePort "»• RADC-TR-71. 
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the  sampling  technique.     First,   it  was  shown  that   the incident 
scatter   field can be   adequately  represented  by no  more  than  four 
components   about  60   percent  of the   time.     These  periods  lasted 
for seconds   or fractions   of seconds   at a  time,   and  consequently, 
for  all  practical purposes,   intervals  of time when  four-component 
representation was   adequate were  nearly always  present. 

The  multipath  component  associated with  the  great circle 
path was   almost always  present  and was  frequently   the strongest 
one.     The   other three   components  meandered   around   and when  the 
results were  averaged over  a number  of samples,   the  distribution 
of  angles   of arrival   clearly peaked   around  the  great  circle  path, 
well within   .1°  and  frequently better than   .05°.* 

Since   a 30-foot   array  with uniform illumination would have 
.77°  between half-power points,   the  resolution of  the wave  sam- 
pling technique was   shown  to be about  an order  of magnitude bet- 
ter  than  that which   could be  obtained with  a  scanning beam.     Some 
of  the  experimental   data was   actually processed at  RADC using 
conventional  monopulse   tracking programs.     The  results  in  general 
were much  poorer. 

An  analysis  of  additional  data  and the  development of im- 
proved data handling   for Spatial  Sampling Techniques were  carried 
out  under   the  RADC  Contract  No.   F30602-70-C-0092.     This  effort 
further  reinforced  the  above  experimental  conclusions  and pro- 
vided important  information   for  improved design  and  calibration 
procedures   for the next  generation   equipment.     This  effort  also 
included  a  fairly  extensive  error  analysis.     The  results  are  de- 
scribed in   RADC Technical   Report  RADC-TR-70-88  dated June  1970. 

In  the  Fall  of  19 70  an  effort  was undertaken under RADC 
Contract  No.   F30602-70-C-0290  to  theoretically  investigate   the 
applicability of the Wavefront Sampling Technique   to various Air 
Force problems with  special   reference  to CCA.     Results of  these 
studies were most  gratifying  and  are   described  in  detail  in  RADC 
Technical  Report No.   TR-71-262  dated November   1971. 

A considerable  part  of  the effort was  directed  toward  the 
analytical   aspects   of  the  problem.     First,   the Wavefront Sampling 
Theory was   extended  to  include both  Spatial   and Angular Sampling. 
Then the  theory of sampling was  shown to be  applicable  to nonco- 
herent signals.     This   extended the   range  of  applicability of 

'In  1973   and  1974  additional  data  reduction was  carried out by 
Mr.   L.   Strauss  at  RADC.     The results  of this   recent analyses 
confirmed  and reinforced  the earlier  findings  and  conclusions. 

MMM ^^.*1*lM^.::,   -■■ riaiMilii 
■li'^:k*---"-'"<iuimiitiM 
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Wavefront Sampl 
coherence betwe 
er area invest! 
was demonstrate 
as a multiplica 
achievable sign 
and specular te 
Theoretical mod 
lation studies 
vestigated. 

mg to jammer rejection where there is usually no 
en the desired and the interfering signal.  Anoth- 
gated was the problem of diffused reflection.  It 
d that diffused signals will, in general, behave 
tive noise which will determine the maximum 
al-to-noise ratio.  The problem of nonspecular 
rram reflection was considered in some detail, 
els of runways were formulated and computer simu- 
of various effects on the WASS technique were in- 

u^etry.  Realistic limits of achievable accuracy were formulated 
in terms of angular separation of the signal comports and sig 

i IT   ^ 
terminrd  TJ«   reCt 9OI1Ponents can be fairly accurately de- 
tor ^nfi.J   carries important implications for landing moni- 
tor applications, since such information could be used to heln to 
determine the aircraft height to within a few feet during Us

Pfi- 
nal approach up to touchdown. uunng its ri 

An extensive 
geometry typical of an nirport env.roament was carried out. 

computer simulation of two-components multipath 
r an airport envirr- 

bince the results of this particular 

g 

Results of computer simulation can be conveniently exnressed 
thP rltL^.^ 

Ecluiyalent Half Power Beam Width" (EBW) Sich is 
iranv ™ -^ V?Ve;ength t0 the total antenna aperture Phys! 
InnHn^ A lS half the null-to-null beamwidth of a uniformly il- 
luminated antenna aperture of the same size as the samuling arrtv 

t'ainable1^^^11?^617 T"1 t0 the half-power'beamS hs'ob-"7 

techniques'       '^ 0£ ^^  aPerture ^ing conventional 

It was shown that with a 40 dB signal-to-noise ratio in th*. 
llltriTLl^i^'  Wavef-nt Sampling will Jesofve tio comp'o 
nents of comparable magnitude to within .1 EBW with an average 

be'uerlh^n1 fo^EBW l^  50 dB o£ SNR' the ^Ivinl  poSeJ'is oetier tnan .2 of EBW with an average accuracy of 01 FBW  rnm 
putor simulations have shown that for such tpplicaiions as lant 
ing monitoring a 40 dB SNR in the processingbandwid?!} should be 
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readily achievable, particularly as the aircraft is in its final approach to the field. ^«it j.b m its tinal 

The highly encouraging computer simulat 
lowed by an experimental verification of its 
^nnn^ri N0* F30602-72-C-0344) . The tests w 
^,UÜ0 MHz over a water reservoir to simulate 
runway and vicinity. The receiving WASS ant 
tnree, 16-inch horns spaced 42 inches apart 
aperture of 100 inches. The primary transmi 
with an effective radiated power of +2^ dßm 
A secondary transmitter consisting of a labo 
tor with effective radiated power of +14 dBm 
also used for variable amplitude, CW, and pu 
peak power was the same as CW. Pulse durati 
and pulse repetition rate was 1,000 pulses p 

ion  study was   fol- 
key  forecasts   (RADC 

ere  carried out  at 
the   flat   area of the 

enna consisted of 
and occupying  a  total 
tter was   a CW source 
or  160  milliwatts, 
ratory  signal  genera- 
or  25  milliwatts was 

Ise  tests.     Puise 
on was   1  microsecond 
er second. 

™ K
T
^  

100-inch  receiving   antenna  aperture,   if utilized for  a 
parabolic  reflector,  would have   2.7°  half-po^er beamwid?h      Since 
subtendedn3?  lei?55  TM   ^V^   7.36   feet>^he  2.7°  beamwidth     " 
feet   aoart  con?H   ^t  K1S   ^P116'1*^   targets   less   than  about   40 reet   apart  could not  be  separated by  conventional   techniaues 
hTTlell  Tnl^t  dif

+
£erTly'   th^  tarSet height  SouU^v;   to 

water   WM   h^    th^ater  level  and  its   image  20   feet  below  the 
tareets       Th^ W?^  the.ye"iving  antenna  could separate  the  two 
targets.     The WASS  easily  separated  the  target   from   its   image 
when  the  target was   as   little   as   one   foot   above waLr or    078° 

Most  tests were performed  in  the  CW mode with  a  signal-tn- 
noise  ratio  somewhat  in  excess   of 40  dB.     However,   sincf?he  ?e- 
?!ir^«aVP-ClfiCa11^  designed to work with ASR'radS"   (S-blnd 
less   than  1 microsecond pulsewidth,   and pulse  renetitinn  rat«  «?* 
Srv'n1'0?0.13^ sfcond^^he  CW  signal  wC sLpl^d ove? time  in- 
teivals   of  less   than  1 microsecond and held by the  receive? 

^ M ÜrSM^aJi^161106  ^  the SyLem P-^orm^ce be- 

ceede^Va^Ät\^r^g
tLn?L^^ 

previously  carried out  computer  simulation study. 

By  far the most  important  result   of  the whole  study was  the 
clear demonstration that Wavefront  Sampling  can provide   the basis 
for  an  extremely  accurate   and versatile  landing LnIto?ing system 

-—-   -' ^j^^ll^..    |     - 
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as well as a generalized monopulse approach for improved tracking 
and direction finding capabilities at low angles of elevation. 

3.3 REVIEW OF THE WASS THEORY 

In this section the basis of WASS equations will be derived. 
The solution will be specialized to the three antenna two com- 
ponent geometry which is of special interest to the landing mon- 
itor application.  The general solution has been detailed in the 
previously referenced RADC report and will not be given here. 

3.3.1  THE GENERAL WASS FAR FIELD SOLUTION 

Figure 3-1 shows an array of N uniformly spaced antennas il- 
luminated by a plane wave with a complex amplitude of A exp(j^), 
which will be progressively phase delayed by a per antenna ele- 
ment. 

Clearly, if there are I components comprising the field, 
the voltage seen by the nlil antenna is 

CD 

then the voltage seen by 

I 
Vn = IF exp(jnai) 

i=l 

where 

n = 0, 1, 2c N-l 

X 

d 

= complex amplitude 

= Ai expCjij^) 

■N 
-  normalized angle of arrival 

= (2IT d/X) sin a. 

=  signal wavelength 

=  antenna spacing 

The  required condition  for  the equations   to be solvable  is 
that  the number of unknowns  equals  the number  of  independent mea- 
sured data points,  or 

=  31/2. 
1 I 
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and  J^J^rSV01^1011  of these  equations   is   fairly comnlex 
262      Itl^t ^•the  Previou^y  referred  to RADC repor? TR-71- 

an'lnv    si n'or^^at^ice'f ^f^? ?! ^l? ^lut^on'involies 
and solution  of  an  Tth «iS!    of

1
N"1  9rder with  complex elements 

efficients? 0rder P01)™"11™!   also with complex co- 

If there are 
over-determined se 
matrix. Such a co 
the order of the m 
In practice the di 
components but the 
the system noise o 
of dB smaller than 
nized or ignored. 

less   than  2N/3  components,   there will  be  an 
t  of equations  which will   result in  a singular 

itll^Lil^1** hy  the  COmPuter by reducing atrix until  a non-smgular matrix  is   obtained 
gitai  solution will,   in  general,  yield 2N/3 
extraneous   components  which  are  the  result  of 

r  computer  roundoff errors   are  typically  tens 
the  real  components   and  can be readily  recog- 

over^tea^^dtLs2d
irtrSaLSeVLraes?0^^e

le
fI?>'t0

t0
f
handlethe 

nents.     This   is   a   qf-anr^-rri   ^w u   sc^are   tlt to  fewer compo- + i   T   ü     V standard  technique  but   it   could aHH   a   onKef-o« 

pononts is  Inadequate^o^esc^lbe1^  i^cidlnÄr" 0f "" 
The converse   is  not  true, 

guarantee  that  the   incident  fiel 
ponents.     In  the   landing monitor 
pated that  there  will  be more  th 
casional  interference  from a  flo 
trucks.     Tests  performed in  the 
that  the presence   of  a  transient 
nent  solution will  usually cause 
in  the  angular position  of both 
ponents.     This  condition  can be 
be  either averaged  out  or discar 

Real   angle  solution d 
d  is  made  up  of  only 
application it is no 

an two components exc 
ck of birds, moving a 
course of this study 
third component in a 
some quasi periodic 

the direct and the re 
readily recognized an 
ded. 

oes not 
2N/3  com- 
t   antici- 
ept  for oc- 
ircraft,   and 
indicated 

two compo- 
instability 
fleeted  com- 
d data could 

4c  «i«    purpose  of multipath   analysis,   the  only requirement  that 

deS "itÄ? ?htennaS  iS  th^  their aJgSlSrls^nse^be identical.     It  is   for  this  very  reason  that   it  is both possible 

17 I 
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and desirable  to "filter"  the  incoming  signals  using  fairly di- 

nc'nts^av'oir^h/^  ^  minJmiZe  th'  -^tribution^rom compo- nents  way off the  direction  of  arrival  of  interest.     In  the ore- 
sent   application moderate  gain horns will be  used. P 

The  discussion  so   far has  been  confined  to Wavefront Sam- 
pling  in Spatial  Domain  where   the  sampling  antennas   are distrib- 
uted  along  an  array,   but   it   is   clear  from  theoretical   consider- 
ations   that  analogous   results   could be  obtained with AnguUr Sam- 
pling by using multiple   feeds   inside  of  a parabolic  reffec?or or 
forming multiple beams  with  a  large phased  array.     The  relaUon- 

An^f,?«  aJrays  and reflecting antennas.     The  theory of Wavefront 
Angular Sampling  is   fully  discussed  in  RADC Technical  Report TO- 
'-l-ZöZ.     Angular Sampling  appears   to be  somewhat more  difficult 

considJ^Tf  th^  'i6  ^atial  SamPling   CWASS)   and  it has not been considered for  the  landing monitor application. 

3.3.2     SPECIALIZATION   TO  THE   TWO  COMPONENT  GEOMETRY 

WAqs  ^°Ugh   (aS  stated_earlier)   the  general   solution  of the 
sofutf^ ti ^   ^  quite   involved,   the  specialization  of this 
solution  to  the  three-antenna,   two-component  case  is   fairly easy 
and  instructive.     Furthermore,   since  this   is  precisely  the case 
in which we  are primarily  interested,   it will  be very worthwhile 
lu.tZtl0^11^ delail finCe SUch a development will Nearly U- 
^n. ^/K

6
 ^P6.^ Problems which a practical WASS landing mon- 

itor will  be  required  to  handle. 8 

Assume  that  two plane waves   of complex  amplitudes   F.   =   IF.I 

expCj^)   are  incident  on  a three-element  antenna  array  as  shown 

in  Figure   3-2.     Equation   (1)   may be  rewritten  as 

V +1  "  ?!  exp(+ja1)   +  F2  exp(+ja2) 

V0     =  Fl  +  F
2 

r-l  =  Fi expC-ja^,)   +  F2  exp(-ja2) 

(2a) 

(2b) 

(2c) 
where 

al,2  =   (^Z^)«1 sin  o^  2  =  normalized angle  of  arrival 

d =  spacing between  antennas 

X = wavelength 

18 
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al  2   = angle   of  arrival 

V^^       -  complex  antenna voltage 

Fi       =  complex  amplitude  =   [FJ   expCj^.) 

«i       - Phase   relative  to  some  arbitrary point  in  space. 

For convenience we will  define 

Xl,2  =  exP^'ai)2)- 

Equation   (2]   may be  rewritten  as 

V 
+ 1 

V 0 

-   F-X/1   +   FOX  
+1 

1  1 r2   2 
=   Fl  +   F2 

V ,     =  F.X,"1  +   F X  '1 
-1 ii 2   2 

(3a) 

C3b) 

(3c) 

The problem  is   to  solve  fr,.- v O^J v 
^ . 1  2   and Xi   ?   in  terms  of V.'s.    Note 
that sxnce  P.   and V,  are  co^lil,   ther^re six unknown^  a d 

measured values.     (X,  is  a complex „u.ber with  the absolute value 

of^and at is  therefore completely specified by one  real num- 

To solve Equation   (3). we  assume  that there  is  a polynomial 

X    + Cl X +  C2  = ° (4) 
whose  roots   are  the  X     anri  Y m J  „ 
cients). 1   and X2-     ^Cl  and C2   are  complex coeffi- 

We  now rewrite   (3)   by multiplying by C. 

V. 
' + 1 =   ^X,-1   (X,2)   +   F^"1   (v  2) 11 2^2 (5) 

C1V0   =   Vl"1   iW   +   F2X2-1   (C^p 

C2V-1 F^,-f    CC2)   +   F^X/1   (C9). 1-1        ^2,        .r2 

We  sum vertically  to   obtain 

19 
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vn * Vo * V-i ' Vr1 (x/ * c1x1 + c2) 
+ ^^^ (x2

2 * V2 * c2) = o f6) 

since by assumption X1>2   are the  reots  ef the pdyncnia!     (4) 

V*l  +  civo  *  V'.!  '  0. 
(7) 

Equations   (6)   and  (7)   contain  four unknowns C,,  C,,  C*    and C« 
Before  these Rations  can be solved for C.   ajd C    1   ^e L  oY 

Tr^lt r^ri-.11 Kil1 be —^ - «pros* q and «!„ 

To   find  relationships  between ^  and C| we note  that 

-C1-
Xl+X2"exPCi^)+exp(ja2)   =   (sum of the  roots) 

C^X^^expCja^   expCja2) = (product  of the  roots). 
Thus 

-cf - x* + x* = i/x1 + i/x2 

- a, + x2)/x1x2 = -c^c, 
C*2     -  XJX«  =   l/CX^)   =   i/c2. 

The   required relationships  between  CJ  and C   are 

CJ =  V^ 
C2   "  V^. 

Substitutions   in   (7)   yields 

Ci/c2) v*, + cc./cp v5 + v^ - o (9) 

which  together with   (6)   leads   to  the  following set  of equations 

(8a) 

(8b) 

20 
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.„ C2   V*l   +  CiV0   +  V*l 0 

C2   V-l  +   Cl  V0   +   V+i   ■   0. 

(10) 

sux-ed^lSg0::.6^^10115   Can be SOlved ^r C,  in ter.s  of mea- 

ci=c v-i 2-v+1 ^/(YoV^-vjv.p. 
We use (8) to express C2 in terms of ^ and C*: 

C2 = Ci/CI 

Substituting in (4), 

CJX^CJX+C^O 

(11) 

Xl,2 = ^a 

where a = C C*. 

1 V a2-4a )/2C* 
(12) 

Substituting in (3b) and 3c),. 

