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Abstract 

EG&G, Inc. has been selected to provide the Rubidium Abmic Frequency Standards ( W S )  for the 
GPS Block IIR NAVSTAR salelliks. %se satelliks will replenish and upgra& the space segment of the 
Global Positioning System in the mid 1990s. The EG&G GPS KRFS Rb clocks are the latest generation of 
the high-perfomtance rubidium frequency standurd.~ described at this conference in 1981, 1983, 1985, and 
1987. They ofler un aging rate in the law ppl~'4/day range and a drift-corrected I-duy stability in the low 
p p 1 0 ~ ~  rarzge. The Block IIR version of the.~e &vices will huve improved performance, higher reliability, 
smakr size, and greater radiation hardness. 

The GPS Block IIR utomic clocks huve u "natural frequency"conJguration whereby they output ufre- 
quency of about 13.4 MHz that is a submultiple ofthe atomic resonance of Rb (or Cs). The R4FS operates 
at a low, firEd C-field for increased stability. The unit has been repackqed into u smaller 4.6" x 8.5" x 
5.8" outline, but is somewhat heavier (12 hs.) because of additional radiation shielding. Elimination of the 
ground tuning logic and the secondary loop .synth.sizer (with ils ovenized crystul oscillator) has reduced the 
RAFS compkxity and improved its reliability to 0.80 for the 7.5-year mission. The -power consumption 
is only I 3  Wut +20°Cin vacuum. 

Thk paper &scribes the GPS Block IIR RAFS design, including the changes and improvements made, 
und the test resuhk obtained, since the last report at this conference in 1987. 

INTRODUCTION 

Thc GPS Block IIR NAVSTAR satellites will replenish the Rockwcll Block I1 satellites currently being 
deployed. General Electric Astro Space Division is the prime USAF contractor for this program, ITT 
A'erospace/~omrnunicatiolls Division is the navigation payload subcontractor, and EG&G has bccn 
selected to  supply the n~bidium atorrlic frequency standards. A rna.jor new feature of the Block 11K 
satellites is crosslink ranging that  can bc used t o  exchange clock correction data  between satellites 
without ground segment control, thus providing a high degree of autonomy. Information regarding the 
EG&G GPS RFS design and performance has been previously presented at  this meeting['7 2 7  3 9  41. 
This paper updates that  inforination with the Block IIR changes and recent test results. 

REQUIREMENTS 

The requircillcnts for the GPS Block IIR Atomic Frequency Standards are givcil in  the USAF Space 
Division Technical Requirements ~ocurnent['1 and the I T T  ~pecification[~].  A surrlmary of t l~osc 



requirements is shown in Table 1. The navigation performance of the GPS system depends critically 
on the stability of the atomic clocks on board the NAVSrl'AR satellites. The rubidium frequency 
standard chosen for the GPS Rlock IIR application is the high performance unit developed at  EG&G 
especially for this application. This clock has the highest stability of any available device, while also 
having the practical size, weight, power, reliability, and life advantages of an  RFS. 

The stability requirements for the Hlock IIR atomic clocks are shown in Table 2, along with the range 
error predicted from the measured frequency stability of the EG&G GPS RFS. This high-performance 
rubidium clock is able t o  meet the stringent 1- and 14-day autonomous tirning requirements. 

BLOCK DIAGRAM 

The most important new design feature of thc Rlock IIR R,AFS is the "natural frequency'' approach 
to  integrating the clock and secondary loop synthesizer into a Total Navigation Package. The sanle 
synthesis hardware that provides frequency adjustments and sclcctive availability also converts the 
Cs or Rb AFS frequency to  10.23 MHz for the navigation payload. This concept eliminates the 
R,FS secondary loop and ground tuning sections, reducing size, weight, power, aad complexity, while 
improving performance, radiation hardness, and reliability. 

A block diagrarn of the RAFS is shown in Figure 1. A voltage controlled crystal oscillator (VCXO) 
provides the output via an amplifier and crystal filter. The VCXO also excites the Rb  physics package 
via an rf multiplier chain. A servo amplifier processes the discrirriinator signal from the physics package 
to lock the VCXO to  the Rb resonance. A lamp exciter, C-field source, and temperature controllers 
support the physics package operamtion. A power supply operates the unit under telemetry control, 
while monitor signals indicate the RAFS status. This arrangement is a simplified "natural frequer~cy" 
configuration that eliminates the secondary loop synthesizer and ground tuning interface by operating 
the unit a t  fixed, low C-field and outputting an exact submultiple of the Rb atornic frequency. 

