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1 6 .  Abstract (contd. ) 

commercial  supplier, contracting to the Applied Physics Lab of Johns 
Hopkins University, a cooperative program with the Department of 
Defense, and use of an  existing spaceborne rubidium standard developed 
for  NASA-MSFC. 



PREFACE 

The objective of this report  is to evaluate various alternatives for  
achieving five goals stated by NASA-GSFC: 
international time and frequency comparisons, (2)  the improvement of 
prec ise  one-way Doppler tracking techniques, ( 3 )  the study of satellite 
one-way ranging techniques, (4) the performance of certain relativistic 
experiments, and (5 )  the development of new atomic frequency standards 
technology. 
special on-board atomic clock for  this purpose, other alternatives a r e  
considered including the use of existing t e r r e s t r i a l  and satellite time 
dissemination systems, the use of other satellite techniques not requir - 
ing an  on-board clock, and the use of a satellite-borne atomic clock 
already developed for  another NASA program. 
study were provided by a n  ad-hoc Technical Steering Committee 
appointed by NASA-GSFC, by knowledgeable commercial  representatives, 
by the existing scientific l i terature in the time and frequency field, by 
commercial  data and specifications on various types of existing frequency 
standards, and by wide experience a t  the National Bureau of Standards 
with various standards and dissemination techniques. 

(1) the improvement of 

In addition to NASA's proposed solution of developing a 

Technical inputs to this 

With regard to NASA's stated goal of improving international time and 
frequency dissemination, i t  was concluded that several  existing tech- 
niques and systems - -including both te r res t r ia l  and satellite methods - - 
hold promise for  achieving the stated objectives. 
likely to be less  expensive and more reliable than the satellite-borne 
clock solution. 
based atomic standard transmitting to a transponder on board a geo- 
stationary spacecraft  appears  to offer many advantages relative to the 
on-board clock approach originally proposed for the timing experiment. 

Some of these a r e  

Of the satellite methods considered the use of a ground- 

The other four NASA goals can probably be achieved a t  the stated 
accuracy levels only by using a spaceborne atomic standard. Based on 
a n  analysis of such factors a s  presently-achieved performance of com- 
merc ia l  and non-commercial atomic standards of various types, con- 
s t ra ints  imposed by the spacecraft environment, and various physical 
character is t ics  of the contenders, i t  was concluded that cesium or  
rubidium standards offer the best  compromise for the experiment a s  
proposed by NASA-GSFC. 
development e f for t  is initiated for such a standard, serious consideration 
should be given to the use of an  already existing rubidium standard 
devcloped by NASA-MSFC fo r  the Apollo Applications P rogram and to 
the possibility of joining with interested units in the Department of Defense 
in  a coordinated, joint development effort. 

It i s  recommended that before any expensive 

i i i  



TABLE OF CONTENTS 

1. INTRODUCTION AND GENERAL BACKGROUND 1 

2 .  SOME NEEDS FOR IMPROVED TIME DISSEMINATION 
2.  1 Introduction 
2 . 2  Some Needs and Applications for Improved Time and 

F r e que nc y 
a. Low-accuracy Range 
b,  Intermediate -accuracy Range 
c .  High-accuracy Range 

2 .3  NASA's Role in  Meeting These Needs 
2 .4  NASA GSFC's Stated Objectives for the Satellite 

Timing Experiment 
a. 
b. P rec i se  One-Way-Doppler Tracking 
c .  One-way Ranging 
d.  Precis ion Relativistic Time Study 
e .  Development of New Technology in the F o r m  of a 

Spaceborne Atomic Clock System 
2.  5 Possible Impact Areas for Improved Time Dissemination 

SOME ALTERNATIVES FOR MEETING NASA's OBJECTIVES 
3. 1 Introduction 
3 . 2  Some Possible Alternatives for Improved Time 

Dissemination 
a .  VLF Techniques 
b. LF Techniques 
c .  Portable Clock Techniques 
d .  Television Time Dissemination Techniques 
e .  Satellite Timing Techniques 

International Comparison of Frequency and Time 

3. 

(1) Introduction 
(2) Discussion of the Three Basic 

Satellite Techniques 
(a) One -way Relay Technique 
(b) Two-way Relay Technique 
(c) On-board-Clock Technique 
The Crystal  Oscillator vs.  Atomic Standard 
Question 

3 . 3  A Summary of P r o s  and Cons For  Various Time 
Dissemination Techniques 

3 . 4  Possible Alternatives for NASA Objectives Other Than 
Improved Time Dissemination 

(3) 

5 
5 

9 
9 

10 
10 
11 

11 
12 

13 
13 

13 
14 
17 
20 
24 
2 6  
26 

27 
27 
30 
32 

35 

39 

43 

V 



3 .  5 Conclusions Concerning Possible Alternatives For  
Achieving NASA's Objectives For  the Proposed 
Experiment 

4. ALTERNATIVES FOR A SPACECRAFT ATOMIC CLOCK 
4 .1  
4.2 

4 . 3  

4.4 

4 .5  

4 . 6  

4 . 7  

Introduction 
Some Constraints Imposed by the Launch and 
Spacecraft Environments 
a .  Reliability of the Standard 
b. Physical Size and Weight 
c . Environmental Sensitivity 
d. Provisions For  Remote Monitoring 
e .  Provisions For  Remote Adjustments 
f .  Electr ical  Power Requirements 
Possible Types of Atomic Standards For  the 
Proposed Experiment 
a .  Cesium and Thallium Beam Standards 
b. Rubidium Gas Cell Standards 
c .  Ammonia, Rubidium, and Hydrogen Masers 
d.  Hydrogen Storage Beam Device 
e .  Methane -stabilized Laser  
Present  Status of the Leading Contenders 
a. Introduction 
b. Comparison of Other -than-performance 

c .  Comparison of Performance Characterist ics 
d.  Evaluation of Standards Based on the Previous 

Conclusions F r o m  the Comparisons of Possible 
Standards For  Space c r aft Applic at ion 
Some Alternative Approaches For  Development of a 
Spaceborne Cesium or  Rubidium Standard 
a .  Contract For  Commercial Development 
b. Contract Fo r  Development by Applied Physics 

Lab (APL) 
c .  Use of Rubidium Standard Developed For  

NASA-MSFC 
d. Cooperative Development Program W i t h  

Dept. of Defense 
Technical Steering Committee Views on Alternatives 
For  a Spacecraft Clock 

Characterist ics 

Compar is ons 

44 

45 
45 

46 
46 
47 
48 
48 
49 
50 

50 
51 
51 
52 
54 
54 
54 
54 

55 
57 

60 

64 

65 
65 

65 

66 

66 

66 

vi 



5 .  CONCLUSION 

R E F E R E N C E S  

APPENDIX 

68 

71 

77 

LIST OF ILLUSTRATIONS 
Page 

Fig. 1 A Comparison of Some Time Dissemination Systems 40 

Fig. 2 Frequency Stability Data for Various Standards 59 

LIST OF TABLES 

Table 1 Comparison of Other -than -performance Character i s  tic s 
of Some Present  Types of Frequency Standards 

Table 2 Comparison of Performance Characterist ics of 
Some Present  Types of Frequency Standards 

Table 3 Evaluation of Possible Standards for Proposed 
NASA Experiment 

56 

58 

61 

vii 



1. INTRODUCTION AND GENERAL BACKGROUND 

During ear ly  1968 Goddard Space Flight Center initiated a con- 
t r ac t  with the Time and Frequency Division of the National Bureau of 
Standards to study various alternatives for an atomic frequency standard 
and clock system compatible with a spacecraft  environment. 
the intent was to develop specifications for an atomic standard suitable 
for use as a source of precise  frequency and time signals specifically 
in connection with the GEOS se r i e s  of geodetic satell i tes.  During la ter  
stages of the study, however, as future planning for GEOS-C, D, and 
beyond remained ra ther  uncertain, and as possible applications for 
ultra-stable satellite timing signals were  suggested in a reas  other than 
geodesy, restrictions to particular satell i tes o r  satellite programs 
were removed. 

Originally, 

To provide the pr imary  source of technical information, a 
Steering Committee for the GEOS Timing Experiment was established 
cons is  t ing 

(a) 

originally of the following representatives: 

Mr . James  D. Rosenberg 
Geodetic Satellites P rogram Manager 
National Aeronautics and Space Administration 
Washington, D. C. 
Mr. Roger Beehler 
Steering Committee Coordinator 
Time and Frequency Division 
National Bureau of Standards 
Boulder, Colorado 
M r .  Car l  Hagge 
Smithsonian Institution Astrophysical Laboratory 
Cambridge, Massachusetts 
Captain Robert Pauls on 
Guidance and Control Division 
Space and Missile Systems Organization 
USAJ? 
Los Angeles, California 
Dr. Fr iedr ick  H. Reder 
Exploratory Research Division C 
Institute for Exploratory Research 
U.  S. Army Electronics Command 
F o r t  Monmouth, New Jersey  
Mr.  Arthur Shapiro 
Aerospace Gorp 
Los Angeles, California 
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(g) Dr. Richard L. Sydnor 
J e t  Propulsion Laboratory 
Pas adena, California 

(h) Dr. George C. Weiffenbach 
The Johns Hopkins University 
Applied Physics Laboratory 
Silver Spring, Maryland 
Present ly  with Smithsonian Astrophysical Lab 
Cambridge, Massachusetts 

Time Services Division 
U. S. Naval Observatory 
Washington, D. C. 

( j )  Mr .  John H. Berber t  
Goddard Space Flight Center 
Greenbelt, Maryland 

(k) Mr.  Arthur F. Block 
Goddard Space Flight Center 
Greenbelt, Maryland 

(i) Dr. R. Glenn Hall 

(1) Mr .  Andrew R .  Chi, Chairman 
Goddard Space Flight 
G r  e enbe It, Maryland 

Goddard Space Flight 
Greenbelt, Maryland 

Goddard Space Flight 
Greenbelt, Maryland 

(0) M r .  Franc is  J . L e r c h  
Goddard Space Flight 
Greenbelt, Maryland 

Goddard Space Flight 
Gr  e e nbe It, Mary land 

(m) Dr. Bodo Kruger 

(n) M r .  Straton Laios 

(p) Dr. Fouad G. Major 

Center 

Center 

Center 

Center 

Center 

(q) Mr . Thomas E. McGunigal 
Goddard Space Flight Center 
G r  e e nbe It, Maryland 

The committee was chaired by M r .  A. R.  Chi of NASA GSFC with the 
NBS contractor,  M r .  R .  Beehler, acting as coordinator. Technical 
information was also obtained f rom a variety of other sources ,  including 
knowledgable commercial  representatives,  published specifications fo r  
commer cia1 frequency standards, extensive experience with various 
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types and models of quartz oscil lators and atomic standards at the 
National Bureau of Standards, and the existing scientific l i terature  
pertinent to the time and frequency field. 

During the course of this study NASA GSFC also awarded a 
supplementary contract to the Applied Physics Lab of Johns Hopkins 
University to cover an  analysis of possible modulation techniques and 
other aspects of the electronics systems required to t ransfer  the 
inherently stable signals characterist ic of the atomic standard itself 
f rom the satellite to the users on the ground. 
gation, including many detailed conclusions gained f rom APL's previous 
work in satellite timing systems sponsored by the U. S.  Navy and NASA, 
was completed in  October, 1969 [ 1 3 .  

The Technical Steering Committee met  in April, 1968 and 
January, 1969 in Washington, D. C. In addition, information and 
opinions were exchanged by means of correspondence, telephone calls, 
and one t r ip  by the coordinator to visit severa l  committee members  
and commercial  labs for more  detailed discussions. 
proceeded i t  became increasingly apparent that the basic question of 
what type and design of atomic standard should be selected could not 
be intelligently answered until much broader considerations, such as 
the general justification for developing - any kind of spacecraft  atomic 
clock system, the needs for improved timing capabilities, alternative 
solutions to any existing timing problems, etc. , were dealt with. 

A repor t  of this investi- 

As the study 

Because of the importance of these broader considerations in 
the choice of a possible atomic standard for spacecraft  applications, 
this repor t  will discuss some of these aspects first before dealing with 
the more  specific question of what type of standard is "best". 
of the report  discusses some possible needs and applications for 
improved time dissemination services  without regard  to the particular 
dissemination techniques that might be employed. In Section 3 various 
alternatives and techniques, including the use of satell i tes,  are con- 
s idered a s  possible solutions for existing and projected timing needs. 
Included a r e  discussions of the various satellite techniques available 
and the pros  and cons of active vs. passive systems,  stationary vs .  
orbiting satellites, one -way vs.  two -way techniques, and quartz vs .  
atomic on-board oscil lators.  The fourth section then proceeds to an 
analysis of the various types of atomic standards that are reasonable 
candidates for spacecraft  applications, assuming cer ta in  constraints 
imposed by the satellite environment. Also, assuming that a decision 
- is made to develop a spacecraft  atomic clock system, some alternative 
approaches a r e  considered for developing the necessary atomic standard.  

Section 2 

3 



A clear  concensus of the Technical Steering Committee on many 
of the questions discussed was impossible to discern.  
due in par t  to the wide range of differences in background, experiences, 
and objectives of the committee members  and their institutions and in 
par t  to a general  uncertainty about NASA's program objectives and 
operating constraints in  this a r e a  (at  least  during the ear ly  stages of 
this study). Conclusions stated in  this report ,  therefore, except where 
specifically identified as a committee viewpoint, should generally be 
regarded a s  the coordinator's opinion, based on his filtering of a great  
variety of technical information input f rom many sources .  

This was probably 

4 



2 .  SOME NEEDS FOR IMPROVED TIME DISSEMINATION 

2.  1 Introduction 

As various aspects of time and frequency technology - such a s  
frequency sources,  dis semination techniques, and measurement 
methods - have made rapid progress  during recent yea r s ,  a trend 
seems  to have developed toward making use of time and frequency 
technology to solve problems in  other unrelated fields. 
of the t ime -and-frequency -based aircraf t  collision avoidance system 
now undergoing evaluation and the development of time -synchronized 
communication systems provide two examples of this trend. But a t  the 
same time that this advanced time and frequency technology is being so 
successfully applied to solving important problems in a variety of fields, 
the m e r e  availability of atomic standards and improved dissemination 
systems is making it possible for system designers to plan even more  
refined and demanding applications for time and frequency technology, 
which in turn generate more  demanding requirements of the time and 
frequency equipment and dissemination systems.  

The emergence 

This interrelated development of time and frequency needs and 
capabilities has  produced a situation at present,  and likely continuing 
into the foreseeable future, in which at least  some needs seem to exist  
that require  improved time and frequency standards and/or dissemina- 
tion techniques. 
for example, in t e rms  of accuracy, precision, coverage area,  equip- 
ment cost and/or complexity, operator skil l  required, reliability, 
percent of time available, security, and so forth. Generally, needs for 
improved timing capabilities can be classified according to whether 
Universal Time - i. e . ,  ear th  position - is  required o r  whether only 
synchronization is  needed. Applications in which ear th  position i s  
important, such a s  satellite tracking, geodesy, and celestial navigation, 
depend on some form of Universal Time while most other applications 
require only that local time be synchronized with some other a rb i t ra ry  
time reference.  

These required improvements may take many forms - 

As an aid in discussing more specifically some of those applica- 
tions that might benefit f rom improved timing capabilities, we can 
somewhat arbi t rar i ly  categorize each application as having needs for low, 
intermediate, or  high accuracy timing. Low accuracy will re fe r  to 
timing needs less  stringent than 1 ms, intermediate accuracy to requi re -  
ments in  the 1 ms - 50p s range, and high accuracy to the better -than- 
501.1 s range. 
attempt to identify and classify needs for timing information. 

Several  difficulties quickly become apparent in any such 
F i r s t ,  
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because of the great diversity of time and frequency use r s  and applica- 
tions and because, i n  many cases ,  users  do not hiivc' to identify 
themselves in order  to gain access  to the titiling information (anyone 
with a proper receiver can receive W W V ,  for cx~itnplt'), it bec-omes 
most difficult to obtain an accurate measure of who is using various 
t ime and frequency dissemination services .  
factor to this user  identification problem is a seeming reluctance on 
the par t  of some use r s  to admit using a service for fear that they will 
be asked to help pay for it.  Secondly, even when needs - a r e  expressed, 
i t  is often hard to evaluate how realist ic the stated requirement is. 
Different users ,  of course,  tend to include varying amounts of safety 
factor in their stated requirements and i t  i s  r a r e  that enough informa- 
tion about such assumptions i s  included to enable an "outsider" to make 
a meaningful independent judgement. Finally, a related problem a r i se s  
f rom the mili tary classification procedure - that is ,  mili tary timing 
needs a r e  often stated to exist o r  a r e  a t  least  strongly implied, but 
efforts to  evaluate these requirements a r e  f rustrated because most 
details of the application a r e  classified. 
however, the following i s  an attempt to categorize some of the appli- 
cations for time and frequency technology and, in some cases ,  to 
indicate some specific needs for improved services  or  equipment. 

A fur ther  contributing 

In spite of these limitations, 

2 . 2  Some Needs and Applications for Improved Time and Frequency 
a. Low-accuracy Range ( less  stringent than 1 ms)  

(1) Some applications 
General public needs for time (e.g., time-of-day services)  
Most industrial applications 
Electr ic  power companies for power flow coordination 
Amateur radio use r s  
Small boat owners (navigation) 
Commercial shipping (navigation) 
Air  line s 
Radio and television stations 
Coarse time for resolution of ambiguities in more precise  systems 
and applications 
Time base for seismographic monitoring 
Some missi le  and satellite tracking applications 
Time base for some astronomical observations 

(2) Some needed improvements 
Reduction of interference for existing services  such as  WWVB 
More availability of time information - e.g., l e s s  sensitivity to 
propagation disturbances 
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(c) Better geographical coverage - e.g., for small boat owners along 
East Coast 

(d) More convenient time codes and formats for automatic data 
handling - e.g. ,  in remote seismic sensing stations 

(e) Simpler, cheaper receiving equipment 
( f )  U s e r  cost  more  directly related to needed accuracy. 

b. Intermediate-accuracy Range (1 ms - 50p.s) 

(1) Some applications 
World mapping studies (AFCRL) 
Instrumentation development 
Satellite tracking - e.g., Apollo, STADAN, Air Fo rce  Satellite 
Control System 
Some seismic monitoring (AEC) 
Geodetic studies (U.S. Coast & Geodetic Survey) 
Fundamental propagation studies 
Communic ation systems 
Rocket measurements 
General timing support for a variety of DOD activities - e.g. ,  Air 
Defense Command Space Surveilance Facil i t ies 

(2)  Some needed improvements 
(a) Better geographical coverage - e.g., so  that expensive portable 

clock t r ips  do not have to be used for moderate-precision needs 
(b) Simpler, cheaper receivers  
(c) More continuous availability of suitable broadcast signals 
(d) User cost  more  directly related to needed accuracy 
(e) Continuous availability of day/hr/min/sec coded information. 

c .  High-accuracy Range (better than 50ps) 

(1) Some applications 
Some industrial standards labs 
National and international timekeeping centers - e.g., NBS, USNO, 
BIH (International Time Bureau, Paris) 
Special-purpose timekeeping centers - e.g. ,  APL, NASA GSFC, 
DOD Time -Reference Stations, JPL (Goldstone) 
Synchronized communications systems 
Long -baseline -interferometry measurements 
Laser  -ranging systems 
U. S. Air Fo rce  one-way ranging applications 
Stationkeeping systems 
Aircraft collision avoidance systems 
General a i rcraf t  traffic control techniques 
Satellite navigation systems 
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Relativity expcr imcnts 
Car locator system (Rand Gorp) 
U .  S. Air Force  ICNI system 
Automatic landing systems 
Some projected space tracking applications - e.g., Apollo (10-5Ops) 
Identification function by knowing scheduled transmission and 
ar r iva l  t imes 
More accurate synchronizations for reducing the number of portable 
c lock t r ips  
Unspecified, classified DOD applications for better -than- 1ps timing 
Reduction of TV co -channel interference via c a r r i e r  frequency 
stabilization 
TV network operations. 

(2) Some needed improvements 
Better geographic a1 cover age 
Better coordination among existing facilities and systems 
Simpler dissemination and receiving techniques so as  to place 
fewer technical demands on semi-skil led users  in the field 
Higher reliability of available services  
More continuous availability of precise  timing information 
Continued efforts to develop higher precision and higher accuracy 
techniques and systems a s  required for the continuing improvement 
of the many applications depending on advanced time - e.g., advanced 
station -keeping techniques 
More consideration of economic costs and benefits both for existing 
systems and proposed new services  
More efficient use of the electromagnetic spectrum 
Development of cheaper, smaller  atomic clocks (especially desired 
by DOD agencies, such a s  USAEC, F t .  Monmouth, N. J . ) .  

2.  3 NASA's Role in  Meeting These Needs 

During the early stages of the Technical Steering Committee's 
deliberations-concerning NASA's proposed development of a modified 
atomic frequency standard for on-board spacecraft applications, a 
number of questions a rose  related to which time and frequency needs 
and applications were considered to be the pr imary justifications for 
the proposed satellite experiment. 
time w a s  spent in considering the potential impact of the proposed 
satellite timing system on many of the application a reas  listed above. 
Most of the committee members  seemed to agree that: 

A large portion of the Committee's 

a .  NASA should use i ts  available expertise and resources  to 
contribute to the solution of timing problems in some of the 
above a reas  which relate directly to NASA program 
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objectives - e.g., satellite t racking.  
b .  Fo r  applications, such as one-way ranging, where the pro-  

posed NASA timing experiment might contribute strongly to 
other agencies' programs (e.g., the Air Force  in this case 
of the one -way ranging application), NASA should actively 
seek to cooperate with the appropriate related organizations. 
Any such NASA satellite experiment to provide improved 
timing should be designed pr imari ly  for the state -of -the -art 
user ,  although several  committee members  also felt that a 
dual-precision-level approach was desirable, in  which both 
moderately -precise and highly -precise timing information 
would be made available. 
Although the proposed timing experiment was being con- 
sidered for a particular geodetic satellite, GEOS-C, the 
pr imary justification was - not to provide improved geodetic 
measurements .  
sources,  though somewhat contradictory, seemed to suggest 
that timing improvements beyond about loops would not have 
significant impact upon the overall  accuracy of most  geodetic 
measurements .  
NASA should not attempt to provide a "timing service" to 
large numbers of u se r s  but ra ther  should emphasize experi-  
mental studies of state -of -the -art techniques. 
Before attempting to make choices concerning which type of 
atomic standard should be developed for the proposed 
satellite experiment, NASA should f i r s t  decide on a defini- 
tive set  of objectives for the experiment, including statements 
of which timing needs a r e  being attacked, and secondly should 
also consider other possible techniques for satisfying those 
needs. 

c .  

d. 

