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A STUDY OF THE A I R  TUFFIC CONTROL 
RADAR BEACOB SYSTM  CHN(IICTENSTIG3 

S'JMMARY 

Tnis  report   presents  the  results of ?%?ies z A d  t e s t s  made to   def lne  
characteri-t ics  of tie A i r  P a f f l c  Control Radar Beacon System which 

brsed on the prelr3se Llat  th4.s system mst be compatible with  the 
are  necessary  for adecg:ate  Eystem operatlon. All data  presented is 

m i h t a r y  beacon ;r&em and dlscussicns  are l l m l t e d  t o   t h w e   c h a r a c t e r i s t i c s  
t ha t  can be c h a y d  wLthout  affectlug  the fea?,ure of c m p ~ t i b i l l t y .  

> f i h e   s p c m g   d r e  acse$ed a 3   b a n c  system raqulrenents,  This work was 
NJPLT:LL~ operating  frrquenclec,  tmnsmitted p+lwnrs, pdoe  iengths ,  and 

pe?fm-msd m d e r  Air NzTagztion Development Goard ProJect 6.2.L 

INTR03TJCTION 

The performance of the ATC radar  beacon  system  depend3 on a d q r a t e  

pzrfbrma?ce a t  all part ic lpatmg  s i tes ,   the   effect lve  radlated powers 
slgnal l eve ls   In   the   ln te r roga t lon  and reply  paths. For o;3tlmum 

a l d  r e c e i v e r   s e n s l t l n h e s  of ground a?d airborne  eqmpments must be 
held 50 close  toleraxes.   Apprec~able   Increase of lnterrogatlon p h e r  
a t  one s l t e  may r e su l t  in u l s a t l z f a c t w p  results a t  nearby  fac1l;tzss. 
Under condltlolla of neavy in te r roga t lon ,   se rnce  m y  be denied t o  one 

interrogat l  cn poxer o r  h igh  t r ansoxde r  recelver sens l t lv i ty   Increases  
s l t e  when ul adJacent f a c l l l t y   r a d l a t e s  ercesslve power. Excessive 

interrogat lon by grovd  mtenna  s lde  lobes and unnecessary f r u l t  
results.  Cmversely,  madequate  mterrogatlon 2ower o r  l o w  transponder 
sens l t l v l ty  ml l  r e s u l t  m unreliable performance a t  medium and long 
ranges. 

The cse o f  several  types  cf ground interrogator antennas  having 
d l f l e r en t  beannndths and  gains  can  either  cause  excesslve or insuffl- 
ciem5 system gzin  unless  compensatlons  are made. The length and type 
of antema  transrmsslon  line  can  be  selected t o  offget   the   hlghcr  
antenna gahs  so that   the   effect ive  radlated  pmers   are   held  withln 
l m t s .  Narrow-bem antennas  cannot  be  rotated  too  rapidly  else  the 
number of replies  per  scan may glve  marginal  perforicance when de- 
fruitlng  eqnpment 1 s  used. When f a s t  scanning i s  a necessary  operatlonal 
requirement, a smaller  antenna  wlth a m d e r  bearnwrdth may be required 
to  provide  reliable  serformance a t  the expense of azimuth  reoolutlon. 

The siting o f  the ground equipment is most important for sa t i s fac tory  
system p e r f s m n c e .  Reflections of energy from t h e  ground and bui ldmgs 
produce wel l -defmed  ver t lcal   lobe  s tmctures  and cause f a l se   t a rge t s .  
Thls f a c t o r  must be  consjdered  carefully  before any  permanent j n s t a l l a -  
t lon  1s made. 

The s igna l  level  vamataons due t o  the  amborne  antenna  radiatlon 



pat te rn  can be equal  to, or grmter  than,  those due t o  tphe ve r t i ca l  
lobe  ntructure. W 1 i y  sll'ieldmg,  whlch may occur d u r m g  a i r c r a f t  turns,  

bome  antenna  can  cmbe  u-k,errmttent  performance a t  medfm and long 
c a w e s  complete ions of  t a rge ts .  The pa t t e rn   d l r ec t lv i ty  of the air- 

rangas. 

&de-lobe mterrogatlons  by  the ground antenna a re  very severe  a t  
short  ranges. A carefu l ly   adps ted  STC jserlsitlvlt~-t-Lne-control) 
a m l l e d  t u  t h e  grQund recexver can be e f fec t lve  only If  a71  the  alrbbrne 
t ranqonders  t r znm5t  repllss of  equal power. Weak r ep l l e s   r e sn l t  111 
unsatisfactury  ta?geSs  whde  transponders  hanng  trasrm",ted pcwer 
a b x e  1rn-nt.s c m  cau?e intolerable slde-looe  cPJtter and COnfZs-iOn on 

lobe tjower w m l d  peml t   re laxa t ion  of the  t lght   control  of system gain. 
the d T C  d l q l a y .  Thz use of ;mproved ground antennas with low- a d e -  

The ATC Lidar Seaco? System 1 s  ar. anpl:i.ude censi t iv3 oyecem. I n  such 
a sy-tem lt le q e r a t l v e   t h a t  amplltude  varlaSlons be held es close 
t o  zero  tolerance  as i s  yractlcable.  

ATC Radar Beacon System to   da t e .  Although a l l  t h e  maJcr  re,ults of th73 
Thls report   contalns  the  results of t e s t s  and s tcd les  conducted on the 

m1-k are contailned I n  t h i  r port, some of t h e   t e s t s   a r e  covered i n  more 
d e t a l  i n  ozher  reporw. 9, 9 

TESTS AND CALCULAEONS 

System Range and Sezsl t: vlty Canslderatlons 

neak  output power of 1000 watts a t   t h e  antenna  jack. If  the  condltlons 
The present ground interrogator,  AiWB m e  2.3NS1, del ivers  a r m n m u m  

l ls ted I n  Table I a re  assumed to   represent  a n  average  mstal la t lon,  a 
t ransponder   mterrogat lon  sensi t lvl ty  of -70.6 dbm 1s reqmred  for  

pr   qaga t lon  condl-hons. 
l a t e r r o g a t l o n   a t   t h e   r a g e  of 200 nautlcal  mlles  under  free-space 

---__ -- 

b a n d  S. Crlppen,  Tirey K. Vlckers, and M a m n  H. Yost, V n i t l a l   T e s t s  of 
the Secondary Radar  System m Typical  Temnal-Area  Trafflc  Operationst1, 
Report No, 268, Techmca: Development Center,  September 1956. 

2Clalr PI. Anderson, David S. Cnppen,  Joseph E. Herrmann, Jr., and Francis 
M. McDemott,  I'Tests of the  Trafflc  Capaclty  of  the ANDB Radar Beacon 
System", Report No, 2 8 1  (Classlfied),   Techncal Development Center, 
December 195s. 
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TABU I 

INTE.WOZATIOI1 PATH ZAINS AND LOSS55 

Interrogator  output power 1000 watts 69.0 dbm 
T r a n m s o l o n   l m e  l o s s  -1.5 dbk 
18-foot  antenna  gam 21.5 db ta 

Antenna f l l t e r  l o s s  -0.5 db 
Reduction of antenna g a m   t o  half-power  polnts -3.0 db 
Space at tenuat lcn f o r  200 naut ical  n&les a t  1030 ~ncs. -1hb.l db ’ 

Slgnal   l eve l   a t  2 3 0  n a u t l c d   m l e s  -67.6 dbm 

Wfect lve a r m r a f t  artenna  gam 0.0 db 
klrcraf t   IYranmsslon i m s  l o s s  -2.0 db 
Req?llred transponder  sznsltlvlL:. -70.6 dbm 

The space  attenuat;.cn 1 s  calculated  from  thc formala: 

- 

a 36.62 + 20 log f + 23 log u 

Where: f = frequency m megacycles 
d u dlstance UI s t a t u t e   m l e s  
a attcnuatlon l n  d u  

a - 1id1.1 db f o r  200 nau51cal m l e s  a t  1030 mcs. 
? 1114.6 db f o r  2G€ naut lcal  mles  a t  1050 mcs. 

The specified peak  out& power o f  the  ATC Transponder, AND13 P y ~ e  111, 
1s 500 watts  at  the  antenna  Jack.  Eepresentetlve  reply  path  gams a 3  
1-nsses a re   l l s t cd  l n  Table 11. 

