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INTRODUCTION

PURPOSE.

The purpose of this effort was to determine the performance charac te r i s t ics
of transponders and digitized encoded altimeters in general aviation aircraft
in an operational environment.

BACKt;RoeNI).

Operational fie ld measurements on existing transponders would provide a s igni f -
icant data base for assessing and evaluating transponder problems th our pres-
ent ATCRBS system and for future system planning . At the request of Airway
Facilities Service (AAF) and Systems Research and Development Service (SRDS) ,
the National Aviation Facility Experimental Center (NAFEC) was comissioned to
provide data  f r om gencr. t l  aviation aircraft transponders in calendar year 1977.
This report is essentLillv the cont inuation of report  No . FAA— RD—77—74 , “Sunmiary
of Iransponder Data , Jun e l~~75 through August 1976,” dated June 1977 ( re fe rence  1).

TRANSPON DE R PE RFO)e4ANCE AN ALYZER (irA) .

GENERAL DESCRI PTION. The TPA is an automated mobile test system capable of
t e s t i n g  many transponder parameters  w h i l e  t h e  t ransponder is ope ra t ing  in the
a i r s pa c e  environment  ( a i rbo rne ) , stopped on a ramp , or in a laboratory bench
mode cf oper.itien . The TPA lo fully s, l f—c ’ntajned and housed in a bus
(f igure 1)  f o r  mo b i l i t y .  The equipment consists of •i modified IJPX—14 beacon
transmitter/r eceiver , directi on a l horn ,mtenna , vol tage control (digital) PIN
d iodes , pulse mode generat or  ( PM t ;) , radio frequency (RF) ontrol unit , reply
p r e ~ sor , digital clock , computer buffer , ninicomputer with magnetic tape and
d isk storage , a disp 1 a’~ terminal with hard opv p r i n t e r , and othe r elements fo r
timing , c a n t  ro l , annlog— t ’—d igit a l  (A/D) conversions , etc. (see figures 2 , 3,
c~d •-.).

TF.\ OPERAT ION AND PROCEDURES. The minicomputer Issues co ands to the PMG ,
which establi shes the pulse rate and spacing between interrogation pulses.
The PMC also trig~:ers the trans~~It ter , which generates a low leve l of RF power.
The control of the pulse rate and pulse spacing is utilized in measurement of
transponder dead time , suppression time , decode a curacy , etc . The amplitude
of the RF is controlled by the 11N diode modulators which feed the PMG and
horn antenna  which , in turn , transmits and receives all the RE pulses. The
transponder reply is ~rocessed through the r e c e i v e r  i n t er m e d i a t e  f r equency
(IF) amplifiers and various circuits for measurement of pulse amplitude, width ,
spacing, etc., and then recorded on magnetic tape for data reduction and future
analysis. A 100—megahertz (MHz ) clock is used to measure the pulse width ,
spac ing, and timing. A cathode ray tube uCRT) provides a visual output during
the test , and a thermal printer provides a hard copy printout for imsediate
assessment.  Figure  5 La the  TPA block diagram.

- -
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In the ramp t e st  ing procedure , the TPA bus is located a l o n g s i de  the t a x i w a y ,
and the air cralt under t e s t  t o  positioned over a r e f e i e t i e mark ( f i g u r e  6 ) .
The air craft pilot is requested to turn on the t r a n s p o n d e r  and squawk a sped —
f led  code. The test akes  dppr oXimatt’l v Pt seconds • When the at rcraft t ran—
sponder ’s an tenna  t o  ove r t l i~ c a l i b r a t e d  reIe rence~ m ar k , the  t ree—space a t t e n —
uat ion , horn a n t e nn a  ga n , it -

- l oses , etc • , a re  accounted ~ in measure—
ments of t r a n s p o n d e r  power and sensitivit y . The computer  so f t w a r e ’  a u t o m a t ic a l l y
controls i n t e r r o g a t ion , spacing , r a t e , et . , as 15 t r an s p o n d e r  characteristics -
are measured and r e c or d e d . These are a lso  shown on the computer p r i n t o u t
( f i gure 7).

DAT A COLLE CTiO N.

