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SECTION 1

SUMMARY

A study was conducted in the Spring of 1977 to
determine the feasibility of developing in the near term

an integrated GPS-inertial navigator of low cost and ade-
quate performance for Army helicopters. A production cost goal of

$18K-$25K in FY76 dollars was adopted for the navigator.

To meet this goal a strapdown inertial measurement unit

(IMU) was considered with the inertial components , the

~~S receiver , and the navigation processor mounted in the

same assembly and utilizing common components wherever pos-

sible. The GPS receiver and navigation processor were as-

sumed to be approximately equivalent in cost and perfor-

mance to the hardware and software in the SAMSO/Magnavox

GPS User Equipment Z Set. The production cost goal for the

integrated GPS-inertial navigator was subdivided into the

following components: IMU , $lOk—$l2k; GPS receiver , with

computer and display , $12k; additional microprocessors for

strapdown coordinate transformation , instrument compensation,

and inertial navigation, $lk. The driving question was whe-

ther inertial components existed , or could confidently be

developed for engineering models by 1979, which could be

produced at a low enough cost and which would prov ide ade-
quate performance in helicopter application.

- 
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It was recognized tha t the GPS si gnals  could be uti-

l ized in the integrated GPS-Iner t i a l  Navigator  to cal ibra te
certain IMU parameters in flight and , thereby , to provide

enhanced inertial navi gat ion performance dur ing  periods of
heavy jamming when the GPS signals would be unavailable.

But even with this synergistic benefit taken into account ,
inertial components with adequate performance and suff i-
cient ly  low cost could not be projected confidently as
being available by 1979. Hence , it was concluded that it

was not feasible to develop in the near future an inte-

grated GPS-Inertial navigator with the desired cost and

performance parameters.

In the study it became clear that, for the helicop—

ter application where flight speeds are often very low,

only an IMU of re la t ively high cost can provide stand-alone

performance tha t  is comparable to what can be achieved by
a Dopp ler radar navigator.  I t  was recognized that a low

cost s trapdown IMU can provide better short-term naviga-

tion performance , and better a n t i j a m  t racking  performance
through aiding the GPS receiver , tha n can a Doppler radar .

But the very poor long-term performance of the low cost

fl-l U when the GPS is jammed was considered to be quite un-
acceptable. Although the Doppler radar was not studied

in detail , it was seen to be a more practical alternative

than a strapdown INS for integration with a GPS receiver

to provide a low cost navigator for Army helicopters.
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A secondary conclus ion  was th a t , at a small  increase

in c ost (on the  order  of $ 12 K )  over the Doppler-GPS ~\Tavic1ator ,
a G P S - D o pp l e r- In e r t ia l  sys tem could be developed w i t h  su-

perior navigation and antijam performance. Superior per-

fo rmance would he obtained both in  the norma l o p e r a t i n g

mode and in backup modes when either the GPS or the Dop-

pler senso rs , or both , a r t ’  i nope ra t i ve. Moreover , t h i s

in tegra ted  system could be used to d r ive  the a tt i t u d e

and heading reference system (AHRS) disp lays. The savings

obtained through elimina tion of AHRS components and the

enhancement  in n a v i g a t i o n  and d isp lay pe r fo rmance  would
make the GPS-Dopple r -I r ie r t i al  system an a t t r a c t i v e  devel-

opment  fo r  a new he l icopter .

The p e r t i n e n t  r e su l t s  of a survey of st rapdown tech-
nology are presented in Section 3. Then , in Section 4 , an
maly s i s  of n a v ig at i c~ pe r fo rmance  w i t h  app l i cab le  compon-
ents is presented . Evaluations of the results are pre-

sented in Sections 4 and S. The conclusions of the report

are  summarized  in Sect ion 6 .
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E a r l y  t e s t s  ~t t  CSI ) l .  on a . C — l  111 —AJ intl icat e that t lìe

sh o r t  — t e r m  b ias  u n c e r t a i n t y  is  about  an order of m acj i t  i t  t i d s ’

loss t h a n  t he  d a y — t o — d a y  tUF fl Ofl to—turfl— Ofl var jot i on .
‘l’he r ’et o r t ’, t h e r e  is some p r o mi s e  t ha t a dri It late (~t 0. 1 ‘o’

~t o t  Etc-ni t - ( 1  m er u )  cou ld  be . 1011  I OVt ’cl w t t 1 t h i s  I ow—cost . j y r c

There  i s a suna I i  t ’, t  t 0u~0 ry  01 “ h I ’. so ice ‘ — ,h oi n t

S u t I t h i o r t  c l yr o s  w h i c h  s h o u l d  .ii so ho c o n s i der ed . ‘Vit o oldest

iuetttbets 01 1_ h i s  c . t t t ’qo t’y  W e l t ’  ‘ . i u ’ V t’ loped f o r Use ’ l i t  cj I mba 1 led
il,1 \’ i c j. t t t o u t s ys t on t s  . Et’u ’t’it t w o r k  has pr o duu ’u ’uL I lloul i t  l o ot  l o u t S

ol hiqhet rate i utp Ut S. P i t u l  11001111( 1  lfld i c i t ’ i s  d ) t  t h e  two i n -

st ruu t te n t s  in  t h i s  cat  ecio I V  shown i n  ‘l’abl  t’ 2 . .‘ are  ova i i  —

. tb 1_ e I or evaluation. M . m n u t  ,t c t  ur ’t s ’ b u i l c i o t a t y  t’St i nt ,tt c~;

t ol t i l t  i t  costs of ij i O S  ill  ‘l’al.i l t ’ ) . 2  ut l a r q t ’ V o i t t u i t e ’ pro-
duct ion are roll,; I l ly  $ 1 . 5 K —  $ t i c  . The I i ice i i  hood 0 t f lt Ot ’( i ntl

the cost  and pet- f o rnt . tnce  0 1 i t  ( ‘I  i - a  is ne_i t t e a l l y  C l o t  t o t
these cjyros S m o e  the ~~i has  not been contut i t t oil to sub—

s t an t  i , t i  i lS i ’  I or st t’~~sdu iwu~ . i t  t i tt ~ lu ’ i’u ’ t t ’tOIiCt’ , O l i t i  t i l t ’

Conex has not boon u sed t o t ’ st F O l i ulo W Il  . it  t i t  ut i l e  r o t t ’rent ’o

Table 2 . 2 Dry I uned q y t o s  1, t wo— c,ie ’t; r oo—o 1 — t r eouloutt )

M t nu f  i ct  ur v  r — C’ it s ’r Ii’ St ~t I. us o t l u s t  t ttIiIt ’ut t
Nomt ’nc 1 .1 turd?

Litton — G7 Ilc s fl ,tll_ .tt l s t ‘V,t t i t ,t t ~~~sit  t o t
a l , i l’ , lu i W ll  , et  t i t  ucli ’ I t ’ I t ’r t ’ I l c ’t ’
t~~ s I  t t ’. tt

Ke’,t r fot  t — & ‘es f l t ’x I n  ins’ it pci i u t  1 nq sy~ teufl
‘~I’h’ i t  c at  tois wit i ch t s~ not
i s  ‘p tO  SOul .5 t C VO of St  z apelow n
at  t i t  udt ’ ri’ t e ’ I  e ’I t c ’t’ •ip~’ i t  o.-tt iout ~

Ot her d r y  I une~1 cjy i c ’ S  suc h .ts t l i t ’ To l e d y u t e  SDt~— ‘s ,

L it ton G— 6 , a nil Kc’a r f~ i 1 1 SK N C) ‘0 ,u t ’ cc i t i s  j i l t ’  rod t o hi ’ t 01

ou ts  ide the a I OF OfltOfl t OUt ‘il Cost u ’ 1 i t  01 i t t

~1

- —



[.asor qyros offer c e r t a i n  advantaqes  f o r  s t rap down

systems applications. Their performances 0 1 € ?  not l i m it ed

by It iqh  tote input s which ~tre troublesome to the  t tirtiucil

qyros  C d ) f l S  id e t  ed above . Moreover , they arc’ not sons it ivo

to or ien t a  t joul re 1 at  i ye to e a r t h ’  s q ray i ty and .ipp.’o r to

have t u r n — o n — t o — t u r n — o n  r o l l eat a b i  l i t  y cotupa r . tb l  c’ t 0 t hat

of i t i q l t e r — ~sr iced c c s n v of l t  toita 1 qyro counterparts . h owever

the r e lat i v e l y h i q h  l ev e l s  of w h i t o — n o i s t ’  d i i  U r a t e _’ o x —

hi b i t  o&1 by 1 ,t sor  qy  i-os should  be cons i dered w i t  lt rospc’c t to

t h ei r  e ’t t o c t Oti t h e  , t i d i t i q  c i t  GPS t i . i ck i i i q  loops. S i n C e ’
1 hose un i t s  ar t ’ St 1 1 qol  itt; t hrouqh produc ’ ib i  I i t  y deve lop—

mont , i t  i s  , h i  t t  I t ’ ’ . l l  t t o  obt  .1 1 11 rel i~~b l t ’  cost e s t i m a t e s
ot product  ion Un i t s . Deco ii SO 0 I t he  .ic v , iu~t .iq es o f t  c’rod

a nd liec.t i ist ’  I hey pot ott  I i~~l l  y cou ld  be low in cost , t h e

list i ll  ‘l’ol-~ e . . 3 is of  f e t ed I or s_’o i i s id e r a t  io n .  M a n u t  ac—

I urers ‘ I )u ( l q et o  ty ost  intat t’s f o r  u n i t  product  ion cost S 01’

these  q y ros i t t  Li  t i ; t ’ to 1 unit’ are’ ott the o u-dez - () f $2X— $ 6K

‘l’ . i h i  I~ ’ 2 . 1 I aser  qy r t is pot ent  j a i l  y appi i cab l e .

M an u f a c t u re t  — Gener ic  S trapdown Guidai-tce Status -

No mencla ture

Sp e r r y  SLG 15 l-’ucqli t testinq in strapdown
‘L MI) 5 300  i n  F4

Honeywell GG 1328 F ’ l i q ht  testinq in strapdown
IMU

Ot her  laser  qy ros  a re  und ot -  t’, t t  l y devel  opmeu lt  ,t t  Spert - y
a nil h oneywel l  , a utd .t t ii t i ter coinpa 11 lOS suc it as hlant ii ton

~~ t on da rd , A ui t  onet i Cs , R a y t h e o n , I I t tou t , o utd S i nqer  Kt ’a t f a t
The lt oneywe 11 t~~ — 1 100 and t h e  h la nt i 1 ton S t a n d a r d  Dl LAG a r e
not in c l t i e l t ’ tl in  Tabl e 2 . 3 becouse ’ t he i r  budqetat ’y  cost es—
t I P1,1 t OS O l e ’  mu ch t o  I i i q h  fo r  t’OtlS j dora t ion i n  t h i s  s u rv e y

1 C)



2 . 2 Uutcottve’nt it)na 1 Si’nsot

The devices shown in ‘I’~tbte 2.4 represent h t c;ht — r isk

1)11 t h i q it— IIa ~~C) f t t c ’clino 1 ot; y 1 oF st ra pdowit sys tent s of t lie

t n t  ut’e . Con f idenci ’ leve l s  I or meet inq the a fo ront en t  j oned

d U O  I it t o o t  1 siFt Cl’ I tot  UI a i t ’ t 0 0 I a  i q e’ OX t e’Il t ito t kIloWut

‘i’ , t b l  ‘ 2 . 4 Unconven t  iona 1 sensors  p o t e n t ia l l y  app l t cab 1 o

Manufacturer — Generic Intended Status
N~’5c ’lis ’ ‘L a t u t e ’ Al ‘p i i  cat ion

Delco — S o nic  5yro S t e epdown miss iles L t b o i , tt o ry

~i tio ratt n a v i q a t i o n  fi- s~ ib ili t y
t e s t s

Teledyne — SCAG Str~sp down m i s s i l e s  La b or at o r y
,i jt-~’ra ft naviq,etion te’.tsj bj lity

tests

The SOil i t ’ ‘ ; \ ‘l o  has ossoIl t t t l l  y 110 p roc t  icol  ‘li lc) t l  l~i i

1 , 1 1 0  I i n h i t s  t c i t  ~ ppl  Loo t i o t i s  t i i s l e i  con s i d e ra t i o i t . A s i n —
‘ l it c’As~ offers t h e  cap~t l ’ i l i t y  s i f  mt ’asurent ent  of two ( 2 1

~t I hoi;on,i I O n t )  ii t a r  F~t I es and I wo (2) or thoqona I acct’ I era  —

I AccO 1 o t onto t t ’ t S

Tab le  2. ¶ s shows e’u r t e ’nt l y a v a i l a b l e  ine r t  ial— qradt ’

pendu 1 ous act’t’ lo rometer  s w i t  It ~tdequa t el y low cost s

‘rthle 2 .  5 1.0w—cost pi ’ndulous  acce leromet  iFS.

M a n u f a c t u ier  — Generic Strapdown Status
Nontc’nt’l ature

— QA 1100 Vo l umt’ pr o d u c t i o n  for  a i r c ra f t
los (PO W)

Systron Dormer — 4 8 3 2  V c ’Iu m c  p rodu ct ion  for  a i r  c t a f t
and m i s se  los ( LANCE )

i i
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Delco i s st u t l y in q  t h e  desiqn cit ,i v i t o  at  t u i q — b e , t m  , Ic ’ —

ce lo romet e r  w h i c h  is bet nq colts idei i ’d t ot app 1 t t ’at i t ’l l  t O

nt L S S  1 l& ~ t iuitlanct’ I f l i  t t~t l ly  . A v er y  low t O lt i o t  cost make ? ;

this dot’ j ot ’ ott i mp o r t a n t  s’till t e ’i t d t ’l 101  ~tp}’h lt ’ O t  t on  I i i  low—

cost st rapiltiwn i t t e i  t t a 1 t u u i  d~t not ’ . llouit ’ywt ’ 1 1 h as I we mc isle 1 s

o t a pendu 1 or~; oco~’ tort smi’t 0l iii I a hot a I ~s y s ’V ,t  h t l ~t t  I i  i l l . ‘I’ hie

lo w t ,t r q i ’t s’t iSt of t hi is de ’s t q t t  iu , t k t ’~ i t  1 i’ c sSs t t i l t  ‘Ottt out—

slot also . Ko~i r t o t  I has alt ol i t t  i ~‘st  , I t  10 l oot ’ I t ’ i t ~ I iI i ’t t ’l u n —

dt’r devo lopment  t h at  a I So has I lie’ pot t ’t t t  i - a l  I 0 ui ti ’ t ’t t it t ’

c l i  t o t  t , t  d i  SCtiSSOcI Ill t it t ’ I hi t  l~~ id U Ot  h i lt . ‘i ’h t t ’St ’ , t c ~ t e ~ l e t  t ’—

lttt ’ t t ’ t S  a Fe ’ shown u t  Ta t i l e ’ 2 .

‘i’a l it  e 2 . ii A~ ‘ci ’ 1 o l iThi t’ t o t  5 l I t  tle’\’ t ’ I ii~ ~itl0fl

Manu t a ct u r e r  —- ~~ ‘lie t St  i a ~’dowet St ,it us
NOuies ’u ic la ture

Pt’ 1 t’o”V t to ‘it i t i s j  beam l~,ee ly  i’t ’iii ’ht t e ’ S t  in t l

Honeywell — t 2550 Fat ly lit’nt’h t e s t  L u g

Kearfot t — E ’ L t’t’t i o st a t  i i ’ , l~SA ~‘ ei  ly t ’ t ’nch t e ’S t  i itq

2 . 4 Summ.ti  y i ’t  I t i i ’t ’t t~ t 1 S~~’ I t S i i i  S i l l

Su i t a h le  ,it ’C 01 e Fottli’ I et  }‘ t oh i .tb 1 y i’,tU lit ’ ol-’t .i i nod

h t u t  t h e F t ’ i s sut- i s t a n t  i o l  doubt , i t x iu t  t ho ova i I , t h t  I i t  V , i t

suitable q y i - os . l ’ ot  a pt i t ’ t ’ ot  $1 K c i t i t ’SS pt ’t ~t yt i i OX is

o dr i t  t hi  is o t  0. 1 ~‘ hr  t’,tIt be h i l d i l i ’t’ t oil w i l i t  t a i t  coit I i dotict’.
Dr i ft b to se’s o 1 0. 05” , hi- iii I t j  hit be at’It i eyed wi t it tn t i t t ’  s ’c 5

bounds , b itt’  on l y  with f o r t  U i t Oti s t t ’t ’ h l h l O l O c i y  ~idv, t i i ces  . Dot —

t e’r iou fo  I ntO f lOe ’ I i i .  in  0 . 0’ .” /h t  r w 1 1 }i l ’ t i t ) , t  hi y t ’it t  0 i 1 a I a ~
‘ —

b r of two or ntore I ncre’ase l I t  c ’OS I



A s unima ry of the ~~~~ FOX i ma to  pe r fo rmance  pa rome t or s
expected from an IMU within the stated cost bounds is

shown in Table 2.7.

Table 2.7 Projected parameter uncertainties for low—cost
strapdown 1W) after calibration.

Error  Sourc e RMS Error

Gyro drift—rate bias 10 itteru (0.15°/hi)

Gyro scale factor 300 ppm

Gyro scale f a c t o r
asymmetry 30—100 ppm
Gyro q sensitivity 0.1°/hr/q

Accelerometer bias 50—l00~tq

Accel erometer  scal e
f a c t o r  2 00  ppm

if technoloqy beyond 1979 is considered , further sub—
st intial improvements in perfrontance can be expected . lint

lt Ia t t I i t a t i vo  p r o j e c t i o n s  cannot itOW be made wi th co:tt i denco.

In the next section , the expected performances of
GPS—inertial naviqators ut ilizinq low—cost (i.e., meet i nst

the  stated cost criteria) and med iunt—cost (i.e. , a f ac t o r
of 2 or more o u t s i d e  of the  s tat e d  cost bounds)  I M U s  a r e
derived for a possible ltd icuptor scenario. It is Se ’OIi

that the performance of the naviqator utilizinq the low-

cost IMLI is less than what is dosired in this app1 icatio lt

whenever ~~~ is jammed tot Ionq  per iods.

~ .1



SECTION 3

PERFORMA NCE A N A L Y S I S  OF GPS-INER ’I ’IAL NAVIGATOR

3.1 SUfl1Tha F~

The use of GPS and 1W) data for naviga t ion  of art a t t a c k
helicop~ e’ is s tud ied  h e r o , t o w  a nti n t oder a t~’ coa~ strcipdown

IMUs are considered for use in the helicopter. A l.5-”~ S-turn

maneuver is performed after takeoff , during which time GPS

data are u sed t o i n - f l ight al ign the IMU .

A sequential  GPS receiver is assumed , which  is  switched

between 4 different satellites at  2 -second i r i t e r v i l s .  The
t racking period for  a given satellite is 1 second long, durin g

which 2 range and 1 delta—range measurentents are taken.

In the cases s tudied it  was foun d t hat by u s inq  GP S

data in the manner described above , the IMU ali gnment e r rors  can

be reduced fro m abo ut 6 mr/ ax i s  (1-s igma)  to about 1.5 ntr in
az imuth  and 0 . 4  mr in leve l (1-sigma ) in less than a i — min ute
time period.

If no addi t iona l  GPS data  a r t ’ provided af t et t he f i r s t
1-2 minutes fo1lc’t~ing takeoff , then the helicopter navigation -
system e r r o r s  w i l l  d iverge  w i t h  t i mc , as is tyl’ic,s l  o t  un a i d ed
inertial  navigation systems . With a low—cost  IMU ( 10 n ie rus) ,

d r i f t — r a t e  bias errors w i l l  dominate , and p o si t i on  e r ro r s  of
the order of 10 n . mi le s  ( 1—s iqma ) w i l l  r e s u l t  , t f t ~~ i l—hionr

f l i g h t .  W i t h  a moderate—cost IMU me r u )  , t o t  I ol her  h~ iiii ,

14



the errors at the end of a 1—hour fli ght will be about l.~i

n.ntiles (1—si qr ~a), with qyro— scale—factor contr ibutiu tq siq—

nificant errors alonq with dritt—ra te bias.

3. 2 Genera l  In f o rn t a t i o  it

The overall s tud y in v o l v es  the inteqrat jolt ot  a l ow—
cost strapdown IM P w i t h  a GPS r e ce iver  f o r  accurate novi —

qation of 5in attack helicopter . To m m int i ~e nov iqat I O U

system costs , o n l y  s t rap down 1 t4Us are considered here.

Likewi se , t he  GPS receiver for t h i s  studs’ is t ak e n  as a

sinq b — c h a n n e l  r ece ive r , w h i ch  wi 11 be switched between

the different satellit es boinq tracked .

The GPS w i l l  p rov ide  ver y  ac c u r a te  n a v i q u t  ion  i n t e r —

mat lea dur inq periods when the  s iq it a  is can be t r a c k ed

Accurate in—t 1 iqh t  al  iqnt t ient  of t he  IMP is ~ 1st -i p e s s l b b o
in r elat  i~’e 1v short t june per i ods (1—2 ntinutesl u s in q  Gh ’S

I n forn t at  i on.  The I MI,) w i l l  prov ide t h e  ret]ul red nov i oa t  ~i t t

in forma t ton dun nq per i OtIS when GPS is not available.

3. 3 Basic  A s s u mp t  tor ts

A rob t I vt ’ i i’ s imp le  m i  SS ion 500110 r t o  i s  cons  i d ot e d
he re .  The hel icopter  is  assumed to be t rov e  i i  nq i t  a co t t—

s to ut  speed ~i I 1 0’~ k n 5it an a it I t ude o t about  I ~lt~t 1 oct

Shor t l y after takeoff the  vehicle executes a co~- i t d i n a t  t ’ti

S — t u r n  nt aneuvor  , as i n d i c a t e d  in  F’ i qu r o  ) . I . l’he total

d ur a t  ion ot t h i s  m a n e u v e r  is  abou t 24 seconds. The t o t  a 1

lot  era i force  ( d i r e c t e d  ¼lownwa i’d i t t  v e h i c l e  coo rd i n ot  c~~ 1

on the vehicle during this period is 1.5 q ’ s. The v eh i c l e
then f i ies at a cons tan t head int1 in a nor t  hern l y direc t ion

for about 1800 SeC . , at wh ich t into a Second S t i tr lt j~ pe~ —

formed . The veht  i ole fl it ’S t herea ftt’r tilt 0 coutst an t  it e ad—
inq in a northernlv diFec t i o n .

