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Statement of Task 

The Committee on Accuracy of Time Transfer in Satell ite Systems will 
do the fol lowing: 

1. Eva luate and determine adequacy of correct ions for re lat ivis t ic 
effects in present Air Force programs to performing the ir 
miss ion, e . g . ,  global pos it ioning system (GPS) . 

2 .  Est imate or evaluate the accuracy needs for correct ion of 
relat ivist ic effects for future Air Force mis s ions . 

3 .  Determine adequacy of present methods for meet ing those needs 
and recommend programs. if needed, to improve the accuracy of 
t ime transfer in satell ite systems . 

The Committee will provide the Air Force Systems Command with a 
final report giving ita findings and recommendat ions for use by the Air 
Force Systems Command for its future course of act ion . 

The Air Force Studies Board is supported by Contract No . F49 620 - 85 -
C-0107 with Headquarters, Air Force Systems Command , Andrews Air Force 
Base, Maryland . 

iv 

Copyright © National Academy of Sciences. All rights reserved.

Accuracy of Time Transfer in Satellite Systems
http://www.nap.edu/catalog.php?record_id=19205

http://www.nap.edu/catalog.php?record_id=19205


CONTENTS 

I. INTRODUCTION e 1 

II . SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS e 4 

2 . 1 Handling of Relat ivis t ic Effects  • 5 
2.2 Near-Term Improvements in GPS • 5 
2.3 Recommendat ions for Sub - Nanos econd Accuracy and Long-Term 

Improvement s • 6 
2 . 4  Time Transfer: .An Opportunity to Study Relativistic Effects • 6 

III. CLOCK SYNCHRONIZATION IN THE GPS : A PRIMER • 7 

IV. RELATIVISTIC EFFECTS IN GPS: VALIDITY OF CURRENT TREATMENT e 1 1  

4.1 Relat ivis t ic Effects • 11 
Time D ilat ion • 11 
The Sagnac Effect • 12 
Gravitat ional Redshift • 1 3  

4 . 2  Treatment of Relat ivistic Effects • 1 3  
4 . 3  Crit ic isms of the Treatment of Relativist ic Effects • 15 

Points 1 and 2 • 16 
Point 3 • 17  
Point 4 • 17  

V .  MAXIMIZING THE POTENTIAL OF GPS • 19 

5.1 Time Discip l ine in the Sys tem of Ground Stat ion Timing • 20 
5 . 2  Auxiliary Monitoring Stat ions • 26 
5 . 3 Separat ion of Satellite Pos it ion and Clock Errors • 26 

VI . FUTURE NEEDS FOR TIME TRANSFER • 3 2  

6.1 Separat ion of Sat e l l ite Ephemeris and Clock Errors: 
The Long View • 3 2  

6 . 2  Compensat ing for S ignal Propagat ion Effects • 35 
6 . 3 Performance and Re l iability of Frequency Standards • 3 9  
6 . 4  Tightening of Requirements as Technology Permits • 41 

VII . TIME TRANSFER : AN OPPORTUNITY TO STUDY RELATIVISTIC EFFECTS e 42 

7.1 Relativi s t ic Effects  at the Sub-Nanosecond Level • 42 
7 . 2  Tests of the Postulates  of Relativity • 4 3  
7 . 3  Rigorous Re lat ivistic Analys is of T ime Transfer • 44 

APPENDIX A 
BACKGROUND TO CATTISS : A CHRONOLOGY • 47 

APPENDIX B 
COMMITTEE ACTIVITIES e 49 

v 

Copyright © National Academy of Sciences. All rights reserved.

Accuracy of Time Transfer in Satellite Systems
http://www.nap.edu/catalog.php?record_id=19205

http://www.nap.edu/catalog.php?record_id=19205


CHAPTER I. Ill'l'RODUC'l'IOB 

The accurate transfer of t ime from point to point on and near the 

Earth is a longstanding procedure with important consequences , not only 

for the field of t imekeeping, but also for such diverse fields as navi­

gat ion and communicat ions ( both c ivilian and military) , surveying and 

geodesy , and fundamental physics and astronomy . The precise determinat ion 

of posit ions of ships at sea, oil-well rigs, commerc ial airliners , and 

intercont inental ballist ic miss iles, to name just a few, ult imately rel ies 

on accurate knowledge of t ime. Using t iming to obtain prec ise locat ions 

of fixed points on Earth has important appl icat ions in surveying and 

geodesy .  In military and c ivilian communicat ions , the ability to deter­

mine the start ing point of an encoded signal depends on accurate knowledge 

of the system t ime . Fina l ly , a highly accurate global t ime system is 

important in many areas of fundamental science , such as very long basel ine 

radio interferometry . 

One system that depends on the concept of t ime transfer for naviga­

t ional and posit ional purpos e s  is the NAVSTAR Global Pos it ioning Sys tem 

(GPS) of the U . S .  Department of Defense (DoD) . Although intended as a 

mil itary satell ite sys tem for guiding and navigat ing the tools of warfare , 

it also has a variety of c ivil ian uses (Kerr , 1985) . The system consists 

of a cons tellat ion of satellites , currently numbering s ix (operat ional as 

of July 1985) , ult imately numbering 21 , in Earth orbits at about 1 1 , 000 

mile s alt itude . Each sate l l ite carries a set of atomic clocks . The pres­

ent uncertainty of the system is 10 nanoseconds (ns) in t ime , or les s than 

10 meters (m) in pos it ion . Roughly speaking ,  the convers ion from t ime 
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accuracy to pos it ional accuracy can be made us ing the speed of l ight , 300 

meters per microsecond (ps) , or 30 centimeters (em) per ns . 

At this level of accuracy, the e ffects of Einste in's theory of rela­

t ivity are observable, and indeed must be taken into account to obta in 

accurate and consistent t ime and pos it ion measurements . At the alt itude 

of a GPS satellite , the rate of an orbit ing c lock will differ from that of 

an ident ical c lock on Earth by tens of microseconds per day as a conse­

quence of the t ime dilat ion of spe c ial re lativity (produc ed by the re la - . 

t ive mot ion of the c locks ) and of the gravitat ional redshift as soc iated 

with general relativity (produced by the fact that the two c locks are in 

different gravitat ional potent ials ) . There is  an add it ional effect , 

expla inable by spe c ial relat ivity , which if unaccounted for, would prevent 

a cons is tent synchronizat ion of any sys tem of clocks that c ircle s the 

rotat ing Earth . Known as the Sagnac effect , it produce s  clock offset s 

that can be as large as  2 ps for GPS orbit s .  

These effects are we l l  known , and s tandard procedures are used to take 

them into account both in GPS and in other t ime transfer systems . Never­

thele s s , in the late 1970s  a number of inve s t igators began to contend that 

these re lat ivist ic effects were not be ing handled properly . After s everal 

exchange s of correspondence , beginning in 1983 , between people expre s s ing 

this view and various Air Force personnel , a reque st was made to the Air 

Force Studies Board to convene a committee to resolve this que s t ion . The 

pre sent study wa s in it iated in May 1984 . A para l l e l  short s tudy by the 

JASON group of Defense Advanced Re search Projec t s  Agency ( DARPA) took 

place in July 1984; the leader of that study is also a member of the pre s ­

ent committee . 
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Another goal of the s tudy was to make recommendat ions for act ions and 

research that would lead to improvement s  in the accuracy of GPS and other 

t ime transfer systems . The importance of improving accuracy cannot be 

overemphasized. Improving the precis ion to the 1 ns (30 em) level , and 

pos s ibly into the sub-nanosecond regime is not only intrinsically impor­

tant to mil itary communicat ion and navigat ion , and to many c ivilian appl i­

cations , it is also vital to the long-term autonomy of the navigat ional 

system. For instance , in the event of a loss of communicat ion between the 

master control stat ions on Earth and the GPS constellat ion , the need for 

the spacecraft to maintain a certain navigat ional accuracy autonomously 

for as many as 100 days places s tringent requirements on the init ial accu­

racy and stability inherent in the system . As a consequence , the bulk of 

the deliberat ions of the committee was devoted to the important question 

of future improvements . 

The structure of the committee's report is as follows: In Sect ion II 

we summarize the ma in conclus ions and recommendat ions of the study. Sec­

t ion III presents an elementary descript ion of the GPS and the role of 

relativist ic effects . Sect ion IV provides a more technical discuss ion of 

the relat ivist ic quest ions. and of the adequacy of the current method of 

handling them. Sect ion V discus ses in more deta il the recommendat ions 

made in Sect ion II for short-term or immediate improvements in GPS per­

formance . Sect ion VI discus ses the recommendat ions of Sect ion II for 

research on issues affect ing improvements in the long-term and to sub­

nanosecond levels . Finally , Sect ion VII describes the opportunity in t ime 

transfer systems to s tudy interest ing relat ivistic effects . Appendices A 

and B detail the chronology of events and correspondence leading to the 

format ion of the committee , and the activit ies of the s tudy group . Appen-
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dices c. D. and E provide more technica l discuss ions of some of the is sue s 

considered by the committee . Appendix F gives references . 

CHAPTBR II. SUMMARY 0� CONCLUSIONS ARD RBCOMMBNDATIONS 

An improvement of the current t iming capabil ity of the GPS is des ir­

able. and possible at modest cost. and depends on several operat iona l 

improvements and studies that do not seem to be diff icult . A potent ia l 

exists for nanosecond t ime trans fer in the near future . Current oper­

at ional techniques take into account all relativis t ic effects to two 

orders of magnitude below the 2 ns leve l . Beyond the 2 ns leve l many 

nonrelat ivist ic problems can be expected well before the next c lass  of 

relat ivist ic effects is observed . We recommend studies to confront these  

potent ial problems . 

Our conc lus ions and recommendat ions are divided into four groups. 

ranked in order of priority . The first two sets refer to immediate con­

c lusions or to improvements that should be achievable soon ( within f ive 

years) . The third set is for s tudy of improvement s that may be pos s ible 

over a longer term ( 10 years) or that will be needed if accuracy require ­

ment s become more s tringent than the 2 ns leve l . The fourth set  refers to 

the pos s ibil ity of using accurate t ime trans fer sys tems to study funda­

mental quest ions in phys ics. both for their intrins ic interest and as a 

foundat ion for future technological advances . 
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2.1 Handling of aelativistic Effects 

We conclude that there is no validity to the criticisms of the current 

methods of handling relativis t ic effects in GPS . These methods are theo­

retically valid to well below the 2 ns level , and have been verif ied empir­

ically in GPS to 5 ns. 

2.2 Near-Term Improvements in GPS 

Improvement in accuracy of the present operat ional time transfer in 

GPS from the current 20 ns to 2 ns is desirable and possible without new 

technology. aecommended steps: 

a. Establish a complete account ing of all clock rates and offsets in 

the ground system with respect to the DoD master clock to improve 

the clock and satellite pos it ion predict ions , improve long-term 

autonomy , and provide immunity to reference-clock-switching tran­

sients. 

b .  Mainta in at least one high-latitude monitor stat ion (i . e  . •  the pres­

ent one in Alaska) for the next few years to help ma intain t ime 

consistency . 

c .  For at least one satellite, make measurements that will allow a 

clear separat ion of satellite pos it ion errors from clock errors by 

means of distance determinations which are independent of the satel­

lite clocks . 

5 
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2 . 3 Recommendations for Sub-Nanos econd Accuracy and Long - Term 

Improvements 

We conclude that it is important to make improvements in GPS oper­

at ions leading to sub-nanosecond time trans fer accuracy and to the 

capability for extended autonomous operat ion . The following steps are 

recommended to determine the feas ibility of such improvements and to 

provide means to achieve them : 

a .  We recommend s tudies and experiments to determine the benefits in 

overall system accuracy and reliability caused by augment ing the 

current GPS monitor sys tem by methods for independent distanc e  

determinat ions, such a s  b y  satell ite - ground, two - way, or 

satellite - satellite links . 

b .  We recommend studies and exper iment s leading to improved methods 

for compensat ing for the tropospheric and ionospheric effec t s  in 

the propagat ion of the navigat ion s ignals . 

c .  We recommend experiments and development leading to the coordinated 

use in space of clocks with higher s tab ility and reliab i lity . 

d .  We recommend systematic t ightening of requirement s a s  technology 

permits . 

2 . 4 Time Transfer : An Opportunity to Study Rela t ivist ic Effects  

Accurate t ime transfer systems pre s ent the opportunity to s tudy 

interes t ing rela t ivis t ic que st ions beyond the effect s currently treated . 

6 
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Although the performance of fundamental scientific experiments is not part 

of the Air Porce charter, we emphasize the importance of the opportunit ies 

for basic research made possible by accurate time transfer systems such as 

GPS. In addition to its intrinsic scientific benefit, such research will 

provide the bas is for further long- term technological development. Among 

the important items are: 

a. To detect experimentally relat ivist ic effects at the sub-nanosecond 

level. 

b. To test the fundamental postulates of relativity , such as the iso­

tropy of the speed of light. 

c. To develop a relat ivist ically rigorous treatment of t ime transfer 

to bridge the communicat ion gap that has apparently existed between 

some relat ivity theorists and t ime transfer experts. 

CBAPTBR III. CLOCK SYNCHRONIZATION IN TBB GPS: A PRIMBR 

The Global Pos it ioning System is a group of satellites in nearly cir­

cular earth orbits that transmit navigation s ignals to users on or near 

the surface of the Earth. Users with suitable rece ivers can navigate 

to �10 m accuracy in near real t ime . The complete sys tem will comprise 21 

satellites for nearly cont inuous coverage of the whole Earth with naviga­

tion signals. Curtently (July 1985) there are 6 working GPS satellite s in 

orbit . 

The principle of operat ion is range determinat ion by prec ise t iming of 

signals. A GPS receiver determines its range from several GPS satellites 

7 
Copyright © National Academy of Sciences. All rights reserved.

Accuracy of Time Transfer in Satellite Systems
http://www.nap.edu/catalog.php?record_id=19205

http://www.nap.edu/catalog.php?record_id=19205


by measuring the time of arrival of the L-band s ignals from satellite to 

receiver . A microprocessor in the rece iver calculates its pos it ion by 

triangulat ion from the known satellite pos it ions . Each GPS satell ite 

carries several highly prec ise atomic clocks so that the t ime of trans­

miss ion of the signals is known . 

If a GPS receiver conta ins its own atomic clock which is separately 

synchronized with GPS system t ime , then the rece iver can directly measure 

the t imes of arrival from 3 sate l l ites and thereby determine its 3 spa t ia l  

coordinates o f  pos it ion . (Each sate l l ite broadcasts ephemeris data suf ­

fic ient to determine its own pos it ion . )  

If (as is usually the case) the rece iver doe s not conta in a syn­

chronized atomic clock , it mus t also determine the precise time, and 

therefore the s ignal t ime of flight , by obs ervat ion of 4 sate l l it e s  and 

solut ion of 4 equat ions in 4 unknowns . The 4 unknowns are the 3 spa t ia l  

coordinates o f  the rece iver and the 1 t ime reference . The rece iver can 

read out its posit ion every 6 seconds , or even more frequently . A 

rece iver may we igh less  than 30 lbs and may cost  under $3 , 000 . In the 

future , a rece iver based on a couple of chips may be ava i lable at great ly 

reduced cost and we ight . 