Transpoiidcr d a t a  recorded rept  ,~~~c u t o  2 calendc!  v . a r ~ at  dat a i l l e  t ion ,
1977 and 1973. During l u l l , ~our a ir sh’.o/fIy— ins were selected tor
data c o l l e c t i o n :  (1) the  R e a d i n g  A i r  Show , Jun e H 7 1 , R e a d i n g ,  P ennsy lvan i a ;
( 2) T r i n s f a i r , August 1077 , at .M-’EC , \ t l a n t i c  C i t y , ~~~ . l er s ev ;  (3) the
Confederate A i r  Show , October  lu ! 7 , H ar l i n g e n , r exss ; and (-.) the AOPA Fly—In ,
October 1977 , Opa— Lock.i , F l o r i d a .  I n  a d d i t i o n  t o  t he  above , da ta  co l l e ted
d u r i n g  th ~• 1975 ~; -\ F F C ‘r zns f a i r  ire  i n c l u d e d .

The U . S . N a t i o n a l  A vi ation S t i n d a r ! fo r  t h e  1FF Mark X ( S I F ) / A i r  T r a t f i c  Control
Radar Beacon Syster C h a r a c t e r l s t i c ø ,  1O1O.S1 A . A ugus t 1971 (teterence 2); The

Radio Technica l  Co i ssion  fo r  Aeronau t i cs  (RTCA ) . Document DO—150, “Min imum
Performance ~ r an d a r d s  A i r b o r n e  ATC tran sponder Equipment ” t e s t i n g  p r o  edures ,
March 19~ 2 (reference 3); and RTC ’ Document !lir— I ...., “M in i m um Opera t iona l
Ch ar a c t e r i s t i c s— A i r h ’rne ATC Tr an sponder  °vstems , ’ March 1970 (re:erence ~ )

were used to  deternine equipment char acte ristics t’ r  t r an sponde r s .

197/ T~~\h~d~~)NDER DATA

DATA SA,~~ LES.

This sect ion can t a in s  h - c r i ~~t ion ot th& mea s n . n , n t  made on t ran spond ers
inst  a i l e d  in i t  in e r a n t  ,~e n - r a 1  av i i t t  I n  a i r  r i f t at h~- f o l l o w i n g  gi - i gr a p h i c
ar eas  f r n t i r  h ‘~~~

- or t l y — i n -  d u r i n g  197;’.

li ne l~ 77 Read in~~, Pennsy l v a n i a  ( A i r  Show )
A~~~. 197/ \ t  l a n t  ic C i ty .  N w  Jersey (Tr inc t a i r )
Oct .  1977 H ar l i n g e n , Texac (C n f e d ’ r . t e  A i r  Show)
Oct .  1977 Opa—Locka , Fl ‘r i d i  ( A ( I A  f l y — I n )