I ~i 
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Fig 3.1 Trajectory Ground Track w.r.t. Earth
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A in q i e— c h an n e l  GPS FeceiVeF is assumed here , w h i ch

is seqUent tab by switched between 4 appropriately selected

satell ites . The basic  p roc e d u r e  is i n d i cat e d  in  F io  3 . 2 .

A l — s e c ot t ~I per iod i s  assumed fo r  acqu isi t ion of t he  new
sa te  I l i t  o . A f t  or acqu i s i t  tort a ronqe uneasureniont is taken ,

and t he  coun t  i nq o l  F)opp let cyc les  i s  bequn  . One second

l a t e r  ( 2  seconds af t e r  acqu t s  it  i on )  a second ronqe measure—

mon t i ii t akeut a I ono with a del t a—  r o nqt ’ measurentent b,iscd on
I~opp let c c  i t ’ counts for the  I ~second interval . A set of

t h r oe ~ PS r anoe  ,i it d ~le I t  a— ronqe  nie.tsurettient s pros ides a ‘cu—

i ’ a t t ’ t n t o t ’ t n 5 t t  ion out h e l i co p t e r ’ posit ion and i’t’lOcit V , it  the

rt ’cel ver  ‘ S c lock  i s  a c c u r a t e . A f o u r t h  ~ PS n teasureuten t  Set

~ t ’ m u  t a o c ur . tt  e ca i i  bi  a t  t on o t t h e  rect ’ i ver  c lock  ‘ s t i me and

roquencv . N or m a  1 lv  , t he rece t ye r ‘ s ci tick w i l l  not be accurate.

li t t h e  p ar t  ic 1 l ot  case stud i ed here ,  t he pm im ary  in-

terest was on t h e  a b il  it s ’  o t  the  GPS to rap idl y in— fl iqht

a lion out 1 MU and t h e  itnpl toot ions on subsequeitt nov i~1at ion—

system per t o rm o nce  t h e r e a f t e r  . For this reason , a rel  a—

t iv e l  V l5i r~ e i M P  .ii iqntttent e i i o r  was assumed i n  i t  l ab  lv ,

• e • , t~ nm . t x t  s ~~b eut  a l l  t h r e e  axes. GPS t r ack  ixtq was

.issuntod to  t ake  p lace , i n  t h e  manner  de sc r ibed  ear l  ier

for tILt seconds t ol low m o  takeoff. No t~1’S nteasurement  s

are  processed t hereo f t e n .

The s tudy—mode l  GPS e r ro r s  a r e  summar i zed  in  ‘robbe 3. 1

Inc luded here  5ire r ec e i v e r  n ot  se , sat e l i  ito ephemeris un—

c e r ta i n t i e s , and t into t ’t  f se t s and d r i f t  i n  both t h e  sat e ll i t e

and r e ce iv e r  f r e q uen c y  r e f e r e n c e s .  P ropaqat ion  e r r o r s  t t i r

t ransnt I ss ion t hrouq h t he  r t~intisphe me and troposphere went’

in c  lud exi approx i nta t el y w i t b i n  t h e  o t h e r  i den t  if ‘red error
p a r a nt et er s  t , iF t h i s  initial study .

17
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Fig 3.2 Tracking Sequence
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Table 3.1 GPS Error Model.

Ec ror Type R~MS Va lue

Rece iver Noise 10 f t  (r and cm)

0.15 hz ( ran dom)

Sate11it~ Ephernei is 10 ft/axis (T = 
~~

)

0 .001  fps/axis  (‘r = o )

R ecei v e r  m it .  Of fse t  2 psec
Clock Drift 0.4 hz (t  2 h r s )

Noise 0.05 cycles (over is.)

S a t e l l i t e  m i t .  0~~fset  0 .0 1  us
Clock D r i f t  0 . 0 0 1  hz ( I  = ~o)

Noise 0 . 0 3  cycles (over i s . )

19



The I ML ? eu u t t r  nuode I t-; used in the study are summa r i zed

in Table 3 . 2 . Tite eu ru-~ ‘; ,oro are all treated ~ts bias er-

rors  ( i  - c ”)  , utorm,u II y t i  i st F i buted about a :‘,eto ttt o.tn v o l  ut ’ .

Two d i  I I e r eu t t  I MU ut iodel s a re colts idered : ,t low—cost 1 MU

( m oo t intj the  cost oh led ives of the stud y )  au t ~~ a m o d e r a t e —

cost  I M L? . The ~~F i ni,I my d i t  I e I t ’It co i n  p e r t  ou u i t a n c c  bet weett

the t Wt) is in I he ,i~~stiittt ’d t Iyl’() di i  I I —r ate b i a s  et rot ’s.

. 4 Sintu lat i o U  I’~ ’t ;dt ’ u p1 t o u t

A del a i led  d it; it o! —comput  eu s l uttu lat ion  has  been u t  i I —

i ~etI t o s t- udy t he ~e r I 0 rutta utce ot the hybr  id Gi’ 5— 1 MU nov  i —

q,u tom on an a t  t a c k  itt ’l i eo}it eu In i st; ion . ‘i’ho s i utu I a t o t  uses

a it i q h — o  rd eu  t ; f  .1 t e vec t or t o unodo I a 11 1 M I? and GPS moo s u r e —

nuert t errors q I von l i t  Ta hI  e ’S I . I and .1 . 2 . A I ow—order  s t o  t o

vector i t ;  t i s e ’d i i i  a n u n  i t u uu n —v 5t1  l ance  U i 1 1 em ou t board t h e

hel icopt  el to process ~~t ’t 1 L l t ’ i t t  i a 1 ly  I. Ito GPS measu rent en t  d at  a

The s t u d y — u u t o d e  1 outhoai ’ti I I I t  01’ t ic ! uded pot ; i I ion  ( 3) , v e l o —

cit v C 1) , I M I ,? .i l i s i u t l l t e u t t  ( 3 )  , t l y u o  tim i t t  — r a t e  b i a s  ( 3 )

r u s e t  c lock 1) 1 I sot C I ) , . m u t d  tu ser  ( 1  ock (IF I t ( 1)  errot ’ s ‘is

stat e e len te u t t

‘Vwo ti i t  I ( ‘ t O u t  I t. ‘~‘j ~t’S t )  I t I , t  t .1 ‘ i F  0 t j  otto t o I eti I r( ~utt t lit ’
S i lUhl 1 • t t i on

I ) H. M . ~; . e F F o r t ;  I t t  t Ito Ost  i unatet ; 01 lie ! i copt  el

j)05 i t  j o u t , v ol  oc it y , 1 ML ) a l i t i n n i ou t t  , and qy r o  dr  t I t —

ro t  e h i  at;. Titet ;t ’ dat a a me t~eutt ’r5t I ed by m t  ot; r4t —

ion .tnd upd ,t t i n q  of ( it t’  vea l —wor Id ost I uita I ion—

( ‘t ’Ft ) l  COV ,11 j . t l i t ’t ’  tHa t t’ix wi t ii coils jtlol’ ,lt ion ot  I l i t ’ -

-

tpet 5t t. i out o t I i t t ’  I o w o r — or d o r  nov i q.t I. i out I i I t  et’ ,

1 .0. , by I I itoa F cova u ’ i , t l t c t ’ .t ui,t 1 y t ;  i

2) 5 i ntl b — I  (‘s I — t ’d S t ’  01’ t i f l t  eru t u j ut I st it ’ errol’s t ut

t ito est i m a t  os of  I, Itt’ no vi q ,ut I out t;u5lit I i I i es . Th ese

W i t  a a l e  ~) ( ‘ f l e F, it  oti I l’oIii a si  it t ~ l e  dot erni i n  i st jt’ t e s t
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Table 3.2 IMU Error Model.

H’-1 5 l-~ t ‘~ ~
l’~u ! t ~ i ~‘t ~~t l r c t ’ —

1,t.,)W c t i5t  lt~iI? ~~~~t i i  h ilit’~~t ’O S (  I ~‘t ( I

m i t  ia~ Al iqfl~’i’ ’uit (~ utu t ’,#’,t:~i t ; b

• G y t e  [tu i t t—115i  t o
it) tt~ ’ 1, r . m t ’t u

G~’ me Sc,t I Pat ’ et 100 p~’~
II .1 00

h v  t 5 i  : c, t  I - ‘— I ’~i ‘ I  o r
I my 100 ppni .30 ppm

Ac
~
’e t o ‘~ t

U I  ,tS l, Or t  I l s i  ‘‘SO

A~ ‘ct ’ 1. • Sc a 1 e
I u ’ 20t) P t ) t i t  100 pp ;mu

2 1



run (not a statistical run) with the nonlinear

model in which all init ial— condi tion and bias

errors are ’ set at 1— sigma values. Simulated

measurements  a re processed in the on—board

filter in this typ o of run .

3.5 Simulatio n Results

The ability of the GPS to per form an in—f light align-

ment of the IMP is  demonstrated in Fig 3.3 fo r the miss ion
scenario an d navigot ion— sensor models described earl icr .

The r .m. s. errors in the est intate of a l i q nm en t  e r ro r s  (co—

variance a n a l y s i s) are shown on the top ha l f  of Fl~.; 3.3 ,

and data for a typical deterministic case (all errors ini-

tially at 1—siqnta values) are shown on the bottom . The

alignment errors are pr esented as components aboutq the
vertical (V) , east CE) , and no r th  (N) directions. GPS data

are taken for 60 seconds , the first 24 of these are d u r in g

the  1.5-g S - t u r n  maneuver .

The data  show tha t f o r  the assumed c o n d i t i o n s, the

h o r i z o n t al  components of al iqn inont  t’rror  are e s t i m a t e d  to
an accuracy of better t han  0 . 4  ntr ( 1 — s i g m a ) .  The v e r t i c a l

component , on t he o the r  hand , is less accut ab ly esti m ated ,

s i n c e  t he  measurement ~;eometr y is poorer ( e . g .  , a f t e r  the
S—turn the vehicle ’s lift force is essentiall y ver tical).

The n.m.s. error i n  this component is about 1.5 m r .

The reduction of helicopter navi gation errors durin g

the period of GPS tracking is shown in Fig 3.4. The r .m .s.

errors in the estimates of vehic l e position and velocity

are given here a long east aitd u m o r t h  d i r e c t i o n s .  Single—

t es t—case  error  t i m e  h i s t o r i es  f o r  t he  sant e case are  g i v e n
in Fig 3 .5 .  The p a rt i c u l ar  da ta  shown in Figs 1 . 1—3.5 are

for  the moderate cost IMP , but essentially the sant e results

were obtained w i t h  the  low-cost IM U .
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F’ ig 3 . 3 I n — F l  i qht  Al iqnntent  of IMU W I t h  GPS Dot  a

No tes :  ( 1)  Se q u e n t i a l  meet’ iver w i t  it u ~2s
R + A H

( 2 )  bO seconds of GPS dot  a
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Fig 3.4 ReductiOn of Navigation Errors
During GPS Tracking Per iod
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Fig 3.5 Sing le-TeSt CaSe Nay. Data
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~ 

Inertial-navigation system performance for a 1.5-hour

duration flight under the assumed conditions of Fig 3.1 is
considered next. Two different IMPs are studied , correspond-

ing to the low and moderate cost units of Table 3.2. No

GPS measurements are taken after the initial 60 second s of

the f l i ght .

The r.m.s. errors in vehicle position and velocity are

shown in Fig 3.6 for the moderate-cost IMP . For these par-

ticular t ime period s and instrument errors , both t he gyro
drift bias and the IMP azimu th alignment error remaining

a f t e r  the GPS t r a c k i n g  period are s i g n i f i c a n t  error cont r i -

butors . Single test case data for the same situation are

given in Fig 3 , 7.

With the moderate—cost IMP it should be noted that

gyro scale—fac tor uncertainties can contribute significantly

to the total system error , particularly where turn maneuvers

are involved . The magni tudes of the errors will be affected

by the manner in which the maneuvers are implemented . Large

changes in vehicle orientation occur during the course of

the S-turn maneuvers. The r.m.s. navigation-system errors

tha t result when only IMP al i gnmen t and d r i f t — b i a s  errors
are present are shown in Fig 3.8 for the moderate—cost IMP .

A comparison of these data with the results of Fig 3 .6 in-
dicate a significant change in the east components of navi—

gation error.

Detailed studies have been made of the sensitivities

of the indiv idual navi gation-system errors to the differ-

,ent accelerometer and gyro errors. These have shown tha t

~for the errors of interest here , gyro scale factor uncer—

)tainty is a significant erro r contributor , whereas accel—

~erometer bias and scale—factor errors are not. The sensi-

.tivity of east position error to gyro scale factor error

(pi tch  error ) , for example, at the end of the tra jectory

was about 150 ft/ppm .
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Fig 3.6 Navi gation Errors for 1.5—Hour Flig ht —

Moderate Cost IMP
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Fig 3.7 Navigotion Errors for 1.5—Uour Flight —
Modera te Cost IMP

I PLIU I I UN t

.
5 

1
- t .  ‘S 4~ - 4

:5 ‘$ ;
S -

~ 
,

- 
N. ~

- ~~ - - - 
~~~

- - - - ‘

-~ -
/

~~+ 4 - 4  -+

~ I ~i-

~~ ~~~~~~~~~

—S--’--- S. 

— 

1 — — —

- 
~~L - U,

I
~~ I ! )

1U ~
-

/
7 

N.- — t
~

-~~~~~ -



S
t ~ tç

I 

)-

~ 

c ,‘

~~~~ 
.~ 7

$ r 4  ‘ . ‘— /
‘3- ,c~ - ‘  ,_, 

~
.. 

/
_

k /
I • -

-

\ ± 4, L._ 
~~~~/

‘
_

5
_

~ I 4, ’) /
o i.~~ ~ I .., ,

~
_ ( ~‘ - - -

I / —. . .‘
-

“.4 \ / ‘ -‘ >— I ‘
~~~

