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SUMMARY 

' l h c  recluircr-ne~its F T ) ~  tr-;~i~sl~iitter statinn? c:locks arc: 0.3111s (, 1 r r )  !- 1 rlls I'vr rccciver- 
clocks. i t  is of intcrcst t o  note that tor Sanyl~jllc. as in othel- coherent systems, the 
clock retlcril-c~nents are obtaineci as phase 01- tiirie ratllcr than as f'rrclucncy. 

1. INTHODUCTION - BRIEF SYSTEM OVERVIEW 

TJie Navy 112s proposed t o  built1 ;in F,T,I: conlmunic:ltic,ns systi.111 for c o m r n ~ ~ n i i a l i ~ ~ l s  
primarily with submcrped stll~marincs. This systcnl has bcc11 n;~~-ncd Satlg~linc. 'Phr nfcd 

for Sangiiiiic follows fro111 tlic fnllowiny considrratinns: 

In order for 3 wiie;il~011 t o  hc arl cffcctive dctrrrcnt il  11111st 1x2 !ii$ll y s1.1rvivnl)lc. Weapon 
systell-is hased i r l  the l~vorld's occ:tn wntcrs ;irr t11c nlost s~~rvivablt .  systcins C'orisc- 
qucntly, a grcat dcal of cmptiasis is give11 lo sc;~-b;tsrd wcupon sys tcn~s  s~lct i  as the 
ptcsenlly opcraling Polaris/l'oscidnl1 wrapon sys1t.l.n abo:~rii niiclcar subm;.~rincs (SSBNs). 
'rhc pilrposc of  Sar~g~.tinc ;s rllcrcforc to pi-ovidc siirvivable cornm;~ili-l and cc t~~t ro l  
cap3bilily for sea-bascd and otllcl- forces. and I n  p;il-liciila~., t o  delivcr l l i ~ h  F~ io r i t y  
Operatiolisl Mcssnges. 

1 ' 1 ~  basic rcquil-er~ie~lts for a coniriianrl control uncl c o r n r n u ~ ~ i ~ a t i ~ n : ,  (c3 ) S ~ X I E I ~ ~  arc: 

Dclivel- high priority opcrti tionnl rllcssagcs, a l m o ~ t  worldwide, yrc- and post- 
;it[;-ick, to  SSHNs :it s1~ec.d 311~1 ili'ptli. 311d t o  ollici- I T .  S. I 'O~CCS 

Surv~vc the rlectruilrsgnctic pr~lsr U I - C S ~ I ~  low ;111d liiy!~ alt~tudr: nuclr,rr l?llrsts 

Be rcs~st;int to attack o n  tlic pt.~)ix~g:iliorl ~ ~ d t l l  

* Be resistant to elcctl-om,~gneLic: att'lck (.j,irniilirigl 

'l'lle ~1: '~r-oblern has bccn stirdii:d for man)) ycnrs ; lnd the nlily s o l u t i o ~ ~  which satisfies 
the abovo reqi~ircnicnts is :In EJ.F systern, Sarlgl~jnc. Sarlguinr will opcrutc within tllc 
frecl~iency band of 30 to 1 UO I l z ;  th r  I T ~ O S I  likely carrirbr- frccluency bcirlg 45 o r  75 H7 
Figure 1 shows the free-spacc 45-Hz wavclcngth comp;u-cri to Lhc LJnitcil Stales. '1'111s 
frequency band lias thc following cllaracirl-istics: 



ELF c3 SYSTEM 

45-80 HZ 

Figure 1. Free-space wavelength a t  45 Hz. 

Low Atmospheric Attenuation - permits reliable, almost worldwide, communication 
covcragc from a CONUS-based transmitter and denies a jammer the range advan- 
tage it would have at  liighcr frequencies 

Low Sea Wuter A ttenuatio~ - permits E L F  rcccption at  considerable depths 

Lrast AtJi.cted by Distiirbed Yrol~agation Path - attenuation is not  severely 
increased by nuclear detonations along the propagation path 

An illustration of the Sanguine concept is shown in Figure 2. 

The transmitting antenna excites electromagnetic waves in the spherical cavity bounded 
by thc ioriospficrc and the surface of the carth. ELI2 frcqucncics arc wcll below the cut- 
off ti-ecluency of the first order rnodc (= 1700 ITz) in the cavity so that only the zcro- 
order mode transvcrsc riiagnetic waves will propagate. 

The general vcrticnl polar i~ed  E-field has  a small horizontal cornpollent which propagates 
downward through sea water. This corriponent can be scnscd by an E-field subtnarix~e 
antenna. 

The cost of the Sanguine transmitter will be an order of  magnitude higher than thc cost 
of all the receivers. In order t o  reduce system cost, signal and rcceiver design havc bccn 
optimized to allow for the lowest signal-to-noise ratio cornpatiblc with c3 requirements. 
Coherent detection is thereforc used, which imposes timing requirements both on  the 
transmitter and the receivers. 