TM1.E I1 

REPLY PATH GAINS Am LOSSES 

ATC Transponder  output power 500 watts 
Aircraft transmissLon l m e  l o s s  
Effective  au-craft  antenna gain 
Space attenuation f o r  200 n a u t l c a l   m l e s  at 1390 mcs 

Slgnal  level a t  200 nau t l c s l   n i l e s  

16-foot antenna  gazn 
Antenna r l l t e r  loss 
Reducnon of antenna g a m  t o  half-power polnts  
Trmsrmsslon  line loss 

Fkqured I R  recelver   scnsl t lvi ty  

57 .O dbm 
- j . O  db 

-1bh.5 db 
0.0 db 

-70.6 dbm 

21.5 db 
-0.5 db 
-3.0 db 
-1.5 db 

-7L.l dbm 

From the   calculat lons,   the   lsvel  of the   s ignals  a t  the  interrogator  u t  
ml l  be -7L.l dbm when an a i r c r a f t  range of 293 nautlcal  m l e s  and 
free-space  propagatlon  are zssumed. The Interrogator-recclver sensitivity 

http://attenuat;.cn
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muat be  such that   the   s lgnal   plus   nolse- to-noise   ra t io  mll  be a t  l e a s t  

Ferforniance. 
'J-Lt,  trr cecoder, r e q u r e s   t h e  above signal  condlt?ons f o r  s a t l s f a c ~ o r y  

Acmuth  Resolutlon: 

The CAA Surveillance  type r a k m  operatlng  In  the  ten-ceqtlmeter  bmd 
have narrow atltenna  beamndths. The charsc te r l s t lcs  of Three d i f fe ren t  
antennas  are shown i n  'Psble 111. 

t o  1 when the  s lgnal   level  1 s  -7L1.1 dbm smce   the  Vldeo Interconnectlsn 

-- 

TAELE I11 

AT?dOELT SUEVEILLANCE ROAR ANTENNA 
C h A I t l C T Z  ST1 CS 

H a l f - p w r  
B e a m d t h  3.0' 2.2" 2.5" 

W h I  26 25 25 

The ATC radar  beacm  system  operates cn t h e  wave length  of  approx?mat,ely 
29 C?I, ?chlcn i s  zlmost  three tlxmes t h a t  of The surveillance radars. 
For antcmd.3 of equal sLcc as   the radai- antemas,  the  beam-dth of a 
beazon antema IS approxmately  thrce  tme;  wider a t  the half-power 
pomt  8 .  

The p lvnary   rzdar t ranmnts  a narrow beam and recelves a reflectlo?, of 

The  iwo-way o2eration  of  the  antenna  system  results I n  an  ef iect lve 
the same re la t ive  magnitude Lsing  the same antenna f o r  both operatlons. 

nax-omng of the   pa t te rn  upon receptlon  of a reflectyon.  Therefore, 
t h e   w d t h  of the  radar targTdts dlsplayeo  are   usual ly   s l lght ly   mder  
than the  half-power beamw-dth of the antenna. 

The beacon system,  which dces  not  operate on the  reflection principal, 
has an ef fec t lve  beannridth m l c h  1 s  usnally  greater  than  the  half-pwe- 
beamhndth. The lnterrogat izn  path  gam must be adeqwfe f o r  oTeratlon 
whm t h e   a r c r a f t   r a n g e  1 s  200 nad t l ca l   mles .  A t  shaorter ranges there  
1s a conslderable amount o f  reserve  lnberrogatlon  path ga in  eo t h a t   t h e  
effectlve  antenna  lnterrogat-on be-dth 1 s  broadened.  Tests  conducted 
a t   t h e  TDC shaw an ef fec t lve  beammdth of 180 degrees when t h e   a n c r a f t  
range 1s ten  nautlcal   rmles.   Tnerefore,   as  the range 1 s  reduced  from 
200 na7Jtlcdl  rt-les, the   ln te r roga t lon  bearrwldth increases from that a t  

pa t te rn  whlch a re  30 db down from the nose  of t h e  beam  when the an= 
the  three db polnts. InterragatLon 1 s  poss lb le   a t  poynts of  the radiation 

craft 1s ten  naut lcal   miles  from the ground f a c l l i t y .  The character- 
l s t i c a  of two present ly   avai lable  beacon antenras  are shown on the 
next page. 
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TABLE I V  

BEACON A M T D t l  CIAFtACT3RISTTGS 

--l_- 

9-foot  antems  le-foot  antenna 

S e a m d t h ,  3 db d a m  
Cearmdth, 13 d’o dom lh.0 degrees 

7.0 uegrees 3-5 degrees 

Slde  lobe  1e;lel -26 db 
0 0 degrees 
-2L r 3  

The control of t a rge t  m d t h  a ~ d  Lhe  dlsplay of s lde l.obe respmses is 

Ali;!lo;:gh the  a l rhorne  equpmxt 1 s  Interrogated (and r ep lpng)  over a 
acconpllsnei by  cantroll ing t i e  gain of t h e   x t e r r o g a x r  recelTIer. 

wlde bem angle, u s a l l y  zreater   than  that  at  the  hali-power  polnts of 
bJ?e antenna p;tterr, t!le L q l i e p  can De attenuated  by a reduction of 

TYttr-n of the bescon a t e m a  and ?eJectlng ; C l , 1 1 C 3  t o  side-looe 
rxslver s6nsl t lvl ty .  T h s  1~,1n  ef€ect,  a m.ms oi r,arrranng the  

intcrrozatlons.  Iiotrever, If t h l s  Rean:‘ i e  t o  he effective f o r  a l l  

a c e s .  Tne length of  tranarmsslon l 3es  ar.d thus t h e  a t t enwt lon  a t  
alrcraf”,,  the  transpone”;3r-radlated pmer nust he m t h m   c l o s e  to le r -  

any ground o r  a l r c r a f t   i n s t a l l a t l o n  can modify the system  gain. im- 

nll be ;neffectlre I? rnde   vana t ions   ex ls t  between transnusslon ime 
posing close Yolernnces on the equulpment c u i p - ~ t   p o e r  and sens i t l v l ty  

x s z a l l a t i o n s .  

C?ar?-ctcrzstlcs of severa l   coanal   cab les   a re  ,-1ven I n  Table V. 

L1 

r m u  v 

i‘iWS-IISSION UNE ATTELVAiTON 

db/l00 f t .  at  1000 mcs. 
Attenuatmn 

3.9 

1.8 
2.8 

2. Andrew Hellax 7/811 dmtneter 1.55 

3. Phelps-Dodge Foamflex 1 / 2 ”  dlameter L 

L!. iX-S/U 9 

5. RG-17/U 4 
The sens l t l v l ty  of the  interrogator   recelver  must be careful ly  con- 
t ro l l ed  when a rc ra f t   a r e   nea r   t he   l n t e r roga to r   t o   p reven t   t he   d i sp l ay  
of slde  lobes and, a t  the same tine,   provlde a degree o f  reserve gain 
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$0 compensate f o r  signal fading. The causes of s~gnal fading m11 be 
d1scv-sed I n   l a t e r  paragraphs. The lO-foot  antenna  sde-lobe  slgnal 
lcvels are 2 1  do less   than   those   a t   the   haU-pwer   po ln ts  of  tha beam. 
i h ~ s ,  If the rrmxmiun reselve  gam  exceeds 2 1  db, rde- lobe   reqnnses  
r n l l  be displayed. The g a m  of the  mterrogator   recelver  c2n be s e t  
t o   p r o n d e  a normal reserve  gam of ten 2b. Slgnal   vanat lons from 
plus 11 db t o  ,mirids ten db may occur  befcre  tne  dlc?lay of sltie 
lobes  or  a signal. fade ~111 be noted. Normal replT-es under  free- 
space  propagatlm  condikoas m.11 then be displayed aver  the beamizdth 

dit’on is s;zor.sn 1n Fig. 1 and a smtab le  STC curve 1.3 shown ln f i g .  2. 
of the  antenna  ten 80 a o m  fi-om the  half-power  polnts. Thls con- 

Tf ’set;er azumth  rtssolutlon 1s a requrerrent f o r  i r d f l c  conLrol 

bean  beacon  mtpnna  mnpses  nechamcal  rotatlon and skpport-tlng 
then larger  antennas  are  necessary. The phys lcd   s i ze  of a narrow- 

p-*oolerns. If’ larger beacon  antennas a r e   t o  bg, at tamed  to   the  prezent  
radar  pedestals, It 1s quite  probable tut addltioncl  rcdzr mteEnz  
a d  tower braclng ml1 be nzcessary .   Ics ta l l inon  of dual ro;ai”J 
~ o l n t s  f o r  each S-band r d a r  antenna 39 equlped  w i l l  be  reqmred. 
Separate  tovers  for  mutxlng beacon  antenna p c d e s t d s   a r e   a c t h e r  

bs l l ty  I n  s t i n g  and antenna  helght and .may be a def ln l te  requlrerflont 
a l ternat ivs .  This arrangement p e r m t s  a l a rge r  degree 01 f l e x l -  

a+, some locations. IIowever, t \e  phys~.cal separation of lndlvidual 
towers  creates a dir2lay problem whlcll can  be soived by t h  cse of 
tlme-shared sweep clrcultry  or  dual  cathode r q  tubes.’ If the 
dJ.Fp?eyJ a re  mx12f:ed t o  3ncluc3o tlme-Ghared sweep circuitry or  duel- 
gun t IDCS, tile radar and beacon m t e n n s s  may ro ta te  a t  d i f fe ren t  
speeds. ihls may prove t o  be of ezlvalt.age from  an  o?eratlonal  stand- 
point. 