V
A C) ‘k

E , \
\

c ’
~ ~~~

. ~~~~
—

? 
:~ 

~~~

~~— —4.- - —+——,~k----4-----~..I,-- 4 ~~ -4- -4—- 4- 4. - -4---— 4------e~--- - 4—-----4—----#---- 0

~ g ~ ~~ 
(U ç’~j  ~i)

C) C) 0 Q Q L —~ —

~S/ d) S~0b~fl 1~ .\
1U) S61O6~~ ~~0~d

29 

- 



Navigation errors for the low-cost IMP are presented

in Figs 3.9 and 3.10. The errors in this case , as expected ,

are significantly larger than for the moderate cost IMU .
Under these conditions gyro drift—rate bias is the dominant

error source.

Over the period of 1 m i n u t e  d u r i n g  which GPS measu r e-
ments were taken the drift—rate bias errors were not able

to be reduced significantly below the assumed value of

10 meru ( 0 . l 5 ° / h r) .  Longer t ime periods fo r  the GPS mea-

suremen ts are necessary if significant reductions in these
errors  are  to be achieved , even under ideal c i r cums tances .
For example , to estimate drift rate biases to 1 meru ( 0 . 0 1 5 °/ h r )

with a measurement accuracy of 0.5 mr (0.03°) , making one
independen t measurement every 20 sec (1/ 180 hr ) as indicated
in Fig 3 , would require about 2550 sec (42.5 mm , 0 .708  hr ) .
Moreover , for this calibration process to be successful the

residual drift rates of the low cost instruments would have

to be stable to about 1 meru for 0.7 hr. Such a high degree
of stability is not even remotely achievable with projected

low—cost gyros in a strapdown helicopter environment be-

cause of the e f f e c t s  of gyro scale factor  uncer ta in t ies
in accounting for the changes in the attitude of the heli-
copter . Hence, the predictions in Figs 6—9 are fairly re-

presentative of the kind of perform ance that would be achieved

after in—fli ght calibration with GPS for periods of 1 minute

or longer .
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Fig 3.10 Navigation Error for 1.5-Hour Flight —
Low Cost IMU
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SECTION 4

EVALUATION OF RESULTS

The stand-alone navigation errors shown in Fig 3.9

for the low cost IMU are clearly unacceptable by a wide

margin. Errors of about 18 nmi are indicated after a lit-

tle over an hour of flight. Hence , we conclude that if

GPS is j ammed , or otherwise unavailable , the low-cost UPS-

inertial navigator would not perform adequately for  the

helicopter application .

The stand—alone performance of the moderate—cost

strapdown IMP , as shown in Fig 3.6 might be considered
adequate under some circumstances. An error of about three

miles accumulates in a little over an hour. However , be-’

cuase of the scale factor asymmetry error in Table 3.2 the

error in position would be worse than indicated in Fig 3.6

if more S-turn maneuvers were employed during times when - -

GPS was not available. Moreover , at a speed of 100 kt a
Doppler radar navigator , utilizing the attitude and heading

reference system (AHRS) , would provide a CEP of roughly

2 miles in a little over an hour of flight 0” 1.7% of dis-
tance traveled at 100 kt). This is roughly comparable to

what could be obtained with the postulated moderate-cost

strapdown IMP. The cost of the Doppler radar (without corn-

puter , display, or AHRS) would be much less than the cost
of the moderate cost strapdown IMP and roughly equal to the

cost projection of $12K for the low-cost IMP . The relatively
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good lr~nc,-term per formance of the Doppler radar in conipari-

son w i t h  tha t of the low—cost strapdown IMP is due to the

low speed of f l i g h t  ~nd to the tac t  that the long—term

Dopp ler navi gator errors are essentiall y proportiona l to

distance traveled (except at very low speeds) , whereas
inertial nav igation errors tend to grow as f u n c t i o n s  of

time .

We cone I ude t hat  , i i  t he cho i CO 1 S to be made between

a low—cost  U P S — i n e r t i a l  n a v ig a t o r  and a low—cost UPS—Dopp ler

n a v ig a t o r  for  t act  i ca l  hel i copters , t he  low—cost  U PS—Dopp ler

fl~lV igato r  would  be t he  bet te r  choice.

I’ —
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SECT ION 5

EVALUAT I ON OF OTUHR SYSTFM CON!? WV RJ~TI ON S

I f the  t j eld o t choice is to be broaden ed to i t i c 1 ude
t h e  p o s s i b i l i t y  of saving the cost of the inert i5i l MIRS

components through Ut i 1 i :~a t ion of the low—cost  st r .ipdown

IMP for  a t t i t u d e  and h e a d i ng  i n d i cat i on  as well as for
navigat ion , another  opt ion appears which  i s  very  a t t rac ’ —

I ivo . Tb i s  op t i on  is to ut iii zt’ UPS , 1)oppler , and f 1 ux~
valve sensors in c on f u n c t i on  w it h  a low—cost  s t rap dowu IM P ,

as shoWfl in F igure  5.1 w i t h  t h i s  complement of sensors ,
1lerfornlance i s  ex c e l l e n t  and net cost i s  projec ted  to be

low .

‘rhe per t o rnmance  i expoct~ed to be exce l  len t  be 5t t t s e

of he synerq t sm between the di fferent kinds ot seiisot’s

The UPS rece i ve r in con j unc t ion  w i t h  t h e  1MU provides

syneraccurat e posit  ion (30  f t . ) and v e l o c i t y  ( 0 .  1 t t / s e e )

data when UPS data is av,ii lab le and a I lows ca 1. i b rat  ion of

both the [MU and the I)opp le r r a dar .  The IMP enhances  the

accuracy  of vel o c i t y  det e r mi  na t- ion wi th UPS dat  a by r ou g h l y

an orde r of magn i t ude . The I MU (bu t  not  t he D opp le r  r ad ar

a lso  improve s the an t ij a m r n in q  p er fo rmance  of t h e  UPS

I r a c kin g  loops. The IMt l a ls o  provides  very  ac c u r a t e  at t i—

~ude data (wi th  a c c u rac i e s  on the  o rder  of 0.1 degree) fo r
use w i th  the Dopp ler radar  ~vhen UPS is unavailable , thus

providing the capability stand—alone , Dopp ler— i ner t  Lii navi—

3
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Figure 5.1 An Integrated Ui’S—Doppler—Inertial System.
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ga t ion wi th errors  on the order  of 0. 1 to 0. 3 percent of

di st ane& ’ t raveled (much lowe r than Dopp le r—A HRS t t a v  i qat ion
er ro r s)  . The 1MIJ a 1 so prov i des accu rat e  s ign a l s  for  AII RS

d i s p l a y s .  The flux—valve sensor  p rov ides  backup heading

in forma t ion , in case UPS is neve r .iva i lab i e for  use in

i n — f l  igh t  a 1 i qnmen t  , in t~t’i1et t 0 provide the backup nay i —

gat ion w i t.h s tan dard  E)opp I e r — A I I R S  e r r o r s  on the orde r o I

1. 7% of distance ~rave led. T h i s  i s  a system w i t h  exce ’ I l en t
p er f o r m a n c e  and great. to ler ance  to t a t  1 ut - es of su b : y t  ems .

Th i s  sys t em could  be made av 5 t  i l ab  le at very low net

cost by u- .~~at ion of low—cost  subsys t ems , by Ut ii i 1 in g
common el emen t s  in an i nt eq rated d e s ign  , and by sa v i ng  t he

-

‘ 
cost of the AIIRS eo nipo nt ’ i it  s . A r ough est i mat e of  t h e  pro-

duct - i en costs of such an i i t t  e ’g i ’a ted  UI’U—Dopp icr— I tie rt i a 1

integrated system is $ 39K , as i id t c i t e d  in Tab It’ “ . I

F u r t h e r m o r e  , the re  WOU 1 d be a ,tv t t i g  t ’ t about $ 1 t~ K i n

AII RS components l ea v i ng  a net  p roduc t  ion cost of  $.‘ 1K fo r

the i n teq rat ed  U I ’ S —D o p p l e r —  I h e F t  t a I syst em. Tb t i s  an

extremely low cos t , wi t.h I u the cost go.t Is ot the ’ t udy

Because of it pro hect ed exce lien t pert o rrnan ce at id

extremely low cost , t he  inte~irat ed UPS—Doppler— inert i i i

sys tem should he eons i de red for  app I i cat  i o u  t o  new he I i —

copters and to  a v a r i e t y  o I ot bet- a i r et -a  f t

17
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Table 3.5.1 Projected Production Cost of Integrated GPS-
Doppler-Inertial System.

Large Vol utile
Descri pt ion Product i on Cost

Low Cost IMU (Comparable to 12K
LC I U S)

UPS Rece ive r with Computer Contro l 12K
and Disp lay  (Comprable to Z Set)

Doppler Radar (Comparable to ASN-
128) without Computer or Display 12K

Flux Valve 1K

Attitude and Heading Display 1K

Additional Computation and Inter- 4K
face Electronics

Commonali ty Sav ings  -3K

AHRS Savings (Comparable to A S N - 4 3  -16K
without Display or Flux Valve

TOTAL $23K

3 H
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SEC T ION 6

STUDY C O N C l U S I O N S

A survey  of i ner t  ial instruments shows tha t a st rap—

down i t ier t i a 1 measurement  u n i t  ( I MU )  ca ti be dove loped w i th
a $ l O k — $ 12 k  produc t ion cost.  A GPS r ece ive r , computer , and
d i s p l ay  could  p robably  be i n t egr a t e d  w i t h  t h i s  IMP to  t o r m

a n a v i g a t i o n  set w i t h  p roduc t ion  cost of about  $25k  ( F Y 7 & $ )
But  this IMP w i l l  have i n s u t  t~ i c i  ent stand—a lone navigation

per fo rm ance  for helicopter applications when UPS is amnied

or o therwise  u n a v ai l a b l e .  hence , an integ rated UPS—inert ial
n a v i g a t or  costing $18k—$25k (FY76$) would not be adequate

f o r  A rmy t a c t i c a l  heli cop te r applications.

An in teg rated UPS—Dopp ler navigator probably co u ld be
developed w i t h  p roduc t ion  cost of $25k and would be pre-

ferable to the low cost U P S — I n e r t i a l  nav iga tor  because of
its bettor performance whenever UPS is not available.

By rep lacing t he st a n d a r d  at t i t ude and heading rotor—

once system (A1IRS ) with a low cost strapdown IMP (such i s

is be i nq dove loped by CSDL u n d e r  t he  Low Cost I nei-t i i i  Cu ida  nce
Subsystem Program at AFATL) a cost savings can be reali.~ed.

Fur the rmore , by uti Iizinq the low cost strapdown ‘IM U as an

i n t eg r a l  par t of a UPS—Doppler—inert Lii  n a v i g a t i o n  sys t em
s u b s t a n t i a l  improvements  in per f ormance in  both norma l and
degraded modes of o p e r a t i o n  would be achieved . Because of

its excellent performance and reliability and because el

-39 
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its low net production cost , development of an integrated

GPS—Doppler-inertial system should be considered , especially

for new helicopters (or other low speed aircraft) for which

AHRS units have not already been procured .

40
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SECTION 7

INTRODUCTION TO PART II

Study of Advanced GPS Signal Processing Techniques

This part of Volume III of Report R—981 describes

the results of a study that was carried out as an

extension of the work reported earlier in Volumes I and

ii~~~
,21 The earlier work developed a functional descrip-

tion of the SAMSO/Magnavox GPS X User Equipment Set and

developed quantitative data on the antijanuming and dyna-

mic performance of its tracking loops when aided by data

from an inertial measurement unit. The results were ob-

tained via a detailed computer simulation of the X-Set

tracking loops and of the characteristics of the aiding

data . Emphasis was on the design of the interface re-

quirements for mul t iplexing and processing of data flow-
ing between the inertial measurement unit and the GPS

user equipment set in order to achieve various levels of

performance in high-dynamic and jamming environments .

The current study has been directed to obtaining

some special results relating to altering the design of
the GPS receiver so as to obtain improved performance in -

- 

-

tracking signals in high levels of noise . Emphasis has
been on the investigation of the e f fec ts  of vary ing pre-

detection bandwidths*and the possible advantages of hay-

* The noise bandwidths of the filtering operations performed
prior to data demodulation in Costas loops and prior to
amplitude or power detection in delay-locked loops.

A ‘~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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ing apriori knowledge of some - or all of the UPS data bit

stream. The GPS receiver simulation developed for the

earlier study has been utilized for providing Monte Carlo

results as predictions of performance gains that can be

achieved with the suggested design changes. Analytical

formulations are also provided to complement some of the

simulation results .

The results of the study in Section 8 indicate that

substantial advantages can be obtained by utilizing advance

information concerning the GPS data bit stream and by appro-

priately minimizing predetection bandwidths . For example ,

the results show that an improvement of at least 6dB in the

antijamming margins of the carrier tracking loops can be

made by employing phase-locked loops instead of Costas loops.

This improvement is due to increases in the detector ranges

by a factor of 2. An additional improvement of about 7dB is

expected at a signal-to-noise density ratio of 8dB-Hz because

of the elimination of signal suppression effects.

Perhaps the most useful results , however , are the under-
standings of the nonlinear effects of the GPS signal detec-

tion algorithms under conditions of low signal-to-noise ratio.

These results are presented in Section 9 and Appendices B

and C. Results in other sections are of a more general nature ,

putting the results of Section 8 in focus , providing an organ-
ized approach to advanced designs , and pointing to some pro-

mising results reported elsewhere .

Because all of the quantitative results are focused on

the GPS X—Set and are obtained from the X-Set simulation , a

summary of the simulation and previous results is presented

in References [1] and [2], which are Volumes I and II of this

report. A reader not familiar with the earlier work should

read Appendix A first.

J
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SECTION 8

DATA A I D iN G  AND VA R I A B L E  P RED ETEC T ION BANDWIDTHS

8.1 Data A i d i n q

The UPS w a v e f o r m  is modula ted  by data  at a r a t e  ot

50 b i t s / s e c. In  t y p i c a l  app l i c a t i o n  the  da ta  is not known
apr ior i and mus t  be detected by the ~ PS user  e q u i pm e n t  . Spe-

cial prov i s ions  must be made to a l l o w  t r a c k i ng  of t h e  codes and
c a r r i e r s  in the presence of the  unknown  d a t a .  Carrier t rack—

inq is accomplished by means of Costas loops , whereir the

data  is es t ima ted  and demodula ted  i n t e r n a l ly to the  ioop.

This  opera t ion  is shown in  F i g u re  A — i  by t h e  m u l t i p l i ca -

t i o n  of 
~ k by S G N ( I

k
) . Code t r a c k i ng  w i t h  unknown d a t a  is

accomp l i shed  by means ot  . in  i n c o her e n t  d e l a y — l ock e d  io o p.

Code I ~ ~ is ma i n t a  i nod by ba I anc m g  dot  cc Led arip I i t  u des  i n  the

50 1 at a  b a n d w i d t h  b etw e e n  aLI\ ’an ced and de layed  code c h a n n el s .
This  c : - t ’~~i t i o n  is shown in  F i gu r e  A — 2  as t a k i ng  the  d i f f e r -

ence between e a r l y  ampi  i t  ude and l a te  a m p l i t u d e  to t ot’m

the  error  ind i ca t ion  e 0 . R~~t e r  to e q u a t i o n s  3—3 4 and
3 — 3 5  of r e f e r e n c e  2 fo r  a p rec i se  d e f i n i t i o n  ot  the  inco-

herent  detect ion operat  ion c a r r i e d  ou t in  t he  s imu 1 a t ion
of the X Receiver Set.

A l t h o u g h  the Costas loops and i ncohe ren t  d e lay -

locked loops a re  able  to t r a c k  the  c a r r ier s  and codes in

the presence of unknown da ta , some problems do arise .

The Costas loop suffers from the fact that the ranqo of

4”
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its error detector is effec tively ha i~~ed in comparison
to that of a phase—locked ioop, and the range of errors

that it can withstand withou t losing lock is likewise

halved . F u r t h e r m o re , if the signal—to—noise ratio of

the es t imated  da ta , 1k in Figure A-i , is less than 0 dB
the dominant noise in 1k suppresses the  s igna l in
The result is an effective suppression of the signal-to-

noise r a t i o  seen by th e t r ack ing  ioop by an amount equa l
to the n o i s e — t o — s i gn a l  r a t i o  of The suppression
occurs only when the signal-to-noise ratio of ‘k 

is sub-

stantially less than 0 dB but such situations can oc-

cur when the receiver is track ~nq a UPS signal wi th low
effective dynamics and low signal-to-noise density

ratios.

With respect to the incoherent delay-locked loop,

a s i m i l a r  s igna l  suppression e f f e c t  occurs .  The
signa l is suppressed , and the  signal—to-noise ratio seen
by the t r a c k i ng loop is correspondingly reduced , when-
ever the signal-to-noise ratios for the I and Q channels

p r i o r  to the nonlinear amplitude detection operations
are less than u n i ty .  The presence of the UPS data re-

qui res  tha t  the predetect ion bandw idth be about 50Hz ,

which is wide enough to a l low the suppression e f f e c t s  to
occur when the signal— to-noise—density ratios at the input

to the receiver are lower t h a n  about 17 dB—H.~. If the
data could he removed before the  si g n a l  en te rs  the code
t r a c k i n g  loop , the predetection bandwidth could be reduced ,

w i t h  the lower l i m i t  be ing governed by the u n c e r t a i n t y

in the c a r r i e r  f r e q u e n c y . Under  some c i r cums tances  the - :

u n c e r t a i n t y  in  the c a r r i e r  f requency  (even w i t h o u t  carr ier
loop t r a c k i n g ) can he quite small , perhaps on the order

of 1 Hz. -

4t
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I f  the UPS da ta  were known in advance , they  could be

demodul ated f rom t h e  UP S wave form p r i o r  to the o per at i o n s
of car r i e r  t r a c k i ng  and code tracking . Then p h a s e — l o c k e d

loops and d e l a y —  locked loops w i t h  lower  p r edet ect  ion band-

w idths could be employed and t he a n t i — ~~am ma rgins of the  re—

cei ver could 1 ikewi so be i ncr e a se d .  A 6—dB i mp r o v e m e n t  in the

anti— ~am margins of the p h a s e— l o c k e d  loops w o u l d  occur  be—

cause of the factor—of—2 ext ens ion of the detector ranqes of

the ph a s e — l o c k e d  loops in comparison with the Cos t as  loops .

Further im p r o v e m e n t s  i n  t he  ant i — ammii i q  mar gins of t he  car-

r i er  and  code t r a c k i ng  loops w i l l  occur b ecau se  of t he  reduc-

tion of s i g n a l  suppres s ion  e f f e c t s  whenever the siqnal—to—

noise  d e n s i t y  r at i o  is less than l7dl~— H z ( co r r e spond ing  to
a si qua  1—to—noise r a t i o  of 0dB in  a 5O~~t i :  pi - ede t cct ion band-

width of ~~—hz~

The problems of how to obtain and to s tore  the ~PS data
in advance of recept  ion of the  UPS signals are s p e c ia l  prob-
lems in themselves and will not be treated here . I t  should

be noted here , though , t hat  n ot al l  ot ’ the  GPS dat,i  need

be known in ad van c e  in order to ob t a i n  improvement s  i n  per-
f o r m a nc e .  I f  t h e  da ta  are kn ow n over ma b r  port ions ot the

track jug time , but unknown over other portions , the opera-

tions of the loop may be shi f ted between the appropri ate

modes of tracking to obtain an o v e r a l l  improvement in per-

formance without interruptions in the tracking operation .

Hence , the in te rspers ion  of know n data b i t s  in the UPS hi t
stream would allow substantial improvement in trackinq per-

formance . In this report we concentrate on showing the

performance advantages that can be obtained if all the data

are known apriori. 
- -
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8.2 Phase-Locked Loop Versus Costas Loop

When the UPS data are known apriori a phase-locked

loop instead of a Costas loop may be employed for  ca r r ie r
t r ack ing , as explained above. In this section we show ,

via simula tions of the carrier tracking loops of the Maqnavcx

X-set , the performance improvements that can be expected

in p ra ct  ice from the use of a ph as e — l o c k e d  loop i n s t e a d  of the

Costas loop. We also show these  r e s u l t s  in the l i g h t  of theo—

re t  ical  r e s u l t s  o b t a i n e d  f r o m  the  literature.

The f i r s t  step is to look at the responses of

the  loops to s t a t i o n a ry  s ign a l s  ( i . e . ,  w i t h  no d y n a m i c s)

corrup ted with  noise , perhaps due to jamming . Figure A-3

of Appendix A shows how such resu l t s  mi ght be combined
with results on the responses of the ioop to signa l dy-
namics to predict tracking loop pe r fo rmance  in p rac t ica l
situations. As illustrated in Figure A—3 , there is gen—

orally an optimum loop bandwidth which minimizes the

error in response to the combina tion of input noise

and signal dynamics. We concentrate first on input

no i se.

Table 8.1 shows the RMS tracking errors of Costas*

and phase-locked loops t r a ck ing  stationnry signals with
s i g n a l — t o — n o i s e — d e n s i t y  r a t i o s  of 12 dB — Hz and 8 dB-flz utilizing

noise bandwidths of 5 i-iz and 2 Hz. These are the results

of single sample runs with simulated non-linear carrier

tracking loops operating with code tracking ioops as
described in Appendix A-l. It is clear from Table 8.1

that the phase-locked ioop has superior performance to

that of the Costas loop.

To shed some light on the r e su l t s  of Table 8 .1 it is
worth examining an expression for the RMS phase trackinq

*These are modified Costas loops incorporating a sgn func-
t ion i n the “ I ”  channel  as u t i l i z e d  in the  X - S e t.

48
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error as provided in reference 3.

N B
= oe ~~ r a d ian s  RMS ( 8 . 1 )

4~flp S1

where N is the sing le sided noise spectral density ,

B , is the s i n g le—s ided noise bandwidth of the track-

ing ioop , and S is the signal power . This expression ,

which is based upon a lin eari:cd model ol the t racking

loop, is p lo t t ed  as two solid lines , corresponding to

si g n a l — t o — n o i s e  r a t i o s  of 12d B— H z and 8d B — H z , i n  F igu r e

8.1. For the Costas loop the expression for tracking

error  c is
5$~flc

= + -
~~~~~~~~

——
~~~ radians RMS ( 8 .2 )

where B is the predotec t ion b5i ’d wi d t h  in lie r t: (the
inverse  of the  predetect ion i n t c g r a t  ion t ime in seconds)

The express ion under  t he  square  — root sign in equal ~en S . 2

accounts for the  si gnal suppression etfects described

above . With B = 50 Hz , the t racking erroi- is deg raded
w

by 4.1dB and 6.9dB at signal—to—no i se—densit y ratios ,

S - ‘N , of 12dB—H z and 8dB—H z, respectively. Equat  ion

8.2 is plot ted as the two dashed l u t e s  in F i g u r e  8. 1

Clearly the performance- of the pha se—locked loop is

better than the performance of the Costas loop at low

signal—to—nois e -~1ensity ratios.

The f a c t  tha t  the detector range  of the  phase-

locked loop is tw ice  as g r e a t  as that of t he  i,’o~ tas

50
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loop is ~t1so tndic ated in Figure 8. 1. The hor L~on t a 1f - 1 m e  drawn at a lev el o 1 0 .  158 1 t , or I - - 4 ot a waVe 1 etig t h ,

m d  icat es a t rack intt error o o tr o sp o nd i uq to t h e  maximum
output of the phase— locked — ioop det ector  . ‘l’ht ’ lowez’

horizontal l m e  shows the correspond i ng peak d e t e c t o r
out put ocout Ih I  at- I S  of a w~ive1en g t h for t h e  Cost as

loop. When t he RMS e t rot of t he 1 sop a ppi’t s i o ht’s o t

exceeds the l evel cot resist -sud j iig to i t s  max imum dot t -ctor

ott t put , t he e t 1 oct ivt’ qa in o I t he dot t ’c tot is  substa ti—

t in ii y reduced and oyc le  I i ps a t o  I i k el y . Part icu 1 ar—

lv for t t’ i rd —order t r ack  i ng  loops , dot  ~~‘O tot - sat urn—

t ion and cy c  le  s I i  ps a re ’ I i k e  i ’~’ t 0 1 eat! to complete

loss of look and r u n — a w a y  et rot ’s . ~ The resul t s o l  t he

sample runs i ii Tab 1 e 8 . I a t ’e a 1 s p I t s  t ted in I-’i git t’e

8 . 1 . The a t - i-ows show t he’ d i  so r epunc  i es i-set wt ’eu t he
err ot’ s prod id  ed by e qu at i o n s  8 . 1  and 8. 2 , which ne—

tIl oct the e t t t~~~t S of de ’t cot ot noni  i near  i t  y , and the

resu i t  s o I t he snug’ 1 c t u 515 of t he comptt  t or i mu 1 at ion

The et 1 ect ot t lie tiet e ’e’tor tioni inear it ies ate gui t o
OV i dout  t i i )  t h i ’ L a  i g e  tl ev i at ions bet  Wt ’t ’fl t he 1 i non ru y

prod jet ed va [ties and I lie act tin I ~~ S 1 I t ies t o t  I [to c15 -s where
loss o t loc k o cc u r S  . ~n t 1 st act orv t t ack i ug g en e r a  liv occurs

only when t he’ p r ed i c t e d  v a lu e  is w e l l  be l ow t h e  peak
of the de t e c tor  non i  i u t e a r i t y .  T h i s  Lie ’t I S  I u t ’ t h e i

i l lu s t ra t e d  by t he  sanip i e ’ tesponses in I-’ i q u i ’e ~; 8 . 2

t h r o u g h  ~ . ‘ cot re’spouhl tug to t he’ oases idt’nt it ted

.i n Tabl e 8 . 1 t1 l t  1 cleat - t h a t  t he’ [‘ha s e — I  ocke ..1 loop

has a 6dB a d van t a g e  and ant i— j am m a r g i n  over  the  Cost as

loop beeau so t h e t o rme r ha s a clef oct o t’ range’ t hat i
two times groa t or t h a n  tha t o I t he in t t or . The phase
locked loop has the t urt :het adt ’ . iut  age of ( 1  ~ N 0 B 2 

~~ 
2

which is ee1ual to 4 .  1 dB at 12 db — lh ’  and ts . t) dli

at 8dB—Hz , over t h e  Cost~is loots . I t  i s also clear that
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a comp lete loss of lock and a diverging error are likely

if the RMS error approaches 1/4 of a wave length  for
t h e  phase-locked loop or 1/8 of a waveleng th for  the

Costas loop.

The previous data indicated the advanta ge of a

phase-locked loop in comparison with a Costas loop in

t r a c k i n g  a s ta t ionary  si gnal in the presence of high
levels of jamming . Now we address the performance of

the two loops in tracking high-dynamic signals , again
in the presence of high levels of jamming . Whereas low

noise bandwidths are desired for tolerating noise (jam-

ming), high noise ba ndwidths are desired for minimizing

the tracking errors in response to input si gnal dynamics .
For a g iven no ise level and a -.iiven dynamic signal to be

tracked , there is an opt imum noise bandwidth for opt i-

m i z i n g track~ ng performance. Because the response to

noise is different for a phase-locked loop from that

of a Costas loop, the optimum bandwidth for the two
kinds of loops are different . By referring to the

preceding information in this section on responses to
noise and to the i n f o r m a t i o n  in Figures  A8 , A9 , and A17
in Appendix A on the responses to dynamics , some reason-
able guesses can be made as to the optimum bandwidth and
the tracking performance under practical conditions of

noise and dynamics. Once these parameters are estab-

lished , the performances can be verified via Monte—Carlo

analyses utilizin g the CSPS X— Set simulation . In what

follows we show the results of a limited number of

Monte—Carlo runs under va rious assumptions as to noise

levels , dynamics , and type of loop . M though the re-

sults are quantitative , they should be interpreted as

onl y approximate indications of levels of performance.

U 1
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A larg e numbe r of simulation runs is necessary if precise

performance results are to be obtained . With the simulation

tools at hand further analyses can be carried out in a

straightforward fashion but the resulting computer cost is

probably onl y warranted when a scenario and a measure of

perfor mance are precisely defined for a specific practical

application.

In obtaining the results for tracking with dynamics

and noise the receiver is assumed to be in a vehicle under-

going a linear jerk of 10 g/sec for 0.6 sec. The carrier

loop is assumed to be aided by an IMU with a sampl i ng interval

of 10 ins , with aiding errors as indicated in Fi gure A—1 7 .

Various IMU errors and clock errors are also assumed. Each

run correspond s to 4 se::onds of realtime . -

The first set of results is presented in Tables 8.2

and 8.3 and Figures 8.6 and 8.7. For these results the IMU

is assumed to be error — free , but the GPS oscillato r is

assumed to have a drift rate that is perturbed by the vehicle

acceleration with a scale factor of l0~~
0/g. On the basis

of the data in Figures A8 and Al7 , the clock errors are

expected to be the domin ant dynamic inputs to the carrier

loops under these circumstances.

Table 8.2 shows the results utilizing a Costas loop.

This table shows the results of 10 sets of 12 Monte—Carlo

runs under the stated conditions of noise bandwidth and

signal—to—noise ratio. A success is indicated when either

the loop did not slip any cycles or appeared to successfully

regain lock after slipping a few cycles. Failure is ind i-

cated when the (third order) loop appears to have a diverg—

ing error without any apparent indication of the ability

to regain lock. Temporary slips are indicated whenever

cycles are lost but lock is regained . With a noise band-

width of 11 Hz , a signal—to—noise—density ratio of 18 dB—Hz or

62
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Noise S
Bandwidth N Complete Temporary
(Hz) dB— H z Successes Failure Slips

11 I 18 6/12 I 6/ 12 4/ 12
I I

14 0/12 12/12 0/12

12 0/ 12 12/ 12 ‘ 0/ 12

H
5 16 6/12 

- 6/ 12 2/ 12

14 0/ 12 12/ 12 0/ 12

12 0/12 12/12 0/12

4 18 10/12 2/12 1/12

2 16 9/12 3/12 4/12

14 5/12 7/12 5/12

12 3/12 9/12 2/12

Table 8.2 Carrier tracking with Costas loop with hig h-noise
and high-lerk inputs. (IMU aiding at 10 ins rate
with latest algorithm , l0~~~0/g oscillator drift ,
no IMU errors , 10 g/sec for 0.6 sec , 4—sec run length ,
X—Set receiver simulation.)
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better is apparently required for successful tracking

on 6 out of the 12 trials, each of which had a duration

of 4 sec. Lowering the noise bandwidth to 2 Hz resulted

in improvements in performance, with successful track-

ing being obtained in 9 trials out of 12 at 15 dB-Hz

with 2-Hz bandwidth. The success ratios in Table 8.2 are

plotted in Figure 8.6 as functions of signal-to-noise-

density ratio and noise bandwidth. Ideally ,  a contour
of constant success ratio in Figure 8.6 would have gen-

erally a U shape showing a minimum at an optimum noise

bandwidth. Although the minimum is not fully illustrated

in Figure 8.6 it is clear that reasonably good perfor—

mance could be expected at 16 or 18 dB-Hz signal-to-

noise ratio with a noise bandwidth of about 2 Hz.

Table 8.3 shows corresponding results for a phase-

locked loop, with the GPS data having been demodulated

apriori. The success ratios are again plotted in
Figure 8.7. Even with a bandwidth as high as 5 Hz, com-
pletely successful tracking was obtained with signal-
to—noise-density ratios of only 12 dB-Hz . Hence, a

substantial improvement in performance of the phase—

locked loop in comparison with the Costas loop is ind i-

cated even when tracking high dynamic inputs , as long
as an oscillator with low g—sensitivity (l0~~~°/g) is
employed and the sampling interval for aiding signals
from the IMU is short (10 ms)

On the basis of the results in Appendix A, it can

be concluded that a further reduction in oscillator

sensitivity should improve the performance . Moreover ,

recent work at CSDL has shown that a sensitivity of

3xl0~~~~/g can be obtained [4]
. Hence , a new set of

Monte-Carlo runs was generated corresponding to this
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~1

Noise S
Bandwidth N Complete Temporary
(liz) dB—Hz Successes Fa i l u r e s  Sl i ps

11 18 10/10 0 10 0/10

14 10,110 0/10 1/10

12 2/10 8/10 2/10

5 14 10/10 0/10 0/10

12 10/ 10 0/ 1. 0 0/ 10

Table 8.3 Carrier tracking with phase-locked loop with
high— noise and high-jerk inputs. (IMU aidinq
at 10 ins rate with latest alqorithnt , l0~~

0/q
oscillator drift , no IMU errors , 10 q/sec for
0. 6 sec , X—Set receiver s imulat ion , 4—sec i nt erva 1s.) - 
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Fi guie  8.7 Success ratios for carrier tracking with phase-locked loops with
high—noise and high—jerk inputs. ( I M U  aiding at 10—ms rate with
latest algorithm , 10 10/g oscillator drift , no IM U errors, 10
g/sec for 0.6 sec, X-set receiver simulation).
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value of oscillator sensitivity . The sampling interval for the

aiding signal was held at 10 ms. An accelerometer scale-factor

error of 100 ppm was also assumed , in order to account both for

important accelerometer errors and for a small error in IMU align-

ment. The IMU was assumed to have been aligned previously in-

flight via GPS signals. Velocity noise of 0.01 ft/sec RMS was

also included in order to account for quantization noise in the

aiding signals from the accelerometers. These parameters were

considered to be representative of what could be achieved with

a well integrated GPS inertial system incorporating a high quality

inertial navigator . The results are shown in Tables 8.—~ and 8.5 ,

and in Figures 8.8 and 8.9.

4 Table 8.4 shows the results of employing a Costas

loop. The success ratios in Table 8.4 are plotted in

Figure 8.8. Successful tracking is obtained with a

noise bandwidth of 2 Hz with signal—to—noise ratios

somewhere in the range between 12 and 16 dB-Hz. ~The

corresponding results for the phase-locked ioop are

shown in Table 8,5 and Figure 8.9. These results in-

dica te completely successful tracking at 8 dB-Hz and
partially successful tracking at even lower values of

signal—to--noise ratio. Successful tracking was obtained

with 8 of the 12 trials at a signal-to—noise—density

ra t io  of onl y 2 dB-Hz. Clearly, excellent antijam

performance of this aided phase-locked loop system is

indicated by the Monte-Carlo data . The data also m di-

cate that an improvement in antijam performance of

6 dB or more is obtainable using the phase-locked loop

over what could be obtained with the Costas loop , even

in a high-dynamic environment. An improvement by at

least this amount was , of course , expected by virtue

of the 2 times greater detector range of the phase-
locked loop in comparison with the Costas loop.
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~~Noise S 1 1
Bandwidth N Complete Temporary
(Hz) dB—Hz Successes Failures Slips

-f
5 12 1/12 11/12 1/12

10 0/12 12/12 I 0/12

4 18 11/12 1/12 0/ 12

16 9/12 3/12 4/12

14 0/ 12 I 12/12 0/ 12

2 16 12/12 0/12 0/12

12 8/12 4/12 I 4/12

10 7/12 J 5/12 7/12

Table 8.4 Carrier tracking with Costas loop with high—noise
and high—jerk inputs. (IMU aiding at 10-ms interval
with latest algorithm , 3xl0 1

~-/g oscillator drift ,
100 ppm scale fac tor error , 0.01 ftYsec velocity
noise).
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Figure 8.8 Success rates for carr ier  tracking with  Costas loop w i t h  h iqh— noise

and high—jerk inputs. ( I M U  aid ing at 10—ms interval w i t h  late st
algori thm , 3x10 1- 1,’g oscillator d r i f t , 100 ppm scale fac t or e r r or ,

0.01 ft/ sec velocity noi se) .
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Noise S
Bandwidth N Complete Temporary

(Hz) dB—Hz Successes Failure Slips

5 12 12/12 0/12 0/12

10 9/12 3/12 3/12

8 8/12 4/12 3/12

4 6 4/12 8/12 2/12

2 10 12/12 0/12 0/12

8 12/12 0/12 0/12

6 8/12 4/12 0/12

4 9/12 3/12 2/12

2 8/12 4/12 6/12

Table 8.5 Carrier tracking with phase-locked loop with high-
noise and high-jerk inputs. (IMU aiding at 10-ms
interval with latest algorithm , 3x10 1- 1-/g oscillator
drift , 100 ppm scale factor error , 0.01 ft/sec
velocity error).
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Figure 8.9 Success ratios for carrier tracking with phase-locked loop with
high—noise and high-jerk inputS. (IMU aiding at 10 ms interval
with latest algorithm 3x13 11/g oscillator drift , 100 ppm scale
fac tor error , 0.01 ft/sec velocity error).
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Samp le loop error responses corresponding to

• Tables 8.4 and 8.5 are shown in Figures 8.10 - 8.12 .
Figures 8.l0a and 8.l0b show the response of the aided

Costas loop and its associated delay-locked loop

with a Costas noise bandwidth of 2 Hz and a signal-to-

noise—density ratio of 10 dB—Iiz - This r e su l t  was c l a s s i f i e d

as a “complete failure ” in the sta tistics of Table
8.4, because the Costas loop has evidently lost lock.

Figures 8.lla and 8.llb show the responses of the

aided phase-locked loop and its associated delay-

locked loop with a phase-locked noise bandwidth of

2 Hz and a signal-to-noise ratio of only 4 dB-Hz.

In this example the error was quite large , but no
cycles were slipped over the four second-interval.

The result was classified as “successful” in arriving

at the statistics of Table 8.5.

In summary , it has been demonstrated that  the
a n t i — j a m m i n g  marg in  of the GPS X—Set  for  c a r r i e r  t r a c k -

ing can be improved subs tan tia l ly  by e~nployinq phase-
locked 1oops instead of Costas loops. The phase--
locked loop implementation requires that the GPS

communication data be removed from the waveform in

advance of the tracking 1oop operation . The improve-

ment in anti-jamming margin is at least 6 db , due to
an increase in the detector range of the phase-locked

loop by a factor of two in comparison with that of
the Costas loop. Additional improvement by

approxima tely 7 dB is expected with a siqnal-to-

noise ratio of 8 dB-Hz because of the elimination of

signal supression effects. Successful tracking at

8 dB—Hz with a phase—locked loop is shown to be very

probable if errors due to signa l dynamics are negli gible.
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Track i i;q at B dlI—U~ wi th an i Ili-Irt ial ly aided phase—

locked ioop with an i) sC j ilator ot low q—sens it iv i t  y
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pci q ) was shown to be suce~ ss t ul wit hout

loss ot lock on all ot twelve tria l simu’ation runs ,
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8.3 Variable Predetection Bandwidth in Code Tracking Loç~j~~

C 

- 
The delay-locked loop of the X-Set is shown in

figure A-2, as modeled in the computer simulation.

Integrate-and-dump operations over 4-ms intervals are

performed on “I” and “Q ” components of “ 3arly ” and
“late ” and correlations. The outputs of the inteqrate—

and—dump circuits are summed over five consecutive

intervals to provide data samples that are equivalent

to the outputs ot integrate-and-dump operations over

the full data-bit intervals of 20 ms . These

results are denoted as

~co~~~ ’ 1co~~~ s 
~~~~~~ 

