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N A S A ’ s  A(lva])md (; OJlllll(llliCatiOllS ‘jkC]lllo]O~~

%~k’llitr  1 ~rovi(lcs all idea] s]mccd-lmscd ]>] atfcm o f o r
tll(’ lllCilSll~(’llll?  Jll Of 1<- and  l{a-l)all(l ])m]mgatioll
cl)aractrristics for laIId  ]Ilol)ilc  satcllit<r  a])])lications,
‘J’l]is ])a]wr  re]mrl,s  rcsulls fro]t]  I)ilot  tone tests at
lmtlI 1<- attd Ka-}xi]i(l  it) tllrcc cnviroll?ncntts:  l i g h t l y
SII adowd sul~url>all, IIlodcratcly slIa(lowcd  sul)ur-
1):111,  all(] IIcavi]y  slla(lowd sul)urljall, ‘J’l)c results
snow tllal, K- a]ld  Ka-ballcl ])ilot tollcs cxl)cricllce a-
ltlos( idmllical  II]ulti]mtfl and fadil}~; c[f’ccts. ‘ J ’ b u s ,
lmtfl K- ald Ka-lml)d cl~allllcls  would  r e q u i r e  suL-
stall tia] co(lillg  or (Iivcrsit,y  t,ccllniqucs  to rca]izc rc-

lial)lc lal]d II)ol}ilc satrllitr (oltllllllllicatiolls i n  tf]c
su})urlmll  (Jll\~ilc)lll]lcl]t.

1. IN IILOI)II(:SIIC)N

Mol)ilc  satcllik syskqtls allow  truly u b i q u i t o u s
wireless cc)lttlllllilicatiolls  to users allywllcm and any-
tilllc. A lllobilc  trnllillal is aflcctcd b y  s h a d o w i n g
and IItultilmlll  illlc~rfcrcllcc  callsd b y  roadside olJ-
stfaclcs  a]]d tcrraill collditiolls, ‘J’l)c dc~rcc o f  sllad-
owil)~  dqxv)ds olt tl]c it~trrsmtillg ]mtl)  ]Cngtll wit]]
tf]r roads ide  ol)slar]cs. ivtllly lmralllctrrs dfcct the
ilitcrscctill~ Imtll  illrludillg: clcvat,ioll  aaglc, IIaturc
:111(I grolt Irlry of tllc ol)staclc (e. g., t,rcc, utility INIc),
dislalicr IW(WCCII  tlIc r o a d  HIKI t,l)c ol.wi,ac]c, la]lc
all(l (Iirccl,  iol} of travc], a]td  road surface colldit,  ions
(e.g., rollillg/flat, slr~ligllt/cllrvccl).  la additiol]j tl)e
alltrl]l]a lxittcrl], tfic cllvirollltlcllt, Iflc  scasoll, aIId
tllc carrier frmjuetlcy also aflbct tlIc clc~rcc  of sllacl-
mvil)g.

l’ro]mgatio]) cx])cri]t]c]]ts at, Ulll~  (850  Nillz) aII(l

1,- ( 1  .5 (;llz) h a n d s  IIavc qualltificcl tlic sl~adow-
il]g and )Ilulti]mlll  illtrrfcrcllcc dlcc(s [1 ,  2, 3 ]  f o r

t]l(sc l)aIIds. N A S A ’ S  A(lvaIIcc(l  Co]]))]][l])jcat,iolls

‘lklIIIology Satrllit,r (A C; ’I’S) ]rovidcs i( statioj]ary
j)latforll] ideally sllitcd to tllc IIlcasarclncllt o f  ]iJo-
l)ilc  ])ro]mgatioll cffbcts  a t  K-(X) Gllz) and Ka-(30

G ]  lx) I)ands. l)icld trsts cot)cluctcd  duril]g the first
7 1110111 IIS of 1994 Ilsinp, Jl)l,’s A{;’J’S Nfol)i]c ‘J’crltli-
nal I,4NI’J)  [4] ])rovi(lc  cllalll]cl  cllar:lcterizat ion data
f o r  tllcs cl)al)nrls, llr(.m)tfy ])uljlisllcd  results fro]])
AM’1’ cxpcrill)cllts [5, 6 ]  a]ld  (;oldllirsl) and Vogd
[ 7 ,  8] h:vc lwovidcd  i])sigl]~ il,to tllc K-l,al]d  ]nobilc

sat,cllitc clta]lncl. ‘J’llis ])alwr rc]mrt,s  tl]c r e s u l t s  o f
Cx])crilllents  at l<a I)alld.