The large  reserve  gam at  short   ranges  results  in  excessive  slde-lobe 
lnterrogatmn of the  trarsponaers. Table irJ: shows the  reserrve ga ln   a t  
seJeral  ranges. The foLlmng  cundl t ions  are  assumed: 

I R  output power 1000 watts peak 60.0 dbm 
T r a n m s s l o n   l m e  loss -1.5 dS 
18-foot  antenna  garn 21.5 db 

h t e n n a   f i l t e r   l o s s  
Reductmon of g a m   t o  half-power  points - 3 , 3  db 

-9.5 ab 
A l r c r a f t  antenna g a m  0.0 25 
Aircraf t   t ransnuss lon   lme loss -3.9 db 
ATC transponder  sensltlvzty -74.0 dhn 

lrjllllam E. Ehller and Lavrence E. 11, IIPPI Presentatlon o€ Tme- 

Rates,  Report No. 290, Teckxcal  Development Center,  June 1457 
Shared illdeos Havlng Synchronized o r  Unsynchronlzed Antenna Rotatlon 
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TABLE V I  

1 
5 

Resgrve Intzrrogatlon 
Gam-db 

L? .4 
35 .L 
29.L 
2b.O (slde  lobe  level)  
1 5  4 
3 A 
3.4 

The s ide  icbes  cf the 18-foot a,ltem.a a re  Zh db dcwn fron the  nose of 

c n l l  ln termgatz   the  t ransronder   a t   racgas  less  t h n  18.6 naut:cal 
the bem. A s  c a i  be szen fmm the  reserve g a m  table ,   tne   s ide  lcbes  

r , d e s .  T h s  added intee-rogation  results  In  me  gerleratlon O P  In te r -  
i e r e n c e   t o   o t h e r   f a c i l l t i e s ,  and 1 s  re fer red   to  as fmt. Als3, due 
t o   t h e   e f f e c t s  o f  ve r t l ca l  Interfe:-ence pat tern  lokes whlch will be 
dlscnssed i n  ulother, paragraph,   the   s lde  lobe  mterroganon  rage can 
exzeed 30 llules. If a f ac l l l t y   vas   on ly  In-cercstec! I n  a l rc raf t   a i l th in  
50 rnles,   then a 12-db reductlon  of  mt,errogator  pmer  output  wodd  be 
useful. Such a reduction in power m11 -educe che  lnte;.ro,?atlon 

16. The effectir-e e lmina t ion  af 5mit i n  an area where se;reral 
r a d r u  by a i a c t c r  of fmm aqd the  lnterzogatlon  area  by a f ac to r  of 

ground l n s t a l i a t l c n s  are operzted  can  be  accomphshed  only  by  the  use 
of addltional  eqtnpmnt  referred t o  BS a de fml t e r .  'ITUS 1 s  a coin- 
cldence  companng  devlce t h a t  depends on a t   l e a s t  two auccesslve 
synchromzeti r ep l i e s  Tor s m g l e - d e f r u t m g  actLon or three  successive 
synchrornzed repl ies   for   double-aefrul tmg  act lon.  It IS quite  
Important that over-mtel-rogation  condltions be  avoided t o  prevent 
lcse cf  targets,  especially when defrultmg  equipnent 1s used. When 
the  reserve  mterrogat lon g a m  IS great  enough t o   p e r m t  side looe 
tilggermg,  the  transponder  duty  cycle  Increases  rapldly and the 
ope;-atlcn of only a few ground mter roga tors  m.11 caube over-Interrogation 
e f f ec t s  so that the  airborne  equipnent w ~ l l  not   reply  to   every In- 
terrogatlon. If one reply IS lost ,   then no output is obtalned  from  the 
d e r ' r u t e r  untll e l t h e r  two  o r  three  successive  replles  are  success- 
fully recelved. 

Pulse  Recurrence  Frequexy 

The maxl~rmm €round in te r roga t lon   ra te  of the  systen 1s l l m t e d  by  the 
E a m u n  range  of the  equlpnent. For 200-nactlcal-mle  operatlon, 
d l o m n g  ten  per   cent  f o r  indlcator  recovery  t lme,  the m a x l m u m  prf 1 s  
365 pps. I n  order t o  synchronize  the  interrogator  pulse  repetltlon 
r a t e  Tnth the A S - 2  and AS'i-3 radars, a countdorm of four-to-one  results 
1n the   prf  of 300 pps.  Table VTI shows the number of h t s  per  scan  for 
var ious  repet l t ion  ra tes  and antenna  rotatLon  speeds. 



100 
150 
200 
250 
300 
350 
400 

The for ru ia   for   der lv lng   the  number of h L t s  p?r  SCJI  1s given by: 

The beawidtll 13 excreased as the wldth a t   t e n  db points  I n  
degl-ees. 

Iiaflectlolls 

Slgnal  reflections from $he  sldes of bulldmgs o r  f rom other  obJect3 
nea?  the ground fac i l l ty   a re   f i -eqcent ly  seen on the PPI. ';he s lgca ls  
t o  and Irm the   aucraf t   a re   re f lec ted  Irom nearby obJects  d1en  the 
ground mterrob&or a t e m a  IS po;ntlng a t  such obJects. Tile s q n d  

f a l s e   t a T e t   w h ~  ch map s p e a r   e q u a l l y  2s st rong  as   the r e d   t a r g e t .  
st,-ength over t n l s  reflected  path 1 s  o f t m   s u f f i c l e n t   t o   p r o n d e  a 

Under .some condltlons,   the  false  target 1s actual ly   s t rorger .  Tnis can 

lobe  structure as seen oven t h e  dlrect  zrms-sslon  path.  Ewever, 
oLcur ;men t?e   pos l txm of  the a n c r a f t  1 s  I n  a n u l l  of t!le -7ertical 

when  -ne:Ied dvcr  the  reflected  path  tne  ancraft  may be in a favorable 
antenna  loSe and strorger  signals  result .   Usually  the bu l ldmge  or 
ok2ects w!?xh cause  trouble a-e n t h i n  a mlle of the  antenna.  Careful 
comlderatlon must be g l w n  t o   s e l e c t l o n  05 an i n t e r r o g a t o r   s l t e   t o  
avold this   condi t lon.  The lucat lon of a n  exlsting ASR antenna may n3t 
be s x t a b l e   f o r  beacon operatlon che t o  this condition. 

- Vertical  Loblng 

The ATC beacon  should  provide  strong  rellable  replies  at  all dlszances 
wlthln  the  range of che syute.n. Actually  there  are  several   deflclencies 
I n  the system whlch resul t   ln   occaslonal   fades  and weak s lgnals .  One 
cause  of senous fadlng 1s the  energy whch is ref lected from the sur- 
face of the  ear th .  T k s  energy  mxes n t h  the   d l rec t   s lgna l  and 
causes a pa t te rn  of  Interference  to  be set ~p m space. If tha  surface 

pactern wodd  vary from tmce   the  normal free-space s ~ ~ n ? l  t o  complete 
o f  the   ear th  was a pe r fec t   r e fkc fo r ,   t he  amplitude of the  Interference 

fade-out. Normally, the reflection 1s not that  mtense  but  does  cause 
s lgna l   l eve l   vana t lons  of plus f ive  clb t o   m n u s  20 db when the   re f lec t lng  
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surface 1s f l a t  ground. A ty-pcal In t e r f e rence   pa t t e rn   i n   t he   ve r t l ca l  
plane is shown ~n i h g ,  3. T h e  angles of  t.he lobe  mxlma and nulis I n  
"he 1nLelference  patte,m  are  glven  by  the  formulz: I 

-T 
bkere: n = 1, 3, c, ---- f o r  lobe  manna 

n = 0, 2, Ir, ---- f o r  nu l l s  
?, wavelength I n   f e e t  
hl-   antema he;ght above  ground i n  f e e t  

d l  4hl 2 - expressed i n  n a u t i c a l   m l e s  
n j  

'This  formula 1s essentially cor rec t   for   e l ther  horizontal or vertical 
p o l a ~ l z a t l o n  when the  G7azu-g angles are   l ess   than  five degrees. 
1hgn-e In shows the a!gles  of the flrst th ree   nu l l s   fo r  Various alltema 
h e q h t s  ahove ground. The phase of the  reflectad  energy from t h e  surface 
of The ear th  1 s  reversed 180 degrees a t  611 angles of lncldence f o r  
horizontal po la rxa t lon .  Flowever, In  the  case of ver t lcal   polar lzat lon,  
the  phase  shlft   gradually  amroaches  zero  as  the  angle of Incidence 1 s  
increased. This  1 s  shown l n  f i g .  5. The poslt lon of the  lobe mlxlma 