Determining pos ition to an accuracy of 10 m require s that (1) the 

sat e l l ite pos it ions be known to -10 m; and that ( 2 )  the c lock t ime s be 

accurate to 30 ns . 

No space qua l ified c lock today can ma intain an accuracy of 30  ns for 

more than a few days; moreover , the sat e l l ite orb it change s .  Therefore i t  

is  neces sary to update the informat ion broadcast  b y  each sate l l ite about 

once a day . This is done by a ground s tat ion . 

Confus ion has aris en because the t imekeeping requirements are so 

8 
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strinaent that the relativist ic concepts of time must be used to under­

stand the nature of the received sianals. We attempt here to explain 

these concepts as they affect GPS; a more technical d iscussion is aiven in 

Sect ion IV. 

Consider the operat ion of a clock relat ivist ically. It is well 

understood that a clock movina with respect to a second clock will lose 

time with respect to that clock. This phenomenon, known as the "t ime 

d ilat ion" or the "second-order Doppler" effect , has been experimentally 

confirmed. It is respons ible for the observed increased lifetimes of 

unstable part icles created in part icle accelerators . It is also under­

stood that a clock's rate relat ive to a second clock is affected by the 

aravitat ional potent ial in which the clock is found . A clock that is 

close to a massive body will run more slowly than an ident ical clock 

farther away. This effect ,  known as the aravitat ional redshift , is also 

well measured and thorouahly understood (Taylor and Wheeler , 1966; also 

Vessot �. 1980) . 

Confus ion has also arisen when the problem of synchroniz ina clocks is 

cons idered. Two clocks can be synchronized only when they are not sep­

arated. Separated clocks that read the same t ime in the ir own inertial 

frame , which is movina with respect to an external obs erver , can indicate 

different readinas to that observer . 

In the context of this report the quest ion arises: Is it possible to 

synchroniz e  clocks in separate orbit ina satellites and have the t ime kept 

by these satellites remain directly related to clocks back on Earth? 

Suppose we wish to synchronize severa l satellites that orb it over the 

Equator . Imagine that we carry a standard clock from the Earth to one of 

the satellites and synchroniz e the satell ite clock to the standard . We 

then move the standard from the firs t sate l l ite to the second and syn-
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chronize that one . We proceed around the Equator synchronizing each 

satellite with the standard . When we have gone all the way around the 

Equator and arrive back at the firs t satell ite we find that it is no 

longer in synchronizat ion with the s tandard because the s tandard has been 

moving with respect to the first satel l ite and has los t t ime because of 

the rela t ivis t ic variat ion in clock rates . There is nothing wrong with 

our phys ics in this example; it is merely our choice of synchron izing 

procedure that leads to the apparent paradox , and is an example of what 

has come to be known as the Sagnac effect , after the French phys icis t who 

discovered it in 1 9 13 (Pos t ,  1 967) . Among other things , i t  is  the 

underlying princ iple behind the laser gyroscope . We could instead have 

added a correct ion each time we moved the s tandard clock to correct for 

the phase of the standard c lock that we knew we would los e in moving . The 

reading of the standard clock plus the correction would then have exact ly 

equaled the reading of the original satellite c lock once the s tandard 

completed its entire path around the Equator . 

The latter procedure is s t ill not use ful for navigation or for time­

keeping . We wish the satellite clocks to keep t ime that is d irect ly 

referenced to Universal Coord inated Time (UTC) . We may thus envis ion the 

following procedure . Imagine a clock on the rotation axis  of the Earth at  

the alt itude of our sate l l ite s . This clock is not rotat ing with the Earth 

becaus e of its pos it ion on the axis , so relativis tic correct ions due to 

rotat ion of the Earth do not affect it . We may then imagine s lowly carry­

ing a standard clock , origina lly synchronized with the axis c lock , a long 

any meridian to each of the sate l lites in turn . Each sate l l ite clock i s  

then synchron ized with the axis c lock . The t ime reading of the axis c lock 

with re spect to the UTC reference clock is known . Thus we have a pro -
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cedure that can synchronize mult iple orbit ing clocks with UTC . In prac­

tice, synchronization is done with re spect to a fict it ious clock analogous 

to the axis clock of the previous example , and the amount of the offset 

applied to each satellite clock to achieve synchronizat ion depends on the 

locat ion of the satellite , the locat ion of the master ground clock, and 

the path of the communicat ion link between them by means of which the time 

informat ion is transferred . 

CHAPTBR IV. RBLATIVISTIC B��BCTS IN GPS: 

VALIDITY 0� CURRBNT TRBATMBNT 

At the level of accuracy neces sary for the GPS and to much better 

accuracy (-lo -2 ns) , one can treat re lat ivis t ic effects by s imply adding 

spec ial relativist ic (t ime dilat ion and the Sagnac effect) and the general 

rela t ivistic (redshift ) effects . 

4 . 1  Relat ivist ic Effects 

Time Dilat ion 

A moving clock runs s low ,  as measured in the frame of reference of a 

stat ionary clock . This i s  known a s  "t ime dilation , " and leads to the 

famous twin "paradox" of spec ial relat ivity ( this is not paradox but 

fact: A moving twin really is younger when he eventually comes back to 

rejoin the s tat ionary twin) . The magnitude of the effect is given in 

spec ia l  re lat ivity by the formula: 

11 
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where s is time as measured by the moving c lock. and t is  t ime in the ref-

erence frame of the s tationary clock: v is clock velocity relat ive to the 

frame of the s tat ionary clock and c is the speed of light . For purpos e s  

o f  GPS. the second-order approximat ion i n  an expans ion in powers o f  (v/c) .  

As • 

is ent irely adequate . The formulae are only va l id in an inert ial (i . e  . •  

non- rotat ing) frame of reference . In a rotat ing frame the phys ics is 

exactly the same. but the expression of the re sults is somewhat d ifferent . 

The difference is important because the Earth rotates and sate l l ites  orb it 

the Earth . 

The Sagnac Effect 

In a rotat ing frame. t ime d i lat ion caus e s  t ime transfer to be 

nonintegrable; that is. if a c lock is  transferred ( even very s lowly) 

around a closed loop. its reading at the end of the transfer will lag that 

of a stat ionary c lock. s itting at the beginning/ending point of the c losed 

loop. by an amount 

2wA 
:: � 

where � is the angular ve loc ity of frame rotat ion. and A is  the surface 

area of the loop. projected into a plane perpendicular to the axis  of rota -

t ion . This is called the Sagnac effect (Post. 1 9 6 7 ) . Here only terms up 

to second order in 1/c have been kept. which is aga in ent irely adequate 

for GPS . The effect is nontrivial. and amount s to -207 ns for clock 
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transfer around the Equator of the rotat ina Earth , and 9.07 ps for c lock 

transfer around a aeosynchronous orbit or 7.20 ps for an equatorial GPS 

orbit ( the se last examples are pure ly hypothet ical s ince orbit ina c locks 

have never been synchronized this way) . S ince modern atomic clocks are 

often accurate to within a few nanoseconds per day , the Saanac effect is 

taken into account in comparina c locks at different places on the Earth 

and in space (Ashby and Al lan , 1 9 7 9; Bureau Internat iona l de s Poids et 

He sure s ,  1980) . Laser ayroscope s depend on this effect for maasur ina oo. 

Recently the effect has been directly measured and conf irmed on a larae 

scale by use of GPS sate llites to transfer t ime all  the way around the 

world and back to the start ina point (Ashby and Al lan , 1984; Allan� al . ,  

1 985) . 

Gravitat ional Redshift 

Accordina to aeneral relat ivity theory , a aravitat ional potent ia l 

cause s  a c lock to run s low .  To an order cons istent with the expans ion of 

the t ime dilat ion (v2fc2 ��fc2), the effect is g iven by 

68 • (1+_!_)4t 
� 

where t is the gravitat ional potential , as  measured re lat ive to the 

f iduc ial clock . 

4.2 Treatment of Relat ivis t ic Effects 

The magnitude of t ime dilat ion and gravitat ional redshift effects for 

a GPS satel l ite in its 12 hr , nearly - c ircular orb it is �4.4 x lo-lO , or 

about 4 x 10� ns/day , a very s ignif icant amount. 
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In GPS the se relat ivis t ic effects are taken into account ( Spilker , 

1 9 7 8; Van D ierendonck et al . ,  19 78) by two succe s s ive correct ion pro ­

cedures : (1) the rate of each sate l l ite c lock is offset  by a relative 

amount 4.45 x 10-10. This correct ion approximately , but not exact ly ,  

removes the t ime dilat ion and gravitat iona l redshift from the t ime s igna l s  

rece ived by a GPS user . (2) Res idual correct ions are then made in the 

software in each GPS user ' s  rece iver , based on correct ion parameters 

broadcas t  by each satell ite , and in the case of the Sagnac correct ion , on 

the locat ion of the user . This re s idua l correct ion account s for a l l  

relativis tic effect s  in GPS , down to the spe c if ied system accuracy . The 

correct ion parameters are updated from the ground once a day . In princ iple 

this procedure is completely adequate according to relat ivity theory . 

Furthermore ,  many exper iment s have conf irmed that the theory of general 

relat ivity is correct to a higher degree of accuracy than is  current ly 

required in GPS . Table E . 2  summarizes the s tatus of exper imental 

confirmat ion of general re lat ivity and its  relevance to GPS . 

A recent time transfer experiment us ing GPS sate l l ites  (Ashby and 

Al lan , 1984; Allan et al . ,  1985) was able actua l ly to test  the s tandard 

Sagnac correct ion and to check its val idity to ±5 ns . 

It  should be empha s ized that exper iment s and tests are cont inua l ly 

be ing carr ied out to improve operat ion of the sys tem and to look for pos ­

s ible errors . For example , a test  dur ing February 1 9 8 5  performed by the 

Naval Re s earch Laboratory (NRL) found a "bug" in the Nationa l Bureau of 

Standards ' GPS rec e iver software that prevented execut ion of the software 

for eva luat ing the re s idua l gravitat iona l redshift effects  caus ed by the 

sma l l  eccentric ity of the sate l l ite orb it s . The effect , amount ing to�lO 

ns , is much smal ler than the Sagnac correc t ion . A simpl e  change in the 

rece iver software solved the problem . 

14 
Copyright © National Academy of Sciences. All rights reserved.

Accuracy of Time Transfer in Satellite Systems
http://www.nap.edu/catalog.php?record_id=19205

http://www.nap.edu/catalog.php?record_id=19205


4 . 3 Crit ic isms of the Treatment of aelat ivistic Effects  

Cohen and Skalafuris (1984) have made a proposal that contains a 

detailed crit ique of methods currently used to handle relativis t ic effects 

in GPS and suggests  research to remedy the perce ived defects in those 

methods . The ir princ ipal points are : 

1. Cohen and Hoses (1977) showed that a new effect ezists in systems 

of rotat ing c locks , such that there would be a 9. 07 ps error in 

global synchronizat ion by means of c lock transport of c locks in 

geosynchronous orbit . 

2. Cohen , Hos es , and aosenblum (1983) showed that a s imilar but 

quant itat ively distinct effect occurs for c locks synchronized by 

ezchange of electromagnet ic s ignals . 

3. A time transfer experiment by Saburi �- (1 976) confirms the 

9. 07 ps effect of Cohen and Hoses (1977) . 

4 .  The paper of Ashby and Al lan (1979) on t ime transfer conta ins 

erroneous language as wel l  as erroneous formulae . In part icular , 

the important Equat ion (1) of the Ashby-Allan paper is wrong . 

In addit ion , the proposal contains several statements about time 

transfer and GPS . Among the more relevant of these are : 

a .  GPS sate ll ite orbits are chosen so that the princ ipal relat ivistic 

effects cance l  out . 
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b .  Monitor control systems of GPS update each sat e l l ite's t ime s ignals 

to agree with UTC , as ma inta ined by the U .  S .  Naval Obs ervatory 

(USNO) . 

Our comments and conclus ions on the s e  points are g iven below . 

Points 1 and 2 

The effects treated by Cohen and Mose s  (19 7 7 )  and thos e  by Cohen , 

Mos e s , and Rosenblum (1983 ) ,  are not new . They are equiva lent to the 

Sagnac effect (Post , 1 967 ) in spec ial re lat ivity , we l l  known to phys ic ists  

for over 50 years . A complete and general account of such effects , within 

the full context of genera l re lativity theory was g iven in a s tandard 

textbook (Landau and Lifshitz , 1962 ) . The papers by Cohen and Mos e s , and 

by Cohen ,  Mose s , and Ros enblum appear correct ,  but they conta in nothing 

new for the purpos e  of t ime synchronizat ion of sate l l ite sys tems such as 

GPS . 

The treatment of the s e  effects for c lock compar isons was reviewed by 

Ashby and Allan in 1 9 7 9; the ir formulas show in particular that c lock 

transport synchron izat ion , such as the one de scribed in Sect ion I II ,  and 

electromagne t ic s igna l synchronizat ion require different correct ion 

terms . The Bureau Internat iona l des Po ids et  Me sure s (1980) ha s 

recognized the s e  effects  and the proper correct ions for them in an 

offic ial document . 

The s e  synchron izat ion e ffects  are not errors; rather , they are com­

pletely computable correc tions . The treatment of the s e  effects in GPS at 

pre s ent i s  ent irely adequa te in princ iple , to currently ach ievable leve l s  

of pre c i s ion . 
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Point 3 

This point is incorrect .  Saburi ll_ll. ( 19 7 6) found a 9 . 43 9  ps offset 

between two distant atomic clocks . Offsets are acc idents of history for 

c locks . There was no direct measurement of the Sagnac effect in this 

experiment ; rather , the standard Sagnac correct ion was used without be ing 

tested . Comparison of t ime transfer by means of e lectromagnet ic s ignal s  

bounced o f f  a satel l ite in a geosynchronous Earth orbit with time transfer 

by means of c lock transport on the Earth ' s  surface ,  with both measurements 

incorporat ing the usual Sagnac correct ion , yielded cons istent result s 

within measurement error (respective offsets of 9 . 43 9  ps and 9 . 50 ps ) . 

As pointed out above , the t ime transfer experiment of Allan and 

col leagues us ing GPS sate l l ites was also able to test  the standard Sagnac 

correct ion and conf irmed the s tandard treatment to ±5 ns . 

Point 4 

We have independently der ived Equat ion ( 1) of Ashby and Al lan (1979) 

and it is correct . We find no reason to be l ieve that this paper is in any 

s ignif icant way erroneous . 

