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ABSTRACT 

A modular CAMAC based system is described which has been 
developed a t  lWA/Goddard Space Flight Center to  meet a 
var iety of precise time and frequency measurement and d is -  
t r ibut ion  needs. The system is based on a generalization 
of the dual mixer concept. By using a 16 channel 100 ns 
event clock, the system can intercompare the phase of 16 
frequency standards with sub-picosecond resolution. The 
system has a noise f loor  of 26 f s  and a long term s t a b i l i t y  
on the order of 1 ps o r  be t te r .  The system also uses a 
d i g i t a l l y  controlled crys ta l  o sc i l l a to r  i n  a control loop 
t o  provide an offset table  5 MHz output with sub-picosecond 
phase tracking capabi l i ty .  A detai led description of the 
system is given including theory of operation and per- 
formance. Also discussed is a method to  improve the 
performance of the dual mixer technique when phase balancing 
of the two input por t s  cannot be accomplished. 

This paper describes a modular CAMAC based d is t r ibut ion  and measurement 
system developed a t  NASA/Goddard Space Flight Center t o  meet a var iety 
of precise time and frequency needs. The system grew out of the desire 
t o  minimize the development e f f o r t  and costs for  three system require- 
ments a t  Goddard Space Flight Center: 

1) a f r equenq  combiner/selector (FCS) capable of providing a 



r e l i ab le  5 MHz output tracked t o  the average phase of multiple 
atomic frequency standards, but on time with respect t o  UTC. 

2) an automated data acquisit ion system capable of intercomparing 
the  phase of multiple atomic frequency standards with sub-pico- 
second resolution and capable of correlat ing these intercomparisons 
with environmental data and UTC. 

I 
3) a remote measurement and d is t r ibut ion  system (RMLlS) capable of 
dis t r ibtuing the 5 hHz output of a frequency standard to  a remote 

I 
s i t e ,  without degradation i n  phase s t a b i l i t y ,  f o r  comparisons against 
remote frequency standards . 

System Description 

A block diagram of the generalized measurement and d is t r ibut ion  system 
is shown i n  f igure 1. The hear t  of the system is a phase comparison 
system which works on a generalization of the dual mixer technique.1 
The phase comparison system includes the multiple mixers, the of fse t  
c rys ta l  o sc i l l a to r  and the  100 ns multichannel event clock shown on the 
block diagram. Not shown on the diagram, but essent ial  fo r  proper sys- 
tem operation, a re  buffer amplifiers which i so la t e  the various 5 Wz 
channels from each other and low noise zero crossing detectors a t  the 
output of each mixer. This phase comparison system uses the o f f se t  
c rys ta l  o sc i l l a to r  to  heterodyne in to  1 Hz beats 5 hRz inputs from 
sources whose phases are t o  be monitored. For the purpose of maintaining 
system operation independent of any of the 5 hElz inputs, the o f f se t  
c rys t a l  o sc i l l a to r  is l e f t  f ree  nmning. The multichannel event clock 
records the epoch of these beats to  100 ns.  As  shown in the theory 
section, t h i s  effect ively records the differences in phase between each 
5 MHz input and the c rys t a l  o sc i l l a to r  t o  a resolution of 0 . 0 2 ~ ~ .  By 
taking the difference i n  epoch between two channels, the data  bus con- 
t r o l l e r  can determine the difference i n  phase between any two 5 MIz 
inputs with t h i s  same resolution. The multichannel event clock is also 
used t o  monitor 1 pps or  other l T L  pulse sources d i rec t ly  with 100 ns 
resolution. 

The d is t r ibut ion  functions of the system a re  implemented by the D/A 
controlled crys ta l  o sc i l l a to r  (DXCO) and the RF output control shown on 
the diagram. Again, not shown but essent ial  t o  proper operation, a re  
buffer amplifiers i n  the 5 hHz l ines .  The frequency of the c rys ta l  
o sc i l l a to r  is controlled v ia  an 18 b i t  D/A converter with a f rac t ional  
resolution of 7.6xl0-l3 per b i t .  Since the DXCO output is fed back to  
the phase comparison system, the data bus control ler  can use the D/A 
converter to  control the phase of the DXCO with sub-picosecond resolu- 
t ion. Actual phase performance depends on the phase noise of the other 
5 MHz inputs, the phase noise of the crystal  o sc i l l a to r ,  and the time 
constant of the  control loop. The W output control is essent ia l ly  



an RF switch vhich connects the 5 MHz output t o  a back up 5 H z  source 
i n  case of control system fai lure.  