Information from APL personnel and other 

e .  

f .  

2 .4  NASA GSFC's Stated Objectives for the Satellite Timing Experiment 

In response to these initial committee discussions NASA GSFC 

Five application areas were identified a s  being the pr imary 

a .  International Comparison of Frequency and Time. The 
objective here  is to use simultaneous measurements of the 
satellite time signal in t e rms  of the local clocks at two 
remote s i tes  to obtain a time comparison of the two local 
clocks to within 0 .  1ps. This, of course,  assumes that the 
differential propagation delay is known to this degree.  Such 
comparisons would be useful to national and international 

then prepared a more detailed proposal and justification for the experi-  
ment.  
beneficiaries of the proposed satellite experiment : 
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timekeeping centers ,  satellite tracking stations, long- 
baseline -interferometry stations, and to ground stations i n  
the proposed aircraft-collision-avoidance system (AGAS). 
Pr ecise One -Way -Doppler Tracking . Differing opinions 
seem to exist on the possibility of reducing e r r o r s  in the 
one-way Doppler tracking technique by use of an on-board 
atomic standard to generate the appropriate frequencies. 
Since a new frequency parameter  is normally fitted to the 
Doppler tracking data on each satellite pass  for each 
receiving station, the pr imary frequency fluctuations of 
interest  a r e  those that occur during a single pass  ( 'VN 10 
minutes). Fo r  this averaging period, the stability of a 
typical commercial  atomic standard may not be better than 
that of a good quartz oscil lator;  for longer periods where 
the atomic standard's stability is superior,  the Doppler 
measurement uncertainties a r e  not very sensitive to 
oscillator instabilities. Even if the relatively short- term 
stability over about 10 minutes can be improved (by using 
an improved oscillator - atomic or  quartz), there is some 
disagreement about any resulting reduction in the overall  
Doppler measurement e r r o r s  [ 2 1 .  
indicate to the Technical Steering Committee at  one point 
that an improved stability of 1 X  10-12 during a single pass  
would reduce one e r r o r  component by a factor of five, but 
no estimate was given of the resulting effect on the overall  
measurement uncertainty. A further point was made that 
the improved long-term stability expected from an atomic 
standard might make i t  unnecessary to fit a new frequency 
for  each pass,  resulting in a t  least  an operational simpli-  
fication of the Doppler measurement procedure. Further  
documentation is needed in this a r ea  to pinpoint more 
exactly what the main e r r o r  contributions a r e  for this 
measurement technique. 

The objective in this case is to evaluate 
the one-way ranging technique, in which range i s  deter-  
mined from the measured one -way propagation time between 
the satellite and the receiving station. Clearly, the satellite 
and receiving station clocks must be synchronized (or at 
least  the t ime difference must be accurately known). 
significant advantage of this technique is the large reduction 
in the number of necessary transmissions among a network 
of N participating stations needing range separation infor - 
mation relative to a two-way radar  beacon transponding 

b . 

- 

L_ 

A P L  personnel did 

c .  One-way Ranging . 

A 
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approach. 
tions i H  that u s e r s  can function in a passive role without 
needing to identify themselves o r  their positions. 
Fo rce  is interested in this technique for  the Navigation 
Satellite (NAVSAT) program at a level providing slant range 
to 30 m [ 3 3 ,  requiring time synchronizations to be main- 
tained to within 0 .  lps .  Advanced Army avionics applications 
also rely heavily on this technique; one stated requirement 
calls for a stationkeeping capability between a i rc raf t  to 
t 3 m, o r  a synchronization capability to t 10 ns  over a 
period of a few hours [ 4 3. Non-military applications include 
spacecraft  tracking and aspects of one proposed civilian 
a i rc raf t  collision avoidance system (the t ime and frequency 
approach) [ 5 1 .  

A further advantage for ~ 3 . 0 1 1 1 ~  tiiilitciry applica- 

'The Air 

- 

d. Precis ion Relativistic Time Study. Provision of a highly- 
stable frequency standard on an orbiting rocket o r  satellite and 
the comparison of these transmissions with similar 
standards on the ground over a sufficient period of time 
allows the measurement of certain relativistic effects. F o r  
near ear th  orbits relatively long-term stabilities of a few 
par t s  in 1 0 l 2  or  better a r e  needed, but the stability require-  
ments a r e  more  relaxed for wider ranging orbits.  A 
spacecraft-borne hydrogen mase r  system is being developed 
at the Smithsonian Astrophysical Observatory by D r .  R .  F. C. 
Vessot for a proposed satellite o r  rocket gravitational 
red-shift experiment, but plans a r e  still somewhat uncertain 
at this t ime [ 6 1 .  
Development of New Technology in the F o r m  of a Spaceborne 
Atomic Clock System. - As time and frequency technology is 
applied in  more  and more a reas ,  and a s  these applications 
require more  stringent performance f rom the frequency and 
time sources,  the role of atomic clocks will almost c e r -  
tainly continue to grow in future years .  In recognition of 
this trend severa l  committee members  felt strongly that 
every effort should be made to encourage the development 
of smaller ,  cheaper, lighter, lower -power, more  reliable 
atomic standards for both mili tary and civilian future 
applications. 
posed at this t ime by NASA is seen as one approach toward 
encouraging this development for other later applications. 

e .  

The satellite timing experiment being pro-  
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2.5 Possible Impact Areas for Improved Time Dissemination 

The possible impact areas covered by these proposed NASA 
objectives for the satellite timing experiment clearly c ros s  many 
organizational and agency lines. Although the goals dealing with 
Doppler tracking and one-way ranging a r e  of pr imary concern to NASA 
and some DOD elements, the objective of synchronizing ground stations 
over large a reas  to within 0. l p s  is of interest  to a much larger  seg-  
ment of u s e r s  - for example, standards laboratories (national and 
international); a i rc raf t  collision avoidance system ground stations ; 
state  -of -the - a r t  industrial  laboratories and standards groups; remote 
monitoring stations for various government and university projects, 
such as seismic -event monitors and geodetic units (though not needing 
timing to 0 .  Ips) ;  satellite and missi le  tracking facilities, both mili tary 
and civilian; long -baseline interferometry s i tes  ; navigation stations 
over large a reas  such a s  those in the Omega and Loran-C systems; and 
a large number of miscellaneous civilian use r s  of less-precise  timing, 
provided the satellite signals a r e  also designed fo r  this c lass  of u se r .  

Before proceeding on to a discussion of how the proposed 
satellite -borne clock system might be implemented most efficiently, 
i t  might be worth considering f i r s t  some alternative ways in which at 
least some of NASA's experimental objectives could be met  using other 
techniques and/or facil i t ies.  Hopefully, this information to be pro - 
vided in  the next section of this repor t  will give some usefulperspective 
for NASA's eventual decision on whether to undertake this experiment. 
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3 .  SOME ALTERNATIVES FOR MEETING NASA's OBJECTIVES 

3 .  1 Introduction 

F o r  purposes of discussion in this chapter the experimental 
objectives re fer red  to previously can be broken down into one ra ther  
general  goal and four more  specific ones.  
provide improved t ime dissemination over wide geographical a r eas  at 
an  accuracy level of 0 .  1ps for state-of-the-art u se r s  and concurrently 
at a lower-accuracy level (perhaps 1OOp s) for l e s s  sophisticated use r s .  
The more specific goals of the experiment a r e  (1) to evaluate the one- 
way ranging technique, (2) to improve the one-way Doppler tracking 
technique, ( 3 )  to perform relativity tes ts ,  and (4) to develop a 
spacecraft-compatible atomic clock system which will be smaller ,  
lighter, l ess  power -consuming, cheaper, and more reliable than 
commercial  units presently available. 

The general goal is to 

The first pa r t  of this chapter will include discussions of a 
variety of t ime dissemination techniques that might contribute solutions 
to some of the timing goals identified by NASA and mentioned in the 
previous chapter.  While the severa l  forms of satellite dissemination 
techniques described here  will obviously be of most  interest  to NASA, 
other possible alternatives - such as VLF, LF,  portable clock, 
a i rcraf t  flyover, and television methods - are also included for com- 
pletness and for comparative purposes,  
the various alternatives, an attempt will be made to concisely 
summarize and compare the pros  and cons for each time dissemination 

Following the discussion of 

system, s o  that the particular proposed satellite technique employing 
an on-board atomic clock can be evaluated relative to other possible 
approaches. 

This chapter will then conclude with some comments on possib 
alternative approaches for achieving the more specific experimental 
objectives outlined by NASA - i.e., evaluation of the one-way ranging 
technique, improvement of one -way Doppler tracking, performance of 
relativity tes ts ,  and development of a spacecraft-compatible atomic 
frequency standard.  

3 .  2 Some Possible Alternatives F o r  Improved Time Dissemination 

e 

Improvements in t ime dissemination may take a variety of forms 
F o r  example, one par t  of NASA's stated objective for the proposed 
satellite experiment cal ls  for time dissemination to 0 .  1ps; representing, 
in most cases ,  an improvement over existing capabilities in t e rms  of 
higher accuracy. 
the t e r m  accuracy will re fe r  to accuracy of synchronization as 

F o r  almost a l l  applications of very precise  timing 
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contrasted with the accurate t ransfer  of actual date (or time-of-day) 
information relative to some chosen time scale.  
timing objective calls for  concurrent improved t ime dissemination in  
the 10-1OOps range. 
has already been shown to be technically feasible and practical, the 
"improvement" desired may include such factors as disseminating the 
10-1OOps time over larger  geographical a reas ,  doing it more  reliably, 
providing the timing information during a larger  portion of each 24-hour 
period, encouraging the development of cheaper and simpler user  
instrumentation, and reducing the operator skil l  required to use the 
timing information. A l l  these factors  will be considered in  the 
following discussions of alternative methods that might provide 
improved time dissemination in accordance with NASA's objectives. 

Another aspect of the 

In this case,  since dissemination to this accuracy 

a. VLF Techniques 
The well-known, favorable propagation character is t ics  of VLF 

transmissions,  in te rms  of high phase stability and low attenuation 
over very long reception paths, have resulted in an increasing use of 
VLF services  of such organizations a s  the U. S. National Bureau of 
Standards, the U.  S. Navy and various similar international organiza- 
tions for many low-and-moderate accuracy timing applications 
throughout the world. 
initially by means of a portable clock car r ied  to the particular location 
and then tracked and calibrated by maintaining a continuous phase com- 
parison between the local clock and a suitable VLF transmission. Even 
in  the face of various propagation problems, such as  the familiar 
duirnal variations, i t  has been amply demonstrated that with sufficient 
c a r e  local timing can be maintained to within a few microseconds by 
using VLF techniques. Fifty-microseconds timing from VLF i s  fairly 
routine over wide a reas  and under varying conditions [ 7-1 1 ] . 
must use calculated values for the propagation path delay in a particular 
application, however, ra ther  than measured values (e.g., via a portable 
clock comparison) o r  simply an assumption that the delay remains 
constant, local timing uncertainties will be significantly larger  - 
perhaps, 10-5Ops at  best .  

In a typical case a local clock might be se t  

If one 

The planned full-implementation of the V L F  Omega Navigation 
System by late 1972 should provide a greatly improved time-and- 
frequency capability for u s e r s  in  the 1-5Ops range on a nearly 
world-wide basis  [ 12-13 3. 
Omega also offers the following significant advantages for time and 
frequency applications : 

Though basically a navigation system, 
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(1) Eight closely-synchronized, 10 -kW V L F  stations wi l l  p ro-  
vide reliable, world-wide V L F  transmissions,  so that any 
user  can depend on being able to receive useful signals f rom 
3-5 separate stations. 

(2) Each station wil l  generate its transmitted frequencies f r o m  
a concensus of four commercial  cesium beam standards, 
thus assuring high reliability and extremely good stability. 

(3) Each station will t ransmit  three time -multiplexed navigation 
frequencies (10.2, 11.3, and 13.6 kHz) and probably two 
additional character is t ic  frequencies in  the 10 -14 kHz band. 
Since the phases of all frequencies transmitted are carefully 
synchronized, the opportunity exists to use the multiple - 
VLF-car r ie r  technique, such as practiced with the NBS 
WWVL two-and-three-frequency transmissions near 20 kHz, 
to reduce the basic timing ambiguities inherent in  the VLF 
technique by permitting identification of a specific cycle of 
the c a r r i e r .  

(4) The Omega System includes provisions for internal system 
monitoring of the various stations transmitted frequencies 
and periodic correction of each stations transmissions to an 
overall  system mean. 

(5) The system mean can be adjusted on a more  infrequent basis 
to agree to an accepted reference time scale.  

(6) Recent proposals have been made to include a day/ 
hours/minutes low-bit-rate time code in the Omega format,  
using the two unique frequencies assigned to each station 
[ 14 1 .  Though not needed specifically for the navigation 
function, the t ime code - when used together with more 
precise  timing information derived from the various diff - 
erence frequencies available and ultimately from the R F  
c a r r i e r  phase itself - would provide complete self-contained 
t ime -of -day information f rom days to microseconds on a 
global basis .  Recommendations for implementing such a 
timing service using Omega facilities a r e  presently being 
considered by members  of an Omega Prec ise  Time and Time 
Interval Advisory Group, including NBS, USNO, and other 
interested agencies, which i s  advisory to the Omega Project Office, 

(7) When fully operational, the Omega system will be civilian- 
directed by the Department of Transportation with operation 
of the non-U. S. stations under the control of the particular 
foreign country hosting each station. It is expected that this 
operational setup will contribute to the permanency of the 
Omega service and make frequent changes in  format ,  e tc .  
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unlikely. 
l ess  hesitant to develop proper receivers  and other ins t ru-  
mentation for use wi th  Omega than for other systems that 
a r e  more subject to frequent modification. 

Measurement techniques for  either t ime or  navigation use a r e  
s imilar ,  being phase measurements of VLF c a r r i e r s .  
use, they consist of phase comparisons of frequencies broadcasted f rom 
pa i rs  of t ransmit ters  whose geographical locations a r e  accurately 
known and do not require a synchronized local clock. For  timing use 
the measurement consists of a phase comparison between frequencies 
broadcasted from one transmitter and local clock frequencies. 
important limitations on the accuracy of these measurements a r e  those 
due to radio propagation. 
tions (multiplicative noise, and atmospheric, o r  additive noise). 
Atmospheric noise can be decreased somewhat by longer averaging 
t imes in the measurement,  but essentially nothing can be done about 
propagation media fluctuations except to  design the system around them. 

pagation media fluctuations, a r e  of the order  of a few microseconds, 
giving potential time synchronization uncertainties (or corresponding 
position uncertainties) of this order  - provided that the propagation 
delay is also known this well. Such measurements a s  mentioned here  
a re ,  of course,  ambiguous with the period of the particular frequency 
used. Fo r  example, a measurement on a 10 kHz c a r r i e r  w i l l  be 
ambiguous to loops, and other techniques must be used to resolve this 
problem. In order  to reduce such ambiguities, lower frequencies 
(longer periods) a r e  needed with stabilities which permit  them to be 
used for identifying a specific cycle of the c a r r i e r .  
suggested, these lower frequencies can be obtained by taking differences 
between the various Omega c a r r i e r  frequencies. 

Equipment manufacturers should therefore be 

For  navigation 

The 

These consist of propagation media fluctua- 

Phase stabilities of the VLF c a r r i e r s  themselves, due to pro-  

As already 

The lowest difference frequency presently provided for the 
Omega navigation function is a little over 1 kHz (11.33 - 10.2 kHz), 
resulting in timing ambiguities of about 880~s. This means that in  
order  to make use of Omega transmissions to se t  his clock correctly 
to a few microseconds, the user  f i r s t  must know his t ime to better 
than one-half this ambiguity, o r  440~s. Ideally, one would like to use 
lower frequencies f rom the Omega format itself to get this needed 
accuracy of 4 4 0 ~ s  or  bet ter .  
f rom Omega i s  approximately one pulse per second from the 
envelope. 
[ 13 ] and [ 14 ] . ] In the operational system these pulses could have a 

The next lower frequency now available 

[ F o r  more details of the Omega format see references 
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r i s e  time as long as 3 3  ms, corresponding to an antenna bandwidth of 
10 Hz. 
system to identify t ime to the needed 440ps. 
calls for assigning the two additional unique frequencies characterist ic 
of each Omega station such that a difference frequency resul ts  that will 
allow one of its cycles to be identified by the envelope pulses.  
the zero crossing of this identified cycle would be capable of identifying 
a particular cycle of the Z l  kHz difference frequency. Presently,  NBS 
and the USNO have agreed to recommend assigning unique frequencies 
such that a difference frequency of 250 Hz resul ts ,  which should allow 
resolution of the various timing ambiguities mentioned. 
previously, the further addition of a day/hour/minute t ime code to the 
format  would then make timing available all the way f rom days to a 
few microseconds.  

These pulse r i s e  t imes a r e  too s low to use in  a practical  
One proposed solution 

Then 

As pointed out 

Once fully operational, then, the Omega system potentially 
offers a significantly improved time dissemination system in the low o r  
moderate accuracy range. 
very high reliability. 
the navigation function, should prove to be in the moderate category. 
This cost, which initially may be a few thousand dollars, should 
decrease a s  use of the Omega system expands, creating larger  eco- 
nomic markets .  
likely have strong impact within the low -and-moderate -accuracy 
application a reas ,  any timing needs for sub-microsecond accuracy will 
remain beyond the capabilities of this VLF system. 

System coverage will be worldwide with 
Receiver costs, where timing is needed but not 

Finally, i t  should be noted that while Omega will 

b. LF Techniques 

Compared to V L F ,  radio frequencies in the L F  range also tend 

Measured phase stabilities in  the 
to propagate with very high phase stability, but over much shorter 
distances (higher attenuation). 
groundwave mode for distances up to about 1500 km over land have 
been reported in some cases  to be better than 1ps with similar resul ts  
for 3000 km propagation paths over seawater [ 15-16] .  
recent studies, however, indicate that propagation variations of up to 
3 p s  can be experienced over land paths featuring rough and/or inhomo- 
geneous te r ra in  [ 17 1 .  
s kywave component become s significant, producing mutual interference 
in the received signal and a deterioration in the measured stability to 
perhaps 5 0 ~ s .  LF techniques then may possess  capabilities for sub- 
microsecond timing over ra ther  limited ranges and types of t e r ra in  
and for moderate -accuracy timing over much longer distances - perhaps 
out to 10, 000 km. 

Other more 

F o r  longer distances the amplitude of the 
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Two LF acrvices,  which in many casea m a y  provide solutions 
to moderate-to-high-accuracy timing needs, a r e  the NBS 60 kHz 
broadcast f rom WWVB in F o r t  Collins, Colorado and the 100 kHz 
transmissions from the Loran C navigation system. 
vice a rea  of WWVB i s  limited primarily to the continental United States.  
In addition to providing phase-stable signals referenced to the NBS 
Frequency Standard and i ts  associated time scale systems in  Boulder, 
Colorado, WWVB transmits  a BCD time code giving day/hour/minute/ 
second information which can be easily decoded and digitally -displayed 
using commercially available rece ivers .  Additional information con- 
cerning the service is available in the annual NBS Special Publication 
2 3 6 ,  "NBS Frequency and Time Broadcast Services". 

The useful s e r -  

The Loran C system, like Omega, is primarily a navigation 
system which provides hyperbolic lines of position by utilizing closely- 
synchronized transmissions from groups of geographically separated 
(by 480-800 km) stations [ 151. 
Coast Guard, but i ts  timing aspects a r e  closely referenced to the 
UTC(ISN0)  time scale. 
consists of some 33 stations, grouped into eight chains - each with one 
mas ter  station and two o r  more synchronized slave stations. The 
various chains a r e  spread throughout the world, but cover only selected 
a r e a s  due to the more  limited propagation range at  this frequency. 

The system is operated by the U. S. 

A t  present the Loran C network 

Synchronization of the various stations within a given Loran C 
chain is generally held to within 0 .  1-0.  2ps by operating a monitoring 
station within the coverage a rea  of each station and by using carefully- 
evaluated path delay data for each monitor station-to -transmitting 
station path. In addition, by using periodic portable clock comparisons 
between the USNO and at  least  some of the monitor stations, five of the 
Loran C chains a r e  now synchronized to the UTC(USN0) t ime scale to 
within a stated tolerance of about t 2 5 ~ s .  - 

The Loran C transmissions achieve their sub-microsecond 
timing capability by using a pulsed modulation format  which enables the 
user  to separate the more  stable groundwave portion of the received 
signal f rom the skywave. In addition, the pulse-coded format is 
designed to permit the separation of different Loran C chains and the 
identification of individual stations within a single chain. 
t ransmits  groups of pulses at  precisely known times relative to the 
mas ter  and other slaves in the chain. 
received Loran C pulse f rom a mas ter  station on an oscilloscope, a 
fairly sophisticated user can usually obtain a timing comparison between 
Loran C and a local clock to within t 20ps. 

Each station 

By visually displaying the 

To realize the full timing - 
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potential of Loran C, however, one needs an  automatic receiver  which 
locks on to the proper point of the pulse s t ructure  to reduce skywave 
influences. 
one or two cycles, corresponding to 10 o r  20ps, but with adequate c a r e  
resul ts  in  the sub-microsecond region are possible under ideal 
conditions. 