PHYSICS PACKAGE 

Tlle GPS Block IIR RAFS physics package design is based on classicaI rubidium gas cell frequency 
standard principles. This approach gives the highest performance consistent with allowable size. The 
discrete isotopic filter cell gives zero light shift (ZLS) over a range of light intensity and a high S/N 
ratio. This permits operation a,t a relatively low light level, thus reducing temperature and rf power 
dependencies. The characteristics of the lamp, filter, and absorption cells arc described in Refcsence 
1. The lamp operates in the Kr-Rb rnixed rnode and is excited with 0.45 W of sf power a t  105 MHz. 
The lamp output is free from self-reversal. Lamp life is assured by tight heat sinking, alkali resistant 
glass, high vacuum processing, small envelope surface area, and calorimetric rncasurement of rubidium 
fill. 

The filter cell operates in a separate oven whose temperature is adjusted for ZLS. The filter cell buffer 
gas and pressure are chosen to  give optimum signal and lowest TC under ZLS conditions. 

The absorption cell buffer gases are chosen for narrow linewidth and low 'I'C. The mix ratio is adjusted 
for a slightly positive T C  to partially compensate for the filter cell TC. The nominal fill pressure is 
determined by the 13.40134393 MHz output frequency and is sufficient to  reduce the wall relaxation 
rate without excessive buffer gas collisional broadening. The absorptiorl cell length is optimized for 
maximum signal a t  the chosen light intensity and temperature, the latter being the coolest practical 



for operation a t  an upper baseplate temperature of +50°C, 

A cross-sectional view of the GPS Block IIR RAFS physics package is shown in Figure 2. The three 
ovens are supported by a fiberglass structure tLat makes effective use of the vacuurrl envirorlment 
for thermal insulation. The low thcrmal conductivity mounting and leads, and low emissivity ovens, 
reduce heat losses so that  the entire physics package requires only 1.8 W of oven power under normal 
operating conditions. 

A lens is used t o  collimate thc lamp output and provide a uniform light distribution. A two-sectioil 
C-field coil configuration is used to  provide a uniform magnetic bias field. The absorption cell is 
well-bonded to  its oven to  avoid temperature gradients, and sapphire oven windows are used for 
high thcrmal conductivity. These features help to  ensure a homogerleous absorption line. Prcciscly 
registered, thin, double-layer foil oven heaters are used to  provide a low residual magnetic field. 

The microwave cavity is excited with a.n I;:-probe and has slotted end covers that  support tlle de- 
sired TElll  mode while allowing light transmission without significa,nt rrlicrowave leakage, 'I'he SRD 
multiplier is mounted against the cavity and shares its stabilized thermal environment. The physics 
package includes two 0.025 inch IIipernom cylindrical magnetic shields. 

ELECTRONICS 

The RAFS electronic circuits dctcrmine, to a large extent, the overall frequency stability that  is 
scllieved. 

Temperature Controllers: The temperatrlre controllers are dc thermistor bridges and dissipativc 
regulators, with static thermal gains of &out 2000. The oven dern;l,ild power is dctcrrnined by the 1- 
hour warmup requirernetzt. Vacuum conditions not only reduce oven losses, but also raise the thermal 
gains and servo stability margins. 

Lamp Exciter: The lamp exciter is a, Clapp rf power oscillator with the Rb lamp located inside tlic 
series-tuned coil. The lamp network presents a range of loads as a function of lamp mode, and thc 
circuit has been characterized under these various conditions to  ensure proper operation. Starting 
may require the exciter to  redistribute condensed rubidium inside the larrip by rf induction heating. 
Ignition takes place when sufficient voltage exists across thc  lamp coil. The running condition is 
stabilized against environrnental changes and supply ripple by a current regula,tor circuit. 