Data transfer and logical functions are implemented by a data bus con- 
t ro l le r .  This unit can be a microprocessor bu i l t  in to  the system or an 
external processor. Of course, data output and program control devices 
are also part of the system for communication to and from the processor. 

W A R E  DESCRIPTION 

The da a bus chosen was the IEEE and IEC instrumentation standard called 
Wac. A WIAC crate with several of the instrumentation mdules is 
shown in figure 2 .  The advantages of using LQWC are mny fold. F i r s t ,  
since CAMAC is an IEEE and IEC standard, one can lnterd~ange hardware 
from many manufacturers. Existing instrumentation can be used with 
several stand alone microprocessor based bus controllers or can be inter-  
faced to  vir tually any minicomputer through interface type controllers. 
Second, many off the shelf modules are available to accomplish PTTI 
functions. For example, should the need ar ise  to  extend the resolution 
of the event clock, an IEEE 388 (HPIB) interface is available so high 
resolution time interval counters can be used. Alternatively, time 
interpolators with resolutions of 50 ps or  better  are available which 
can be used in conjunction with the multichannel event clock. Finally, 
the maximum data ra te  of the bus, 24 Mbps, is more than adequate for 
most purposes. 

The multichannel event clock is s h m  i n  figure 3. This clock is cap- 
able of recording the epoch of 16 channels of n L  events (positive or 
negative edge selectable for  each channel) to  100 ns. Whenever one or 
m r e  events occur during a 100 ns interval,  the epoch is recorded in a 
FIFO memory along with a channel identity word. In this way overlap 
and dead time problems are taken care of.  The FIFO memory can be read 
as needed by the processor as long as the capacity of the FIFO is not 
exceeded. Epoch is stored to  one day. I k n  one day is exceeded 
an interrupt is sent to  the processor and a b i t  i s  s e t  unti l  the pro- 
cessor resets it. In th is  way, the processor can keep track of the day 
and year. 

The heart of the system is the analog part of the phase comparison 
system. A brass board is shown in  figure 4 .  This system is also 
modular. The four larger modules are buffered mixers and zero crossing 
detectors. The smallest modules are buffer amplifiers and the inter-  
mediate module is an eight channel driver amplifier. These units 
exhibit very low phase noise (see theory section) and lorv environmental 
coefficients. Figures 5 and 6 show some typical temperature coefficient 
measurements of a driver amplifier and a buffered mixer. The buffer 
amplifiers are essentially identical to  the driver amplifier. A l l  
temperature coefficients have been measured a t  lps /O~ or less.  
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Figure 7 shows voltage coefficient measurements. Notice that a l l  
voltage coefficients are approximately lys/V or  less. 

E E O R Y  AID PERFORMANCE 

The phase comparison system is a generalization of the dual mixer phase 
measurement technique shown in figure 8. In this technique, a transfer 
oscil lator  of nominal angular frequency wo-E is used to  heterodyne the 
outputs of two reference oscillators of nominal angular frequency w, to 
two beats of nominal anmlar frequency E. ks shown in the figure, a 
time interval counter, se t  up to  measure the time difference between the 
zero crossings of the two beats, effectively measures the difference in 
normalized phase (x = $/w) between the two reference osc~ l l a to r s  multi- 
Plied by the factor wo/c. One thing not shown on the diagram but 
essential for cancellation of the phase noise of the transfer oscillator 
i s  that the time interval between zero crossings be significantly 
shorter than the correlation time of the low pass f i l t e r s  which deter- 
mine the noise bandwidth of the system. 