Lkth  horlzorital polar lcat lon the magnitude of the reflected energy 1s 
and n u l l s   I n   t h e  Interference pa t te rn  is llkewlse gradually reversed. 

arfected  only  sllghtly  ;,flth  chances 111  the  angle of sncidence and the 
resulting nulls are deep a t  all ver-clcal  angles, However, t he  magnllude 
of the  ref lected  energy  for   ver t lcal ly   polanzed waves 1 s  greatly  affected 
by 'he angle of madence .  For sinall grazing  angles  the  reflected  energy 
1 s  grea tes t  and produces  deep nulls. A curve of the magrntude of the 

The w e  of' ver t l ra l   polanzat lon,   therefore ,  IS a def ln l te  advantage if 
ref iec t lon  coeffxclent  plotted  agalnst graamng angle 1s shown I n  l%g. 6. 

the   e f fec ts  of the   In te r fe rence   pa t te rn   a re   to  be muvrmzed. fig. 7 
s h o ~ ~ s  the  calculated  f ie ld   s t rength  re la t lve  to   f ree   space ;or an  antenna 
25 f e e t  high over a sinooth sed. The m a n r u n  depth of nulls I n  t h s  case 
1s -10.5 db. However, f o r  sirmlar  condltlons  over smooth r i ch  sol1 the 
nul l s   a re  considerably deeper.  Figure 8 is the remlt of a t e s t   f l l g h t  
made over  the  IndlaMpOlls a r p o r c ,  whlle  the  calculated  interference 
pattern  over smooth s o l 1  1s shown I n  hg. 9 .  Table VI11 glves the  values 
of lobe -ma and nul l s   for   severa l   re f lechon  coef f lc ien ts .  



1.0 

0.8 
0 .? 

0.7 
0.6 

0.4 
0.5 

0.2 
0.3 

0.1 

Inf .  6.0 - 20 5 ’ s a  
-13.98 
-1O.lr4 

5.1 
lr.6 - 7.96 li.08 

-6 .@2 3.52 
-1.48 2.92 

-1.52 1.5’8 
-3.1 2.20 

-0.9 @.82 

Inf. 

1 F  .OB 
25.58 

15.04 
12.04 

9 .5b 

The point of r e f l ecb im r m  the surface of  the  ear th   has  lmch t o  do with 
the r e d t u g  interference  pattern.  This polnt  can  be  detemned by: 

d -  h Mhere: h i s  the antenna  helght above g r w d  
7 n H  8 1s zhf  angle o f  incidence 

d is the dlstance  from  the antenna 
to   t he   po ln t  of re f lec t lon  

Actually,  the  reflectlon  takes  $.ace over an e l h p h c a l  area  surrounding 
th i s   po in t   a s  shown I n  X z .  10. For Low antenna  helghts  the  reflectlon 
area i s  close t o  the  antenna  whlle  for  higher  antennas  the  reflect2 on 
area may ehend f o r  several nules. f i g u r e  11 shows the   re f lec t lon   pomt  
distance fro-n the  antema for t a rge t s  ;n the  center of t h e  flrst n u l l  
and f o r  dlfferent   antenna  heqhw above  ground. As the   ref lect ion  polnt  
moves  away a d  the   re f lec t lon   a rea  mcl-eases, the surface irregularities 

performace due t o  a l e s s  sharply defined interference pa t te rn  should 
and earth’s cumatwe tend t o  reduce  the depth of t he  nulls .  Improved 

be eqec ted   wl th  a lngh  antenna unless  the  surface  remains  level  over 
most of the ref lect lon  ares .  If a low antenna i s  used a t  u r p o r t s  t he  
smooth surface of t h e   a u p o r t s  will produce we11 defined and severe 
nulls.  The questlon of whether a surface i s  smooth o r  rough can  be 
debemned by use a_” t h e  Raylelgh c n t e n o n :  

h s m x  ( -p- x fo r   t he   su r f ace   t o  be smooth 
where x i s  the  grazing  angle of 
the s lgnal  expressed i n  degrees. 

The results of t h l s   c n t e n o n  at 1030 mcs ase shown i n  Table I X .  



1 
2 
3 
LI 

6.82 ;est 
3 A 2  

1.71 
2.28 

1.36 

A t a s t   f l l g h t  was m a e  i o  measure the   e f f ec t  0; rcugh ground upon the 
interference  patter& m e  beaccn antenna was  mounted 25 f e e t  above grouns 
rrnlch ?laced  the firs:. nuLl a t  i G 3 2  2sgrees. 'Ike rvqh-grmnd c r l t e i lon  
f o r  t h s  grazing angle is 6.82 %et.  The a r t e r r a  was amed  over a group 
of s t e e l  and cement block bwldings a>proxhate ly  20 hlgh so h a t   t h e  
reflection swface  was rough. The r e su l t3  of t h e   t e s t   f h g h t  made over 

lobo  stzvciure 1 s  f r e e  from  zhe  deep Interference nulls. 
th l s   sur face   a re  shown I n  K g .  1 2  a d  It 1 s  e.slder,t tha t   the   ver t lcd  

The v a n a t l o n  from free-space slgnal l eve l  due tlo the  mzerference 
p a h e m  over smooth ground IS f requenfly  as   great  as 20 db, If the  In- 

braak-Lhrcuzh when t h e   a l r c r a f t  1 s  i n  m a a m . ,  then  there ~ n l l  be un- 
terrogator   receiver   sensl t lvl ty  1 s  adJus5ed to   prcvent  sLde lobe 

preventable  fades 2ue t o  thnl nul ls .  The nsa of antemas  rnth  lower  s ide 
lobe  levels would obvlouoly mprove 'his sl tuat ion.  

The first two ve r t i ca l   nd l s   In   t he   pa t t e rn   a r e   t he   nos t   s eve re  and have 
an  mpor tan t   e f fec t  on the performance of t h e  system. The posl t lon of 
these nul ls  over smooth ground have  been calculated f o r  several altitudes 
and a re  shown I n  E g s .  13  through 16. A study of t h e l r   e f f e c t  upon 

varied  has  been made. The lnterrogat lon  path and reply  path have been 
system  performa.lce when transponder  senslt lvity and power output  are 

exammed separately and t he   r e su l t s  shown I n  tab les  Y, and 



TABLE X 
Effect of Mrst  Two Antenna Nulls upon Interrogatlon 

Patin Coveree t o  Line-of-Slght Flange 

Calculated Fade-out 
Erne K1th.m Line-of 

slght  alstance % - .%%e Rrst i b l l  
_I n.m. n.m. 

71 
70 

10,000 129 78 
77 
76 
7 5  
7 L  
73 
72 

73 
72 

70 
7 1  

. .  

6.13 
6.45 
7.31 
7 .51L 
b 2 8  
0.93 
10.2 

12.20 
11.1 

6.2 
6.78 
7.75 
0.92 

10.L7 
9.88 

11.22 
12 
13.2 

6 .ll 
6.9$ 
7.5 

9.44 
8.33 

12.1 
IL’.5 

16.1 
13 .9 

6.85 
6.22 
9 -6 
10.5 
12.3 
13.7 
lS.5 
l6.Y 
18 .$ 

07 0 miles 
06.5 0 
86 0 

8c; 0 
85.5 0 

8G .3 0.: 
83.5 9.5 
83 
82.3 1.2 

0.6 

172 0.5 
121 0.75 
120 1 .o 
119 1.5 
l i 6  1.75 
i17.5  2.0 
117 2.5 
116.5 3.0 
115.5 3.5 

171 2.0 
170.5 3.0 
170 3.5 
I69 
168 

11 .0 
5.0 

167 6.0 

209 5 
238 6 
206 6.5 
205 7 
203 
202 

8 
3 

%foot antenna 25 f e e t  above smooth n c h  sod. IF? transmitter power 1000 
watts. 
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Alrcraf; 
Altlzude 

f eE t  
--I- 

5 ,  '3330 

10, 000 

20,coo 

30,COO 

93 mlles 500 watts 12% 
-1 db 13  
- 2  db 114 
-3 db 16 

-5 db 20 
-6 db 22 

-4 db 19 .5 

129 50C wazts 9.75% 121 
-1 clb 11 114 
- 2  db 12.7 5 118 

3 
4 
5 

-3  db 
-4 db 
-5 flia 

14.7' 117 .s 5.5 
16.5 117 6 
18 116 6.5 

-6 db 14 115 7.5 

180 500 wctts  7.25% 
-1 db a=s 17 2 

1.71 
-2  cLb ?.5 170  
-3 ab 11.5 169 

tl 

6 
7 

, 

-h db 13 169 
- 5  db 

8 
15 167 4 

-6 db 17 166 10 

21 9 500 watts 8% 211 , c 
-1 db 9.5 210 6 
-2 db 10 209 7 
-3 db ll 200 0 
-4 db 13.5 207.5 9 
-5 db 14.5 237 10 
-6 db 16.5 2C6.5 11 