2 .  IJXIII,ILINI  I; NSIIAI,  ASII1,;C,lS

S’ys(c?ll Co?l,fi(jll?’(l[ lml

IIc sysklIl  collfigaratioa i s  i l l u s t r a t e d  in F i g -

1 .  ‘J IIC basir fcaturrs of the  syste]tl itlrludc

‘1’11{  f i x e d  statiol) (,r l,illk II;valuatio]l  ‘1’crmilla]
( l , l ,-J’)  Iocahd at tllc N A S A  ],cwis ]icscarcll

Cmltcr ill C~lcvclaTId,  ollio,
A(;  I’S, ol)cratillg ill t h e  ltlicrowavc switch llla-
f,rix li)odc (hf Shl), i.e., as a Im]t I)ilw rqmakr,
to ( onl)cci (Iw f i x e d  station wit,l~ ilic mo)>ilc
unit ‘J’hc satcllilr was  col)figurcd to ])roviclc
twc) way collllllllrli(?~tiol]  bctwcm l’asadcna, Cal-
ifor]lia (ill tllc %utllcrll California s])o(  b e a m )
and t h e  I, I{YJ’ (ill tl)c (;lcvclal)d  sl)ot Iwaltl),
‘J’llc Ahl’J’, a lwradlmard ]tlobi]c krnlina] clc-
siglltd M a t,cst,ld for ])roof-of-cc)Jlcc])t,  dcsiglls
Iisillg  A(YJ’S (SCC [4] for a dckild dcscril~tion).

‘1’lle for7ua7d  (/la7/7/c/ Origillatcd at tl]c  fixd sta-
tion w i t h  a  29.634  (;11?, ])ilot  t,ojlc. ‘J’]lis ])ilot, (,OIIC
~~as rccci  d by A(YJ’,S, I[lixd to t h e  dowillillk fre-
quency oj’ 19.914 Gllz, and trallsl)littcd o]] tllc Soutll-
crll  Calif(nmia sl)ot l~calll.  ‘1’1]0 for~varcl rllal}}~el of-
fered a c(lllpositc C/N(l of 55.63  cIII-IIz  and was tllc
basis for tllc K-lml)d  results rq,ortd  ill [5, 6]. ‘J’lIc
?cit(m c}lar~~lclorigilt:itccl  at tlIc  AM’J’ wit]]  a 29.634
C;IIZ ])iloi tone  wllicll  was  u])lilll<ed (o AC’J’S, II)ixecl
to 19.194 Gllz, a]ld  C]ow’lllillli[’(]  (O  tl)c fiXCd station,
‘J’l,c avail:il)lc C/hT[)  011 tlie ret,ur,l  clla],ltrl was 53..58
dll-llz. ‘J IIc rcturll cllalllicl j’orlnd t,llc basis for tllc



1(~1-lmlId  rcsu]k rcjmrkd ill t h i s  IJa]wr.
‘1’0 coIII}mIsatc for IJol)l)lcr sllifk ill tllc pilot, tol]c

CIIIC  10 trallslllit)tcr IIlotliol],  all 1 l) ljilot tlrackillg  sys-
tcl)l  w a s  llscd. ‘1’I]c (IOWI] cmlvcrtd l)ilol (iralls]llit-
tcd o]] tl)c forward cl)allllcl) was tracfml ill a pl]~isc-
lockcd  loo]) and used as a frcqucliq rcfcmlcc ill tlIc
IIlol)i]c  tcrlnillal. ‘J’llc traclicd l)iloi tlonc w a s  lnixcd
witl)  lIIC rcturll cllatl)lc]  l)ilot to]lc k) l)rc-sllift it to
Oktl tllc lk)l)l~lcr  sllifl OII lIIC rctur]l lil]lf.