Fi = ^i^oV/cw 
F2 = vo-Fr (13) 

of mea This completes the solution for X  Y  p    .  ^     ■ 
asured voltages. Xl' X2' Fl' and F2 in terms 

To obtain a somewhat better in^icrlit ^^-^ ^u 
above equations, it will be useful ?o'rewrite (l^^s? ^ 0f the 

C1  =  N/D 

where 

and 

N " Cv+1 ^v^ 
2)/ v0 

2 

D- V-i^ -W+1/v0)* 

Combining (15) with (3) we get: 

N - Q(X}X2-X1X2*) - 2j  Q sinCa^) 

(14) 

(15a) 

(15b) 

(16a) 
■ 
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D 

Q - 

QCXJ. 

CFJF2 

X*) 

\v*2)/ 
QCexpC-ja2)-exp(-ja1)) 

2 F  +F 
1   y2 

2j    p sinC^-^ )/(i+p2+2p cos^ 

F2/F1 

•1'1)) 

(16b) 

(16c) 

(16d) 

meters  of  the  incident signal       This win   Qii 

&i nit ^^^"^F^^I - 
ate  appr§prCtrc:l,rect1"eUladc?fSnse.POtential Pr0blemS 

equation 
d an effec 
and initi- 

quantities can be simply expressed fn?^7 E3uaJion M•  These tenna voltages.        expressed m terms of the measured an- 

approach^'eJo^anrcfwnfb^'oL^n'dJ0  ""^  b0th N and D "" "-l W111 become   indeterminate.     This   condition 
will  occur when ^ - *2 . m  and it physlcally corresponds  to t 

ferenac"™a^ is^^ci^irat"^01, the ^^ °f tho ^r- 
antenna/   In practice thilsi?uat?nn

PaS\Center of the  cent" 

the Present'a^lie^il0f:
Cb

e
e^Tcyjeld3 the iarger value o^/'m 

used.     This  will be describV:drtinCamo?errdL:iflfin
VeseaSuSna7 "" ^ 

N and" wiiÄ^pp^cVz^rbÄT0;; e?ch other'then •">«> ratio will   approach 2      Thiff^l^    b    ab?olute value  of their 
that C.     =    X^r    4\sx ^ v  \i:mmedlaUly £rom the ^ct 
Bence   h   .       ^   2, ^    2-     FurtherMre.  the  case  of conver- 

ttarail-s^mpling^Lt^as^iirhaieT '? rec??»"^ by the  fact 
IX Progressiv p^ase^Ksr^kL^a^^^s^L^ii^"- 

W^o   = V^V.,  and   1^ I.^I^.J (17) 

lsfledf
Wi?hif fLus^^d'bv^hf ^ ^ ^Uation "^   «" aat- 

tio or some other threlh^f th^e^rpÜc^oJ^ll-L^ömi^cIu, 
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switch  to the single component  geometry. 

Single  component solution  is  quite  simple: 

Fl   =   F2   =   HV0 
x1 = x2 = = vi/vo- 

(18) 

(19) 

There  is^still a^third  condition which should be monitored 
The  physical  interpretation  of this   is and  that   is  when C,   >2. 

PnL5?"eSei
1
1C!-0£ sfgni£icant  energy  from more  than  two  components. 

Formal  solution yields  values   for X1  and X2 which  can be  satiS 

fied only by complex angles   of arrival  as   seen  from Equation   (12). 

nn^.t5   Stat!d  ea^lier'   this   condition  is  not  anticipated under 
fro™ .  ^ratlT-bUt may happen  occasionally due  to   a reflection 
from a moving  object  or  an   interference   from some  other transpon- 
der  in  the  area which has   been  interrogated by some  other system 
i  g^Aguting Wl11  minimize   this  problem but,  when  occasionally  it 

should happen  to  interfere  with a  particular data  sample,   it will 
be   recognized  and  the  data  sample will  be  rejected. 

^■HV,   
The  PurP0^e  o£ the  above  discussion was  to  demonstrate   the 

rather  unique   feature  of  the WASS   technique which   lends   itself  to 
self monitoring  of the  incoming  data by  the use  of  simple  flags 

The  above  e 
processor.     Such 
fully  utilized  f 
ered  as   a possib 
system but  recen 
outstripped poss 
Furthermore,   the 
be  periodically 
this   difficulty 
so  much  more  fie 
preliminary  asse 
of  this   effort. 
are   described in 

quations  have   also been  solved with  an  analog 
a processor  has  been built  and has  been success- 

or real   time  data reduction.     It has  been  consid- 
le  alternative  to  the  digital  data processing 
t  developments   in  the bipolar microprocessors   far 
ible  economic  advantages  of the  analog processor 
processor was   subject  to  d.c.   drifts   and had  to* 

realigned.     While  it   is  possible  to  circumvent 
it  became  apparent  that  digital  techniques  offer 
xibility   that  analog  approach was  dropped  after  a 
ssment  of possible  trade-offs  in  the  early  stages 
Further  details   regarding  the  analog processor 
the previously  referenced RADC Technical  Report 

3.3.3     TWO-COMPONENT  RESTRICTED  SOLUTION   FOR  ZERO  SLOPE   FOREGROUND 

It will be  instructive   to  consider a special   idealized 
case  of  the  general WASS  solution which   leads   to  a  rather simple 
expression.     Let  us  postulate   that we have  defined  the  antenna 
electric boresight not parallel   to  the  ground but   slightly  tilted 
doivnward  so  that  it  intersects   the  ground directly under the ta?- 
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get.     (The  target  could be  the beacon  antenna of the approaching 
aircraft   or  that  of  a calibrating  source.)     For distant   targets 
this   is   equivalent   to  the  assumption of  zero  slope antenna  fore- 
ground. 

Under  those  conditions a,   =   -o0 
rewritten  as 1 Z 

V+1  =   cosO/2-a)-jS   sinO/2-o) 

V, cosO/2)-j5   sinO/2) 

=  a   and Equation   (2)   may be 

(24a) 

where 

=   Relative phase between the two components 

and 

5 = (1 - p)/(l + p) 

P - F1/F2 . 

Equation   (24)   can be  rewritten  as 

V+1  =   cos(i|V2-0)cos(i|;/2)^ 2  sin(iJ;/2 + a) sin(i|;/2) - jo   sin o 
""'       ~    2    : 2 .   2   r .,,   (25a) V 0 005^/2)^ Z   sin2   (^/2) 

V^  -   cos(i|;/2 + a)cos(ijJ/2)^ 2  sin(ii;/2 + a) sin(^/2)+J5   sin 5 

'0 cosZ^/2)^ 2   sin2(i|j/2) 
(2 5b) 

The  primary  area  of interest   is when  the  target  is  near  the 
ground.     Under  those   conditions   the  reflection  coefficient will 
be  typically  almost  unity.     Estimated  values*  range  from   .90  to 
.95  for  targets  below  20  milliradians  and   .95  or higher  for  tar- 
gets below   10  milliradians.     These  values  put 5 2   at  less   than 

3x10       and  consequently  terms  multiplied by 5     may be neglected 
in comparison with  the  other  terms.     Equation   (25)   can  thus  be 
approximated by 

V+1 = cos(^/2-a)cosC^/2)-jS   sin a 
T '0 cos   (^/2) 

«See  RADC  TR-71-262,  Page  39. 

(26a) 

24 
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V-l  =   cos^^/2+o)cosC^/2)+j5    sin  a 

0 cos   0/2) C26b) 

and  rather  interestingly 

V^,   + V , + 1 
=  2  cos  a 

0 

portant. 
The   implications  of Equations   (26)   and  (27) 

(27) 

are rather im- 

^  First, it should be recognized that the slight tiltlno of 

seen from Equation (26).  The effec^of ?L Hit' x ,^S simSly6 

V      by  exp(-jT).,     If xis   small. to multiply V+1  by  exp   ( + JT )   and 

exp( + jf)   =1  + jx .     Equation   (26a) .o^uy-, '   ." —:" ■     Z? *■""■   <i''jaJ   is   thus  multiplied by  1   +   ir   and 
to add L thfi

JTr;fli
The ?et effeCt 0n the sum in Equation (27 to add to the real part a term on the order of 5T sin a and 

rise   to   an  imaginary  term on  the  order of tanCW2)   sin a 

retnlf^Tv  0f'■   ^ ö  these   Serrations   aS negligible' 
results   of Equation    27)   are  valid  over   the  critical   ar^ 

cra'f ff light. ""^   the  flare  OUt  and the  las't^nts^rf 

is 
give 

For 
and the 
of in- 
air- 

X^^}^^^^^^^ 
=  R arc cos 

^v
+l + V_1)/2 v0]/kd 

could be re' 

(28) 

where 

hT = aircraft height above ground 

R = Range to the aircraft 

Vi = measured antenna voltage 

k - 2rr /X 

d     =  spacing between  the   sampling antennas. 

The   real  significance  of Equation   (28)   is   that  it   indicat es 
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inrti;SlLtf1erX^^r^%J^ttirbeth^SIb
aifet b

heiSht dUr 

by  the beacon  delay  and  the  arc  cosine  of   i 
tenna voltages. =  u^  a 

-ant 
ratio  of measured an- 

Since 
parts 
tion   (28). 

 «,   ^juocxug   tne reterence     phase  of V    to be  zero 
the  imaginary parts  will   then  cancel   out,  Snly  the  real 
of^the  observed voltages will  need to be'utillzed in Squ 

of Eq^ionMS^is't^f rint Which   COmeS   0Ut  of the examination 

3.4    ALTERNATE   FORMULATION  OF THE  WASS   EQUATIONS 

preceJing'sSctiLrifthe'jfh'Ü6 Ü^S  ^^^  presented in   the 
many antfnnas  and minv5iQr

th0d Whlch must be used when there  are 

quire  complex  arithmetic  and might   therefore  be  advantacrpnnc   J« 
applications  where  limited computer   facilities   a?eavailah^ 
arrlv ^ang^s^'an'be^"6^5  0£ ——^erro^ o^'he'dlduced arrivea  angles   can be  seen  in a particularly  clear fashion. 
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To derive this formulation let us rewrite the explicit eaua- 
tions for the fields at three antennas when two planewave coSro- nents are present, f*«*«» wave curapo 

r
1    '  F1exp(ja1)+F2expCja2) 

= F1+F2 

and 

v.l " F1exp(-ja1)-F2exp(-ja2). 

We now make the following substitutions. 

C29) 

(30) 

(31) 

Le 

and 

6  =^o^a2)/2 

*  =-(ü1-a2)/2. 

The antenna voltages then become 

V-X = exp(jö) [F1exp(j(())+F2exp(-j(j))] 

and 

= F +F 

vl  " exp(-je) [F1exp(-j(j,)+F2exp(j(),)] 

From these  equations  we have 

V.1exp(-je)+V1exp(je)   =  2V0cos((j)) 

Defining 

V-l  "  V-l'h  '  K^il   .! (32) 

and 

Vl     '  Vl/V2  ■  VJI   ! (33) 

the  solutions   for  6,   $,   and the normalized  arrival  angles   are 

tan  6  -   (I.1+I1)/(R1-R.1) (3A) 

cos   (J,  =   [(R^^^cos   e+Cl^-I^sinej/Z (353 

l1Mli:Hllil^, r- ' 'n 1 lintiiiiiii-iiiitiiiiiiiiniif 
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and 

a. 

■   -0-^ 

■   -0 + 4.. 

(36) 

(37) 

the pl'ane w^ves^^asTrerit  Xf***  ^ the   relative ^ase ^ 
give? by  severa^L^^fnf eSeresC^JL\nrsae^Ltenna 0)   ^ 

Al/A2  =   (  X^   +   Z2   )/(   x2  +   Z2) 

wliere 

^-^2  -1T+   arc  tan   (Z/X2)-arc  tan   (Z/X,) 

Xl =  R.i+R
1-

2cosa1 

X2  =  R.i+R
1-2cosa2 

and 

A second set  is 

whe re 

Al/A2  =   CZ2   +  Y22)/CZ22   + Yl) 

^"^2  =Tr   +   arc  tan   (Y2/Z2)-arc  tan   CY^ZJ 
l 

! 

and 

Yl  "   J.^-Ij^sina, 

Y2  =   I.1-I1
+2sina2 

z2 = R.rRr 
The second of these sets should be the more useful of th* +       • 
the runway geometry where a, « -a .       usetul of the two in 

To complete the solution involving only real arithmetic we 

; 

: 
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assum^that  the  input  data  is   in the  form of  amplitude  and phase. 

Vn =  vn
exP^"Pn^ 

R-i = Cv-i/vo^ cos fp-rpo) 
^i = ^-i^o^ sin ^p-rpo) 

with  corresponding expressions   for R    and  I 

3.5     SPHERICAL  CORRECTION 

(40) 

(41) 

(42) 

dftnt  I? giving  the WASS  equations   it was   assumed  that  the   inci- 

weU  ?;stffi^nSf1Sted  0f Pl?ne WaVes-     While   this  assumption L well  justified  for sources   far away,   it will   lead to a mea«  raM« 
error when  the  source   is   close.     Fo^  instance;  spherical  aber?a 

6  oSo^eet  l^ll  ^l*?™ t^^   and  a  target^is^ance  of 
wh???  tt* 11   r?SUlt   in about  3    maximum phase  error at L-band 
While  this  error is  not   large,   it may  affect   the  accuracy for 
targets  less  than 10,000  feet'unless'a siSpla  corJecUo^is made. 

3   3    ^/^K!
1
^

11
  

0J the  correction   is   illustrated  in Figure 
«iknt arrSv  to th%d.1StanCe  ^-^ phase  center of ^e ?e- ceivmg array  to  the   source  at  height hT  and  r be  the distance   to 

center^Tf^0111^11^5?11^  a?tenna  disPlaced by d from the phase 
center.     If hR is  the  height  above  ground of  the phase center  of 

trLJmi^Ir11!«^^7  and  D iS   the 8round  ^stance between the transmitter  and the  receiver  it  follows   that 

2        „ . 2 7 
dr   +  D2, 

(43)    ^ 
=   (h^  -  h R 

o 

2 

=   (h. hR) +   D' 

d'   -   2d(hT  -   hp), 

)ut  since  r   «r 
o 

'o-L^Jo. 

RJ 

r2-r„2      ^ 

(44) 

(45) 

r  +  r 2r, 2r 
d sin  a, (46) 

where 
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sm  a  = R 

■  elevation  angle  of  tha . ""^j-e  ox   tne source. 

^e   total phase  difference  a'   is  given by 

^   "  kd'/2ro  +  kd  sin  a 

where  k  =   2r/wavelength. 
(47) 

range  to the target  and  „on,   ? Pends ""^ on "e 

tenna and d - 0. ^"«xon  (2bJ   smce it is  the reference an- 

into  Hi sta^darrfoTsili! h'""0"  ^   ^ ** brOU«ht b^ 

ol spherical aber^tlon    s   to ° her WOrdS'   thB e««t 

3.6     PREE  SPACE  INTERPEROMETER EQUlyALENCE  FEATURE 

L^6""^?.^*! i??ge.e^nC%Se
et:oe

u
e?d^!sL"«er oafeth

a2d
real antenna  and its iml**    l* between the phase center of^ 

»e^er .hose ^se^M-.TtA^rd ^S^Ä 
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the receiving antenna. 

In the presence of a well-define 
normally be encountered in the immedi 
measured phase difference between the 
component as given by the WASS soluti 
angle one would measure with the free 
scribed above, modified by a known or 
caused by reflection. For near grazi 
change on reflection will be very nea 
from 180° could be easily calculated 
properties of the surrounding reflect 

d ground plane such as will 
ate vicinity of runways, the 
direct and the reflected 

on is precisely the phase 
space interferometer de- 
a calibrated phase change 

ng incidence this phase 
rly 180°. The departures 
from the known dielectric 
ing area. 