18-foot  antenna 25 f e e t  above smooth r l c h  soll. I R  recelver m a n m u m  
s e n s l t l v l t y  -8L dbm. 
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but 1s a cclnplex ?y-stem of varxt-ons.  ThlY is aue to   the  maly cumed 
The alrborne  antenna  pattern 13 not   as  well derinad rls the  ground pa t te rn  

naceiles, wmgs,  xheels ,   e tc .   a l l   contr lbute  m y  s a r r c e s  of reflection. 
nnd dlscontlnuous  surfaces on the  ft;seiaee of the aircraft. Englne 

A typlral pat tern of a bel ly   s tub  antema rrnunied on a DC-3 1 s  shmn  In  
Fig. 1 7 .  The varlatlons -.n ,qigral le-re; excced 16 db. When t h l s  variation 
is combined. n t h   t h e  eround antenna  mnterfeience  pattern a s i<nal   f luctua-  
t l on  of over b l  dt, 1s possrble. T h l s  18 a rnaxLmum InclTuase  of  nlne db and 
a decrzase of -32 d'c from tlle calculated  free-space level, W m g  Lhleldlng 
of  t he   be l ly  antenna dwmg  turns   a l so   resu1 . t~   in   s igna l  loss and t a rge t  

use of a combma+,loE -:,~e nnd ta l l  antenna n y s t s ~ ~ . ~  Alchougn the  in- 
fade-out. Impoxnlerz of the  airborne  radlatlon  pattern 1 s  powible   by 

c t a l l a t lon  1 s  camphczted  by long transmission l l n e s  a d .  addlclonal 
mechanical d l f f icu lc les ,  t k e  resc1tm.g  pattern IS greazly Inproved  ard 
wlng shleldlng is elmLn?$ed. 

Second-??me-Armnd Tarpets 

The slgnals frm d l s t m t  a r c r a f t   m t h m   l l n e - o f - s l 5 h t  can ap2ear on the 
PPI at  closer  ranges if the  pulse  repetlmon  rate 1 s  too hrgh f o r  the 
sy.;tem reserve ?mer. The  STC c l r cu l t  In The ground recelver wlll be veqy 
ef fzc t lve  m rernonng  the  dlstant  re9lies €rorn the  display If they  are 
recelved  mthLn  the first 20 m l e s  of t'le svcep. However, 10 cases where 
t h e   r a g e  of the second-tune-around ta rge t  is greater  than 20 mlles,  the 
S I C  has l l t t l e   e f f e c t  on Interrogator-rocelver  eaIn and a f a l se   t a rge t  
ml l  be d~sc layed .  The curvature of the  ear th  can  be e f fec t lve ly  used 
agamst  this  conch.tion. If the  Frf of  The Interrogator  1 s  low enough, 
the   rep l les  of a i l  al;c;.aft n t h m  l l n e  of s l g h t   t o  one interz-ogaholi 
mll he received  before  the m x t  lnterrogat lon 1 s  t r a n s x t t e u  and before  the 
next  dl-splay sweep 1 s  startea.  Figure 16 1s plot ted t o  show the  re la t lon-  
sblp of range, a l t i t u d e  and pulse repetition frequency  reqnred t o  obtain 
o r  prevent  second-tme-around  condltlons. 

-I-._-__ 

The  rmnmum noise power m a rece-.ver havlng a 15 mcs bandpass which is ~ r e  
than  adequate IS glven by; 

kTB 

where: k i.3@ x loules/dearee - , -  
T = 29;'K 
B = 15 x lo6 cycles/second 

'his nolse power is equal t o  6.03 x lo-'' watts. 

'Federal  Telecomunlcatlon  Laboratones, h d l r e c t l o n  Airplane Anterma 
Study,  Department of  the Navy Contract NOa(s)-12212 
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milos :an be  calculated f rm  t!le range fo rmla :  
Tho signal power recelved f;-om a transpondar I n  a n   a n c r a f t   a t  200 n a u k c a l  

There: 3 = 200 nautical   miles -a 200 x 6080 f e e t  
A = 27-5 CZI = 0.902 f ee t  (1090 xes) 
PL - S0G w d t c s  

Qr = 16-fcot  antenna gcLE equal t o  2 1  
G t  = Aircraft antema &;in equ2l to  1 

Z j Lme l o s s  and antenna  gain  corrzction  eaual t o  6 . 3  

Solwcg th? abcve ecguation f o r  Pr ,  t he  rzcelued power 1 s  3 . W  x 13-11 
xzt te .  

T:us 1s -,qroldmately 600 times  the mnunJ1 r,oisa parer o r  a n o l s e   f l g w e  

design t o  p?oduce a ruits’oie ground rece lver   hanng  suf f lc len t   sens l t iv l ty  
of 28.05 bb. It is, the;.elJre,  well mtlnr, t ie  reach of practical recelver 

under  free-soace  propaganon coxdlt-tlons. The senslt lvity  requirewents f c r  
the   ln te r roga t lon  p;!~ or   t ransponder   recelver   s lmlar ly  1 s  well  mt,hin 
p r x t m a l  deslgn l iml -u .  

Erequencjr Tolcraxes 

It 1 s  10glcL t o  Impose close  tolerace  i lnnt ,a*lons on t!E ground equpment 
s o  that   the   a l rbcrne equ? pnent w y  be slmpllfled. For a given  transponner 
recelver  bandmdth  the  frequency  stabllity  requirements may be  relaved .-1s 
the  gmund t r ansmt te r   f r equency   s t ab l l i t y  1s tightened. For mte r rogahon  
of an arbo;me transponder,  the requulred recelver RF bandpass can  be deter-  
mmed  by: 

--- - 

B E T _  a 

m e r e  B - bandpass I n  mcs 
a = 1.5 
T = pulse  duratlon i n  usec. 

For  mterrogatlon  pclses of 1 mcrosecona  duratlon,  the mimm baqdpass 1s 
glven by: 

B 1.5 - 1.5 mcs. 

Addltlonal  bandpass 1s necessaiy t o  allow for   f requency   dmft  In both  the 
1.0 

alrborne  recelver and the  lncerrogator  xrans.mtter. For example, If the 
frequency  s tabl l l ty  o f  the ground  transmi ttsr was 1 mcs and the  transponder 
recelver was held t o  i2.5 mcs. the r equred  rf bandpass would be 6.5 mcs. 

The t ab le  In h g .  19 11sts varlous  lnterrogatlon  frequency  tolerances of 
the ground and alrborne  equpments and t h e l r   e f f e c t  on the requu-ed trans- 
ponder  recelver  bandpass. 
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A slnular  condition exls ts   In   the  reply  path.  Hadever, t he  g m m d  recelver 
1s req:mrsd t o  reproduce  the envzl.ope of scorter  pulsez w i t h  hlgh f l d e h t y  
f o r  Tna:;lnnm p e r f o r r a c e  o f  the doco2er eqxpment. The rm~umcm v d e o  
bandpass of the gr,?una recelver  1 s  glven by: 

a a = ____ 
T 

Idhere: 9 = video  bandpass I n  mcs, 
a 0.35 
T - p u l s e   r l s e   t m e   I n   x e c .  

equal   to  C.1 
wmch is equd t o  3.5 m s  f x  pnLes  n t h  a rlse tlme o f  0.1 microsecond. 

badpsss  01' 7 m-s.  Addlt3 cnal bandpssz nust be addec: t? t h s  value t o  
The rf badpass   c f  %e grcund receiver must be t m c e   t h a t  of t h e   n d e o  

z l low f o r   t h e   m s L % h l i t y  of khe airborne  t r iui ,nt ter  ,and ground recelver.  
The  -t,able i n  E'lg. 20 1 ~ ~ s  several   reply  frequensg  tclsrmces of the 
ground and airborne  e:,~wpents and then   a s soc la t ed   e f f ec t s .  