Even with such receivers  it is possible to have e r r o r s  of 

Synchronization accuracies achievable with Loran C depend on 
many factors,  such as one’s ability to calculate o r  measure path delays 
and on whether comparisons are made relative to a single station, two 
stations in the same chain, o r  two stations in different chains. If 
station and user  locations a r e  known adequately, propagation time 
delays over all-seawater paths can be calculated to 0 .  1ps for distance 
up to 1500 km [ 18 3 .  
culation is much more  difficult and the resulting synchronization 
inaccuracies may be much la rger .  
path delays a r i s e s  f rom uncertainties in determining absolute receiver 
delays. 

Over mixed land and s e a  paths, however, the cal-  

An added difficulty in calculating 

Best synchronization resul ts ,  of course,  a r e  generally obtained 
when two use r s  can receive signals f rom a common Loran C station. 
If two different stations in  the same chain a r e  used, an additional e r r o r  
of at least  0 .  1-0.2ps may result .  F o r  synchronizations using received 
signals f rom stations in  two different Loran C chains, an additional 
e r r o r  of at least  t 15p.s is possible where both chains a r e  timed by the 
USNO. Some improvements in these values are possible by using after 
the-fact published values for chain e r r o r s  with respect  to the USNO 
master  clock. F o r  untimed chains the e r r o r s  will, of course,  be con- 
siderably grea te r .  

Users  beyond the normal  Loran C groundwave range may still 
be able to receive useful timing information via the skywave. Uncer - 
tainties a r e  larger  due to difficulties in determining the exact propa- 
gation mode being received and in selecting a particular cycle for  
reference.  
over 6,000 km paths [ 19 1 .  

Studies have claimed skywave timing accuracies of - t 20ps 

Summarizing then, Loran C can perhaps impact favorably on 
both the sub-microsecond and the more  moderate accuracy require - 
ments for improved t ime dissemination mentioned by “.A. 
example, one NASA group has stated that the use of Loran c for  timing 
a t  Apollo tracking stations should be adequate for all present and future 
needs (10-5Ops) [ 20 1 .  
continental U .  S . ,  W W V B  may offer an acceptable solution. However, 
for the highest accuracy applications only certain selected geographic 

F o r  

F o r  moderate-accuracy needs within the 

19 



a reas  a r e  adequately covered by Loran C and the usual difficulties in 
calibrating the path delays must be carefully considered. 
user  skill a r e  ra ther  severe in many application - especially, if the 
highest quality automatic rece ivers  a r e  not available. User cost for 
rece ivers  can be rather  low ($1000) in strong signal a r eas  o r  where 
highest accuracy is not required, but r i s e s  to about $10,000 for the 
more  sophisticated automatic equipment. A large plus for the Loran C 
system is,  of course, that it is already fully operational with extensive 
use of high-quality commercial  cesium standards for frequency and 
time control. 

Demands on 

c .  Portable Clock Techniques 

Two variations of the basic portable clock technique for solving 
high-accuracy timing needs have been used successfully - one on an 
operational basis  and the second only on an experimental basis so f a r .  
The f i r s t  technique, usually re fer red  to simply as the "portable clock" 
technique, consists of the following basic procedure: 

(1) F i r s t ,  in the reference laboratory measure (and adjust, i f  
necessary) the frequency and time differences between the 
portable clock and the reference standard,  

gently a s  possible to the local laboratory needing the time 
t ransfer .  

(3) Next, measure the time difference between the local clock 
and the portable clock. 

(4) Next, as  quickly a s  possible re turn the portable clock to the 
reference laboratory and again make frequency and time 
comparisons with the reference standard. 

portable clock-local clock readings to reflect such things 
as  frequency offset between portable and reference clocks 
and any other known changes occurring during the t r ip .  

This technique has been employed by Hewlett -Packard Company 
on severa l  occasions [ 21 ] to demonstrate that presently-available 
atomic clock systems can be transported by a variety of modes all over 
the world during a period of about a month to synchronize local clocks 
to within one microsecond o r  better.  

(2) Next, t ransport  the operating portable clock a s  quickly and 

(5) Finally, using the data obtained, cor rec t  the measured 

The portable clock technique has been and wil l  probably continue 
to be used extensively by the Department of Defense to establish and 
maintain accurate timing at  remote s i tes  worldwide in support of 
various DOD programs, such a s  satellite tracking. The most exten- 
sive portable clock operations a re  those of the U. S .  Naval Observatory 
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and the U.  S. Air Fo rce  Aerospace Guidance and Metrology Center a t  
Newark Air Fo rce  Base, Ohio. 
every 3-6 months have been one of the principal means used by USNO 
and NBS to maintain coordination between their respective UTC time 
scales .  Since October, 1968 synchronization has been kept to within 
- 5 ps a t  a l l  times. Comparisons between USNO and NBS using other 

backup methods, such as V L F  and LF monitoring by the two organiza- 
tions, show excellent long-term agreement with the portable clock 
resul ts .  

Portable clock t r ips  by USNO personnel 

Even though quartz c rys ta l  oscil lators which have documentable 
stable drift character is t ics  can be used successfully in some portable 
clock applications, most portable clock operations today rely on the 
superior stability of atomic standards - either rubidium or  cesium 
devices. Since many portable clock t r ips  involve changing modes of 
transportation, changing environmental conditions (e.g., temperatures,  
mechanical shock, e lectr ical  power sources,  magnetic fields), and 
fairly long intervals of time away from "home base", the following are 
some of the principal attributes of an ideal portable clock for most 
purposes: 

(1) High stability both in long-term (e.g., during the duration of 
a typical t r ip  - perhaps 1 day - 1 month) and in short- term 
(during a typical calibration measurement).  However, a 
uniform drift,  in principle, need not degrade the resul ts .  
Insensitivity to environmental effects such as temperature,  
p ressure ,  humidity, magnetic fields, electrical  supply 
voltage, and mechanical shock. 
High reliability. 
Small size and weight consistent with reasonably convenient 
t ravel  by commercial  airline, automobile, e tc .  
Capability for operation from a wide variety of e lectr ical  
supply sources .  
Provision for conveniently resetting time (and perhaps 
frequency) outputs with high resolution. 

As might be expected, no one device clearly excels in  a l l  these cate- 
gories.  Quartz clocks excel in (4) but a r e  especially weak in (1) and(2) .  
Rubidium clocks represent  a good compromise in almost a l l  categories, 
but generally suffer somewhat in long-term stability and must have 
their frequency adjusted initially against a pr imary  standard.  
beam clock systems excel in  (1) and (2), a r e  quite satisfactory in t e r m s  
of ( 3 ) ,  ( 5 ) ,  and ( 6 ) ,  but most versions used to date have serious draw- 
backs in t e r m s  of their relatively large size and weight. 

Cesium 
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In considering briefly the pros  and cons of this basic portable 
clock technique, i t  i s  presently the only proven way of reliably 
t ransferr ing sub-microsecond timing over large distances using 
commercially -available equipment. 
portation requirements.  
the large t ravel  and equipment expenses plus sa la r ies  for the accom- 
panying personnel. 
remote s i tes  wil l  obviously cost many thousands of dollars.  
disadvantages include the limited number of u s e r s  that can be served, 
the general inconvenience of the method, and the rather  infrequent 
availability of such a service.  

Coverage is limited only by t rans  - 
On the negative side the main disadvantage is 

The cost  for a month-long t r ip  stopping at  severa l  
Additional 

In view of these practical  limitations, the basic portable clock 
technique i s  clearly a poor way of attempting to meet NASA's objective 
of providing improved timing to large numbers of u s e r s  in the moderate 
accuracy range. However, for more limited application to a small  
number of specific, sub-microsecond timing problems, the technique 
should at  least  be considered and is perhaps capable of providing 
improved timing in the sense of higher -accuracy synchronization 
capabilities relative to most other alternative methods. 

A second more recent variation of the basic portable clock 
technique i s  the so-called "aircraft  flyover" technique, so fa r  used 
only on an experimental bas i s .  This technique, like that previously 
discussed, involves the physical transporting of a calibrated portable 
clock from a reference s i te  to the vicinity of the local si te needing 
time synchronization. In the flyover technique, however, the portable 
clock is merely flown within perhaps 40-80 km of the local si te and 
time comparisons between the portable clock and the local clock a r e  
made by either one-way o r  two-way radio t ransmission from a i rc raf t  
to ground. 

In one group of experiments involving ground tes t s  of equipment 
developed for the U. S. Air Force  a t  Newark Air  Force  Base, Ohio 
t ime synchronizations to within 0 . 1 ~ s  were achieved between two 
stations using two-way L-band transmissions for determining the pro-  
pagation delay time [ 22 ] .  Although initial flight tes t s  using this 
system were unsatisfactory due to interference problems in the 
Washington, D.C. area,  la ter  modifications to the system appear to 
have eliminated the problem to the extent that ground tes ts  of the 
modified system produced the resul ts  mentioned above. Similar 
resul ts  (mO.1 ps)  a r e  now expected to be observed in flight tes ts .  
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Similar experiments in France  have been conducted by the 
Office National d'Eiudes e t  de Recherches ALrospatiales (ONERA) 123  1 .  
In these actual flight tests the following two methods were used to 
determine 

(1) 
propagation time for the aircraf t  -ground path: 
A one-way technique in which the time difference between 
the a i rc raf t  and ground clocks a s  observed on the ground 
was measured repeatedly as the plane flew directly over 
the ground site a t  a reasonably constant altitude. At the 
point of minimum observed t ime difference, which p re  - 
sumably occurs  as the plane is directly overhead, the 
alt imeter reading is noted and used to compute a delay t ime 
for the aircraft-ground path. 
A two-way technique, utilizing concurrent radio t rans-  
missions of timing information in both directions. In this 
case,  of course,  the ai rcraf t  is not required to fly directly 
over the ground site o r  to maintain a particularly constant 
altitude. 

The resul ts  of these flight tests conducted over the International Time 
Bureau (BIH) in Paris and the Physikalisch Technische Bundesanstalt 
(P TB) laboratories in Br  aunschweig, West Germany demonstrated 
synchronization accuracies of about 30 ns for the one-way technique 
and better than 20ns for the two-way case .  
ONERA believes various national time scales  can be correlated to 
within 5011s using the flyover technique. 
cooperation with various timekeeping centers in other countries. 

Based on these experiments, 

Further  tes ts  a r e  planned in  

Generally, the same comments on pros  and cons apply to the 
flyover method as to the previously-discussed more basic portable 
clock technique. 
convenient, less arduous, quicker, and even more  accurate than the 
basic portable clock technique, but only after properly instrumented 
aircraf t  and ground s i tes  have been established, of course.  
noting that properly instrumented aircraf t ,  including on-board atomic 
standards,  may eventually become fairly widely available in conjunction 
with a large-scale  collision avoidance system based on time and f re -  
quency technology. In fact, the flyover technique is  presently consid- 
e red  by the FAA to be the leading contender for the pr imary 
synchronization of the ACAS ground stations. 

The flyover method appears to be somewhat more  

It is worth 

If NASA Goddard's proposal to develop a smaller ,  lighter, 
satellite -borne atomic standard is accepted and ca r r i ed  through to com- 
pletion, the resulting product might have significant impact on the more  
extensive use of the portable clock techniques described above. This 
type of potential "spinoff" f rom the spacecraft  -borne atomic standard 
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development was  recognized by severa l  members  of the Technical 
Steering Committee and is considered by at least  one committee 
member to be a strong justification for the proposed development 
program. 

d. Television Time Dissemination Techniques 

The use of existing television network facilities and signal 
formats  for  disseminating time and frequency information is a relatively 
recent development, originating with work in  1967 in Czechoslovakia by 
J .  Tolman and others [ 241. Tolman and his colleagues developed a 
technique in which two timing users ,  separated by hundreds of kilo- 
meters ,  could synchronize their clocks to within 1 p s  by making 
simultaneous measurements of the time difference between their r e s  - 
pective local clock and a particular synchronization pulse in the 
television picture format a s  received a t  each local s i te .  Any differ - 
ence between the two measurements i s  equal to the actual difference 
between the two local clocks being compared plus a (hopefully) 
constant differential  propagation delay time that can be computed o r  
measured by carrying a portable clock, for example. 
local clocks were both receiving broadcasts f rom one common TV 
station or  f rom two different stations connected by a microwave relay 
network, the Czech group found that synchronization to within 1 p s  was  
possible for clock separations up to 870 km. 

Whether the two 

Expanding upon this work, NBS developed instrumentation using 
the line-10 sync pulse f rom Denver TV transmissions to synchronize 
local clocks at radio station WWV in For t  Collins, Colorado with the 
atomic t ime scale system at NBS, Boulder, Colorado. The differential 
propagation path delay was both computed and measured by portable 
clock, providing a sufficiently accurate path calibration to be consistent 
with sub-microsecond clock comparisons. 
Collins local clocks a r e  s t i l l  compared routinely using this technique 
to daily precisions of better than 100 ns .  

Further  studies of the technique by NBS and the USNO, using 
the 6400 km microwave network path connecting Denver and Washing- 
ton, D.C., showed that this microwave path - for a l l  three major 
television networks - is  stable to a few nanoseconds for short  periods 
(minutes) and to a t  least  a few microseconds for periods of severa l  
months, except for very occasional larger  jumps due to major network 
reroutings that can be easily detected [ 25-26] ,  The observed stability 
of the 3.58 MHz color subcarr ier  received in Boulder for periods of 
several  minutes over the networks correspond to a frequency stability 
of better than 1 X 

The Boulder and For t  

- about what can be attributed to the controlling 
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rubidium standard at  the central  network control point in  New York City. 
This technique, using line-10 sync pulses as transmitted over the micro-  
wave network, is now in operational use by some Department of Defense 
components for routine clock comparisons over large distances within 
the U.  S. 

Many European groups are also using this basic technique for 
routine clock comparisons among various European countries. 
Eurovision Network and other hookups among these countries a r e  used 
for this purpose. 
within Europe a r e  being accomplished easily and routinely to an 
accuracy of 0.1 - t 0.1 ps [ 27 ] and a r e  at least as good as obtained with 
portable clocks. 

The 

Recent resul ts  show that clock synchronizations 

Still more  recently, NBS has developed a more  elaborate TV 
time dissemination system in which a time code, giving hours/minutes/ 
seconds/microseconds information is encoded onto one of the lines in 
the vertical  blanking interval of the picture format [ 25 3 .  An 
inexpensive decoder, which includes a standard TV set, then decodes 
and displays the timing information digitally on the TV screen  super-  
imposed over the normal picture. The f i r s t  line of the display gives 
hours/minutes/seconds referenced to a cesium clock generating the 
t ime code at  the local T V  station o r  a t  the network control station in 
New York City. The second line of the display provides a measure-  
ment of the time difference - with a selectable resolution of either 
100 ns o r  1 ns - between the local u se r ' s  clock and a time reference 
generated by the originating cesium clock. 
automatically self -updating so that interruptions in  signal reception 
do not mat ter .  

The displayed time i s  

This dissemination system has been tested extensively since 
September, 1969 in the local Denver, Colorado a r e a  and more recently, 
in cooperation with the USNO and NASA, in the Washington, D. C. and 
Los Angeles a reas .  Results show that the observed instabilities of the 
received timing information a r e  only a few nanoseconds over reasonably 
short  time periods and are about what one would expect due just to 
instabilities in the controlling cesium standard. 
expressed its des i re  to have such a TV time dissemination system 
implemented on an operational basis as soon a s  possible. 
of an improved version of the system a r e  being planned on the national 
network during October 1971. 
be asked to formally and permanently allocate a particular line of the 
TV signal format for t ime dissemination purposes. 

The USNO has already 

Fur ther  tes ts  

Eventually, it is likely that the FCC will 
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Time dissemination by means of existing television facilities 
offers many advantages and may prove to be a valid alternative for 
providing improved timing within the United States to large numbers of 
users ,  both in the moderate -accuracy and the highest-accuracy range. 
User cost  is very low, ranging from perhaps $20 for 1-second timing 
up to perhaps $1000 for the full 1-ns capability. Potential precision is 
perhaps the highest of any technique being seriously developed, except 
possibly for a few sophisticated, special-purpose DOD satellite 
systems.  On the negative side, the network timing information may be 
available in some a reas  of the U. S .  for only a few hours per  day and 
network reroutings may cause occasional problems for high-accuracy 
u s e r s  - especially, i f  only one of the networks is being monitored. 

e.  Satellite Timing Techniques 
(1 )  Introduction 

The use of art if ical  ear th  satell i tes for disseminating time 
information offers significant advantages over some of the other 
methods considered in t e rms  of coverage and uncertainties due to the 
propagation path. It i s  possible to obtain global coverage, for example, 
on a once -or -twice -per -day basis f rom a single polar orbiting satellite 
o r  on a continuous basis  with three o r  more geostationary satell i tes.  
The propagation path uncertainties a r e  reduced relative to most other 
techniques, because only a small  portion of the total ground+ satellite 
+ ground or  satellite --c ground path involves propagation through the 
ionosphere and atmosphere with their associated perturbing influences. 
Detailed discussions of propagation effects may be found in  [ 1, 18 3 .  It 
appears most unlikely that a special satellite could ever be justified 
solely for time dissemination; however, as  more and more satellites 
a r e  planned and launched in the future for other broader applications, 
it  i s  quite possible that a time dissemination capability can be included 
at  little ex t ra  cost in "piggyback" fashion. 

In discussing time dissemination via satellites the various 
alternative techniques wil l  be classified as one -way relay,  two -way 
relay,  o r  on-board clock according to the following distinctions: 

One-way Relay - the satellite functions in a relay mode 
for transferring radio signals f rom one 
ground point to another. The user  i s  passive, having 
only a "receiving" capability and must therefore determine 
the path delay for his particular location by calculation 
from known satellite, t ransmit ter ,  and receiver locations 
o r  by measuring the path delay by some means such a s  a 
portable clock calibration. 
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(b) Two-way Relay - the satellite s t i l l  functions as a 
relay, but the user  now has both t ransmit  and receive 
capabilities. 
the two ground s i tes  being synchronized is used to provide 
a measurement of the path delay which does not require 
knowledge of either ground site or  satellite locations. 

(c) On-board Clock - the satellite in  this case ca r r i e s  an on- 
board clock which provides directly the timing signals for 
transmission. 
receive mode with this technique. 

- 
In this case an exchange o f  signals between 

The user  will normally operate only in  a 

Satellite orbits to be considered will be pr imari ly  the low- 
altitude non-synchronous and the geostationary o r  earth-synchronous 
types. The geostationary orbits offer advantages in  t e r m s  of reduced 
Doppler effects, a relatively constant propagation path length, and the 
possibility of using fixed-tuned receivers  (no Doppler shift of incoming 
signals) and non-steerable antennas. Disadvantages include a higher 
signal strength loss  due to the much longer propagation path and only 
partial-earth coverage f rom a single satellite (although the timing 
information can be made available continuously over this limited a rea) .  
The low-altitude orbiting satellite can cover a much larger a r e a  - 
though only periodically - but makes the propagation path determination 
much more difficult due to the rapidly changing satell i te-observer path 
during a measurement period. 

Each of the three basic techniques mentioned w i l l  now be dis-  
cussed in turn, including some of the experimental resul ts  obtained 
to -date in  each case .  

( 2 )  Discussion of the Three Basic Satellite Techniques 
(a) One -way Relay Technique 

In using the one-way relay method for synchronizing clocks at 
two separated sites,  station #1 t ransmits  timing information through 
the satellite transponder to station #2, where the a r r iva l  t ime of a 
particular time reference marke r  is measured relative to the station #2 
local clock pulse. The measured time delay then consists of the actual 
difference between the two local clocks plus the total propagation path 
delay, including the t ransmit ter  and receiver equipment delays, the 
satellite transponder delay, and the propagation delay for the appro - 
priate  signal path. 
various delay components will clearly produce a corresponding uncer - 
tainty in the resulting clock synchronization achieved, the accuracy of 
this method is generally limited by ones' ability to determine the path. 
Calculation of the propagation time requires  knowledge of the 

Since any uncertainties associated with these 

27 



3 -dimensional coordinates of both ground stations and the satell i te.  
Information concerning the satell i te 's  position may be included as par t  
of the signal format  ( a s  in the case of TRANSIT, for example) o r  may 
be obtained f rom published coordinates of the satellite - either 
predicted in advance o r  based on actual tracking data near the date of 
the synchronization measurement.  Equipment delays can be particu- 
lar ly  troublesome, both because they are difficult to measure  accurately 
under conditions closely approximating those applying to an actual 
satellite measurement and because the delays, once calibrated, a r e  
subject to various changes with time due to such factors a s  varying 
environmental conditions. Equipment delay uncertainties have been 
quoted f rom 0.1 ps [ 28 ] up to many microseconds. 

Begley and Shapiro [ 28 3 calculate a total root-sum-square (RSS) 
uncertainty for the passive, one-way method of 0.35ps, assuming use 
of a synchronous Comsat-type satellite with approximately 450 m 
position e r r o r s ,  survey uncertainties of 30 -45 m in the ground station 
locations, 0.1 ps equipment delay e r r o r s ,  and essentially negligible 
propagation e r r o r s  due to the relatively high frequency ( 2  GHz) assumed 
Sperry Gyroscope Company personnel [ 18 1 ,  by comparison, estimate 
the RSS uncertainty for this technique to be 0.9ps, based on satellite 
position e r r o r s  of about 150 m , station survey e r r o r s  of about 3 0 m  , 
propagation e r r o r s  of 0.5 ps (assuming 100-500 MHz frequencies a r e  
used), and 0.2 ps uncertainties in  knowledge of equipment delays. 

Many experiments have been conducted by NBS and other 

The NBS tests  have emphasized the use of low-cost 
organizations to evaluate this one-way relay technique for time dis-  
semination. 
equipment (such as taxi cab receivers ,  for example) and simple 
operational measurement procedures.  In general, because of modest 
t ransmit ter  power and bandwidth available, the side -tone ranging tech- 
nique has been used, in  which successive, coherent audio tones a r e  
transmitted rather  than pulses.  
ambiguity of the timing information and the highest tone provides 
adequate resolution. In 1967 the ATS-1 VHF transponder was used by 
stations a t  NBS in Boulder, Colorado; Goldstone (California) Venus 
site;  Goldstone STADAN site; and Anchorage, Alaska to t ransfer  time 
with uncertainties of less  than l o p s  for the best  available satellite 
range measurements f rom NASA and to within 60ps using range values 
predicted one week in advance of the time t ransfer  experiment [ 29 1 .  
All participating stations had cesium clocks whose synchronizations 
were checked by means of two-way satellite t ime t ransfers .  
timing uncertainties assigned to these resul ts  were t 2 p  s for equipment 
delays, - t 6 p s  for ionospheric effects, - t 5 p s  for noise j i t ter  in the 

The lowest tone used reduces the 

The major 
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measurement process ,  and - t 1.5p.s for rounding e r r o r s  in  the satellite 
r ange values . 