It i s  true that the paper is not written in language s imi lar to that 

of mos t  textbooks in re lat ivity theory , and somewhat d ifferent notat ion 

and terminology is used . Furthermore ,  some of the underlying as sumpt ions 

and connect ions to fundamental theory are not spe l led out as c learly as  

some theoret ical phys icists  might hope . This is not surpris ing because 

mos t  relat ivity textbooks are at most tangent ial ly concerned with rea l 

world measurements  and systems , while the Ashby and Allan paper (197 9 )  is 

whol ly so concerned . In our view the prec ise language or terminology is  
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not very important; only the re sul t s  and formulae are important . The se 

appear to be complete ly correct , for any time trans fer procedure on Earth 

or in near Earth space , down to the accuracy level that any pres ent or 

near term sys tem might achieve . The most s ignificant ignored terms are at 

the f irst post -Newtonian level of succes s ive approximation; thi s  next gen ­

erat ion of relativist ic effect s  is  discus sed in Sect ion 7 . 1  and Append ix 

E .  For GPS , where system spec ifications are at the 20 ns level , and where 

ult imate sys tem capabi l ity with upgrades would be near 1 ns . the paper is 

completely adequate . 

Skalafur is et al . sol ic ited comments on the paper of Ashby and Allan 

(19 7 9) from two respected re lat ivity theori sts who have done d i s t inguished 

work in mathematical relat ivity but who have l ittle or no re search exper i ­

ence with exper imental tests of relat ivity theory. actual measurements in 

relat ivity , or in particular with prec i s e  t ime transfer . In unpubli shed 

1 983 letters , these two relat ivists expres sed doubts about the adequacy of 

the Ashby and Al lan treatment although they did not indicate any mistake s . 

Many of the ir doubt s can in fact be answered by appea l ing to the 

standard s c ient ific l iterature on tes ts  of relat ivity theory ( s e e  e . g  . •  

Will, 1981 ) . For ins tance both relat ivi s t s  expre s s ed doubt about the 

coordinate system used by Ashby and Al lan; however , thi s  coordinate sys tem 

i s  just a spec ial case of the PPN frame ( c f . Will , 1981 , Chap . 4 ) , which 

is we l l  just if ied and widely used in tests  of relat ivity theory . One of 

the relativists  raised the que s t ion of "frame - dragging" (Lense -Thirring 

effect ) from the Earth's rotat ion a s  caus ing problems; however a short 

calculat ion shows that thi s  e ffect is roughly 100 t ime s too sma l l  to be of  

any cons equence for GPS ( See Sect ion 7 . 1  and Appendix E). As a re sult of 

the se apparent confus ions , we perceive a need for a pedagogical article 
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that wil l  expla in time trans fer and GPS , not in pract ical terms in which 

they have been expounded up to now , but in the rigorous language of theo ­

ret ical re lat ivity ( See Sect ion 7 . 3 ) .  

Points (a) and (b) of the Cohen- Skalafur is cr it ic isms are incorrect 

and illustrate a fa ilure to understand GPS . F irst , the bulk of the re la ­

t ivis t ic rate effects between satel l ite and Earth clocks are canc e l led by 

offsett ing the rates of the satel l ite clocks , not by a part icular cho ice 

of orbit s . Second , system t ime of GPS is ma inta ined separately from UTC , 

except for phys ical correct ions to keep them from dr ift ing more than 1 , 000 

ns apart . Correct ions are then transmitted in the navigat ion message to 

allow the user to determine UTC from GPS t ime to within 100 ns (Klepczyn­

ski �. 198 5 ) . 

CBAPTBR V. MAXIMIZING TBB POTBHTIAL 0� GPS 

All future e lectronic systems that will operate over an extended area 

most  l ike ly will depend on precise t ime , because having a high-performance 

c lock at a remote s ite enables one to make high - precis ion t ime of arriva l 

measurements of remote s ignal s  (of importance for navigation and surveil ­

lance) , and allows for the entry into very comp lex waveforms quickly and 

coherently . The latter is of great importance for communication sys tems , 

part icularly military systems where j amming resistance depends on the 

degree of a prior i knowledge of sys tem t ime . At present there is  a Navy 

requirement for GPS to allow t iming to better than ±110 ns world-wide . 

This  requirement eas ily can be met with present arrangement s .  In the 

future it is l ikely that higher accurac ie s will be needed , not only to 
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improve intrins ic navigat ion and t iming performance , but a l so to support 

long - t ime autonomy of operat ion . This inc ludes requirements of the GPS 

its e l f . Such stricter requirements are expected to manifest  themse lves 

mos t ly as  a greater capability for initial rate cal ibration . For example , 

as sume that ±1 ps is required after 100 days . It is  nece s sary to keep the 

rates of all  c locks to within at least ±10 ns/day . For a cal ibrat ion to 

be made in one day , it is  therefore necessary to provide a resolut ion of 

the common time source to better than ±5 ns . For this  reason the bulk of 

the committee ' s del iberat ions focused on means to achieve improved pre ­

cis ion and performance in GPS and other t ime transfer sys tems . 

Based on experience with the C/A code ( the ma in code for c ivil ian 

acce s s )  of GPS dur ing its  deve lopment phase , it can be s tated that for 

operat ional use the system current ly provide s about ±20 ns world -wide 

(Al lan and We is s , 1 9 8 3 ; Klepczynski et al . 1 9 8 5 ) . However , the potent ial 

exists for GPS to provide ±2 ns world -wide with the C/A code as it i s  

pre s ently provided .  

5 . 1  Time Disc ipl ine in the System of Ground Stat ion T iming 

F igures l (a) through (d)  demonstrate some pract ical experience in 

keeping GPS t ime to within the specified 1 ps ( 110 ns with correct ion 

supp l ied in the navigat ion me s sage ) of UTC (USNO) . Obs ervations were made 

between 7 September 1984  and 2 January 1985  us ing an STI 502 t ime transfer 

rece iver ( C/A code and Ll frequency only) . One can note the pre sence of 

large outl iers (Fig . l[a]) , a rather regular f ine s tructure that is  due to 

a b ias and per iodic errors for each pas s  of 10 - 70 ns ( F ig . l[b]) , and the 

power of filtering that allows e s t imates for the sys tem t ime offset to 
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about 10 -20 ns (Fig . l[c, d)). One can also note the effect of deliberate 

system t ime steering that introduces rate changes in system t iming on the 

order of lo-1 3
. During the 117 days of observat ion, two del iberate rate 

changes were introduced (Fig. l[a] ) .  It i s  clear that the t ime transfer 

accuracy obta inable with GPS depends very much on the stabil ity of the 

system reference because the correct ions uploaded into the satellites are 

actually predict ions that are valid commensurate with the system c lock 

s tabil ity . The actua l  performance of the system reference c lock up to now 

is only mediocre for a ce s ium clock compared to what is seen in s imilar 

c locks at the USNO and in many terminal s  of the Defense Satell ite Com­

municat ions System (DSCS) . Several cases are known in the DSCS in which 

the remote c lock s tayed within 0 . 5  ps for more than a year without any 

steer ing . The ma in reason for the poor performance of the GPS ground 

c locks has been their adverse operat ional environment . 

Many defic ienc ies in F ig . 1 can be remedied with relat ive ly s imple 

measures that will improve performance to state - of - the - art capabilities . 

Every t ime the ground stat ion clock that serves as  the system reference 

c lock suffers a frequency change , this change propagates errors throughout 

the system , not only in the form of erroneous c lock correct ions but also 

as errors in the sate l l ite ephemerides . A strict emphas is on t ime 

discipl ine will improve the clock and ephemeris predict ions . By 

disc ipline we mean a complete account ing of all  c lock rates and offsets in 

the ground system with respect to the DoD Mas ter C lock (USNO). Internal 

account ing a lone is not good enough for long- term autonomy . A forthcoming 

I11terface Control Document ICD - GPS-202 wi ll provide mos t  of the tools to 

establ ish t ime disc ipline . What is  mis s ing is only a command emphas is on 

this t iming aspect which up to now has been wrongly cons idered by the 
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operators as a benef it only for the USNO . For example , the monitor sta­

t ions do not even provide c lock outputs for checking and cal ibrat ing of 

the ir c locks us ing other means , such as trave l ing c locks or DSCS terminals 

nearby . Convers e ly , such clock outputs ,  if available , would also be a 

great benefit to other t imed systems nearby . 

5 . 2  Auxil iary Monitor Stat ions 

For the next several years the exist ing high - latitude monitor stat ion 

in Alaska should be ma inta ined . The coverage of this s tat ion will greatly 

improve the internal cons istency of the ground sys tem because that stat ion 

can see more sate l l ites s imultaneous ly than can the other s tat ions . 

5 . 3 Separat ion of Sate l l ite Pos it ion and Clock Errors 

The separat ion of satel l ite pos it ion or ephemeris errors from c lock 

errors is an inherent problem in a pure ly pas s ive monitor system . The 

high - precis ion separat ion of c lock read-out from pos it ion estimation is  

vital for the improved accuracy needed for autonomous operat ion in the 

event of interrupt ion of communicat ion with the Master Control Stations . 

It is also needed for any later use of more stable c locks . The read - out 

re solut ion in the current system doe s not just ify the us e of more stable 

c locks s ince they cannot be read with a precis ion commensurate with the ir 

intrins ic capabil ity . For these reasons we recommend studies and exper i­

ments to es tabl ish the means to separate sate l l ite ephemeris errors from 

c lock errors . 
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To explain the intimate connection between clock and ephemeris errors 

in GPS-type systems, we first describe the mathematical model used to 

process the data acquired in the GPS. This model is sometimes called a 

"Kalman filter." 

The Kalman filter is like a simulation. It models the s ignificant 

physical phenomena that represent the proces s of interest . The filter 

behavior tries to emulate the time history of the system starting from an 

initial state , and to predict what sensors will measure in the future . In 

comparing this predict ion with the actual measurements, it finds an error 

that can be used to correct its state. With very good measurements and 

with mild unmodeled disturbances to the process, one can generally make 

corrections to the filter quickly. By contrast , when the measurements are 

noisy and the process is well modeled , the errors can be nearly ignored 

and it takes a long time for a filter to respond and correct it s state. 

The navigat ion process of GPS involves knowledge of both the satellite 

ephemeris and the behavior of its clock. The intrinsic physics of these 

processes are quite independent . However ,  the measurements available 

consist of arrival t imes of one -way s ignal s  containing informat ion on the 

emitted time as read by the satell ite c lock . From these two t ime s an 

effect ive range , called "ps eudorange ,"  can be inferred . But because the 

pseudorange involve s the t ime and pos ition so int imately , difference s  

between the expected measurement from the sate l l ite and the actual measure ­

ment cannot distinguish between an error in the clock and an error in the 

ephemeris . Thus when there is a difference in the predicted and the 

measured value s the f ilter corrects the behavior of both proport ionately 

according to the process  noise al located to each in the f ilter model . 
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There i s  some selectivity in the correct ion of the s tate becaus e the 

model predicts a certain type of behavior for the c lock and a d ifferent 

expected behavior for the ephemeris . There is a further s eparat ion of 

correct ions for clock errors from ephemeris errors because each ground 

stat ion receives a sate l l ite s ignal that was emitted in a s l ight ly dif-

ferent direction relat ive to  the orbit . Thus the ephemeris error contrib -

utes a different amount t o  the pseudorange for different ground stat ions . 

The remaining coupling produce s  c lock behavior estimates with ephemeris 

characteristics , and vice versa . 

The GPS ephemeris - c lock Kalman filter processes  a lot of tracking data 

from monitor s tat ions to solve s imultaneous ly for many parameters that 

describe the state . For example , a partit ion of 4 sate l l ites and 4 mon -

itor stat ions involve s the following 5 9  parameters:  

4 

4 

satell ites 

pos it ion , ve loc ity 
c lock 
radiat ion pre s sure 

monitor stat ions · 

c lock 
troposphere 

polar wander and 

6 
3 
2 

l l x 

2 
1 

4 - 44 

3 X 4 • 12 

earth rotat ion 3 

Total 59  

The three clock parameters fit  the phase of the onboard frequency 

standard with a second order ROlynomial in t ime ; they therefore repres ent 

phase bias , frequency bias , and frequency drift . The force from solar 
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radiat ion pressure is modeled rather e laborate ly , taking into account the 

direction of the sun-vector and satell ite att itude . The two par .. eters 

for radiation pressure represent a sca l ing factor of the modeled force and 

an unmodeled force in the direct ion of mot ion of the satel l ite (" intrack" 

direct ion). 

The dynamical equat ions of the satell ites are mos t  conveniently writ ­

ten in inertial coordinates, while .oat users navigate in earth- f ixed 

coordinates . The transfor.ation between these two coordinates cannot be 

as sumed f ixed because of the precess ion and nutation of the Earth ' s  rota ­

tion axis , the variation of this axis with respect to a sol id Earth , and 

the variation in the rotation rate of the Earth . Bence the effects of 

rotat ional irregularities must be inc luded in the .odel. 

Sate l l ites are tracked whenever they are above a f ixed chosen eleva ­

t ion angle at the monitor stat ions . The accuracy of the orbit deter.ina ­

t ion proces s is gauged by .onitoring cont inually the measurement res idual 

(which is the actual input to the Kal.an f ilter) . The rea l - t ime ephemeris 

accuracy is bel ieved to be on the order of 2 m radial , 7 m intrack , and 5 

m croaatrack. These accurac ies can be improved by a factor of 2 with 

post - f itting. The satell ite c lock phase accuracy is of the order of the 

radial error , which corresponds to about 1 0  na , and is expected to grow 

linearly with time because of c lock rate offsets . System t ime , which is  

def ined by one of the c locks in a monitor stat ion , is also  steered to  

within 1000  na  of UTC . 

While it is  of l ittle s ignificance to navigation users , there is one 

fact that is of interest  to the t ime transfer community and atomic clock 

experts :  the three sate ll ite clock parameters - phase , frequency , and fre ­

quency drift - exhib it corre lated diurnal cyc l ic behavior after proper 
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detrending . Calculations sugges t  that the cyc l ic var iation in temperature 

and the radiat ion environment of the orbit should not caus e this  cyc l ic 

behavior in the c lock , nor is there any other known phys ical source of 

c lock disturbance that could produce the periodic effects . This cyc lic 

behavior is puzz l ing and leads to speculat ion that such a phenomenon is 

generated within the Kalman filter through one or a comb ination of the 

following : 

a .  Ephemeris - c lock coupl ing . S ince the pseudorange measurement doe s 

not distinguish between clock phase error and l ine - of - s ight pos i ­

t ion error , the filter in its search for a solution in the state 

space compensates for one error source with that of the other , 

s ince it has insuffic ient data for discrimination . 

b .  Coupl ing of c locks and ephemer i s  of different sate l l ite s through 

the monitor clocks whose  phases  appear in al l pseudorange measure ­

ments and are also be ing estimated . 

c .  Pre sence of unmode led or inadequate ly mode led force s .  For example , 

the sate ll ite trave ls  in and out of the reg ions with the highe st 

e lectron and proton dens ity in the magnetosphere several time s a 

day . Sate l l ite charging ( and change in its charge state ) could 

induce small  varying magnetic force s  as it traverses the se regions . 