This 
scribed in 
were excel 
space inte 
that in mo 
the water 
which may 
meter base 
and furthe 
one-time c 
possibly a 
angle of a 
significan 

technique was applied in 
the previously referenc 

lent. A possible compli 
rferometer feature to th 
st cases the surrounding 
surface but will have ce 
cause shifts in the effe 
line. Such errors, howe 
rmore should be easily c 
alibration as a function 
Iso of the aircraft rang 
rrival as seen from the 
tly different. 

the over-water experiments de- 
ed RADC report and the results 
cation in applying the free 
e WASS in the field is the fact 
ground will not be as level as 

rtain small tilts and humps 
ctive length of the interfero- 
ver, will in general be small, 
alibratible.  This would be a 
of the angle of arrival and 

e at short ranges, where the 
real antenna and its image are 

A more 
is the poten 
properties o 
as rain and 
effort indie 
discussed in 
that the Fre 
which should 
presence or 
ation. 

serious obstacle to 
tial uncertainty in 
f the runway and vie 
snow.  Studies carri 
ate that these effec 
more detail in Sect 

e Space Interferomet 
be available a subs 
absence will have no 

the utilization of this feature 
the changes of the dielectric 
inity due to precipitation such 
ed out in the course of this 
ts can be substantial.  This is 
ion 5.  It should be emphasized 
er Feature is an extra capability 
tantial part of the time.  Its 
bearing on the normal WASS oper- 
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SECTION   IV 

GENERAL  DESCRIPTION   OF THE 
WASS   LANDING  MONITOR 

4.1       GENERAL   OVERVIEW 

I.   ,.Be£ore.Proceeding with  the detailed description of the WASS 
Lauding Monitor,   it will  be useful  to  describe a geneJaloverviL 
of how  the  system is   currently envisioned to  operate!        0VerVlew 

Figure   4-1   shows   a  schematic pictorial 
tion which would  involve   the WASS   Landing Mo 
craft makes   its   final   approach and as   it bee 
aligned with   the   runway,   the  WASS  array will 
mg  of the  aircraft.     Typically,   this  will   o 
cratt   is   5   to   10  miles   away   from the   runway 
When  the  aircraft   is   sufficiently high,   the 
will   track  the   aircraft   in  the normal   monopu 
as   the  aircraft   approaches   the  ground,   the  g 
ponent    will   make   itself  felt  by presenting 
across   the WASS   antenna  aperture.     When   this 
sing mode  of  the  WASS  data will  automaticall 
pulse   to wavefront  analysis.     In  this   mode   t 
capable  of tracking  the  aircraft  to  within 3 
ground at which  time  the  aircraft will  be we 
and  should  see   the  runway  lights  even  under 
ditions.     The   accuracy  of position  of  aircra 
+2   feet  in height  and  +100   feet   in  range 

of  the   type of opera- 
nitor.     As  the  alr- 
omes  approximately 
initiate   the  track- 

ccur when   the air- 
and below   5,000   feet. 
WASS  tracking  array 
Ise mode.     However, 
round-reflected  com- 
a  non-uniform wave 
occurs   the proces- 

y  switch   from mono- 
he WASS  should be 
0   feet  above the 
11   over   the  threshold 
very bad weather   con- 
ft  is  expected  to   be 

^ ^ WACC 
aircraft 1S being tracked three of the 

SJ? T? 
arr?y W:Ll1 transmit interrogation puls 

craft. Ihis pulse will activate a calibrated beac 
feet m front of the array, and the transponder ab 
cratt. Inasmuch as the calibration beacon will be 
than the aircraft and will not have any appreciabl 
delay, the reply from the calibrating beacon shoul 
microseconds before the beacon reply from the airc 
ibratmg beacon will be approximately in line with 
direction of arrival of the aircraft, it will pre 
antenna array a wavefront of known amplitude and k 
tnbution which will automatically provide instant 
tion on the antenna sway due to wind. Temperature 
aging which might cause small phase and amplitude 
interchannel tracking of the WASS receiver will be 
through the injection of known signals into the an 
by means of directional couplers or switches. Thi 
cussed  m more  detail   later on. 

five  antennas 
es   to the  air- 
on   500  to   1,000 
oard the  air- 
much closer 

e  built  in 
d  arrive  a   few 
raft.     The   cal- 
the expected 

sent  to  the   WASS 
nown phase   dis- 
aneous  informa- 
changes  and 

drifts  in  the 
calibrated 

tenna elements 
s will be  dis- 
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elevation  it   is necess"; ,-'   ,'™n!;?t!.thls  a"8.1« of arrival   into 

preaches the  runKay.    Por th    "rp^ iTtlt l^lSlWo^nT 

4.2     MAJOR  EQUIPMENT  SUB-UNITS 

sub-unUs'afsL™^ Taull^T ^^^^ into  six .ajor 
ray  and front  end    WASS  fsc^v^' T*  are  the WASS  antenna  ar- 
craft  and  calib?a(ing  beacon     i.t^1^^"16'   data Pro"ssor,   air- 
gating and  ranging S^it and datf^^fat:LngAtIansmitter'   interro- 

, of  these  units   is8given  in  later  tr?     *'     i dftailed  description 
^Jhe^pose  of tbif Ts^Ain ^^^l^^^ 

It wa^o^d^rL3 n^iLr^s^ct^o^  T^l  ^^  ^' 
antennas  are  required  to  senaraL th! S^'     tat  ! minimuni of  three 
nents.     Ho^vever,   in order  S avo?/??/^6"  and reflected compo- 
where   the  aircraft  signature  lilt     ]  ^ S?0tS  and "nditions 
minima  of the   interference  LS l0St When   the maxima  and  the 
tenna  triplet,   ?t  Is  necessa^v?^5  are

1
at  Se  Center  of ^  an- 

ments.     For  optimum deolov^  .1   Provide  additional  antenna ele- 
spaced,   but  a?rarranged  in  such fwn61^6^5   are n0t  ^^ormly 
mum or  the minimum of  tlVin^rf.^7  that  at no  time  the ^xi- 
at   centers   of  all\?ipi

ti1L  wUhi^ he^a^^av^l"1;?  ^  ^^^ effort no  special  attemnt  will   Ko        1   array-     In   the  preliminary 
pulse  operation       Howler    ii  the Zt*  1° Pr?Vide azimuth mono- uowever,   in  the  operational  environment  a double 
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array of antennas will be utilized to give both azimuth and the 
elevation angles. 

All of the WASS sampling antennas will feed into matched 
mixers  and will be heterodyned down with a common local oscil- 

rlllLlr  f MHZ ,IF-  The 60 MHZ IF wil1 the11 be fed into ?he WASS receiver frame where it will be processed.  In order to avoid 
possible contamination from multipath other than that from the 
immediate foreground reflection, only the first framing pulse of 
the aircraft transponder reply will be utilized.  As mentioned in 
the pievious subsection, the sequence of events will be as follows 
The interrogating and ranging unit will initiate a pulse which 
will be transmitted to the aircraft on the 1.03 GHz frequency 
This interrogation pulse will also trigger a calibrating beacon a 
short distance from the WASS array.  Thl reply from the^aUb™- 
t^8WAQ?COn W.11 ente^ the WASS antenna array, will pass through 
the WASS receiver, and will be stored by sampie-and-hold circuits 
in the data processing unit.  A moment later the aircraft renlv 
will arrive.  It, too, will pass through the WASS antenna array. 
rt?rn^eiVe^ ^w^ St0red 0n a"oth^ set of sample-and-hold 
circuits in the data processor.  As stated earlier, only the lead- 
ing edge of each of the incoming pulses will be utilized to in- 
sure that no contamination other than multipath from the immediate 
foreground is received.  The data processor unit will then digi 
tize the_information held by sample-and-hold circuits and will 
process it through the computer and subsequently display it on the 
data display unit.  A more detailed description of the Various 
functions will be given later on. 

4.3  INTERFACE WITH GCA AND ILS FUNCTIONS 

In the operational requirement 
face with various GCA and ILS funct 
important since the WASS system wil 
range information. Furthermore, th 
normally not track the aircraft unt 
up with the runway. In order to in 
formation the handover functions fr 
ties to WASS will have to be carrie 
ly the WASS derived information wil 
bly displayed to the controller so 
be taken. It is also perfectly fea 
rived information directly to the a 
channels. This would be especially 
when in the final stages of the app 
time for the information to be firs 
then be re-transmitted by voice to 

s it will be necessary to inter- 
ions.  This will be especially 
1 depend on other sources of 
e WASS landing monitor will 
il it is approximately lined 
sure continuous tracking in- 
om the GCA and ATCRBS facili- 
d out automatically.  Converse- 
1 have to be sent and compati- 
that appropriate action can 

sible to uplink the WASS de- 
ircraft through normal VHF 
important in future systems 

roach there is insufficient 
t sent to the controller and 
the incoming aircraft. 
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4.4     CALIBRATION 

As  a  result  of previous  effnri-c     •; *-  un~ 
that  the  successful  opera^on  of  [he:

WASq   t  T-qUlte-apparent 

the   capability   to  acc^ately  calibrate   the  WASs'^  Wl11   reqUire 
receivers.      It   is   very difficult     if LJ       WASS  antenna  array  and 
present  state-of-the-art   tn^ii n0t  imP0ssible,  within  the 
ing  equipment Shich will  not  bfsnhf  fUJticha^el   radio   receiv- 
drifts  in  gain or  nhase  ov^v J6,5^^^  to  small   interchannel 
WASS  receiver  is  a mSftin^    a.JarSe  dynamic  range.     Since   the 

importance   11 llotiTe'llll^l bTS  JL's^a^  frilll™^ 
be   corrected   in   real   time       Ai^o     L  1  J small   drifts   could 

non-frangible   antenL  towers     ris^ece^ar^to^n^  TStrUCting 

time  correction  cauabilitv   fnt\„L™*eJA*ry  to  provide  a  real 
solar 

correction  capabilitv   for\urh   -tr     t   y  t0  Provide  a  real 
heating  of  thfiiterconnectine  cahl^  tn  J^  Wind SWay'   and 

mixer.     An  easy way  to accomDlish   tL f   t0  the   antenna  and 
a  beacon  500   to  itoOO  feet  at  JS  nnt  wind

+.co"ection  is  to pi 
beacon will   be  close to  ?lL*  the/ntenna   foreground.     Since   t 
position,   the   relative  amn?i?,T       and,wi11  be  always   in  th 
as   observed  hv  J^iIcc^L1^ lde  and Phase  ^f the  beacon  si 

ace 
he 

e  same 
as   observed by'thrWASsTS^nl?^  '^ pnaSe  0±  the  beacon  signal 
compared with measured va?u?J8 ante2nas  can be  calculated^and 
attributed   to   eUher  temperature  d^ft^"'^5   fr0m  that  can  be 
wind.     The   temueraturp anH   ^      dyift  or  antenna  sway due   to   the 
out   through   injecti no?  a  known"  ^°W dri£ts  "ill   be   calibrated 
directional   coupler    o?  switches    at   tff SVJ^   thr0USh  the 

of  the  sampling  antennas        Tt?^   .       ?h!.fefd  terminals  of  each 
make   theseP

Co??e??ions  aAd     ncorpor^t  "tb^^ ^^ matter   t0 
ware. incorporate  them  m the  computer  soft- 

In add 
sary to pro 
long time c 
tions. The 
ship in the 
could cause 
through rou 
injection o 
frame and w 

ition to the real time calibration, it will be neces- 

o^L^tTf": ts0^ucT;r^Lcapasility to ch:ck f- 
se  effects m^-usl -ro^fA    g    ^u^a^^Sr^ Tell^ 
coherent  detector  as well  and  generate   offsets  wMrh 

tüte^calibra?^"11^  are  ^ -^1^ detec^ablf'^ 
f  test   si^ls  ^^tn       Se  effects   are  best  handled  by 

m^ lllctiLirn YellTi^r^Li1110 the WASS maL- 

37 

: 

Mm&em-mmm ^^^^^^^liiiilfiftiiititi'^ffl'' 



.ui. i i.um'■ ..*W,MWII)JI .,„ipf««iw mmmm *jm* 

SECTION V 
ENVIRONMENTAL CONSIDERATIONS 

5.1  SITE SELECTION CRITERIA 

in the immediate vic7nitriortheUwIsrarravlan?lnf lightS' the relative importance of nn^?h ~ array. In trying to 
signal it shoulS be ^me^^d tha? COntribut— to the W 

assess 
WASS signal  it   should be  remembered   that  m***  2c It .    uie  "Aöb 

will  come   from  the   Fir^t   S^I!    i 0St  of  the  reflected  energy 
away  outLL  of   tLt   '0^0^'"^no?"? • f"?  0bJeCtS  Which  are   fa' 
ciably.     The width of  X 2^ !  S       likely   to  contribute   appre- 
less   than   100  feet       The   len^h   nf^V0116  Wil1   be typically 
siderably  longer*  o*   the  or e'r o?  3  nnn   f65?"1/0116 Z111  be c°n- 

sienal  ^ince  ^L^l^^ ^ ^Z^ ^ 

5.2     EFFECTS  OF  RUNWAY  TOPOGRAPHY 

but winS?n??'al,
1
the

1
rUnWay  is  not  likely  to be  perfect 

On«!c  i l0W  1^Cal   contours,   and will   also ha?e  arti 
level   can hl^TfT  drai^e.     These depa^urelf™ 
slllLTJL™ ™CÄ**    ?  feet per thousand.*    As  lo 

m 
ong slopes are very gradual there will be no not im-.h I r  ''': 

irlrSllilU^  TT  TSS  ^^em/Ve^ma^elf c' 

ly level, 
ficial 
perfect 
as these 

ect on the 
will be 
ture of 
rom zero 
and will 
terferome- 
rrected by 

In the course of this study it has been found that eff ects 
ihe Air horce Document AFM 86-8 " Airfi^-M -^A   A-      ^ - 
dated 10 November 1964 srw»r?fiac n,  •   7 an^ AirsPace Criteria- 
runways and shoulders ofP?"anHtr

imr ^"S^tudinal grades of 
of .1671 per 100 fel? or chan^f. ?n l^  of^^  ™  the slope 
of runway. changes m slope of 1 foot per 600 feet 
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of moisture on  the  pavement and  on the  ground  are  likely  to cause 
much more  serious   and  largely unpredictable  effects on  the phase 
of the   ground  reflected  component  and  consequently  it   is  now not 
clear whether or not   the   free  space interferometer feature  could 
be effectively utilized   in the   routine  fashion   for tracking  the 
incoming   aircraft.     This  will  not  affect  the normal WASS  opera- 
tion,  but   it may  prevent  the utilization  of the   free space"inter- 
ferometer.     Effects  of moisture   on the  reflected 
discussed in Section  5.3. 

component are 

5.3    EFFECTS  OF   PRECIPITATION  ON   FOREGROUND  REFLECTION 

The  reflection coefficients   for various   types  and  amounts  of 
precipitation  covering   an asphalt  surface  at  L-band as  a   function 
of elevation  angle   are   plotted   in   Figure   5-1.     From these  curves 
it  is  quite  apparent  that  the  reflection  coefficient  is   signifi- 
cantly  changed when  even minor  amounts  of precipitation  are pre- 
sent. _   Since  the  WASS   solution  makes no   assumptions  as   to   the 
relative   amplitudes   and  phases   of  the  two  plane  wave  components 
no direct  error would be  caused  by a uniform precipitation  layer 
on top  of the  terrain  in  the  antenna foreground.     This  does not 
however  imply  that  precipitation  effects  may be  safely  ignored  as 
indirect  errors   can be  caused by  these  changes   in  the  foreground 
retlection coefficients.     These   indirect  errors  will  occur 
through  the  effects  of   faulty  assumptions   about   the reflection 
coefficients  in  performing system calibrations.     This   factor  is 
discussed  in some  detail   in Section 6.1   of  this   report. 

In addition 
tion, precipitat 
of the total sys 
vertical pattern 
only be serious 
where interrogat 
report such null 
reflection  coeff 

to   its   effects 
ion  on   the  foreg 
tern.     One  of the 
of  the  beacon   i 

if  it  caused dee 
ion   is   desired, 
s  will   not  occur 
icient   is. 

on  the  real   time  system  calibra- 
round could  affect other aspects 
se would be a modification  of  the 
nterrogation  antenna.     This would 
p nulls   in  the  elevation  range 

For the  system  described  in  this 
no matter what   the  foreground 

Before leaving this subject 
but generally much smaller, effe 
zontal polarization. An excepti 
The dielectric constant of snow 
air and that of asphalt (or most. 
concrete). Consequently, a laye 
substrate to the air and when th 
thickness and incidence angle ar 
cient becomes virtually   zero. 

it  should be  noted that   similar, 
cts would be  observed with hori- 
on to  this   is   a  cover of  snow, 
is  intermediate   between   that  of 
types  of  dry  soil  as well   as 

r  of snow  tends   to match   this 
e  combination  of  snow  layer 
e  correct  the  reflection  coeffi- 
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SECTION VI 
SYSTEM CALIBRATION 

6.1 SYSTEM  CALIBRATION  PROCEDURES 

The WASS system requires a high degree of measurement accur- 
acy.  Consequently, relatively frequent system calibrations are 
required.  These calibrations should be performed automatically 
by the system itself.  Two general types of calibration are indi- 
cated.  These can be generally classified as internal and exter- 
nal.  The internal calibration procedure consists of injecting 
a programmed internally generated signal at RF into the receiver 
channels and measuring the receiver outputs.  This internal cal- 
ibration procedure serves to define the relative channel gains 
(in amplitude and phase) and the relative gains and offsets in 
the detector and A-D converter circuits.  The internal calibra- 
tion procedure needs to be repeated at frequent enough intervals 
to allow the computer to compensate for such factors as thermal 
drift.  The external calibration procedure consists of programmed 
transmissions from one or more reference sources located at known 
positions.  The primary purpose of the external calibration is to 
provide real time definition of the array orientation (i.e., de- 
fine the system boresight direction) and is therefore required on 
virtually a pulse by pulse basis.  The use of the external cali- 
bration will permit the construction of a frangible structure for 
the WASS antenna array since wind sway correction can be made a 
few microseconds prior to the reception of the aircraft reply.  A 
secondary purpose of the external calibration is to provide a 
complete system alignment including some of the same factors 
tested by the internal calibration as well as the antennas and 
the RF channels up to the point where the internal calibration 
signal is inserted.  This secondary purpose of the external cali- 
bration requires a more refined procedure than the primary pur- 
pose but is not needed nearly as frequently.  In the following 
paragraphs the external and internal calibration procedures will 
be described in more detail. 

6.2 EXTERNAL CALIBRATION PROCEDURE 

The purpose of the external calibration is to present known 
fields to the antennas.  This is done by transmitting from one or 
more sources at known locations.  As noted above, the external 
calibration serves two purposes.  These two functions are de- 
scribed separately below. 