More recently, similar experiments have been performed using 
two U.  S.  Air Force  satell i tes,  TACSAT and LES-6 [ 30 3 .  The par t i -  
cipating stations - including NBS, Newark AFB, Lincoln Labs (Mass.), 
and severa l  Air Fo rce  s te l lar  camera  sites in  South America - were 
all synchronized to within t 5p.s during the various experiments by 
other techniques such as portable clocks, Loran C, and the television 
method. Transmitter and receiver locations were known to within 
t 1 km and the satellite positions were computed f rom its orbital co- 
ordinates. Initial resu l t s  showed one -way synchronization capabilities 
using TACSAT of 150 p s  by using the satellite coordinates anytime within 
two weeks of their determination. 
using the coordinates 
time transfer,  reduced the time t ransfer  uncertainties to t 25p.s. 
Since the variabilities in  the delay time due to satellite motion (even 
for these geostationary satellites) were observed to contribute signifi- 
cantly to the overall  e r r o r s ,  improved resul ts  were expected, and have 
now been experimentally verified, for a variation of this technique in  
which satellite range is actually determined from measurements of the 
timing signals received at three previously synchronized ground 
stations, ra ther  than by computation from the orbital  elements supplied 
f rom normal  tracking data [ 31 1 .  

- 

A similar technique with LES-6, 
determined within twelve hours of the actual 

Beginning in  September 1971, NBS, in  cooperation with NASA, 
initiated an experimental time dissemination service using the ATS -3  
geostationary satellite in a one-way relay mode. 
to the present W W V  format  and is designed to provide timing in the 
range from 1 second down to 100 microseconds to a large number of 
unsophisticated use r s  possessing only relatively simple and inexpensive 
receiving equipment. 
permanent service may be planned using other satellites, such a s  those 
in the Department of Commerce's GOES (environment sensing) program. 

The format is similar 

If the service i s  found to be useful, a more 

In summary, the one-way relay satellite technique offers wide 
a r e a  time dissemination in  the 10-100 ps range using simple, inexpen- 
sive receiving equipment and does not require complex equipment to be 
located on the satellite. Large numbers of u se r s  can be served simul- 
taneously in the one -way mode with either low -altitude orbiting o r  
geostationary satell i tes.  User location can be kept secre t ,  since the 
user  functions in a "receive" mode only. 
however, the user  must  pay the pr ice  of having to determine the total 
propagation path delay, including equipment delays, to whatever 

F o r  these conveniences, 
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accuracy is needed for the time t ransfer  measurements.  
among other things, knowledge of thc satellite coordinate s, which must be 
updated as necessary to keep these uncertainties a t  an acceptably-low 
level. 

This requires ,  

The one-way relay technique thus would seem to represent  a 
good solution to the particular goal of improving time dissemination 
over large a reas  in  the moderate precision range. Uncertainties in 
such aspects a s  equipment delays and knowledge of the satellite position 
a t  the time of a particular measurement would seem to preclude using 
this method for time t ransfers  in the sub-microsecond region. 

(b) Two-way Relay Technique 

The basic feature of the two-way relay technique is the addition 
of transmission from station #2 back to station #1 for the purpose of 
obtaining a measurement of the actual total propagation path delay 
through the satellite with very high confidence levels.  The specific 
experimental techniques vary, but in one method each station mea-  
su res  the time difference between i ts  own transmitted pulse and the 
received pulse f rom the other station. A second method, which 
involves a round-trip measurement,  requires station #1 to t ransmit  to 
station #2 which then retransmits  the received pulse back to station #1, 
along with i ts  own timing pulse. For  more details of such methods see  
[ 28 3. In either case,  sufficient information is available f rom the two- 
way measurements to determine the total path delay without needing to 
know accurately the locations of either ground station or  the satellite 
providing the following assumptions a r e  valid: 

The exchange of signals f rom 1 + 2 and 2 
simultaneously o r  within such a short  time that satellite 
motion in the in te r im between the two transmissions is 
negligible. Clearly, this assumption is easier  to fulfill 
for a geostationary satellite than for a low-altitude orbit-  
ing one whose position can change very rapidly. 
The path is exactly reciprocal.  
t rue in all experiments - for example, different frequencies 
a r e  subject to slightly different perturbations by the 
ionosphere. 
Transmitter and receiver equipment delays at both stations 
must be exactly equal o r  a t  least  accurately known so that 
corrections for any differences can be applied to the data. 
Because of the previously-mentioned difficulties in Cali- 
brating equipment delays and insuring their stability with 
time, this assumption is probably the most significant 

1 occurs either 

This may not be s t r ic t ly  
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limitation on the two-way r c l s y  rnethod's accuracy - 
especially in  the sub-microsecond range. 

Begley and Shapiro [ 28 ] estimate an RSS e r r o r  for this method 
of time t ransfer  of 0.14 ps, consisting of 0.1 ps uncertainty contribu- 
tions due to ground and satellite equipment delay e r r o r s .  AComsat- 
type synchronous satellite relay is assumed. The Sperry Gyroscope 
repor t  [ 18 ] also estimates the corresponding uncertainties to be in the 
0.1-0.2 ps range for this method. 

Several  experiments have been conducted which demonstrate the 
very high synchronization accuracy that can be achieved with the two- 
way technique. 
Naval Observatory and the Royal Greenwich Observatory to achieve 
t ime t ransfers  across  the Atlantic to within at least t 20 ps [ 3 2  1 .  
However, most  of this uncertainty was attributed to the LF ground 
links used between the two timekeeping laboratories and the respective 
satellite corrimunication terminals.  Apparently, t 1 ps t ime t ransfers  
were achieved between the two satellite ground stations without the LF 
link uncertainties. Measured path delays agreed to within - t 6 p s  of the 
predicted values. The transmission formats employed frequencies of 
about 4100 MHz and 6400 MHz and used 5 p s  pulses for timing marke r s .  

In 1962 the Telstar satellite was used by the U. s. 

In 1965 two-way time t ransfers  were conducted between Mojave, 
California and Kashima, Japan using 1700 MHz and 4200 MHz t rans  - 
missions through the Relay satellite [ 33 1 .  The format  was similar to 
the Tels tar  experiment with both 5 p s  and 11 p s  pulses being used. The 
resul ts ,  checked by portable clock trips,  purported to show an achieved 
synchronization accuracy of t 0.1 ps . 
puted by some who claimed that 0.1 ps was actually the precision of 
reading the photographs involved while the actual synchronization 
accuracy was limited to perhaps t 1 p s  by various systematic e r r o r s .  
Nevertheless, the Relay experiments certainly further verified the 
potential of the two-way relay method for very high-accuracy time 
t ransfers .  

Later,  these resul ts  were dis - 

In 1967 the ATS-1 and ATS-3 transponders were used in a se r i e s  
of experiments by NBS and other organizations to achieve two-way time 
t ransfers  over intercontinental distances using more  convenient fre - 
quencies ( %  150 MHz) and very much simplified equipment and receiving 
techniques [ 29,  34 1 .  
tioned previously in  the discussion of the one-way method, clocks at  
NBS (Boulder), STADAN (California), and Maui, Hawaii were synchro - 
nized to within better than - t 5ps,  as confirmed by portable clock 
measurements .  

Using the successive-audio-tone technique men- 

Another longer -distance synchronization between 
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Boulder and Pi tcairn Island in the Pacific was <ilso successful to within 
- t 5 p s .  
synchronizations around a 32,000 km closed loop o f  stations including 
two s i tes  in the South Atlantic. 

Other reeulte include 0.5 - 8 . 4 ~ s  closures  for successive t ime 

More recently, in  1970, facilities of the Defense Satellite Com- 
munications System (DSCS) have been used for two -way time t ransfers  
between Maryland and Hawaii accurate to X 0.1 p s  when multiple 
exchanges can be averaged [ 351. 
speed pseudo-random code. 

Summarizing, there seems little doubt that two -way time 

The format  in  this case was a high 

t ransfers  via satellite transponder can be used for sub-microsecond 
synchronizations and thus represents  a possible way of improving t ime 
dissemination for any applications requiring this level of timing accu- 
racy.  The main advantage,. of course,  is the capability for essentially 
eliminating the path delay problems associated with one -way techniques. 
On the negative side, only a limited number of u s e r s  can be serviced 
with the two-way method and the scheduling problem could be formid- 
able. Because each user  must  t ransmit  information, user  cost  is 
relatively high and his position cannot be kept secre t .  Also, f rom the 
mili tary point of view, the two-way satellite relay is somewhat 
susceptible to jamming and other interference.  

(c) On-board Clock Technique 

In the on-board-clock satellite technique timing information is 
transmitted directly f rom a clock on-board the satellite to the user  site 
on the ground. 
lator o r  an atomic frequency standard and may operate independently o r  
be synchronized to a reference clock on the ground. To obtain timing 
information relative to the satellite clock a user  must measure the 
received signal relative to his local clock and then apply a correction 
for the total satellite + ground propagation delay, basically as in the 
previously-discussed one -way relay method. Two separated ground 
stations may, of course,  compare their local clocks by both receiving 
the same satellite t ransmission and correcting for their respective 
propagation delays. 
tend to be in such factors as knowledge of the satellite and ground 
station positions and uncertainties in receiver  delays. 

The satellite clock may include a quartz crystal  oscil-  

As in  the one -way relay case the main limitations 

For  a geostationary satellite carrying an on-board clock the 
satellite position is usually fairly well known; also, any e r r o r s  in  the 
assumed position of the satellite for two separated ground stations 
comparing their t imes tend to be highly correlated,  resulting in  a 
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reduced contribution to overall  inaccuracies in the time comparison. 
An additional problem for the on-board clock technique is the shift in 
clock rate  due to the relativistic gravitational shift and second-order 
Doppler effects. 
50 ps/day while the second-order Doppler effect is about 4.4 ps/day 
[ 36 1 .  
pensated for .  

F o r  synchronous orbit the gravitational shift is about 

These shifts a r e  constant, however, and can therefore be com- 

The low-altitude orbiting clock technique is complicated by the 
dynamic nature of the received signals. 
near a receiving station the received frequency will typically undergo 
Doppler shifts of as much as 25X requiring more  elaborate 
dynamic tracking techniques. Usually, about 50 timing measurements 
of (received signal-local clock) can be obtained for each satellite pass  
lasting 10-15 minutes. 
in- t rack satellite position e r r o r s  have little effect on the timing 
measurements .  

During a typical satellite pass  

At the point of minimum satellite approach, 

Begley and Sbapiro [ 281 estimate the RSS e r r o r  for the on- 
board-clock technique to be 0 . 2 6 ~ ~  with the main e r r o r  sources  being 
ground and satellite equipment calibration e r r o r s  (0.14 ps each) and 
ground station location e r r o r s  ( 0 . 1 6 ~ ~ ) .  
chronization measurements between ground stations using the same 
synchronous satellite, where satellite position e r r o r s  a r e  likely to be 
highly correlated.  The Sperry Gyroscope report  [ 18 3 estimates the 
RSS uncertainty a t  about 0.7 ps, with the major contributions coming 
from satellite position e r r o r s  (0 .5f is  corresponding to a 150m range 
e r r o r ) ,  ground station position e r r o r s  ( 0 . 1 5 ~ s  corresponding to 45 m 
uncertainties), propagation e r r o r  ( 0 . 3  ps for 200 MHz transmissions),  
and equipment delay uncertainties (0 .2  p s) .  

This estimate applies to syn- 

Experimental resul ts  using on-board clocks have been obtained 

The f i r s t  three programs involve geodetic applica- 
f rom the ANNA, GEOS, DODGE, TRANSIT, and TIMATION satellite 
programs to date. 
tions while the latter two a r e  navigation oriented. All five have used 
on-board quartz c rys ta l  oscil lators to provide timing signals for t rans  - 
mission to ground stations. 
orbits;  DODGE was synchronous. 
provided synchronizations to within 250 p s .  
limited primarily by ground station equipment and not the on-board 
clock system. GEOS-A in 1965 and GEOS-B in 1968 provided some 
improvements by adding a capability for normalizing the satellite 
clock's 1-minute marke r s  to within t 1Op.s  of the UT-2 time scale by 
means of a divider pulse deletion technique controlled from the ground. 

All except DODGE used low-altitude 
Anna IB was launched in 1962 and 

This resul t  was believed 
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By using after -the -fact corrections to the transmitted time signals, 
NASA's STADAN tracking network stations were able to achieve syn- 
chronizations to within t 100 p s  with GEOS-A and t 40 p s  with GEOS-B. 
The DODGE (Department of Defense) satellite launched in 1967 was 
s imilar  to GEOS but allowed 8 p s  synchronization accuracies according 

TRANSIT [ 37 ] i s  a U.  S .  Navy navigation system which became 
operational in 1964 and presently uses  three polar orbiting satellites to 
provide navigation fixes each four hours to ships and submarines. 
marke r s  a r e  transmitted each two minutes along with information for 
calculating the satellite -to -user path delay. 
a t  least  t 40ps have been achieved so far and some commercial  
receivers  for  the TRANSIT signals a r e  now available, though very 
expensive. 

ell i tes a t  present  - the most recent being launched in September 1969. 
A third satellite is  in the planning stage. 
high quality crystal  oscil lators with stabilities of a few par t s  in 10 
per  day [ 38 3 .  
but many details a r e  unfortunately classified. 

to [ 1 1 .  

Time 

Time synchronizations to 

TIMATION i s  another Navy system and uses  two orbiting sa t -  

These satell i tes feature very 

Excellent synchronization accuracies  have been claimed 
12 

In considering the pros and cons of an on-board clock system 
for time dissemination i t  is perhaps most meaningful to consider syn- 
chronous and low -altitude orbiting satell i tes separately.  

Synchronous Satellites With On-Board Clock 

(a) Advantages 
(1) Signals a r e  available continuously to a large region - 

three satell i tes could provide global coverage. 
(2) A large number of u se r s  can be serviced simultaneously. 
(3) Users  do not need t ransmit ters .  
(4) Dynamic tracking is not necessary.  
(5) Satellite * user  distance remains relatively constant. 

(1) Cannot achieve worldwide coverage from a single satellite 
(2) Some use r s  will have to receive satellite signals at  low 

elevation angles. 
(3) High launch costs for synchronous altitude. 
(4) Long-distance path f rom satellite + user  requiries either 

high satellite transmitter power o r  high-gain receiving 
antennas. 

(b) Disadvantages 

(5) Unfavorable radiation environment. 
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(6) Clock in orbit  can't be repaired o r  modified. 
(7) Limited clock life. 
(8) High electr ical  power requirements i f  atomic standard 

is used. 
(9) High development cost  of clock, i f  atomic. 
(10) Difficult to provide for oscillator/clock corrections f rom 

ground. 

Low -Altitude Orbiting Satellite With On-Board Clock 

(a) Advantages 
(1) Can achieve worldwide, though periodic, coverage with 

one satellite. 
(2)  Can serve  large number of u se r s  and only one user  at a 

time needs to be able to "see" the satellite. 
(3 )  All u se r s  can receive signals a t  high elevation angles for 

minimum propagation effects. 
(4) Cheaper launch costs because of relatively small  booster 

rockets required . 
(5) Short line -of -sight range gives favorable signal-to-noise 

ratio.  
(6) Users  do not need t ransmit ters .  

(b) Disadvantages 
User must  deal with a large dynamic range and cor rec t  
for  Doppler effects. 
Can't use fixed-tuned rece ivers .  
Signals a r e  available only 10-15 minutes per satellite 
pass and only a few times per  day. 
Clock in orbit can't be repaired o r  modified. 
Limited clock life. 
High electr ical  power requirements if atomic standard 
is used. 
High development cost of clock, i f  atomic. 
Difficult to provide for oscillator/clock corrections 
from ground. 

Crystal  Oscillator V s  . Atomic Standard Question 

In any consideration of a satellite time dissemination system 
using an on-board clock the complex question of whether to use a quartz 
c rys ta l  oscillator o r  an  atomic frequency standard to provide the basic 
clock ra te  must  be answered at  an early stage. 
considered c a r  e fully, including 

Many factors must  be 

do the experimental objectives require an atomic s tan-  
dard level of performance ? 

(a) 
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(b) is a c rys ta l  oscillator adequate in t e rms  of performance 
i f  provisions a r e  included for remote frequency and/or 
time corrections ? 

(c) pr ior  experience in orbit with both types of standards.  
(d) relative sensitivity to satellite environments and launch 

conditions. 
(e) cost considerations. 
( f )  e lectr ical  power required from the satell i te.  
(g) development time required if not available "off -the -shelf". 

It seems evident f rom the standpoint of cost, complexity, power require-  
ments, and availability that a c rys ta l  oscillator should be preferred i f  at  
all consistent with the mission objectives. 
whether a c rys ta l  clock can meet the specific objectives for the pro-  
posed NASA satellite experiment, it might be worth reviewing what has 
been accomplished to date with satellite - borne c rys ta l  clocks. 

In attempting to decide 

The most extensive recent experience with satellite -borne 
c rys ta l  oscil lators that is described in the non-classified l i terature is 
probably that of the Naval Research Lab in connection with the 
previously -mentioned Timation satellite program. Timation I, 
launched in 1967, used a specially-developed, selected 5 MHz crystal  
oscillator with a 5th overtone, glass-enclosed crystal  in a double pro-  
portional control oven [ 39 ] .  
the output frequency of the oscillator f rom the ground in 1 X steps 
via a mechanical tunin capacitor. The oscillator frequency showed a 
change of about 2 X  lo-$ a t  launch and then settled down to a long-term 
performance featured by: 

Provisions were included for adjusting 

(a) a measured temperature coefficient of 2 X 10-1 l / O C . ,  which 

(b) 
was much larger  than expected. 
a drift  ra te  which decreased more sharply in orbit 
(to 2 X  l0-l2/day) than that for a s imilar  oscillator main- 
tained on the ground. 
a sensitivity to radiation amounting to about 2 X  lO-"/day. (c) 

In September 1969 Timation I1 was launched with an improved 
crys ta l  oscillator in t e rms  of having more radiation shielding, a tr iple 
proportional oven, a high-resolution frequency adjustment mechanism 
with a 3 . 6 X  10-12/step capability, and a c rys ta l  enclosure with cold- 
welded seals ,  high-temperature vacuum bakeout processing, and 
thermal  compression bonded leads [ 38 1 .  
much reduced temperature sensitivity of 1-2 X 10-l2/OC. in orbit .  
Radiation effects continued to be a problem. 
in orbit ,  the oscillator frequency was maintained constant to within 
- t 2 X  10-1O most of the time by making about ten frequency adjustments 

These changes resulted in  a 

Over a 6-month period 
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f rom the ground. Unfortunately, the timing results achieved with this 
s e r i e s  of satellites have not yet been generally discussed in the open 
l i terature.  It seems likely, however, that t ime synchronizations per  - 
formed by separated ground stations via reception of Timation timing 
signals within a reasonably short  period of perhaps a few hours are 
limited more by uncertainties in  the satellite position as available from 
the transmission format itself than by the crystal  oscillator instability. 
The accuracy of the transmitted time with respect  to an accepted 
reference time scale is harder  to estimate, since inadequate informa- 
tion is available both on possible frequency differences between the 
corrected satellite oscillator and the reference t ime scale rate and 
also with regard to initial synchronization of the satellite time marke r s  
with the reference t ime scale marke r s .  It is c lear ,  however, f rom the 
published satellite oscillator stabilit 

resulting in timing e r r o r  accumulations of at least  20ps/day during 
these periods of maximum offset. However, such e r r o r s  could be 
reduced substantially in similar civilian applications by using pub - 
lished after -the -fact corrections to the timing signal. 

data discus sed above that f re  - 
quency offsets of at least  2 X  10 4 did occur with Timation 11, 

Time transfer resul ts ,  using c rys ta l  oscil lators in other 
satellite se r ies ,  such as GEOS, have already been mentioned in a 
preceeding section of this report .  In general, t ime t ransfers  f rom 
satell i tes to ground in such systems appears to be definitely possible 
in the 5Ops range and perhaps downward into the l o p s  range with less 
confidence. 

It should be noted that the c rys ta l  oscil lators used to date in  
satellite applications a r e  not state-of -the-art  oscil lators in  t e rms  of 
stability performance, but ra ther  represent  a necessary compromise 
between stability performance and many other considerations such as 
environmental sensitivity under space flight conditions, size,  weight, 
and electric1 power requirements.  These compromise, packaged units 
have achieved an acceleration sensitivity of 1-4 X 10-9/G, operational 
temperature  range of -55OC. to t 6OoC., 1 -second frequency stability 
of better than 1 X 
package size of less  than 650 cm3 and a weight of about 0.45 kg [ 36 1 .  
This reference also states that an improved packaged oscillator w a s  
already under development in 1967 with a pro'ected 1 -second stability 
of < 1 X 10-l '  , a dail aging ra te  of < 5 X  10' , and an acceleration 
sensitivity of 1 x l o - l g / c .  

and daily aging ra tes  of 5 X 10-l '  all in a 

i 2  

In view of the significant advancements being achieved w i t h  
precision laboratory c rys ta l  oscil lators,  i t  seems likely that the 
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ruggedized, packaged versions may be expected to show corresponding 
stability improvements in  the future.  
some commercially available and other under -development laboratory 
oscil lators conducted at  NBS have documented 1 -second stabilities of 
better than 5 X  and flicker noise levels (usually the most impor-  
tant factor in determining the oscil lator 's  stability for  measurement 
t imes in the 1-1000 second range) at  least  12dB lower than previously- 
available commercial  units [ 40 -41 ] . 