and IC0~
’
~ 

after Equation (A7)

in Appendix A. The error in feet indicated by the codo

(delay-locked ) loop error detector is, per Equations

(A8 — AlO) ,

= 

~ 

( 8 . 3 )

where

= + ~~~ (8.4)

— 

= + (8.5)
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In this implementation of a data—incoherent delay-

I oc k ed loop, 
~F 

~t rid P
1 
arc cs t ~i ma t os Of R M~- si y ria 1

at t er e a r l y  and late correlations. The estimates

ar e  made over  20 ms intervals dur i n~j w h i c h  t h e  data

m o d ul a t i o n  (o t unknown s i~j n )  is known t o be c o n s t ant -

if the  da ta  cou ld  be demodu lat ed  in a d v a n c e , t ho os—

t imates ~-‘ t  c~it -l y and 1 - a te’ flits si~i nal cou l d be’ made

by j lit  0 - I  t 41 t ~nq over  i U t  c iv a  I S 01 1 Otiq or t h i i t i 20 InS

Inc rt ’,I sinq the inteqration intervals would i t ic i - case

the si~inal to noise rat L O S  of  ~~~ U-~) 
Q (l.)

~in~l 1 () and would  reduce  the siqiial—supression

of tects due to the  absolute v.i l ue  opei - at  ion s in
Equ at ions ( 8. 4  — 8.5) -

The s iq n a l— s u p r e ss i o n  e f t e c t s  a re  similar to

those descr l lCe~i in Sect ion 8. 2 with t- t’~iard t o the

(‘os tas  loot ’ . These c It  oct s occur  w h e n e v e r  the s iqna  1—

to—no t Sc rat j~C5 Of  t he I s and Q ‘s i n  Equat ions - 4 —

8 5) are less t h an  0 db , and they act to decrease  the

et tect iVe S mq n a  1 — t o — n o  i so—d etis it y rat i o soon iCy t he

~lt ’ Lay— locked l~iop - An O X E C I t ’SS ion I or t h e  c i r or  o I

a delay— locked ioop i n t r a c k  i nq .i s i ~tna I w it Ii ,i cot’—

st ,tnt d e l a y  in the prt ’s&’tict’ ot noise i

B ,N 2Nu
-& = -~~- - 1 - + chips (S.t~) —

where , B1 ~ 
is the si nq Ic—s i Ied no iso b a n d w i d t h  .i ii H o r t

of t he  code ioop tot h i q h  s iqn a l  t o  noise ta t ios , S N
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is the sing le-sided signal-to—noise-density ratio

in dB-Hz of the GPS signal to be tracked , Bw is the

predetection bandwidth (the inverse of the integration

time in seconds of the effective integrate-and-dump

operation) in Hertz , and is the chip  l e n g t h .  The
term 2NBW/S in Equat ion 8.6 represents  the e f f e c t  of
signa l supression. By l e n g t h e n i n g  the predetect ion

in tegra t ion  t ime B
~ 

can be reduced , thereby reducing
the signal-supression effect.

The X-Set code loop is time shared , with an er-

ror for each loop being estimated only once every

200 ins. For the simulation , the gain is adjusted so

that 0.1 of the estimated error is corrected every

200 ins. When the siqnal- to-noise ratio is high , t h i s
leads to a time constant of about 1.8 seconds. Hence ,

the predection integration in terval of 20 ms could be

increased to , say , 180 ins without directly adding
a significant amount to the filtering lag of the

delay-locked loop. However , there is another  po tent ial

problem with increasing the integration time . The I and

Q signals being integrated are sine and cosine functions

of the phase error between the estimated and actual re-

ceived carriers. A 1 ft/sec error in line-of— sight velo—
city would lead to sinusoidal and cosinusoidal I and Q

- ‘  signals with the frequency l 6  H z .  To process such sig- /
nals without excessive attenuation , predetection inte- /
gration should be performed over no more than about 1/4

of a cycle , or 160 ins for a 1 ft/sec error . In some

cases where increasing the predetection bandwidth will

be important , the carrier loop will have lost lock and
the code loop will be aided by the inertial navigation

system rather than by the carrier ioop. Perhaps

81 
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1 ft/sec is a reasonable value to assume for velocity

aiding error under these circumstances. Hence, lengthen-

ing the predetection integration time to approximately

160-200 ms would be a reasonable design option to con-

sider.

Because a single code—detector channel is time

shared in the X Set between earl y and la te  signals  and
between the four GPS satellites , lengthening the pre—

• detection integration time would involve taking inca-

surements over intervals where previously no measure—

ments were made . Thus , increas ing  the i n t e g r a t i o n  time
would also have the effect of decreasing the noise

bandwidth  of the loop , improving i ts ab i l i ty to re ject
noise even without the signal suppression effect being

/

considered .

The elimination of time sharing entails the add i-

tion of extra detector hardware.  To cover a l l  four
signals simultaneously over the 200-ms cycle would re-

quire 8 l—Q detectors , instead of 1 , for the code

channels. In many applica tions the improvement i i i

antijamming performance would not be worth the increase

- - in cost due to the extra detector hardware and the cx—
— tra hardware and software required for acquisition ,
-

‘ 
storage , and predemodulation of the GPS data .

Evaluation of the increase in pe r fo rmanc e is most
easily made through reference to Equation 8.6. Increasin g

the predetection integration time from 20 ins to 200 ms

would decrease both BLC 
and B

~ 
by a factor of 10. W ith

an integration interval of 20 ins, B
~ 

is 50 Hz. If , for

example , S/N is 0 dB—Hz , then 2NB
~
/S is 100 and is

the dominating term in the sum in Equation 8.6. Then
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increasing the predetection integration time to 200 ins
(and performing the integration in parallel) would de-

crease o/L in Equation 8.6 by a factor of 10 RMS .

This corresponds to a 20 dB reduction in tracking er—

ror due to jamming without altering the tracking loop

response time of 1.8 sec.

To find the improvement in antijamniing marg in ,

Equation 8.6 can be solved for S/N. Because the

value  of un i ty  in the r ighthand side of Equation 8 .6
is of negligible consequence at low signal—to-noise--

density ratios , the result is

N 
= Lc ~~~LCBW (8.7)

when

2NBW/S > >  1 (8.8)

From Equation 8.7 it is clear that a factor of 10 re-

duction in both BLC 
and B.~ provides a factor of 10

decrease in the value of S/WOE 
needed to achieve a

desired RMS tracking error (cY
e/Lc

) - Hence, increas-

ing the predetection integration time from 20 ins to

200 ms provides a 10 dB improvement in antijamming

margin whenever the inequality (8.8) is valid .

These are very substantial gains in performance.

However , they can be achieved only if the aiding ac-
curacy is within about 1 ft/sec , as explained above.
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Whether or not this accuracy can be maintained will

depend upon the quality of the inertial navigation

system and upon the details of the implementation of

the aiding algorithms . Further work is necessary to

postulate and evaluate via analysis and simulation a

complete GPS inertial system with these advanced per-

formance features.

The foregoing results in this section have been

based substan tia l ly on Equation 8.6, which is based
upon a square—law detection of signal power , rather

than the absolute-value func t ions  in Equations 8 . 4  and
8 .5 .  However , the differences between the absolute—

- - - 
value and square—law implementation are expected to be

small , within about 1 dB.

In apply ing  Equation ( 8 . 6 )  , however , signal—suppression
effects must be taken into account in the calculation of

the noise bandwidth BLC of the ioop. The term 2NBW/S in 
- F

Equation (8.6) accounts for the reduction in effective

signal-— to-noise ratio seen by the loop , but it does not
account for changes in loop bandwidths. Signal suppression

has the effect of reducing the gain of the delay-detection

process , as defined by Equations (8.3-8.5). The reduction

in detector gain results in a reduction in loop bandwidth.

This reduction in bandwidth was identified in the corn-

puter simulations as being extremely important. It must

be taken into account in predicting the performance of

the loop.

With the detection algorithm of Equations (8.3-8.5)

- 
- there are two gain—reduction effects , one associated with

the numerator and one with the denominator . The term

(P
E
+P
L
) in the denominator was meant to make the detector

gain independent of ~ignal level. This goal is well ac-
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complished at high signal-to-noise ratios where 
~~~~~ 

is
proportional to signal amplitude . But at low signal-to-

noise ratios , (PE+PL) is proportional to rms noise level
and has the effect of reducing the gain of the detector

by a factor that is directly proportional to rrns noise-to-
signal ratio. The numerator also provides a similar gain
reduction , as will be described below . The combined ef-
fect of noise on the numerator and denominator of Equation
(8.3) reduce the gain of the detector by a factor propor-
tional to the noise—to—signal power ratio of the ~~~~ etc.,
measurements when this ratio is substantially greater than

unity . A precise theoretical expression for the gain

reduction is not available. But emperical data is sup-
plied by a Monte Carlo Analysis in Appendix B.

The reduction in gain at low signal—to-noise ratios

is a good adaptive feature , dramatically improving the

ability of the loop to track a stationary signal in high-

noise conditions. The simulation demonstrated success-

ful tracking by the X-Set at signal—to-noise ratios as low

as 0 dB-Hz. However , the resulting low bandwidths may not

be optimum when signal dynamics are taken into account .

Care must be taken to take this gain reduction effect

into account in any receiver designed to-operate under

conditions of severe jamming . The data in Appendix B

should be of value in this regard.

After the date when the simulation desion was fina l-

ized changes were made in the code-detection algorithm of

the X—Set~~~ . The denominator of Equation (8.3) was re—

placed by a constant factor and squaring operations were

used as replacements ~for the absolute-value opera tions.
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So it seems worthwhile to examine the gain-reduction ettect - -- -

that remains when the denominator of Equation (8.3) is

replaced by a constant . An analytical expression for

this effect has been obtained , and two trial examples

were run on the simulation with the modified detector.

Equation (8.3) with the denominator rep laced by
2~ becomes

2 ~~E~~ L1 
(8.9)

If we adjust the carrier so that all the signals appear

in the I channels , Equations (8.9 , 8.4 , 8.5) can be used

to derive an expression for e
~0 

as a function of the

tracking error c . The resul t  is

e
~0 

= 
~~~ 

H I ( S
~~~~~~~IE I - I N QE I + I (

~~
\+

~~~~
)+ N

IL I 
+ I N QL I ]  (8.10)

• subject to

(8.11)

where NIE~ 
etc., are samples of Gaussian noise with

variance ~2 By setting the noise values equal to zero
in Equation (8.10) the gain (

~
e
~0

/i1-) is seen to be equal
to +1. We want to know how the effective gain varies with
the rms noise level o. The result , as shown in Appendix C ,
has been found to be

CO 
= erf(A/~~2~~) (8.12~
=0

8 t ’

-
-
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where erf is the standard error function

erf(a) = 2
~~~

—X
~~~ (8.13)

erf (a )~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 8.12 Error Function

This function is plotted in Figure 8.12. When ~ ‘~~ c
is small in Equation (8.12) the gain becomes unity, as expected .

For small values of (i~,,//2~i ) the error function becomes

linear and the gain can be approximated by

CO 
= = 0.798 (8.14)

~ 
F 0 \ /  ‘ / -

subject to

< < 1 (8.15)

It is clear from Equation (8.14) that the gain of

the detector is inversely proportional to the rms noise

level in the I and Q samples when the rms noise level is

large in comparison to ti/a.
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To see how these results are utilized consider the
following example. Suppose that the integrate-and-dump
operations are carried out in parallel over 180 ins (aver-
aging over 45 4—ms samples in the X—Set implementation)

and that the signal—to-noise—density ratio is 1 dB-Hz . Further ,
suppose that Equation (8.9) is used for error detection.
Then we procede to calculate the values needed in Equa—
tion (8.6)

S/N = 1 dB—Hz = 1.26 (8.16)

The effective time constant is nine samples long , with
each sample incorporating 180 ins of data . Hence, the
noise bandwidth of the loop without gain reduction is

8LC (normal) 
= (~

°)
~~ (~~~~) 

= 0.154 Hz (8.17)

and the predetection bandwidth is the inverse of the pre-
detection integration time

Bw = ____ = 5.55 Hz (8.18)

At 1 dB-Hz the rms value of the noise a in the 4-ms I and
Q samples is 9.96 chips (Ref. 2, Eq. 3-31) and the m s
value of the noise in the average of 45 samples is

a = ,‘N/2ST = 9 .9 6/ ,/45 = 1.48 chips = 148 ft ntis (8.19)
T=O.l30
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From Equations (8.14, 8.17 , 8.19) with ~\ = 50 ft , the ef-

fective loop bandwidth can be calculated

BLC = (0.154) ~(0.798) (14 8) 0.0415 Hz (8.20)

and the effective bandwidth is seen to have been reduced

by a factor of about 4 from its normal value. The m s

tracking  error is then computed f rom Equa t ion (8.6)

.4 1/2
- (0.0415) 1 + (2) (5.55)

• L ~T2 (1.26) (1.26)

= NO.016) (1 + 8.8l)~~~
/2 

= (0.l6l)
l
~
’2 

= 0.4 chips (8.21)

which corresponds to a 40—ft m s  tracking error. Notice

the factor of 9.91 increase in noise power due to signal

suppression.

W i th  an rrns t r ack ing  error as large as 4 0 f t  and a
chip width of 50 ft the nonlinearily of the code detec-

tion f u n c t i o n t2 1 comes into p lay , further reducing the

loop gain. So we expect an error of somewhat less than

40 ft in tracking a stationary signal. A single run of

30 seconds duration of the modified simulation produced

an m s  error of 23 f t , which is considered to be within

the expected margin of errors (statistical and analyticafl

for this example.
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Once the changes in loop bandwidth due to nonlinear

effects of noise on the delay—detection algorithm are

understood , changes may be made in the loop filter to

provide whatever 1oop gain is desired . Then the con-

clusions at the beg inning of this section as to the
benefits of extending the predetection integration in-

terval remain accurate.

Similar considerations concerning variations in

ioop bandwidth as a funct ion of signal-to-noise ratio
presumably apply to the Costas loop, considered in
Section 8.2. Further work is needed to extend these

results for the delay-locked ioop to the Costas loop.

In summary , increasing the predetection integration

time is shown to be an effective means of increasing the

antijammi .ng marg in of the Code—trackiag loops of the X-

Set. Increasing the integration time from 20 ins to 200 ms

results in a 10 dB increase in an t i j amming  marg in , and

a 20 dB reduction in error due to jamming , at a fixed

loop bandwidth. But the increase in integration time

requires 8 sets of I— Q detectors for 4 receiver channels.