Preamplifier: The photodetector preamplifier is a one-stagc co~lliguration with dc and ac trans- 
impedances of 100 kS1 and 5 MQ, respectively. The ac gain is broadly peaked a t  the fundamental 
modulation frequency. The signal-to-noise ratio (S/N) and stability of the RAFS arc determined 
primarily by the strength of the Rb discrirnirlator signal and the level of white frequency noise. The 
latter is predominately due to shot noise a t  the photodetector. Thc dominant source of preamplifier 
noise is op amp input voltage noise flowing through the shunt resistance of the photodetector, and, 
because of the low leakage of the EG&G photodiodc, this noise contribution is small. S I N  data, for 
the GPS Block 1IR RAFS are as follows: 

DC Photocurrent 100 pA Discriminator Signal 240 pA per 1x10-~' 
Shot Noise 5.7 p ~ / &  White Freq Noise PST) 5.8~10-"Hz-~ 
Preamplifier Noise 0.9 p~ / f i  Predicted Stability 1 . 7 ~ 1 0 - ' % - ~ / ~  
Total Noise 5.8 p ~ / G  ~ e a s u r e d  Stability 2 . 8 ~ 1 0 - ~ ~ r - ~ / ~  (inc ref noisc) 



Magnetic Bias Supply: The magnetic bias supply is an active current source that operates the Rb 
physics package a t  a low, fixed C-field to  mininlize its magnetic dependence. The reference voltage 
for the C-field supply is derived from a precision low-TC, rad-hard Zener diode. The C-field current 
is boosted during lock acquisition t o  avoid the possibility of lockup on a Zeernanresponse. 

RF Chain: The rf multiplier chain consists of a 13.40134393 MHz VCXO, a phase modulator, a 
diode tripler, a push-push doubler, and a x85 step recovery diode (SRD) multiplier. The low noise 
of the Rb reference permits a tight lock loop that  allows the use of a low-complexity, nonovenizcd 
crystal oscillator. An ALC loop is used to  maintain constant drive to the SRD multiplier. This 
approach gives high stability and spectral purity with minimum complexity. Particular care is taken 
to avoid frequency offsets caused by AM and P M  modulation distortion. A pure modulation waveform 
is generated by passive integration of a precision squarewave, and highly linea,r phase modulation is 
obtained by applying small excursions to  a hyperabrupt varactor diode in an all-pass phase modulator 
configuration. 

A new feature of the Block IIR design is the inclusion of a high-Q helical resonator rf bandpass 
filter ahead of the SRD multiplier. This greatly improves the spectral purity and helps to avoid 
frequency offsets due t o  spurious compone~lts on the microwave spectrum. 'l'he SRD multiplier uses 
a low ~a~paci tance  diode in a shunt mode with a a  external dc bias resistor that  is used t o  adjust tlle 
microwave power level to the optimum value. 

RF Output Amplifier: The rf output amplifier must not only provide the +18 dBm, low-distortion 
RAFS output, but must also maintain a phase-continuous output under transient radiation. During 
transient radiation, the active devices of the VCXO arid output amplifier arc subject to  upset. Short- 
term ( 5 1  psec) flywheeling is provided by the LC output tank. Medium-term (5100 psec) flywkeeling 
is provided by a crystal bandpass filter ahead of the output stage. The output stage recovers before 
the energy in its tank is dissipated. The VCXO crystal resonator itself keeps vibrating during thc 
radiation, and the VCXO circuit recovers within the ringing interval of the crystal filter. 

Power Supply: The power supply consists of an input filter, a dc/dc converter, and threc linear 
regulators. The dc/dc converter uses a single-nded flyback configuration that  provides both dc 
isolation and regulation. The +28 V output is used directly as the heater supply while the +5 and 
f 15 V supplies are further stabilized hy precision linear regulators before supplying the logic and 
anslog circuits. Under normal operating conditions in vacuum, the RAFS circuits consume under 10 
W. The total dc input is 33 W demand during warmup and 13 W steady-state at  $20°C baseplatc. 

MECHANICAL PACKAGING 

The ILAFS outline is shown in Figure 3. The height was reduced by about one inch by eliminating 
the secondary loop and ground tuning circuitry, and particularly by the removal of the large ovenized 
secondary loop crystal oscillator. The length and width were increased slightly because of the addition 
of tantalum covers on the four sides for radiation shielding. The 11umber of mounting feet was increased 
from four to  eight, and the command/monitor conriector was changed to  a smaller size. 