Recent stability measurements of 

In contrast  to the c rys ta l  oscillator case, essentially no experi-  
ence is available on the performance of atomic frequency standards in 
spacecraft  applications. Rubidium gas cel l  standards, in the form of 
satellite magnetometers, have been launched, however, and apparently 
have functioned well in orbit .  As will be discussed in  detail in the next 
chapter of this report ,  there  is every expectation that a cesium o r  
rubidium standard could be developed which would perform in a timing 
function essentially the same as  these units do now on the ground- that 
i s ,  with high reliability, high accuracy,  and nearly drift-free stability 
in long te rm.  The advisability of proceeding with such a development 
program seems to hinge not so much on the technical feasibility, then, 
but more on whether the advantages gained, primarily in t e rms  of 
stability, a r e  worth the rather  expensive development cost of severa l  
hundred thousand dol lars .  

Some members  of the Steering Committee apparently 
concluded that, i f  a satellite with an on-board clock is to be used a t  all, 
an  atomic standard would make more sense than a c rys ta l  oscillator for 
the following reasons : 

For  time dissemination purposes the atomic standard will 
require l e s s  management f rom the ground in the form of 
ra te  and time corrections to the satellite clock system. 
However, i t  was also pointed out that not many corrections 
a r e  needed for a good crystal  oscillator (e.g., the Timation 
case) and that the corrections a r e  not difficult to achieve 
even when needed. 
Fo r  Doppler tracking the data reduction technique may be 
simplified to some extent i f  a separate frequency parameter  
for the satellite oscillator does not have to be extracted 
from the data for each pass .  

The committee did agree that i f  an atomic standard i s  used in any sa t -  
ellite, a back-up mode using a crystal  oscillator should be designed 
into the system. Since both cesium and rubidium atomic standards 
employ a c rys ta l  oscillator electronically locked to the atomic resonance, 
i t  seems reasonable to provide for decoupling this oscillator f rom the 
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atomic reference package in  the event of problems developing in  the 
cesium beam tube, the rubidium gas cel l  package, o r  their associated 
electronics.  

Other members  of the committee expressed strong reservations 
over putting anything as complex as an atomic frequency standard in a 
satellite environment where repa i rs  o r  modifications to the system are 
not possible. If there a r e  any other reasonable alternatives, i t  is best  
to leave the complex instrumentation on the ground. This argument 
against an atomic standard in  the satellite does not, of course, nec- 
essar i ly  support the idea of a crystal  oscillator in the satellite either, 
but may instead suggest that a transponder technique with a passive 
satellite will avoid the problem of having any type of standard in the 
spacecraft .  

If one considers the available information on crys ta l  oscil lators 
and atomic standards for possible spacecraft  use, along with NASA's 
stated objectives for this satellite timing experiment as proposed, the 
following preliminary conclusions seem warranted : 

(a) If a decision is f i r s t  made to use an on-board clock tech- 
nique, then an atomic standard, ra ther  than a c rys ta l  oscil-  
lator,  should be seriously considered in view of NASA's 
stated goal of providing improved time dissemination in  the 
sub-microsecond range. Crystal  oscillator instabilities, at 
least  for present packaged units, appear to be inadequate 
fo r  maintenance of sub -microsecond timing - at least, 
without using very elaborate and t ime consuming monitoring 
and correction techniques. It must be realized, however, 
that even with the improved performance offered by atomic 
standards,  sub-microsecond time dissemination is not 
possible without adequate knowledge of the propagation 
de lays involved . 
Since the use of either an atomic standard or  a crystal  
oscillator on-board a satellite produces significant problems 
(e.g., frequency instabilities of the c rys ta l  oscillator and 
development cost and complexity for the atomic device), 
serious consideration should be given to other alternatives 
for meeting the mission objectives. 

- 

(b) 

3 . 3  A Summary of P r o s  and Cons F o r  Various Time Dissemination 
Technique s 

Figure 1 is an attempt to compare some of the important aspects 
of various t ime dissemination systems and techniques. As is usually 
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the case  in  such attempts, some degree of oversimplification and sub- 
jective judgement is undoubtedly involved; however, i t  may prove 
helpful i n  summarizing much of the discussion occurring in Section 3 .2  
of this report .  

Some explanatory comments on the t e rms  used in Figure 1 to 
compare the various techniques follow : 

Accuracy - may refer to either how accurately time-of-day 
(date) information can be transmitted o r  to how accurately 
two separated stations can be synchronized using the par t i -  
cular technique. In general, accuracy of date transfer is 
re fer red  to for all techniques o r  systems capable of dis-  
seminating this kind of information. 
believed to be realist ic for most u se r s .  It must be recog- 
nized that under either extremely favorable o r  unfavorable 
reception conditions , locations, etc., these estimates should 
be adjusted accordingly. 
'ldeficientll-and-ttfair'l and tlfairll-and-llgood'l accuracies 
a r e  placed at about 1 ms and 5ps,  respectively. Stated 
accuracies for the one -way satellite techniques a r e  believed 
to be ra ther  conservative, reflecting pr imari ly  the likely 
uncertainties in  determining the propagation path delay 
from information generally available to the casual user  on 
a reasonably current  basis .  
Coverage - a general indication of geographical coverage 
area in  which the technique can be used for the stated 
accuracy . 
R e l i a b i l 9  - takes into account such factors a s  severe 
dependences on propagation conditions or  the placement of 
cr i t ical  system components in  satellite environments which 
could resul t  in an interruption of the services  provided. 
'-70 of Time Available - r e fe r s  to whether the service is 
available continuously (good), a portion of each day (fair), 
or  only occasionally by special  arrangement (deficient). 
I r regular  interruptions due to such factors a s  propagation 
conditions a r e  not included in this category. 
Ambiguity - r e fe r s  to the longest interval of time which can 
be provided by the particular system o r  technique without 
ambiguity. F o r  example , the day/hour/minute/second time 
code on W W V B  provides date information which is unambig- 
uous up to the year .  F o r  Omega, i t  is assumed that a t ime 
code (such as proposed by NBS) is available within the format .  
The ambiguity is generally given a s  1 day for the satellite 

The numbers given are 

The rather  a rb i t ra ry  breaks between 
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techniques, on the assumption that sufficient bandwidth is 
available to t ransmit  a t  least  on hour/minute/second time 
code, i f  desired.  

( f )  Receiver Cost - r e fe r s  to the relative cost  of an appropriate 
receiver and antenna system for  using the technique to the 
stated accuracy. "Deficient" is  considered to imply costs 
greater  than a few thousand dollars, I1fairl1 r e fe r s  to costs 
in the $1000-$3000 range, and "good" means l e s s  that $1000. 
Cost per Calibration - a relative judgement taking into 
account such factors a s  how often a calibration can be made 
conveniently and the cost of needed equipment. 
clocks a r e  downrated on the assumption that the user  must 
in some way pay for par t  of the rather  large t ravel  and 
equipment costs involved. Downrating is also applied to 
any technique which allows only infrequent calibrations, 
since fixed user  costs can be spread over relatively few 
calibrations . 
Number of Users  That Can Be Served - a relative indication 
of how many use r s  might be likely to use the technique, 
assuming a reasonably regular service is available. 
in mind that some of the techniques described a r e  only 
experimental a s  of now. 
to have more potential u se r s  than WWVB, even though both 
cover essentially the continental U. S . ,  because the TV 
receiver costs a r e  much lower and because WWVB recep-  
tion is subject to some propagation disturbances and to 
interference in some a reas  of the country. 

(i) Operator Skill Required For  Stated Accuracy - a relative 
indication of how difficult a measurement is to make in the 
lab to the stated accuracy. Techniques a r e  rated "good" i f  
the time information can simply be read directly off a 
measuring instrument, such a s  a counter o r  oscilloscope. 
"Fair"  implies that the user  must process  the data obtained, 
make multiple measurements, perhaps select  particular 
cycles of the signal (Loran C), or  use special receiving 
techniques (such a s  Doppler tracking of orbiting satell i tes).  
ttDeficient't  i s  applied to Omega because of the rather  complex 
procedure and skill required in going from the received 
envelope to a particular cycle of one of the c a r r i e r s .  Future 
automatic timing receivers  may alleviate this problem, of 
course.  

(g) 

Portable 

(h) 

Keep 

The TV technique is considered 

Many of the techniques discussed a r e  capable of providing 
timing information at  reduced accuracy under greatly different conditions 

4 2  



than those nt,atcd i n  the table - for example, to larger  coverage a reas ,  
serving la rger  numt,c?re of uuers, and requiring c:hc,iper ‘ind simpler 
equipment. Other tables, corresponding to F i g .  1, would be necessary 
for these reduced accuracy situations. 

3 . 4  Possible Alternatives F o r  NASA Objectives Other Than 
Improved Time Dissemination 

In addition to improved time dissemination, NASA-GSFC has 
also stated a s  goals for the proposed satellite experiment the refine- 
ment of the one-way Doppler tracking technique, the evaluation of the 
one -way ranging technique, the measurement of certain relativistic 
effects, and the development of new technology in the atomic frequency 
standards a rea .  Unlike the time dissemination case,  as discussed in  
the previous par t s  of Section 3, fulfillment of these remaining objec- 
tives (except perhaps for the last  one) seems to require  some type of 
clock orbiting in a satellite. 

-_ 

In discussions of the one -way Doppler technique before the 
GEOS-timinq Steering Committee, i t  was not clarified exactly how an 
improved clock in orbit  would improve Doppler tracking, although such 
implications were made on severa l  occasions. 
tion that an atomic standard in orbit would provide better stability 
f rom one satellite pass  to the next, but generally this seems to be of 
only minor consequence. Personnel f rom APL did state that improved 
stability during a pass  would help reduce at least  one component of the 
overall  tracking e r r o r  - perhaps, by a factor of five. However, i t  
could not be clarified by the committee what effect this would have on 
the overall  tracking e r r o r .  It should also be noted that the relevant 
stability of a typical commercial  cesium standard during a typical 

(For  an explanation of this increasingly-used stability measure,  the 
square root of the Allan variance, see references [42-43 I ) .  
corresponding quantity for  precision laboratory c rys ta l  oscil lators is 
significantly better than this - in fact, as low as a few par t s  in 1013 in 
some cases .  
suitable for satellite use, is certainly not this good yet, a 100-second 
stability of 5 X or  better is almost certainly achievable in such a 
unit, as discussed in Section 4. In conclusion, then, a possible a l te r -  
native to the Doppler tracking experiment with on-board atomic clock 
might be to simply develop an improved packaged crys ta l  oscillator. 

There was little ques- 

- 

10-minute pass  would be on the order  of u (2 ,  100 sec.)  NN 5 X  10- 12 . 

The 

- 

While the state-of-the-art  in  packaged oscil lators,  

The one -way ranging technique again requires  
board clock. If the technique is to be fully exploited, 
may indeed provide significant advantages in t e rms  of 
synchronization capability and less  frequent needs for 

some sor t  of on-  
atomic clocks 
more  precise  
r e  synchr onizations . 
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Suitable alternatives a r c  not apparent, unless relaxed tolerances on the 
ranging e r r o r s  a re  acceptable - a judgement which must be made for 
each specific proposed applic at ion. 

The relativist ic measurements - a r e  most easily and conveniently 
done by using an orbiting atomic clock. However, such measurement 
techniques have been proposed before by others,  and one should look 
into the status of these other proposals before becoming committed to 
this particular proposal. Fo r  example, R.  F. C. Vessot of the Smith- 
sonian Astrophysical Observatory has already developed a small atomic 
hydrogen mase r  for the expressed purpose of use on a satellite in  an 
eccentric synchronous orbit in order  to determine the gravitational r ed  
shift [ 6 1 .  
Europe. 

A similar  experiment is also being considered by ESRO in  

Finally, in regard  to the objective of developing new technology 
in  the a rea  of atomic standards, clearly, some so r t  of atomic standard 
must be selected. However, advances in t e rms  of smaller size and 
weight, lower power consumption, better reliability, e tc .  could be made 
without involving satell i tes,  i f  the general justification warranted i t .  

3 .  5 Conclusions Concerning Possible Alternatives For  Achieving 
NASA's Objectives for the Proposed Experiment 

In the view of this author the value of developing an atomic 
standard for use on a spacecraft  depends significantly on the relative 
importance which NASA attaches to the five main objectives of the 
experiment. For  time dissemination purposes there a r e  many inter - 
esting alternatives to the expensive development of a special atomic 
standard for use on an active satell i te.  These have been discussed a t  
length in Section 3 .  2 and summarized in Section 3 .  3 .  However, some 
of the other stated objectives - particularly, the one-way ranging 
evaluation the relativist ic measurements,  and the development of new 
technology - probably would benefit f rom the suggested active satellite 
approach. Therefore, the overall  advisability of proceeding with the 
atomic standard development would seem to depend rather  cri t ically on 
the relative importance of the various stated goals f rom NASA's point 
of view. 
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4 .  ALTERNATIVES FOR A SPACECRAFT ATOMIC CLOCK 

4. 1 Introduction 

In this chapter the intent is to discuss the more  specific question 
of what type of atomic frequency standard would be most suitable for 
accomplishing the mission objectives mentioned previously, assuming 
for the moment that the active satellite technique using an on-board 
clock is selected by NASA management a s  the most reasonable way to 
proceed. Analagous to the ear l ie r  par t  of this report  where al terna-  
tive methods were considered, this chapter will deal with alternative 
devices for use with one particular satellite technique discussed 
previously . 

During the ear ly  stages of this study, including the period up to 
and including the last meeting of the 
January of 1969, i t  had been assumed that one of the GEOS satellite 
s e r i e s  would serve  as the vehicle for any atomic standard developed as 
a result  of this study. Thus, much of the discussion centered around 
specific spacecraft  constraints on size,  weight, and electrical  power 
appropriate only for GEOS satellites. Eventually, however, i t  was 
realized that these constraints might be rather  artificial i f  other a l te r -  
native vehicles, such a s  the ATS ser ies  of applications technology 
satell i tes,  for example, could also be considered as possible choices 
for the experimental program proposed. Because of these uncertain- 
t ies regarding the actual launch and spacecraft  vehicles that a r e  
real is t ic  candidates for such a program, any discussions of environ- 
mental constraints imposed by the satellite will be kept ra ther  general .  

Steering Committee in 

A few general  comments can be made concerning desirable 
character is t ics  of any atomic frequency standard considered seriously 
for such a spacecraft  application: 

- 
(a) It must obviously be able to not only survive the launch 

phase, but also be able to perform within specifications 
within the spacecraft environment. 

(b) It must have size,  weight, and electr ical  power require-  
ments consistent with the particular satellite vehicle used. 

(c) It must be sufficiently stable over appropriate t ime periods 
to allow completion of the experimental objectives. 

(d) It should be reliable, since no possibility exists for 
repairing a defective standard in orbit  and extensive 
redundancy becomes expensive for such complex devices. 

(e) It should contain provisions for ground monitoring of any 
cr i t ical  components or  subsystems. 
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Its  development cost must be consistent with available 
resources  and the benefits to be realized. 
A successful development should not depend on uncertain 
technologic a1 breakthroughs that may produce unacceptable 
r i sks  in t e rms  of ultimate development cost and/or 
development t ime.  

4 . 2  Some Constraints Imposed by the Launch 
and Spacecraft Environments 

Ideally, one would like to be able to use already-existing atomic 
standards,  or  at least  fairly minor modifications of such instruments, 
in  any spacecraft  application requiring a highly precise  and accurate 
on-board standard. The resulting economics in  t e rms  of both devel- 
opment time and cost would go far  in making such a satellite-borne 
atomic standard project practical  and cost effective. 

As we will see in more  detail la ter  on in this chapter, com- 
merc ia l  atomic frequency standards - a r e  being developed which can 
provide near state -of -the - a r t  performance over a wide range of 
environmental conditions found in typical t e r r e s t r i a l  field applications. 
The question remains,  of course,  a s  to whether a launch vehicle and 
satellite environment introduces significantly more serious constraints 
qn the design and operation of an atomic standard than does a severe 
t e r r e s t r i a l  application. In order  to discuss the question further,  but 
without limiting ourselves,  in general, to a specific launch vehicle or  
spacecraft  program, consider the following physical and performance 
character is t ics  of an atomic standard, which become especially 
important for a spacecraft  application. 

a .  Reliability of the Standard 

important in almost any application - t e r r e s t r i a l  o r  spaceborne - the 
consequences of equipment failure in an unmanned spacecraft  a r e  
clearly more catastrophic than on the ground, where repair  facilities, 
t es t  equipment, spare  components or  modules, and even complete 
substitute atomic standards can be arranged to be readily available. 
Even in view of the generally excellent reliability achieved in present-  
day commercial  atomic standards, one of the pr ime goals of any 
program to develop a spaceborne atomic standard must be to provide 
improved reliability. 
electronics associated with the standard may resul t  simply f rom 
modifying present electronic systems to use space-qualified components. 
Circuit simplifications - although perhaps at  some pr ice  in t e rms  of 
reduced convenience and flexibility - can undoubtedly be effected with a 

While this aspect of atomic standard performance is obviously 

Adequate improvements in the reliability of the 
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resulting further increase in  reliability. The beam tube, in the case of 
a cesium atomic frequency standard, and the optical package, in the 
case  of the rubidium gas -cell standard, contain relatively small num- 
b e r s  of components and should be capable of ra ther  minor redesigns 
for sufficiently irnpr oved re liability. Pr e s ent commercial  ce s ium 
beam tubes a r e  already warranted for 3 years  and improved versions 
designed for reliable operation in  much more  rugged environment over 
a 5 year period will be available within the next year [ 44 3 .  The rubid- 
ium optical packages have already demonstrated their reliability 
i n  space by performing successfully as components of spacecraft-borne 
magnetometer systems.  

In both the cesium and rubidium standard cases ,  the output 
frequencies a r e  derived from a slaved crys ta l  oscillator which is 
electronically locked to the appropriate atomic resonance frequency. 
During the various discussions within the Technical Steering Commit- 
tee, i t  was apparent that most  members  felt strongly that any atomic 
standard developed for a spacecraft  application should definitely contain 
provision for remotely opening the electronic servo loop to allow for 
backup operation of the free-running crystal  oscillator in the event of a 
failure in orbit  by the cesium o r  rubidium atomic resonance device 
itself. Such a design provision should offer no special  problems i f  
done properly. 

b .  Physical Size and Weight 
Limitations imposed on the size and weight of a spacecraft  

atomic standard will, of course,  depend on the particular satellite and 
launch vehicle used and will be influenced by such factors as the par t i -  
cular physical configuration within the spacecraft  and the priority of 
the spaceborne atomic standard relative to other competing missions 
for that satellite system. 
which during most of the Steering Committee's deliberations appeared 
to be the most likely candidate for the spaceborne atomic clock experi-  
ment, weight was not considered a major problem and the standard's 
overall  volume would be less  of a problem than i t s  actual shape. 
GEOS spacecraft  designers f rom APL felt that a 30 c m  X 20 c m  X 15 c m  
package could probably be accomodated without much trouble but that 
any larger  size requirements would have to await decisions regarding 
details of future GEOS mission requirements.  As will be seen in the 
next subsection, present-day commercial  developments i n  cesium and 
rubidium standards suggest that such size restrictions could probably 
be met  without too much difficulty o r  compromise in  performance. 

F o r  the GEOS se r i e s  of geodetic satellites, 

The 

47 



c .  Environmental Sensitivity 
The sensitivity of the atomic standard to such environmental 

parameters  a s  temperature,  p ressure ,  shock, spacecraft spin, vibra- 
tion, and magnetic fields must be evaluated with regard to the specific 
satellite and launch vehicle being used. 
mental conditions vary greatly f rom one satellite s e r i e s  to another, but 
they may also depend significantly on the exact location of the standard 
within the spacecraft  configuration. In GEOS, for example, vibration 
levels a r e  worst  on the outside of the spacecraft package, dropping to 
l e s s  than 7 G's on the inside within the instrument compartment - even 
during the launch phase. 
problems in the atomic standard package, vibrations at the servo mod- 
ulation frequency and i ts  harmonics a r e  likely to prove most serious in 
causing deterioration of the standard's performance and must be care  - 
fully evaluated during the testing phases.  
spacecraft  ambient temperature could also cause unacceptable frequency 
instability, but a t  least  in  GEOS, the temperature control observed of 
- t 3OC appears to be more than adequate for the performance levels 
needed in the proposed experiments. Spacecraft spin could be a ser ious 
problem for a beam-type atomic device, such a s  a cesium standard, 
since for the usual beam geometries employed, cer ta in  rotational 
motions wi l l  cause a loss  of signal at the beam detector resulting in 
loss  of servo-system lock. Fo r  spin-damped satell i tes like GEOS 
rotational ra tes  a r e  slow enough to eliminate this type of problem. 
Even for satell i tes with higher rotation ra tes ,  a different beam geom- 
e t ry  can be utilized to minimize this effect  as  has already been done in 
at  least  one commercial  version [ 44 ] . The actual value of the ambient 
temperature,  in addition to i ts  stability, must be known and considered 
in the design of the atomic standard, but otherwise should not offer 
much of a res t r ic t ion.  
didates - cesium and rubidium devices - a r e  somewhat sensitive to 
ambient magnetic fields, ca re  must be exercised in the use of magnetic 
mater ia ls  in close proximity to the standard. Again, this should not 
present  too ser ious a problem, since the magnetic shields routinely 
employed in both cesium and rubidium standards allow normal operation 
in  ambient fields of severa l  Gauss. GEOS offers a particularly favor- 
able magnetic environment, since some care  is exercised to avoid the 
use of magnetic mater ia ls  in i ts  construction ; ambient magnetic fields 
of 0 . 3  Gauss have been achieved in ear l ie r  GEOS systems.  