The primary purpose is to define the moment by moment Orien- 
talen of the baseline.  In order to do this a single source is 
required which transmits pulses interleaved with the pulses from 
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the signals received^? the varloJf anLSn^68 f ^e vo1^^ oi 
parameters do not vary  t e chin^ 1n .f   ';  As lon8 as the 
two antenna voltages will be nrnnLi   ? relative phase between 
spacing between  Kn^L^ ?.^P?.rtl,0nal. to ^e product of the 

o^irg^u;s 
the  antenna  voltages  and    whon/nt8       ln  ?e  relative  phases  of 
will   lead  to  an  e^/t'^^^^ l^lTul^ 

Plished  Ive^ult Sfincomln^^rJ  C?Jibrati- will  be   accom- 
vide  precise  correction  fo?^ wlnT*"   1S  lnte^ogated  to pro- 
transponder will  be    ocated  500   to  1  nnn7?    Jlnce

r
the  calibration 

WASS   array  the   reply   from  tJ   t^       '   ^0   feet   ln   front   of  the 
several  microsecoffi beJore" he'r^r^oV'Jhe  'eaCh  f*  T%*iV** ibratmg   transponder  reolv win   hpPo  c       ? the  aircraft.     The  cal- 
second  duration  and will   therefore notT  ' Pulse/bout  one micro- 
transponder  receivers  as  a  legulmate  aUc^^f^t^ by  s^ndard 

„icimate  aircraft  transponder  reply. 

requires  a 
I s 

le 
squires   the  re- 

by'transmitting"f^n7known  locati'on^f ^     ThiS  ^an be  accomplished 
ceived   field  at  each an?enn«  ^  iS      and computing  the  total  re- 
total   field consists  oft Tir^t rece,lving  a^y.     Since  the 
the  amplitude  and phase  of  t£o   r.nlV^  a  gr0Und  Elected wave, 
known/   This  in  tu?n JLSLs  a  *fod w fTal TSt be accurately 
flection  coefficien?.     There  a^e8^!^/^86  0f  th^^0^ re- 

ance on the degree Swhichtt»^,'?"        H^t a ^^ "S1»1 '"ler- 
receiving  antennas woulS have  ?oPbe kn™™      The  tran5»i"i"8 ™* 
is to tailor the ground plane H iL^lTsWo^rltlTtrl^l^ll 

l^,.^../^^..,.^-,.)^^^«.—^-v. 
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elev^Jf"™11-     A  Possibility elevated wire  screen.     By  ma 
ductin0: 'r53   it would have ducting sheet  and   its  proper 
in  ram  as   there would be   no 
forming,     ice coating  the  er 
lems.     Electrically  heat^nf 
these<difficulties^bu

h
t

e^-g 
of  this  approach.     The  third 
out      V011 Soefficients as  a 
would t 0rder t0 obtain  ^  s would be necessary  to use   at 

kLirth^V11165 would be  to king   the mesh  sufficiently sma 
the  reflecting properties  of a 

possibility  of  a sheet   of wat 
id or  snow build up  could caus 

possibn^Crease the a«racti possibility  is   to  treat   the   a 
dditional  variables   to   be calf 

leL%ient:oTabnesrmi0tftmeaSUre"- 0 transmitting  antenn 

use an 
11   (1 
con- 

ially 
er 
e  prob- 
solve 

veness 
round 
brated 
ts   it 
a posi- 

flectSn colf^icSt^certaStin1"8 "r6"""  t0  «-emove the re- fashion.     Consider   ., "ncertainties  may be  done  in   th*  fnii      • 
receiving  J^H a^  IT^s^™^*^^^ 

h  .ntl1!'1^ !n,te?n!?  ^e   shown.     The voltage measured at   Llio 
transmitting  antenna  is i fth 

used 
antenna fi ■ i ? -n ,ri 
<J - 1,2) is V,, where 

the j »th 

Vii " Vj^O^O + R^expCja...)] 
ij 

the complex calibration factors for 
i  Ck Ä n A- • .     . 

The   complex  numbers  A.   are 
the   i'th antenna.     Ii^-ic   M,.     I 

intrSduL";0 purPose "f the cf"br"ulti0nTh
0f these ^»titles xntrcduce  four unknowns 5lnce  Ubrat.on.  ^These c^Plex^u^ber^ 

bitrarily as  unity. 
are  unknowns  and are 

The  complex numbers  B 
introduced   in  orrW   ^   „ « j   "i' 
»d phase of the'lraismit't'eTlie^d'/J."6"?"8  ln ""= -PHtudc 
tenna positions as well as  tlJ , if        c'-n the tm transmitting an- 
roference when  the c™po"tÄ  incide^%fMeCeiver ACC and pLse 
Those  numbers   introduce   four   -.M   »°"  fleld  structure   is  chanoeH 
o       and o.       are deter^in^d^so''e'    'b™3Lo^e't?:"5-,  The    "»"fL's 
known.     By reference   to  FiKuro   5   ,   Z I * "^  be aSSU,"ed 

Rij « CP 
+ a*ij)exp[j(<j)+b0  .)] 

where   the  quantities 
flection coefficients'ancl't^e   fnciSenc" a^Tf defi"i"8 the 
soUIy by the  geo.,etry and are  therefor Lo«.^   ^ ^ 

re- 
determined 

Summarizing  then, 
ij 
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is 
overdeternuned solution can be used to minimize the errors n, the 
derived quantities due to small measurement errors and thus in ' 
crease the confidence in the solutions. 

The calibrati 
direct and reflect 
beamwidth of the a 
calibration source 
minimum of the ver 
the array. These 
tennas at heights 
array. For this c 
for the various an 
about 5.5 degrees. 

on s 
ed s 
rray 
hei 
tica 
requ 
of 4 
onf i 
tenn 

ources 
ignals 
eleme 

ghts b 
1 inte 
iremen 
and 6 

gurati 
a comb 

sho 
are 

nts. 
e ch 
rfer 
ts m 
fee 

on , 
inat 

uld be located such that both the 
well within the vertical 3 dB 
It is also desirable that the 

osen so as to avoid placing the 
ence pattern near the center of 
ay be met by placing the two an- 
t approximately 400 feet from the 
the incidence angle at the ground 
ions will vary from about 2.5 to 

6.3  INTERNAL CALIBRATION PROCEDURES 

The internal calibration is designed to remove receiver gen- 
erated errors from the data.  These errors result from such fac- 
tors as phase and gam mistracking between receiver channels 
zero offsets m the D.C. data channels (post detection), coherent 
detector gam variations, etc.  A typical set of in-phase and 

betritt1"6 0UtPUtS CC '^ S) f0r 0ne 0£ the ^ceive/channels can 

C = A acVocosCcj)o + <},)45 c 

and 

S = A a V sinO +<i>)^ 
S    O Kro    y^   S 

where : 

f ! 

A 
V and o 
and a s 
rature 

and (Ji are the channel gain and phase errors respectively 
4>0  are the "true" amplitude and phase for the channel, a 

are the coherent detector gains for the in-phase and quad- 

detectors respectively and 5 c and 5 o are the coherent de- 

tector zero signal offsets (present in anyVc. system).  Without 
loss of generality, amplitude and zero offsets in the A-D con- 
verter can be included in the errors already introduced.  The 

nfTw Ar?1'1 ^ ?haSf err0rS may be' and usually are, functions o± the AGC control voltage. 
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vnTfJL P w  ♦.,etermine the six error Parameters so that the 
voltages fed to the computer can be corrected in the computer the 
following procedure is recommended.  A locally generated signal 
is inserted into the RF channel from each antenna.  This infec- 
tion can be done either through the use of directional couplers 
or through electronic switches.  The latter procedure is the re- 
commended one as it simultaneously blocks any external signal 
entering via the antennas. ^max   signal 

During part of the period when the 
nal is on the phase of the reference si 
tectors is varied through a 360 degree 
tip of the vector whose x and y coordin 
quadrature voltages to trace out an ell 
ellipse defines the zero offset errors 

and minor axis define the relative gain 
channels C«, and as).  During the remai 

bration period, the strength of the cal 
to provide the variations of the channe 
(A and $) with AGC level.  The final st 
solute values of the channel amplitude 
reference AGC level.  This is done by c 
ues to stored reference values.  These 
tained by performing an internal calibr 
a complete external calibration sucli as 
section.  The reference values are dete 
are those which would have been measure 
fectly aligned.  That is, they are the 
internal calibration signal is not corre 
litude and gain errors determined from 
signals. 

internal calibration sig- 
gnal for the coherent de- 
range.  This causes the 
ates are the in-phase and 
ipsc.  The center of this 
(5 c and 5 ) and the major 

s of the two detector 
nder of the internal cali- 

ibration signal is changed 
1 amplitudes and phases 
ep is to establish the ab- 
and phase factors at a 
omparing the measured val- 
reference values are ob- 
ation in conjunction with 
described in the previous 

rmined in the computer and 
d if the system was per- 
values measured when the 
cted for the channel amp- 
the external calibration 
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SECTION VII 
ANTENNA SUBSYSTEM 

7.1  ANTENNA SELECTION CRITERIA 

7.1.1  POWER BUDGET CONSIDERATIONS 

In order to design the antenna system it is necessary to 
estimate the available power budget which in turn will define the 
required antenna gain. 

We will assume that the aircraft is ten miles away and ra- 
diates 100 watts [typical radiated power is 300 watts).  We will 
stipulate the aircraft antenna gain is  0 dB and will allow a 10 
dB fade margin.  The transmission loss of a 1 GHz signal at 10 
miles is 117 dB.  The available signal can be estimated as fol- 
lows : 

> i 

Radiated Power 
Aircraft Antenna Gain 
Fade Margin 
Transmission Loss 

Available Signal Level 

+50 dBm 
0 dB 

-10 dB 
117 dB 
-77 dBm 

To accommodate .45 microsecond pulses it will be necessary 
to have a receiver bandwidth of 5 MHz.  Theoretical noise figure 
CKTB) is -107 dBm.  Assuming 8 dB noise figure and specifying 
signal-to-noise ratio of 40 dB the desired signal level is: 

Theoretical KTB Noise Level 
Receiver Noise Figure 
Signal-to-Noise Ratio 

Desired Signal Level 

-107 
8 

40 

-59 

The   18  dB  discrepancy between  the   desired  and  the   available 
signal  levels  must be  made  up by the  antenna  gain. 

The above estimate of aircraft radiated power, depth of 
fades and receiver noise figure has purposely been made pessi- 
mistic in order to insure that a very adequate signal-to-noise 
ratio will   always  be   available. 

7.1.2     ELECTRICAL  REQUIREMENTS 

The antenna subsystem must meet a number of significant 
electrical requirements. The most important of these are dis- 
cussed in  this  section. 
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polarizaUon^ust0^^?^^  ^  ?^C^^  ^^näer  signal   the 
mlzed  in  the  frequencrrang^^^wee^l^ranSTrcSz!' be 0pti- 

designhcrUe??f of^lS^  ^^i-^tion  7.2  are  based upon 
zontll  hel^lM      These  c?l?er?a   JJ/egrees  vertical   and  horf- 
manner. criteria  are  arrived at  in  the  following 

The element gain must be of the order nf i s .IR • 
achieve the required signal-to°noise ?aUo ?see ScctJ 
the  pov^er  budget   computations).     The  vertical  nittnrn 

?oewUhTrj 1^"^' "f^ the horMon'and'tg ^ co  witnm  0.1  dB within  the  elevation  angle  ranee  of 

«jn™ vertical »o^UtV^ "d ? of^rdegre"" 
I he horizontal beamwidth is constrained in nart hv ^ 
vertical  beamwidth.    Assuming a   typical  aperture eff 

ld"cL0.f
n*LY!^1-i™<i.^ri.St^1be

a^StrLe™uf 
orHPT- r,^ /innrj       'iwi xz.uiiLUX oeamwidths mus 
order of 400(degrees squared) in order to achieve a o 
Consequently, the horizontal beamwidth .mst be 2 0 del 

n  order  to 
on   7.1,1   for 
s   of  the el- 
apes  matched 
^5   degrees, 
ned  reliably 
ge.     Thus,   a 
is   required, 

e  gain  and 
ciency,   the 
t  be  of  the 
ain  of 18  dB. 
rees   or  less. 

deter.IineST^the^a.r^läracJSri'c.18  and-the  ele^nt  ^^   *™ IVASS  system as w^l ? f« „J »«"racy requirements  imposed on the 

that SriystL ml t onSne^n "n
a
Straln

f
tS  im?°sed ^ the fa« 

respectively.     These numbers   are   arrived at  as   follows. 

in  teltt  ofCtheCWASSq^^ementS-are  comParable  to  those achieved 
at S-band   (ref^r  to Sect o'n  Tl^  ^^  ?PertUre  0f 100   inches 

to an overall  aperJu^eof aboit   23  fee?      T^T^7 Tf11^ leads 

meat  spacing  of  10  feet       mth\u-   teet'.   Th^s   ls met  by  an ele- 

"nil %Hhi£\\ ^^T^^^i^ m. 
tiorL^Liiie^ri?o:r^%ara^nS^^!thintheL-- 
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f/GUKE   7-1    ANTENNA   CONFIGURATION 
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and/or vehicle 
block the ante 
satisfy this c 
system degrade 
and reflected 
is within 30 d 
tive phase for 

Li   =   Oh 

where 00 is th 

at the i'th an 
other antenna. 

s cannot position themselves directly so as to 
nna aperture.  A minimum height of ten feet should 
onstraint.  Secondly, the performance of the WASS 
s considerably if the relative phase of the direct 
signals, as seen at the center antenna of the triad 
egrees of either zero or 180 degrees.  This rela- 
an antenna at height h. is A. where 

j^/A) sina+0o 

e phase of the reflection coefficient.  The phase 

tenna is a linear function of the phase at any 
In particular 

Ai = Ch./h.^.-e^Chi/h.)-!] 

2.5, This   relationship   is  plotted   in  Figure   7-2   for h.-h. 

5,   and_7.5   feet  and values  of h     »   15  and  19   feet.     The  reflrciion 
phase   is   assumed  to be  -180  degrees.     The   lines  terminate   at  an 
elevation  angle  of  5  degrees.     The   shaded  squares   show  the  re- 
gions  where  both A.   and A^   are within  30  degrees  of either  0  or 

180  degrees.     From an  examination  of  this   type of plot   it   is  clear 
that  there  exists  no  spacing which  can  avoid  the  simultaneous  deg- 
radation  of  the  performance  of  two WASS  triads.     Three  triads  can 
be  selected however  so  that   the  performance using  at  least  one  of 
them  is  not  degraded.     One  choice  which accomplishes  this   is  to 
have   a   5   foot  spacing between  the  centers  of  the  lower  two  triads 
and  a  spacing  of  7.5   feet  between   the  centers  of  the  top  and bot- 
tom triads.     Subject  to  this  condition,   the height  of  the  center 
ot  the  bottom  triad  above  the  ground may be  anywhere between  15 
and   19   feet  which places   the bottom  antenna  between  10   and  14 
feet   and  the   top  antenna between   30  and  34  feet.     Thus,  we  are 
led to   the  antenna configuration   shown  in  Figure  7-1 with  antenna 
element   centers  nominally  located  at   12,   17,   22,   24.5   and   32   feet 
above   the  ground.     The minimum  antenna  spacing  of  2.5  feet  means 
that  the  vertical   aperture  of  the  antenna  elements must  be  less 
than  this   size.     The  vertical  element beamwidth will  therefore be 
greater  than   20  degrees   as  required. 

This   completes   the  discussion  of  the  electrical   specifica- 
tions   as   they  define   the WASS   sampling  array  and the  sampling  el- 
ements   themselves.     Two alternative  sampling  elements  satisfying 
these  requirements  are  described  in Section  7.2. 

7.2     WASS   SAMPLING ANTENNAS 

7.2.1     ELECTRICAL  DESIGN 
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«tely Is  feet ^ array^pacing rll^rllenls^f t0 api,r0xi- 

These  are horns,  re^Sj^n^^ s , ^Sfr^-ten1!;^61"5 " 

The  Yagi  antenna  itself  is  mechan-irfliiv  -n.       •     -, 
type.     To  achieve   the  gain  of  18  HR fron?1    y  the slmPlest  antenna 
of  about   4.5   feet   and  15  elements       I!°uld/ e?Ulre  a  total   length 
ing  an  array  of vez^icLl^p^lar^ed Ya^Tis^h^0'16111 0f m0Unt- 
area.     There   are  some  uncertaint^!V   g       •1S   t,he Primary problem 

tween  the   two eleLnL'splcedfs^eeTapIJrff ^Lf^11118 be- 
used.     Relatively high  sidelobe  l^ic   ^       lf1

Yagi  antennas  are 
to b.ck  ratio are other pro^em Irlll. * relatively  low front 

front'to  llll lUrr Po'? ^Tf'l l™™"^ and  a  good '■i-'^.      lo)   .,   2.5   footE-plane dimension  and 

used.^L6  sT.nd^rplra^^clefll^Srjo3^611?^ WhiCh  ^^ be 

good  choice  for mechanical  reason*?       ?e^  n0l appear  t0  be  a 

sent  too much wind loadino  ^  ?        ■       S
1
0lld reflector would pre- 

flecting  surfacelroSt ?    m Ih^oulS'probabiv t™™10™1  "" 
expensive.     A simple  dishpan  ^eflecto/L possible bSr^f^11^ 

imation  is  not  .r«^«  ö^rLrLP0SS1Df®  .but'   since   the 

feed 
em 

aperture illumination is not verv off rif P0ssib^ but, since 
larger in order to mePt t?» Jff y eff}cient> would have to be 
spillover  aid  eleL across  ^n  requirements>     In  adclitio 

areas. A paraboUrcylSderSiti agl?n
rr?nt/dditi0nal ^o{)1 

tractive   approach       In  ordor   t^  i•    •        e   £eed   rePresents   an  at- 
the element's  would prSbably be reqSx^f l^d?^"?'  fenCeS  between 

ement  such  that  shown  in rigure   7-3       rJ^  T t0 an antenna el- 
depth  of   2.25   feet which  i^lltL   i S  an,tenna would  have  a 
sional   curvature  leds   itself .ven^  acceptable.     The  one  dimen- 
the  line   feed  can be  easilv L^i          2 ^ire  mesh instruction and 
the  line   feed  f?Sm the  center J^ff6^     The method of exciting 
one  of  several  Po^s^L^^ ex^iLtion^hoSs!116  ^   ^  oJ 

^^   The  most  attractive  antenna   element   is   the parabolic   cylin- 

7.2.2     MECHANICAL  DESIGN 

y 

The 
principle mechanical features to be considered are wind 
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(0 50 inch mesh) construction of the "solid" surfaces of horn and 
reflector antenna types will minimize the wind loading effects 

ora^solid^s^ac^'110^ ^^^ the elec^ical requirements 

The physical construction of a Yagi antenna element is stan- 

centrai booT^Th'53^^117 Q* J0™™*  lenSths of tubing to a central boom.  The parabolic cylinder antenna would be construc- 
ted of wire mesh stretched over a framework of aluminum tubing? 