The error in radiation pres sure mode l ing is not un important . The 

error i s  of the order of 10-9 m/s2 and could accumulate to 3 . 7  m in 

a day . The effect of errors in geopotential coeffic ients is of 

comparable magnitude . 

There are other ways to determine GPS sate l l ite orbits  bes ide s the 

d irect use of ps eudorange measurement s .  All of them provide for the 
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separat ion of ephemeris and c lock error and are of two type s : those that 

use the existing navigat ion s ignals and those that do not . The f irst 

require no modificat ion of the satell ites . In the second category are 

radar tracking and laser ranging . Radar tracking doe s  not require any 

modif icat ion of the sate ll ites but is  not expected to provide suffic ient 

measurement sens it ivity to be of interest here . Laser ranging offers one 

pos s ible solut ion . Ranging accuracy of 1 em should soon be rout ine with 

lasers . This is to be contrasted with the l imitat ion imposed by the envi­

ronment on the current L-band ranging accuracy . The Ll/L2 2 - frequency 

ionospher ic correct ion amplifies the s ingle -measurement random error by a 

factor of 1 . 5 5 ,  result ing in a res idual uncertainty of 30  em . ( S ignal 

propagation effects are discus sed in Section 6 . 2 ) .  

Unfortunately , to implement laser ranging throughout GPS require s 

cons iderable change in the conf iguration of the satel l ite s and in the ir 

operationa l interface with tracking systems . For thi s  reason we recommend 

measurements and experiments us ing at least one sate l l ite that can clearly 

s eparate clock errors from ephemeris errors to demonstrate the gain in the 

accuracy to be achieved by such a separat ion . We expect that such experi ­

ments will  show that the periodic var iations de scribe d above are really 

caused by errors in the ephemeris , not by periodic frequency variat ions in 

the c locks . Such a demonstration would permit appropriate modif icat ions 

in the Kalman filter that would yield immediate improvement s in accuracy . 

Moreove r ,  the s eparation of clock and ephemer i s  errors is  so vital to 

high - a ccuracy operation of GPS , e specially in the sub -nanosecond reg ime , 

that we wil l return to this is sue in our discus s ion of long - term 

improveme n t s  in Sect ion 6 . 1 .  
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CHAPTER VI. PUTURE NEEDS POR TIME TRAKSPER 

6 . 1  Separat ion of Satell ite Ephemeris and Clock Errors : The Long View 

Any attempt to operate a global navigat ion and t ime - transfer syst em at 

or be low the 1 ns leve l will operat ionally require the clear separat ion of 

sate ll ite pos it ion errors from c lock errors . We strongly recommend that 

the current GPS monitor sys tem be augmented by means that will al low such 

a s eparat ion and that coordinated s tudies and exper iment s be carr ied out 

to determine which methods will be st achieve this  goal in the long term . 

Several methods that have been under cons iderat ion are : 

a .  Us e of Exi s t ing GPS S ignals : 

1 .  Improved use of pseudorange measurements 

2 .  Doppler tracking of the carrier phase 

3 .  Carr ier phase ranging by resolving amb iguitie s 

4 .  Very Long Bas e l ine Interferometry (VLBI ) 

b .  Two - way Ranging : 

1 .  Sat e l l ite transponder 

2 .  Laser rang ing 

( poss ibly with addit ional on -board event t imer for c lock read - out ) 

c .  Rang ing Between GPS Sate l l ites 
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Pseudorange measurements can achieve sufficent accuracy to give sub ­

nanosecond clock comparisons provided that care is taken to minimize mult i ­

path problems and that the orbits are determined by other methods . It 

also may be pos s ible to use pseudorange measurements to aid in resolving 

phase ambiguit ies . Carrier phase  methods make use of the carrier fre ­

quency that underlies the coded message . In Doppler tracking , the changes 

in phase of the s ignals  from different satell ites a s  a function of t ime 

are used to determine the satell ite orbits . The carrier phas e  ranging 

method also use s  the carrier phase  s ignals from different sate l l ite s , but 

an attempt is made to resolve the ambiguities in whole numbers of cyc le s . 

If this resolution can be achieved , the method will lead to improved 

orbits and accurate c lock difference s .  Like the carrier phas e  methods , 

interferometric techniques treat the GPS satel l ite as  a radio source and 

determine its orbit by measuring the difference in phas e  of its  radio 

s ignal as rece ived at the ends of a known bas e l ine . 

Two -way methods are attract ive because solut ions can be obta ined in 

real t ime , but can involve potent ially expens ive modifications in the 

sate llite s . The use of a transponder is a cons iderable burden for the 

sate l l ite des ign , which could be overcome by us ing an on-board event t imer 

to measure the difference of the ground s ignal arrival time and the ref ­

erence for the emitted pseudo - random noise ( PRN) wave form . The measur e ­

ment could b e  made ava ilable via telemetry . Not only would this al low 

accurate ranging with low power but also would g ive an independent c lock 

read- out capabil ity . The maj or disadvantage of such a scheme would be it s 

high vulnerabil ity to j amming and spoofing , unle s s  the upl ink i s  also done 

with spread spectrum methods . La ser ranging has several advantage s ,  
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including lower sens it ivity to atmospheric water vapor , but suffers from 

the problem of cost . The retroreflector and event timer de s ign can be 

made invulnerable to spoof ing and j amming by means of a s imple shutter 

under program control . If retroreflectors alone are carried on the sate l ­

l ite , the c lock comparisons can b e  made from the carrier phas e  o r  pseudo ­

range s ignals ,  once the ranges are determined accurately . 

Ranging between GPS sate l l ites ( cros s l ink ranging) is a concept or ig i ­

nal ly developed t o  fac il itate eventual system autonomy . The present sys ­

tem depends on da ily update of satell ite ephemeris and c lock parameters 

from the master control stat ion to mainta in navigat ion accuracy . Without 

attent ion of the control segment , sate ll ite clock phas e  error is expected 

to grow by at least 10 nsjday . Sat e l l ite pos it ion errors also grow with 

time , the most serious be ing the intrack error that reaches about 2 km in 

100 days and about 10 km in 200 days . Radial and crosstrack errors follow 

da ily oscillat ions whos e  ampl itude s  also grow in t ime , reaching 200 and 70 

meters re spective ly in 200 days . 

It has been shown by detailed s imulation that with on - board proce s s ing 

of cros s l ink ranging data and appropr iate autonomous hous ekeeping capa ­

b i l ity installed in the sate l l ite , it may be fea s ible in pr inc iple to ma in ­

ta in or iginal navigat ion cons istency among GPS users with the sate l l i t e s  

l e f t  unattended up t o  s ix months , although accuracy with respect t o  Earth 

coordinates may be ser iously degraded . Cro s s l ink ranging may also provide 

a means of separat ing ephemeris and clock errors . 

As one example of an exper iment in which two of the se  methods wi l l  be 

studied and intercompared , we mention the NASA Ocean Topography Exper iment 

(TOPEX) , which wil l  make use of GPS to e s t imate the orb it of a low alt i ­

tude sate ll ite . Measurements will  be made s imultaneous ly from ground 

34  
C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

A c c u r a c y  o f  T i m e  T r a n s f e r  i n  S a t e l l i t e  S y s t e m s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 2 0 5

http://www.nap.edu/catalog.php?record_id=19205


stat ions to GPS satel l ites and from the user - satellite to GPS (a variant 

of cros s l ink ranging) and then processed together with a double differen­

c ing s cheme to e liminate error contribut ions from all clocks . Both the 

coded pseudorange navigat ion s ignals and reconstructed carrier phase  

measurements will be  used ( Lichten !!_!1. 1 9 8 5) . 

To repeat , we recommend systematic studies and experiments to deter ­

mine which methods will lead to improved accuracy in both ephemeris and 

t ime . 

6 . 2  Compensat ing for S ignal Propagat ion Effects 

In any t ime - transfer system the effects of the propagat ion of the s ig ­

nals through the Earth ' s atmosphere must be taken into account , and may 

produce important l imitat ions on the ultimate accuracy of such systems . 

There are two general aspects to these propagat ion effects , systemat ic 

t ime and frequency shifts , and random effects that can be represented sta ­

tistically . The random effects are represented in terms of the ir Fourier 

frequency spectrum , or in a more practical way , by the Allan variance , 

which is  a measure of the variance of the distr ibution of frequenc ies seen 

in pairs of samples separated by a time interval plotted agains t that t ime 

interval .  The sol id l ine s in F igure 2 show the Al lan var iance of the 

performance of modern ( 19 8 5 )  atomic hydrogen masers and the primary ces ium 

standard at the U .  S .  Nat iona l Bureau of Standards . Note that this plot 

is a measure of osc i l lator stab il ity , not frequency accuracy . 

The random aspects of noise , resulting from fluctuations in s ignal 

propagation through the Earth ' s  troposphere , are shown in F igure 2 as a 

da shed curve . This  no ise degrade s the ce s ium performance by a factor of 
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10 , and that of hydrogen masers by a factor of 100 . The long- term propa ­

gat ion effects owing to barometric pre ssure variat ions set a l imit of 

about 1 part in 101 4 in 6f/f measurements made for t ime intervals of about 

1 day . Tropospheric noise and systematics are largely independent of 

radio s ignal frequency except for molecular absorpt ion bands , as described 

more fully in Appendix C .  The tropospheric effects are the pr inc ipial l im­

itat ions to accuracy in all e lectromagnet ic one -way propagat ion systems . 

In contrast to the non- dispers ive nature of the tropospheric path 

d e lay , the ionospheric propagat ion effects are highly affected by the 

frequency of the s ignals : both the path de lay and the path itself are 

affecte d . Both the systemat ic and random noise propert ies  depend on the 

number of electrons per unit area over the distance of the ray path ( col ­

umnar electron dens ity) , a quant ity that varies greatly with the leve l of 

s olar activity and the t ime of day . This quant ity is  very unpredictable . 

The effects of both the ionosphere and the troposphere for s igna ls at 2 . 2  

GHz during the morning hours of June 16 , 1 9 7 6  (a period of minimal solar 

act ivity) are shown as a dotted curve (a) in Figure 2 .  Here we see that 

ionospher ic and tropospheric instabil ity is about 300 t imes higher than 

that of the hydrogen masers then in use . 

The s ituat ion for coping with these propagat ion instabilit ie s  is far 

from hope l e s s . General ly , if it is pos s ible to measure the propagat ion 

effect by a separate system , the propagat ion effects can be treated as 

systematic effects and removed from the data . If this proces s  is done in 

real - t ime the compensation is very effect ive for fluctuat ions whose t ime 

cons tant , t ,  is greater than r/c , where r is the range distance , and c is 

the veloc ity of l ight . Therefore t is of the order of mil l iseconds for 

GPS bat e l l ites , and th� corrections apply to the time interva ls shown in 

Figure 2 .  
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The effect ivenes s  of a real - t ime correct ion of frequency fluctuations 

from ionospheric and tropospheric effects is shown in F igure 2 in the dot ­

ted curve (b) , which represents comparison data between Earth and space 

masers during a 2 -hour fl ight going to 10 , 000 km altitude (Ves sot et a l . 

1980) . The. solid l ine (b) represents concurrent data made between two 

1 9 76 model hydrogen masers in the same room . Litt le or no res idual effect 

of propagat ion is seen at the leve l of stabil ity of the se ma sers in this 

experiment . 

Because the ionosphere ' s  columnar electron dens ity affects the speed 

of l ight in a well understood way that depends on frequency , one can 

measure the dens ity by s imultaneous ly rece iving s ignals transmitted at 

different frequenc ies , phase coherent ly generated from a common o s c i l ­

lator . The phas e  differences between the carr iers of the rece ived s igna ls  

convey informat ion that can be  us ed to infer the electron dens ity , hence 

the t ime de lay . While a two- frequency vers ion of th is technique is rou­

t inely used to make ionospheric correct ions , it accounts only for the lead ­

ing term in the ionospheric dispers ion , and more sophisticated methods may 

be needed to compensate for smaller effects . Go ing to general ly higher 

radio frequenc ies would also help reduce ionospher ic effects . 

By contrast , high accuracy correct ion for the troposphere is  far less  

eas ily made . Compensat ion for tropospheric effects can be made us ing baro ­

metric pres sure and humidity data taken at the Earth stat ion . Further cor ­

rect ions can be made us ing water vapor rad iometer data taken in the l ine 

of s ight to the spacecraft . This is currently an active area of res earch 

and future progres s  is expected . Thus far the be st technique for sub ­

nanosecond t ime trans fer , or for frequency comparisons at or be low the 

101 4  leve l , is to measure the round - trip path de lay , d ivide the result by 

two , and use th is value to correct the data from the spaceborne clock . 
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This two -way process has drawbacks in that it compl icates the system 

and requires the user of ground -baaed GPS equipment to transmit and thus 

pos s ibly reveal his pos it ion . Use of laser s ignal s , or other very highly 

directed s ignals , and installat ion of on-board safeguards such as 

shutters , can reduce the vulnerabil ity of this technique to " spoofing" by 

undes ired operators . 

6 . 3  Performance and Rel iabil ity of Frequency Standards 

Many frequency and t ime standards have been used for precis ion t iming 

in space s ince the early 1960s . Most  of these devices were quartz 

oscillators . Vith one except ion these units all have been as soc iated with 

the GPS cons tellation and its antecedent programs , Timat ion 1 and 2 ,  and 

the Navigat ion Technology Sate l l ites (RTS 1 and 2 ) . Thes e  sate l l ites have 

carried quartz , rubidium , and ces ium standards . The except ion was a 

suborb ital rocket fl ight that carried a hydrogen maser . The succe s s ful 

maser exper iment , carr ied out in 1976  (Ves sot � .  1980) , measured the 

change in maser frequency of the unit brought to 1 . 5  Earth radii  above the 

Earth ' s  surface , caused in part by the change in gravitat ional potent ial . 

Timat ion 1 and 2 were launched in 1 9 6 7  and 1 9 6 9 , respectively , and 

both carried quartz os c il lators . RTS 1 ,  launched in 1974 , carried two 

quartz units and two rubidium standards , mod ified for use by RRL . RTS 2 

carried two ces ium standards . The GPS program has launched succe s s ful ly 9 

sate l l ites  carrying 5 ce s ium and 2 7  rubidium c locks . 