Not only wil l  these environ- 

Assuming no severe mechanical resonance 

Severe variations in the 

Since the present leading atomic standard can- 

d. Provisions For  Remote Monitoring 
Because of the complexity of an atomic standard, the general 

lack of experience with such instruments in a space environment, and 
the ra ther  high level of performance needed to meet some of NASA's 
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objectives for the proposed experiment a s  discussed previously, it 
s eems  essent ia l  to provide for close monitoring on the ground of a 
number of cr i t ical  parameters  of the atomic standard. 
beam standard such things should be capable of being monitoredas cesium 
oven temperature,  C-field current ;  detected beam current;  electron 
multiplier status; mass -analyzer voltage; ionizer supply voltage; beam- 
tube internal vacuum; control voltage applied to servo oscillator, input 
supply voltages for various electronics subsystems; output voltages 
f rom multiplier chain, oscillator, and certain other subsystems; 
second-harmonic component level of beam tube output signal; oscillator 
oven temperatures;  radiation levels near the standard; and correspond- 
ing status checks of any redundant units o r  subsystems. 
ium gas cell  standard the electronics systems a r e  very similar to 
those used with cesium devices and therefore would require  the same 
s o r t  of ground monitoring. 
consists of such components as a spectral  source of rubidium light, 
the gas cel l  itself, a photocell to detect transmitted light intensity, a 
microwave cavity structure,  suitable magnetic shielding, and a C-field 
s t ructure .  Electr ical  parameters  associated with the rubidium lamp 
source and the operating temperature of the gas cel l  are two crit ical  
monitoring a reas  within this par t  of the standard. 

F o r  a cesium 

F o r  a rubid- 

The rubidium atomic resonance package 

I 

Since one of NASA's major objectives in this proposed experi-  
ment is to develop and evaluate new technology in the form of a reliable 
atomic standard that can operate successfully in a spacecraft  environ- 
ment, i t  is essential  that ground monitoring be possible for many more  
parameters  of the system than would be required for future versions.  
Especially in the event of troubles developing after launch, very 
detailed monitoring data will be the only hope of pinpointing the diffi- 
culties and allowing corrective fixes in  future models. 

e .  Provisions F o r  Remote Adjustments 
Certain system parameters  will need to be remotely adjustable 

f rom the ground in order  to insure proper operation of the frequency 
standard and to provide maximum flexibility for the desired experiments.  
F o r  example, for either a cesium o r  rubidium atomic standard, the 
free-running frequency of the quartz oscillator locked to the atomic 
resonance must  be remotely adjustable to prevent the servo correction 
signal f rom exceeding the design l imits of the electronic control system 
as  the oscillator freqdency ages during the extended duration of the 
satellite experiment. 
desirable to be able to adjust the output beam current  to an optimum 
value through remote control of the oven temperature and the electron 
multiplier gain ( i f  one is used). 

In the case of a cesium standard it might be 

The magnetic C-field for either of the 
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two most likely types of atomic standards could be adjustable to provide 
a fine frequency adjustment and to compensate, i f  necessary,  for any 
changes in the magnetic shielding character is t ics  (assuming magnetic 
shields a r e  used in the final design). The ability to remotely open the 
servo  loop and sweep the oscillator frequency over the atomic r e so -  
nance pattern while observing the DC output signal would provide a 
most  useful diagnostic tool - especially, in the cesium beam case.  
Since the most useful signals f rom the spacecraft  atomic standard 
system will be the timing signals, provision must be available for 
adjusting the "date" of the transmitted signals with sub -microsecond 
resolution. Suitable methods have been considered by APL [ 1 1 .  
Clearly, these and any other remote adjustment capabilities that are 
built into the spacecraft  atomic standard system must be properly 
designed so that they do not introduce undesirable fluctuations in the 
variable parameters  during normal system operation. 

f .  Electr ical  Power Requirements 
This character is t ic  of atomic frequency standards appears,  in 

the light of discussions before the Technical Steering Committee, to 
definitely be the most cr i t ical  problem for a successful spaceborne 
atomic clock project - especially, if the GEOS se r i e s  of satellites is 
to be used. 
A P L  indicated that 10 W of e lectr ical  power could probably be made 
available for an atomic standard on GEOS with a possibility of adding 
10 W more by additional solar  cel l  panels. 
merc ia l  suppliers were based on examining the feasibility of developing 
an  atomic standard with a power requirement of 10 W o r  a s  near to this 
a s  practically and economically possible. 
meeting, however, APL stated that even 10 W (continuous) availability 
was very uncertain for future GEOS satell i tes and that this level would 
require additional solar  cell  appendages. In view of this situation and 
the projected electr ical  power requirements for future atomic standards 
a s  discussed in a la ter  sub-section, another satellite s e r i e s  without 
such severe electr ical  power supply limitations should be seriously 
considered i f  this proposed project is pursued further by NASA. 

4.3 Possible Types of Atomic Standards For  the Proposed Experiment 

Until the las t  meeting of the Committee, information from 

All discussions with com- 

During the las t  committee 

Since the proposed experiment will presumably involve the de-  
velopment of hardware within the next severa l  years ,  it seems reason-  
able to consider only those types of atomic standards for which general  
feasibility has already been shown. Such a l is t  of contenders might 
then include cesium and thallium beam devices ; the rubidium gas cel l  
standard ; ammonia, rubidium, and hydrogen mase r s  ; the hydrogen 
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storage beam device ; and the methane-stabilized l a se r .  
ments will be made about each of these, but more  detailed discussions 
can be found in the references listed in each of the following subsections 
Details of performance achieved to date and some future projections for 
the leading contenders wi l l  follow later in  this section. 

Some com- 

a. Cesium and Thallium Beam Standards 
The atomic beam magnetic resonance technique, which provides 

the basis  for these standards,  has been well documented over a long 
period in the scientific l i terature  and will not be described in detail 
here  [ 45 3 .  
of any of the atomic standards and have been commercially available 
since the mid-1950's. The great amount of development effort spent on 
these cesium standards over the years  has produced relatively small, 
reliable, and rugged devices which a r e  now in common use in  a variety 
of precise  frequency and timing applications throughout the world. This 
type of standard has been selected to provide the internationally- 
accepted basis  for the definition of the unit of time in  t e r m s  of the 
cesium resonance frequency. 
next subsection, the remarkable accuracy and stability performance 
achieved over ra ther  wide environmental conditions certainly makes i t  
a leading candidate for adaptation to a satellite -borne experiment. 

Prac t ica l  cesium beam standards have the longest history 

As will become even more  clear in the 

Thallium beam standards, though never commercially produced, 
have been designed, built, and evaluated independently in severa l  lab- 
orator ies  a few years  ago a s  a similar, but possibly improved, atomic 
standard using the basic atomic beam technique [ 46-48 1 .  While the 
anticipated advantages over cesium associated with thallium's reduced 
sensitivity to external magnetic fields and simpler atomic spectrum 
were shown to be realizable, enough other practical  operating disad- 
vantages became apparent with the experimental standards built to 
convince most workers  that such devices a r e  not likely to surpass  
cesium's  already impressive accomplishments - at least ,  by a large 
enough margin to warrant  further extensive development work. 
even with further development, the potential advantages offered by 
thallium a r e  not in any of the more  cr i t ical  limiting areas of the space- 
craf t  application - e .g . ,  e lectr ical  power requirement, size,  reliability 
- i t  seems reasonable to exclude the development of a spaceborne 
thallium standard f rom further consideration at this t ime. 

Since, 

b. Rubidium Gas Cell Standard 
Development work on a practical  rubidium gas cell  standard 

began about 1957, based on the successful use of double resonance, 
optical pumping, and optical detection techniques in a number of 
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independent laboratories [ 45 ] . 
soon thereafter and have been continually improved up to the present 
t ime.  The rubidium gas cel l  standard's smal l  size and weight, i ts  
outstanding stability performance especially in short  and medium t e r m  
(say, for measurement t imes of 0.1-10,000 seconds), and i ts  small  
init ial  cost (relative to other atomic standards) have resulted in i ts  
wide acceptance for many precise  timing applications. As in the case 
of cesium standards, commercial  sales  to date a r e  in the hundreds of 
units. 
standards and the generally high level of achieved performance make 
this device a ser ious candidate for the type of spacecraft  application 
being considered in this NASA program. 

Commercial  versions became available 

The great  amount of accumulated experience with rubidium 

c .  Ammonia, Rubidium, and Hydrogen Masers 
The application of the mase r  technique to frequency standards 

has resulted in the development of devices which directly emit stable 
and accurate atomic o r  molecular resonance frequencies for external 
use.  
ition in ammonia to generate frequencies which were stable to a few 
par t s  in l 0 l 2  and were reproducible to a few par t s  in 1 0 l 1  [ 4 9 ] .  In 
spite of considerable effort devoted in many laboratories throughout the 
world toward improving the ammonia mase r ' s  potential for practical  
frequency standard use during the 1950's and early 1960's, i t  became 
apparent that other types of atomic standards coming on the scene 
offered significant advantages over the ammonia mase r  - especially, 
in t e rms  of accuracy potential and insensitivity to system parameters  
and environmental factors .  Commercial versions were never produced, 
although the U .  S .  S .  R. did orbit an ammonia mase r  a few years  ago for 
cer ta in  relativity studies.  The resul ts  of the experiment have not been 
widely published, and i t  now appears that in view of the successful 
development of other atomic standards, the ammonia mase r  is out of the 
picture for the type of experiment being considered here .  

The f i r s t  successful devices of this type used an inversion t r ans -  

The rubidium maser  employs a very high output power from the 
atomic system in order  to provide a very high output signal-to-noise 
ra t io  and hence a very good short- term stability [ 50 3 .  
stability capability for averaging t imes of say 1 second and shorter is 
probably a s  good a s  o r  better than any other standard - quartz or  
atomic - it suffers in longer t e r m  from the usual disadvantages of the 
mase r  technique, such a s  strong influences of the cavity on the output 
frequency. Commercial  devices a r e  not yet available, but the rubidium 
mase r  is s t i l l  worthy of consideration for applications requiring very 
high shor t - te rm stability - for example, where improved Doppler 
tracking might be a pr imary objective. 

W h i l e  i ts  

However, in the case of the 
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present NASA proposal, where long-term timekeeping ability is also a 
factor for some aspects of the experiment, the rubidium mase r  cannot 
be considered a strong contender a t  this t ime. 

To date, the atomic hydrogen mase r ,  f i r s t  conceived by 
Prof .  N. Ramsey at Harvard in 1960, has  achieved the greatest  success  
of any of the mase r  devices [ 51 3 .  It is certainly among the most 
accurate and most stable of the known atomic standards, as will become 
more  evident later on. Despite i ts  very impressive performance 
achievements, the hydrogen mase r  has  not attracted much commercial  
interest  - especially in the last  few years .  
the following reasons: 

Pr imar i ly ,  this is due to 
- 

The hydrogen maser tends to be more  attractive as a lab- 
oratory standard than a portable, field-use device due to i t s  
relatively large size,  weight, and electrical  power require - 
ments and i ts  need for reasonably well-controlled operating 
environments. 
It is more  expensive than other atomic standards.  
Even though its stability performance is very impressive 
over a wide range of measurement averaging times, other 
cheaper and simpler types of standards have now been de- 
veloped to the point where nearly comparable o r  superior 
stability performance is available over both short  and very 
long ( 7 1 day) averaging t imes.  
Ear l ie r  hopes for improved accuracy capability relative to 
laboratory cesium standards have not been realized based 
on the published l i terature [ 52 1 .  It is true,  however, at 
the present t ime that prototype field-operable hydrogen m a s e r s  
show better stability and accuracy than commercial  cesium 
standards developed for field applications (except perhaps 
for measurements lasting many days o r  longer). 

Some recent developments, however, lend some encouragement 
for giving further ser ious consideration to the hydrogen mase r  for 
space applications, First, the Smithsonian Astrophysical Observatory, 
under contract to NASA, has achieved considerable success  in  develop- 
ing a m a s e r  specifically designed for a spaceborne experiment involving 
relativity experiments [ 6, 5 3  1 .  
weight, and electrical  power requirements has been achieved without 
sacrificing the m a s e r ' s  excellent stability performance. 
and NASA Goddard have also successfully developed smal l  hydrogen 
m a s e r s  designed for field use under conditions existing at si tes of 
N A S A ' s  satellite tracking networks [ 54-55 1 .  
achieved with these versions is discussed in a later section of this report .  

A considerable reduction in  size,  

Secondly, JPL 

The actual performance 
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d. Hydrogen Storage Beam Device 
This type of standard, a s  recently proposed by Hellwig of NBS 

[ 561, i s  an  attempt to combine most of the virtues of both the cesium 
beam and hydrogen mase r  techniques while eliminating a t  least  some of 
their  problems. Potentially, this type of standard may provide both 
accuracy and stability in the 1 X region. A preliminary version 
has been constructed at  NBS and used to verify the general  feasibility 
of the technique. Although the technique seems very promising for the 
future, i t  appears that the development of a practical, reliable version 
with a sufficient background of documented experience would require 
too much time and financial support to mer i t  ser ious consideration for 
the present NASA experiments being proposed. 

e .  Methane -stabilized Laser  

relative newcomer to the atomic standards scene, being developed f i r s t  
by Barger and Hall at NBS in  1969 [ 57 1 .  In this type of device a laser ,  
acting a s  a slave oscillator, is electronically frequency-locked to a 
particular saturated absorption frequency in methane gas.  The use of 
the saturated absorption technique provides a very narrow resonance 
line whose center frequency i s  both very stable and very reproducible. 
Prac t ica l  devices have already been built which demonstrate better 
stability over some ranges of averaging time than any other known 
device - quartz or  atomic [ 58 1 .  
devices may also eventually produce accuracies that a r e  competetive 
with the best  cesium beam standards.  

This type of standard is relatively inexpensive, easy -to -build, 

As in the previous case,  the methane-stabilized laser  i s  a 

In addition i t  appears that the methane 

and compact. One present disadvantage is that the device's output f r e -  
quency at  88 THz cannot be divided down to the R F  region with existing 
instrumentation. However, it is conceivable that the frequency gap 
f rom microwaves up to the methane resonance wil l  be successfully 
bridged within the next year or  so. 
tially very useful device for future space applications, though probably 
not within a practical  time frame appropriate for this particular experi-  
ment due to the frequency gap problem. 

Thus once again here  is a poten- 

4 . 4  Present  Status of the Leading Contenders 

a. Introduction 

those discussed in the preceeding section and the quartz oscillator a r e  
compared with respect  to achieved performance and their typical 
physical character is t ics .  
discussed the following devices a r e  believed to be the most likely choices 

In this section of the report  the top atomic contenders f rom 

Based on some of those factors previously 
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for  development of a spaceborne version suitable for the experiments 
outlined by NASA within a 1-3 year  time frame: 

(1) quartz c rys t a l  oscillator 
(2) cesium beam standard 
( 3 )  rubidium gas cel l  standard 
(4) hydrogen maser standard . 
In the following subsections the present  status of these devices 

will be compared f i r s t  in t e r m s  of their physical characterist ics,  such 
as s ize  and weight, and then in t e r m s  of their performance achieve- 
ments,  such as accuracy, stability, and environmental sensitivity. 
Data will be given only for versions of these devices which would be 
reasonably adaptable to spacecraft  use with the minimum required 
development; thus laboratory-type cesium beam standards and labora- 
tory hydrogen m a s e r s  will be neglected in these comparisons. The 
comparison data has  been collected f rom a variety of sources,  includ- 
ing specification sheets for commercial  devices, the existing scientific 
l i terature ,  and information provided by representatives of commercial  
firms in the frequency standards field. 
merc ia l  products by name and model number a r e  avoided. 

References to specific com- 

b. Comparison of Other -than-performance Characterist ics 
The best  potential candidates for spaceborne frequency standard 

applications are compared in Table 1 with respect  to various charac-  
ter is t ics  that do not include the normal performance indicators. The 
data for  quartz, cesium, rubidium, and hydrogen mase r  standards is 
based on actual resul ts  achieved and documented to date for existing 
commercial  o r  specially -built standards. 

The information given for quartz oscil lators concerning size,  
volume, weight, and electr ical  power requirements r e fe r s  specifically 
to an oscillator developed under contract for the U.  S. Navy's Timation 
Satellite P rogram [ 38-39  ] and is included here  a s  being representative 
of the achievements of a quartz oscillator in a s imilar  spaceborne 
application to the proposed NASA project. The corresponding cesium 
beam standard data r e fe r s  to a recently-developed commercial  stand- 
a r d  designed for small s ize  and weight and dependable operation under 
severe  environmental conditions [ 44 1 .  
given for rubidium gas cell  devices - one which is representative of 
the status of present commercially-available standards and a second 
for  a version developed under contract f rom NASAls Manned Space 
Flight Center specifically for spacecraft  use in the Apollo P rogram 
[ 591.  
and may not have been achieved in full detail in  the prototype versions 

Two separate listings a r e  

Some of the data given for the latter device reflects design goals 
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produced thus f a r .  It is shown separately, however, because this 
device is one of the few atomic standards designed for space applica- 
tions and because the design goals represent  a significant advance 
relative to existing commercial  rubidium standards in t e r m s  of size,  
weight, and electr ical  power requirements.  The hydrogen mase r  data 
on size,  weight, volume, and electr ical  power requirements r e fe r s  to 
the standard being developed at the Smithsonian Astrophysical Obser - 
vatory for space applications involving relativity measurements [ 6, 531. 

The data on relative cost, number of units, and experience is 
ra ther  approximate and is not res t r ic ted to a specific model o r  type of 
each kind of standard. F o r  example, although thousands of quartz 
oscil lators of various types a r e  in  use, clearly only a few of the 
specific versions for the Timation P rogram have been produced. 

c .  Comparison of Performance Characterist ics 
Table 2 and Figure 2 summarize some of the more  relevant 

performance achievements for the type of standards being considered 
for the NASA experiment. 
each device of how large a frequency e r r o r  may be present  in the out- 
put frequency with respect  to the "ideal" frequency characterist ic of a 
perfectly isolated atom o r  molecule. Contributions to inaccuracy may 
consist both of various systematic e r r o r s  associated with the particular 
type of standard and the random e r r o r s  of measurement.  In thecesium 
case,  for example, leading contributions a r e  f rom uncertainties i n  
knowledge about the phase difference between the two ends of the 
microwave cavity and f rom effects produced by exciting the atomic 
resonance with a spectrally-impure R F  signal. 
the largest  contribution is due to uncertainties associated with the 
"wall shift" produced when the hydrogen atoms collide with the walls of 
the storage bulb. More detailed discussions of the accuracy capability 
for  these standards and the evaluation techniques employed to deter-  
mine it a r e  included in  the previously-cited references appropriate for 
each type of device. 

"Accuracy capability" is an estimate for 

F o r  hydrogen masers, 

The stability data, both in Table 2 and the plot of Figure 2,  a r e  
experimental measures  of observed fluctuations in the output frequen- 
c ies  for various measurement averaging t imes.  
the statist ical  measure  quoted is the square root of the Allan variance, 
a (N, T , T, B) , for N = 2 and T = T 

the following specific devices: 

Whenever possible, 

The stability data r e fe r s  to [ 42, 431. 

( 1 )  Quartz: oscillator developed for Timation Satellite 
P rogram 

57 



a" 

b( 
0 
N 
v 
+ 
0 

0 
0 
m 
I 

rl 

U 

U 
0 
0 
In 
I 

Q 
.4 
d 
I 
0 
.-I 

X * 
V 

P 
Ci 
...I 
0 
0 a 
m 
Y 

z" 

m 

$ 
; 
2 

N 
4 
I 
0 
d 

X 

V 
In 

a 
0)  g 
0)  a 
m 
Y 

z" 

a 
.d 

2 
V 
al a 
m 
Y 

i 

s 
0 
0 
4 
I 
0 

5 
m 
I 
0 

L 
2 s 

ct" 
a 

w 
0 
m 
a a x 
F 

e 
m 
al 

U 

n" 
E" 
0 
v1 

0 
m 
V 

m 
k 
al 

U 
d 
k 
Id * 
U 
0 

YI 

.r( Y 

.r( 

CI 

9 
E 
0 

al 

% 

w 

PI 
0 
c 
0 m 

.r( 

2 

U 
I 

N 

u 

d 
F 
3 

" N  
- 4 - 4  

1 1 1  
0 0 0  
- - I &  

x x x  

n 
" N  

d 
rl 

1 
0 

X 
d 

N 

4 N N  

".-I 

V 

v 2  v v 

x 
ld 

N N c l  a 
4 d - I  \ 

1 1 1 -  
0 0 0 -  
- 4 . 4  I 

x x x  - 0 
p p -  x 
m m  H 

U < 
N 
,-I 
I 
0 
4 

X 
N 
I 

.-I 

0.4 - 0 

In 0 0  
o 4  

- - 
o\ - 4 

I x x  

I 1  

4 

0 N N  
4 

X 
N 

I 
0 
r( 

X 
M 

X 4 

N 

u 
d 
U x 

m a c 
0 

a 
al 
rl 

c c 
0 

d 
.r( 0 

V 
0 
m 
0 
0 
4 

x 
d a 

al 0 

d 
.PI Y 

d 

II 
L 

& n 
i" 

II 
c 



I I 
0 0 

x x 
c c - 7 

/ 

7 
I 
0 

x 
F- 

7 

c 
I 
0 

x 
c 

7 

c 
I 
0 

x 
7 - 

a 
LL 
U 

59 



(2) Cesium : small  commercial  standard recently developed 

(3) Rubidium: several  different commercial  standards.  
for severe -environment applications 

Complete data is apparently not available on the 
NASA MSFC unit. 

Hydrogen. mase r  developed by JPL for field use at NASA's 
Maser Deep Space Network tracking stations. 

(4) 

It should be re-emphasized here  that, in some cases  a t  least ,  better 
performance data than given here  has been observed and scientifically 
documented. However, this discussion is being confined mainly to those 
versions of standards which either already exist  in space -compatible 
form or a r e  judged to be reasonably well adapted for space applications. 

Environmental data refers to the same specific devices as men- 
Adequate data of this type is unfortunately not yet tioned above. 

available for the JPL hydrogen mase r .  
taken directly f rom various publications and manufacturers'  data sheets 
and thus does not appear in  a uniform format.  

The data which is included is 

d. Evaluation of Standards Based on the Previous Comparisons 
Table 3 is an attempt to evaluate the various possibilities for 

spacecraf t  frequency/time standards in t e rms  of their general suitab- 
ility for the proposed NASA experiment. 
evaluations made in each case have been based on the five main objec- 
tives of the experiment a s  stated by NASA and described in Section 2 . 4  
and on the present status of the severa l  leading contenders a s  summa- 
r ized in the previous subsections. 
projection of present achievements into the near future a r e  based on 
(1) information supplied by knowledgeable commercial  representatives 
during presentations to the Technical Steering Committee and during 
la ter  more  informal contacts, and (2) the author's own impressions of 
progress  and trends in the frequency standards field. 