More ~han 800 ai rc  r o t  t ~~ ‘ i n t e r r g i t  c it  in 1977 by the TPA bus at the various
air shows and i l y — i n s .  Ot t h e ’ ’ - , 753 were considered valid samples far compiling -
stat  ist ics. The invalid samp li - - were due to t h e  i a  I that  ~on. 1 the same a i r —
c r a f t  appeared it  another  l i s t e d  show or r et u r n e d  d a i ly  to the same show , creat-
ing dupli cate’ data w h i c h  w er e  au t o m a t i c a l l y  discarded d u r in g  data  reduct ion .
Another cau se  f o r  i n v a l i d  da ta  was . i lr ; r a  movement f r ’r~ the  calibrated
reference pOi: ! b e t  ore  t h e  d a t  co l ic  ion p r ’  ~‘ss was orrpl eted. 

~~~~~~~~ - . - - ~~~- - -



PARAMETERS MEAS U RE D.

The parameters measured are listed in ta hl ’ 1. The results are compared with
the e s t a b l i s h e d  s tandards  es Jet m e d  in reference 2.

TEST PROCEDURE S.

A very h igh  t requency (VHF) c o mu n i Lat i o n  t r e q u en c v  was assigned by f requency
management p r i o r  to the a i r  sh o w/ f l y — i n  da te.  T h i s  i n f o r m a t i o n  along i.’ i th
othe r  general  in t o r m at  ion about the TPA ~~.o u t i l i z e d  in N o t  ices to Airmen
(NOTAM ’s) , A u t o m a t i c  Tennlira m t  rr t t  ion  Ser v i c e  (ATI S) , brochures , and hand-
ou t s  for  advance p u b l i c i ty . In  add i t ion , s i g n s  d i r e c t e d  the a i r c r i t t
t owards  the TPA bus t e s t i n g  t i e .  and p ar k i n g  t a c i l i t i e s .  Once commun i~~at i o n
W as e s t a b l i s h e d , the v o l u n te er  p i l o t  was guided b~’ a me mb er  of t h ~- TPA
team to a c a l i b r a t e d  mark on the  t ax iw ay  and advised  to opera te  h i s  t ransponder
on a s p e c i f i e d  d i s c r e t e  code. When the p er s onne l  in t h e  TPA bus detec ted
re - p ly s i gna ls  from t he  t r a n s p on d e r , t h e y  ent i - r e d  a l l  the  manual da ta  v i i  the
CRT keyboard.

A CRT p r e s en t a t  ion is d i sp l ay e d t o r  v t - n t i cat  ion of tes t  results . A ha rd  copy
p r i n t o ut  is g e n c i a t e d  and t~~e i t  data recorded on magnetic tape for future
n~ i l v c i s .  The t r i n s ; ’ :i t e r  t e s t s  ire  accomp lt’~h .d ~~t t h i n  i p p n ix itr it  e ly  30
seconds .

A - t  andard gain directio na l a nt  c n n . t h o r n )  is used t o  couple  t h e  signal between
the a i r c r a f t  t r ansponde r  antenna  and the TPI ’ bus . The horn is S c i e nt i f i c
Atlanta model 12—0 .9. Cal ibr at ion  and dimensions t a r  t h e  h r n  are taken from
NRL Report No. -~.33. The nominal gain  it 1. CH: is 13 .7 dB . The E—p lane  and
H—plane neiminal h uidwidths its - ., ° and 35°, r. sp- ect ively . The av e r a g e  he igh t
from gr ind to ge neral .viat i ’n transp ndt r ant i-nu ts at.- about 30 inches
and the horn is set at t h a t  h e i g h t .  A - t i p l i n g  f ac to r  due to h e i g h t  v a r i a t i o n
is taken in to  c o n s l i t - r a t i o n  as par t  t h ,  n - . i r e m e n t  t o l e ran c e  ( r e f e r i - n e 5 ,
pages 48 and 4 9 ) .  The d i - - t a n c e  of 50 t o r t b e t w e en  horn and ai~~c r a t t  t ransponder
an t e n n a  ~~is used t n  sep ir a t  ion and c l e a r a n c e  purposes  and is taken i n t o
accoun t during c al i b r a t  i ,n. C i i  i l ’r at  ion to t ~~‘ 1PA .-1~~ct  ronics  it iii zes the
st at e’—of—the— art t e st  equ l ptr tnt and a re f i r on e r .,n - 1 ’ n d e r .  The ret ere -nct -
t r an s p o n d e r  Is me a sur ed  f o r  15 p . .r am ete r s  d i r t - ly by the  TPA equ ipmen t
( b e n - h  t e s t  ) , and the p a r e - c t er  va l u e s  a t e  r i - c  r ded .

The r e f e r ence  t ransponder  Is t h o u p laced 50 1 , - i t away ( w i t h  a l ar g e  a l u m i n u m
p la t e  - i p p r x i ma t e lv  3 square i e c t  , to s l ip i r t an IFP q uar t e r ~~~ave an tenna  or
“stub” in the cen te r) . .flien l i i i  t r ansponder  I s  i n t e r roga t ed , the TPA equip—
ment , wou l d  then he read j usted by a t  faet  vol t  ag’ s t o  produce the  same readings
n; p r e v i o u s ly  recorded from the bench t e s t .  Th i s  would allow for  f ree—space