In the current design , 1 set of I—Q detectors is time-

shared between early and late detections and between four
satellite channels. The increase in the predetection

integration interval to 200 ms should be implemented only
when inertial aiding is accurate to about 1 ft/sec . Veri-
fication of this accuracy over long missions and with a

specified GPS inertial system design should be carried Out ,
but is beyond the scope of this study . The effective
loop bandwidth at low signal-to—noise ratios is shown

to be critically dependent upon the choice of the
detection algorithm . Ana lytical and imperical results

relating the effective gains of two common algoriLhnis

to signal-to-noise ratio are provided .
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8.4 Elimination of Code-Loop Dithering

In the Magnavox X-Set, one set of I-Q detectors is time-

shared (“dithere& ) between early and late code detection and

between four satellite channels. (1,2) For each one of

the channels, the detectors operate for 20 ms on the early

waveforms, then for 20 ms on the late waveforms, then

return to the early waveforms after a total time (in-

cluding the first two sampling intervals of 20 ms each)

of 200 ms has elapsed. In Section 8.3, the possibility

of extending the integration times was examined. In this

section possible benefits are examined of making the

early-late detections simultaneously during a single

20 ms interval. To accomplish this, an extra set of I-Q

detection hardware is needed.

Once the extra hardware is available and is being

used for simultaneous detection during one 20 ms interval

• per channel, it is available for operation during one

extra 20 ms interval for each channel. Forming two

error estimates per 200 ms cycle would be desirable be-

cause it would decrease the noise bandwidth of the

loop by a factor of two without appreciably altering the

response to dynamic inputs. If, furthermore , the data

could be demodulated in advance , a single error estimate

could be made based upon an average of I—Q measurements

over a single 40 ms interval. This would have the

further advantage of decreasing the predetection bandwidth

by a factor of 2, leading to greater gain stability and

reduced sensitivity to high levels of noise, as dis—

cussed in the previous section.

Here we concentrate on the effects of making the

20 ms early and late measurements simultaneously in a
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H single 20 ms interval per 200 ms cycle. Making the

early and late measurements over different intervals

rather than the same interval causes no degradation

in signal-to-noise ratio and does not affect the
• predetection bandwidth or the post-detection bandwidth.

There is the theoretical possiblity , though, that the

time delay between the early and late measurements could

lead to an erroneous indication of error during carrier—

loop transients in response to pseudo range dynamics.

The problem that arises is that the early and late

measurements are slightly dependent upon the carrier

phase error. This phase error appears as the argument

of the sine and cosine functions of the I and Q channels,

as specified in Equations (A6-A7). The absolute value

operations (A9-AlO) are meant to provide indications of
• early and late signal power independent of phase-angle.

But the indications are only approximate , and some

phase—angle dependence is present. If the square root

of the sum of the squares of the I’s and Q’s had been

used instead of the sum of the absolute values, this de-

pendence on phase angle would be absent. However, as
• will be seen, the effect is of minor consequence anyway.

Table 8.6 shows selected regions of the printout of

code and carrier loop responses to a step of 10 ft.

applied to just the code loop, with the code loop being

aided by the carrier loop. The left-hand and right-

hand columns show the responses with early-late dithering

and with simultaneous early-late detection , respectively.

No input noise, VCO noise, VCO drift, or A/D conversion
errors were present. In the printout

J



• EPSCO actual code-loop tracking error

ECO code-loop detector ’s estimate of
tracking error.

EPSCA actual carrier—loop tracking error

)\s indicated in Table I, when there is no carrier-loop

tracking error , EPSCO and ECO are essentially i den t i cal
whether or not dithering is employed. The presented data

are for selected time points during the simulation run ,
but essentially the same results were obtained at all

other times in the run.
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SECTION 9

A I D ED TRA C K I N G

As an i n t r o d u c t i on to the subje c t  of a d a pt i v t ’
tracking , a general discussion of  i n e r t i a l  o iid inq  of

trackin..i loops is presented in this section .

Useful GPS data is obtained only while the carrier—tracking and/or

code— tracking loops are locked onto the desired signals. When any

t ra cki ng error becomes too large, the correla tion de tec tor become s

excessively nonlinear and its e f fec t ive gain is accord ing ly lowere d .

Pr ogressive increases in the tracking error and attendant reductions in

the detector gain lead to a complete loss of lock and to a complete

loss of that component of the GPS data.

Loss of lock can occur because of excess ive tracking error in

response to radio noise , perhap s due to jamming . Lowering the loop

bandwidth lowers the noise—induced tracking error , but also acts to

increase errors in response to dynamics in the pseudorange variable

that is to be tracked . These dynamics can be due to vehicle dynamics ,

to oscillator dynamics , and to perturbations in the propagation path.

By utilizing the IMU to measure the short—term signal dynamics due to

‘1 0% 
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translation and rotation of the vehicle and by supplying the IMLJ data

as an aiding signal to the tracking loop , the tracking-error components

due to vehicle dynamics can be substantially reduced . With reduced

errors due to vehicle dynamics , the bandwidth of the loop may be

reduced to further attenuate jamming . Hence , IMU aiding of the track-

ing loops increases the antijamming margins of the tracking loops in

dynamic environmen ts.~ ’’3’”7~

Generally, aiding signals are introduced as shown in Figure Li ,

where is the time delay to be tracked , ~ is the es t ima ted value of

~~, and 
~~jd

/KFC is an aiding signal . Al terna t ively , with exactly

the same effect on the detected error signal D(’ — 
~~~), the aiding

signal ;id could be added to the feed bac k signal as shown by the

dotted line in the figure. If were subtracted from the input

instead of being added to the feedback signal ~~, its e f fec t on the

output of the detector would be the same . Hence the effect of

aiding is to make the loop track an effective pseudorange signal

— “ai~~~ 
The IMU can supply an aid ing s ignal aid that

na tches the high-frequency components of r quite well so that

son tains smaller high—frequency components than —
. Then, with

aiding , the bandwidth of the loop can be lowered in order to attenuate

jamming noise while still maintaining linear operation of the detector.

In order to avoid loss of lock , the tracking error of each carrier—

trac king loop should be kept well within the small value of 0.1 ft

(phase—locked ) or 0.05 ft (Costas). In order to provide this accuracy

wi th narrow tracking—loop bandwidths during high—dynamic maneuvers of

tac t ical a i rc ra f t ,  aiding veloci ty signals must be delivered from the

100
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IMU to the carr ier  loops very frequently, on the order ot every 10 ms ,

and transport delays must be accounted f o .  Because data are generally

not available from the INS mechani .ation algorithms this frequently,

the aiding data should be obtained directly from the IMU , or from its

strapdown processor, as shown in Figure ‘I .

Transport delay s can occur in the implementation of the tracking

loop as well as in the implementat ion of the aidin g al~~o t i t h m s .  The

aiding signal for each loop is generall y a series of increments

each of which , when imp lemented at some accurately specified t ime in

the future as the frequency command to the loop over  an inte rval \t ,

represents the predicted chang e .~~~~~ in the siqnal to be tracked over

that interval. Past values of acceleration and attitud e data from the

IMU are used as inputs to an extrap olation algorithm . The ou t p u t  of

the extrapolation alqoiithm is the predicted -
~~~~~, which is delivered to

the tracking loop. The extrapolation algorithm can he very simple , but

should be repeated very frequently, evety 10 ms , or so for each carrier

ioop . Because the code—loop trackin g errors can he on t h e  or d e r  of

tens of feet , much larger than the allowable carri e r—l o op err ors , the

problems of transport lag s and sampling periods are relatively insignif-

icant for code—loop aiding . Velocity information ttom the INS mechani—

zation algorithms may be used for aiding the code loops.

The pa rameters for the coordinate transformation and scaling of

the  t r a n s l a t i o n a l  a i d i n g  da t a  can be o b t a i n e d  from the integrated

n a v i g a t i o n  f i l t e r,  as shown in Figure ~~~ . . ‘ t t ~~~~’ pararnet ’ i’s , re ,tt i no

to the bearing s of lines of sight to the GPS satellites , and relatin ..i

to the orientation of the gyro—stabilized accelerometer fram e, chanc e

slowly and need to be updated only infrequently. With these parameters 
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being known , the incremental , gyro—stabilized , accelerometer data are

scaled and transformed into changes in velocities along the lines of

sigh t. The transformation parameters for attitud e data- must be obtained

from the IMU . Then incremental attitude data from the IMU are trans-

formed in to changes in ranges from the antenna(s) to the satellites .

The transformations of data on translations and rotations are simple,

but must be performed rapidly with proper time—tagging .

The t r a n s f o r m a t i o n , scal i ng and e x t r a p o l a t i o n  f u n c t i o n s  for

i n e r t i a l l y — a i d e d  GPS t r a c k i n g  r e q u i r e  special s o f t w a r e  not needed f o r

the u n i n t e g r a t e d  systems.  These w i l l  be w a r r a n t e d  in some applications

because of the r e s u l t i n g  improvement  in antijam performance.

In h i g h — d y n a m i c  m a n e u v e r s  of tac t ical a i rcraf t, the ef fec ts of

acce le ra t ion  on the f r equency  of the  GPS c rys ta l  osc i l l a tor can be a

significan t cause of residual tracking error in inertially aided code

or c a r r i e r  t r a c k i n g  ioops. (24~ 69) The frequency shif ts appear as

pseudoranqe—ra te  inputs  to all  the t r a c k i n g  loops and a re  not d i r e c t l y

detectable  by the IMU . Spec i f i ca t ions  fo r  c u r r e n t l y  ava i l ab l e  cry s t a l

osc i l l a to rs  are no lowe r than 10 9/g ,  which is e q u i v a l e n t  to a

pseudorange ra te  input of l ( ft / s ) / g . For a code loop ope ra t ing  w i t h  a

t ime constant  of 30 seconds , a 2— g input  to such an oscillator woul d

lead to a 6 0 — f P  t r a c k i n g  e r r o r  in addition to other dynamic error

components. Hence the oscillato r sensitivity limits antijaxnming

performance of the code loops. It affects the antijamming performance

of IMU—aided carrier loops too , especially during high— jerk maneuvers.

Fortunately , it appears that crystal oscillator assemblies with sens i-

tivities below l0~~
0/g are on the horizon~~

4
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IMU errors also limi t the antijam performance of aided code and

carrier tracking loops. For the carrier loops, care must be taken to

keep track i ng er ro rs  due to attitude er rors , bend i ng modes , etc ., to

less than about 0.1 tt , wi th loop response t imes of about 0.5 s , or

less , during severe attitude maneuvers. With one milliradian attitude

er ro rs , a lever arm length of much less than 100 ft would not be a

p ro b lem , but structural flexure between the antenna and the IMU could

be a problem . Either gimballed or strapd own IMUs are capable of

supplying sutficiently accurate attitude data in most applications .

For the gimballed IMUs the pacing requirement is on the accuracies and

update rates of the gimbal anqie encoders. Reference ~ •~n~1 Appen~h x  A

do ~uan t i t at  i Vt ’ dat a on the e t toot  s o t a ~‘a r iety of e t-ror sout  cos

on t he per fot-manoe of I M t i— ~t i dod o.t Ft i t ’  F loop s under  j amm i nq and w i t h