The somewhat subjective 

Those evaluations requiring some 

The numbered scale of 1-4 used to ra te  the various standards is 
interpreted in general  t e rms  at the bottom of Table 3 .  Generally 
speaking, the lower the number, the more suitable is that particular 
device for use in  the spacecraft  experiment proposed. For  a few of the 
rating fac tors  considered, however, some more specific comments a r e  
needed concerning the interpretation of the number rating assigned. In 
the following explanatory notes for each of the rating factors,  these 
comments will be included where necessary,  along with the general 
justification for the detailed ratings for each factor.  
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Table 3 

Evaluation of Possible Standards for Proposed NASA Experiment 

Rating Factor 

Size and Weight 

Reliability in Space 

Environment a1 S e ns it ivity 

Electr ical  Power Required 

State of Technological 
Development 

E s t imat ed Development 
Time/Co s t  for 
Spaceborne Version 

Suitability for NASA's 
Specific Experimental 
Objective s 

1. 

2. 

3 .  

4. 

5. 

International Time 
Comparisons to C1p.s 

Improved One-way 
Doppler Measurements 

One-way Ranging 
Measurements 

Relativity Experiment 

Development of New 
Technology in Atomic 
Standards 

Rubidium Hydrogen 
Quartz Cesium Gas Cell Maser 

1 2 2 4 

1 2 2 3 

4 1 2 2 

1 3 3 4 

1 2 2 3 

1 3 2 3 

2 

3 

1 

1 

1 

2 

2 

2 

2 

2 

1 

1 

1 

1 

2 

General Interpretation of Ratings (see text for more detail) 

1. 

2. 

3 .  

4. 

Most suitable for NASA experiment; little or no further develop- 
ment required.  
Suitable for use but with some further development required; some 
objectives may be somewhat compromised. 
May be suitable for use but extensive further development required; 
some objectives can't be met at stated desired level. 
Not considered suitable for NASA experiment. 
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(1) Size and Weight. The ratings here  assume that the timing 
equipment wi l l  probably be only a smal l  portion of the total equipment 
needed on a typical multipurpose satellite and that size and weight 
constraints will therefore probably rule out the bulky hydrogen mase r .  
Based on the present status of the various standards i t  appears quite 
probable that the cesium and rubidium devices can both be reduced in  
s ize  and weight to an acceptable level, though never approaching that 
achieved for the quartz oscil lator.  

(2) Reliability in Space. Quartz oscil lators have already 
demonstrated their  high reliability in space applications. 
rubidium standards a r e  of s imilar  complexity, but clearly must be 
considered l e s s  reliable than the relatively simple quartz oscil lator.  
The maser  is rated lower pr imari ly  based on some very limited exper-  
ience with laboratory-type hydrogen mase r  standards.  
amount of development effort, however, i t  should be possible to achieve 
acceptable reliability for any of these contenders. 

Cesium and 

With a proper 

(3) Environmental Sensitivity. The quartz oscillator is con- 
s idered unacceptable on this count, considering the rather  demanding 
stability requirements imposed by the stated NASA experimental 
objectives. Even here ,  though, i t  might be possible to provide a 
highly-controlled environment for a quartz oscillator and compensate 
for i t s  drift ra te  and other variations sufficiently well by using an 
elaborate ground monitoring system with adequate frequency and time 
cor rec tors  operated remotely. The evidence indicates cesium stand- 
a rds  a r e  somewhat l e s s  susceptible to environmental changes than the 
other atomic devices, though in all cases  the differences a r e  not great  
enough to rule out any of the atomic candidates completely. Based on 
the rather  stable temperature,  vibration, magnetic field, and radiation 
environments achieved in  satell i tes such a s  the GEOS ser ies ,  environ- 
mental effects should not prove to be limiting in this proposed 
experiment . 

(4) Electr ical  Power Required. As stated ear l ie r  in this report ,  
this factor is one of the more cr i t ical  ones in selecting a standard for 
spacecraft  use because of the very limited amount of e lectr ical  power 
usually available. The quartz oscillator presents  no problem but even 
the lowest-power cesium and rubidium standards built to date have 
required 20-50 W of power. Discussions with commercial  people in 
the field suggest that reducing power consumption in a cesium o r  rubid- 
ium standard down to a level of 10 W o r  lower to be compatible with 
spacecraft  such as  the GEOS se r i e s  will require a major development 
effort. Accordingly, these devices a r e  rated only "3" on the 1-4 scale.  
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Since even the SA0 sapceborne hydrogen maser still requires  145W, it 
seems reasonable to re ject  this type of standard for use in  all but the 
largest ,  most  elaborate space programs.  

(5) State of Technological Development. This factor is closely 

The ratings given a r e  based pr imari ly  on the number 
related to some of the others  - particularly, reliability and develop- 
ment time/cost. 
of units of each general  kind which have been built - ranging from 
thousands of quartz oscil lators down to only tens of hydrogen mase r s .  
The assumption is implicitly made that as more units of a particular 
type a re  made and evaluated, the reliability of the unit should increase 
over a period of time, the cost and time needed for a modified version 
of the device should decrease,  and the performance achieved should 
improve. A rating of "1" here  suggests an advanced state of develop- 
ment. 
well-developed to mer i t  serious consideration for the experiment; the 
hydrogen storage beam device, on the other hand, would be considered 
in the "4" category at this point since i t  does not exist  in  any form 
beyond the crude prototype stage. 

No device is rated "4" since all a r e  considered sufficiently 

( 6 )  Estimated Development Time/Cost for Spaceborne Version. 
This factor, of course,  depends heavily on the existing state of devel- 
opment for each device. 
standard slightly better than cesium in this case is that spaceborne 
versions of the former  have already been flown as rubidium magneto- 
me te r s  and have been developed under the NASA MSFC Apollo Appli- 
cations Program,  while the cesium beam developments have been 
aimed more towards ground and conventional a i rcraf t  applications, It 
should be noted that the ratings here  a r e  estimates and a r e  not based 
on specific proposals o r  responses f rom manufacturers.  
he re  implies a relatively short ,  low-cost development program for a 
spaceborne version, but whether o r  not the resulting device can meet  
the performance requirements of the experiments is  treated elsewhere 
as a separate factor to be rated independently. 

The basis for  rating the rubidium cell  

A "1" rating 

(7) Suitability for International Time Comparisons. Since 
NASA's proposed experimental objectives include inter national timing 
comparisons to better than 1 p s, and, assuming that we do not wish to 
rule out the possibility of laboratories in  different geographical a r e a s  
making time measurements of the satellite signals at t imes differing 
by at  least  several  hours, then the inferior long-term stability of a 
quartz oscillator probably rules  i t  oat. The long-term stability of all 
the atomic devices should be sufficient, although the X 1 X level 
demonstrated by the hydrogen mase r  over periods of hours gives i t  a 
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slight edge over the others  based on presently -documented perform- 
ance. It should be cautioned once again, however, that timing 
comparisons to better than 1 ps via a one-way satellite technique 
require  knowledge of the appropriate path delays to this same level of 
uncertainty - a difficult task at best .  

(8) Suitability for Improved One -way Doppler Measurements. 
Ratings for this factor a r e  based solely on the demonstrated stability of 
each type of standard for averaging t imes of about 1000 seconds, which 
corresponds roughly to the t ime for a single satellite pass  for a near -  
ear th  orbit .  As mentioned ear l ie r ,  there seems to be some question as 
to just  how significant the improvement in the Doppler data will be as a 
resul t  of improved satellite oscillator stability. 

(9) Suitability for One-way Ranging Measurements. These 
ratings assume that practical, useful one -way ranging experiments 
require  close synchronizations to be maintained for relatively long 
periods of time - i .e.,  hours or  days. Thus, the long-term stability 
is a major consideration. 

(10) Suitability for Relativity Experiment. Again, for this aspect 
of the experiment, long-term stability over many days becomes 
imp o r  t ant. 

(11) Suitability for Development of New Technology in Atomic 
- Standards. 
a l l  and is therefore rated "4" - i .e.,  not suitable. The "1" rating for 
cesium means that a spacecraft  version of this device is judged to be a 
greater  contribution to new technology of atomic standards than would 
be corresponding rubidium or  hydrogen maser  devices, since space - 
borne versions of the latter a r e  already under development for other 
NASA programs.  

Obviously, a quartz oscillator doesn't meet this objective at 

4. 5 Conclusions F r o m  the Comparisons of Possible Standards 
For  Spacecraft Application 

presented in Table 3 suggests that cesium o r  rubidium standards would 
be the best  overall  choices for a development effort aimed at satisfying 
the experimental objectives posed by NASA GSFC. 
could probably be met with more certainty by choosing cesium instead 
of rubidium, although the development time and cost will almost 
certainly be greater  for cesium. In either case the major development 
problem appears to be obtaining a sufficiently low electr ical  power 
consumption, although the magnitude of this task clearly depends on the 
particular satellite used in the experiment. 

The somewhat a rb i t ra ry  evaluation of the various standards as 

The objectives 

If a power limit of near 
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10 W is actually imposed by the mission constraints, then, based on 
projections made by industry representatives for the next few years ,  
rubidium standards probably offer the better chance for achieving this 
level of power consumption. 

4 . 6  Some Alternative Approaches F o r  Development of a 
Spaceborne Cesium o r  Rubidium Standard 

a. Contract for Commercial  Development 
Because of the rather  extensive commercial  development to date 

on both cesium and rubidium standards, the further development of a 
spaceborne version would appear to be well within the present capabil- 
ities of severa l  firms. Information supplied by commercial  contacts 
during the performance of this study indicates more  commercial  
interest  in the rubidium alternative than in cesium, but no attempt has 
been made to obtain a complete sampling of potential bidders. 

At one point during the Technical Steering Committee's delib- 
erations suggestions were made that i t  might prove advantageous, in 
the event cesium or  rubidium appeared to be the leading contenders, to 
prepare  separate  specifications for a cesium beam tube, a rubidium 
gas cell  optical package, and a set  of appropriate electronics which, 
with slight modification, could be used with either atomic resonance 
package. 
would provide maximum flexibility in  the later solicitation of bids. In 
the opinion of the Steering Committee Coordinator, however, a better 
overall  standard is likely to resul t  and with a lower expenditure of time 
and money i f  either type of atomic standard is contracted, built, and 
evaluated a s  a single, integrated standard, including the atomic 
resonance package and all associated electronics.  

Some members  of the Committee felt such a procedure 

- 
The Appendix consists of tentative procurement specifications 

for cesium and rubidium devices. All details cannot be included at  this 
time, of course,  since the specific spacecraft and launch vehicle to be 
used for the proposed experiment a r e  not known. 
tion is available, these basic preliminary specifications could perhaps 
be enlarged upon and used for eventual procurement actions. 

Once this informa- 

b. Contract for Development by Applied Physics Lab (AF'L) 
APL has expressed an interest  in  developing a rubidium standard 

suitable for this experiment by combining a commercially -available 
rubidium optical package with an electronics package designed and built 
by A P L  personnel. 
sive experience with space -qualified electronic components obtained 
through i ts  involvement in severa l  U. S. Navy Navigation Satellite 

In this approach APL would make use of i ts  exten- 
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programs.  
c i rcui ts  would follow closely that used in  present state-of -the-art  
rubidium standards, but would be modified as necessary to use the 
space-qualified components. 
purchase the needed optical package f rom existing manufacturers. 
proposal for such a development program was submitted by APL to 
NASA GSFC. 

The design of the servo system and frequency multiplier 

APL has apparently verified that i t  can 
A 

c .  Use of Rubidium Standard Developed for NASA MSFC 
As previously mentioned, NASA's Manned Spaceflight Center i n  

Houston has contracted for the development of a spaceborne rubidium 
standard for use a s  a central  frequency and timing reference aboard 
la te r  manned space fl ights of long duration (up to severa l  years)  [ 591. 
In prototype units frequency stabilities have been achieved that a r e  only 
slightly worse than good commercial  versions but which a r e  relatively 
constant over very wide environmental l imits.  
consumption is about 20 W at 25OC. 

Electr ical  power 

If the experiment being considered in this report  is eventually 
funded by NASA, it would seem wise to seriously consider making use 
of this design (and perhaps even the hardware, i f  available) already 
existing within the NASA organization and for which well over one-half 
million dollars has already been invested. 
standard was designed with somewhat different constraints in  mind 
because of the different intended application, some modifications would 
undoubtedly be necessary.  
spacecraft  used - be necessary to reduce the 20 watt power consump- 
tion somewhat. 

Since the MSFC rubidium 

In particular,  i t  may - depending on the 

d. Cooperative Development Program With Dept. of Defense 
The Technical Steering Committee has included representatives 

f rom DOD. Their input, together with published information on various 
DOD satellite programs being proposed, shows that DOD also has  strong 
interests  in  the development of improved atomic frequency standards - 
especially with regard  to such factors as  size,  weight, reliability, 
power requirements,  and environmental sensitivity. Some possibilities 
may exist for a joint development program which could eliminate 
unnecessary duplication of effort and higher -than-necessary costs.  

4 . 7  Technical Steering Committee Views on Alternatives 
for a Spacecraft Clock 

After hearing from commercial  representatives the present 
status and future projections regarding various types of frequency 
standards,  the Technical Steering Committee reached a general 
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concensus that either a rubidium standard or  a cesium standard would 
probably satisfy most of the technical requirements for meeting the 
NASA-generated experimental objectives. No clear concensus was 
reached a s  to a preference between these two, although severa l  
members  seemed to feel  that i f  an expensive development program was 
going to be undertaken, one might as well go the cesium route at 
somewhat higher cost and achieve some operational simplifications in 
the experiment by eliminating the atomic standard's long-term drift.  

Most of the committee members  did seem to feel  that the 
probability of developing an adequate rubidium cell  standard would be 
higher through a contract to an experienced commercial  f i rm  than by 
supporting a development by APL, where the staff clearly has excellent 
space -electronics competence but little experience with the design of 
complete atomic frequency standards of any type. 
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5. CONCLUSION 

In the f i r s t  pa r t  of this report  an attempt has been made to place 
the proposed satellite -borne atomic clock experiment into proper per  - 
spective by considering i t  i n  relation to existing needs for improved 
t ime dissemination, some possible alternative means of accomplishing 
the experimental objectives as se t  forth by NASA GSFC, and related 
work being performed or  proposed by other interested government 
agencies. 
were that: 

( a) 

Some of the conclusions reached in this par t  of the report  

Time and frequency technology is playing an increasingly- 
important role  in  a wide range of systems and activities. 
Real  needs do exist for improved t ime and frequency d is -  
semination for many applications, but the needed improve - 
ments a r e  not confined only to accuracy and precision. 
may also involve wider geographical coverage, greater  
reliability, lower -cost user  options , and accessibility to 
more  u s e r s .  
Many techniques and systems do exist  o r  a r e  planned which 
potentially can resul t  in improved t ime dissemination; the 
more promising include the VLF Omega Navigation System, 
the LF Loran C Navigation System, the proposed NBS te le-  
vision time and frequency dissemination system; portable 
clock techniques including aircraf t  flyover, and severa l  
different satellite methods and systems.  
Considering only various satellite techniques for time 
dissemination, the use of a ground-based clock transmitting 
to a wide geographical a r e a  via a satellite-borne transponder 
offers significant advantages over a more  complex satellite - 
borne clock system. 
If the achievement of all  five of NASA GSFC's objectives to 
the stated accuracy levels i s  desired by NASA, a satell i te-  
borne atomic clock appears to be the only reasonable 
alternative. 
If some of the stated accuracy goals - e.g., international 
time dissemination to 0. 1 ys ,  were relaxed somewhat, the 
experiment could likely be conducted at much lower cost  and 
on a shorter  t ime scale by using a satellite-borne quartz 
clock. 
If the proposed experiment i s  undertaken, considerable 
effort should be devoted to cooperating and coordinating with 
other interested civilian and mili tary agencies so as to 
avoid unnecessary duplication of effort. 

They 
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In the remaining portion of the report  the much more specific 
question of what type of satellite-borne frequency and t ime standard 
would be optimum for the proposed experiment was considered. For  
purposes of this par t  of the discussion the assumption was thus made 
that NASA has already decided to employ some so r t  of standard on 
board the spacecraft .  
by the spacecraft  environment were examined, but specific conclusions 
were difficult to reach since the particular spacecraft s e r i e s  to be 
employed for this experiment is unknown at this t ime. 
different forms of atomic frequency standards and one particular 
version of a space-compatible quartz crystal  oscillator were compared 
and evaluated for the proposed experiment. 

Constraints on the type of standard used imposed 

Finally, eight 

The major conclusions 
were that: 

(a) The major constraint imposed by the spacecraft environ- 
ment is on the level of e lectr ical  power available to the 
standard. 
The size and weight of atomic standards, except in the case 
of the hydrogen maser ,  does not appear to present major 
problems. 
A major development effort wil l  be needed for any of the 
atomic contenders in order  to reduce the power consump- 
tion down to the vicinity of 10 W, a s  required for GEOS 
space c r aft . 
The quartz oscillator offers many advantages over the 
atomic standards in  t e rms  of size,  weight, power require - 
ments, reliability, and development time/cost, but cannot 
realistically meet the stated performance objectives of the 
e xpe r ime nt . 
Thallium beam, ammonia maser ,  rubidium maser ,  hydrogen 
storage and methane-stabilized laser  standards a r e  unlikely 
candidates for purposes of this experiment. 
Either a cesium beam standard or  a rubidium gas cell  
standard offers the best  possibility for achieving the stated 
experimental objectives a t  a reasonable cost and within a 
time frame of not more than a few years .  
No clear  concensus exists on which of these two choices 
should be preferred.  
The best  approach to developing a suitable cesium beam 
device i s  by contract to an experienced commercial  source.  
If a rubidium standard i s  selected, serious consideration 
should be given to using the already-developed version 
funded by NASA MSFC for the Apollo Program.  
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( j )  Since experience in the building of complete atomic f r e -  
quency standards is considered almost essential  in the 
development of a reliable space-borne unit, iz. commercial  
contract for a complete rubidium standard package is to be 
prefer red  to the separate development of the atomic 
resonance package and the required electronics by different 
groups. 
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APPENDIX 

Basic specification as  of 
January 1969. Minor 
Revisions November 1971.  

Tentative Specification for Cesium Beam Frequency Standard 

for Spacecraft Application 

1. SCOPE 

This specification describes requirements for the development of a 
small cesium beam frequency standard which could serve a s  a source 
of stable frequencies and timing signals for several  applications on 
a GEOS spacecraft. Portions of the specification will, of course, 
have to be changed appropriately i f  a different spacecraft is selected. 

2 .  APPLICABLE DOCUMENTS 

2.1 SPECLFICATIONS. GSFC Document S-320-D-3: Environmental 
Test  Specification for Spacecraft and Components Using Launch 
Environments Dictated by Delta Launch Vehicles. 

3. REQUIREMENTS 

3.1 GENERAL DESCRIPTION. The cesium beam frequency standard 
described herein may be used in a GEOS spacecraft as a source of 
frequencies stable to within a few par t s  in 10  per  day and timing 
signals stable to a few tenths of a microsecond per  day. Timing 
signals will be kept in close coincidence with the UTC time scale and 
will be transmitted to various ground stations for use in high precision 
geodetic measurements and for both moderate and high precision 
clock comparisons. 
of a cesium beam tube to serve a s . a n  atomic frequency reference 
and an  electronics system for electronically locking the frequency of 
a quartz crystal  oscillator to the appropriate resonance frequency of 
atomic cesium-133. The quartz oscillator used will be of sufficiently 
high quality that, in the event of troubles developing in the cesium 
beam tube, the oscillator can be decoupled f rom the atomic resonance 
device and be used in a free-running mode with results which a r e  a t  
least  a s  good a s  those achieved in previous GEOS missions employing 
quartz oscillator sources of frequency and timing signals. Pr imary  
goals in the development of this unit will be high reliability, small  
volume, low electrical  power consumption, and performance charac - 
ter is t ics  a t  least  comparable to present  commercial  cesium standards. 

12 

The complete frequency standard will consist 
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The necessary electronics systems will make use of current  micro-  
circuit  technology to the maximum extent possible consistent with the 
above -mentioned goals. 

3.2 CONFIGURATION. The cesium beam frequency standard configura- 
tion must be compatible with space limitations imposed by the 
requirement to mount the unit within the l ibrary compartment of the 
present  GEOS spacecraft configuration without major changes to the 
GEOS structure.  
dimension of the package. The complete standard should not exceed 
6550 cm3 (400 in. ") in overall volume. 

This places a 25 cm limitation on the maximum 

3 . 3  RESPONSIBILITIES. Not applicable. 

3.4 DESIGN STUDIES. As necessary to meet performance requirements. 

3. 5 STRUCTURAL REQUIREMENTS. As stated in 3.2 the cesium 
standard will be mounted within the GEOS spacecraft l ibrary com- 
partment. The available space l imits the maximum package volume 
to about 6550 cm3 with a 25 c m  X 2 0  c m  X 12.7  c m  configuration 
being a desirable design goal. The overall weight is  not a s  cr i t ical  
as  the electr ical  power requirement, but a total weight of less  than 
11.4 kg is desirable. 

3.6 ELECTRICAL AND ELECTRONIC REQUIREMENTS. The cesium 
standard will be powered f rom the GEOS Main Power Supply, which 
is severely limited in the amount of available power. Accordingly, 
the design goal for the amount of electrical  power required by the 
overall  cesium standard shall be l e s s  than 10 W for operation any- 
where within the expected ambient temperature range of 4 

3.6. 1 Quartz crystal  oscillator. The quartz crystal  oscillator, 
which under normal operating conditions will be locked to 
the cesium resonance, shall serve a s  a backup source of 
stable frequency and time signals in case of failure of the 
cesium beam tube. An output frequency a t  a nominal value 
of 5MHz - 5 0 X  l o m 6  
o scilla tor o r  o s cilla tor / s yn the size r combination. 