The mechanical support of an array of vertically polarized 
noblem  ^  ^ ***  ?0re1

than ^n/feet   long is I  S?ffIcuU 
front nf     entire active length of the antenna must be in 
tlVrl        fny vertical support structure which would require a 
thick central boom m order to avoid drooping.  This factor com- 
bined with probable complications from mutual coupling prettj 

this appnc^tion.   Ya8i antenna £r0,n SerioUS ^nllllLllll'L 

The vertical array of parabolic cylinders can be sunoorted 
by three vertical poles as shown in Figure 7-4.  ?he verUcal 
poles form a triangular tower with the cross bracing consisting 
of the framework of the parabolic cylinder antennas! This struc- 
ture is inherently stable and can be furth« 
wires. 

7.3  FULL MONOPULSE COMPATIBILITY 

ler stabilized by guy 

ai.  u^\V  V'tl0nal  System the WASS Ending monitor will han- 
dle both the elevation and the azimuthal anglls of arrival  The 
elevation angle information will be derived in the normal mono- 
pulse mode when the aircraft is well above the ground and win be 
switched to the wavefront sampling mode when Uis determined 
that the wavefront departure from the plane wave exceeds nrenro- 
grammed threshold.  The azimuthal information will be derived b^ 
using two identical vertical arrays side by side  Signals from 
each of the elements will be combined and appropriately Jhased 

bni?y0inSbotbbLthe..COmpr^ t0 provide no?LlPmonopiLrcap1. 
of ?no in,both azimuth and elevation.  If necessary, the problem 
of 20  ambiguity resulting from placing the antennas side by side 

antenna/6501'6' Wlth the Standard technique using an auxilL^ 

It should be emphasized, of course, that since the azimuthal 
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monopulse  capability   is   currently  achievable  with  standard  tech- 
niques,   the  emphasis   of  the  present  effort  has  been  directed 
mainly  to  the  resolution  of   the  vertical  angle. Qirec^ 

Extension of  the  WASS   landing monitor  to  nrovido   aHmnthai 
monopulse will be  straightforward?     It ^U^e^ire^dupllcatioi 

nray  and  additional  receivers.     The  software  com- 
de- 
and 

of a vertical 
plications are very minor, since suitable programs nave been 
veloped to handle this situation under previous RADC e?forts 
are  described  m  the   RADC  Technical  Report  TR-71-262. 

i 

I 
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SECTION VIII 

INTERROGATION AND RANGING 

8.1  GENERAL CONS I DE MT I ON 

The objective of the interrogation subsystem is to elicit 
responses from all ATCRBS transponders in a selected interroßa- 
tion volume.  This will be accomplished using pulsed interroga- 

nr^vSJgna}niJnc^
0n^0rmance with Federal Aviation Administration 

?^?f-  r 1?101
,5,'1

U- S- National Standard for the IFF Mark X Air 
iratiic Control Radar Beacon System Characteristics.  The ATCRBS 
airborne transponders will thereby transmit pulses on the response 
frequency m exactly the same manner as for their normal usage 

The design objective 
make use of directive ante 
energy along a beam in bot 
compasses the volume of ai 
functioning, but no more t 
the power level of the tra 
the antenna beam for which 
gering airborne transponde 
that which is normally use 
function. By limiting bot 
interference which this sy 
which the ATCRBS may be ut 
radar operations. 

on the interrogat 
nna patterns to c 
h azimuth and ele 
r space required 
ban the amount re 
nsmitted interrog 
the power level 

rs may be reduced 
d for the Airport 
h range and angle 
stem produces for 
ilized such as ai 

ion subsystems is to 
onfine the radiated 
vation angles which en- 
for overall system 
quired.  By reducing 
ations, the range along 
Is adequate for trig- 
considerably below 
Surveillance (ASR) 
we can minimize the 
other functions for 

rport surveillance 

The response pulses f 
lized via the WASS system 
thus pinpointing the airbo 
in this report. There are 
necessary range data. The 
ment of time delay between 
ceived response pulses, wh 
certainty in the measured 
transponder is not precise 
for range measurements pro 
two separate antenna locat 
tablish position of transp 

rom the airborne transp 
to measure angles and m 
rne interrogacor as des 
two alternative method 
first is the direct me 
the interrogation puls 

ich technique suffers f 
range in that the time 
ly controlled.  The sec 
ceeds by measuring angl 
ions thus enabling the 
onder by triangulation 

onders are uti- 
easure range, 
cribed elsewhere 
s of obtaining 
thod of measure- 
es and the re- 
rom a small un- 
delay in the 
ond alternative 
es of arrival at 
computer to es- 
computations. 

8.2  RESPONSE VOLUME 

The response volume defining the zone from which responses 
are obtained is primarily a function of the beamwidth pattern of 
rhe interrogation antenna.  In the azimuth plane it is desired to 
limit the zone to a total width of 20 in range we desire cover- 
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age out t 
produce t 
on the si 
for trans 
outside t 
lobe supp 
nate resp 
lobe of t 
this func 
first pul 
lowed by- 
antenna, 
the PI pu 
spender a 
main lobe 
an omnidi 
the P2 pu 
antenna, 
points of 

o 10 miles.  Using a simple directive antenna does not 
his coverage zone because at closer ranges signal levels 
delobes or skirts of the antenna beams will be adequate 
ponder operation thus producing responses from aircraft 
he 20° zone.  For those transponders equipped with side- 
ression (SLS), use may be made of this feature to elimi- 
onses which might otherwise occur on the skirts or side- 
he antenna beam pattern.   Figure 8-1 illustrates how 
tions.  The interrogation pulse consists in part of the 
se called PI transmitted on a directional antenna fol- 
a second pulse called P2 transmitted on a omnidirectional 
and the design criterion of the transponder requires that 
Ise be at least 9 dB above the P2 pulse for proper tran- 
ction.  Thus, by utilizing a directive antenna having a 
width of 20° at the 6 dB down points, and by utilizing 
rectional pattern so excited that its power level for 
Ise is 9 dB below the pattern width of the directional 
transponder action will only be obtained within the 6 dB 
the directional antenna pattern. 

surfac 
direct 
to fun 
antenn 
rectio 
omnidi 
above 
vertic 
na. 

n the vertic 
e reflection 
ive antenna 
ction proper 
a should be 
nal antenna, 
rectional an 
ground as th 
al plane app 

al plane 
s which 
pattern, 
ly the 1 
nearly i 

This c 
tenna wh 
e direct 
roximate 

the 
may in 

For 
obing 
dentic 
an be 
ose ph 
ional 
s the 

antenna pat 
duce a lobi 
the sidelob 
structure o 
al of that 
assured by 
ase center 
antenna and 
aperture of 

tern is i 
ng struct 
e suppres 
f the omn 
obtained 
utilizing 
is at the 
whose ap 
the dire 

nfluenced by 
ure in the 
sion technique 
idirectional 
from the di- 
a vertical 
same height 

erture in  the 
ctional anten- 

The WASS re 
transmission in 
na structures, 
simple phased ar 
omnidirectional 
dipole radiators 
corresponding ho 
placed from the 
not interfere wi 
levels of each o 
that used in the 
ing identity in 
valid  sidelobe 
angles in the de 

ceiving antennas may be utilized fori 
order to minimize the expense of addit 
By using three of these antennas we ma 
ray to achieve the beam shaping desire 
antenna may be realized most simply by 
, one above the other, each at the hei 
rn antenna of the WASS array. The omn 
WASS array so that the two antenna str 
th each other. The phasing and the ex 
f the dipoles may be adjusted to be id 
interrogator directive antenna array, 

the vertical pattern in the two antenn 
suppression operation is obtained at a 
sired response volume. 

nterrogator 
ional anten- 
y form a 
d.  The 
a series of 

ght of the 
i is dis- 
uctures do 
citation 
entical to 
thus assur- 

as.  Thus, 
11 vertical 

Table 8.1 is a power budget for the transponder interrogation 
up link.  Transponder sensitivity varies from -69 dBm for the 
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least sensitive transponder to -77 dBm for the most, sensitive 

elin5?^; ZlliZing.tyViCal  aircraft line loss and antenna 
Se calcu ^J Leq.1Valent ^otroPic transponder sensitivities 
is es?imaJed at '77 ^n ^ ^-tabie'  Interrogator antenna gain 
IO^PJ o? ^R   

2\iB'-   Allow^g for line, diplexer, and other 
n? !?Q A       K ? res^lts in an effective interrogator antenna gain 
SfilJ r™  elSVAt a fr^uency  o£ 1030 MHz and a distance of 11 
?he Lrc?a?t S?ntSg ^ thf.ran8e/™ the WASS antenna site to 
the aircraft at the outer limit of the desired volume of interro- 
gation) produces a path loss of 118 dB.  Subtracting the efflct- 
of%qndRnna ^ fir  t}?is fi^  Produces a net trlnsmisslon loss 
of 99 dB   Adding this loss to the transponder sensitivities 

add dV^B n??111"' H™5^**  Pow^-  To these number ^e have 
?he ne? result  ff? f0^fl?ld dQZ™d^ion   (i.e., a design margin). 
ine net result  is for the least sensitive transponder a 5 watt 
Power level is required whereas for the most sensitive transponder 
a required power level is 0.8 watts.  The design, of course  ?s 
based on the 5 watt level which implies that if there is no system 
degradation, and a transponder of maximum sensitivity is involved 
the range is not limited_to the 11 mile figure used in the table 

int  lol^.T1   t311^ am0UntS t0 a P0wer rati0 of 14 M  co^respond- 
miles  vVoLll1?  ^ ranpS S0 thatr   the maximum range becomes 55 
ii* field gÄ%nnJ? a Plan vie\of the area surrounding a land- 
Irhll ^200mile range is shown as a typical range for normal 
ATCRBS operation (providing aircraft altitude is sufficient) where 
directive antennas, together with high power levels, are continu- 
ously scanned m azimuth to cover the entire volume.  The Region 
SLcP!CVn Whic? beacon transponder action is initiated by the 
atWelv'f^ n1S ll0ttf   in ther  fiSUre and it is evident that a rel- atively few number of aircraft will be spuriously triggered  Thus 

cieserfoere1^ ^"T^ eVen at hi8h Pulse -pltitio^ frequen cies tor the WASS interrogations. 

8.3 ANTENNA AND RF COMPONENTS 

Figure 
interrogati 
array of an 
power ampli 
at each of 
er antennas 
tenna excit 
ated power 
of PIN died 
ted via the 
an LO power 
omnidirecti 
modulators, 

8-3 is a block 
on transmission 
tennas are util 
fiers providing 
the antenna ter 
may be excited 

ed with 4 watts 
into the array, 
e switches.  Fo 
omnidirectiona 
splitter port 

onal antenna. 
i.e., they may 

diagram of the general scheme for 
s. Three antennas of the WASS ver 
ized as a phased array excited by 
controlled phase and excitation 1 

minals.  For example, the upper an 
with 1 watt of power and the cent 
to achieve a total of 6 watts of 
The antennas are connected by me 

r the P2 pulse which is to be tran 
1 antenna a PIN diode switch conne 
to a power amplifier connected to 
These PIN diodes also serve as pul 
be operated in a controlled fashi 

the 
tical 
three 
evels 
d low' 
er ajv 
radi- 
ans 
smit- 
cts 
the 
se 
on to 
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achieve  the   required pulse widths  and pulse  rise  times  necessary 
for proper  system operation  in accordance with  accepted standards, 

Alternatively  of course  a separate   interrogator directional 
antenna  aperture  could be  utilized.     However,   to  achieve  the  de- 
sired goal   of  triggering   transponders  only   in  the  controlled  vol- 
ume  a  rather   large  structure would  be   implied  so   that  utilization, 
of   the WASS   receiving  antennas  for   this  purpose  minimizes   the  ex- 
pense  in  construction  and  installation  of  antennas   at  the  cost  of 
relatively   inexpensive  PIN  diode   switches   and  the   logic  circuits 
necessary   to  drive   them. 

Figure   8-4   i 
landing approach 
shows  a horizonta 
along  the   ground, 
feet.     The   origin 
(GPT).     This  poin 
sects  the   surface 
located  the  WASS 
and  4°  are   of mos 
ure.     Entry   into 
tudes  of  1,000  an 
points OABCO   in  t 
to   the  systems   de 
angles  as   seen  by 
above horizontal, 
is   also  required 
path. 

llustrates   the vertical  geomet 
pattern   and WASS   antenna  sitin 
1   scale   from 0  to   10  miles   rep 

and a  vertical  height  scale   f 
of   the   axes   is   the   ground pat 

t   is  an  extension  of  the  glide 
Approximately  1   mile behind 

antenna  site.     Glide  slope .pat 
t   interest,   shown   as   lines   OA 
the   controlled  zone   is   general 
d  2,500   feet.     Thus,   an  area b 
he  diagram contain   the points 
signer.     Note  that   this  volume 
the WASS   antenna  site between 

Of  course,  coverage  somewhat 
for  aircraft initially off  the 

ry   involved   in  the 
g.     This   figure 
resenting distances 
rom  0   to  3,0 00 
h   intercept  point 
slope  as   it   inter- 
this  point  will be 

h  angles between  1 
and OC  in  the   fig- 
ly between alti- 
ounded by the 
of  most  interest 
implies vertical 

.93  and 3.48° 
outside  this   zone 
required  flight 

After  a  considerable   computer  study using realistic values 
for  ground  reflection,   it  was  concluded  that   the  utilization  of 
antennas  Nos.   1,   2,   and  3   in  the  WASS  array   (see   Figure  7-1)   for 
aircraft  interrogation will  provide   satisfactory  coverage. 

Figure 8-5 shows the computed vertical lobing 
an interrogator antenna utilizing the 3 WASS antenn 
of 17, 22, and 24.5 feet with equal power applied t 
MHz. Ground constants were dielectric constant of 
ity 0.003 corresponding to asphalt or dirt material 
tation takes into account the complex reflection co 
tenna element pattern and the path difference to de 
posite radiation pattern. Phasing between elements 
(for this particular computation) to aim the free-s 
ward at an elevation of 3.0 degrees. Data is prese 
tours of constant field intensity over the vertical 
interest, i.e., out to 10 miles and up to 2,500 fee 
the  area bounded by  the  polygon OABCO  in  the   figure 

structure   for 
as  at heights 
o each at  1030 
2.5,  conductiv- 

This   compu- 
efficient  an- 
termine  a  corn- 
is  adjusted 

pace beam up- 
nted as   con- 

area of prime 
t  altitude,   in 

Note   that 
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while there is some 
terest, the degrada 
have been avoided, 
in the critical reg 
the polygon OABCO. 
is near the WASS an 
the runway, a regie 
and smooth. Thus w 
and actual results, 
structure may chang 
stant, the essentia 
critical area will 
sign based on fixed 
relative excitation 
suit: reliable tran 
terest. 

lobing   (signal  variation)   in  the  area  of  in- 
tion  amounts  to  only  -3  dB.     Thus  deep nulls 
and  reliable  transponder  operation is  assured 
ion,   and  for considerable  deviation outside 
Since   the reflection point   (Fresnel  region) 

tenna  site,   it will be  in  an area  on or near 
n   that may be expected to  be  relatively   flat 
e   expect  close agreement between  calculated 

Furthermore, while the details of the lobing 
e with ground conductivity and dielectric con- 
1 feature of small signal degradation in the 
pertain to all ground conditions. Thus, a de- 
parameters (antenna heights, phasing, and 
of each antenna) will achieve the desired re- 

sponder   triggering  throughout  the  zone  of   in- 

n™   a % t I      interrogation circuit  elements  depicted  in  Fig- 
ure   8-3 have  been  subjected  to breadboard design  and construction 
Figure  8-6   illustrates   a  1.09  GHz  RF power  amplifier      The  circuit 
is  constructed in micros trip  form using convention" RFcircüt 
board material.     Primary  elements  of  cost  are   the  power transistor 
itself and a  single   tuning  capacitor  for matching  lnVut    mpedance 
Other circuit  elements   consist of  inexpensive  capacitors  and  coils 
Ind  „rl Opiates   at  50  ohm input  and output   impedance  leveL 
and  achieves   a gain  in  excess  of 10  dB.     Figure  8-7   shows  a  single 

Äa?or      The^T di0de ritCh Which ma" be "sed as a pulse81' modulator.     The diodes   are   the  small  black rectangular elements 
between the   large  tuning  screws  and  the  50  ohm line which  is   vis- 
baidwidtrVu ^ound planes.    Since operation ^ Sver a'narrow 
bandwidth,   it   is possible   to   tune  the  diodes  capacitance  for   the 
diodes  in  the  OFF state  so   that a  large package  capacitance   can 
be  tolerated       Likewise   in  the diode  ON stateg(swi?ch 0?F)   the  di- 
ode  series   inductance   is   resonated with a series  capacitor       The 
thtilll       J1!5  1lsPonse  over  a narrow bandwidth which is'never- 
theless  entirely  adequate   for  the  application  at  hand    yet  permits 
realization of the circuit with inexpensive  PIN diodes.    The  ?i 
odes   shown  m  the photograph were  purchased  in  small   quantifies 
at  less  than  $1  a piece.     This  circuit   functioned both for  switch- 
ing  and pulse  modulation,   providing   approximately  0.5  dB  attenua- 

sta?ein  U.Z^^  in   eXCeSS   0£   30  dB   ejection  in tleOFY 
lltlls rly be^umed!501^1011 1S  ^^ 0f C0UrSe additi-al 

8.4       DETERMINATION  OF  RANGE 

alrcrJ? 0lttrJ0  f^rmine  all   three  Cartesian  coordinates   of 
aircraft,   the  slant  range will be measured,   along with the  two 

the 
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nt range is measured by a time 
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smoothing filter p 
ould also be noted 
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e contemplated for 
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WASS site, 
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f 3.0 micro- 
y of round trip 
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ate.  Thus, if 
the uncer- 
sources of 

e, both of 
recessing rou- 
that the state 

ranees, and 
DABS) could 

er 

The principal effect of a 2 50 foot error to the system under 
discussion would be to cause the aircraft to be guided along a 
glide slope that is in error by 250 feet, measured along the run- 
way.  Thus, the aircraft could land (assuming zero-zero visibility) 
250 feet short of or beyond the planned touchdown point.  On a 
10,000 foot runway, this effect would seem to be of minor conse- 
quences, and is accommodated by the system under discussion by 
placing the origin (Glide Path Intercept Point) at least 250 feet 
within the runway. 