h L ~h dyttam ~~
. UL-tl%t ’LlVi ’ i ~~ . improveme n t. ot  10 dU or so it A~I p e r t  o rmanco

~~~~~~~~ ho ,-tc h t ’VetI Lb routj h  L ner f  i a 1 a i di 110 0 t~ cati to t loops

For aiding the code loops , the ability of the INS to measut- e

dynamic translational motions sufficiently accurately so that tracking

err ors are much less than 100 ft wi th loop response t imes on the orde r

of 1—100 s is the dominant requirement. Only high—quality stable—

pla t form IMUs are curren t ly ca pab le of successful ly a idi nq code loops

with time constants on the order of 100 s during hiqh-dynamic tactic al

aircraf t maneuvers. The code—loop time constant determines the ultimate

an tijam margin. Hence , the anti lam performance of the integrated GPS

iner tial system will be strong ly dependen t upon the acc u- •icy ot the IM U

over the full rang e of accuracy of available designs. This conclusion

is true to an even greater extent when navigation pertorman ce after

loss of loc k , and reacquisition performance under modet ate jamming , ate

considered .
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Aided tracking loops provide GPS da ta that are corrup ted to some

extent by the aiding signals. This corruption has been reported in the

li tera ture~
54
~ as some t ime s leading to problems of instabilities in

naviga tion algorithms designed to receive pure GPS data, and some

solutions have been proposed . Because the aid ing signal f is effec-

tively high—pass filtered by the tracking loop , subt rac t ing a similarly

high—pass filtered version of the aiding signal from the output of the

aided tracking loop is an alternative approach to this problem. Some

extra hardware or software is required for creating the high—pass—filter

function.

kided code loops will have very long time constants in order to

maximize anti—jamming performance. When the time constants are longer

than the sampling period of the nav igat ion filter , the data samples

will be correlated . whitening filters have been implemented in some

designs to reduce the correlations and there by to more nearly sat isfy

the assumptions governing the design of the Kalman nav igation filter.
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SECTION 10

ADAPTIVE TRACKING

Adaptive tracking was not treated in detail durino
the course of this study . But some of the general

principles are described in this section , and references
are provided to some of the latest results which have been
developed under other contracts. The latest results in-
d ude the possibility of adaptivel y vary ing the range of

P-code detection through the use of multi-chip correla-
tion techniques. A key element of adaptive tracking is
the incorporation of the effects of noise in suppressing
the signals and in lowerinq the  detector gains when
signal-to-noise ratios are low . These effects , described
in Section 8, arc assumed to be taken into account in

the optimizations described in this section.

When the condit ions of signal dynamics and jamming noise are such

that maintaining lock is difficult, choosing the tracking—loop pa rameters

to optimize performance is important. Because the conditions usually

cannot be predicted in advance , the parameter adjustment is best done

adaptively. The availability of data from an IMU greatly facilitates

the adaptat ion process , as indica ted in Figure 9.2.

The best values for the parameters of each loop are dependent upon

the dynamic model for the effective pseudorange e 
-
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being estimated (tracked ) by the loop, the signal-to—noise ratio , and

the covariances of the t r ack ing  loop ’ s est imates  of the model s tates.

In an integrated GPS—inertial system , data from the INS can be used

directly to determine the time—variable parameters in a model of the

effective pseuodrange dynamics. Data from the INS can also be used ,

together with data from the receiver to determine the signal—to—noise

ra tio. From this information , together with initial values for covar—

iances of the tracking error states , the succeed ing tracking—error

covariances and optimum tracking loop parameters can be calculated .

Each opt imally adaptive , ~th order , tracking loop can be consid—

• ered as a Kalman filter operating on noisy measurements of ;, which

is genera ted by an ~th order dynamic process model wi th whi te noise

sources. Once the model is characterized adaptively, the optimal

tracking—loop parameters can be obtained from the standard Kalman

algorithms. For example , for a third—order carrier tracking loop, an

F adequate process model might be = V
e~ ~e 

ae~ ~e ~
ae/T + ~~

wh e r e  n
3 

is a whi te noise source with power spectral density

and T is the correlation time of the acceleration state. The van —

ations in effective pseudorang e dynamics could be represented by

varia tions in N~ .

If the loop is unaided , this process represents the full pseudorange

dynamics. Then accelerome ter and attitude outputs from the IMU can be

used to designate appropriate values of N
3
. If the loop is aided by

the INS the process represents the dynamics of aid ing error. Then the

accelerome ter and attitude outputs are used with the INS and oscillator

error models to obtain appropriate values of N
3
. For example , if the

uncer tainties in alignments of the stabilized axes are 10 milliradians

rms , 1 percent of the acceleration indicated by the IMU could be

100 
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allocated to the e f fec t ive  pseudorange dynami~ s. The unce r t a in t i e s  of

the INS parameters will vary only slowly (as solutions of the navigation

filter), but the accelerometer and attitude data can vary rap idly , and

must be converted into selections of values for N~ very rap idly so

that the loop will be able to adapt itself in time to follow high—jerk

dynamics. The algorithms for selecting - values for N3 
must be very

simple to be practical . The values of N
3 

should be appropriately

bounded to prevent selection of excessively large or small tracking—loop

bandwidths, but need to be only approximate indications of levels of

dynamics wi thin these bounds. For a first—order aided code—tracking

loop , a simple first—order model for the effective pseudorange dynamics

would be chosen.

The measurement of the effective pseudorange ? by the code or

carrier detector is corrupted by noise n.... The power spectral density

N~ of n also is needed for deriving the optimum tracking—loop parameters.

The value of N? is proportional to the spectral density of the radio

noise (perhaps due to jamming ) divided by the signal power. The radio

noise dens ity can be measured directly and rapidly by the receiver.

The signal power is a weak function of the angle of the satellite above

the horizon and a strong function of the attitude of the aircraft. By

utilizing attitude data from the IMU and the known antenna patterns of

the vehicle , the signal power can be predicted . Since the signals will

usually be at full power , it may be sufficient to characterize each of

them merely as present or absent. Because malfunctions or interveining

fixed structures , such as mountains , can cause unpredicted blackouts of

some signals , the receiver must also estimate the signal power that is

actually received from each satellite. But this estimate requires code
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r-~~
demodula t ion  and , hence,  is not va l id  when the code de tec tor  rang e is

exceeded . It also depend s upon the parameters of the measurement

filter , which should themselves be optimized adaptively. Although the

response time may be slow , provision should be made for the signal

power measurement by the receiver to provide a N signal_absentM over-

ride to the adaptive algorithm , and to satellite—selection and navigation

algorithms. The values for N should be bounded so that unreasonably

large or small values are not utilized .

With the parameters N
3 
(repres ent ing e f fec ti ve pseudorange

dynamics) and N (representing measurement noise ) determined , Kalman

4 solutions for the gains in the tracking loops can be obtained . The

s o l u t i o n s  a r e  s t r a i g h t f o r w a r d , but  a re  t ime  consuming when performed

rapidly enough to be a c c u r a t e  f o r  a loop with wide bandwidth. Time—

scales approxima tion techniques have been applied to the simplification

of a iumerical solu tion of the Kalman equations for a second—order

tracking 1oop~
’1
~~, thereby providing a practical approach to that

part of the real—time adaptive tracking task.

The solution for optimum tracking loop parameters has been extended

to cover the effects of code—detector nonlinearity and to cover the

possibility of also varying the code—detection rang e optimally so that

tracking and acquisition can be handled with imp r oved performance by a

single adaptive tracking process.~~~
2
~~.

Improvements in antijam performance can also be obtained by

adaptively varying the predetection bandwidth. The predetection

bandwidth of each Costas carrier-tracking and incoherent code—tracking

loop can be varied in proportion to the uncertainty in the effective
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pseudorange rate. Each bandwidth should be large enough to pass the
c a r r i e r  and data  ( i f  p r e s e n t ) ,  bu t  o the rwise  should be as small as
possible in order to minimize signal suppression when the predetectjon

signal— to—noise ratio is less than unity . The improvement in performance

through adaptat ion is mos t pronounced during acquisi t ion, or when the
code loop is data—aided so that  its p redetectj on  b andwidth  can be

small~
3
~~, as described in Section 8. If the carrier ioop is in

lock , the predetection bandwidths of the carrier loop and its asso—

ciated code ioop should be proportional to the frequency uncertainty

of carrier—loop tracking , as indicated by the Kalman adaptive track—

N
ing equations for the carrier loop. When the carrier loop is not

in lock , and both the carrier and code loops are IMU-aided , the

much slower navigation filter solutions for uncertainties in clock

f r e q u e n c y  and vehic le  v e lo c i t y  can be u t i l i z e d.

It  is clear tha t  the a v a i l a b i l i t y  of data  f rom an IMU g r e a t l y

facilitates the process of adapting the GPS receiver to different

ope ra t ing  condi t ions . An approach to the process has been sugges ted

above . However , fur ther explora tory development work is needed to

develop complete sets of adaptation algorithms of different levels of

complexi ty and to determine their performance advantages in specific

applications.
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SECTI ON 11

CONCLUD iNC SUM~1ARY

The s imu lat ion of t he  ~A~IS~ 
- Mag nav ox CPS User

Equ ipmen t Sot X has been ut i ii .od to illustr ate pe r—

formanee advantages tha t ~a n be obtained t hrouq ii

p r o p ri a t o l v  m m l i :  m g  pr edetect  ton b a n d w i d t hs ot
the t r ac k i ng  loops. The benefits ot utilization el

pr ior know led ge of CI~S data  have been desor ibed in

this contex t . ‘rheoret ica I express ions and Monte Carlo
results for n o n l i n e a r  effects of dot oct ion a 1 qor i thms

in conditions of low signal—to—nois e ratio have been

developed . Thes e resu l ts ar e i mpor tan t  to t he under —
stand i ng of t h e  b e hav i o r  ot CPS r e c e i ver s  i n  h i gh
jamming en v i r o n m e n t s .  New d e s ign  t e c h n iq ue s  f o r

adaptive rece ivers  have  been de s c ri b e d  and r e fer en ces
ha~’e been pro~

r i dod to recent r e s u l ts  develop ed under

et h e r  contracts.
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APPENDIX A P-490

AN IMU-AIDED GPS RECEIVER

by

Berna rd  A.  Er ie qs nu n , Dunca n B. Ccx , J r .  , W i l l  i am M . Stc’nostreet

The Char les  Sta rk Di aper 1 abc x at cr y ,  1 lie
Cam bri dge , M a s s a c h u s e t t s  021 ~9

ABSTRACT

The per formance  r e q u i rem e n t s  f o r  t h e  CPS X_ set * i mpose d i f f  i—
cu l t  and con t’l ict m g  design problems on the  r e c e i ve r .  To accur ~it ely

t rack the incom in g  S qua is in a h qh — dy u a m i c s  env i ronmel i t  • a w ide—
b a n d w i d t h  t r a c k i ng  lco( ’  is reuq ired  w i t h  a h i g h — o r d e r  t r a c k in .~i net —

work. For best per fornkince i n  t he  presence of no iso , on t he c’t her

hand , a n a r r o w  bandwid th  t r a c k i n g  loop is des i red .

Techniques fo r  Ut  i i i  z j n g  an IMP ( i n e r t  i a i me asurement  u n i t

to  a i d  t h e  r ecci  ver  t r a c k i n ~ loops are  s t u d i e d  he re .  The I M P

can t~rovide  a c c u r at e  in f o r m a t  ion on t r a n s l a t i o n al  acce b r a t  ions  and

or t e n t  at  ion changes experienced by t h e  roce i vet- . ~y prop er  lv  us ing

the IMU data , t h e  r ece ive r  b a n d w i d t h  can be reduced with out i ner eas  1 fl~l

the dyn amics—induc e d  t r a c k i n g  e r r o r .  The end r e s u l t  I an improve-

ment in p e r f o r m a n ce  i n  noisy or i arn min q  situations.

To e va l ua t e  t h e  b e n e f i t  S of iMP a i d i ng , a comp r e h e n s i ve  d i g i t a l  —

computer s i m u l a t i o n  was developed fo r  the  I N t l— a i d e d  X-set  r e c e i v e r .

Included in the  s ilnu la t  ion of t he  receiver  were d e t a i l e d  models fo r

the erro r detectors , i n t e gr a t e — a n d — d u m p  c i r c u i t s, d i g i t a l  tracking

networks , and RM/ I PMs ( d ig i t a l  ~‘C ’s) f o r  both t h e  code and c a r r i e r

t r a c k i ng  loops . The e f f e c t s  of RM/IPM quan t  i zat  ion , c r o s s — c o u p l i n g

between code and c a r r i e r  t r a c k i n g  loop,  dynamic  clock er r o rs , and the

*
The NAVST AR GPS X— set  i s  one o t  several  basel t u e  t ’h . tse I CPS r e c e i v e r s
being developed by Magnavox Advanced Products Division unde r sub-
cont ract to General  Dynamics  under a cont rac t  w i t h  the CUS J o i n t  Pro-
gram Office at SAMSO.
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finite sampling rates in each t r a c k i n g  loop were  amoii~ t he  e f fe - :~~s

accounted f or .  In  the IMU model ,  p rovis ions  were made for  m e a su r i n g
the orientation and translational acceleration of the support veh ic le .
Included as IMU error sources were attitude readout errors , I M P  mis-

alignment, gyro drift bias , accelerometer bias , and accelerometer

scale-factor uncertainty.

The simulation results present code and carrier tracking-loop

errors , based on Monte—Carlo runs , for a wide range of conditions .

Of particular interest are the thresholds of input noise and vehicle

dynamics at which the tracking loops lose lock. Ferformance-compi?ison

data are presented for the aided and unaided receiver as a f inction

of system variables  such as tracking ioop bandwidth , RM 1PM noise ,

IMU errors , clock errors , and sampling rates for receiver and IMP .

INTROD UCT ION

The incoming OPS (Global Positioning System) considered here

consists of a high-frequency L—band carrier signal (1.575 0Hz) modu-

lated by a ?RN (Pseudo-Random-Noise ) code signal (10.23 MHZ~~.~
Binary data with satellite ephemeris and other info rmation are rnodu-

lated on these signals at 50 b.p.s. The function of tne receiver

is to demodulate  the t r a n s m i t t e d  data , and s i m u l t a n e o u s l y  t r ack

both the carrier and code signal components. From the code signal

information can be derived on the pseudo-range from the receiver to

satellite tcorrupted by various errors), and from the carrier signal

the time rate-of-change of this pseudo-range can be found .

Receiver operation in a high-dynamics environment , such as

might be encountered in a miss i le  or tactical aircraft , is considered

here . The design—reference input Signal to the X—set receiver is

assumed to consist of a 10 g, s ~erk ra te  of change of - acce l e ra t ion)

for  ‘i.6 seconds, followed by a constan t acceleration of 6 g ’s. If

the rece iver can cope with an input  of this magnitude without losing

loca (or rapidly slipping cycles) , then it is f e l t  that it will

See Reference 1 for a description of the complete GPS sicnal  s t r u c t u r e .
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not have difficulty with the normally-encountered input

dynamics.

The extremely severe dynamic inputs mentioned above pose
very stringent requirements on the X—set carrier—trackin g loop.
In order to avoid loss of lock (or cycle slippinq ), the car r i e r -
loop tracking error (as will be shown later) must be limited to
about 0.15 ft. (about 0.25 cycles at 1.575 GEIz). To hold the

peak transient error to values of this magnitude a wide—bandwidth

tracking loop is required. A third—order tracking loop is also

necessary to track a constant—accelera tion input with zero steady—

state error. The requirements of wide bandwidth and high-order

tracking network in the presence of sampling and transport lags tend

to make stabilization of the carrier tracking loop diff icult.

Input noise to the receiver , on the other hand , leads to

receiver—design requirements diametrically opposed to those imposed
• by input dynamics . Small tracking—loop bandwidths are desired in

this case in order to minimize the tracking errors caused by the

input noise .

If the carrier—tracking loop maintains lock , it can be used

to aid the code loop and essentially isolate i t  t rom the  incoming

high—dynamics input signal. Under these conditions it- is relatively

easy to limit the code—loop tracking error to 25 f t .  (1/4 chip) ,

which is necessary for proper code-loop trackinq. If , however ,

the carrier—tracking loop loses lock and starts sli pp ing c- -cb s at

a rapid rate, then it will no longer be able to meaningfully aid

the code-tracking loop. Under these conditions the unaided code

loop will lose lock in a very short time if any signit ic.lnt input

dynamics are present , since the current X-set code—tracking loop

has only a f i rs t -order  tracking-loop capability and a relatively
narrow bandwidth.

An inertial measurement unit ( I M U ) mounted in the  m i s s i l e

(or aircraft) in capable of providing information ori the motion of

the receiver antenna w.r.t . an inortiall y—fixed frame . If the iMP
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is collocated w i t h  the receive r an tenna , the n only  g r a v i t y - c o r r e c t e d
accelerometer  da ta  are r equ i red .  I f , on the  other  hand , the IMP is
a significant distance from the receiver antenna , then attitude

dat a are required to compute the ro ta t ional  veloci ty  of the a n t e n n a
w . r .t .  the IMP .

By proper ly  us ing  IMP -der ived data  to aid the X-set tracking
loops , the e f f e c t i v e  input  dynamics  to which these loops are sub-
j ected can be s i g n i f i c a n t l y  reduced. For the c a r r i e r  loop * t h i s
means a lower-bandwid th  loop fo r a given i npu t -dynamics  leve l .  The
end resul t is a less d i f f i c u l t  t r a c k i n g — l o o p  s t a b i l i z a t io n  problem ,
and a reduction of the i n p u t - n o i s e  induced t r a c k i n g  error . For
the code loop, IMP -derived data is very use fu l  in the loss-of-
carr ier - lock s i t ua t i on . Under these condi t ions  externa l input -
dynamics in fo rma t ion  is necessary to help the low-bandwidth  f i r s t -
order code- t racking loop m a i n t a i n  lock.

This paper is concerned wi th  techni ques for  u t i l i z i n g  IMP-
derived in format io n to aid the X-set code and ca r r ie r  t r a c k i n g -
loop channels .  Ext remely  impor tan t  f ac to rs  here are the ra te  at
which new IMP-derived a i d i n g  in f or m a t i o n  can be ob ta ined , and the

aiding prediction algorithms that are employed . The finite read

~~ times for the IMP (the basic measurement is average acceleration)

and the required information processing times are both relevant. In

addition , severa l different IMP—related error sources must be con-

sidered . The most important of these are attitude readout errors ,

IMP alignment errors , accelerometer bias , and accelerometer scale-

factor  unce r t a in t i e s .

In the immediately-following sections a detailed description

is given of the study-mode l X-set receiver. For simplicity and

clarity, only baseband models are considered . The primary emphasis

*The current design of the X—set does not provide for aiding of the
carrier loop, Implementation of the aiding techniques presented
herein would require modifications to the receiver design and to
the inter f aces between the rece iver , data processor , and IMP .
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is on those items that significantly affect the stability and
accuracy of the trackinq loops. A discussion of the IMP-aiding

schemes examined follows next. Included here are the algorithms
used to extrapolate IMP-derived information between successive
data processing times.

The final two major sections present detailed tracking-loop
simulation results for study and evaluation of IMP-aided tracking
systems. Peak-transient and rms tracking errors are shown as a
function of tracking-loop noise bandwidth for several different
assumed conditions. I3oth aided and unaided system data are pre-
sented so that meaning ful performance tradeoffs can be made . Monte-
Carlo simulation results are also included for selected cases to
provide data on the minimum C/N0 (signal ,’ noise power spectral den-
sity) at which tracking-loop lock can be maintained with the high—
dynamics input present .

General Information

A functional description of the X-set receiver is given in
Ref. 2,* including detailed information-flow charts for bath the
code and carrier tracking-loop channels. The receiver descriptions

presented here and in the following section are based h e a vi l y  on the
information given in this reference.

The prima ry func t ion of the carrier - t racking loop is to

track the phase of the incominq carrier signal. A baseband informa-

tion-f low diagram showing how this is currently accomplished in the

X-set receiver is given in Figure 1. For convenience the tracking

loop can be broken down into three major subsystems: 1) the error

detector , 2) the dig ital tracking-loop network , and 3) the rate

multiplier incremental-phase modulator (RM/IPM) .

Durin g the course of this study the design of the X-set was in a
process of evolution . The study is based upon information on the
design made available to the authors as of approximately January
1977. Ref. 2 contains information on some of the more recent changes.
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The error detector provides the basic measurement of trackinq

error between the phase of the incoming carrier signal and that

provided by the t r a c k i n g  loop. The t r a ck ing - loop  network pe r fo rms
the operat ions on the erro r si g n al t ha t  a re necessa r y to mai n ta i n
accurate t r a c k i n g .  The RI~1/ I P M  f u n c t i o n s  e s s e n t i a l l y  as a d ig i t a l
vol tage con t ro l l ed  osc i l l a tor (V CO) , i. e. i t  advances or r e t a rds
rece ive r-ca r r i e r  phase e s t ima te s  at rates based on the t r a c k i n g -
network commands.

Error  Detector

To accura te ly  e s t ima te  t r a c k i n g  error , the error-detector

must remove both code and data  modulat ions  f rom the incoming
signal. The code-signal demodulation is accomplished f i r s t , as

shown in Fig. I, by correlating the actual incoming signal with

the receiver ’ s estimate of th is  s ignal  (obtained by m o d u l a t i n g  the
car r ie r—loop RM/ IPM output w i t h  the receiver ’ s on-time es t ima te  of
the PRN code ) - tnpha se  and quadrature baseband error signals
(e QCA 

and e ICA
) are obtained contthuously  from the cor re la tor  as

described in R e f .  2 .

The quadra ture  error signal e is given by:
~CA

eQ = keoD d (t) siri (eCA ) A (l)

• where eCA is the phase-tracking error of the carrier loop , and d (t)

is the b inary  d a t a — m o d u l a t i o n  on the incoming s igna l  ( + 1  or - 1)
The c o ef f i c i e n t  kcoo~ 

which d i rec t ly  a f f e c t s  e Q ,  is a f u n c t i o n  of
code-loop tracking error (e

~0
) ,  as indicated in Figure  1. The

value of kco0 varies linearly from unity when the code loop is
tracking perfectly, to zero when the code-loop error increases to about

100 feet (the code-loop chip width) - For code loop errors greater

than 100 ft., k 0D remains at zero . The inp hase signa l e1 is

given by:

e1 k d(t) cos (eCA
) A (2)

CA C D

where e , , k , and d (t) have the same meanings as in ~q.tl ) .
LA COD
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If the code and carrier tracking-loop errors are reasonably

small , then eQCA 
can be used to estimate the carrier loop tracking

error eCA . and eLCA 
can be used to estimate the data-bit polarity

d(t). The X-set receiver employs these two ideas , as described in

Ref. 2 and shown in Fig. 2, in a Costas-loop configuration

to measure carrier-loop tracking error . In the actual receiver

mechanization , the 20—ms data—bit interval is subdivided into

five 4—ms intervals , and average values of e and CI are
QCA CA

computed for these subintervals using integrate-and-dump circuits .

These subinterval values are in turn averaged over the data-bit

interval to provide the averaged quadrature and inphase siqnals

and ‘k at the data-bit transition time tk• An estimate of the

carrier error is then computed from the relation
k

ê = Q SIGN (I ) A (3)
CAk k k

where the caret (‘) is used to indicate an estimated or computed

value, and SIGN(.) means that the algebraic sign associated with
(.) is used.

There are several important characteristics of this error

detector that should be carefully noted here :

1) The error detector output 
~CA 

will be a reasonably

linear function of the input only for small values

of eCA. e.g. < 1 radian . 
- - .

2) The data—bit polarity estimate reverses sign , and the

Costas loop ~;La r t s  to s l ip  a cy c le , whe n the av er a g e  car ~
rier—loop tracking error Lr the d a t a — b i t  i nt rval  exceeds 90° .

3) The code-loop tracking error e
~00 affects the carrier-

loop detector gain through the correlation coefficient

kCoD.

4) The error detector provides updated error estimates only

at the data-bit transition times (tk) which are spaced

20 ms apart .
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5) The t r ack ing-e r ro r  es t imates  ecAk in e f f e c t  rep r esent
averaged values fo r  the 20—ms period preceding the
time t k •

Tracking-Loop Network

In order to track the design-reference high-dynamics input

with an acceptable accuracy , it is necessary to pass the c a r r i e r -
loop error signal  eCA k through a t r a ck ing  network before feeding it
to the RM/ IPM. A di g i t a l  tracking network is used in the X—set
receive r , as shown in F ig .  1, wi th  three pa ra ll e l  paths : a propor-
ti ona l pa th , an in t eg ra l  p a t h ,  and a double-integral path . The

digital-network input signal is sampled at 20—ms in te rva l s  (syri -
chronized with respect to the data-bit transition times) , and the

contents of the integrators (accumulators) are updated at these

times (t k)

The propor t ional  path si gn al is sent through the tracking

network without additional delay . Because of computer - throughput
limitations , however , there is an additional delay of up to 20 ms

in the transmission of the signal and double integral path da ta  to
the P.M/IPM, as indicated in Fig. 1.

Rate M u l ti pl ie r / I n c r e m e n t a l - P h a s e  Modula tor

• The RM/IPM is used to control  the phase or frequency of the
car r ie r-channe l ’ s output s i gna l .  The operat ion of the RM,’IPM or
dig i ta l  VCO is described in Ref. 2. Functionally the RM/IPM p rov ides

changes in output frequency d i rec t ly  proportiona l to the magni tude

• of the input  command to the RM/IPM .  If the output of the RM , 1PM is
viewed as phase rather than frequency , then the RM/IPM acts essen-
tially as an integrator, i.e. the rate at which its output-signal

phase is changed w.r.t. a reference frequency is proportional to

the input-commanded signal.

The input to the carrier-loop R14/IPM in the X-set is sampled -

at 4-ms intervals , and the phase of the carrier-loop output signal
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is advanced (or retarded) at a rate dependent on the magnitude of
the command , as indicated in Fig. 1. The input command may be

delayed by as much as 4 ma during the process of asynchronous
transmission from the tracking network to the RM/IPM. Finally,

there is a 1/64th of a cycle quantization level in the RM/ IPM ,
i.e. the resolution of the incremental phase changes than can be

made by the RM/IPM at a given time is about 0.01 feet. Any unused

remainder from the current input command is saved for use on the

next computation cycle.

CODE-TRACKING LOOP

General Information

The primary function of the code tracking loop is to follow
the incoming PRM code, using a replica of the PRN pattern provided
in the receiver. The X-set design , which is described in Ref. 2,

utilizes a non-coherent error detector , i.e. knowledge of carrier

frequency but not carrier phase is utilized to separate the incoming—
signal code from its carrier. In addition , the code-loop error

detector of interest here is time-shared between five different
channels as described in Ref. 2. The end result is that the signal

from a particular satellite is tracked for 40—ms time periods ,

spaced 200 ms apart. Aiding data from the carrier—tracking loop is

used between the code-loop tracking periods to maintain code lock .

The code—tracking loop is again for convenience subdivided

here into three major parts: 1) the error detector, 2) the t racking

network, and 3) the R?4/IPM. An information—flow diaqram for the

code tracking loop is given in Fig. 2.

Error Detector

Code-loop error estimates are based on correlations between

the incoming signal and the signal estimates provided by the

receiver. The operation is identical to that previously

described for %~he carrier loop, 
except that the correlator uses

early and late receiver-code estimates rather than on-time code

estimates as in the carrier tracking loop. The procedure here is
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to correlate w . r . t .  early estimated code for  half  of each 40-ms
tracking per iod , and w.r.t. late estimated code for the other

half of the interval . The early and late code estimates used here

are displaced by +l/2 chip (~ 50 ft.) w.r.t. the on-time code estimate .

Quadrature and inphase correlator output signals (eQ and

e1 ) similar to those for the carrier tracking loop are obtained

first. For the early—code correlation period , the output signals

e k~~ d ( t )  sin Ce ) A(4)
Co

and

e1~~ ~~~~ d ( t )  cos (e CA
) A ( 5 )

Co

where the superscr ipt ( E )  is used to denote that  the cor re la t ions

are w .r . t .  early-code es t imates .  The corre la t ion co e f f i c i e n t

is identical i n . f o r m  to the kCOD of E q s . ( 1)  and ( 2 ) ,  except

that it is u n i t y  when the receiver ’s code estimate is 1/2 chip
(about 50 f t .)  la te .  For the late-code corre la t ion period
the output s ignals  are;

e~~~ k
~~~D d ( t )  sin (e~~~) A ( 6 )

and e~~~ = k
~jD 

d ( t )  cos (e
CA

) .; (7 )

where the superscript (L) is used to indicate correlations w .r.t.
late—code estimates. The correla tion coeff icient k~~ D is s imi l a r
in form to k

~~ D
. except that it is u n i t y  when the receiver ’ s cede

estimate is 1/2 chip early .

The error detector computes 4—ms average values for the

correlator outputs, using integrate-and-dum p circuits in a similar

manner as in the carrier loop. These quantities are then averaged

over the appropriate data-bit interval to obtain the 20-ms

averaged signals 4~’ ~~~~ 
~~~~ 

and i~~~.
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The X-set receiver computes the code-loop tracking error

from the relation*

- ‘ A 1 E~~~ Ll
2 A(8)

where A is t he  PRN chip width (about 100 t t  . )  - For n e c h an i z a tT i o n  c o nv c n —
I ence , t h~ terms P 1. du d P

1 ar e  computed f rom the maqn itudos of the

I and Q S iqnal.s rather t h a n  ( in  the more conven t ional way ) I m m

thei r s~iua red v a l u c~; . The m at h e m at  ical  rel~tt  ion s art -

and 1~’I I0c, I F 
~~~~ M l0)

where the notation (‘il implies that the magnitude alone of (~ )
is to be used .

Certain basic characteristics of the code-loop error detector

should be noted nere :

1) The error detector output ~~~~~ .. is a linear function of

the true error ec,0 only if the magnitude of is less

than 1/2 chip (about 50 feet).

2) Updated estimates of for a particular code channel

(satellite transmission) are provided only at 200-ms

intervals , using correlation data for the preceding pair

of 2-0—ms time intervals.

3) The detector is dithered , i.e. the early and late correla-

tions are made for successive 20—ms time intervals rather

than simultaneously.

4) The carrier—loop tracking error couples directly into

into the code-loop detector, as indicated in Eqs(4)-(7).
* • • • •Since the completion of this study , the algorithm utilized in the

computation of code-tracking error in the X—set has been modified .
See Reference 2.
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If the carrier loop starts to slip cycles at a rapid

rate then the averaged correlator outputs Qc,~ and

will not provide useful error-detection information.

Tracking-Loop Network

The code-loop tracking network used in the curren t X-set

receiver consists simply of a proportional path with no integrations.
Tracking-error data from the detector is sampled at 200-ms intervals

and sent forward to the code-loop RM,’IPM . The code-tracking loop

under these conditions is only a first-order system. Accordingly,

velocity aiding data from the carrier loop or from the IMU is required

to permit code-loop tracking of high-dynamics input signals.

RN/rPM

The code-loop RN,’IPM functions basically as a digital \‘CO

to advance or retard the phase of  the rece iver- ind ica ted  code at  H
a rate proport ional  to its input command , i.e. dynamically it acts

l ike an integrator. The RM ’IPM is quantized to 1/64th of a c h i p ,
i . e .  the resolution of the incremental phase change t hat  can be
made at a given time is about 1.6 f ee t .  Any unused remainder from

the cur ren t  input command is saved for  use on the next  computat ion
cycle.

IMU AIDING OF RECEIVER

Scope of I n ve st i~~~t io n

in order to keep the study within reasonable bounds , certain

ground rules were established at the outset. Since these .~ssumptions

significantly affect the subsequent study results, i t  is appropriate

to mention them here.

1) The X-set receiver model to be used would follow closely

tha t given in the preceding sect ions,  e . g .  the sampling

procedures and t rack ing-ne twork  s t ruc tu re  would not be
changed.

2 )  Only f loated or g imballed I MIJ s would be considered here ,

i . e .  strapdown IMUs would not be investigated.
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3) An IMLI of htqh accuracy is assuiued , • e - one w i t h  per t o r —
mance characteristj~’s on the order o t  1 nmi h r  or b e t t e r .

4) To situp i i fy t he in t e r f a c e  w i t h  t h e  r e c e i ve r , it is

assumed t h a t  the I M I t — a  i ~ i nq Wit a d i t ’ ed t n t  e t he
t rack ~ nq loops tel low i nq the t rack i nq nt’ t wet k S

5) A ded ica t ed comput or (i l l  i crop recessoi- I is  as sumed t o he
i 1 abl t’ fo t  t a p  id compu t a t  i ot t  e t the iiccessa t ~ a i d i  n~i

i n  f o r mat  .i on fr o m  t he I M U — m e a s u r e d  dat a

t~ A i d t n q  et the inertia I —ih avi~~at ion s~-s tern w i t h  ~~~ updates

to  bound i t s otto is is not invest t ~; at ed he i t ’.

7 ) A rigid st rue tu rt’ i s ass itmed be twoet i  t he I MI’ and i t ’ce I V t ’ I

a n t e n n a , t • e • no bend in~i or t l ex u t e  i s  assumed to be

presen t.