2. Antcnt/(/  YhcL/?/g  S’ys/[?)/

‘1’ltc Akl’1’ is cqui])lxd with a s]nall, IIigll gain rc-
flcdor alltclllla wllicll  tracks tllc s a t e l l i t e  signal ill
axilltut]l  for  a  fIxcd clcvatliol)  anglcl [f)]. ‘1’llc all-
tctltla is IIlccllfillically stccrcd and a c q u i r e s / t r a c l i s
tllc salcllilc si~llal o v e r  tllc clltirc 360° of azimuth
wit]l  a  lmil]tillg  crmr less  tlla])  0 . 2 ° .  \Tclliclc turn
l’aks of 11])  k) 45 (k’glTcs/sccoml  c a l l  lK accolll  -

)Ilo(lat!c(l. ‘J’llc aJItCIIIIa l)rovi(lcs  all Il])link  I;llil’
of  22 cIIIW  over a Imll(lwidtll of 3 0 0  Mllz.  ‘J’hc 3
d]] Iwalllwi(ltll  i s  + 9 °  ill clcvatio]l and 46° ill az-
iltlllill. ‘1’lic rcflcdor rcsi(lcs illsidc a n  rllil)soidtil
li’:itc’r-r(’l)c’llillg rado]tlc  wit]]  a)) exter ior  ]msc diam-
eter of 9 illcllcs all(l  a IIcigllt  of 3.5 inc]lcs.

‘1’IIc al)tc])lla lmilltill.g  systclt] cllal~lcs  tllc al]t)ct]na
to track lIIC satc]litc for all l)ractical vcllic]c  l]]allrm
vcrs. ‘1’IIc alllctllla i s  ltlatcd with a  silnl)lc, yd ro-
l){ls~, IIiccllaltical stccrillg systcll]. ‘J’llc alltcnlla i s
sIIIootl  Ily di(llcml alwut l)orcsitc l)y ol]c dcgrer at
a  r a t e  o f  2 I Iz. ‘1’l)r l)ilot, sigllnl  strcllg[ll ]ncasurcd
tllmugll th is  ditllcrillg l)roccss i s  used  to  co]nl)li-
lllclll tl]c illcrtial illforl)latioll dcrivd  from a silt]l)lc
tul’11 lntc S(’]lsor. ‘1’llis co]))l~il]atioll  ]Ilaintaills tlIc
a]ltc]ll)a lmillti]lg  at, tlte satcllik cvcll  if tllc satel l i te
is slIa(lowcd  for Ill) to lcll sccollds.

5 ’ .  l)nta Arquisiiion ,Syslc?il

lk)tll  tllc ANI’1’  al)d  (IIC fixed station were cquil)ped
wit]) ident ica l  {Iata  a(quisitioll systcll)s (I)AS). ‘1’l)c
I)AS colltiljllously  rccordd ]mra]llctcrs ilnl)orlant,
f o r  lilll< cll+~r:lct.(riz;itioll.  A t  tllc AM’ll,  tllc IJAS
K’cordc(l  f o r w a r d  Cllall IIcl ])al’amcters. ‘J’IIc mca-
SIIreIIICIItS illcludc(l IIr l)ilot, lo])c  lcvc],  IIoisc  calil]rz~-
tioll lCVCIS, IIlol)ilc  vclocily (slmd all(l dircdion),
alltclllla lwitltillg dircc(,  iollj  tnobilc locatiolll tilncj
vi(lco  iltlagcs o f  tllc AM’1’ 10 AC’1’S  IJatll, ancl all
allclio  r e c o r d  CIoc.11111(’llti]lg  tllc lest rlllls. At the
f ixed  s(atioll, rctllrll cllallllcl Ixiral IIctcrs r e c o r d e d

] ‘1’11<  cl(vt,t ion aIIg,lc for  m~>cril))cl)ls  II] LIIe  l’L,SdCIIa  :ITC2  i s
46”

itlcluclcd  t}lc IF l)ilot IOIIC Icvcl and IIoisc  calil)ra-
tioll  lcvc]s.