The early rub idium clocks had maj or technical difficultie s , but the s e  

are now understood and have been corrected . There have been instance s  

us ing both ces ium and rubidium where better and longer t e s t  procedure s 
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might have avoided clock failures in orbit . Moreover , better controlled 

product ion runs combined with f ie ld experience are indispensable to obtain 

higher rel iabil ity . Thus the qual ificat ion program should be concerned 

with the " low- tech" components of c locks ( such as power supp l ie s )  as  we l l  

as  with the phys ics package . 

We recommend that there be closer coordinat ion within the A ir Force 

among programs that require precise t ime . A recent ly i s sued DoD d ire c ­

t ive , 5 1 60 . 51 ,  o f  June 14 , 1985 , has des ignated a central organizat ion for 

the coordinat ion of t iming needs (Appendix D) . The Air Force should is sue 

a direct ive to ita acquis ition divis ions to solicit the a s s i s tance of this 

organizat ion in making decis ions on t iming hardware . This  d irec t ive also 

should extend to System Program Office contractors s ince the SPO i s  not 

always involved in requis it ioning components such as c locks . The intere st  

of the t iming needs center wil l  be  not to control what users purchase , but 

cather to ass ist users in making an intell igent cho ice . Users would ben ­

efit from a current source of informat ion as  to what choices  are ava i lable 

and from the opportunity to d i s cus s requ irement s with other users reach ­

able through the t iming needs  channe l .  

As an example of such coordinat ion activity , Rome Air Deve lopment 

Center is currently conduct ing a standard izat ion program to deve lop a 

small family of c locks and frequency standards for general Air Force 

appl icat ion . The Mult iple Use Frequency Standard (MUFS ) act ivity should 

be f inished in FY8 7 or FY88 and wil l  encompa ss ce s ium ,  rubidium ,  and 

quartz technologies . In t ime these clocks will be space - qual ified and 

hardened . Headquarters of the Air Force Sys tems Command is prepared to 

d irect SPOs and contractors to acquire t iming hardware from the MUFS 

family by the end of the decade . 
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F inally , extens ive operat ion of product ion clocks on a cont inual bas is 

before launch is the only way to f ind out if there are any early - l ife 

failure mode s . Such problems are detectable under burn - in operat ion long 

before they become painfully obvious in orbit . The l ife of the c lock 

should be spec ified to inc lude both the ant icipated miss ion l ifet ime 

requirement plus an appropriate long - term pre -mis s ion operat ing and test ­

ing period . 

6 . 4  Tightening of Requirements as Technology Permits 

In the future , sc ient ific and technological progre s s  in atomic clocks , 

spacecraft tracking , or the understanding of s ignal propagat ion effects , 

may make it pos s ible to improve s ignificant ly the accuracy of t ime trans ­

fer systems such as  GPS . Yet such improvements  might not be made because 

the stated requirements at the t ime may not be t ight enough to make them 

obl igatory . This might occur , for ins tance , if no clear mil itary need for 

such improvements had yet been identified . In the absence of t ighter 

requirement s the sys tem would cont inue to operate at its current level 

despite the pos s ibil ity for improvement . We think this would be a mis ­

take . We recommend that the pos s ibilit ies for improvement in t ime trans ­

fer accuracy afforded by technolog ical advance s  be reviewed periodically . 

and that the accuracy requirements be systemat ically t ightened accord ­

ingly . Achieving the goal s  set by such t ighter requirement s will lead to 

a more accurate time transfer and navigat ional system , will further 

enhance ita capability for autonomous operat ion , and may lead to addi­

t ional technological advance s  of unforeseen benefit . 
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CHAPTER VII . TIMB TRANSPBR : AH OPPORTUNITY TO STUDY 

RELATIVISTIC BPPBCTS 

The dominant relat ivis t ic effects - - t ime d ilat ion , gravitat ional red ­

shift , and the Sagnac effect - - are we ll unders tood and are taken into 

account rout ine ly in GPS and other t ime trans fer systems . As suming the 

val idity of special and general re lat ivity , the next c lass  of relativist ic 

effects are wel l  be low the 2 ns leve l and are not current ly re levant to 

the operat ion of t ime trans fer systems . Deve loping improved accuracy wil l 

provide opportunit ies to detect or test for re lat ivistic effects us ing 

precise t iming . In addit ion to advanc ing fundamental knowledge , this will 

provide a foundat ion for future technological advances . 

7 . 1  Relativist ic Effects at the Sub Nanos econd Leve l 

The dominant factor that regulates the s ize of re lat iv i s t i c  effects  in 

t ime trans fer problems is the dimens ionle s s  gravitat iona l potent ial of the 

Earth at the alt itude of a GPS sate l l ite , which is the usual gravitat iona l 

potent ial divided by c 2 , and is of order 2 x l0 -1 0 . This is  also compar ­

able to the square of the sate ll ite ' s  orb ital ve loc ity in units of the 

speed of l ight . The se factors , acting on clock rate s , give the rate dif ­

ference of microseconds per day be tween GPS sate ll ite and ground c locks . 

In addit ion to affecting c lock rates , genera l  relativity also predic t s  

perturbat ions o f  the orbits , with a comparable fract ional s ize ( 2  x lo -1 0 ) 

corresponding to cent imeters in dis tance , or 0 . 1  ns in s igna l trave l 

t ime . The large s t  effect of this kind is the precess ion of the perigee of 

the orb it , amount ing to about 8 em/orb it ( regardl e s s  of the radius of the 
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orbit ) , or 60  m/yr for GPS alt itudes . However ,  this effect will be dif­

ficult to detect even under opt imal condit ions because GPS orbits are 

highly c ircular . General relat ivity also affects the propagat ion of 

s ignals between Earth and satellite s , produc ing a delay in s ignal recep ­

tion known as the Shapiro Time Delay . Its s ize  is  a l so g iven roughly by 

the above dimens ionles s  fract ion of a characteristic l ight travel t ime , 

corresponding to 0 . 6  em in range or 0 . 02 ns in t ime . Both thes e  effects 

have been measured with high prec is ion us ing planetary and spacecraft 

radar ranging . 

One important relativist ic effect that has not been detected to date 

is the "Dragging of Inertial Frames . "  The rotat ing mas s  of the Earth 

attempts to " drag" the space near it into rotat ion . The effect of this on 

a sate l l ite in a non- equatorial orbit is to drag the plane of the orbit 

s lowly around an axis al igned with the rotat ional axis of the Earth . For 

a sate l l ite at GPS alt itude , the dragging of the plane of the orbit 

amounts to around 10 -8 radians/yr . corre sponding to about 40 cm/yr , or 1 

ns . This effect is one of the mos t  important unmeasured effects in obser­

vat ional relat ivity , and several experiments are proposed to try to 

detect it , including Gravity Probe B ,  the orbit ing gyros cope experiment in 

preparation at Stanford Univers ity with the cooperat ion of NASA and Mar ­

shall Space Fl ight Center . Other pos s ible re lat ivist ic effects are much 

smaller and are not l ikely to be detectable in the foreseeable future . 

Appendix E provides estimate s  of thes e  and other relativistic effects . 

7 . 2  Te s t s  of the Postulates of Re lat ivity 

The bas ic postulates  of any phys ical theory should always be subj ected 

to experimental scrut iny , no matter how we l l  accepted the theory might be . 
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Improved t ime transfer systems , such as GPS , may provide the means to 

perform tests  of the postulates  of spe c ial relat ivity at intere s t ing 

levels of precis ion . One postulate of spe c ial re lat ivity is the inde ­

pendence of the speed of l ight of the ve loc ity of the observer or of the 

direct ion along which it propagates . This pos tulate would be violated if 

the speed of l ight were to depend on ita d irect ion re lat ive to the Earth ' s 

direct ion of mot ion through the 3K microwave background , or re lat ive to 

some preferred axis as soc iated with a local anisotropy in the universe .  A 

negat ive search for the effect s  of such violat ions in GPS - type t ime trans ­

fer at nanos econd levels  of precis ion could set l imits on fract ional var i ­

at ions of the speed o f  l ight at the 10-8  leve l . 

7 . 3  Rigorous Re lat ivistic Analys is of Time Transfer 

The committee conc lude s that one factor respons ible for the spurious 

crit ic isms of the handl ing of re lat ivi s t ic effects in GPS is a failure in 

communicat ion between sc ient ists who speak rather different language s .  

The t ime transfer community uses the language of Cartes ian three ­

dimens ional vector calculus to analyze t ime , s ignal propagat ion , sate l l ite 

orbits , and the inclus ion of relat ivistic effect s . There is no evidence 

that this procedure produce s  incorrect result s ,  providing the calculat ions 

are done with care , and we are convinced that they have been done with the 

appropriate care . However ,  the relat ivity community use s  the language of 

four - d imens iona l spacet ime and the calculus of different ia l geome try : and 

the trans format ion between the two language s is not always transparent . 

We recommend as  a useful pedagog ical exercise an analys is of time transfer 

beginning from relativis t ically r igorous f irst princ iples , and demonstrat-
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ing the proper trans lat ion to the operat ional ly more useful Carte s ian 

language . We re iterate that such an analysis wil l  not produce any dis ­

agreement with exis t ing results , but will  provide a useful bridge between 

relat ivists  and t ime transfer experts .  
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Appendix A 

BACKGROUND TO CATTISS : A CHRONOLOGY 

The fol lowing is a chronological list of events and correspondence 
that led to the format ion of the Committee on Accuracy of Time Transfer 
in Sat e l l ite Systems . 

2 6  December 1 9 7 7  

2 4  October 1 9 8 3  

December 1 9 8 3  

2 December 1 9 8 3  

3 January 1 9 8 4  

Phys ical Review Letters paper on "New Test of the 
Synchronizat ion Procedure in Noninert ial Systems " by 
Jeffrey M .  Cohen (Univers ity of Pennsylvania ) and 
Harry E .  Mos e s  (Univers ity of Lowe l l ) . 

Phys ical Review Letters paper on "Clock Transport 
Synchronizat ion in Noninert ia1 Frames and Gravita ­
t ional Fie lds " by Cohen , Mos e s , and Arnold Rosenblum 
(Temple Univers ity) . 

Proposal for Synchronizat ion of a Global Satellite 
Network , by Cohen and Angelo J .  Skalafuris (AJS ) 
(Naval Re search Laboratory) 

Letter , AJS to Lt . Col . J .  Sheerer , SD/GPS (AFSC ) .  

Letter , AJS to Sheerer 

February 1984 Draft Paper on " Current Theoret ical Attempt s Toward 
Synchronizat ion of a Global  Sat e l l ite Network" by A .  
J .  Skalafur is ( submitted to Radio Sc ience , published 
in November 198 5 )  

3 February 1984 Letter , AJS to N .  Yannoni , RADC (AFSC )  

3 February 1984 Letter , AJS to DARPA 

6 February 1984 Letter , Sheerer to AJS 

6 February 1984  Letter , Documentat ion , AJS to Yannoni 

10 February 1984 Le tter , Yannoni to B .  Kulp , HQ AFSC (AJS materials  
forwarded)  

2 2  February 1984 Letter , AJS to Sheerer 

1 March 1984  Lett er , AJS to Yannoni 

6 March 1984  Letter , Yannoni to Kulp (more AJS materials forwarded)  

23  March 1984 Le tter , Brig . Gen . P .  Bouchard to J .  Davidson , AFSB 

10 April 1984 Le tter , Yannoni to Kulp (more AJS materia l s  forwarded) 

9 May 1 9 8 4  Letter , Davidson t o  C .  W i l l  ( format ion of CATTISS ) 
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Appendix B 

COMMITTEE ACTIVITIES 

The Committee on Accuracy of Time Transfer in Satel l ite Systems 
( CATTISS ) was formed during the late spr ing of 1984 , and held meet ings in 
various locat ions during the academic year 1984 - 8 5 . A parallel  s tudy by 
the JASON group for DARPA was held  in July 1984 , led by committee member 
D .  Eardley . The following is a list  of meetings and date s : 

Study init iated 
Mitre Corporat ion , La Jol la (JASON) 
Hanscom Air Force Base 
Washington Univers ity , St . Louis 
Stanford Univers ity 
U .  S .  Nava l Observatory 
Nat ional Academy of Sc ience s  

4 9  

May 1 9 8 4  
July 1 9 8 4  
Sept . 10 , 1 9 8 4  
Dec . 1 7 , 1 9 8 4  
Feb . 7 ,  1 9 8 5  
Apr . 10 , 1 9 8 5  
July 2 - 3 , 1 9 8 5  
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Appendix C 

TROPOSPHERIC AND IONOSPHERIC EFFECTS 

ON SIGNAL PROPAGATION BETWEEN EARTH AND SPACE 

The frequency and t ime delay of s ignal s  transmitted between Earth and 

space are affected by the Earth ' s troposphere and ionosphere . In addi­

tion to the Doppler effects from range distance variations , there are 

frequency shifts and path delay variat ions that result from the temporal 

and spatial variations of the near - Earth transmiss ion medium and the way 

the path of propagat ion s een at the Earth s tation change s  a s  the satel­

l ite moves from horizon to horizon . 

An example of the frequency instabil ity introduced by the troposphere 

alone , given in terms of the Allan variance data obtained from radio 

interferometry data at 3 mm wavelength (Rogers et al . ,  1984)  is shown in 

the dashed curve of Figure 2 (page 3 6 ) . The effects of both tropospheric 

and ionospher ic f luctuations ( Smarr � . •  198 3 )  at 18 em are shown in 

the dotted curve of Figure 2 .  We see that the troposphere and ionosphere 

cause at least  two orders of magnitude degradation in space - to-Earth 

comparisons with high stability oscillators . 

This sect ion offers an overview of thes e  effects and discus ses some 

methods for correcting , or compensat ing for , ionospheric and tropospheric 

propagat ion disturbance .  
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C . l  Tropospheric Effects 

veloci ty of light 
The refract ive index , n = veloci ty of light in a medium •  for cases 

where it differs only s l ight ly from 1 ,  is  often wr itten in terms of the 

refract ivity N - ( n - 1 )  x 106 . For a ir ,  the dependence of N on pre s sure , 

p ,  water vapor part ial pre s sure , e ( e  and p in mill ibars ) ,  and tempera -

ture , T ( in Ke lvin) is g iven by ( Smith and We intraub , 1 9 5 3 ) : 

Refract ivity also depends on alt itude , h approximate ly as  follows : N (h)  

-h/H 
- N e , where N is the refrac t ivity at the Earth ' s  surface near the 

stat ion and H is the scale he ight , typical ly about 8 km ( for a review , 

see Alt schuler 1 98 3 ) . 

Microwave absorpt ion bands occur for oxygen at 5 mm and 2 . 5  mm wave -

l engths and for water vapor at 1 . 3 5 em and 1 . 6  mm . Genera l ly , s igna l s  at 

wave lengths greater than 1 . 3 5 em and shorter than 1 . 6  mm are free from 

molecular absorpt ion . 