B sic De~~~~~~~~~~’~ dc-r.~t ions

An I M U i capable o t aid i ug the code . t i i d  car i l e t -  channels

o t t he X— set-  i ece t i’e F by p rev i d t nq in  t o tma t ion  en t lie met ten o

t he  veh ic I& ~ i i i  w h i c h  t he ant e:i t ia  15 m o u n t  ~ d - i t t he I NIl is 1 ocat t’d

ext reme ly ole eo t o t lie ~in t et ina , t hen en ly .icc r it ’ i ‘me t ~ ‘ r —d ot i ved

d.ii a ~t i v i i i i  r ed  t o t kr ’epil~~i t tack of ~mn onti.t met 1 e~ i - I en t lit’

o t h e r  hand , the t e is  a i gut t i c a n t  di sp 1 i cemot l  I he t wt ’et~ I he

and re c t’ i y o u — a n t e n n a  e t h i t  e t e st  , t h e n  I MU --d o t  i s -ed a t  t i t  ude da t  a

wi 1 1 be ue~ iii ted t o ~- ‘mpu t c any ang ul a i- ’. o t a t  t e n  o t t l ie  1 NIl • F - t -

I ~ e reco ive i  t n t  c n t  -

An inert i a I lv  - t r xed n t rumon I packa~ie t as s i i :~t t ’d , con t d i f l  i

three sing  I e— de q t e e  — o t~ - t i eedetn q y t e s  and t n t og r a t  i t i g  .icce l e t  one t ot •

To proper iy aid the recr’ i vor  with I MU dat a , i t  t tteccn :~.t rv t o dot or—

mine t he  component 01 a n t  t ’nna mot ion  a I on~i I he i i no  - -e t — t ~i h 1 cm

t h e  sat  e l i  it .e t o  t ho ~tn ten i i i .  Th is  in  t o t  ma t  j e  n ~ an t hen ~~~~‘ u sod as

an i n p u t  t o  t ho ~~ r r i t ’ t an d code RN I P~l~; t o i flt~ ’t 0 V t ’ t i ack tl~ i — loOfl

p er f o r man ce  wIi t ’tt ign  i t  icant ~‘ch i c l i ’ la il t ontli ) mot ien~. i i  o

There t r e  sev ’ t a I pi oh 1 ems as see i at e~i w it ii t he i t  so o 1 1 MU

dat a for t O Ot ’ VO l  d i d I - F i t s t  o 1 •tll , t he ha s  t c m t  ~~ at ing —
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accelerometer output is the vehicle velocity change tdue to non-

gravitational forces) over a f in i t e  read interval. In effect the

measurement is average rather than instantaneous acceleration .
Errors will be introduced in the estimates of position if the vehicle

under~ioes rapid motion changes over the measurement interval. In

a d d i t i o n,  cer t ain op e r at i o n s  r equ ired  in the pr ecess i : ig  of the IMU

data , e.~~. coo: d ~nat e  t rans forma t ions arid ~; ray: tat lonal - ~erct’ computa-

tions, can introduce delays in the computation of an tenna  p o s i t i o n
and v e loc i t y .  As a p o i n t  of r e f e r e nce , th e dela\ ’s for  c a r r i e r — l o o p
aiding in the design-reference environment , should be no more than

a few millise co nds.

To most effectively u t i l i .~e I N C -d e r i v e d  accel e rome ter  dat a

under the above ment ioned  c cn d i t ion s , it is necessary to extra~-olate

th e posi t ion and v e loc i t y  est imates u n t i l  t he  nex t  data  are received .
A s im i l a r  problem exists when rotational v e lo c i t y  is to be computed

and ex t rapola ted  based on a ser ies  of d i sc re te  I M U — d e r i v e d  an gu l a r -
orientation measurements. Relations used to accompl i sh  these opera-
t ions  are given in the followin~a section .

Th e a b i l i t y  of  the  IMU to m easu re  mot ion  of the receive r
antenna is l im i t ed  by v a r i ou s  e r ro r  sources such as INC a l i g n m e n t ,
accelerometer bit s and no i se , and accelerometer sc.mle-factor uncer-

tai nt t e s .  I n so f ar  as the r ece iver  is concerned , t h ese  ci t o :  s a t e

l i ke  di s tu rbance  inpu t s  to ih e  t r a c k i n g  loops.  The t r a ck i ng  loops
must  h ave  su f f i c i en t  ba n d w i d t h  to  l i m i t  the  t r ac k : nq  e r ro r s  i nt ro -
duced by these sources to acceptable values. This can be a problem
in t he f i r s t- o r d e r  cede loop, i f  c a r r ie r- l o o p  a i di n q  is not av a i l a b l e .

In conc l ud ing  t h i s  sect ion , i t  should be noted tha t  IMU a i d i n g
wi l l  permit  the t r ack ing  loops to handle high-dynamics inputs with
reduced ba ndwid ths .  The minimum tracking-loop bandwidths must ,

• however, be s u f f i c i e n t l y  large to handle  input  commands and system
disturbances not measured by the X ML ) , e .g .  f r equency—re f e rence  ncise
sa t e l l i t e  ephemeris v a r i a t i o n s , ionosphere-induced p ropaga t ion -
velocity changes , and XM L ) measurement  e r r o r s .
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IMU—D ata  Ext rapola t ion

- .  To circumvent the problem of discrete—time IMIJ data , a

predictor is used to estimate antenna position changes at times

• following the last ava ilable IMU data. The basic relations are
developed .

The antenna p o s i t i o n  (r )  a t  t ime t i s  q iven by :

a 2r = rk •‘ vk ( t _ t k ) +-
~~~ 

( t — t ~~) + —
~~
- (t

~~
tk)

3 A(ll)

where rk and are It-”J-derived estimates of vehicle position

and ve loc i ty  at the las t  IMU-processing time tk• The estimated

accelerat ion and j e rk  components at this time are ak and

For convenience , on ly  the scalar , Si nq le— cOm~)OflCflt r e l a t i ons

are gi ven here.

Th e IMU -derived es t imate  of f u t u r e  vehicle position change be-

tween times t and t + T (both between t k and t k+l ) is obtained by using

t and t+P in Eq. ( I l ) ,  and taking the difference between the resul-

tant position estimates . The resultant expression for the position

chanqe 6r for the computation interval. T is:

[ t_ t t _ t k + T  ~21
V
k 

+ ak (t t k + 2 ) 
~~~~~~~ 

—

~

-----

~~

----— -s- --
~-j 

A (12)

where tm,k ,  ak ,  and 
~k represen t’ IMU-derived est imates  of vehicle

velocity , acceleration , and jerk at the most recent IMU—data

processing time tk• The constant-rate signal applied to the Rl’4/IPM

over the interval T to implement the ~r is simply tS r/T.

To compute ak from the 
integrating-accelerometer data , the

last two measurements are used in the relation :

(l.S
~
\v k~ 

O .
~~

Av k_l )
ak -—— --

~~~~~
--
~j-
— - -

~~~~~~ 
- g~ 

A (13)
k k-i

where Avk represents the 
accelerometer-measured velocity change over

the time interva l from tk_l to tkt and is the averaqe gravitational

specific force acting on the vehicle during this period. The jerk
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j~ is obtained simply from the back difference ak
_ a

k_ i divided by

tk~~
tk_ l •

When the antenna and XML) are not collocated , it is necessary

to compute the r o t a t i o n a l  ve loc i ty  of the an t enna  w . r . t .  the poin t
at which  the X M L ) is located. To accomplish th is , i t  w a s  assumed

that  ov er short  t ime i n t e r v a l s  the  o r i e n t a t i o n  ang les ~~) of the
ant enn a  w i t h  respect to the  i n e r t i a l- r e f e r e n c e  f r ame  could  be repre-
sented as po lynomia l  f u n c t i o n s  of t ime (~~~~

) ,  e . g .

-,

= C0 + C1 r + C2T + C3 r A(14)

where the coefficients C0, C1, C2, and C3 are functions of the IMU-

angle measurements . For computational simplicity, a least-squares

fit to the five most-recent ang le  measurements  (assum ed e q u a l l y
spaced in t ime ) was used to de te rmine  C 0 ,  C1, C ,,  and C 3 , as descr ib ed

in R e f .  3. Better  e s t i m a t i o n  accuracy mi gh t  be possible  us i ny
larger  or smaller data sets , or even other  e s t i m a t i o n  schemes , bu t
th e one described above was f e l t  to be adequate  for  the problem of
inter es t  here .

The coe f f i c i e n t s  in E q . ( 14 )  are weighted  sums of the an~~le
mea su rements sets i~ , i.e.,

= Wi 
- A 1 1 5 )

where W~ represent s the set of weighting factors to be used with

the angle-measurement  set to compute C~~. I f  a specific number of

angle measurements  w i t h  fixed spacing is a lways  used , then W~ n eeds

to be computed only a single  time . The deta i led re la t ions  for  W .

ar e g iven in R e f s .  3 and 4 .

Using the c o e f f i c i e n t s  C~ in Eq. ( 1 4 )  , the o r i e n t a t i o n  of the

antenna at a given time t, follwoing the last angle measurement

at time tk, can readily be computed. The desired antenna pos~.ti cn

change ~5r) over the computation interval T is then obta ined  us~ n - i
the predicted angle change (5~~) in combinat ion w i t h  the leve r ar~ t )

from the XML) to the antenna.
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t n i i  ~A’1’ I ON i~i:s t ii .1’S

I )  ‘Seri })t  [On of  S imuLe t b i t

A c W}ireho n S ive s ing le - -c l i a t ino  I imu lot m u  he; been dove loped

to study  t he }) t o l ) l e I u  of  I MIt .1 i i i  OUt  of  t he ( 1’S X — set I c t ’e’ I ye r. The 4
i mu l.a t iou i u has it -a Ii y at ha:;ohond , a ri d i:; do :;c i i  bed in do L i  ii

in Re t . 4 .  Some of  . 1 hi’ k ey t e a t  ore:; w i l l  be If l e n t  j o t t e d  br ie fly

~~~

The rece ive r into 1 a t  inn i~~; ox L remt~ I y dot  .i i led - I no. udod in

the error—d ot ecto r model s ar e  t Ito on r re .1 a t  o u non I : near i L i es , t lie

t - t t u s : ; - — t ’n i i j ’l in g  between eoth’ .it~~I ( ‘ t r r  i o u - channels , the i n t e q r . i t e —
and—dump ci rcui t , t l ie  A/I) converters , and t he di t ferenl sampi i r i g

ra ( e s  pt  est’n I I ii t he system. The t racking network:; are m ode led

as dig I t  a I sys t em:; , upda t ed a I d i so t-vt e t I flu’ per i~ t1~ arid wit h

rutIs})ort l.iqs pr e I ;e t l  I - The RM/ I PMs o u t ’  m odeled , i : ;  d i g i t a l  in t O—

q ra t  or s , oppropr lot oiy qua ut i ~.ed -

The I MU ma do 1 trov i cli ’:;  t nr 1)0th Vc’ inc i t y—ch .iii~je ( f r o u t

. I C L ’ & ’I e’romot or ; ; )  . iui d .i n g i m l  i t - - a u  ientat ion measurement ; .  ‘rh o

m e u s u r en u ’u i  t ar e  }t l o \ ’  i dod a t  iii SC tel e t One per  I ads w I Ut t I a I I s } x ) I t

I •ig: ;  pm 0:;Ofl t - The t ypi o I [MIt or l or:; :~ icIi . i; ;  I MIt iii i (J l if lW’Il  t , t~~~’ 
r()

d r i t t — r . i t t ’ b ias , mcct ’ler .mt iun— :;t ’ti ; ; i t iv o d i i  It. , .it ’~’e l e r n m e t o i  b i a s ,

. I C C t ~ I eromete r sca 1 e— I .i( ’ I or , a cot ’ I erame ’ t or measurement no i so , a t  t r t ode

medsu u t ’m o u t t  h is , and a t  t i t  ode—moo s t i t- em ent  no i so ar t ’ a 11 ~~~ I tid ed.

)~rav Is iou;; . 1 1  mode I ~ m- .t id i ng o i l  h o t  em hot h t t ie  code and

( . i  i t  i I ’ r I no}’;~ W 4th 1 MU—dot- I VOId .10 t enna ~~0 S i t  i on—t’hanqt’ piod tot ion S -

Al te rn.i tt ’ I y , c.-m r r  I t ’ r —  m o p  dat a can lie used a lone  I-n a i d e  t he codo loop.

The etmiroe t into! . tt  ton pt ov itle ;; models t or hot  li i eoeiver

input u. t iso amul var iou:; t i ; ~ ’l  t i e ’ q i m e n o y  — r e t  c i  t ’ t ; t ’t ’ (list itt -buncos. The

inpu t. f b i :; ’’  Is i op t  ~‘s e ut  e t i  by •m m andoni :;etluotice prey id mug .1 t I , t t
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power spectra I d e n sit y  over the  s ys te m  fr e q u o nc  i~~s ot m t  orest -

The f r eq u e n c y — re f e r en c e  model inc b Ides both wtt  ito ~ttid t I I i ’kt ’ r
f requency noise , in conib i n at  ion ~v i t l i  a c ce l er at  i o n — s e n s i t  tie I i t’  -

q uency d r i f t .

Com put ..i t ion e _ iso Band~~i~l t t ~

i n the f o l l o w i n g  sect ions , track inq— p~’rforun1titce dat .1 W I  I i
ho pi esented  for both a idt ’d and u n a i d e d  t i  ack ing  cen t  i t l u r a t  t o ; ; ; ;

Much of the data  w i l l  he in the f o r m  of peak and i r n s  t i  a c k in ~i
er rors , s i nce  these are  i t s o f u l  i t i dj c a t o ;  of the prob~-ihi b i t  y ci

l o s s—of  —lo ck or cy c l e — s i  i pp in q  - The t r ack  ; n q — e u  t ar  dot  a w i l l  t e r

conven  i once be p ro  sen I-ed as a f uflc L ion at  i to  t se bu r ;dw i di  It , i i ; .  -e

t h i s  p rovides  a c o n v e n i e n t  measu re  of noise t r ansmis s ion  th~ a t i q~ i

the t r a ck i ng loops. A c l a r i f ic a t i o n  of the te rm “ n o is e  b andwidth ’

as used in t h i s  paper w i l l ’he q iven n ex t .

Fo r a l inear  c o n tin u o u s  sys tem w i t h  a low—p a ss  c l e se~1 — 1 t ’ol’
f requency—response  f u n c t  ion  H (~, l , i t  can he shown t h a t  the ou t p u t -
powe r (s~~) f or a w h i t e  noise  inpu t  w i t h  f l a t  p ow er — s p e c t i a l  d en s i t y

is qi ven by the r e l a t i o n

N~~j l ( ( ..i )  ~ du A

where ~ is anqular f r e q uen c y  in rod ‘s The input pawe t sI’o~’ --

t ra l  d e n s i t y  (N i ) is s tnt ;  i c — s  t Ided  and in on Its of power , I I :

The u n i t o  of the ou tpu t  (r ~~ ) are also power , e • . I t  - Ot

r aId ’ . It  is conven i en t  t o  r e w r i t e  l-’.l .  ( 111 ) in  the f o r m

— N 13 A(l~~0 1

where B~ is called the si ng le-s ided  low-pass noise b a n d w i d t h .  The

d e f in i n g  re lat ion  f o r  8n ~~ th us

B~ ~~~~~ I ( ( ; ~t )  L d~ ~ ( 18)

where the u n i t s  of B
13 

as def in ed here a r c t t~ or cy~’lv u ’st cand .
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bandwidth (Bn)* For convenience , both of these quantities are plotted

using logarithmic scales, to cover the wide range of numerica l values.

The tracking errors are presented itt feet . To convert these

errors to radians at the carrier frequency of 1.575 GHZ , a multi-
• plication by a factor of approximately 10 is required .

A horizontal 1 m e  is shown in the various data plots at an

error ot: about 0. 15 feet  (about 90 degrees) . I f  the  average  c a r r i e r -
loop t r a c k i n g  error  ove r the 20-ms data—bit interval exceeds this

value , th en the t r a c k i n g  loop wi l l  ge n e ra l l y  s t a r t  to s l ip  cycles.

To more c l e a rly  ind ica te  the s i g n i f i c a n c e  of n o i se  b a n d w i d t h ,
curves of rms t r a c k i ng  e r ro r  cor re sponding  to d i f f e r e n t  v a lu e s
of inpu t siqnal to  n o t  so sooct ra l  d n n o i t  ( C  

~~~~~~) .iro superposed

~~ F ~~ . 3 a , ~~~~~~~ I ~~~~~~~~~~~ T:w h ‘sy steii—des i;; n ,uad ~ oL:

is clearly shown : increasing the noise bandwidth reduces the errors
caused by input  dynamics , but the no i s e - i npu t  t r ack ing  errors  are
incre Ised.

There are several poin ts  of in teres t  in the data of Fi gure  1 .

Fi rst of all , even for the assumed idealized conditions , the unaided
- ‘ 

carrier tracking loop is unable to hold the peak-transient tracking

error for the high-jerk tra jectory below the desired 0.15—ft. value ,

unless a very wide noise bandwidth  is U S e d.  U n de r these  cond i t ions ,

the  overall  t rack ing  loop has a large peak overshoot in response
to a small phase—step input , as i nd icated in Fi gure 4, even though
its response to a high-jerk input is seen to be well behaved.

When IMU aid ing is employed , a significant reduction in peak-

transient carrier—track loop error is obtained , as indicated in Figure 3 .

The minimum noise bandw idth to limit the peak error to 0.15 feet , as

• can be seen , is reduced from an unaided value of about 30 Hz to a

- :  much lower value of about 1-2 Hz with IMP aiding . At the l a rge r
values of noise bandwidth shown in Figure 3 , a significant reduction

in peak erro r is obtained by decreasing the interva l at which It-lu

data are processed from 100 to 10 ins . At the lower noise band-

— I widths, on the other hand , the d i f fe rences  in peak error are much

less.
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In order to properly interpret the data of Fig. 3, two impor-
tant points should be noted . First of all , for most effective aiding,
the IMU-derived informat ion must get to the tracking-loop input

point (where it can reduce the effective input dynamics) with a

minimum delay . In this regard , computation delays in the 111U-data

processing and transmiss ion to the RM/IPM can l imit the ability of

the IM(J to aid the receiver. Secondly, the algorithm used to extra-

polate (i.e. predict) aiding signals in between IMU-data erocessing

times is extremely important , particularly at low IMU--data rates

such as 10 Hz (100-ms i n t e r v a l s) .  In the problem of in terest  here ,
fo r  ex ample , a 3rd-order ex t rapola t ion  al go r i thm i n clu d i n q  a l l
te rms up to je r k , provides better performance than a 2nd-order
algorithm including only terms up to acceleration .

As a result of the above-mentioned computation lags and extra-

• polation-alqorithm imperfections , errors were introduced into the

IMP -a id ing  process (in  addit ion to those caused by the basic
instrument errors  and f i n i t e  sampling ra te)  - These errors  must
u l t i m a t e l y  be tracked out by the receive r a n d , hen ce , place lower
l imits  on the permissible tracking—loop noise bandwidths. With

large noise bandwidths , as ca n be seen in F ig .  3 , the peak-t ransient
t rackin g error s fo r the a ided sy stems ar e sma l l , beca use of the

greate r t racking  capabi l i ty  of the receiver.

A deta i led anal ysis of the resul ts shown in F’iq. 3 indicates-
that the 100-ms aiding-algorithm extrapolation er rors  tended to cancel
in part  the errors caused by the 4-ms delay in transferring the IMU-
a iding data to the RM/IPM. Because of this phenomenon , the data

indicate slightly smaller peak—trnasient errors with a 10-liz update—

rate than with  a 100—Hz rate at very low noise bandwidths (e .g .  0 .3  H z ) .
With a more sophisticated extrapolation algorithm that properly

accounts for all delays in the transmission of information from the

IMIJ to the l~M/IPt4, the 100-Hz update-rate will provide better perfor-

mance than the 10-Hz update—rate at all noise bandwidths. The data

in Fig. 3 indicate performance improvements achievable with IMP aiding ,

although they are not necessarily the absolute optima .
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Time histories of carrier- loop t r ack ing  er ror  fo r  the same
conditions as in Fig. 3 are shown in Figs .  5 and 6 for  noise band-
widths  of 1, 3 , and 7 Hz , with IMP-data processing intervals of 10 and
100 ins . Two distinct transients occur : one at the time that the

10-g- - s pulse is appl ied, the other when it is removed . For the

case where IMP data are processed at 100-ms intervals the character-
istics of the algorithm used to extrapolate the IMP-derived velocity

estimate are important , as can be seen in Fig. 6.

Frequency-Reference Errors

The receiver error detector correlates its own estimates

of the incoming signal (code and carrier) with the actual incoming

signal to derive code and carrier loop tracking errors. Accordingly,

any d r i f t  or noise present in the receiver ’ s frequency re fe rence
wi l l  introduce e r ro r s  in to  the t r ack ing  loop . These d i stu rbances , if
of si g n i f i c a n t  magni tude , must be tracked out (followed) by the

code and ca r r ie r  loops to avoid the buildup of significant tracking
error. The tracking loops themselves must have significant band-

width to accomplish this, since IMP-derived veloci ty-change data
will not help here except that acceleration data could be used to

compensate for errors in the freuqency reference on the basis of a

precalibrated dynam ic model.

Three sources of frequency-reference error are considered

here: acceleration-sensitive frequency drift, white frequency noise ,

and flicker frequency noise . On the basis of currently—available

frequency-reference information (Refs. 9—12) it is felt that

accelerat ion—sensitive drift will introduce the largest error of the
above three sources. For a drift of 1 x l0~~~

/g, which is repre-

sentative of current frequency standards , the equivalent disturbance

input to the tracking loop caused by the high-jerk trajectory is an

acceleration pulse of about 10 f/s
2 for 0.6 seconds , followed by a

constant-velocity disturbance thereafter as shown in Fig . 7.

The carrier-loop tracking errors introduced by the above

mentioned frequency-reference-source errors are shown itt Fig. 9.
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For the  typica l a c c e l e r a t i o n — s e n s i t i v e  d r i f t  of I x l0 9 - q  i t  can

be seen that the minimum required noise bandwidth for successful

tracking d u r i ng  the high—jerk trajectory is about  6 H z .  I t - t h e

d r i f t  could be reduced (or compensated ) down t o  1 x i0~~~
0 . q ,  t h e n

a lower n o i s e  b a n d w i d t h  of about 1 Hz would  be acceptable. F
For the assumed values ot whit e and f l i c k e r  t t - egtiency flC) i Se ,

w h i c h  are repre sentat  ivo of  c u r r e n t  re fe rence s , i t  ca n be seen

tha t  the r e s u l t a n t  m s  t racking er rors  are very sma l l  over t h e  range

of no i se ba ndwid ths  ot  i n t e re st  here , i.e. 1 — 1 0 H~~. If the

des i red n o i se  bandwi dths were extremel y sma l l  , e .g  - 0 . 0 1  ll :~ , t hen

these noise sources would be s i gn  i f  ic . int  e r r o r  c on t r i b u t o r s .