Aside fr 
closer toleran 
may be obtaine 
could be calib 
on the ATCRBS 
manual respens 
information co 
radio communic 
feasible, are 
overburdened p 

om the construction of ( 
ce on their turnaround t 
d in other ways.  For ex 
rated during maintenance 
control panel, and used 
e prior to entering the 
uld also, of course, be 
ation facilities.  These 
undesirable in that they 
ilot making an instrumen 

future) transponders with a 
ime, greater range accuracy 
ample, each transponder 
, the calibration recorded 
as a "squawk code" for pilot 
final approach area.  The 
transmitted by voice over 
methods, while technically 
add one more task for the 

t landing. 

Another way of determining range with more accuracy is by 
means of triangulation. This would involve a second monopulse an- 
tenna which measures horizontal angle of arrival at opposite ends 
of a baseline.  The triangulation computations would be handled 
by the computer, and range measurements as sur.h would not be nec- 
essary.  This approach has the feature that the accuracy of range 
computation increases as the aircraft approaches the baseline.  It 
has the disadvantage of requiring more antennas and equipment. 

It is concluded that the best approach is simply to tolerate 
the +250 foot error in the manner indicated, since it is accommo- 
dateH" by a simple choice in system geometry.  A maintenance disci- 
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pline for transponders, in which the tolerance of delay is checked 
out for compliance to the 3.0 jK).5 microsecond requirement, is 
advisable in any event. 

Range measurement by time delay is easily accomplished by 
present day digital circuits.  A simple scheme for achieving it 
is shown in Figure 8-8.  A crystal controlled oscillator provides 
a precision time interval corresponding to the least significant 
bit of the measurement.  At the time of transmission of an inter- 
rogation pulse, a high speed binary digital counter is reset to 
zero, and counts upward until a response pulse is received from 
the aircraft.  The leading edge of the first pulse in the aircraft 
response activates a pulse generator which gates the counter value 
into the computer, thus giving the computer a digital version of 
the time delay between interrogation and response pulses.  After 
the first pulse of the response is received, the high speed count- 
er continues to operate, with subsequent pulses in the response 
being ignored until a period corresponding to the maximum message 
length from the transponder has elapsed.  After this time interval 
subsequent response pulses are accepted as those from potential 
"other" aircraft, and transferred to the computer.  By using a di- 
rect memory access input port of the computer, the computer oper- 
ation is not interrupted as the various range delays are inputted 
into the computer. 
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SECTION IX 
WASS RECEIVING SYSTEM 

The WASS receiving system described here is a five channel coher- 
ent system utilizing carefully matched IF preamplifiers and amp- 
lifiers to accomplish the accurate measurement of the relative 
amplitudes and phases of the voltages appearing at the five anten- 
nas of the WASS array.  Since only three antennas are used at a 
time to provide the separation of two components, three receiver 
channels could have been utilized with RF switching between the 
antenna outputs and the channel inputs.  In the interests of re- 
liability and performance it was determined that the use of five 
channels would provide a better overall system.  Loss of any one 
channel in the system would reduce the number of combinations of 
array elements possible but would not cause the entire system to 
become inoperative.  Also, the use of three antennas simultaneous- 
ly to derive the correlation reference signal results in consider- 
ably better performance than the use of a single antenna because 
of the resultant array pattern. 

The receiver is broken down into two main parts.  The RF head, 
which is located at the antenna, and the receiver main frame which 
is remotely located inside the building.  The receiver is essen- 
tially a fixed tuned system with only sufficient tuning provided 
in the form of automatic frequency control to track the relatively 
unstable transmitters in the aircraft.  The receiving system is 
described in detail in the following sections. 

9.1   SYSTEM BLOCK DIAGRAM 

Figure 
receiving sy 
preamplifier 
tion referen 
tive amplitu 
The RF head 
proof enclos 
are of equal 
due to heati 
preamplifier 
frame locate 
the RF head 
the RF head 

9-1 is a simplified s 
stem. The RF head con 
s, the associated loca 
ce oscillator for inje 
de and phase into the 
is mounted on the ante 
ure and the RF lines f 
length to minimize di 

ng and cooling effects 
s are carried through 
d within the building, 
are derived from the r 
through a multiconduct 

ystem block diagram of the WASS 
tains the five matched mixer- 
1 oscillator, and the calibra- 
ction of a signal of fixed rela- 
inputs of the five RF channels, 
nna structure in the weather- 
rom the antennas to the RF head 
fferential path length changes 

The IF outputs from the mixer 
five coaxial cables to the main- 

Power and control signals to 
eceiver mainframe and applied to 
or cable. 

The receiver mainframe crntains the five matched IF ampli- 
fier channels, the AGC detector circuitry, and five identical 
cross correlators with dual sample-and-holds to provide quadrature 
components of amplitude as outputs from the system.  The mainframe 
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large  number  of modules   in   the?eceiver mafn?™.6^56 0f the 

plies   for  the  receiving  system Ire   lorL^   • '   the  power  SUP- 
Each of the modules wifhin the RF head and tb/r5^^^6 chassis- 
will be described in furtheMi^ lit fSllo^^g^e^^s^^ 

9.2        RF HEAD 
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transm^t-pS  ^       a!;d amPllfied  to   a  sufficiently transmitted  through coaxial  cables   to  the  re- 
.     The  local   oscillator  and calibration  reference 
iointren?eVel??ed Within the RF head and routed point  of  application,   thus  minimizing  the  losses 
ittW   frhl

qUe^e5   fnd uthe   stabilities  wh?ch  ?e- itting  the   relatively short wave  length of  the  re- 
through  long  transmission  lines. 

Figure  9-1    is   a block  diagram of  the WASS  RF  h^aJ       T^ 
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within approximately 100 KHz to minimize effects due to frequency 
offsets in the system. 

9.3   RECEIVER MAINFRAME 

Figure 9-2 is a block diagram of a typical receiver channel 
and the associated circuitry for developing the cross correlator 
injection reference, the automatic frequency control, and the out- 
put video pulses.  The remaining four receiving channels are iden- 
tical. 

The IF signal from the receiver RF head is applied to the 
input of the IF amplifier. This IF amplifier accepts the rela- 
tively low level signal and amplifies it to a level of aproximately 
0 dBm. The phase and amplitude responses of the five amplifier 
channels are closely matched and the remainder of the circuitry 
is linear. 

The high level output from the IF amplifier is split into 
three equal amplitude components.  One of these outputs is applied 
to the input of a power amplifier/AGC detector combination which 
amplifies the signal to a still higher level and linearly detects 
it in a fast attack, slow decay detector.  The outputs of the five 
AGC detectors are connected in parallel so that the AGC control 
to the IF amplifier channels is provided by the amplifier having 
the largest input signal.  This eliminates the possibility of dis- 
tortion due to overdrive. 

A second output 
output is applied to 
multiplies the IF sig 
bined outputs of thre 
outputs proportional 
the signal at that an 
inputs of a dual samp 
range gate. The samp 
pulses coming from th 
slowly varying DC sig 
version and applicati 

from the power splitter in the IF amplifier 
the input of the dual cross-correlator which 
nal with a reference derived from the com- 
e of the receiver channels and generates DC 
to the quadrature components of amplitude of 
tenna.  These DC signals are applied to the 
le-and-hold module which is controlled by the 
le-and-hold modules sample the heights of the 
e cross correlator and convert them into a 
nal form suitable for analog-to-digital con- 
on to the computer for processing. 

A third output from each of the power splitters of the three 
receiver channels sampling the outputs of the 17, 22, and 24.5 
foot height antennas is applied to one of the inputs of the power 
adder.  The line lengths of the coaxial cables connecting these 
inputs are adjusted properly to steer the resultant array beam to 
an elevation of approximately 3.5 degrees.  This has been deter- 
mined by computation to provide the optimum array pattern for use 
in generating the coherent detector reference.  Figure 9-3 is the 
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available for display.  This allows comparison of the detected 
pulse with the range gate pulse.  It is also possible, if desired, 
to generate a control pulse from the detected pulse for an alter- 
nate means of control of the sample-and-hold circuits. 

9.4  AUTOMATIC CALIBRATION 

Automatic calibration is accomplished by use of the cali- 
bration reference oscillator and a reference beacon located near 
the runway at a considerable distance from the WASS array.  The 
computer controls these two sources to exercise the WASS system. 
The calibration reference oscillator would normally be operated 
during times when there is no activity in the vicinity, although 
it could be programmed to operate in an interleaved mode. 

A pulse modulat 
output would generate 
the receiver inputs. 
in the receiver outpu 
propagation delay of 
pulse width later in 
the reference input s 
attenuator in the ref 
by the computer to va 
normal operation.  Th 
with the outputs obta 
sufficiently differen 
correction. 

or in the call 
an RF pulse a 
A range gate 

ts would be op 
the receiving 
order to acqui 
ignal. Simult 
erence oscilla 
ry the input s 
e resultant re 
ined during th 
t would be sto 

bration reference oscillator 
t 1090 MHz for application to 
input to the sample-and-holds 
erated at a time equal to the 
system plus a fraction of the 
re the amplitude and phase of 
aneously, the programmable 
tor output would be operated 
ignal level over the range of 
ceiver output would be compared 
e previous calibration and if 
red for subsequent use in error 

The remote beacon transmitter would be i 
fashion similar to that of the onboard beacon 
resultant WASS outputs would be compared with 
values for the location of the fixed beacon, 
be used for real time correction of the positi 
from antenna wind sway and for differential he 
tower position.  These data outputs would also 
assessing the system performance in order to d 
for manual calibration and/or maintenance.  Th 
source would be located at a height above the 
vides optimum phasing between the two received 
for best angle resolution.  Two or three separ 
be required to properly test all antennas for 

nterrogated in a 
transmitter and the 
the known correct 
These outputs would 
on data resulting 
ating effects on the 
be valuable in 
etermine the need 
e remote beacon 
ground which pro- 
signal components 

ate heights would 
system performance. 

9.5  MANUAL CALIBRATION CHECKS AND ADJUSTMENTS 

Manual calibration would be accomplished at times when the 
system is not in use, such as in the early morning hours.  Manual 
calibration would also utilize a remote beacon transmitter inter- 
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rogated in a fashion similar to 
In contrast to the beacon trans 
tion, the manual calibration ti 
height where the maximum of the 
ly on the center antenna of the 
calibrated. No WASS solution i 
but the system calibration is 1 
reflection coefficient of the i 
least known parameter. With thi 
amplitudes and phases of the th 
be adjusted to precisely match 
metry. A different reference b 
each of the three combinations 
the channels are common to the 
channels would be adjusted in e 
variation in the common channel 

that of an airborne transmitter, 
mitter used for automatic calibra- 
ansmitter would be located at a 
received field is located precise- 
three antenna combination being 

s possible under these conditions 
east sensitive to the value of the 
ntervening surface which is the 
s condition imposed, the relative 
ree channels being calibrated would 
the computed voltages for that geo- 
eacon height would be required for 
of horns. However, since some of 
different triplets only the new 
ach succeeding case, noting the 
s. 

Prior to adjustment of the amplitudes and phases, the cross 
correlators would be adjusted to provide a perfectly centered cir- 
cle when the calibration phase shifter is rotated through its 360 
degree range.  It is not anticipated that this adjustment would 
be required except for initial calibration. 

This manual calibration is for the purpose of electrically 
aligning the equipment accurately.  This should be done period- 
ically so that the equipment errors will always be sufficiently 
small that the automatic calibrations can be performed.  The auto- 
matic calibrations enable the computer to correct for reasonable 
system errors but cannot be expected to accommodate gross errors. 

9.6   SYSTEM MAINTENANCE CONSIDERATIONS 

Because of the completely solid state design of the WASS re- 
ceiving system, no routine maintenance of the system is required 
The automatic calibration features of the system provide a routine 
means of monitoring the system performance using the system com- 
puter.  If one of the system channels should degrade to the point 
where it is no longer useful or fail completely, the computer 
would recognize this condition immediately. 

The WASS receiving system is completely modular in design 
with the modules being broken down approximately the same as the 
blocks in the system diagram.  Module interconnections are by 
means of coaxial cable for signal connections and by mean/of 
multiconductor cables for power and control functions.  In c?se of 
a failure in the system a scan of the module test points by the 
computer would quickly isolate the defective module and it could 
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All of the modules used in the system would be field repair- 
able by replacement of individual failed components, with the ex- 
ception of some submodules such äs sample-and-hold circuits which 
are hybrid units and are normally molded in plastic or hermetically 
sealed by the manufacturer.  These submodules would have to be re- 
turned to the manufacturer for repair. 

Because of the multichannel design of the equipment, with 
the exception of the_reference generating circuitry,failure of a 
module would result in system degradation rather than in complete 

io»?cl0^'n-ti0^ Ihe ability t0 raPidly isolate a failed mod^e would minimize the down time even in the event of a complete sys- 
tem failure. r     ^ 
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SECTION X 
DATA PROCESSING 

10.1  GENERAL CONSIDERATIONS 

Figure 10-1 is an ove 
system. The computer input 
nels, and from the azimuth 
ages being converted to dig 
measurements are made direc 
suring circuit in the Inter 
are inputted directly to th 
sists of target aircraft po 
other discrete display info 
quality measures, and ID co 
stored in digital registers 
which hold the desired quan 
employed: cathode ray tube 
ters, aural indicators for 

rail block diagram of the 
s antenna voltages from th 
measuring receiver channel 
ital form by the A/D conve 
tly in digital form by the 
rogation and Ranging (IR) 
e computer. Computer outp 
sition coordinates, togeth 
rmation (such as self-test 
des) as may be desired.  0 
or analog sample-and-hold 
titles for the display dev 
for position information, 

the rest. 

WASS landing 
e WASS chan- 
s, all volt- 
rter.  Range 
range mea- 

unit, and 
ut data Con- 
or with such 
s tatus, 

utputs are 
circuits, 
ices to be 
lamps, me- 

Two phases of system development are recognized:  the early 
phases during which system parameters and hardware are being 
changed in arriving at a "final" design, and the later phases dur- 
ing which a production system will be designed and manufactured. 
For the developmental phases, a general purpose minicomputer will 
be required.  For the production system, when the programming, 
etc., may be sufficiently finalized for operational needs, a less 
costly microprocessor is envisioned.  By the term microprocessor 
we here mean a smaller dedicated computer, in which program steps 
are stored in a Read-Only Memory (ROM), and the input/output de- 
vices available to the human operators may consist of thumbwheel 
and other switches and the normal display devices.  During the 
developmental phases, the minicomputer will be supplemented with 
an input/output terminal to permit insertion of program and data, 
to facilitate programming changes and to effect system debugging 
This terminal may consist of a teletype unit (including tape punch 
and reader), as indicated in the block diagram, or it may consist 
of some other terminal device.  Additionally, a digital tape unit 
is deemed advisable to record real time data during flight evalu- 
ations so that flights may be "played back" in order to observe 
system operation at the leisure of the development engineers. 

The computer will perform the following functions; each of 
which is envisioned as the software equivalent of a subroutine. 

(1)  WASS Computations 

From the antenna voltages (two voltages per channel to rep- 
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resent in-phase and quadrature coniponents of the received signal) 
a two-or-one component solution is accomplished by the WASS sub- 

routine.  This includes selection of suitable antenna combinations 
for the best data reduction accuracy, reversion to a one-component 
solution when the ground reflect/ed component is absent, and the 
activation of flag bits whenever a solution is not possible.  Out- 
put to main routine consists of the geometric vertical angles of 
ar ival of the two components, the ratio of their amplitudes, and 
relative phase between them. 