A number of atmospheric correct ion algor ithms have been deve loped to 

account for path de lay as  a funct ion of angle from the zenith , Z ,  surface  

humidity par t ia l  pres sure , e ,  and barometric pre s sure , p .  One such cor -

rect ion ( Saas tamoinen , 1 9 7 0 )  is g iven in cent imeters of path de l ay as 

fol lows : 

AS - ( 0 . 2 3 5 7p + 0 . 0 1 7 e ) sec  Z - 0 . 243 ( sec
3 Z - sec Z ) . 

For Z � 9 0 ° (hor izontal )  AS can be as large as  100 meters . 

While the systemat ic effects are re lat ive ly eas ily accounte d  for , 

f luctuat ions depend very much on loca l condit ions , weather , etc . To some 

extent the f luctuat ions have a dependence on s igna l frequency , e spec ia l ly 

5 2  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

A c c u r a c y  o f  T i m e  T r a n s f e r  i n  S a t e l l i t e  S y s t e m s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 2 0 5

http://www.nap.edu/catalog.php?record_id=19205


when the d imens ions of inhomogene ities are commensurate with wavelength . 

The effect of raindrops (Hogg and Chu , 1 9 7 5 )  becomes very evident a s  

wave length decreas e s  as  shown in Figure 3 .  The characterizat ion of 

atmospheric no ise in terms of the Al lan var iance shown as the dashed 

curve in F igure 2 ,  made from data at 3 mm wavelength ( 8 9  GHz ) , is 

cons istent with turbulence effects over ve loc ity - t ime scales cons istent 

with the atmospher ic scale he ight . 

Except for wavelengths near the absorpt ion bands of water vapor and 

oxygen , there is l ittle dispers ion (ve loc ity dependence on frequency) in 

s ignal s  propagat ing through the atmosphere . 

C . 2  Ionospher ic Effects  

The refract ive index , n , is highly d ispers ive ( i . e . , frequency depen -

+ + 
dent ) and depends on the dens ity p (r )  at the locat ion r through which the 

ray pas s e s , the s ignal frequency , f ,  magnet ic f ield , H ,  and the angle , a ,  

between the ray d irect ion and the f ield l ine s . The refractive index can 

be de scribed in terms of a series in inverse powers of frequenc ies f2 , f3 , 

and f � as  follows (Tucker and Fannin , 1968 ; Klobuchar , 198 3 ) : 

n (t=) = 1 - [ e + f - 2 2 l 2 ( 21T ) 2me0 p ( r ) 

+ [ I e 3 !J.l o t + 

Z ( ZlT ) m2 e o H ( ) cosa p (r ) 

- [ e'* e2 (t) 
8 ( 21T ) 4  + e'*l!�H2 (�) cos2a 

2 ( 21T ) 4m3 e 0  

5 3  

l f _ ,  

p (t) J r -' (C . 1 )  
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FIGURE 3 RAIN INDUCED DIFFERENTIAL PHASE SHIFT 

[From Hogg and Chu , 1 9 7 5 ,  c 1 9 7 5  IEEE) 
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-+ 
where e and m are the e lectron ' s  charge and mas s ,  P (r )  is the dens ity of 

-+ 
e lectrons at locat ion r ,  £ 0  is the permit t ivity of free space , and � o  is 

the Bohr magneton . 

The fract ional Doppler effect 6f /f , owing to the rate of change of 
l) 

the ray path , g ,  between the transmitter and rece iver is  

� 
f ' 

t == - - -
c 

where g is the ray path . 

-+ 

1 d -+ 

- c dt r, n ( r ) ds 

When we sub s t itute for n ( r )  the expre s s ion in Eq . ( C . l ) , we obta in 

four contribut ions to the fract ional Doppler shift . 

The f irst  term in 6� , aris ing f rom the factor 1 in Eq . ( C . l ) , i s  the 

convent ional vacuum term . This term along with the tropospher ic refrac -

t ion term is frequency independent . The second and higher terms are fre -

quency dependent and are referred to as the ionospher ic Doppler effect . 

The f ir st - order ionospher ic Doppler sh ift is g iven by : 

At micro�ave frequenc ies this is the dominant term and , from its s ign ,  we 

-+ 
note that an increase in the columnar e lectron dens ity , � p (r ) ds , caus e s  

an increase in the frequency of the carrier s ignal owing to the increase 

in the phase ve loc ity that results  from the minus s ign in the f -2 term in 

-+ 
n ( r ) . 

The s econd - order ionospheric Doppler ha s plus and minus s igns ind i -

eat ing that there is a spl itting o f  a l inearly polar ized s ignal into two 

c ircularly polar ized component s ,  the ordinary ray and the extraord inary 

ray . S ince the se have different indice s  of refract ion they will  have 

different ray ve loc it ie s and ray paths . 

5 5  
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The third- order term is more compl icated in that it involve s contr i -

but ions re sul t ing from the extra path distance owing to ray bending in 

addit ion to the f -� terms in n (r ) . 

The Doppler s ignature from ionospher ic effects i s  further comp l icated 

by the fact that the ionosphere e lectron dens ity prof ile with alt itude 

change s  subs tant ia l ly from night to day and with the leve l of solar activ-

ity . To illustrate this variabil ity , Figure 4 shows e l ectron dens ity vs 

alt itude prof iles  at about 6 : 45 a . m . and at 8 : 30 a . m .  Eastern Dayl ight 

Time on June 18 , 1 9 7 6  for Cape Canaveral , Florida ; this was a quiet 

period in the 1 1 - year cyc le of solar act ivity . 

We see  that the effect of the ionosphere on frequency comparisons 

-+ 
depends on the rate of change of the colunnar electron dens ity , � p (r ) ds , 

�· 

in the ray path . The f irs t - order component of the ionospheric Doppler 

shift (Hert z )  is 

t:. f !, 1 ( 2 . 18 X 1 0 -B d f (-+) t )  = f dt J p r ds 

-+ 
where s is in meters , p (r )  is in number of electrons per cub ic meter . 

The f irst - order effect on t ime transfer depends on the group ve locity 

of the t ime pul se and is given by : 

1 3 4 3  x 1 0 -7 + 
t:. t1, 1 ( t )  = • f 2 !1 p ( r ) ds ,  sec . 

Spat ia l  and temporal irregular it ies in the ionosphere and atmosphere 

cause instabilit ie s in t ime and frequency measurements . While the s e  can 

be de scribed as noise proce s s e s , in terms of the Al lan var iance , a s  shown 

in Figure 2 ,  they can also be cons idered a s  sys tema t ic effec t s  and 

large ly e l iminated us ing re flected or transponded s igna l s that traverse 

the medium and al low a two -way mea surement of the propagat ion anoma ly . 
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Cons ider the process  shown in Figure 5 ,  where range dis tance is shown 

plotted versus t ime . Let a pulsed s ignal be sent to the spacecraft from 

Earth at t 1  and received at the spacecraft at t ime t 2  and s imultaneously 

reflected Earthwards to be rec e ived at the Earth stat ion at t ime t 3 . 

For t ime intervals t s - t 1 we will as sume the troposphere and ion-

osphere have not changed . (For synchronous alt itude s this t ime is 

approximately 0 . 2  seconds ) .  Under that as sumpt ion , and allowing for the 

re lat ivist ic effects de scribed e l sewhere in this document , we can wr ite :  

We can thus remove the propagat ion interval , t2 - t1 , inc lud ing atmo -

spher ic and tropospheric dis turbances , and thus transfer t ime with very 

h igh accuracy . This is the system used by Alley and his  colleague s in 

1 9 7 5  to make high accuracy t ime transfer between atomic c locks in a high 

alt itude a ircraft and Earth us ing very short pulsed laser technique s 

(Al ley , 19 8 1 ) . S ince the se pulses  were a l l  at opt ical  frequenc ies , the 

dispers ive effects of the ionosphere were negl ig ible and sub - nanosecond 

t ime comparisons were rout ine ly made . However ,  if we operat e at  micro -

wave frequenc ies our pulse  lengths are genera l ly cons iderably longer than 

the l ight t ime and we must d ivers ify the frequenc ies  in the three l inks 

so as to avo id having more than one carr ier on the same channe l .  Under 

the se condit ions we must take into account the d ispers ion effec t s  of the 

ionosphere . The measurement of two - way path de lay include s a f irst: - order 

ionospher ic t ime de lay contr ibut ion : [ 1 1 
= tr + fr 1 2 

where f 1  and f 2 are the up and down carrier frequenc ies , and the t ime 

compar ison l ink also ha s an ionospher ic de lay g iven by : 
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FIGURE 5 RANGE DISTANCE va . TIME 

5 9  
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K + £f {, p (r ) ds , 
where f3 is the t ime l ink ' s carr ier frequency . The f irst - order ion -

ospher ic error can be cancel led by choos ing the 3 frequenc ies as  fol lows : 

1 1 [ 1 1 l 
fr = 2 -p- + f':" 3 1 2 

In the case of cont inuous microwave frequency compar isons from space 

to Earth , carr ier frequency s eparat ion is  required and this  also leads to 

problems owing to ionospher ic dispers ion . Here the var iat ion of a l l  

aspects o f  the propagat ion path lead to Doppler frequency shift s . The se  

propagat ion effects can be  removed to high accuracy us ing the phas e  

coherent system shown in Figure 6 ,  which was used in the 1 9 7 6  j oint 

NASA- Smithsonian As trophys ical Observatory t e s t  of relat ivist ic and 

gravitat ional effects on t ime (Ves sot et al . ,  1 9 8 0 ) . The atomic hydrogen 

masers in the Earth and spacec raft sys tems are shown as heavily out l ined 

square s and the rat ios of the phas e  coherent frequency trans lators are 

shown in the ir appropr iate blocks .  The spac e - borne phas e  coherent t rans -

ponder shown with rat io M/N - 2 40/2 2 1  was from the exis t ing Unif ied S 

Band System . The phase coherent system measures the Doppler frequeracy 

shift owing to the t ime var iat ion of all aspects of the propagat ion path 

with a two -way (up - down) s igna l , divide s it by two to obta in the one - way 

Doppler and subtract s  the one - way Doppler shift from the " c lock" com-

par ison (one -way) downl ink . 

Because of the frequency separat ion in the microwave l inks , the 

ionospher ic d ispers ion pred icted from a typical  prof ile in this  appl i ­

cat ion would have cause d  Doppler shifts  o f  about 5 parts in 101 0 , i f  the 

one -way l ink frequency had not be en chosen to nul l - out the f irs t - order 

ionospher ic term as shown be low .  
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The ionospher ic Doppler in the two -way l ink observed at mixer , M3 is : 

1 [ M N l s2 P N 1 d + 
t. fi,2 = K f"4 N + M R2 Q M 2 dt �q p ( r) ds . 

The one -way l ink has ionospher ic Doppler , which appears at mixe r M3 as : 

Thes e  cance l  when 

1 � d (+ ) 
t.fi, l = K fh p dt � P r ds. 

It was e s t imated that a l l  Doppler effects were canc e l led at a l eve l 

be low 2 . 5  x lo - 1 5  in t.f/f in the 1 9 7 6  GPA exper iment with a nearly 

vert ical suborbital tra j e ctory reaching an alt i tude of 10� km .  Doppler  

shift s were as high as 2 x 10 - 5 in  t.f/f . The re sult ing compar ison 

between Earth and space masers after removal of predicted re lat iv is t ic 

effects from the output from mixer M3 is shown in Figure 2 ,  as  the dot t e d  

point s on curve ( b ) . 
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APPENDIX D 
- Department of Defense 

D IRECTIVE 
June 1 4 , 1 985 

NUMBER 5 1 60 . 51 

ASD ( C l i )  

SUBJECT : Preci se Ti•e aDd Time l Dte rva l (PTTI )  - Plann ina , Coordiaat ioD aad 
Cont ro l  

Re fe reDce s : (a ) DoD Di rective 5 1 60 . 5 1 , "Precise  Time aDd Time Inte rva l (PH )  
Staada rda a a d  Ca libra t i on Fa ci l i t ies  f o r  U s e  b y  Department 
of De fense CompoDeDts , "  Auaust 3 1 , 197 1 (he reby cance led )  

(b ) DoD Directive 4000 . 1 9 , " I Dtera ervice , I Dte rdepa rt.au!nta l ,  and 
Intera aenc:y Support , "  Octobe r 1 4 , 1980)  

A.  RE J SSUANCE AND PURPOSE 

Th i s  D i re c t i ve : 

1 .  Re i s s ues r e fe rence (a ) .  Rev i s ions o c ca s i oned by o �aaniza t i ona l  and 
a dmi n i s t ra t ive chanae s a l so a re i a c l uded�  

2 .  Upda tes po l i cy a nd a s s ians  re spons ib i l i ty to a s inale DoD Component 
for coo rd ina t in& PTTI requ i rements and ma i n ta i nin& a PTTI re fe r eace s tanda rd 
( a s t roDomi ca l  aDd a t omi c )  for use by a l l  DoD Components , o the r a ae a c i e s  o f  the 
Fed e ra l  Gove rnment ,  DoD cont ra cto rs , and re l a ted s c ient i fi c  l abo ra to r ie s . Th is  
re spoD s ibi l i ty includes tha t of  proaramina  the  n� c e s s a ry . resources  to ma i nta in 
the re fereDce s tanda rd and to d i s semina te p re c i s e  t ime to DoD us ers . 

B .  APPLICABILITY 

Th is Directive app l ies  to the Office o f  the Sec re ta ry of De fens e , the Hi l i · 
ta ry  Depa rtments , the Oraanizatioa o f  the Jo int  Ch i e fs o f  S ta ff ,  the Uni f i ed 
and Speci fied CommaDds , and the Defense Aaencies (he rea fter re ferred to 
co l l e c tively as "DoD Components " ) . 

C .  DEFINITIONS 

Tbe te �s used in �hi s  Di rective a re de f ined in enclosure 1 .  

D .  POLI CY 

I t  is DoD - policy tha t :  

1 .  CoordiDa tioD o f  the DoD PTTI p roa raa wi l l  b e  implemented throuah a 
centra l DoD PTTI aana ae r a c t in& j o iatly wi th a PTTI coord ina to r  i a  ea ch 
Mi l i ta ry  Depa rtmeat and use r  a aency . 

2 .  Tbe DoD reference s tanda rd fo r PTTI i s  tha t vb i ch i s  es tabl i shed by 
the Depa rtment of the Navy at the U . S .  Nava l Obs e rva t o ry .  A l l  sys tems tha t 
use p r e c i s e  t ime or  p re c i s e  f requency s ha l l  use t h i s  re fe renc e s ta nda rd . 
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3 .  The max imum pra cticable inte rchanae o f  PTTI informa ti on aha ll be 
e f fe c ted th rouahout the Depa rtment o f  De fense . In thia re aa rd , i t  i s  
incumbent upon PTTI use rs t o  s ubmit the i r  requi rement• t o  the DoD PTTI 
ma naaer as s oon a s  the requi rements a re identi fied and fo rmulated . 