Powc-r and S e n s l t i n t y  Tolerances 

The mterrogatlon  path g a m  If allowed t o  v a r y  m e r  wlde l lrrdts can e n h e r  
resu l t   In   overmter roga t lon  of  nearby z r c t a f t  o r  t h e   m a b l l l t y   t o   i n t e r -  
rogate   dls tant   t rmspondrrs ,  A trgh$  tolerance on the power output  cf  the 

which 1s desirable from the  arrborne equipment malntenance standpoint. 
In t e rwgs to r  wdl mnzmxe  the sensitivity tolerance  of  tne  alrborne unlts 

power output 1s vaned.  The side-lobe  lnterrogatlon  range 1s also pre.,ented 
f igure 2 1  shows the   e f fac ts  u p ;  interrogltion  range when ?;he lnterrogator  

f o r  the same degree of  power va-iatlon. If tbe  lnterrogator  poxer o u t p t  
was hpld  t o  1,000  watbs wi th  no var-atlsn, and the  transponder  recelvcr 
s z n s l t i n t y  was held t o  -7L dbm fO db, t h e   e f f e c t s  of the  ver t ical   lobe 

rn%-%mm mterrogahon  range from 33 mlles   t o  521r nules. The slde-lobe 
structure  could  vary  the  mterrogatlon  path gam from -19 t o  5 db o r  vary 

lnterrogat lon range  cocld a lso  vary from 2.08 m l e s   t o  33 m l e s  due t o  t h e  
lobmg  effect,. The m d e   v a n ~ t t l o n  I n  Fnterrogatlon  f leld  strength due t o  
the  lobe  structure makes It l n p r a c t i c a l   t o  transrmt suff lc len t  power f o r  
100 per  cent lnterrogat lon a t  200 nautical  mlles. An lncrease of mte r ro -  
gator power over  the  1,000  watt  level o r  an ~ c c r e a s e  of t he  beacon recelver 
s ens l t l v l ty  rro-dd a l s o  lncrease  the s l d o  lobe  lnterrogabon  range.  Thls 
would be  undeslrable as the  slde  lobes  are  capable of excesslve  lnterrogatlon 

lncrease In the  mterrogatlon  path  gam  wlthout  lncreaslng  the  side  lobe 
range. Improved antennas wlth reduced side  lobe  energy would pe rmt   an  

be  consldered If Imp;-oved antennas become w a d a b l e .  
interrogation. T h s  would provlde more r e l l ab le  interrogation and should 

predictable due to  the  constant motlon  of  the  aircrsft.  I n  general,  they 
The slgnal  vamatlons due t 3  the  a l rcraf t   antenna  pat tern are more un- 

fades   las t lng f o r  more +&an a few moments. (Thls 1 s  not  true when t h e  
can be  Ignored I n  determlnng  the slgnal l eve l  as they m11 seldom cause 

fade 1 s  due t o  wing shielding  vhlch may occur  durlng  turns.) 

- - 
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If both  the ground mter roga tor  pcwer output and the  airborne  transponder 

the  mterrogat lcn range mll  vary from 16.5 tules t o  1,0!18 rmles.  Thls 
sensitivity a re   pe rmt t ed   t o  c'i.mze -+3 db i n  addlslon to   tne   looe   var la t lon ,  

1 s  double the   var la t lcn  which was at1.rlbut.d to  tne   ver tmal   lobe   s t ruc ture  
alone. 

It is a7parent  that  signal  fade; will b.: q;rsventable  even with  maximi 
control of the  interrogator  power and beacclz sens l t lo l ty .  The f i e l d  
s t rength  var la t lcn due t o   t h e  interference pattern  can ;e much greater  

terrozztcr  aatenna  can?  therefore, bs more lllpor+,nnt m scme locatlons  than 
than the ef fec t  of m;nt e q u p e n t   t o l e m n c c s .  The loc   l t lon of tha  In- 

the   eqdlpent   parmeters .  The ldea l   l cca t lon   for  an  1nt.errogatc.r  antenna 
would be f r e e  from &I. ground ref lect lon.  Zn pract lce  t b s  locat lon would 
be o l ther  a h i l l top ,  rough g m m d ,  or  sea  water i n  that  preference  order. 
Smooth ground such ss ~OILIL' a t   s i r p o r t s  shvAld be  avoided. There i s  some 

may reduce the  depths  of t h e  rdls a t  the l o w r   e l e v c t l c n   m g l e s  and the 
lndlcat lon  that   the  use of  a c?un%erpoise below the   In te r roga tor   ancans  

Fosslbil;ty of usmg courlterpclses should be ~ ~ u e s t l g a t e d .  

Transponder  Cutput PCXP 

The transponder  trensmtter  output  parer mdst he  held to   c lose  llmlts 

dlsplay of rep l les   to   mde   lobes .  The tab.bie m fig. 22 shars  the  slgnal 
so tha t   Fnter rcga tJ r  STC prcvlslons m l l  be effect lve  in   preventvlg t h e  

fade-out f o r  varrcus power a d  s e n s l t l n t y   v a r l a t l o n s .  The lobes   in   tne  
change requlred t o  cause  side  lobe  breakthwugh on the  PPI c r   t a r g e t  

antenna  pzttern may Increase  the  f le ld   s t recgth by a max lmm of s1x db. 
If side lobe break-thrown 1 s  t o  oe prevented, the  s1x db mcrease should 
be  allowed f o r  I n  tho  "slgnal increase" column. For example, tne -$O-Wdtt 
+3 db power output and -811 dbrn 23db Interrogator  senslt lvlty  concllt ions 

in   t he   ve r t l ca l   l obe   s t l vc tu re  can  exceed 19 d'u and a r e  s o  severe that 
can  cause slde lobe  breakthrough and sho-jlld be  reJected  for  use. The nu l l s  

target  fading  cannot be prevented. An unproved  ground antenna nth lower 

lmproved antenna would p e m t  a reductlon o f  STC act lon and .the use of 
slde lobe energy would be one means of reducing s l g n a l  faclng  slnce  the 

g rea t e r   r e se rve   s ena t iv l ty   In   t he  ground receiver  without  increaslng 
display of slde lobe repl ies .  

Figures 23 and 2b show calculated  interrogation  path s lgna l  l e v e l s  when 
the  reflecting  surface is sea water and smooth soil. 

Pulse  Pcsltion 

The common system ATC t ransponder   rephes   mth   pu lses   tha t  have a duration 

0 .2  usec or less. The  number of  transnutted  pulses  can change from two t o  
of 0.35 t o  0.55 usec, a x s e  tlme of 0.1 usec  or  less,  and a decay t m  of 

nine  pulses depend-  upon the   rep ly  code and a re  spaced In  mult lples  of 
2.5 usec. According t o   t h e  code selected  at  the  decoder  control box, each 
2.9 usec  tag on the  decoder  delay line vnll e l t h e r  be  connected t o  a 
colncldence c i r c u t   f o r  decoding or t o  a k i l l e r   c l r cu l t   fo r   t he   r e Jec t ion  
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t o  k l l l l ng  because more  Laps of the  decoder  delay h n e  nre  connected t o  
of a f a l se  code. Codes with few lnfomation  pulses   are  more susceptlble 

the Klllcr circuits. 

For decoding a proper code, the  pulses   contamed  In   the pulse tram must 
erLe:-ge from the  delay llne taps  sm~iltaneo-lsl~y. T h i s  coincldence of 
pulses  proauces  an  output  lndlcatlng a proper code. The pulses  trans- 
m t t e d  by the  transponder may vary somewhat III pulse  spacmg  but l n  no 
case  should  the  vamatlon exceed the m m u m  required  overlap for dacoder 
operatxon. T h u s  mman oveylzp of pulses 1s gxven by: 

wo = ',I - 2 / i t  

Where: Wo = the  pulse  overlap ridquired I n  usec 

W 0 pulse  width I n  usec 
'\t = posl t iooai   tc lerance of complete 

system i n  usec 

Whcn cons ldenng  f la t   top   pu lses  n t h   r l s e  times of 0.1 usec and decay 
tlmes of 0.2 u s e q t h e  m n l m n  overlap f o r  ma-m decoder  output IS 0.19 
usec  as shown l n  m g .  25. A decoder that  operated  in t n l s  m e r  would 
allow a system tolerance of 10.08 usec  for  pulses o f  0.35 usec duratron. 
Thrs  tolerance may be consldered  as "syztem slack'' and a l l   p u l s e s  may vary 
t h l 5  amount WI thout  addxtlve  effects. However, any var ia t ion above t h l s  
value rcppldly reduces  decoder  0-itput and the  root-mean-sqmre method of 
shmng   t o l e rance  may be  used. If a decoder  output whlch 1s 6 db lcss  
than mamum 1 s  conmdercd as the rmnlmum acceptable performance stendard, 
then  the  requred  decoder  overlap l a  reduced t o  0 usec  as shown i n  Plg. 26. 
A t o t a l  system tolerance o f  t0.175 1 s  poss ib le   for  0.35 usec pulsts but 
due to   addl t lve   e f fec ts   the   ind indual   pu lse   to le rances  must be h i n t e d  
below t h l s  value. If all elght  pulses  are  transmitted  the  indlvldual  pulse 
zolerance 1 s  f0.12 usec as d e t e m n e d  from the  equations: 

- - _  

- - .  
and a t 2 

a -1 7 tp f o r  8 p d s e  codes 

Where: ' t s  9 t o t a l  system tolerance 

' \ L a  to ta l   a l r3orne  tolerance 

1 tm - t o t a l  ground tolerance 
b 

' tP = pulse  poslt lon  tolerance 

t (the ground  equlpment tolerance) 1 s  taken as bemg zero. 
g 
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In  conslderatlon of future  systen expanolon t o  a nax1mm code of 1 5  
pulses   the   mdlnddal  pulst. tolerance would be: 

where: i t  = - I t  + 0.08 
P P.. 