(2)  Azimuth Computations 

A simpler subroutine will input data from the azimuth mea- 
suring receiver and output azimuth angle of the aircraft.  This 
will be based on a computer equivalent of monopulse operation. 

(3) Calibration 

Data from the calibration beaco 
ceiver outputs, in response to an int 
trigger the airborne units. Since th 
beacon is known (to the computer), th 
tude response of each channel (includ 
channels) can be reduced to a common 
phase and amplitude response among th 
Thus, the calibration procedure consi 
each channel complex output with what 
a complex ratio, determining a correc 
all subsequent data. The "should be" 
be inserted as constants, or, alterna 
beacon to antenna installation may be 
with an initialization subroutine use 
ues, which are placed in the permanen 

(4) Geometric Calculations 

n is obtained from the re- 
errogation code that does not 
e position of the calibration 
e relative phase and ampli- 
ing the azimuth monopulse 
basis, despite variations in 
e various receiver elements, 
sts, in effect, of comparing 
it should be and, by taking 

tion factor to be applied to 
values for comparison may 
tively, the geometry of the 
inserted into the computer, 

d for computation of the val- 
t store in the computer. 

Based upon the positioning of the antennas relative to the 
origin of the coordinate system, the conversion to position coor- 
dinates of the two arrival angles, and range information from the 
IR unit, is accomplished from simple geometric considerations. 
The final output consists of the values of X, Y, and Z of the tar- 
get, referred to the origin, which is most conveniently chosen as 
the intersection of the glide slope paths with the centerline of 
the runway, i.e., the glide path intercept point (GPI). 

CS)  Data Smoothing 

A WASS and azimuth computation may be made for each response 
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pulse (or group of pulses) received from the airborne trans- 
ponder.  Thus, hundreds of geometric determinations of aircraft 
position can be made per second, though the number required may- 
be much less.  By making an optimized estimate of aircraft posi- 
tion and velocity (each having three Cartesian components) based 
upon many past measurements, a computation of best estimated pre- 
sent position may be made.  The set of six numbers (X, Y, Z, X, t, 
Z) is referred to as the "state vector" of the aircraft.  The state 
vector estimate will be accomplished by the data smoothing routine, 
which improves the accuracy of the data displayed for the operator. 
A Kallman type filter may be implemented for this purpose.  As a 

by actual noisy conditions, missing responses, or aircraft buffet- 
ing) the interrogation rate could be increased above its normal 
value.  This would minimize interference to other users of ATCRBS, 
yet assure sufficient interrogations for the short periods when 
higher interrogations rates were needed. 

C6)  Self Test Routine 

The calibration be 
to the corner reflectors 
Radar). When the corner 
play in their usual posi 
like manner, for the sys 
ceiver voltages (for the 
tolerance limit of those 
the beacon position, and 
of its known value, the 
will be accomplished by 
ing normal system operat 

(7)  Search/Track 

aeon for the system roughly corresponds 
of a conventional PAR (Precision Approach 
reflectors are visible on the radar dis- 

tions, the radar is judged sound.  In a 
tern under discussion, when all of the re- 
calibration beacon signal) are within a 
pre-calculated for the known geometry of 
the range measurement is within tolerance 

overall system is judged sound.  This task 
the computer as a cyclical occurrence dur- 
ion. 

Each re 
multiple resp 
computer will 
display. In 
must maintain 
fied as belon 
present best 
a track is es 
range estimat 
ceiver channe 
feature of th 
gets.  Each t 

sponse must be regarded as a potential "t 
onses from the same region in space are o 
establish a "track" and output coordinat 

conjunction with the data smoothing, the 
an acceptance "window" within which data 

ging to a single target. This involves u 
range estimate, and a tolerance zone abou 
tablished, a precision timing circuit bas 
e will permit windowing receiver output s 
1 outputs may be gated appropriately. It 
e design which will allow tracking of mul 
arget is tracked in the computer, and app 

rack".  When 
btained, the 
es to the 
computer 
is identi- 

sing the 
t it.  When 
ed on best 
o that re- 
is this 

tiple tar- 
ropriate 
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range  gates  are  generated so  that   separation of  target   information 
s   achieved.     Separate  tracks  can  be maintained as  long  as   re- 

sponses   irom separate  aircraft  do  not  overlap.     If the duration of 
the  transponders'   transmissions   are  2.1  micro^conds,   for  example 
the minimum spacing of the aircraft  is  approximate^ 4 miles.       ' 

Display Generation (8) 

The computer may be called upon to a 
wherein it is feasible to consider the gen 
bols, alphanumerics, etc. However, as men 
cription of the display elsewhere in this 
that an adequate display will consist mere 
cathode ray tube, showing the position of 
to fixed graticule lines on the face of th 
coordinates computed by the computer in di 
be converted to analog voltages for oscill 
and the two spots written in sequence at a 
iactory flicker characteristics. This may 
display electronics. Scale changes may be 
puter. ' 

C9)  Initialization 

enerate the di 
eration of spe 
tioned under t 
document, we e 
ly of two spot 
the aircraft r 
edisplay.  Th 
gital form, ne 
oscope beam de 
rate producin 
be done with 
made through 

splay, 
cial sym- 
he des- 
nvision 
s on a 
eferenced 
us, the 
ed merely 
flection, 
g satis- 
simple 
the com- 

init^iS P r   subroutine will be invoked when the equipment is 
initially set in operation.  This enables operator insertion of 
the geometric factors to be made:  antenna positions Relative to 
glide slope intercept point, calibration beacon position! antenna 

smeTopIr^^/1' ^^ > and 0th- ^stLts pursuant^ 

10.2  COMPUTER REQUIREMENTS 

Cl)  Word Length 

The computer should employ a word length of at least 16 bits 
which is obtainable in readily available minicomputers  This en- ' 
ables a single word to represent most of (perhaps all) of the Var- 
iables m the computations on a "single precision" basis with 
lfi™ienLaCCUTaCy f0r SyStem needs' i'e" one Part in 216, or 
ob,536. Where more precision is required (as could be possible 
for internal or intermediate variables) two or more computer words 
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("double precision") per entity can be employed. 

C2)  Memory Size 

The computer memo 
city to store the neces 
and intermediate data p 
monly used subroutines, 
needed to store a high 
enabling rapid programm 
ment. At least part of 
vices (as opposed to ma 
operation.  Memory size 

ry (or sto 
sary progr 
ursuant to 

A large 
level lang 
ing change 
the store 

gnetic cor 
is curren 

re) should have sufficient capa- 
ams, to store input constants 
computations, and to store corn- 

segment of memory space will be 
uage compiler (such as Fortran), 
s to be effected during develop- 
should employ semiconductor de- 

es) in order to obtain high speed 
tly estimated at 16K. 

C3)  Hardware Computation Features 

There are several computation 
dent in the "hardware" or "firmware" 
as subroutines in the main memory, b 
complishment is much increased there 
cesses of multiplication, division, 
would normally be achieved this way. 
consuming computations, such as trig 
quently in the WASS routine), may al 
utilization of table look-up routine 
ROM (Read-Only Memory), thereby grea 

features which are 
of the computer, 

ecause the speed o 
by. For example, 
and floating point 

Certain other, n 
onomctric function 
so be "wired in" t 
s involving a semi 
tly increasing the 

best resi- 
rather than 
f their ac- 
the pro- 
arithmetic 

ormally time 
s (used fre- 
hrough the 
conductor 
speed. 

coded 
tiona 
Centr 
manne 
fixed 
ming, 
pose 
be ch 
ceeds 
gramm 

(4)  Microprogramming 

Microprogramming allows pro 
into a more concise languag 

1 machine language.  In effe 
al Processor function within 
r that can be altered by the 
wired, or Read-Only Memory 
the computer is equipped wi 

at hand, a Writable Control 
anged, if necessary, as the 

Here are the desirable fe 
ing: 

gram structured commands to be 
e than is possible using conven- 
ct, the Control function for the 
the computer, functions in a 
programmer, rather than upon a 

basis.  To achieve microprogram- 
th a Control Store; for the pur- 
Store enables the microprogram to 
development of the system pro- 
atures that obtain from micropro- 

a.   System Speed 

Microprogramming can increase 
croinstructions are executed from 5 
chine language instructions. Thus, 
subroutine will execute much faster 
program.  With additional registers 

the system speed, because mi 
to 10 times faster than ma- 
a frequently used software 
when in the form of a micro- 
available to a microprogram, -.-__, _ . -»    _._^„„^w    „w   ^   ...J-V-i Wp 1 Wfc J. Ulli, 

the number of mam memory accesses can be greatly reduced.  This 
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is  particularly significant  for  the  WASS  real-time  sys 
is  compute-bound,   i.e.,   the   I/O  is   performed faster th 
putation. 

tem,  which 
an  the  com- 

b.        Memory  Space 

By converting  software  routines   into microprograms,   main 
memory space   is   freed  for other purposes.     The  routines  remain 
instantly  callable,   as  opposed  to   routines  which are  relegated  to 
disc  or drum storage,  which require   additional   time delays   in  ac- 
cessing. ' 

c.     Special   Functions 

The  computer   instruction set   can be  expanded  to perform 
tunctions   that   are  oriented  to  specific  applications.     Thus     the 
general-purpose  computer  can become   a  special-purpose machine  uni- 
quely adapted  to  a particular environment.     In  the WASS computa- 
tions,   there   are   a  considerable  number  of  square  root  and  trigon- 
ometric  functions,  which account  for  a  large part of the  compute 
time.     Rendering  these  to microprograms  could make  faster compute 
times  possible. ^ 

d.       Growth Toward Microprocessor  System 

The ultimate system would not need the flexibil 
in development; rather, it would be designed for mini 
a minimum of operator controls. Thus, the ultimate s 
ploy a microprocessor. If the specific microprocesso 
identified at the beginning of the software developme 
then microprogramming of the minicomputer used during 
may be done in a way which closely simulates the spec 
processor to be utilized later. In this manner, the 
developed during the design phase will be more direct 
to  the "ultimate"  system,   and sof tware  costs  are  grea 

ity  required 
mum cost  and 
ystem may em- 
r can be 
nt phase, 
development 

ific micro- 
software 
ly applicable 
tly reduced. 

(5)     Direct  Memory Acces; 

Under normal computer operation, 
successively and purged of new data, o 
the computer interrupt function whenev 
computation. In either event, the cen 
the computer is temporarily halted, th 
central processing unit on its way to 
is lost. With direct memory access, a 
input devices and computer store is es 
a minimal effect is produced upon the 
where  a large  amount  of data must be   i 

input  channels are  scanned 
r   they may operate  through 
cr  they produce new data   for 
tral  processing function  in 
e data passes  through  the 
the  computer store,   and  time 
direct  flow path between 

tablished  in  such a way  that 
computation  task.     Thus, 
nputted,   this  feature  can 
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have a very beneficient effect upon computation time,  and should 
be included during the development phases. 

(6)     Power Monitor/Automatic  Restart 

Without  special  provisions,   power  interruptions  or  transients 
can play havoc with  a  computer.     For  example,  with core  memory, 
suppose  an   instruction word is  being  fetched,   and the power  is   in- 
terrupted during  the  re-write  cycle.     The  instruction could be 
lost,  necessitating  re-loading  the  program  to  start  the  computer 
again,   a  disastrous  situation  for   the  landing  system application. 
With automatic  restart,   a  temporary power  storage device   is  used 
to run  the   computer,  which,  sensing  a power  interruption,   switches 
the operation  to  an  automatic  restart  sequence.     This  is   a  short 
program which may be prepared by  the user  to  cause  the  computer 
to shut  down "gracefully".     Data   in registers may be stored,   the 
program sequence  counter  reset  to   the beginning  of the program, 
and stored  constants  and program  steps  conserved.     This   feature 
is  a must   for  the  developmental   and "final"  versions of  the  sys- 
tem. 

(7)      Other  Features 

Other  desirable  features  for  the developmental  computer  in- 
clude  automatic  program load   (permitting program manipulations 
and insertions without  a  lot  of  operator  trouble),   real  time  clock 
(for  sequencing  events  outside   the   computer with computer opera- 
tions) ,   and parity error detection  output   (a sort of self  test 
for the  computer memory  devices). 

10.3    MICROPROCESSOR UTILIZATION 

With  the   flexibility and power 
puter discussed  above,   the WASS   syst 
jected to   considerable  change during 
tern development.     When  the  software 
firmed up,   a special  purpose  compute 
currently  available microprocessors. 
for such  a  computer,   as   they relate 
most difficult  of  the  computational 
has been made  by Data/Ware Developme 
suits  of   that  consideration are   cent 
T-94-577,   entitled "WASS  Digital   Con 
from which  follows: 

of  the general  purpose  corn- 
em may be developed  and  sub- 
the  first phases  of  the  sys- 

and computer operation  is 
r may  then be designed  around 

Consideration of  the design 
to   the WASS  equations   (the 
tasks  necessary  in  the  system) 
nt  Inc.   of San Diego.     The  re- 
ained  in Data/Ware   Report 
troller",   an edited excerpt 

"1,      Introduction 

The  Teledyne Micronetics  Wavefront Analysis  and Spatial  Sam- 
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pling   (WASS)   system  equations  are  summarized  in a  memorandum,  Ba- 
v   *   The  desired digital. sic WASS Equations,   by Dr.   Steven Weisbrod. ^-L-' 

iteration rate  for   the  solution  of  these  equations   is   1,000/sec.^) 
From  the  computational   point  of view the most  difficult requirement 
relates   to  the number  of multiplications  and  divides  that  are re- 
quired plus  special   functions  such as  square   root  and arc  tan. 

Two approaches to 
One would be to use an ex 
case the speed of solutio 
assemble a general purpos 
microcomputer chip sets, 
be based on extremely fas 
lithic Memories and by In 
the Monolithic Memories 6 
ble to place four of them 
puter.     The  Intel   3002   is 

the  computational   problem are  apparent, 
isting minicomputer/midicomputer,   in which 
n would be marginal.     The other  is  to 
e digital  controller  using  one  of the new 

In  particular,   the   second approach would 
t  bipolar  chips   just   introduced by Mono- 
tel.     These chips   are bit  slices,   i.e., 
701   is   a  4-bit  slice.     Hence  it  is possi- 
in parallel  and   to  obtain  a  16-bit com- 
a   2-bit  slice. 

The advantage of the microco 
the speed at which microinstruction 
seconds or less) and the fact that 
tion set. The latter is accomplish 
microinstructions, called a macroin 
ample perform a complex multiply or 
crocomputer chips, it would be poss 
processor with 25 to 30 IC's. Memo 
16. I/O might add another 15 or so 
consists  of perhaps   60- to   75  TTL  ch 

mputer app 
s can be e 
one can cr 
ed by defi 
struction, 
divides. 

ible to as 
ry would t 

Thus th 
ips". 

roach  lies  both in 
xecuted   (300  nano- 
eate  his  own  instruc' 
ning  a  sequence  of 
which  could for ex- 
Using  the  6701 mi- 

semble  the central 
ake perhaps  another 
e  entire  processor 

'2.     Problem Analysis 

Going  through   the   18  WASS  Equations   and   the  7  Tests  shows 
that  there  are  106 multiply/divides  and 64   adds/subtracts  to be 
performed._   However,   this   information  is  not   sufficient  to esti- 
mate  solution  times.     The  general problem  is   that  there  are many 
short   instructions   required before  it  is  possible  to execute  the 
major  operations   of multiply/divide and  add/subtract.     These are 
the  "red  tape"  or data manipulations  to  fetch data  from core mem- 
ory or Random Access  Memory   (RAM)   and to  store  back  intermediate 
results.     Thus while   it  is  possible  to  say  that  dividing one com- 
plex number by  another  takes   8  M/D   (Multiply/Divides),  and 4 A/S 
(Add/Substracts) ,  when   it   is  actually coded up   for  a  typical com- 
puter,   it  is  apt   to   take  34   to  40  instructions.     This  in  turn does 

Cl)   See  Section  3  of   this  document. 
(2)   This   is  an upper  bound.     In practice,   interrogation rates  less 

than  this  may prove  entirely adequate,   and will  produce  less 
"fruit"  interference   for other users  of  the ATCRBS beacons. 
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does not take into account calling the subroutine, returning to 
the original program, and any scaling required. 

Looki 
glecting sea 
data in a di 
o£ instructi 
(multiply an 
for executio 
instructions 
croseconds. 
ing problem 
or an iterat 

ng then just at the pres 
ling, input/output, and 
gital filter, or special 
ons might be estimated a 
d divide) and 424 "short 
n times typical figures 
and 2 microseconds for 
Applying a 501 safety f 
definition stage), this 
ive solution rate of 425 

ent WASS equations and ne- 
any smoothing of the final 
operator inputs, the number 

t 120 "long" instructions 
" instructions.  If one takes 
of 6 microseconds for long 
short, one obtains 1,568 mi- 
actor (always a good idea dur- 
comes to 2,352 microseconds 
/second. 

n*rhfl«c * n! n concludes that an appropriate minicomputer, or 
to «o?vft ti« S!^ 

müre Powerful minicomputer, could be employed 
to solve the WASS equations.  Even a powerful minicomputer would 
appear to be marginal in performance. U)  However there are midi 

cÄee/th11 ^ thC Varian 73 Which are P0™ and'e^ming y1' could meet the requirements or come close. 