a t t e n u a t i o n , cable losse s , powe r leve l settings , gain 1 the horn , etc.  I f
a d i t f e r e n t  d i s r a n . is required , new o f f se t  v o l t a ge s  are required to produce
the same r eadings .
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RESULTS.

Measurements of the 15 parameters tram all 753 samples obtained in 1977 were
c~~ pa red to the standards. Table ‘ indicates these 15 characteristics at the
individu *l shows and f l y — i n s  as well as composite - data for  1977. A measurement
to le rance  is also indica ted  to allow t or  possible measurement error and/or
an tenna coupling (reference 5) .  These are taken into consid eration in the
calculat ion of power output and sensitivity.

Table I shows the percentages of Lt • .n ponders which met some (“ N”) of the
standard s , where the  paramt- ter  “N ” vari es f r ri 1 to 15. Figures 8 th rough 19
are the composite d at a  ( 7 5 ;  samples)  t i n  each of the ind ivid u ..l parameters t a r
a t o t a l of 11 ,_ u S measurements .

It  can be seen t ram t ab le  3 t h a t  .‘SM out -r 75i transponders met all 15 param-
eters , w h i c h  is approx imatel y 4 percent , ~ per t-it t of t ransponders tested
m et  1-.. out of 1.5 pa ramete r s , 77 percent  of transponders tested met 13 out of
1.5 parameters , and 87 percen t of transponde r - t e s t e d  :t- t 12 out of 15
p aram e te rs .

From t ab l e  2 one- can st- c- ; ar a s l e- t e r s  w i t h  the lowest per - n t s g e  of m e e t i n g  the
spec i ft cat i o n s ;  name lv , rep ly  power , senS it lvi tv , and m. d.- C di - . udi- accuracy ,
at 8) .) p e r c e n t , ~‘ .7 pt- t en t , and ~1 ,4 percent , respective ly.

1~~78 TRAi-~SP *~~~R DATA

D A r A  S~~~~LES.

Th i s  se ct i o n  contains e s s e n t i a l ly  the same t yp e  t tr-insponder d a t a  previously
desc r ibed under l -~77 t ransponder  data ex-  i - p t  t h a t  i t  Is f i r  1978 Tr ans fa i r  at
NAVE C , A tlantic City , Nt~ t . - r s e v .

~~ rt than 250 it int -r  -tn t general iviat ion i i i  r :raft ~~ rt t n t  er r o g at e d  by the
TPA h u 4  at Tran sf . i i r  1978. t ) f  these , 21 2 ~~~ r v a l i d  samples , w i t h  inval id
samp le - s due  basica l ly to the same rc.isons t a r  1u 77 d a t a ;  name l y ,  dup l i ca t ions , etc .

i ARAM1. ?‘~~ i€AS URE D.

P a r a a e t ’ - r s  measured w e r e  the same as the 1977 pa r amete rs  previously  mentioned.

TEST PROCEDURES.

Test, procedures were the same as the 1977 te st  procedure s pr ev ious ly  ment ioned.

RESULTS.

Meas u rements t -.f 15 parameters f r  the 212 samples were compared to the standards .
table ’ 4 indicates these 15 cha rac te r i s t i c s  recorded at T r a n i f a i r  1978. Again ,
the  measurement to le rance  La indicated to *l l aw for  possible me asurement erro r
and /or  an tenna  coupl ing  var iab les  which  were taken into considerat ion during
measu rement of transponder power o u t p u t  and sensi t i v i t y .  Table S shows the

S
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TABLE 5. PERCENTAGE OF TRANSPONDERS MEETING “N” OF THE 15 STANDARDS
(212 SAMPLES 1978)

Atlan t ic  C it y
(212)

“N” S tandards “N” P.rc.nt
Out of 13 Transpond.

15 out of 15 89 42

14 141 66.5

13 175 82.5

12 193 91.0

11 197 92.9

10 203 95.7

9 205 96.6

8 20 9 98.5

7 — —
6 —— —
S — —
4 210 99.0

3 211 99.5

2 212 100.0

1 2 12 100.0

0 — —-

9
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percentage of transponders which met some (“N ”) of the standards , where the
parame te r “N” varies f rom 1 to 15. Figures 20 through 31 are the data f rom
212 transponders tor each of the- parameters for a total of 3 ,180 measurements.

From table 5, it can be seen that 89 out of 212 transponders met all 15
parameters , which is approximatel y 42 percent. Approx imately 66 percent of
the transponders met 14 out of 15 parame ters , 82 percen t of the transponders
met 13 out of 15 parameters , and 91 pe rcen t  met 12 out of 15 parameters. From
table 4 , one can also se-c’ that the pa ramete r s  w i t h  the  lowest percentage
meeting the~ s p e c i f i c a t i o n  ~nce  again include rep ly power and s-nsitivlty at
82.5 percent and 79.7 percent , respectivel y.

ANALYSIS