4 .  Maximum p ra ctical use o f  iate r s e rv i ce support will be a chieved 1 1  
p r e s c ribed in re ference (b ) . 

S .  The PTTI p l aDDina and coord ina t i on wi l l  be suppl .. enta l to , and 
ope ra te within the cur rent PlaDDina , Proaramina , and Budaetina Sys tem .  

E .  RESPONS IBILITIES 

1 .  The Depa rtment of the Navy is the DoD PTTI mana aer in carryina out the 
respona ibi l i t ies of the DoD PTTI mana ae r ,  the Depa rtment of the Navy sha l l : 

a .  Ensure unifo rmity in preciae time and t ime inte rva l ope ra tions . 

b .  De rive and ma inta in s tand a rds o f  t ime and t t.e  inte rva l , both 
a s t ronomica l  and a tomic . 

c .  Prov i de coo rdina tion o f  s uch s tanda rds wi th re coani zed na t i ona l 
and inte rna t iona l a tanda rds to ensure wo rldwide continuity o f  precis ion . 

d .  I s s ue deta iled info rma t ion conce rnin& DoD reference standa rds for 
PTTI and diatr ibute theae s tanda rds by the mo a t  efficient , p ra c t i cal methods . 

e .  Ma inta in a repo a i t o ry  o f  PTTI info rma t ion includina , but not 
l imi ted to , such e l ement• as d i s s emina t i on sys tems and the i r  cha racter i a t i c s , 
equipment requi red to acces s va ri oua d i s semina t ion syateas , equ ipment cos t ,  
trainin& requ i red , and ma intenance s upport data . Ensure that the ava i lab i l i ty 
o f  s uch data ia  publ ic ized widely . 

f .  Annua l ly , in coord i na t ion w i th the DoD Component and a gency PTTI 
coordinato rs , deve lop a summa ry o f  PTT I requirements . (A copy o f  the a umma ry  
sha l l  be p rovided to the A s s i s tant S e c r e3a ry  o f  De fense (Command , Cont rol , 
Communica t i ons , and I nte l l iaence (ASD ( C  I ) ) ) . 

I ·  In  coord i na t ion wi th the O f f i ce o f  the Unde r Secreta ry  o f  De fenae 
fo r Resea rch and Enaineerin& and DoD Component/us e r  a ge n cy  PTTI manaae r s , 
moni to r  DoD reaearch p roarama conc e rnina PTTI . 

h .  Pa rticip a te in PTTI po l i cy neao t i a t iona between the Depa rtment o f  
Defense and othe r Fede ra l Gove rnment a aencies and int e rnati ona l organiza t i ons . 

i .  Coo rdina te a l l  DoD·apona o red po rtab l e  clock travel . Ea ch DoD 
Component/uae r  a aency wi l l  coope ra te in comb i niDa t ripa and/o r  a chedules in 
orde r to minimize tota l DoD cos t s . The Depa rtment of the Navy sha l l  a e rve a s  
the fo cal po int fo r coo rdination o f  a l l  po rtab le clock travel . Costa o f  po rt · 
ab le c lock t rave l wi l l  be borne by the Component/a aency sponaorina the pa rt i cu l a :  
trip . 

6 4  
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Jun 1 4 , a s  
S l60 . Sl 

j . Within 45 days fol l owin& receipt of thi s  D i rective , info r. the 
Of fice o f  the Sec reta;y of De fens e and othe r DoD Component/us er a aenci es of 
the staff aaency and off ice code of the DoD PTTI Ka na aer . 

2 .  The Mi l i t a ry  Depa rtments and a l l  DoD Use r  Agencies sha l l : 

a . Appoint a DoD Component PTTI coo rdina to r who wi l l  coordina te hi s 
o r  her respective PTTI p roar .. with the DoD PTTI mana ae r . 

b .  Refer tt.e and time inte rval to the s tanda rd es tabl i shed by the 
Depa rtment o f  the Navy a t  the U . S . Nava l Ob s e rva to ry ,  a nd mainta in spe c i fic 
� ime s ca les s uch that relationship to the e s tabl i s hed s tanda rd i s  kaowa . 

c . Pre s cribe technical requirements for the coordination of 
techniques , p rocedures , and periodic c a l ibration of systems . 

d .  Pre s c ribe in- house procedures for the deve lopment , coordina tion , 
and cons o l ida t ion o f  the respective DoD Component PTTI requirements . 

e .  As s i s t  the DoD PTTI mana ae r by p rovidin& techni c a l  info rma t i on on 
c u rren t aad pro spective PTTI re qui rements in the fo rmat p re s c r ibed by the DoD 
PTTI maaaaer . 

f .  Ensure tha t PTTI requi rements for sys tems a nd p ro aram1 o f  the DoD 
Component/us e r  a aeacies a re coo rd inated wi th , and app roved by , DoD Component 
PTTI maaaaera . 

I ·  Promo te e c onomy by p r e s cribiaa requi rement s  for p re c i s e  t ime that 
a re cons i s tent with ope ra t i ona l and res earch aeeds for a c cura cy . 

3 .  The As s i s tant Secreta ry o f  De fens e  (Command , Cont rol , Communi ca t ions , 
a nd I a te l l i seace ) i s  a s s i gned p riaa ry s t a f f  respons ib i l i ty fo r the DoD PTTI 
p r o a ram . l a  thi s capa ci ty , the ASD (C 3 I )  s ha l l  p rovide fo r ove ra l l  deve lopment , 
coo rd ina t i on ,  aad p romu l aa t ion o f  maj o r  DoD po l i c i e s  and p l ans , a ad a c t a s  tbe 
final a utho rity in coas o l i da t i na the DoD PTTI p ro a rams . 

F .  EFFECTIVE DATE AND IMPLEMENTATI ON 

1 .  This Di re c t ive i s  e f fect ive immed i a tely . I t  s ha l l  be givea fu l l  
di s t ribution by a l l  DoD Components . 

2 .  The Mil i t a ry  Department• and DoD us er aaenc ies sha l l  provide two cop ies 
of the ir re spective implementin& docuaents to the As s i s tant Sec reta ry of De fense 
(Command , Contro l , Communicat ions , and Inte l l i aence ) wi thin 90 days o f  the 
e f fe c t ive da te of thi s  Di rective . 
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3 .  As aooa a s p ra cticable , but wi thia 60 days a fte r the ef fec t ive da te of 
thi s  Di rective , ea cb Mi l itary Depart.ent and DoD uae r aaeacy s ha l l  a dvi s e  tbt 
DoD PTTI aanaae r of the sta ff •seney and office code appoiated a a i ts 
re spective PTTI coord inato r .  

£ n c l oaure - 1 
Definitioas 
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�� - rf. ?7Y .3 
W il l iam H .  Taf t .  IV 
Deputy Secret arJ o f  De fense 
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DEFINITIONS 

Jun 1 4 , a s  
S 160 . S l  (Encl 1 )  

1 .  Prec i se Freguency . S i anifies9a f requency ( t t.e interva l )  requi rement 
a c curate to within oae pa rt iD 10 • 

2 .  Precise Time . S i &aifies a t ime requi rement a c curate to within 10  
•i l l i s ecoada . 

3 . Standa rds .  S i ani fy the re fe rence va l ues o f  tt.e and time inte rva l . The s e  
standa rds a re dete r.ined by a s t ronomica l observation and b y  the ope ration o f  
a to•ic clocks . They a re d i s s e•inated by t ransport o f  clocks , by radio 
t raDs•i s s i oas , aDd by o ther means .  

4 .  Tl•e . S i aDi fies epocb , that i s , the des i ana tloa o f  an ins tant on a 
s e l ected t i  .. scale , a s troDomical o r  ato•i c .  I t  i s  used i D  tbe s ense o f  t ime 
of day . 

5 .  Time Inte rva l .  I ndica tes the dura t i on o f  a s e cment o f  t ime wi thout 
re ference to wbeD the t ime iDte rva l beains or ends . Time iDte rva l may be 
aiveD in s econds of t ime . 
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Appendix E 

RELATIVISTIC EFFECTS IN EARTH SATELLITE 

TIMING SYSTEMS 

In this appendix ,  we e s t imate the s ize of the "next generat ion" of 

relat ivist ic effects in t iming and pos it ion measurement s of satel l ite 

systems such as  GPS . The important parameters of a typical GPS sate l l ite 

that concern us are its period . -12 hours . its orbital radius . ""' 2 6 . 6 km x 

10 3 (.....,4R.8) . it s mean orbital veloc ity . '""' 3 .  9 km/sec ( 1 . 3 x 10
-s c .  where c 

- speed of l ight ) , its eccentric ity e < 0 . 005 , and the inc l inat ion of its 

orbit , - 6 3 ° or - 5 5 ° . We shall be concerned with effects that are typ -

ically at the sub -nanosecond leve l . 

The dominant point s in c lock synchronizat ion ( Sagnac effect , and rate 

offsets due to orbital mot ion and the Earth ' s  gravitat ional f ield)  are 

already handled in the GPS system . (The se effects  are typically lO ' s  to 

100 ' s  of nanoseconds . )  To e s t imate the s ize  of var ious effects in the 

near Earth environment , we will base  our e s t imate on the s trength of the 

appropr iate dimens ionle s s  potent ial : 

for instance ( see Table E . l ;  these  e s t imates  have been made only to one 

or two s ignificant f igures ) :  

GM 
f/> {Earth, at Earth Surface) a 1 =:::: 7 x 10-10 

c2R1 

f/> {Earth, at GPS Altitude) =:::: 1 .8 x1o-10 

GM 
f/>{Sun, at Sun Surface) a 2 ° =:::: 2 x 10-o 

c R0 

6 9  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

A c c u r a c y  o f  T i m e  T r a n s f e r  i n  S a t e l l i t e  S y s t e m s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 2 0 5

http://www.nap.edu/catalog.php?record_id=19205


G 
c 

"R " gal 

TABLE E . l  

VALUES OF RELEVANT PARAMETERS (See Allen 1 9 7 6 )  

Newton ' s  constant - 6 .  6 6 8  x lo -·8 dyne cm2 jgm2 

speed of l ight* - 2 . 9 9 7 92458  em/sec 

mas s  of Earth - 5 . 9 9 7  x 10 2 7  gm 

ma s s  of Moon - 7 . 3 7 9  X 10 2 5 gm 

ma s s  of Sun - l .  9 8 9  X 10 3 3 gm 

equator ial radius of Earth - 6 . 3 7 8  X 10 8 em 

semimajor axis of Earth orbit - l .  49 5 9 8 5  X 101 3  em 

radius of Moon - l .  7 3 7 9  X 108 em 

mean Earth -Moon dis tance - 3 . 84404 x 101 0  em 

radius of Sun - 6 . 9 5 9 8  x 10 1 0  em 

mas s  of galaxy r--:. 10 1 1  M0 ";;! 2 x 10 4 4  gm 

" s ize of galaxy" . .  15  kpc "' 4 . 5  x 10 2 2  em 

*Based on current def init ion of the meter 
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GM 
«P (Sun, at Earth Orbit) = T � to-8 

c 'e 

�(Moon, at Moon Surface) = 
GMg 
c2R ' 

•(Moon, at Earth) � 1.4 xlo-13 

) GM,at --3 
x 10-7 «P(Galaxy, at Earth = -� 

c2R,., 

For the purpos e s  of this discus s ion , a l l  our e s t imates  will be made 

in the context of the theory of general re lat ivity , part icularly in 

e s t imat ing orders of magnitude . We will as sume that no " large " dimen -

s ionle s s  factors arise in the formulas . While there can in pr inc iple be 

theor ie s of gravity in which some d imens ionle s s  parameters are large , 

they have been observat ionally exc luded to the leve l of accuracy 

described here . Table E . 2  summarizes current observat ional constra int s 

on a lternat ive gravitat ion theories . 

E . l Orbital Relat ivist ic Effects 

Effects beyond the Newtonian leve l are typ ically called s econd - order 

effec ts ; they ar ise from influences that are one power of the d imen -

s ionless  potent ial � smaller than the dominant Newtonian terms , whi ch 

already involve one power of � ( see Wil l , 1 9 8 1 , for fur ther d i s cus s ion) . 

There are other effects , also , that in the near - Earth environment are 

comparable in s ize ; the se ar ise from the terms that involve the rota t ion 

of the Earth , and are thus l inear in the rotat ion ve loc ity of the Earth . 

If the Earth were rotat ing at breakup ve loc ity , then the equator ial 

7 1  
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"""" 
N 

TABLE E . 2 SUMMARY OF SOLAR-SYSTEM TESTS OF THEORIES OF GRAVITATION 

Me asured Ef fee t 

Bound on any non-Newton ian aonth ly 
variat ion in t he Ea rt h-.oon 
d i st ance 

Coaparieon between c lock in 
bal l is t ic t rajectory and c lock 
on ground 

De f lect ion o f  rad io waves by 
gravitat ional f ield  of eun 

Increase of  echo t iae o f  rad io 
e ign ale sent from Ea rth to  
Mare , due to gravitat ional 
f ie ld of eun 

Relat ivist ic cont r ibut ion to 
advance of  per ihe l ion of 
Mercury ' •  orb it 

Bound on any "an0111aloue" 
accelerat ion o f  longit ud e 
o f planet ary orb it s 

Re sul t ant Constra int 

46 - y - 3 - 0 .001 ± O .O l S a 

1aeaJvred chanae 
pre tct ed change • 1 . 0000 ± 0 . 0001 

y - 1 .01  ± 0 . 02 

y - 1 .000 ± 0 .002 

( 2  + 2y - a ) /3 • t .oo3 ± o .oosa , b 

I G/G I � l x  I o- 1 1  yr- 1 

Co..ent 

Teet  of  re lat ive cont r ibut ions o f 
gravi tat ional b inding energy to  
inert ial  and to  ( paee ive ) 
gravitat ional aaee 

Te et  o f  .et r ic hypothes is v ia  
gravitat ional  redeh ift  and doppler 
ehifte 

Teet  of  ..aunt of  spat ial  curvature  
generated by un it aaee 

Teet  o f  a.ount of spat ial curvature 
generated by un it •a•e  

Teet of  coabinat ion o f  amount ·  o f  
s pat ial curvature generated by unit  
aaee ( y )  and nonl inearity  in super­
pos it ion o f Newton ian grav i tat ional 
potent ials  ( B) 

Teet of  const ancy of "const an t" o f  
gravitat ion , G 

a 
For s imp lic i ty in the presentat ion of results , we have neglected the implied cons traints on PPN parameters concerned 

with violations of global conservat ion laws and with preferred frame and locat ion effects . In general relat ivity , 

15 • e • 1 and c • o .  

b 
A poss ible contribut ion by the solar gravitat ion quadrupole has been as sumed to be negligible . 