In the phase comparison system described here, the offset crystal 0s- 
c i l l a to r  i s  the transfer oscillator. Since N reference oscil lator  inputs 
are involved, a single N channel epoch clock replaces N - l  time interval 
counters. This not only reduces the required hardware, as w i l l  be 
shown la ter ,  this  improves system operation under certain operating 
conditions. 

To understand the detailed operation of the phase comparison system, con- 
sider a 5 &Hz input on channel i of the form: 

V i  = A i  s in  (wet + @i ( t ) )  

and a signal from the transfer oscil lator  of the form: 

VT = AT s in  (mot + @T ( t ) )  

where a l l  the phase deviation from an ideal signal of angular frequency 
wo has been put into @i and @T respectively. The mixer a t  channel i 
outputs a signal of the fonn: 

where f(x) is a periodic sine l ike  function whose only important 
property i s  that f(x) = 0 a t  x = nn (n any integer).  The i t h  zero 
crossing detector outputs a positive going pulse which i s  recorded as 
an event by the 100 ns clock a t  time ti given by: 



The difference in  normalized phase (x = $/wo) between channel i and 
channel j , for n i  = n,, 

i s ,  then: 

Dx ( i , j )  = x ( t  ) - ~ ~ ( t . 1  
T i 

where : 

and: 

But: 

where : 

and 7 is the fractional frequency offset of the transfer oscil lator  
from oo averaged over time D t :  

This yields: 

which s ta tes  that  the difference in  the phase of any two channels is 
given by the difference in zero crossing times of the beats times the 
fractional frequency offset of the transfer oscil lator .  

The s tab i l i ty  of the measurement system over the time T can be charact- 
erized by a two sample variance of Dx: 

a2, (2, T, M) = % <(Dx ( t )  - lk ( t  + T))'> 

Using ( I ) ,  th i s  becomes: 
1 

O D x  = D t  ay ( 2 ,  T, Dt) (2) 



or: 

0 = u (2,T,Dt) 
Dx X (3) 

where uy is the two sample variance for  the fractiondl frequency varia- 
tions of the transfer osci l lator  and: 

ux = D t  u 
Y 

From Equations (2) or (3), the s tab i l i ty  properties of Dx can be 
examined. For D t  less than, tc, the time constant of the zero crossing 
detectors which determine the noise bandwidth of the system, o, is 
approximately a constant. This means that ,  for D t  < t C ;  ODx gets 
smaller as D t  gets smaller. In actual practice, th is  is liinited by 
noise introduced by the measurement system i t s e l f .  In the system 
described (tc = 13 ms ,  f c  = 1 2  Hz) : 

ulhr (2, is, 1 2 0 ~ )  = 2 . 7 ~ 1 0 - ~ ~ s  

Figure 9 shows the long term phase s tabi l i ty .  Notice it is on the order 
of 1 ps or  better  for  T up t o  days. Notice also that during th i s  time 
the transfer osci l lator  has varied i n  frequency by almost 10-10.  

For characterizing the resolution of the phase comparison system when 
measuring frequency, one can form the s t a t i s t i c :  

N 
o h  (T) = 1 C (Dx (iT) - 2Dx ( ( i+l )  T) + Dx ((i=2) T))* 

i=1 

which in the limit of large N becomes the apparent value uv(T) for  one 
channel when ideal frequency standards are input to  a l l  the channels. 
For the data shown in figure 9, U D ~  and ow are computed i n  the 
following chart: 

System Perfoxmance 
(system bandwidth = 1 2  Hz) 

T N uDx 
Is 1 (lo-1%) 

.99 100 2.73 
9.9 100 3.41 

99 1498 10 .4  
990 148 28.0 

9900 13 71.2 
l o 5  (estimated) 100 
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The value at lo5  seconds is estimated on the basis of a few days 
observed p e r f o m c e .  A graph of U I , ~  is shown in figure 10. 

For D t  greater than tc, one can see from (2)  or (3) that  the phase 
noise of the transfer oscillator becomes important. There are two 
components associated with this phase noise, a short term component 
associated with D t  and a long tenn component associated with T.  That 
is, for T > > D t :  

Figure 11 shows this  behavior for  the case where D t  is about equal to  
the 1 Hz offset of the transfer oscil lator .  In figure 11, the "raw 
phase" is D t  times the average value of y over the time of the plot.  
Notice that the raw phase has a short tern noise component greater than 
the "phase" of figure 10. Notice also that ,  for th is  worst case, the 
phase tracks the crystal transfer oscil lator  with about 1 ps for every 
part i n  1012 change in  frequency. 