^c*-oiiT1^ suitability of a commercial mini/midicomputer for field 
asses Jfi0? ln  th0 ultimate WASS astern would thenhave tS be 
assessed relative to cost, reliability, and operating procedures". 

M3. Digital Controller Based on Microcomputer Chips 

The recent 
computers by Mono 
about to announce 
fast and very sma 
vices can emulate 
his own instructi 
These "computer s 
Arithmetic Logic 
basis for many TT 
each replace 25 o 
16-bit computer) 
will obsolete all 
own Computer, has 

introduction o 
lithic Memorie 
theirs) has m 

11 parts count 
existing mini 

ons through se 
lices" are the 
Unit, a TIL de 
L minicomputer 
rdinary TTL IC 
replace 100 IC 
existing mini 
arrived. 

f bipol 
s and I 
ade it 
digita 

compute 
quences 
next s 

vice wh 
s. The 
•s. He 
's. It 
compute 

ar (Schot 
ntel (Tex 
possible 
1 control 
rs becaus 
of micro 

tep beyon 
ich has b 
6 701 and 

nee 4 670 
is expec 

rs.  The 

tky TTL) micro- 
as Instruments is 
to design ultra- 
lers.  These de- 
e the user creates 
instructions, 
d the popular 74181 
een to date the 
the 3002, however, 

I's (enough for a 
ted that such chips 
era of. Design your 

metic 8TIho.ic0Un?niti^CrOCO,11?Uter-SliCe ?ontai*S the ALU (Arith- metic ^ Logic Unit), lö general registers in a RAM, shift matrices 
U'fnf6' t0.   £acilitatc multiplication and division! a cotrol 
and llLZt1  '^^truction control, and provisioA for data in 
ad data out.  Ihese chips are designed so that they can be direct. 
ly attached, one to the other, to create longer word lengths in 4- 
(1J But only at the assumed rate of 1,000/sec. 
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bit increments. 

The user can  readily create a basic computer instruction 
set through defining his instruction set by microprogramming such 
as the following: 

BASIC COMPUTER INSTRUCTIONS 

1. LOAD   REGISTER 
ä~.   From address   specified by  instruction 
b.   From calculated  address   specified by  register 

2. STORE REGISTER 
a. To specified address 
b. To calculated address 

3. COMBINE REGISTERS 
a. CWfi  7r=*> B 
b. ADD:B+A —♦ B 
c. SUBTRACT:B-A —* B 
d. AND:BAA —^ B 
e. 0R:BvA «■* B 

4. MODIFY REGISTER: SHIFT 
a. Shift Left :BX2   F 
b. Shift Right:Bi2 

5. LOAD  PROGRAM COUNTER(JUMP) 
a. With address   specified by  instruction 
b. With calculated  address  specified by register 

6. LOAD   PROGRAM COUNTER  AND  SAVE   OLD VALUE(JUMP   TO  SUBROUTINE) 
a. With  address   specified  by  instruction 
b. With calculated  address   specified by  register 

7. TEST(RESULT OF  PREVIOUS   COMBINE   OPERATION)AND   LOAD  P.C.   IF: 
a. Result was   zero 
b. Result was negative 
c. A  carry was  generated 

8. INTERRUPT:     Store  old  PC  and load mixed value 

This  set  of instructions  would be  augmented for  a particular ap- 
plication,   such as   the  one being  studied.     In  particular,  multi- 
ply  and divide would be microprogrammed as well   as  operations  on 
complex numbers.     A macroinstuction runs much   faster than  a series 
of normal   instructions   in  a minicomputer because  one  does not have 
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J2*?S  TK 
a.comPlete cycle of core memory for each instruction 

fetch.  The microinstructions can be obtained in a minimal time 
C50 nanoseconds or so) rather than in a microsecond 

A computer with an instruction set similar to that abnvp 
would have a total chip count of 24 IC's plus memor? For this 
2fiaff?rV0?ld ProPose the use of the Fairchild Sslis 1024-b t 
RAM (bipolar) as the element of the RAM Memory.  16 Juch RAM's 

off a sJ^aXo^L^^'Bfcaije^r^ ll^UTs^ 

Kt-: ÄfLi?: cLtr ^^m--r--b^^o^-Lvitc. 
it wn„iifK!r the. P^Si-am is  debugged, demonstrated,   and  finalized 
tlom   It rf r^

lble  t0 "Pla« «he RAM with Read-only Memory        ' 
P«gr» in th/ffeld"0"^, ? "».Pr""" of destroying^he stored 
?heSS £n%'y woSldd-beFSorrelnc5n?en?ePnet"10n  "  iS  SU8geSted th" 

"4.     Summary 

Early  in 1974   Data/Ware  placed  in  operation   its  powerful mi 
croprogrammed Signal   Processor using 400  TTL  IC's.     ThC  desiL 
bv  thiie^weKent

1
generati0n  0£ minicomputers   are now made  obsolete 

V^flZ^  ther^po?är-cro^^erSch5psS  ^  S^i     " 
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SECTION  XI 
DATA  DISPLAY 

11.1      GENERAL  DESCRIPTION 

Figure 11-1 shows a possible display subsystem which opera- 
r«v ^.^•"Puter outputs to display aircraft position on a cathode 
w?th  «  «4   • display  technique   illustrated  is   easily   implemented 
with a minimum of circuit development work and, thus/is recom- 
mended for use in the development phase of the project. It can 
be used as a basis for more refined human engineering as exner- 
lence  with the  system  is   gained. gering  as  exper 

The  display philosophy   is  based  on  implementation  of a  ra- 
dar-type  display nearly  identical   to   that which  is  currently used 
in  Precision Approach  Radar  systems.     In the  PAR systems,   two dis- 
^n^  Produced-     0ne  T

is  a   ^nge  versus vertical   angle  display, 
the  other a  range  versus   horizontal   (lateral)   displacement. 

In  the  system under consideration the  computer determines 
aircraft  present position  in   three Cartesian  coordinates.     Thus 
the  distortions which  are  produced by  antenna  site  offset   from  ' 
runway  center  line need  not  distort  the geometry of  the  display 

«v«*LCanTJPerate^ir?Ctly  in  the  Ca^eslan coordinate  measurement 
system.     The   two display  points   on  the oscilloscope  depicting  the 
glide  path  intercept  point  on  the  ground appear  at  the   intersec- 
llT^u   rectai}gular coordinate   grid  lines marked on  the  cathode 
ia>   tube  viewing screen.     At   the   top of the screen  represents  the 
aircraft  position in coordinates   of vertical  height   fZ}   versus 
horizontal  range   (X)   with  calibrations  provided  in   feet   for the 
vertical   scale  and in miles   for  the horizontal   scales.     The dis- 
play  at   the bottom of  the  cathode  ray tube shares  the  same  scaling 
for  the   X coordinate  reproduced  along a  second  grid  line  marked 
XZ   in  the   illustration.     Here   the vertical dimensions   of  the cath- 
ode  ray  tube  correspond   to  lateral   deviations  of  the  aircraft  from 
the  prescribed  glide path.     The   fixed reticles  on  the  surface  of 
the  display area  include  not  only  the  coordinate   lines   for the ax- 
es  but   they  also  include  various   glide  path angles  which  in this 
instance   appear as  straight  lines  on  the upper  display  area.     Thus 
the  operator views  an elevation view and a plan view of  the  air- 
craft   as   ic moves  toward   the  ground path  intercept point.     The 
aircraft   itself appears   as  an   intensified spot   on  the  surface  of 
the  cathode  ray tube  in   the  two  positions which define   the  air- 
craft  position  in space. 

Operation of the  display device  is  simple   and  straightfor- 
ward.      Ihe  X,  Y,   Z  coordinates  of  the  aircraft   as  computed by the 
tracking  algorithms within  the  computer are  converted  to  analog 

. 
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voltages by means 
bits in tbe messa 
which coordinate 
then allows a thr 
output voltages t 
Thus, analog volt 
for the X, Y, Z c 
continuously appl 
oscilloscope disp 
ly into the verti 
produces the dual 
erates at a high 
that the two spot 
taneously  as   far 

of a digital- to-analog converter.  S 
ges from the computer may be used to 
is being received by the D to A conve 
ee way switch to operate to connect t 
o the three sample-and-hold circuits 
age representations are continuously 
oordinates of the aircraft.  The X co 
ied to the hoi izontal  deflection cir 
lay.  Y and Z coordinates are switche 
cal channel of the display so that a 
display menti oned above.  This time 

rate of speed above a visible flicker 
s representing aircraft positions app 
as the viewer is concerned. 

ome  of  the 
designate 
rter,   which 
he  analog 
shown, 
available 
ordinate   is 
cults  of  the 
d   alternate- 
time  sharing 
sharing  op- 
rate,   so 

ear simul- 

Scaling   of  the  display  is   controlled by  the computer,  which 
of course   is  under manual  control   of   the  operator.    Thus,  part  of 
the  digital   information from  the  computer designates which  scales 
are applicable   to   the horizontal   and vertical  displays.     This  dig- 
ital   information   is  likewise  decoded  and used  to  actuate  a numeric 
LED display near  the  cathode  ray  tube  area so  that the  appropriate 
scales   of  the  reticles  on the  cathode   ray  tube  are designated  to 
the  operator. 

A calibration check is accessible to the 
ates as follows. An operator pushes button 0 w 
information to be simulated corresponding to X, 
to zero, for which case the two spots should mo 
of the cathode ray tube axis intersections. Wh 
"one" is pushed, the spots should move to the s 
cles along the vertical axis of the display cor 
value of 0 with Y and Z set to calibrate values 
manner, pushing button number "two" should caus 
to areas along the X axis. Adjustments accessi 
purposes to assure these calibrations are place 
control panel. A refresh rate circuit is used 
switch which switches the Y and Z input informa 
cal channel and also to intensify the cathode r 
order to produce the intense spots representing 
Controls not shown would include brightness con 
all  of  the  other  controls  associated with  opera 

operator  and oper- 
hich causes  digital 

Y,  and  Z  all   set 
ve to  the  origins 
en the button marked 
mall  engraved  cir- 
responding  to  an  X 

In a  similar 
e the spot  to  move 
ble  for maintenance 
d behind  the  front 
to operate  the 
tion to  the verti- 
ay tube display  in 

the aircraft, 
trol,   and of course 
tion of  the  system. 

Thus,   the  display device  consists   simply of a cathode  ray 
tube with  a  dual  channel vertical   input   so  that  two spots may be 
positioned  on  the  display  to represent   the  three coordinate  posi- 
tions   of  the   aircraft  in  flight.     Deviations  of aircraft   from 
appropriate   glide  path,  both  in  altitude   and  laterally  from the 
runway center  line  extension,   are  easily discernible by  the oper- 
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ator ma manner that closely follows present usage of precision 
approach radars.  The design is simple and straightforward and 
involves inexpensive components.  For initial development the 
cathode ray tube display itself could be simply a laboratory type 
low frequency oscilloscope supplemented with the circuits neces- 
sary for conversion switching and DC sample-and-hold. 
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SECTION  XII 
TEST  AND  EVALUATION  PROCEDURES 

12.1     GENERAL  DESCRIPTION 

the  capabil%tJVf%iL^AlSttechntl1ne
1
CUrrC;nt  effort to demonstrate 

vide  precise  lirlrlft  infor.nat  o^in  Itt  r*  ^li^^ty  to pro- 
runway.     In  order  to  test  this   sv^Liinal  aPProach  to   the 
uation,   it  will  be necessary  to  ^tn?h   ^^^ ProPer  aval- 
ment   involving  real   runways  and rtlll^l ^SS  ^ a  re^   environ- 
it   is  now planned  that  an^i?    orce  hn^   -^^     For thls  Purpose, 
Air  Development  Center wSuld be utilized  ln  *he.J^inity of  Rome' 
been planned  is   that   the  WASS  arrav wnu^i  , SPeciflcall/,   what  has 
pnate  place   about   500   feet   to  in^sidn e l? Up at  an   aW™' 
runway.     An  Air  Force   airrrJ? r  e  $r0m the  center of  the 
would be   independently'  racked brJad^L^1^  t0  this  ^ 
provide  accurate  information on its ^L??d/0T 0pt;ical devices  to 
aircraft will   approach the ?uJSai wi?S lU?" at  a11  times-     ^is 
tests  will   be   repeated  over  a    eriod   nf  tfferent  glide  sloPes  and 
of different metLrologi^ f^^s^^^^^^ 

12.2     SPECIAL   CONSIDERATIONS 

informatLnhsh?nPbrobtafne5 by5^!^1 ^  H  aSSUmed  th^  ^ange 
transponder  delay       Simllarlv    y  Callhrati*S  the  test  aircraft 
time to provide I imuthinfo^aJLn'6??^/^1 bf made at  this 

directed primarily  tn   tht   l.J '      instead,   the  effort will  be 
solve  thePelevauL angfe of r^al   ^T^ ^ ^Mlity  to re- 
analysis   capability should be  fnr^I   ,Ina^uch as   the wavefront 
obtained through norma? techniques^^wni^11 that Which can be 

independent   optical   trackers  as  mentioned in  threSSa-y t0  Utilize 
tion. a mentionea m the previous  subsec- 

12.3     DATA  PROCESSING  CONSIDERATIONS 

A substantial 
will  be  in  the  compu 
to provide   real   time 
purpose  of  the   test 
desirable,   could uti 
could be  acquired on 
fort  as  described in 
use  a  telephone  line 
line  data  reduction, 
cord  the  information 

P°rtiono£ the  overall  cost  of data processing 
HI;       

h1 comPuter,   of course,   is ne^essar?    g 

data  reduction  capability.     However     for  th, 
several  options   are open       FirVt     ^\   ^        he 

llze a special  purposrSinicompuier'which m0St 

Seca?io0nr löStrAnen^d ^^ ^ thls'ef- 
to the ßiSr r alternate possibility is to 
to  the  RADC Computer Center  and provide  on- 
Still   another  consideration would be  to  re- 

on  tape  and perform the  analysis  afterward! 
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The third alternative has a serious disadvantage in that after- 
the-fact analysis is always less convincing than a real time dis- 
play.  No attempt will be made at this time to interface with any 
other GCA activity.  The display for the purpose of the demon- 
stration will be a very simple one and it is described in Section 
11. 
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SECTION XIII 
BUDGETARY ESTIMATE FOR THE WASS LANDING MONITOR 

The purpose 
Force with a 
tional WASS 
velopmental 
documentatio 
production e 
are estimate 
stallation c 
depending on 
existing GCA 
foreground t 
feet in fron 
reflection. 

of the following discussio 
budgetary estimate for th 

Landing Monitor.  Two esti 
estimate which will includ 
n to comply with pertinent 
stimate for the cost of op 
d on the basis of 1974 pri 
osts which will vary from 
the complexities of bring 
capabilities and if neces 

hrough suitable grading of 
t of the WASS array to ins 

n is to provide the Air 
e development on an opera- 
mates are involved; the de- 
e the necessary testing and 
MIL Specifications and the 

erational units.  The costs 
ces and do not include in- 
one installation to another, 
ing power, interfacing with 
sary improving the antenna 
the first several hundred 

ure a well defined specular 

The WASS Landing System can be divided into major subsystems as 
described in Section 4 and indicated in Figure 4.2.  The budgetary 
estimate of the various are as follows: 

SUBSYSTEM 

WASS Antenna Array 
(Full monopulse capa- 
bility) 

WASS Front End 

WASS Receiver (Six channels 
for full monopulse capa- 
bility) 

Calibration Beacons and 
Interrogation Transmitter 

Interrogation and Ranging 
Unit 

Data Processor including 
on-line computer 

Data Display and Control 

SYSTEM TOTAL 

DEVELOPMENT COST   PRODUCTION COST 

$   60,000 

60,000 

150,000 

30,000 

40,000 

100,000 

40,000 

$ 480,000 

$   20,000 

20,000 

60,000 

5,000 

10,000 

30,000 

15,000 

$  160,000 

The above figures indicate that after the initial development 
costs the cost of a fully operational WASS Landing Monitor will be 
well under $200,000.  It is also estimated that the development of 
a fully operational system could be carried out within two years. 
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SECTION  XIV 
CONCLUSIONS AND  RECOMMENDATIONS 

The WASS  Landing  Monitor  System has  been  examined   in  detail.     Var- 
ious   tradeoffs  were  considered  and best   engineering  judgment was 
used  to optimize  performance within  reasonable costs.     The  result 
of  the  study  clearly  indicates   that  an  effective  and  a  relatively 
inexpensive WASS  Landing  System  could be  readily  developed  and  im- 
plemented.     A  typical  cost  of an  operational system should be un- 
der  $200,000.      It   should be  emphasized  that no  additional  equip- 
ment will be  required aboard Air  Force  planes  tracked by the WASS 
Landing Monitor. 

• 

In order to verify that the poten 
nique which were experimentally d 
can be realized in an airport env 
mended that the Air Force underta 
of the WASS Landing Monitor. To 
economic way it is recommended th 
limited to tracking the vertical 
and tested at an Air Force facili 
Such test should be conducted ove 
tential impact of various meteoro 
snow, fog, etc. 

If such tests prove successful 
prototype of an operational ver 
monopulse capability be develop 
installed in an operational env 
the Air Force personnel over a 
be made to insure sufficient fe 
or improvements which may be in 
units should be constructed and 
United States and abroad to inc 
ings in adverse weather conditi 

tial benefits o 
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ironment it is 
kes a comprehen 
achieve this go 
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angle of arriva 
ty using Air Fo 
r a period of t 
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S tech- 
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uation 
most 
system 
tructed 
aft. 
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period o 
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