Packaging Layout: The RAFS packaging is shown in Figure 4. The outer magnetic enclosure and 
the side and top covers have been removed in tlie right photograph to  expose the electronic boards 
and other subassemblics in cavities of the chassis. The primary objectives in this packaging design are 
ruggedness, thermal transfer, access for assembly and inspection, EM1 shielding, radiation shielding, 
and light weight. 



The main chassis provides the thermal and structural interface for the va.rious assemblies and printed 
circuit boards (PCBs). It is a onepiece,  machined aluminurn box-like structure with a solid baseplate 
and four vertical walls, The walls have integral stiffening ribslpartitions that form cornpartrnents on 

I the outer surfaces. There are ten PCBs mounted in these compartments. 'I'he boards are located 
1 

around the structure to  minimize the length of wiring runs and crosstalk. The partitions between 

I 
the cornpartrnents stiffen the wall, provide EM1 shielding between the PCBs and provide a mounting 
surface for heat sinks for comporients with high power dissipation. 

The four walls of the chassis form a central cavity that contains several assemblies. The physics 
b package is mounted a t  the bottom on the bsseplate of the structure. The lamp exciter and helical 

resonator assemblies are attached to  the physics package before installation into the structure. Tlle 
electrical connections are made with nonmagnetic serni-rigid coaxial cables. The rf output connector 
is located on the structure wall so that it protrudes directly into the output amplifier compartment. 

Filter boxes are mounted a t  the power and monitor co~i~lectors to eliminate radiation to  or from exposed 
leads. EM1 gaskets are used under the connector flanges. All leads pass through feedthrough filter 
capacitors, and the assembly is located near the power supply to  minirnizc exposed lead length. There 
are also feedthrough filter capacitors in partitions in the chassis where needed for EM1 suppression. 
The electronic compartments have aluniinum covers fastened against the chassis with closely spaced 
screws for containment of EM radiation. The four sides and the top also have covers of tsntalu~il  
for nuclear radiation shielding. An outer magnetic cnclosurc is uscd to  provide additional magnetic 
shielding. 

RADIATION HARDENING 

Radiation hardening is a critical aspect of the GPS Block IIR RAFS requirements, and one that has 
received much attention during the design effort. The RAFS design has undergone detailed radiation 
hardening analysis by GE, with the assistance of EGkG,  GE, ITT, and JAYCOR. Critical parts and 
subassenlblies have also been subjected to  radiation testing. In particular, the Rb physics package has 
been subjected to  total gamma dose testing, and the VCXO and R F  output chain has been subjected 

I to transient radiation testing. This analysis and test have shown that  the design can rncct the stringent 
clock performance requirements under both the natural and manmade radiation environrnents. 

RELIABILITY 

The predicted MTBF of the overall GPS Block IIR RAFS is 298,000 hours, and 348,000 hours exclucting 
those components (srrch as monitors) that  do not contribute to  a mission failure. This corresponds to 
reliability values of 0.80 and 0.83, respectively, for a single Rb clock over the 7.5- year mission duration. 
Each satellite is expected to  have one active and onc hot-standby rubidium clock, and one cesiurri 
clock as a cold-standby unit. 

TEST RESULTS 

Two additional GPS RFS prototype units (SINS 3 and 4) were built as part of the GE proposal 
effort. These units have the original rnecka~iical configuration, but incorporate the changes associated 



with the 13.4 MHz "natural frequency" approach. Test data  for all the EG&G GPS RFS units show 
excellent performance that  exceeds the Block IIR requirements. 

Stability: All of these RFS units have consistently shown drift-corrected Allan variance stabilities 
a t  or below u,(r) = 3 ~ 1 0 - ~ ~ ~ - ~ / ~  + 1 . 5 ~ 1 0 - ~ ~  when measured against the NRL hydrogen maser. 
One-day stabilities in the high 10-l5 range are typical. An example of a recent NRL 107-day stability 
run at constant temperature for SIN 4 is shown in Figures 5 and 6. The stability is about 10-l4 
between lo5 and lo6 seconds. The higher level of white FM a t  shorter averaging times is due to  the 
measuring system. 