‘J’IIc 11 pilot tonr USC(1  (0 cllaraclcrizc tllc cllanllcl
Jvas filtcI  ccl usinp, :i 17 kllz Ixdtldl)ass  filter. ‘1’l]c fil- ‘
tcrcd IIr I)ilot  tollc was  l)roccsscd by a I) IIMC-IOCM
100]) and nomcollcrclltl l)owcr  detector .  ‘J’lIc l)llasc-
locld loo]) .gelleratcd  ill- l)l]asc  and (Illaclratllrc-l)llasc
v o l t a g e  l e v e l s  ill a 1.5 1<117 I>andwidtlt.  ‘1’llc ltOll-

collcrcllt l)owcr  dctcctoT  grnrratd  voltage ICVGIS  I)ro-
l)ortional to l)ilotj lx)~vcr ill a  1 0 0  IIz lxllldwidtl).
‘J’IICSC  sip,llals  were  sa]lll)ld at a rate of 4000 sail I-
l)les/sccofId a]ld  were  rmotdcd o]t 5 C;l)ytc  II;xabytc
tal)cs fol ofLlinc cvaluatioll.

‘1’he titnc, vclliclc vcl(wity,  and l)ositioll w e r e  dc-
Iivcd  frc)ln all 011 l)oar(l  G1’S syshvt) arid  uldalcd
at, 10117 (Li]l]c) and 100 IIz  (velocity and llositioll).

3. ‘11;S’]’ ]t(JNS

‘J’lIc tes t  runs rcl)rrscl)i a sccllario sli.gl]tly  difler-
cnt frolll  ksts co]lduckl l)rcviously, N o r m a l l y ,  tllc
tral]sltlittcr i s  s ta t ionary  wllilc the rcccivcr is ltlo-
I)ilc. ltI t Ilis case, tllr t ral)sr]littcr was IIloljilc  wllilc
the rcccivcr was stat iollary. l)ata was collected in
a variety  of locations lrllicll ]))ay be l)madly classi-
fied in tllrec cakgorics: Iigllt Iy sl)adowccl  sul)urhan,
lnoclcrat fly slladmvml  slll)url~an,  and IIcavily  sllacl -
md sul  ~url>all.

1 .  I,ig///ly  Sllodowcd ,~floudmn ICnvironrt)cni

Orang(  Grove IIoulmar(l ill l’asadm]a,  California j

is a l)ro:i 1, lCVC1 t IIoroup,llfarc  wit II trees lillillg both
sides of tllc r o a d .  ‘J’llc t rees  lillil]g  th is  rolllc arc
l)rilt)aril~ %utllcrll M:igllo]ia  w i t h  l’all l’alltl al}d
1 )atc l)al]n trees sl)afc(l 50 I)lctcrs apart ‘J’hc r o a d
i s  laid out, ill a  l]ortll soul}l  dircctioll. With  the
sat,cllit,c  to t,l)c s o u t h - c a s t )  tllc wcstcrll IIlost  l a n e

(rigllt-llatld, sout]l I)olllld  Ial)e)  ])rcscntcd tllc best
look-allglc  to tlIP s a t e l l i t e .  II) this lallc, tl)c  AMrl’
aIItCIII Ia I)orcsik to tlic AC;’]% lillc-of-sig])t l)atl] just
lmrc]y  skirted tllc tol)s of tllc l’alit] trees 011 t llc cast
sjclc of tllc road and, gctlcrall-y  did not illt,crscct (Illc

foliap;c 0[ tllc h4agllolia  1 wcs. ‘J’his cllvirolllncn( is
cllaractcrizcd as liglllly  slladowd.  A rcl)msclltativc
tiltnc  series of tl)c  l)ilot  lmwcr t r a n s m i t  tcd l~y tllc
Ah!’]’ and rccci~d at, 1 Ilc f i x e d  st atioll is sl]own  ill
Pi.gllrc  2