The nu~~er of data samp les coll ected for this reporting effort was 965, which
is approximatel y 1.0 percent ot the es t imated 100 ,000—plu s t ransçeonders Instal led
in general aviation aircraft . Whereas transponder data collected in FAA— RD--77—74
(1975/lh) (reference 1) did not cover a sufficient number at  15 t ransponder—
parameter samp le s , it would be d i f f i c u l t  to show a trend statistically. How-
eve r , a significan t difference was fotmd ; namely , in the 1977/78 data, 348
transponders out of 965 meet all 15 parameters , approximately 36 percent , as
compared t o  the l 9 7 S/ ~ h r esu l t s  at on ly  13 percent. This may be attributed
to  large r samp le- s ize and i m p l e m e n ta t i o n  of so l id  s t a t e  de s ign  transponders .
The nu~~ er of tr .inspanders t v s t t ’d fo r  all 15 parameters in l975/Th was onl y 56.

Table 6 -~t i - i~~, the percentage of transponders meeting standards , and table 7
sln~~’s the pe rcen t age  of t r anspo nders  — ting at least “N” of  t h e  15 standards
for 1977 and 1978. From table- 7, it can b1- seen that approximately 61 percent
of the 965 transponders met l -~ of the 15 parameters , 78 percent of the trans-
ponders met 13 of the 15 paramett-rs , and 88 percent of the transponders met
12 of the 15 parameters .

The two most commonly u t — o f — sp e c i f i c a t i o n  pa ramete r s  are ti-ply power and
sensitivity, and these are also the two most difficult parameters to meas-
ure. This is due to variables such as, ground effect , antenna coupling/
orientation (lobing , reflections , shielding , etc.). Therefore, an additional
3 dE was allowed under the heading, Mess. b ier. % , in tables 2 and 4 and
figures 10, 14, 22, and 26 for reply power and sensitivity measurements. This
3 dB or grey area , where Meas. Toler. Z is indicated , show a greater percent-
age in tolerance than those for pulse width , jitter , delay , etc. An example ,
in table 2 under composite for rep ly power, it shows that 83.3 percent me t
the specification out of 753 transponders of which 22.3 percent were in this

grey area, as indicated under Mess. Toler. 2. The same applies for sensi-
tivity , wherein 77.7 percent met the specification , of which 25.0 percent

were in the grey area. Where measurement tolerance for pulse width , jitter ,

delay , etc., are relatively small due to electronic equipment and tes t equip—
ment error , these tolerances are negligible.

10
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TARLE 6. PERCENTAGE OF TRANSPONDERS MEETING STANDARDS (965
SAMPLES, 1977/78)

Composite (965)
Spec. “N”

tharacteristics 2

1 Dead T ime 97.6 942

2 Suppression Time 92.1 889

3 Reply Power 83.1 802

4 Frequency 92 .5  893

5 F2 Pulse Wid th  89. 3 862

6 F1 Pulse Width 87.5 844

7 Sens i t iv i ty  78.1 754

8 Delay Time D i f f .  92 .8  896

9 Reply J i t t e r  93. 7 904

10 Mode A Delay 96.0 92 6

11 Mod e C Delay 95.8 924

12 F 1 F Spacing 88.8 857

13 SLS Decode Acc. 90 .1 869

14 “lade A Decode Ak -c . 89. 2 861

15 Mode C Decode Arc .  82 , 3 794

11
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TABLE 7, PERCENTAGE OF TRANSPONDERS MEETING “N” OF ThE 15 STANDARD S
(9b5 SAMP LES, 1977/ 78 )

Composite
“N” Standards (965)
Out of 15 “N” 2

15 out of  15 348 36 .1

14 590 61.2

13 760 78.8

12 852 88.3

11 910 94 .3

10 935 96.9

9 (~~44 97 .83

8 954

7 958 99 .28

6 960 99.49

S 962 99.7

4 963 99.8

3 964 99.9

2 965 100.0

12
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CONCLUSION S

1. Test data results indicate that only 36 percent of th. transponders
te sted met all 15 parameters.

2. The dat a provide a significan t data base for future comparisons and
analysis. This data base represent s app roximately 1 percen t of all registered
transponder—equipped general aviation a i rc raf t .

REC(}QIENDAT ION

It is recomeended tha t a study be conducted to determi ne the impact upon the
National Airspace System of varying the 15 individua l transponder parameters
outside of their specification. If these effects can be defined and quantified,
transponder requirements (specifications) may be raudilied or amended
accordingly.

13
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