--· · -Y - - - · - · - � - � - - ·· • _ _ ___ _ _  gy and Cosmic Ray Phys ic s ,  Panel Report for the Physics Survey Commit tee , 
- - - . - - _, 
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tangent ial ve loc ity would equal the orb ital ve loc ity at the earth ' s  

surface , v/c � (GM/c 2R
•

)
� 

� 10 - 5 . If this were the case , the s e  1� 

order effects due to rotat ion would be only 10 -5 sma l ler than the New-

t onian effects , and would require substant ial correct ions at the GPS 

1eve l of accuracy . In fact , the surface ve loc ity at the equator is  20 

t imes sma ller than the above ve loc ity . The se rotat ion effects are , 

nonethe l e s s , the dominant effects in the near Earth orb its , and they 

dominantly give secular ( frame dragg ing) effects . 

We begin with the second order (� 2 ) effect s . 

The dimens ionle s s  potent ial is  a measure of the deviat ion from the 

Newtonian descript ion of gravity . In Newtonian gravity , planets  follow 

orbits that are e s s ent ial ly e l l ipse s , but inc lude deviat ions due to the 

higher mult ipoles  of the Earth ' s  gravitat ional potent ial - the Earth is  

not exact ly spher ical - and due to the influence of other solar system 

bodie s . Further ,  the non - Newtonian effects  come into play at a leve l 

whose order is g iven by the d imens ionle s s  poten t ial � ; for GPS one would 

e s t imate the se effects at ,..., 2 x 10 --l 0 , i . e .  , effects of order 0 .  S em in 

the orbital radius ,.._, 2 .  S x 109 em . (A length can be def ined from the 

mas s  of the Earth : GMefc 2 = 0 . 5  em . )  Per iodic effects of th is  s ize  

(with per iod - orb ital period) are therefore quite sma l l  by current stan ­

dards , corre sponding to 10 - 2 n s  effects in the t iming ac curacy . There 

are , however , important secular effects  whos e  s ize  can typica l ly be mea -

sured by �x (number of orb it s ) . After only 200 orbits of a GPS sate l ­

l ite a secular effect � 1  meter � 3  ns ) would build up . The c la s s ic 

effect of this type is the prece s s ion of the periapse of the orb it . (The 

f irst  conf irming test of general relativity was this effect  for the orb it 

of Mercury . )  The e ffect is , for sma l l  eccentr ic ities , 

7 3  
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��(periapse angular advance per orb it )  

311' • ��= � 3 .  4 x w - 9  ('-8 em/orb it for Earth sate l l ite s ) 

where a is the s emima j or axis of the orbit , and H is the mas s  of the 

central gravitat ing body . The 8 em/orb it re sult is comparable to our 

e s t imate above of 0 . 5  em , but is an order of magn itude larger because  of 

the factor 611' . (Not ice also that the amount of perihe l ion shift down 

track , per orbit , is a funct ion only of the c entral mas s , and i s  inde -

pendent of the orb it itself . )  The advance in the per iap s e  of a GPS 

sate l l ite per year due to this effect  is  �6 0 meters . By Kepler ' s  third 

law T2 � a3 , where T is the orb ita l period , and so net dis tance advanced 

per year decreas e s  with orb ital radius : 

[ R ] 3 2 
Advance per year � 480 meter x : 

The per iapse pre c e s s ion is very diff icult to mea sure , par t i cularly for a 

sate l l ite in near c ircular orb it ,  l ike a GPS sate l l ite . In this  regard , 

we note that the value of the combinat ion of "parametr i zed pos t - Newton ian 

( PPN) parameter s "  ( 2  + 2y - 6 ) /3 can now be e s t imated from the prece s s ion 

of the per iapse of LAGEOS , although not with high accuracy . 

The 1�-order ('v � ,, � )  terms can be explained in the following way . 

The rotat ing ma s s  of the Earth attempt s  to  drag the spac e near it into 

rotat ion . This is the Lens e - Thirr ing effect (Misner , Thorne and Whee ler , 

1 9 7 3 ) . The angular rate of dragg ing near the surface of the Ear th is  

( ) 
= 

2GJ8 
0dragging r ----2 � c r " 
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where J• • the angular momentum of the Earth - I8� • •  

I • - 0 . 3 3 H R 2 · hence at the surface of the Earth • • • 

2 GM n ( R ) � - ...::.:L � 
dragging • 3 c R e • 

�is , together with Eq . ( E . l ) give s 

or us ing Kepler ' s  third law : 

Now � - 2w /day and • 

( E . 2 ) 

The effect of this on a satel l ite in a non - equatorial orb it is  to drag 

the plane of the orbit slowly around an axis al igned with the angular 

momentum . For a sate l l ite at GPS alt itude , then , the dragg ing of the 

1 f h b i  1 4 lo -a d i  I p ane o t e or t amounts to � . x ra ans yr . At the GPS 

sate l l ite orb ital rad ius , � 2 6 . 6  km x 10
3

, this amounts to about 40 

cmjyr = 1 ns . The distance dragged scales as  r
-2 • For a sat e l l ite with 

a 90 -minute orbit , the dragged distance is · J 6 .  5 m/yr . 

E . 2  Re lat ivistic Effects on S igna l Propagat ion 

Light deflect ion and t ime de lay are phenomena tha t affect the propa -

gat ion of s ignal s  to and from the t iming sate l l i t e , rather than affe c t ing 

the orb it of the sate ll ite . Ve will dispose of l ight def l e ct ion f irst . 

The direc t  effect of l ight deflect ion is a lmost  irrelevant in the GPS 

context . This is becaus e the system does  not need to know ( cannot know) 

the angular pos it ion of  the sate l l ite at the l eve l of l ight deflect ion 
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due to the Earth ..w 5 x 10 _ .. arcs econds (about 4 em when viewing a GPS 

sate l l ite from Earth) . This kind of deflect ion ( 4  em) corresponds to 

about 10 -s seconds of trave l t ime at GPS orbital ve loc ity ; a super -

accurate  trans it scheme (whether involving GPS or not )  could conce ivably 

f ind this a troublesome error . 

There is a + 2 kind of l ight deflect ion correct ion . Because the 

photon path is bent , it is s l ight ly longer than a compar ison flat space 

l ight ray . This effect is � + 2 x length of l ight ray . For GPS sate l -

l ites the t ime o f  f l ight is � 0 . 1  seconds , s o  this amounts t o  a com­

pletely negl ig ible � lo - 2 0  second corre ct ion . ( For photon orb its pa s t  

the sun , this effect is as  large a s  30  ns . )  

A subs tant ial ly larger effect is called the Shap iro t ime delay 

( 19 6 4 ) . In this effect , one take s account of the d ifferent effect ive 

path length when a l ight ray traverses a gravitat ional potent ial , com-

pared to the re sult in an ideal ized f lat space . This is  an effect t:hat: 

is large becaus e it ar ises  from sampl ing the complete potent ia l d if -

ference . 

The re lat ivis t ic equat ion de scrib ing the propaga t ion of photons 

relate s the t ime different ial dt to the distance d ifferent ia l dx : 

Here gxx • ( 1  + 2GM.fc 2r ) , g00 - - ( l - 2GM8/c2 r ) . Note that g00 is  

convent iona l ly negat ive , and we as swne that the l ight path is  along the 

x - d irect ion . F igure 7 g ive s the geome try of the photon propagat ion ,  and 
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b i 
light 

X 

· FIGURE 7 GEOMETRY OF LIGHT PROPAGATION PAST THE EARTH 
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explains the symbols  that appear in the approximate r e sult 

The round tr ip t ime is twice that . The s e  are corrected to proper t ime 

for an observer at the transmitter by mult iplying by a fa ctor that  dif -

fers from unity by a term of order (GM/c 2 r ) . The f irst  term is  modif ied 

by this mul t ipl icat ion , but the s econd term is so sma l l  already that it 

i s  not affected . 

For app l icat ion to the GPS problem ,  we suppos e  that one sta� ion ( say 

a 1 ) is on the surface of the Earth . We will then compare two conf igura -

t ions : 

a )  The observed sate l l ite is  d ire c t ly overhead : 

c x ( t ime delay correction) = 2GMa ln ( 4 )  one way -� 
b )  The observed sate l l ite is  on the hor izon : 

C X ( i ) - 2GMa ln ( 4  + ' �.-;1 5- )  time delay correct on - ---- 1 1 : one way c2 

Th is imp l i e s  a maximum one -way e ffect of rv O .  6 em , � 2  x 10 - 2 ns for the 

addit iona l offset between the overhead and the hor izon c lock . 

The Shap iro t ime de lays caus ed by the Sun or Moon are much smal ler . 

For GPS measurement s the solar or lunar effect arises  be cause of the dif-
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ference in potent ial ( t idal potent ial )  across the orbits . Ve e s t imate 

thes e  by comput ing the t idal potential difference : 

ll � � llx ] 2 
+

a I at Earth � czr; r• • 

with a s imilar express ion for the gradient in the lunar potential . For 

orbits near the Earth , llx/r• � 10 -� so that in pr inc iple for GPS sate l ­

l ites this could amount to - lo -8+ e l at Earth � 10 � 6 . For t ime de lay 

purposes , we s imply estimate a shift of this magnitude over the - 0 . 1  

s econd photon paths and obta in a time delay contr ibut ion from solar t idal 

potent ial � lo -1 7  seconds . The lunar case is  s imilar : !J. x/r !;:::: lo -1 is 

larger by 10
3

, but + is smal ler by � 10 5 to give a t ime delay contr ibu­

t ion from lunar t idal potent ial � l o -1 6  seconds . In this context t idal 

gradients due to the galaxy are very sma l l ; the potent ia l is , _  30 t ime s 

bigger at the Earth than is the Sun ' s potent ial , but the scale of var i -

at ion i s  very large . 

Before leaving the effects of the solar and lunar t idal f ields , we 

should note that over the ir orbital per iod the GPS sate l l it e s  sample 

potent ial differences  of ..v lo -1 5  to lo -1 6 . Integrated over """ 6 hours the se  

amount to terms a s  large a s  0 . 02 ns of  periodic var iat ion in c lock t ime , 

corresponding to � o . 6  em of pos it ion uncerta inty . 

E . 3  Cosmology 

Cosmological effects appear to be irre levant at the current leve l of 

accuracy . There are few analyt ical mode l s  that dea l  with the problem of 

a solar system embedded in a cosmology . One that doe s  is  the Eins t e in -
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Straus s mode l , a " Swis s cheese"  mode l , that we now de scribe . In a zero 

pres sure expanding universe , take a sphere of matter and squeeze it down 

to a compact central obj ect . There is  vacuum out s ide this central 

obj ect , out to the outer spherical boundary where the dust  solut ion 

begins . The dust is expanding away from the central mas s . We can put 

" test  plane t s "  orbit ing that centra l mas s  and observe the effect of the 

cosmology on them . Tbere is no effect , a fact that can be demons trated 

s imply by not ing that the spacet ime in the vacuum region is the stat ic 

Schwarz s child spher ica l ly symmetric one . S ince the spacet ime there is 

stat ic , the orbits are unaffected by what goe s on outs ide the vacuum 

region . This re sult is  cons istent with the Newtonian idea of vanishing 

f ield  ins ide a spherical she l l  of matter . 

It  doe s  appear that the t ida l potent ial be cause of the nonspher icity 

of the surroundings , ( i . e . , be caus e of the an isotrophy of the cosmology ) 

could have an effect , but our e s t imates of the t idal effects  from the 

galaxy indicate that such cosmolog ical effects are ins ignificant . 

The gravitat ional constant G could vary becaus e of cosmolog ical 

evolut ion , however , current observat ions (Table E . 2 ) l imit such var i ­

at ions t o  a part in 10 1 1  per year . Relative changes o f  th is magnitude 

would amount to ,.., 10 - 2 em per year in GPS orb it s . Thi s  kind of s low ,  

s e cular change would be removed in orb ita l mode l l ing , and would be 

extreme ly diff icult to detect . 

The cosmology could affe ct: the orbits  of a planetary sys tem by con ­

tr ibut ing ma s s  to the centra l attracting body . For instance , if  the 

universe is f i l led with a uniform fluid of dens ity p ,  then that adds an 

amount �0 - 4np r3 /3 to the effe c t ive ma s s  of the sun when determin ing a 

planet ' s  orb it of radius r .  But , for ins tance , suppos e  the un iver s e  were 
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f i.1 led with hot neutr inos to a c losure dens ity "" lo -2 9  gm/cm3 ( or had a 

correspond ingly s ized cosmological constant ) .  The contr ibut ion to the 

ma s s  ins ide Earth ' s  orbit is then ,... l . S  x 101 1  gm - lo -2 2  Mg .  an extreme ly 

small mas s . Typ ical cosmological t ime s cales  are the age of the universe , 

so one could ant ic ipate changes in this quant ity , due to the evolut ion of 

the cosmology , of - 15 gm/yr f We must re luctantly conc lude that so far 

there is no convinc ing way that cosmology can affect t iming accuracy at 

near - future leve l s  of precis ion . 

E . 4  Summary 

We have cons idered several pos t - Newtonian effects  tha t may be 

relevant if the leve l of pre c is ion of satell ite t iming is advanced suf ­

ficiently . The largest  effect found that d irectly affects t iming 

measurements  is the Shap iro t ime de lay , a different ial effect between 

sate l l ites viewed at d ifferent alt itudes , that can amount to � 0 . 6  em ( 2  x 

lo - 2 ns ) . Table E . 3 summarizes the effects cons idered , with e s t ima tes  

( in General Re lat ivity) of the ir s izes . Al though the precess ion and the 

frame dragging effects  are larger over 1 year than is the next larger 

t ime de lay term , they are the kind of secular term that will mos t  l ike ly 

be taken out in the fit to the orbital parameters , a l though they may be 

explic itly searched for in this  f it . The t ime delay effect , on the other 

hand , d irectly enters each observat ion , and will vary up to its  maximum 

effect within a collect ion of GPS - l ike observat ions . 
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TABLE E . 3  

SUMMARY OF RELATIVISTIC EFFECTS 

Effect 

Periapse Precess ion 

Frame Dragging 

Time Delay 

Light Deflection 

Magnitude 

8 em/orb it ,  secular 
• 480 m/yr (R /a) 3� • 

6 . 5 m/yr (R /a) 2 • 

0 . 6 em , 2 x l o -2 ns 

Lunar Tidal Eorces - l o -7 ns 
differential redshifts + t ime delay 

Solar Tidal Forces � l o- 8 ns 
d ifferent ial redshif t s  + t ime delay 

Tidal Forces , cumula t ive offset 
(integration o f  differential 

redshift over � orbit)  

Cosmology 

8 2  

Relat ive 
Magnitude 

� 3 . 4  X 10 -9 

"' 1 0 -9 

fV 1 0 -1 6 

"' t o -1 s 
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