2. THE TRANSMITTER 

'Ti-ansniittcr survivability is aclricvcd t)y ;I conlbination of rctiunclancy a n d  11;-1rdent.d 
antenna and ti-arisrnittcr statioll &sign. 'The basic snlenna clcnient is shown in Figirre 
3; i t  can be vicwed as a loop antenna. O n c  part  o f  the  loop is a n  isolate11 cable 
grounded a t  each end, and the loop is closed by the cnrth r c t u r t ~  pa th .  'l'he cable can 
be buricd, so i t  is vcry survivahlc. A power atnplil<cr in :I hardcilcd trnnsrnittct station 

drivcs the  currcnt it1 the  loop. 

Frorn 1000 to 10,000 ol these basic e l c ~ n r n t s  will bc combined it] ;I transmittcr array. 
Each trsnsiiiitter station will be unmanned  and will operalc independently of' thc 
othcr  transmittcr stations; tlicre will be 110 c o m n i ~ ~ n i c a t i u n s  between stations. Eazli 
station 111iist thercfore liavc its own clock. 

If cach antenna clcriielzt carrics the currcnt A l with rel'itive pllusc a< sliown in Figure 
4, thcn the rc\ult:~nt currcnt I fro111 N elcnit.nts is 

N 

1 Z A 1 s = A 1 L ( I  - yZp? I + - .  .) 
I 

I WHY ELF? 1 IONOSPHERE 

------ ------ 
LOW SEAWATER ATTENUATION ------- ------ 
LOW ATMOSPHERIC ATrENUATION 

* WORLDWIDE COVERAGE VERTICALLY 



or 

where 

I = 10 COS u 
cP 

Thus cos 0 is tlre loss duc to  phase or  timing crrors a t  tllc transmitter stations. Table 
rp 

I shows the time accuracies requircd for 0.1 arid 1 dB loss. Also sllowil is the rcquircd 
frequency stability obtained from 

where T = 1 month. 

1:igure 3. Basic Sanguine antenna clement. 

Figurc 4. Surnmation of contributions f rom each anlenlla clcrncnt. 



I 
'Table I 

I 'I'irnt. and  Frcqucncy Accuracy Required a t  Transmitter Stalions. 

Phase Errol- r~ me Accuracy I:reclucncy Accuracy 

Loss ( l u  1 ( 1 1 ~ )  A 1'1f ( I r r )  

- -- 

(dB)  (Radians) 45 1 - 1 ~  75 Hr 45 Hz 75 H7 
-- -- - 

0.1 0.1 5 0.5 ms 0.3 ~n, 7 .5X  lo-'' 1 .5X  10-"' 

I 0.47 1.7 111s 1.0 ms 7.7X 10  '" 4.h X 10Y"' 

I For tlic phase angle: ~p of the rcsullant I ,  wc havc 

Ian p o  = 
N 
2: cos ip;  

I o .. I S  t11us small and  un can tllcrrforc hv tr:tckcd bv lh,- rcocivrl- 1,Ilasc csri~lia tux- tlrs~i-ibctl 

3. THE RECEIVER 

Mini1nur-n Shif'i Kc\-ing (hlSK) h ; ~ s  !.,ci.l: iclcc[ecl f o r  C::,~~~!tii:>; .I:, l lur  i?~(:l.jl' cl'ii,c.tivr 
~nocl~ilatic>n scllcnl~.:. MSI< is ;I f'orr!: ol' 1!~;1~lrnc~~~-shif't l ;c~i l l :_r  i , v , l ~ ~ r ~  tilc t\co t'rcclue1li;rcs 
I',  and & ill-i' 0rthi)fi0r1:11 OLCI.  U ~ I C  ;.31ii1 C?r ii'vicwcil ;IS j~!~:is(t 11.1ocIi11:1tiorl 
c x  { j o t  + ( , tlie pllnsc o i r j  illangcs l ine;~~-i\  E cli~ri~ip VIIC c h i p  SCYCI-ill ~ l i l p s  

I 
are combincct to oi~c cl1anric.1 s)/inhol. 

'I'lic pllasc of 1'' and  11, will bc i)btall~ed by a phusc cstiir1;ltor irr the reccivcr. Tl ie 

t r ;~nsnr~t tcr  pl~axc.  crt'ol- po will tlirls bc tr;icheci by t l ~ c  tecrivcr and will not tlegrncic 



For  correlation of the chips, time is required. Thc  signal loss due to  a timing error is 
givcn by the correlation fiinction R(7). 1;ollowing Sourcc 3 we obtain 

where T, is the chip time. A plot of Equation (8) is shown i n  Figure 5. 

I t  is seen that Irl17Tc = 0.1 only rcsults in 0.1 dB degradation. We thus can allow a total 
time error, . 

171 = 0.1 Tc 

Due t o  antenna bandwidth lirnitatio~ls T, will be 40 n ~ s  o r  longer, thus 1r1>4 ms. 
T includes propagation path uncertainties and i t  seerns reasonable to  allot 1 ms  t o  clock 
error ou t  of tlie total 4 ms. The  accuracy requirement for tlie receiver clock is tl~ereforc 
* l  ms. 
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Figure 5. Correlation function R (7) for chip detection. 