IMP M e a s u r e m e n t  l-: t t o t s

Er ror s in the iM P—d erived v e l o c i t y  ost imates used to  aid the

car r ie r  t rack  ing loop in o t t oct  represent  di  s tu rbance  inputs , which

must be hand led by t he t i . ick i ug loops i n  a sim i lar manne r as with

the f r e q u e n cy — r et  et euce  d i s t u r b a n c e s .  The par t  icu lam error  sources
considered here a: ~‘ .-t- andom vol oc i t y—r eadout e r r o r , acc e l e r om e t e r —

bias error, and •icce l e rom et  yr s c a l e —  tac tot e r r o r .  IMP ali gnment

e rr o r s , w h i c h  wet~~ t i o t  ex~~l i c  i t  l y  c~msidered hore , ex h i b i t  short —

t e r m  chara ct  Cl i t s tin t la r t o  those f o r  acco 1 ciomet or sc.t 1 e— l ac t O r

err r

Ca r r  jet- — loop t rack t ng ci ro rs from the three alx v e— men t  i oned

error  sources ar e  shown i n  1 - i g .  9 f o r  the h i g h — j e r k  i n p u t  t t a  j e c t  ory

as a f u n c t  ion ot  n o t  so b a n d w i d t h s .  I’or i l l u s t ra t i v e  purposes  t h e

numerical values used he re  for  t h e  i n s t r u m e n t  e r r o r s  a l t ’ t oughly

r e p r e s e n tat i ve  of an IMU that might be used i n  the s h u t t le  o r b i ter
vehicle. The instrument errors for a strategic missile I M U  w o u l d

probably be smaller. Under these assumed conditions i t i s ev i den t

tha t the IMP—measurement errors are not  a si g n i f i c a n t  tactor in

determining carrier—loop t r a c k i ng  errors.

With lower quality inertial instruments or smaller noise

bandwid ths , on the other hand , IMP measurement e r rors  could s i q r t i f i -
canfly affect the tracking errors. If , for example , the desired
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noise b a n d w i d t h  were 0 . 3  11: , the n a 100— p pm s c a l e — f a c t o r  er r o r
wo uld c o n t r i b u t e  more than 0 .1  f ee t  of  peak ca r r i e r - loop t r a c k i ng
err o r .

Rotational-In2ut E r r o r s

I~tU—derived velocity esti~n:tes can provide useful into: na—

t ion tor the c.trr iou - t r tckinq loo p as noted in t h i s  paper. It

theme i ;  s~qn if icant r o ta l  iona l  m o t i o n  ot  the  veh ~c Ic and the i’tu

is not co lL) ca ted  w i t h  the r ece iver  a n t e n n a , then the r o t a t  : o n t l
ye h-’c tv  or  the •t : i t  enn a w - r . t - the IM P must al so he computed .

Anqu l ar  --or i en t - at  ic : :  measurements t rou: the I IU can be u sed t c
e s t im a te  this rotat io:tal velocity , as descr ibed  e ar l i e r  in this

pape r .

As a basis tL -r study of thi s ptoble:n , a s i : i~~c~~d a l l y — v t : y i n g

. t n gu  la r rotar ion o the v eh ic le  s ssuined w i t h  a p e a k — t o — p e a k

amplitude or 1.4 degrees at a tre~luency of 1.1 Hz. This rotationa L

mot i - )n  provides  a m aximum a ngu l ar  ve locity  of ~ dog s and a maxi-
mum angular ac c e l e rat i o n  of about  0.5 t a d s - The I M P  i :; assumed

to he d i sp l a c e d  t rom the an t e n n a , as indicated in Ficu :-e 10 , i • e. the

rota l ion.t l —veloc ity l ever  a urn is 2 rect

The rms c ar r i e r — l o o p  t ra c ’~: ng er r o r s  f r o m  the rota tionil

velocity art’ shown in Fig . 10 as a fu n c t i o n  of  tracking—lo op noise

b an d w i d t h .  ~evera  1 cases  are considered with di f forout 1MU—Jata

update  r a t es  and ext r a p o l a t i o n  a l g o r i t h m s .

I t  sho uld be no ted  t ha t  a s i g n i f i c a n t  reduction in  t r a ck i ng

e r ro r is obtained from IMP a i d i n g even w i t h  no r o t a t i o n a l  correc-
t ions , i f  t he  I M U is locat ed r ea sonabl y close to the a n t e n n a .

The r o t a t i o n — v e l o c i t y  lever arm , as can be seen in Figure 10 , is

reduced in this cast’ : morn the d i s t ance  between antenna and axis of

rotation urn ) to the distance between antenna an~1 I MP (~ )

When angular-orientation measurements are utilized to

estimate the rotational velocity component, a larger reduction in

t r a c k i ng  e r ror  can be obtained , as can be seen in Figure 10.
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The angular rotational velocity estimates, as noted earlier , are

based on a least-squares fit to polynomial functions of time , using

the 5 latest angular-orientation measurements. When angle measure-

ments were provided at 100-ms intervals , a 3rd-order polynomial
was required to obtain reasonable velocity prediction accuracies.

When angle measurements were provided at 10-ms intervals , on

the other hand , a 2nd-order polynomial was satisfactory . A

significant reduction in error , as indicated iii Fig.  10 , was obtai ned
by increasing the frequency of measurements from 10 to 100 Hz.

To assess the effect of measurement noise , a 1—mr rms

uncorrelated error was assumed to be present in each angle measure-
ment. This magnitude of error is again representative of IMPS

currently under consideration for the shuttle orbiter vehicle.
For tho data shown in F ig .  10 , i t  is evident  tha t  the measur em ent
errors cause a significant degredation in tracking error. It

also appears that the higher-order prediction algorithm (3rd-order)

is more sensitive to measurement errors than the lower order algorithm.

Time histories of the carrier—loop tracking errors for the same

input  condi t ions  as in Figure  10 are shown in Fi gure 11. A noise
bandwidth of 1 Hz is assumed in all three cases shown . A sioni—

ficant reduction in rms trackinci error is obtained with Itttj

anc-ile—measurement data , as can be seen , when a 100-Hz data rate

is used (angle measurements at 10—ms intervals)

Monte-Carlo Study Results

A series of Monte—Carlo test runs were made for the X-set

receiver to determine the lowest value of c/N0 at which the tracking
loops would reliably track the high-jerk design—reference trajectory .

An extremely high accuracy IMP was assumed in these test runs such

that its measurement errors did not sufficiently affect the tracking-

loon performance. Detector nonlinearities , r e ce iv e r  i~arnplinq and

t ransport  lags , receiver fr e que n cy—refe rence  di sturbances ,

and RM/IPM quantization errors were all included here. IMP aiding

was provided to the carrier loop, which in turn was used to aid the
code loop.
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In the presentation of data , certain special terminology is
used. A successful run in one in which the carrier loop either

continuously maintained lock or temporarily slipped cycles during

the run-time period of interest. A failed run is one in which the

carrier loop lost lock and did not recover it during the run-time

period .

As a starting point, data are presented in Table 1 for  the
unaided X-set receiver. To obtain satisfactory performance under

these conditions, extremely wide noise bandwidths are required. The
end results is that the minimum C/N0 for successful carrier-loop

tracking dur ing the high— jerk trajectory was relatively large , i.e.
about 28 dB-Hz . Time histories of code and carrier loop tracking

errors for a typical test run under these conditions are shown in
Fig. 12.

When IMP—aiding data are provided to the carrier loop at
100-ms intervals , a reduction in the minimum C/N0, i.e. the

threshold, for successful tracking during the high-jerk trajectory

is obtained , as indicated in Table 2. With a frequency-reference

drift of 1 x 10 9/g present , a threshold of about 24 dB-Hz is

obtained . This can be reduc ed fur ther  to about 20 dB-Hz if the

frequency—reference drift is lowered to 1 x 10 10/g.

Aiding the carrier loop more frequently at l0—msec intervals

provides at best a small additional reduction in threshold , as

• indicated in Table 3 . With a frequency-reference drift of
1 x 10 9/g, the threshold is essentially unchanged at about 24
dB-Hz. With a reduction in frequency—reference drift to 1 x 10~~

0/g,

the threshold is lowered sl ightly to about 18-20 dB-Hz.

Representative time histories of code and carrier loop
tracking errors are shown in Figures 13 and 14 for values of C/N0
close to threshold. IMP—aiding information is provided in Figure 13
at 100—ms intervals, and in Fig. 14 at 10-ms intervals. The
peak car rier-loop tracking errors in these runs are held below
about 0.15 feet , which is typical of test cases in which lock is

continuously maintained. The code-loop tracking errors , as can
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trajectory described earlier . The assumed C/N0 
in the test run

was 14 dB-H z.

A key point shown in Fig. 16 is that by IMU-aiding the
X—set receiver , it is possible to maintain code-loop lock during

periods when the carrier loop is slipping cycles at a very high rate .

Because of the 1st-order characteristics of the code loop, however,

it is subject to tracking errors from sources such as frequency-

reference acceleration sensitive drift of IMU bias and scale—factor

errors. Unless these errors are reasonably small , or a higher-order
code-tracking loop is used , or the carrier loop regains lock , these

errors could ultimately cause the code loop to eventually break lock.

SUMMARY AND CONCLUSIONS —

An investigation has been made of the use of IMP-derived

information to aid the X-set car r ie r  and code tracking loops in a - 

- 

-

high—jerk environment. Detailed simulations of the X-set receiver

and an IMP have been developed and used to accomplish this study .

Without IMP aiding, a carrier tracking loop threshold of about
28 dB-Hz is obtained . When IMP aiding is employed , the carrier-

tracking loop bandwidth can be reduced . Acceleration-sensitive

frequency-reference drift , which must be tracked out by the receiver ,
is an important factor in limiting the minimum noise bandwidths that

can be used . With an acceleration-sensitive drift of 1 x 10 9/g,

a threshold of about 24 dB-Hz was obtained . If the drift were

limited to a value of 1 x l0~~
0/g, then a lowering of the carrier

threshold to about 20 dB-Hz would be possible.

Improvements in tracking-loop performance were obtained when

the rate at which IMU-derived data were ~rocesse~ .~~~~~~ increased
from 10 Hz (100—ms intervals) to 100 Hz (10—ms intervals) . Carrier—

loop thresholds were no t, however , significantly affected by this
data-rate change , because of the dominant effect of acceleration-

sensitive frequency-reference drift. Rotational-velocity estimates ,

on the other hand , were much improved by an increase in IMP-angle
data rates .
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Finally, it should be noted that to most effectively IMP-aid
the X-set receiver , all delays in the transmission of aiding signals

• to the RM/IPM must be minimized and accounted for in the aiding
• estimation algorithms. Errors introduced into the tracking loop

by sources such as the IMP-data extrapolation algorithm or frequency--
reference acceleration-sensitive drift , limit the extent to which

tracking-loop noise bandwidth can be reduced.

- - 
- -  

- 
ADDENDUM

In recent studies where IMU aiding was used in the carrier tracking

loop , it was fou nd that a 4—ms lag in the transmission of IMU data to the

RM/ IPM has created problems (Refs . 13 and 14). A new algorithm has been

deve loped which accounts f o r  the presence of this t ransport  lag. Simula-
tion results  are presented to show the maximum carrier—loop tracking er-

rors as a func t ion  of tracking—loop noise bandwidth . Also included are
time histories of the carrier—loop t racking errors . No input  r~oise or

frequency— reference errors are inc luded in any of the test runs , and a

linea r error detector is assumed .

The main point of interest is that with the transport lag accounted
for in the extrapolation algorithm , a significant reduction in carrier

tracking error (with respect to the data of Refs. 13 and 14) is obtained

at the 100—Hz data—rate case. Under these conditions a significant

reduction in peak tracking error is obtained by increasing the IMP data

rate , as indicated in Figure 1.
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Figure A—3 Linear Carrier Tracking Errors for High-Jerk Trajectory.

10

Notes:

\ 1) Linear error detector
\ 2 )  No frequency reference errors
\ 3) No quantization errors
\ 4) Maximum errors
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Figure A—4. Carrier—Loop Errors for- Phase—Step and High-Jerk Inputs

Mallinckrodt design with B~ = 32 Hz.
Notes:
1) Linear error

- detector
2) No input noise
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Figure A-S. IMU -Aiding (T = 100 ms) for Hi gh-Jerk Trajectory.

Carrier Tracking Errors

Notes:
1) Linear error detector
2) No quantization errors
3) No frequency -reference errors
4 )  No IMP errors
5) No input noise
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Figure A— 6 . IMP -Aiding CT = 10 ms) for Hi gh—Jerk Trajectory.
Carrier Tracking Errors

Notes:

1) Linear error detector
2) No quantization errors
3) No frequency-reference

errors
4)  No IMU errors
5) No input noise
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Figure A—i. Acceleration—Sensitive Frequency—Reference Drift
During High—Jerk Trajectory .
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Figure A—8. Fr9uency—Reference Induced Errors on High-Jerk
Trajectory.

1.( 10 Notes:
1) Linear error detector
2) No quantization errors
3) Maximum errors __________
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Figure A—9. IMU Measurement Errors for High-Jerk Trajectory .
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Ftgure A— b . Carrier Tracking Errors for Rotational Inputs.
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Figure A-il. Carrier Tracking Errors with Rotational Inputs.

Note: = 1 Hz , = 1 . 40  (peak to peak),

f = 1.1 Hz , m = 2 ft. (!MU to antenna)
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Figure A— i2. Unaided Receiver with Hig h -Jerk Trajectory .

Notes: 1) Typical Monte-Carlo run near_threshold
2)  C/N = 28 dB—Hz -93) Frequency—reference drift = 1 x 10 /g

¶ 4) B~~ 60 Hz, TCODE = sec
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Figure A-i3 . IMP-Aided CT = 100 ms) Receiver with High-Jerk
Trajectory.

No tes : 1) Typical Monte-Carlo run near threshold
2) C/N0 = 20 dB—Hz —103) Frequency-reference drift 1 x 1Q /g
4) B~ = 11 Hz
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Figure A-15. IMP—Aided Receiver - Carrier Cycle Slipping.

Notes: 
-

1) High-jerk input trajectory
2) C/NO 18 dB—Hz
3) TIMU = 100 

~~ —104) Frequency—reference drift = 1 x 10 /g
5) B~~ 1 Hz
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Figure A-16. IMP-Aided Receiver - Carrier Lost Lock

Notes:
1) Carrier loop not tracking
2) IMP aiding code loop and frequency reference
3) T~~ 0 10 ms
4) C/N0 — 12 dR-Hz
5) Tco1-,F~ 2 - sec  -10
6) Frequency—reference drift = 1 x 10 /g
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Table 1. Monte-Carlo Runs - Unaided Receiver.

Notes:
1) High—jerk trajectory input
2 )  Successful run - maintains lock or

temporarily slips cycles
3) Failed run loses lock and does not

recover
4) 10—run Monte—Carlo sets

B~ Acceleration Sensitive C/N0(Hz) Frequency Reference Successful Slipped
____ 

Drift (dB—FIzi Runs Cycles Failed

60 1 x lO~~’°/g 28 11/12 0/12 1,’12

26 5/12 0/12 7/12

24 0/12 0/12 12/12

1 x l0 9/g 28 11/12 0/12 1/12

_____________________________ 26 4/12 3/ 12 8/12

50 1 x lO~~
0/g 30 12/12 0/12 O,’l2

28 12/12 0/12 0/12

26 3/12 0/ 12 9 ’ l~
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• Table 2. Monte-Carlo-Runs - IMP-Aided Receiver.

Notes:
1) High-jerk trajectory input
2) TIMU 

= 100 ms

B~ Acceleration-Sensitive c’N(Hz) Frequency-Reference ‘ 0 Successful Slipped
Drift (dB—Hz) Tracking Cycles Failed

22 1 x 10 9/g 24 10/10 1/10 — —

22 9/ 10 2/ 10 1/10

11 1 x 10 9/g 28 10/10 
- 

— —  — —

24 7/10 3/ 10 3/ 10

20 4/ 10 2/ 10 6/ 1~
1 x lO~~

0/g 
— 

24 10/10 —— ——

20 10/10 —— ——
18 4/ 10 3/ 10 6/ 10

5 1 x 1O~~
0/g 20 9/10 5/10 1/10

9 1 x l0 9/g yes

7 no

3 
- 

1 x lO~~
0/g yes

2 no
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Table 3. Monte-Carlo-Runs - IMP-Aided Receiver.

Note: 1) High—jerk  t ra jectory input
2 )  T1~~ = 10 ins

Bn Acceleration—Sensitive C N(Hz) Frequency—Reference / 0 Successful Slipped
______ 

Drift (dR-Hz ) Tracking Cycles Failed

11 1 x l0 9/g 28 10/10 —— ——

24 9/10 —— 1/10

20 0/10 0/10 10/10

1 x 10 10/g 18 7/ 10 3/10 3/10

_______ ___________________________ 16 
— 

0/ 10 0/ 10 10/10

5 1 x 10~~
0/g 24 10/10 -- --

20 10/10 1/10 ——

18 9/10 7/ 10 1/10

_______ ___________________________- 
16 

— 
6/10 4/ 10 4/ 10

9 1 x l0 9/g yes

7 
_ _ _ _  

no

3 1 x lO~~
0/g yes

2 no
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1 ~O

NOTES: 1. NEW IMU-DATA EXTRAPOLATION ALGORITHM
2. NO ROTATIONALINPUTS

- 
3. LINEAR E R R O R  DETECTOR

oo1
~~~~~~~~~~~~~~~~~~~~~~~~~~

t
u
~~3o~ s

o~ooi I I I I I j I I I I I I I I
0.3 0.4 0.5 0.6 0.8 1 2 3 4 5 6 7 8 910

0.7 0.9
NOISE BANDWIDTH (Hz)

Figure A- 17. Carrier Tracking Errors for High-Jerk Trajectory .
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Figure A—18. Carrier Tracking Errors — T
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Figure A-19. Carrier Tracking Errors — T~~~~~~~~ = 3Orns
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Figure A—2O. Carrier Tracking Errors — T1~~ lOms
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APPENDI X B

CODE DETECTO R NOISE CHARACTERISTICS

The i n t en t  is to study the e f f e c t s  of noise on a

code detector described by the following esjuation:

e
~~0 

— ‘~~E 1 -
— 

P P C M )
I E l  + I L I

where
= amount of advance and delay  of e a r ly  and

late codes = 0 . 5  ch ip .

e
~0/ ’\  = detector ou tpu t .

= e a r l y  s i g n a l , i . e . ,  the si q na~ con ta ined
in the r e su l t  of c o r r e l a t i n g  the  received
code w i t h  the generated code, but advanced
by one h a l f  c h i p .

P = la te  s igna l , same as earl y, bu t  d e l a y e d
L by one ha l f  c h i p .

Now ,

= h F 1 + 
‘C

E ’ 
( B .~~ )

where , 1F and are the in-phase and q u a d r a t u r e  compon-

ents of 
~E’ 

respectively. If we assume no phase error

in the carrier loop then

= — .5 — + - chips (B3)
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and

0E ° 
(B4)

l ikewise ,

= 
~~L ’ 

+ 
‘~~L

1 (B5)

where

I
L

O.S + L ; Q L
O (B6)

Adding noise to I and Q results in

= — + 

~ IE 
+ 

~QE 
(B7)

and

p
L 

= 0.5 + + 
~~IL 

+ 

~ QL (B8 )

F i n a l l y ,  subst i tu t ion of (B7 )  and (B8)  in (Bl )  g ives

e
~0 [ 10 . 5 - c  + 

~ IE 1 + l~ QE I) - [ I O . 5 + c  + n IL + I~ QL I 1
— 

J0.5-~ + 

~ IE 1 + + 1O.5 +c  + ‘~IL ’ ~

Equation (B9) without the noise will vary linear-

ly wi th  c and is equal to 1 at £ -O.5 and -l at i = 0 . 5.

Adding noise will result in a gain reduction .

A series of Monte Carlo computer calculations of

eCO/tI are presented here 
for various (S/N) ratios and for

-0.5 chip — —. 0.5 chip.
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The (S/N) ratio is related to the RMS value of the

independent noises 
~~IE’ ~QE ’ NIL ’ ~QL~ 

as fol lows

= (Blo)

where , P is the integrate-and—dump time , which deter-
mines the pre-detection bandwidth . In all cases treated

her e , T is 4 ms.

Figures Bi through B18 are the plotted results

of the Monte Carlo runs for values of (S/N) from 51 dB-Hz

to 0 dB-Hz, where

p Ensemble average of eCO/i~and
RMS error on p

Each point represents the mean and rms of 256 Monte Carlo

calculations.

From Figures B1—B18 the effective gains

are estimated for each value of o . These gains are plotted
2 -versus (i/o ) in Figure B19. The effective gain is thought

to be directly porportional to (1/o~ ) at low values of

(l/’G
nL
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Fi gure R19. E f f e c t iv e  Gain Versus Noise Variance .
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APPENDIX C

I

DERIVATION OF EFFECTIVE GAIN

AS A FUNCTION OF NOISE POWER

From Equation (8.10)

= 
~ + nIE l - IflQE t + i ( I \ + t ) t +  

~~~~~~~~~~ 
(Cl)

• The effective gain G is

: 

G = 
~~ 

+ f l 1~ 
(
~~~

) + 
~IL I~ (C2)

From symmetry

G 
~~~~~ 1 ( A +~ ) + 

~IL
1 (C3)

=0

From A. Papoulis, Probability, Random Variables and Stochastic

Processes, McGraw Bill Book Co., N..?., 1965, we f ind

t
x—a

l 
= X—m + 2f (x-a)f(x)dX ~C4)

• 191
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where denotes expected value, m is the median of
X, f (x) is the probability density function of X , and a
is an arbitrary constant. So we write Equation (C3) as

G = I n IL - C— A -c) = I n~~ - 0 + 2f thIL + A + r )

c=O c= 0
f ( n

IL
) d 

~~~~ 
(CS)

Then

° a °
G = 0 + 2 .- fn f(n)dn + 2A~— ff(n)drl

-A-c

+ 2 ~~~
- ~Jf(n)dn (C6)

—A— c

• Carrying Out the differentiation yields
0

• G = ( 2 )  ( — A ) f ( — A )  + (2A )f(—A) + 2 ff(n)dn

= 2 ff(n)dn (C7)

where 2-n
1 2 2

f(n) = e (C8)

so the gain is

G = erf (—
~~—) (C9)

For small A//’a the gain becomes

G = ~L 
~~

—
~~
--

~~ 
= 0.798 

~~~ I (d O)
v’~~~ v’~c a]
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