0 
C. - 

21° c. 

shall be derivable f rom the free-running 

3 .6 .2  Provision for open-loop operation. Provision shall be made 
for opening or  closing the feedback control loop by ground 
command in order  to permit  operation of the quartz crystal  
oscillator independently of the cesium beam tube a s  desired. 

3.6. 3 Oscillator sweep mode. Provision shall be made for sweeping 
the oscillator frequency over a sufficiently wide range by 
ground command to enable acquisition of the cesium resonance 
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peak by the feedback control system. 
normal, locked mode the system should automatically initiate 
oscillator sweeping and automatic relocking of the oscillator 
to the cesium resonance peak i f  a n  interruption of locked 
operation occurs fo r  any reason. 

Once operating in a 

3 . 6 . 4  Locking to proper resonance peak. During the automatic 
acquisition procedure the system must be capable of sensing 
and locking to the central  peak of the multi-peaked Ramsey 
resonance pattern. 

3 .7  MEASURING DEVICES. No special requirements.  

3 .  8 CONTROLS. The following electrical  signals shall be telemetered 
to the ground to serve a s  checks on the proper operation of the 
cesium beam frequency standard system. 

3. 8. 1 Cesium beam current.  
of the level of the detected cesium beam and particularly a s  
an  indicator of when the oscillator frequency corresponds to 
the central  peak of the Ramsey resonance pattern. 

C-field current.  
shifts in the operating frequency of the cesium beam tube. 

Cesium oven control voltage. Monitoring of this voltage and 
the oven temperature will enable the temperature control 
circuit  for the cesium oven to be checked. Changes in oven 
temperature should be examined for correlation with any 
observed variations in cesium beam current.  

This shall serve as a general measure 

3. 8.2 Changes in this current can cause appreciable 

3 .  8. 3 

3 .  8.4 Cesium oven temperature.  

3. 8. 5 Oscillator control voltage. 
frequency correction i s  being applied to the quartz oscillator 
by the feedback electronics loop to maintain locking to the 
atomic resonance. Since this correction voltage must be 
kept within certain l imits for proper operation, i t  wil l  be 
necessary to provide a means of adjusting the free-running 
oscillator frequency f rom the ground in order  that these l imits 
a r e  never exceeded. 

This is a measure  of how much 

3 .  9 MODELS. One prototype standard, meeting the general performance 
requirements,  shall be developed and delivered to GSFC. In addition 
three units shall be supplied meeting all  requirements of this specifi- 
cation. 
ance tests and the third for a backup unit. 

These will be used for design qualification and flight accept- 
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3.10 RELIABILITY AND REDUNDANCY. Reliable operation of the f re-  
quency standard for at leas t  one year  and preferably three y e a r s  in  
the spacecraft environment is a p r imary  goal of this development. 
Improvements over presently existing commercial  versions -- 
particularly in regard to the electronics --will be necessary.  

3 .11  PROTECTIVE COATINGS. No special requirements. 

3.12 GENERAL PERFORMANCE REQUIREMENTS. 

3.12.1 Accuracy. The absolute frequency of the cesium standard 
shall be within f 5 X 
when measured relative to a n  accepted standard, such as  
the NBS Frequency Standard, Boulder, Colorado. 

3. 12.2 Long-term stability. Long-term stability for purposes of 
this specification will be defined as the standard deviation 
of daily frequency measurements  over a period of one year 
as  expressed by the square root of the Allan variance 
0 (2, 7, T,  B) [42, 431. Each daily measurement should be 
based on sufficient data to provide a measurement precision 
of 1 X 10-le o r  better.  The long-term stability requirement 
for the cesium beam standard shall be 5 X lo-'' for opera- 
tion in the spacecraft  environment for  a minimum period of 
one year .  
consist of a t  least  30 days' measurements.  

of the nominal value specified 

Performance data on long-term stability should 

3. 12. 3 Short- term stability. Short- term stability for  purposes of 
this specification will be defined as the standard deviation 
of 1000-second averages,  based on a sample of a t  l eas t  100 
consecutive measurements as expressed by the square root 
of the Allan variance 0 (2, 7, T, B).  
requirement for the cesium beam standard shall be 2 X 10-l' 
when operating under GEOS spacecraft  conditions and for a 
minimum period of one year.  

Cesium beam tube figure of meri t .  The figure of mer i t  for 
the beam tube used in this cesium standard, defined as  the 
signal-to-noise ratio divided by the resonance linewidth, 
shall be 1.3 or greater .  The noise current  is to be meas- 
ured a t  the modulation frequency in a -Hz bandwidth. 
The signal cur ren t  shall be considered as  the peak-to- 
valley amplitude of the central  Ramsey pat tern peak. 

Reliability. 
specifications for a minimum of one year  with three years  
being a desired design goal. 

The shor t - te rm stability 

3. 12.4 

1 

3 .  12.  5 The cesium standard shall operate within these 
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3 . 1 2 . 6  O p  eration in "oscillator -onlytt mode. Under operating 
conditions with the feedback loop open s o  that the quartz 
crystal  oscillator is not being stabilized by the atomic 
resonance, the following stability requirements apply: 

(a) Long-term stability. The frequency drift ra te  f r o m  
day to day shall not exceed * 2 X lo-''. 

t e r m  stability requirement shall be 2 X lo-''. 
(b) Short-term stability. As defined in 3 . 1 2 .  3 the short-  

3 . 1 3  ENVIRONMENTAL REQUIREMENTS. The cesium standard shall 
operate within the specifications listed in 3 .  12 when subjected to 
the environmental conditions, either singly or  any combination 
thereof, as described in GSFC Document S-320-D-3, "General 
Environmental Tes t  Specification for  Spacecraft and Components 
Using Launch Environments Dictated by Delta Launch Vehicles, 
except as indicated above. 

3 .  1 3 .  1 Leak testing of beam tube. Separate leak testing of the 
cesium beam tube portion of the cesium standard i s  not 
required during the design qualification and flight accept- 
ance testing programs since the operational performance 
requirements for  the standard cannot be met unless the 
vacuum within the beam tube is sufficiently good. 

3 .  1 3 . 2  Vibration. Under normal operating conditions in the locked 
mode the acceptable stability performance levels while 
being subjected to vibration frequencies a t  the modulation 
frequency employed in the frequency stabilization loop or  
the second harmonic of the modulation frequency shall be 
ten t imes worse than those specified in 3 .  1 2 .  3.  

3.  1 3 . 3  Ambient temperature range. The ambient temperature 
range i s  expected to be limited to 4'C to 21'C within the 
l ibrary compartment location of the cesium standard. 

3. 13.4 Ambient magnetic fields. The cesium standard shall operate 
within the performance specifications of 3 . 1 2  during and 
after being subjected to ambient DC magnetic fields of up 
to 2 X IO-* T (2 Gauss) in any direction without the necessity 
of demagnetizing the beam tube magnetic shields. 

Op eration during launch phase. 
be applied to the cesium standard during launch, but normal 
locked operation is not required during this phase. 

3 . 1 3 .  5 All electrical  power shall 
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3.14 ELECTRICAL POWER CONSUMPTION. The complete cesium 
standard shall not require more  than 10 W electr ical  power over 
an  ambient temperature range of 4°C to 21" C. 

4. SAMPLING, INSPECTION, AND TEST PROCEDURES 

4.1 SAMPLING. See 3.9 for sampling requirements.  

4.2 INSPECTION. Not applicable. 

4.3 TEST PROCEDURES. As described in GSFC Document S-320-D-3. 

5. PREPARATION FOR DELIVERY 

Reasonable ca re  should be used in packaging, handling, and shipment 
of all units to GSFC to insure that the standard is  not subjected to 
extremely high temperatures,  large ambient magnetic fields, o r  
severe  shocks. 



Basic specification as of 
January 1969. Minor 
revisions November 1971. 

Specification for Rubidium Gas  Cell  Frequency Standard 

for  Spacecraft Application 

1. SCOPE 

This specification describes requirements for the development of 
a small rubidium gas cell frequency standard which will serve a s  
a source of stable frequencies and timing signals for several  applica- 
tions on a GEOS spacecraft. 
course, have to be changed appropriately if  a different spacecraft is 
selected. 

Portions of this specification will, of 

2. APPLICABLE DOCUMENTS 

2 . 1  SPECIFICATIONS. GSFC Document S-320-D-3:  Environmental 
Test  Specification for Spacecraft and Components Using Launch 
Environments Dictated by Delta Launch Vehicles. 

3. REQUIREMENTS 

3 . 1  GENERAL DESCRIPTION. The rubidium gas cell frequency standard 
described herein may be used in a GEOS spacecraft a s  a source of 
frequencies stable to within a few par t s  in lo1* per  day and timing 
signals stable to a few tenths of a microsecond per  day. Timing 
signals will be kept in close coincidence with the UTC time scale 
and will be transmitted to various ground stations for use in high 
precision geodetic measurements and for both moderate and high 
precision clock comparisons. The complete frequency standard 
will consist of a rubidium optical package to serve as an  atomic 
frequency reference and an  electronics system for electronically 
locking the frequency of a quartz crystal  oscillator to the appropriate 
resonance frequency of atomic rubidium-87. The quartz oscillator 
used will be of sufficiently high quality that, in the event of troubles 
developing in the rubidium optical package, the oscillator can be 
decoupled f rom the atomic resonance device and be used in a free- 
running mode with results which are a t  least  a s  good a s  those 
achieved in previous GEOS missions employing quartz oscillator 
sources of frequency and timing signals. 
development of this unit will be high reliability, small volume, low 
electrical  power consumption, and performance characterist ics a t  
least  comparable to present commercial  rubidium standards. The 
necessary electronics systems will make use of current microcircuit  
technology to the maximum extent possible consistent with the above- 
mentioned goals. 

Pr imary  goals in the 
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3.2 

3.3 

3.4 

3.5 

3.6 

CONFIGURATION. The rubidium frequency standard configuration 
must be compatible with space limitations imposed by the require-  
ment to mount the unit within the l ibrary compartment of the present  
GEOS spacecraft configuration without major changes to the GEOS 
structure.  
sion of the package. 
6550 cm3 (400 in.=) in overall volume. 

RESPONSIBILITIES. Not applicable. 

DESIGN STUDIES. 

STRUCTURAL REQUIREMENTS. As stated in 3.2 the rubidium 
standard will be mounted within the GEOS spacecraft l ibrary compart-  
ment. The available space l imits the maximum package volume to 
about 6550 cm' with a 25 c m  X 20 cm X 12.7 c m  configuration being 
a desirable design goal..  The overall weight i s  not a s  cri t ical  a s  
the electrical  power requirement, but a total weight of l e s s  than 
11.4 kg is desirable. 

ELECTRICAL AND ELECTRONIC REQUIREMENTS. The rubidium 
standard will be powered f rom the GEOS Main Power Supply, which 
i s  severely limited in the amount of available power. Accordingly 
the design goal for the amount of electrical  power required by the 
overall rubidium standard shall be l e s s  than 10 W for operation a n  
where within the expected ambient temperature range of 4' C to 21 C. 

This places a 25 c m  limitation on the maximum dimen- 
The complete standard should not exceed 

As necessary to meet performance requirements. 

B 
3.6.1 

3.6.2 

3 . 6 . 3  

Quartz crystal  oscillator. The quartz crystal  oscillator, 
which under normal operation conditions will be locked to 
the rubidium resonance, shall serve a s  a backup source of 
stable frequency and time signals in case of failure of the 
rubidium optical package. 
value of 5MHz - 50 X l o - =  
f ree  -running os cilla tor or  oscillator / s yn the size r combination. 

Provision f o r  open-loop operation. Provision shall be made 
for opening or  closing the feedback control loop by ground 
command in order  to permit  operation of the quartz crystal  
oscillator independently of the rubidium optical package a s  
desired. 

An output frequency a t  a nominal 
shall be derivable f rom the 

Oscillator sweep mode. Provision shall be made for 
sweeping the oscillator frequency over a sufficiently wide 
range by ground command to enable acquisition of the 
rubidium resonance peak by the feedback control system. 
Once operating in a normal, locked mode the system should 
automatically initiate oscillator sweeping and automatic r e  - 
locking of the oscillator to the rubidium resonance peak if 
a n  interruption of locked operation occurs for  any reason. 
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3 . 7  MEASURING DEVICES. No special requirements. 

3. 8 CONTROLS. The following electrical  signals shall be telemetered 
to the ground to serve as  checks on the proper  operation of the 
rubidium frequency standard system. 

3. 8. 1 - Transmitted light intensity. A suitable measure  of t rans-  
mitted light intensity through the rubidium reference cell, 
such as  the photocell current, shall be telemetered to the 
ground a s  a n  indication of the amplitude of the rubidium 
resonance and indirectly as  a n  indication of the frequency 
of the quartz crystal  oscillator exciting the atomic resonance. 

DC magnetic field. 
uniform DC magnetic field used in  the region of the rubidium 
reference cell  can cause appreciable shifts in the operating 
frequency of the rubidium optical package. 

3. 8.2 Changes in the cur ren t  producing the 

3. 8.3 Temperature indications. Signals serving a s  measures  of 
the temperatures  a t  which various components of the optical 
package are  being controlled by the electronic circuitry 
should be telemetered to the ground a s  general checks on 
the proper operation of the standard. 

Oscillator control voltage. This is a measure  of how much 
frequency correction i s  being applied to the quartz oscillator 
by the feedback electronics loop to maintain locking to the 
atomic resonance. Since this correction voltage must be 
kept within certain l imits for proper operation, i t  will be 
necessary to provide a means of adjusting the free-running 
oscillator frequency f rom the ground in order  that these 
l imits a r e  never exceeded. 

3 .  8.4 

3.9  MODELS. One prototype standard, meeting the general performance 
requirements, shall be developed and delivered to GSFC. In addition, 
three units shall be supplied meeting all requirements of this specifica- 
tion. These will be used for design qualification and flight acceptance 
tes ts  and the third for  a backup unit. 

3.10 RELIABILITY AND REDUNDANCY. Reliable operation of the f r e -  
quency standard f o r  a t  least  one year  and preferably three yea r s  in 
the spacecraft  environment is a pr imary  goal of this development. 
Improvements over presently existing commercial  vers ions--  
particularly in regard to the electronics--will be necessary.  

3.11 PROTECTIVE COATINGS. No special requirements.  
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3.12 GENERAL PERFORMANCE REQUIREMENTS 

3.12.1 Absolute frequency. The absolute frequency of the rubidium 
standard shall be within f 5 X 10-120f the nominal value 
specified when measured relative to a n  accepted standard, 
such as the NBS Frequency Standard, Boulder, Colorado. 

3.12.2 

3.12. 3 

Long-term stability. Long-term stability for purposes of 
this specification will be defined as the standard deviation 
of daily frequency measurements over a period of one year 
as  expressed by the square root of the Allan variance 
a (2, 7, T, B) [42, 431. 
on sufficient data to provide a measurement precision of 
1 X 10-120r better. The long-term stability requirement 
for the rubidium standard shall be 5 X for operation 
in  the spacecraft environment for a minimum period of 
one year.  Performance data on long-term stability should 
consist of a t  least  30 days' measurements.  

Short-term stability. 
this specification will be defined as the standard deviation 
of 1000-second averages,  based on a sample of a t  least  100 
consecutive measurements as expressed by the square root 
of the Allan variance O(2, 7, T, B). The short- term stability 
requirement for the rubidium standard shall be 
when operating under GEOS spacecraft conditions and for a 
minimum period of one year.  

Each dailymeasurement shouldbe based 

Short-term stability for purposes of 

2 X 10-l' 

3. 12.4 Reliability. The rubidium standard shall operate within 
these specifications for a minimum of one year with three 
years  being a desired design goal. 

3.12. 5 Op eration in "oscillator -onlytf mode. Under operating 
conditions with the feedback loop open so that the quartz 
crystal  oscillator is not being stabilized by the atomic 
resonance, the following stability requirements apply: 

(a) Long-term stability. The frequency drift ra te  f rom 
day to day shall not exceed f 2 X 10-l'. 

(b) Short-term stability. As defined in 3.12.3 the short-  
t e r m  stability requirements shall be 

3.13 ENVIRONMENTAL REQUIREMENTS. The rubidium standard shall 
operate within the specifications listed in 3. 12 when subjected to the 
environmental conditions, either singly or  any combination thereof, 
as  described in GSFC Document S-320-D-3, "General Environmental 
Test  Specification for Spacecraft and Components Using Launch 
Environments Dictated by Delta Launch Vehicles, I t  except a s  indicated 
below. 

2 X 
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3. 13.1 Vibration. Under n o r m 1  operating conditions in the locked 
mode the acceptable stability performance levels while 
being subjected to vibration frequencies a t  the modulation 
frequency employed in the frequency stabilization loop o r  
the second harmonic of the modulation frequency shall be 
ten t imes worse than those specified in 3.12.3. 

3. 13.2 Ambient temperature range. The ambient temperature 
range is expected to be limited to 4 C to 21 C within the 
l ibrary compartment location of the rubidium standard. 

0 0 

3. 13. 3 Ambient magnetic fields. The rubidium standard shall 
operate within the performance specifications of 3. 12  during 
and af ter  being subjected to ambient DC magnetic fields of 
up to 2 X 
demagnetizing the optical package magnetic shields. 

Op eration during launch phase. All electrical  power shall 
be applied to the rubidium standard during launch, but 
normal  locked operation is not required during this phase. 

standard shall not require more  than 10 W electrical  power over an 
ambient temperature range of 4 C to 21 C. 

T in any direction without the necessity of 

3. 13.4 

3.14 ELECTRICAL POWER CONSUMPTION. The complete rubidium 

0 0 

4. SAMPLING, INSPECTION, AND TEST PROCEDURES 

4.1 SAMPLING. See 3. 9 for sampling requirements. 

4.2 INSPECTION. Not applicable. 

4 .3  TEST PROCEDURES. As described in GSFC Document S-320-D-3. 

5. PREPARATION FOR DELIVERY 

Reasonable ca re  should be used in  packaging, handling, and ship- 
ment of a l l  units to GSFC to insure that the standard is not subjected 
to extremely high temperatures,  large ambient magnetic fields, o r  
severe shocks. 
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NBS TECHNICAL 

PERIODICALS 

JOURNAL OF RESEARCH reports National 
Bureau of Standards research and development in 
physics, mathematics, chemistry, and engineering. 
Comprehensive scientific papers give complete details 
of the work, including laboratory data, experimental 
procedures, and theoretical and mathematical analy- 
ses. Illustrated with photographs, drawings, and 
charts. 

Published in three sections, available separately: 

Physics and Chemistry 

Papers of interest primarily to I scientists working in 
these fields. This section covers a broad range of 
physical and chemical research, with major emphasis 
on standards of physical measurement, fundamental 
constants, and properties of matter. Issued six times 
a year. Annual subscription : Domestic, $9.50; $2.25 
additional for foreign mailing. 

0 Mathematical Sciences 

Studies and compilations designed mainly for the 
mathematician and theoretical physicist. Topics in 
mathematical statistics, theory of experiment design, 
numerical analysis, theoretical physics and chemis- 
ty, logical design and programming of computers 
and computer systems. Short numerical tables. Issued 
quarterly. Annual subscription : Domestic, $5.00; 
$1.25 additional for foreign mailing. 

0 Engineering and Instrumentation 

Reporting results of interest chiefly to the engineer 
and the applied scientist. This section includes many 
of the new developments in instrumentation resulting 
from the Bureau’s work in physical measurement, 
data processing, and development of test methods. 
I t  will also cover some of the work in acoustics, 
applied mechanics, building research, and cryogenic 
engineering. Issued quarterly. Annual subscription : 
Domestic, $5.00; $1.25 additional for foreign mailing. 

TECHNICAL NEWS BULLETIN 

The best single source of information concerning the 
Bureau’s research, developmental, cooperative, and 
publication activities, this monthly publication is 
designed for the industry-oriented individual whose 
daily work involves intimate contact with science and 
technology-for engineers, chemists, physicists, re- 
search managers, product-development managers, and 
company executives. Annual subscription : Domestic, 
$3.00; $1.00 additional for foreign mailing. 

PUBLICATIONS 

NONPERIODICALS 

Applied Mathematics Series. Mathematical tables, 
manuals, and studies. 

Building Science Series. Research results, test 
methods, and performance criteria of building ma- 
terials, components, systems, and structures. 

Handbooks. Recommended codes of engineering 
and industrial practice (including safety codes) de- 
veloped in cooperation with interested industries, 
professional organizations, and regulatory bodies. 

Special Publications. Proceedings of NBS confer- 
ences, bibliographies, annual reports, wall charts, 
pamphlets, etc. 

Monographs. Major contributions to the technical 
literature on various subjects related to the Bureau’s 
scientific and technical activities. 

National Standard Reference Data Series. 
NSRDS provides quantitative data on the physical 
and chemical properties of materials, compiled from 
the world‘s literature and critically evaluated. 

Product Standards. Provide requirements for sizes, 
types, quality, and methods for testing various indus- 
trial products. These standards are developed co- 
operatively with interested Government and industry 
groups and provide the basis for common understand- 
ing of product characteristics for both buyers and 
sellers. Their use is voluntary. 

Technical Notes. This series consists of communi- 
cations and reports (covering both other agency and 
NBS-sponsored work) of limited or transitory interest. 

Federal Information Processing Standards 
Publications. This series is the official publication 
within the Federal Government for information on 
standards adopted and promulgated under the Public 
Law 89-306, and Bureau of the Budget Circular A-86 
entitled, Standardization of Data Elements and Codes 
in Data Systems. 

Consumer Information Series. Practical informa- 
tion, based on NBS research and experience, covering 
areas of interest to the consumer. Easily understand- 
able language and illustrations provide useful back- 
ground knowledge for shopping in today’s technolog- 
ical marketplace. 

NBS Special Publication 305, Supplement 1, 
Publications of the NBS, 1968-1969. When order- 
ing, include Catalog No. C13.10: 305. Price $4.50; 
$1.25 additional for foreign mailing. 

Order NBS publications from : Superintendent of Documents 
Government Printing Office 
Washington, D.C. 20402 