‘J’lIc statistics of tllc slla(lol$’illg/fa(lillg arc sultl-
lt)arizcd l~y a IIistogralll of lIIC culnulative  distril)w
lion of tlic l)ilot ~mw(r  rcccivd at tllc fixed station.
‘J’hc Ilistogral]l of lIIC rIIII sl)own  in F i g u r e  2 is rcl)-



rcsclitcd 1~~~ t}lc solid lillc ill I’igllrc  3. Also  sllow]t  is
tllc JIisiogralli  of tlIc caltlulativc  distribution) of t,lI[
I)ilo( ]mWCI  rcccivccl Iy t,]Ic AM’J’ at t,])c salilc t,illlr
(lllis is lIIC dasllcd lillc). ‘J’llc solid lirlc  JIJodels  tltr
3 0  (;lIZ lal Id IIto])ilc  cltallt)cl w]licll  is sccI) to l~avc a
1 ‘Xl fade lCVCI of 9 dll wllicll  is 1 d]] worse  than tlIc
laIId  Iliol]ilc  satcllik ClIaIIIICl at, 20 Gllz.

2?. Mod< lulcly ,$’14 n (low d ,91111717hJ71 J;7171i707) III VII  t

‘1’11( CCll(cr  lallcs of OJ’allge  GJ’OVC llolllc’vard  J’e])-
JTscllt  a  IImdmkdy Slladowcd  sul>tl J’lmll cJlvi J’oll -
lIwl It. lrigarc 4 sltows  tlIc tlilllc scrim for a test rul)
011 t Ilc Caskrll CC’llkl’  lallc (kft-halld, IIOJ’(11  I.)oulld
la IIc). III lllis case,  sigtlificallt sl]adowi]jg rcsu]tcd
frol])  tl)c i)licrscctiolj of tltc lil)c-of-si(c ])RtlI I>clwcc])
AM’J’  aIId A(YI’S  I)y  lIIC Magtiolia  t r e e s  011 tltc cas(-
Crtl S;(IC O f  tll(’ 1’0?1(1. 111 addit,io]i,  ]Jcliodic l)] OC]iag(!
1)~ tllC tJ’lllll{SOftllC  1’?IJIII tJ’(?(’S \Vi3SOl)SCJ’VC(l< ‘1’11(7

Stiltis(ics  o f  tllc sll;lClo\villg/f?lclii)g  are sunilllarimd
I,y lIIC IIislogralll ill l~igurc  5 wl]crc  it is  scmt t h a t
lllc l% f a d e  ICVC1 fbr K21-lxIIId  i s  2(3 d]) wllicll  i s
cssclltial]y equal  to tl]at at 1{-lx]]]d.

A]t ititcrcs(il).g  olx+crvation  IICJT i s  difrcmlt  lanes
OII lIIC sal IIc road cxllil)it di(fc]c]itj  fadi]lg lcwc]s, III
t h i s  CilSC, flI( dillrrc]tcc ill 1 %  f a d e  lCVCIS  is 18 dl;
wllicll rcl)rcse  IIts a  rcjl}arlial)ly  w i d e  variaiio]i  duc
10 ]:l]t(,(li)crsit.v.

‘Jo ol)taill  rcs(ll(s froll} a heavily slladowcd s u b -
url)a II (~1)1’irolllltcll[, a  rout,c  aloIIg  GYa I)cl AvcmIc
ill l’asa(lcIIa, (klliforl)ia, w a s  sclcckd. GraIId Av-
cttllc  is  a  narrow t w o  ]a])c roa<l with IItal]y  turns
and ra IIs i]) a gcIIc rally IIortl-soutlI (Iirediolt. “J’IIc
roa(l  is lillc(l  wit]]  a IIcavy  lnixlam of  (kmtal l,ivc
():II;,S()II(IIC’Y]I Mag]]olias, aIId IIolly o a k .  II I  IIIaIIy
I)laccs  :Ilollgt  ll[l,c)(ltc, tlIctrcc  ca]](]]~icsco]tl])l[tely
coved  tlIcroad l)loclfiltga]ly[lirccl lil](-of-sitcj):~tll
lwtwccII  AIvJ’I’  a~~d A(~’J’S.  ‘1’llis(lll,ilc)lllllclit iscrc-
aks SCVCI,C  sll~lclo\;’illF;/Fdc!i]}g as  i l lus t ra ted i]] lPig-
llrc (j. ‘J’IIc S(atistirs o f  tllc sllaclc)J\ili~,/faclil]g  arc
s~llllj))arizcd  l~y tl)cllistograllt illus(ral,cd ill ]?igarc 7
lvltrrc it is SCC}I  t]lat tl)c 1% f a d e  lcvc] fc)r Ka-ba]]d
i s  WC]]  ill cxcms of  30 dll (]wrl)al)s c\7cII as  lli.gh as
45dll). ltesllltsf ortl)[sil) l~iltall(()~lsrctllrll dlallltcl
a t  K-l)al Id arc alsosl)owlI alI(l :lrccsscJttiallycclLliL,-
al(’llt.