Aging: The GPS RFS units have shown aging < 5x10-14/day. The aging is always negative, tends to 
decrease gradually with undisturbed operating time, and is consistently smooth and highly modelable. 

Temperature Stability: The average TCs of S/Ns 3 and 4 were measured a t  EG&G to be about 
-0.i 'x10-~~/"C and +0.4x10-~~/"C,  respectively, over a baseplate ternperature range from +20°C to 
+45OC. S/N 4 was then re-optimized for operation from +15OC to +20°C, where it displayed an 
average T C  of about + O . G X ~ O - ~ ~ / ~ C .  The steady-state T C  is always smooth, hysteresis-free, and 
quite modelable. 

A test was conducted to measure the clock error caused by orbital temperature variations. S/N 4 was 
subjected to  a +15OC to +20°C triangular temperature profile having a 12-hour period. The resulting 
time error was about f 2 nsec, well within the operational requirements. 

Power: The steady-state power versus temperature characteristic of EG&G GPS RFS SIN 4 was 
measured as a function of baseplate temperature from -15OC to  t35OC. The power was 12.6 W at 
+20°C and varied by about -50 mW/OC, 

Retrace: A series of power on/off retrace tests were conducted on S/N 1 at NRL. This 58-day test 
included 4 retrace cycles, with off periods from about 2 to  10 days. This retrace record is uniqi~e 
because it is the only such record known for at1 RFS of such high stability against such a high stability 
reference. The measurement noise is therefore very low, even in relation to  the low retrace values. 
The retrace record is also interesting in that  the R,FS frequency seems to  "freeze" during the off 
period (with a slight tendency for the frequency to reverse). This indicates that  the dominant aging 
mechanism depends on elevated internal operating temperature. The most likely such mechanism is 
redistribution of rubidium within the lamp. This process would indeed literally "freeze" while the unit 
was ofl. The overall record shows gradual settling, and seems to  be the same as it would have been 
without the off-periods (if they were simply cut out of the record). 

The retrace behavior of the unit was excellent, ranging from essentially zero (for 2 days off) to about 
3x10-l3 (for 10 days off). These results are consistent with similar retraces conducted on GPS RFS 
SIN 2 as part of a total gamma dosc physics package radiation tcst (see below). This RAFS design 
easily complies with the 5xl0-'%etrace requirement, and the warrn-up time required to achieve this 
retrace is less than the 3 days specified. 

Radiation: A total gamma dosc ra,diation tcst was conducted on the RAFS physics package, Tbe 
objective of the test, conducted jointly by EG&G Frequency Products and GE Astro Space, was to 
determine the effccts of total dose gamma radiation on the frequency, photodetector current, and other 
characteristics of the high-performa,nce Rb physics package. Most of all, the test was run to  rule out 
any unexpected effects. Measurements were made before and after doses of 7, 21, and 70 krads(Si) 
of gamma radiation from a Co6' cell. No significant frequency shifts or other changes in performance 
were observed within the limit of about lx10-'' set by the drift and retrace effects (primarily due to 



the disassembly and reassembly of the RAFS before and after each i~ra~diation). Since these exposures 
represent xl, x3, and xlO of the total dose expected from natural radiation during the 7.5-year life of 
the GPS satellite, during which the RAFS can be .expected to have a total frequency shift of about 
l x 1 0 - ~ ~ ,  this test has confirmed that the effect af the radiation on the Rb physics package is negligible. 

PROGRAM STATUS 

The development phase of the GPS Block IIR RAFS prograIri is nearly complete. Critical Design and 
Manufacturing Readiness Reviews have been held, and most data, items arc complete. A brassboa.rd 
unit of the new design configuration has been built and is undergoing acceptance testi~ig. After the 
production go-ahead, Block IIK. Rb  clock deliveries are scheduled to begin in June 1992. 
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Figure 1. Block Diagram of GPS Block IIR RAFS. 
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Figure 2 .  Physics Package Cross-Section. 



Figure 3.  RAFS Outline. 

Figure 4. Photographs of GPS Block IIR RAFS. 
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FREQUENCY DATA 
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Figure 5 .  SIN 4 Frequency Record. 
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Figure 6. SIN 4 Stability. 