There is a method, however,for taking out the long term component due 
to  changes in the transfer oscillator. Since the to ta l  epoch of each 
channel is recorded, the frequency of the crystal relative to  any 
channel can be obtained a t  any time by taking the difference in  epoch 
of the zero crossings of that channel. To obtain the best estimate of 
the crystal frequency, one can use the channel with the lowest noise 
input, the average of many channels, or the average over many zero 
crossings. Using this  estimate of the transfer oscil lator  frequency, 
' a good estimate of Dx can be obtained: 

Dx' = jt' D t  (4) 

The error in this e s t h a t e  is give by the difference between (1) and 
(4) : 

By using a running estimate for  7' , all  the long tenn effects of trans- 
fer  oscillator changes can be taken out. This i s  shown in the 
"corrected phase" of figure 11. 

The most stringent application for  the measurement and distribution 
system is the Data Acquisition Facility shown i n  figure 12.  This 
fac i l i ty ' s  principle task is to  intercompare many hydrogen masers with 
subpicosecond resolution, t o  monitor thei r  phase against UTC, and to  
measure the effects of environmental factors on these masers. For 
this purpose the CAlrlAC module is interfaced to  a PDPll computer. Com- 



parisons with UTC a re  made v i a  TV and LORAN-C. 

Another application is the Frequency Combiner/Selector (FCS) shown in  
f igure 13. The FCS w i l l  use the phase comparison system and DXCO t o  
t rack a 5 bMz signal t o  the average phase of multiple cesium frequency 
standards with a frequency offset .  The frequency of fse t  w i l l  be 
adjusted i n  a secondary phase lock loop t o  keep the 5 bHz on time with 
respect t o  UTC measured v ia  NASA's own Tracking Data Relay S a t e l l i t e  
System (TDRSS) o r  LORAN-C. The processor will carry out f a u l t  analysis 
on a l l  par t s  of the system and modify system behavior t o  minimize the 
consequence of any f au l t .  

A t h i r d  application is a remote d is t r ibut ion  and measurement system. 
A s  envisioned now, th i s  system w i l l  monitor a 5 Miz signal sent  from a 
main s i t e  down a cable and return the same SIJHZ t o  
the main s i t e  v i a  a pa ra l l e l  cable. By monitoring the changes i n  phase 
down both cables, the main s i t e  w i l l  be able t o  determine a correction 
t o  bring the remote 5 PJHZ i n  phase w i t h  the 5 hiHz a t  the main s i t e .  
This information w i l l  be sent  v i a  modem to  the remote system t o  control 
i t s  DXCO. The main use of t h i s  system w i l l  be to  intercompare remote 
frequency standards without loss of  s t a b i l i t y .  
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QUESTIONS AND ANSWERS 

DR. HELMUT HELLWIG, Nat iona l  Bureau o f  Standards: 

Can t h e  system o r  a t  l e a s t  p a r t s  o f  i t  be procurred? I f  so, how and 
f o r  how much? 

DR. REINHARDT: 

That i s  another reason we went t o  CAMAC. The o n l y  e s s e n t i a l  p a r t  
o f  t h e  system t h a t  cannot be p rocu r red  o f f  t h e  s h e l f  a t  t h i s  t ime;  
t h a t  i s ,  t h e  d i g i t a l  p a r t s  o f  t he  system, i s  t h e  100 nanosecond 
c lock.  