= 0.025b + 0.08 = tO.11 usec P 
Thcse tolerances  are based on g r o m d  equipmerfs t h z t  hav-. zero  tolerance 
axd are of In t e re s t  o n l y  t o  show the theoretical llrmt o f  the system. 

I n  conslderlng  the syatam as used n t h  p rac t l ca l  decoders  there i s  both 
pulsc  shape  dlstortlon i n  the ground equpmsnt and pulse  poslt lon  dls-  
placement  lntroduced  by  the  decoder.  Tcsts nadc of the ANDB Type 

0.25 usec f o r  full output. A t o t n l  system tolerance of +O.O: usec f o r  
2.3NSha equlpment show III fig. 27 tha t   the  m m i m u m  requlred  overlap I s  

0.35 usec pikes 1 s  allowable  wlth no output  reductlon. If the  decoder 

performLmce  otandard,then  the medscred requlred  decoder  overlap is 0.03 
output  rtduced by 6 db from mximum 1 s  consldered  as  the rmnimum acceptable 

usec. T h s  allows a t o t n l  system  tolerance of  iO.15 usec. However, due 
t o  t h e   s u m n g  of toleranccs, all tolerances above t O . 0 5  usec mt  be 
detcmnncd by the root-mean-square method of smmng.  The t o t a l  ground 
tolerance  ncludlng all c?rcul t ry  In the   rece lvcr ,   ndeo  amplifiers, 

mately 20.1 usec. The to ta l   a i rborne  equlpment tolerance 1s then 
remotlng equlpment,  decoder, and d e l a y l l n e  can be e s t m a t e d   a t  approxi- 

calculated a5: 

It, = 0.038 + 0.05 = 0.148 usec 

where '! ts - t o t a l  system 

R t g  t o t a l  ground tolerance 

cl t = total   a l rborne  tolerance = t + 0.05 a 
al 
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If a l l   e l g h t   p u l s e s   a r e   t r a s n t t t e d  by the a r b o r n e  transponder  the 
~ndlvldnal   pulse   spaclrg  tolelance 1s glven by: 

4 t  = [ I 7  I tp 
- - - 

f 2 
2 

_ _  - -- 

(0,1':6 - 0.05) = \ " 7  7 tp 
2 

2 1 

.0095 - 7 5 

p1 

where r , t  = indlvldual  pulse  tolerance 
P 

4tp + 0.05 
1 

2 
'Lt = -7- 

.oo9h = .00137 
PI 

' I t  = v.00069 0 0.0262 
- - 

P1 

t - 0.026 + 0.050 - 0.076 usec 
P 

A table  in f i g .  28 shows the  tolerances of pulses  for  various  conditlons.  
Data f o r  a ground equqmcnt  tolerance of 20.05 usec is also  presented. 
h g u r e  29 presents   the maxll~~llll pulse  poslt ion  tolerance allowablc f o r  
70 per  cent  decoder  output. 

Kll l lng  Effects  

To prevent  false code l n f o n a t l o n  on the PPI, the decoder  eqmpment i s  
deslgned t o  r q e c t  o r  kill output  Fnformatlon when an  extraneous  pulse 
appuars a t  an lncorrect but properly spaced poslt lon.  For maximum freedom 
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must be  deslgned t o   f u l l y   u t l l l e e  the pulse  posltion  accuracy  of  the 
from b l l i n g  or garbllng due t o  extraneous  pulses,  the  decoder selectivity 

transponder  pulses. The s e l e c t l v l t y  of t he   k l l l e r   t aps  on t h e  decoder 

l m g t h  of the  garble  area 1 s  2.8 naut lcal   miles   In  range  centered on each 
de lay   l lne  depends upon the  pulse  duration and spacmg  tolerance. The 

a l rc raf t   pos l t ion .  When a r c r a f t   t r v l s r m t   t h e  caboose  pulse for t he  
ldent l f lca t lon  of  posit ion  function,  the  length wlll be  increased  an 
addltlonal 0.7 n a u t i c a l   m l e .  The m d t h  of the  garble   area is equal   to  

decoder  determnes  the number of k i l l e r   t a p s   t h a t  can  cause k i l l =  of the 
the  effect lve  bemmdth of the beacon  antenna. T'he code selected at  the 

Code 77 removes a l l   t a p s  f r o m  t h e   h l l e r   c l r c u l t .  Considering 211 codes, 
output  ndeo. Code 00 connects all six t a p s   t o   t h e   k l l l e r   c l r c u i t   w h l e  

equal  to: 
the  average number of l u l l e r   t a p s   i n  11.6. The m d t h  of t h e   k i l l e r   s l o t  is 

m-w+ws  
where: W b pulse  duration In usec 

Ws = k i l l e r   t a p   s e l e c t l n t y   i n  usec. 

Figure 30 shows the k i l l e r   c l r c u i t   s e l e c t i v i t y  for several  pulse  widths. 
I n  o rde r   t o   r e j ec t   f a l se  codes, t h e   k i l l e r   s l o t  cannot be more selective 
than  the  decoding  colncldence c i r c u t .  Table 31 shows the  percentage of 
k i l l ed   r ep l l e s   fo r   d i f f e ren t  decoder se l ec t iv l t l e s .  

Tests made  on the  present  decoder show that the kl l ler  selectlvvlty i s  1.0 
u8ec with 0.115 usec  mput  pulses and a correspondlng  killlng of 26.& p e r  
cent of replles,  average f o r  all codes when the   a i rc raf t   separa t ion  1s such 
t h a t   g a r b l a  can  occur. 

The s e l e c t l n t y  of the decoder  coincidence c i r c u i t  could  be  decreased  by 
means  of pulse   s t re tchng  techniques  to  p e m t  relaxation  of  the  pulse 
poslt lon  tolerances of the  anborne eqmpment. However, the  assoclated 
wide se l ec t iv l ty  in the k l l l e r  c l r c u i t  would i n c r e a s e   k l l h n g  wi thn  the  
garble  area,  If maximum performance is deslred o f  the  decoder under 

tolerances must be kept t o  close lmts. 
reply  garbllng  condltlons,   the  selectlvlty of  the  dccoder and the  pulse 

System Tolerance 

pulse.  duration and the m n h m  required  pulse  overlap, With 0.35 usec 
The maximum system pulse  posit lon  tolerance is determined  by the   sho r t e s t  

pulses a mmum overlap of 0.078 usec 1 s  requlred  allowing a m-um 

cldence  selectlvlty of  O.% usec  for  0.35 usec  pulses. 
system tolerance o f  k0.136 usec. An overlap of 0.078 usec  gives a coin- 

The n d t h  of the k l l l e r  s l o t  18 d e t e m n e d  by the  longest  pulse  duration 
and t h e   s e l e c t i n t y  of  t he  decoder k i l l e r   c l r c u l t .  The k l l l e r   c i r c u i t  
s e l e c t l d t y  must be no sharper  than  the  colncidence  clrcuit   selectivity 
whlch 1s 0.511 usec  for  0.35 usec  pulses. With 0.55 usec  pulses  the 
U l e r   s a l e c t l n t y  curve  increases  to 0.Y44 usec. 
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Present  avallable  decoders f o r  t he   m-se rnce   t e s t s   a r e   no t   pe r f ec t  and do 
r e q x r e  an  Increase cl pvlLe ovorLap f o r  adequate o u l p ~ t ~  Gperatlcn  cf 
the fill1 6L codes  wLth t h l s  decsder  requires a trar,spocder pul ?e posl t lon 
a c c r a c y  m 3 d n  +0.054 vsez. If a perfect  decodzr were avaCable,   the 
alrbcrime toLerance codd   be   r e l axed   t o  xO,1 usec. However, fc ture  pla::s 
f o r  system code expansLon m l l  requ:?e alrorme  pulse  posit ion  accnracy 
m t h m  +O.G9s mec even m t h  a per fec t   decder .  Based ox 70 per  cent 
aewder  output,  satlsfactcry  system operat1:n car1 be elqected durmg  the  
servlce envlronmenf t e s t s  lf t h e   t r a r ? s p o d e r   p l s e  por=z:ors are held t o  
-0.06 mec.  With ~ q w ~ v e d  gro-nd eqmpment an2 addltlcnal  pulse code 
a s d g m e n t   t h e  f?*tlJze transpordero  should  be held t o  iO.08 usec. 