4 .  AN  AI,YSIS

l’;ilcll oftllcllistc,$,ralll  sillllstratccl ill l~igares 3,5,
slid 7 disJ) lays tlic sa]llc cllaractcri stir sba])c. ‘J’IIc
Slop( bctwcml  tllc I’cfcf’(Ilcc levc]  ( ( )  [Ill) a n d  2 d];
bclo~i’  tl]c  rcfcrcllcc ICVC1 i s  stcc]>. ‘J’ltis i s  c]tar-
art,c]ist,ic  o f  l{iccalj  fadill$ \vllicll  occurs wlicl  I rc-
flcckd co])ics  o f  llIr tralls]l]it,hxl  l)UISC  accolli]mJly
tltclil]c-of-sigllts  igll; ll. ‘1’llis stccj)cnlrvc is followd
Iry a “I; JICC”  ~vhiclt fc,rlllstllc:trallsitiol] Iwtwcrq]  tlIc
IIiccall chararkristir aJl(l tlIc slladowd fading cllar-
adcris tic. tSllil(lo\VC(l  fadi]lg co]ltribllt(~s  a sl]allowcr
chara(kristic to tlIr c u r v e  wl)icll  i]ldicatcs t]lat,  t,]lc
collll>illatioll(  )fsigi]:lll  )lockag(:(  sllaclo\\,i]Jg) a]kd]nul-
ti])atll iatcrfcrc]lw  (sl Iadowcd  fadil]g) isscvcrc. ‘J’IIc
Colnl)illatioll  of illrsc two cllarartcristim su.ggcsts  a
“tilnesl lad’ Iwtwect,  liiccal] fadillgalld slladowcci
fadin:, a s  olmrvc(l at 1,-band  [ 1 ,  ‘ 2 ]  altd 1(-l>alld

[5, 7, x].
A  sllJnlllaryof tlic msalts for all ruljs co]lduckd

0]1 9 JIIly  1994 is incl[]dcd  ill ‘1’able 1.

~ (: ONCI,US1ONS

‘J’hc rcsLIlts of thr Ahf ’1’ Ka }mItd ]]]obilc  I)ro])agzv
tie]]  field tcstssholr  that lli(slla(lo}~,il]ga])cl fadi]lg
])loccss~s  a r c  cssc])ti;illy idcllt,ical  for })ot,ll ] { -  a]]c]
J<a-l~;~t,c[  frccll!($Jicics ;Ill(lf(jr t]lclllo]jilctr  allstllitter

aJld rccciver. A s  sLIcl  I, tlIc co]]clmsions  aftd results

for 1{-l,and  al)])ly  t o  l(ti-l)atld frcqucl~cies  a s  well.
‘I’](C l% f a d e  ICvc]s slIo\v llIat sabsta]]tial slladow-
irtg/fad]Jlg  coLIIItcrII Ictis\IIcs (e.g., ijlt(rlcavcclcrror
control codi]lg,  a]ttr]llla divcrsi!y) arc rcql]irccl  to
real ize ]clial>lcl(a  balt(]  co]tltl]~]J[ic2itioJl ill a sul>ur-
l)al) cnviro]]l]lc]lt,

‘J’llcalltllorsa  rcgr:itcf~lliohfr. ,Jilllh!os:l, ]’orcs(-
ry IIts]w(tioll lrOrCl IIat I (Iftl Ie ~;ity  of l>asadclla, and
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