One t h i n g  I d i d n ' t  ment ion because t ime was s h o r t  was you buy 
what are c a l l e d  klugeboards, which e s s e n t i a l l y  g i v e  you a l l  t h e  hard- 
ware and a l l  t h e  i n t e r f a c i n g  t o  t he  CAMAC. And you o n l y  w i r e  what 
you need. And we have wirewrap l i s t s .  I n  f a c t ,  i f  you want 
one o f  these 100 nanosecond c locks ,  con tac t  us because we have been 
hav ing  them wirewrapped ou ts ide .  I t  i s  j u s t  a ma t te r  o f  us sending 
you t h e  drawings and the  w i r e  l i s t s .  And you can go t o  t h e  same 
company t h a t  we d i d  and g e t  it wirewrapped. The p r i c e ?  Bob, what 
was t h e  p r i c e  o f  t he  100 nanosecond c lock?  

SPEAKER: About $1,000.. 

DR. REINHARDT: 

T h a t ' s  f o r  t h e  CAMAC c r a t e  i t s e l f .  I n  f a c t ,  
you can g e t  t h a t  as a f u l l - b l o w n  RT 11 ope ra t i ng  system w i t h  f l o p p y  
d i s c s  f o r  about $12,000. But  t h e  microprocessors themselves c o s t  
about $3,000 o r  $4,000. The CAMAC c r a t e  i s  about $1,500. 

My r u l e  o f  thumb i s ,  i t  i s  $1,000 pe r  module--per completed 
module, no t  klugeboard. The analog p a r t s  o f  t h e  system are, as 
you can see, a l s o  modular. We a re  making them in-house now. But  
again,  i f  anybody wants any drawings o r  any th ing  l i k e  t h a t ,  they  
should con tac t  us. We have p r i n t e d  c i r c u i t  board layouts .  Thank 
you. 

DR. CARROLL ALLEY, U n i v e r s i t y  o f  Maryland: 

How many cesium standards do you p l a n  t o  i n c l u d e  i n  your  ensemble? 

DR. REINHARDT: 

We have the  optimum ensemble f o r  s t a t i s t i c a l  analys is- - two.  That  
way, nobody can t e l l  i f  any th ing  i s  wrong. R igh t  now we p l a n  t o  
use two. And you obv ious ly  ge t  a f a c t o r  o f  two improvement i n  r e l i -  
a b i l i t y .  The idea i s  t o  a l s o  a t  l e a s t  d i v i d e  t h e  phase by a 
square r o o t  o f  two w h i l e  you are doing t h a t .  And I have a n u l t e r i o r  
mot ive i n  t h i s .  You can p l u g  a hydrogen maser d i r e c t l y  i n t o  t h a t  
system and have i t  work. It w i l l  reproduce t h e  phase specs o f  a 
hydrogen maser. 



DR. SAMUEL STEIN, Nat iona l  Bureau o f  Standards: 

You can accomplish very much the  same r e s u l t s ,  t o  remove t h e  i n s t a -  
b i l i t i e s  o f  a  common o s c i l l a t o r  and t o  ga in  the  b e n e f i t  o f  an event 
c lock ,  i n  a  small system i n  hardware, by l o c k i n g  your  t r a n s f e r  
o s c i l l a t o r  t o  one o f  your  references. 

MR. DAVID W. ALLAN, Nat iona l  Bureau o f  Standards: 

I n  a d d i t i o n  t o  t h a t ,  i f  you g e t  an o s c i l l a t o r  which has ve ry  l i t t l e  
phase noise over t h e  beat  i n t e r v a l ,  i n  your  case one second, the  
no ise  then becomes immater ia l  regardless o f  t h e  phase. We have 
chosen as one system a t  NBS t o  use a  500 h e r t z  beat  and a  very low, 
h igh -qua l i  ty low-phase noise o s c i l l a t o r .  And the  phase noise j u s t  
doesn ' t  en ter  i n .  

DR. REINHARDT: 

I would l i k e  t o  add a  comment t o  t h a t .  The data were a c t u a l l y  taken 
w i t h o u t  the  f u l l - b l o w n  system, and now w i t h  these programmable c a l -  
c u l a t o r s  and counters, we j u s t  s e t  the  counter  t o  a l t e r n a t e l y  meas- 
u re  t ime i n t e r v a l  and per iod.  And so you can e f f e c t i v e l y  do t h e  
same t h i n g  on a  smal l  system w i t h  a  convent ional dual mixer  system 
by  j u s t  changing t h e  software. 