REC"PIEND!D CHAAACTERISTICS 

The f o l l o v i n g  cha rac t enFLcs  baccd 03 the  prevlirus  dlsc-lsslon  are 
recxrrrended f o r  com?atlblc ATC beacon  eqclpmed ! 

A. Gmxmd Interr-c-f2+or - _- 

1. Trans r i t t e r  Frequenzy: lo30 mcs 20.2 mc. 

2. Transmt ter  Power: lOC0 t 3  2900 watts peak output measured 
a t   t h e  autenna t e m n a l   a c r o s s  a $-ohm re s l s t l ve   l oad   a t  
any pr f  fmn 50 t o  L l O  pulses   per  second. 

3. T r a n s m t t e r   k l s e  Shape: 

a, Ihlrztlon of 0.8 2OJ w e c  as measured at  50% of the 
peak  mslltude.  

b. &se tlme of 0.1 usec or  less .  

c. Decay tlme of 0 .2  usec o r  l ess .  

d. Amplltude of the two p d s e ;   s h a l l   h e  within 1% peak 
anplltude of each  other. 

8. Pulse spacing sha l l   be  8.0 20.1 usec. 

L. Recelver  Sensltlvity: A t angen t l a1   r ece lve r   s ens i t l n ty  of 
not  less  than -90 dbm. 

5 .  Recelver Frequency:  1090 mcs 20.2 mcs. 

6. Recelver RF Bandwidth: Not less than 9.5 mcs a t  6 db 
polnts  with  present  decoders. (13 mcs f o r  lmproved 
decoders) 

7. Vldeo Response: Vldeo octput from recelver shall  be a 
reproductlon  of  the  transponder  pulses  with  rise and decay 
t lmes  not  to exceed 0.1usec and 0.2 usec,  respectlvely. 

I 
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The n d e o   s h a l l  be Ilmlted a t  2.0 vo l t s  and sufficient galn 

pezk noise autput when the GTC 1s disabled, A signal 21 
s h a l l  be  prov!de.i t~ produce a t   l e a s t   0 , s  wlt of average 

db above a s lgr ,a l  ?il;s rxnse-zo-noise  ratlo o f  2 uo 1 m a l l  
have 115 b lg rn f l can t  stretchlng. 

b e l w  normal g a l a  by a d l s a b l l i ~   g a t e  wlrch  occurs  before 
GTCr The receiver   gam shall be  rediced a t   l e a s t  75 $0 

the  t?an;rratter pa lsad .  A t  15 usrE,afte: the second 
pulse 15 t~a; izx. t tcd,   the   recclver   gala  shall :eaGh an 
adJ11shbibie value which i s  betwren 30 and LO db b e l m  a 

toward, ?.:r.wl at  the   ra te  of 6 db each  tlme  the  range i n  
sen:.Ltlvlty of -9C dbm, The g ~ l n  e h d l  rLatinue t u  r i s e  

doubled. Maximum devlatlon from t h s  gam vs time  curve 

be enablad f o r  a ed;mtable perLod frm 10 per  cent +o 
&Ai n o t  exceed i-la5 db a t  any G g j c t .  The rece lver   sha l l  

80 per  cent 9Z the   prf   per lod,  

Antvxna GzLn= Phmrriurfl g a u  sha l l  be 21.5 dk over an i s o -  
tropic radlawr  for  200-mle  ogeratnon. 

Antems  Slde Lobes: Dmrn a t   l e a s t  2h db below the   l eve l  of 
t i e  main lcue. 

Effective  Radlated Power: k9.5 t o  52.5 dbm f o r  200-.mie 
operation. An EILD oT 39 t o  k2 dbm i s  sat lsfaLtory f o r  
3O-nule t e m n a l   o p r a + , l o n .  

Trz?snuss:on Line Loss. A s  reqLired  to meet effective 
rzcllated power requrement s. 

Antenna Scamnng Speed: A t  l e a s t   10  h l t v  per  node s h a l l  
be received  dunng each  antenna scu l .  

Antenna Heigtt: A s  r e q u l r e d   t o   m n m p e   e f f e c t s  of v e r t l c a l  
interference  pat tern,   ref lect lons and blind  areas. 

Polanzat lon:   Vert ical   polar izat ion.  

8.  

?. 

10. 

11. 

1 2 .  

13 

1 L .  

15. 

E. ATC Alrborne  Transponder: 

1. Transmltter Frequencys  1090 mcs plus o r  mlnus 3.0 mcs. 

2. h t p u t  Peak Power: 27  dbm i-3 db. 

3. Reply Pulse Shape: 

a. h r a t l o n  0.3c t o  0.55 usec. 
b. R x e  tlme 0.1 usec or l ess .  
c,  Decay time 0.2 ueec or less.  

Ib. Receiver  Sensltlvity: Normal -7h dbm +3 db f o r  90% i n t e r -  
rogatlon. LOW -62 dbm 53 db f o r  9@ Interrogation. For 
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mter rozauon   r a t e s  from 1000 t o  20GO Fer second the   r ec t lve r  

per second t h i  r e c e i v e r   s m s l t i n t y   s h a l l  be rduced  by a t  
sensitivlt:. shall L - J ~  be reduced more thar, 3 db. Above 2000 

l e a s t  20 db a t  2500 per  scccnd. 

itecelver  Frtquencq: 1030 mcs ?7 mcs. 

Hecelver  Buldmd5h: 8.0 mcs a t  6 db dam, 

Reply  C:laractenstlcs: Each re:>ly pulse   t ra in   sha l l   cons ls t  
of two Sm-ket  pulses sFaced 20.3 d . C 6  wec   apa r t  and up t o  

frcm the  i lrst  orickct  pulse, A spcclal   ldent l f lcat lon 
6 admt lona l   n fumat ion   pu l se s  spaced  each 2 . 3  1-0.06 usec 

cabosse ;;ulse shall be  transmlt5ed 11.35 t0.1 usec from the second 
oracke k p %e, 

Intarogatdm  Character is t lcse  in+errogat;on pulse p a r s  
of 0.8 - - 1  usec  duratlon sp3ced 8 u e c  -0.i usec shall 
I n t e r r o g e k  the   t ransponder .   Crcui t ry   sha l l  be incJ-xled t o  
r e J e c t   p d s e s  which have a duratlon of l e s s  than 0.3 usec and 
mwe than 2.0 usee. 

Reply  Delay: I n t e r m l  delay  shal l  be 3.0 f0.5 usec. 

Range J l t t e r :  Mmmm Yange j l t t e r  on successive rep l l e s  
shall not exceed k0.1 usec. 

5 .  

6. 

7 .  

8. 

9 .  

10. 

11. 

12. 

Effzctlve  fadieted Power: 24 dbm t3 db. 

Transmission Llne  Loss: A nommal l o s s  of 3 db sufficient 
t o  meet thc  ERP requirements. 

Antelma: Essent ia l ly  m-directional i n   t h e   h o n z o n t a l  
plan- .   Vertxal  beammdth a t  least 230 degrees from the  
honzontal   p lana.  
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Relative F i e l d  :: trength 

Fig. ; Vert ica l  lobc pa t te rn  reeul tmg fror,, r e f lec t ions  fron 
earth.  Antenna 13 ft .  bigh. Frequency 1090 m a .  





C r a z i n g  angls in degrass 

pig. 5 Ikgnltude of the ref lect ion  caf f lc iant  am B tunetion of 
grazing angle for a amooth aea and vertical polarlaatloa. 
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Ground Antenna I 

Fig.lC El l ip t i ca l   r e f l ec t ion   a r ea  shown over flat earth. 









-38 

-46 

-58 

-6s 
dbm 

-78 

-88 

-98 

+ 
1 c 







LEGEND 





1030 0.5 

103C f 1 

1030 2 

1030 i 1 
5.7 
3.7 

6.7 
7.7 
9.7 

4.5 
6.5 
7.5 

10.5 
8.5 

7.5 
5.5 

8.5 
9.5 

u.5 
7.5 

10.5 
9.5 

u . 5  
13.5 



Transponder Trensniitter 
3ecluencv  cs. 

1090 i 1 ' 

1010 f 3 

Trecruency CS. 

IR Eeceiver 

1@@ i 0.1 
0.5 

1390 f 0.1 2 

11 
u 
11.2 
12 

15 
u 

14 

13.2 

15 
11, 

17 

i: 20 Xeply z'ath 3equency Tolermces Basea on 
'inlmum FZ" Bandpass of 7 CS. for  a 0.1 usec  XLse  Rise Time 



F r e e S m c e  Ro-tlon 

Ip, Gutput  Transponder 
Power 
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Ia t ts  dbu 
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6 6 . 5  
1.32  52.4 
1.17 
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-* Total Cmund Squipnent Tolerance LO.05 uec .  
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0.2 
0.32 
0.45 
0.544 
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