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Very Long Baseline Interferomentry is one of the modern specialized applica- 
tions where phase noise instability has to characterized not  only for short 
ternl, but also over very lang priods of time. This technique is utilized by 
radioastrmlomers to draw sky maps with angular resolutions af a few mil- 
liarcseconds and by geophysicists to measure continental plate motions, with 
precisions of a f e w  centimeters across earth diameter distances. These types 
of observations are prformed by networks of radiotelescope antennas, each of 
whicA needs a H-Maser frequency standards to preserve, in the receiving down 
converbsion ntihirlg prmess, the phase of the signal caning from sky radio 
sources. 

The present work was started to develop some simple instnunentation capable of 
characterizing the residual phase noise instability of the different local 0s- 
cillator chains of the VLBI receivers over integration times up to 10,000 s, 
at their output frequencies ranging from 500 MHz up to 24 GHz. Then, realizing 
the importatice of evaluating the absolute noise originating from the primary 
references, we have investigated the possibility of perf or mi^ the phase corn- 
~wrisurl of our H-Masel. frecluency st;ar~dards. While, in bath cases, the short 
term part of the no i se  spectrum can be measured in a standard way, i n  t h e  
frequr:ncy domain, by an FFT analyzer and a phase detector, the long term part 
of t h e  spectrum is generally measured with a digital read by a computer while 
the two devices under test  are artificially offset in frequency by a suitable 
muur1 t . 
This p a p r  suggests how to simplify and to extend the usefulness of the 
hardware u t i l i z e d  in the measurement of s h o r t  term phase noise to characterize 
1.he long term part of the spxtrum also, for virtually infinite integration 
times. The I-equirml additional hardware is a general purpose interface for a 
1~1.sona1 computer and some minor compnents . In part,icular, a simple discrete 
phase rotator has been implemented, so it becomes easy to handle different 
c.woparison f requencics . 

A b1ocl.r diagram crf the n~easurement set-up is shown in Fig.1. In the case of 
a b s o l u t ~  noise measurement, a small variable frequency offset will always ex- 
ist bet.c~een the t ,wo sources under test, so t h e  phase comparator has  to 
r.econstibuct unambiguously and accurately the input phase over the full round 
arglc. arid tha t  up to i n f i n i t y .  

In the propost* set-up a double balanced mixer acts as a real time phase 
detector. Its ideal output transfer characteristic is, of course, a pure  
s inusoidal  function of t,hc input phase. This dependence can be easily i n v e r t 4  
by the cor~~puter that acquires the data. In this way, the input phase can be 



correctly read over t h e  2 60 degree r w e .  To cover the full round angle phase 
input range, a simple discrete phase rotator has been implemented. Under com- 
puter control, three coaxial cables of different electrical. lengths, in a h s t  
120 degree step progression, can be switched sequentially to bring back the 
input phase, whenever needed, within the range of the mixer. In this manner, 
the phase difference between the two sources can be tracked continuously for a 
virtually i n f i n i t e  time. To preserve mixer linearity, its output port is 
properly terminated into a broadband high frequency matched load. This is fol- 
lowed by a low-pass filter and a low-noise amplifier, before applying the sig- 
nal to an analog to digital converter, which is read by a personal computer 
finally controlled by a software program very similar to the one proposed by 
S. Weinreb[l]. The same signal can also be ttnalyzd by an FFT analyzer to 
nlemure the short term 1)tiase noise. To emulate the required noise bandwidth of 
1 Hz, the actual A/D device is a voltage to frequency converter which in- 
tegrates the input signal for 160 ms. To have one measurement per second, the 
computer waits for the reminim 840 ms between the consecutive measurements, 
while making t h e  necessary calculations in real time. 

The suftsmre displays on the monitor the insLmtaneous input phase in 
picoseconds then, per id ica l ly  plots the  averaged Allan Variance at 1 s, the 
frequency difference between the two sources and the ambient temperature. 
Aft,er having acquired a st:lc.xtable amount of data, a hard copy of the last 
batch is produced, tnget.her with the cumulative statistics from the beginnirg 
of t . h ~  rneasu~-prnent,. Allm variances over the integration times from 1 s t o  
100,000 s are computed 1 a 1 , 2 , 5  progression for every decade. 

Before starting a measur*m~ent session at some new mixing frequency, a CAlAlBra- 
tion program is run to measure the system parameters. When a low frequency 
hat signal is applied bctween the two snuzces under test, it is possible to 
choose t h e  appropriate gain for the preamplifier to achieve the required sen- 
sitivity within the optimum resolution range of the A/D converter (+lo/-8 
volts). In this way the peak amplitude of the beat tone is measured together 
with its DC o f f s e t  with respect to ground, so this last quantity need not be 
compensated by hardware trimming. This is a very convenient feature because 
the actual offset depends on the particular oprating parameters of the mixer, 
which have to be optimized. The previous two quantities and the input mixing 
frequency are needed by the main program F S A U M  to retrieve correctly the in- 
put phase. 

Before every measu~*ernent session, the cables are automatically switchd in 
sequence to resolve the 2180 degree ambiguity intrinsic in the sine function, 
or, in other words, just to know the correct cable switching sequence (CW or 
CCW) to correct the phase drift. During the program run, if the input phase 
drifts over 21.2 radians, the computer autwnatically selects the successive 
cable to keep the input phase within the working range of the mixer. 

The electrical length of each cable is measured in real time as the difference 
of phase between the last measure before the cable switch and the first one 
with the new cable, cseclut,ed one second later. The rcsult result  is also cor- 
rected for the average frequency offset bctwven the two sources, as measured 
j u s t  before t h e  switching act,ion. 



I n  a conventional system noise floor measurement, when a single source feeds 
both mixer inputs,  it is possible to ver i fy  the  the  level of phase i n s t a b i l i t y  
i n t r d u c e d  by the  A/D converter, the amplifier and the mixer, this 1st assun~ed 
t o  have a pure sinusoidal  transfer function. Fig.2 shows the  r e s u l t s  obtained 
after a measurement period of 150,000 s and r e l a t i ve  t o  the  experimental set- 
up designed to  compare two H-Masers at 180 MHz. Durirug tha t  test, the  three  
cables were artificially scanned sequent ia l ly  every 1000 s, to check also the  
muwit of noise introduced by the  switching act ion.  On the  other  hand, by t h i s  
simple test it is not possible t o  evaluate the  noise contribution due t o  the  
non-ideal transfer function of the m i x e r .  The higher harmonics, shown by an 
F'FT spectrum analysis  of the beat tone applied between the  two sources, can be 
i r t r  as the  impure sinusoidal  response of the mixer; i n  fact they  are 
the  higher order terms of t he  Fourier series expansion of its output s ignal .  
This technique allows the  optimization, almost i n  real t i m e  of the mixe~. 
prformarlce, f o r  example the dr ive  levels, t o  achieve the  the highest fun- 
darnental t o  harmonics r a t i o .  

These harmonics, during the actual measurement when the  beat tone is renlo\wl, 
w i l l  generate a periodic "ripple" over the ideal s ine  response of the  mixer, 
or an error on the  retrieved phase. Bccause t h i s  effect is generally relevant 
only i n  absolute noise measurements, it has been analyzed, i n  our case. only 
for the  experimental set-up dedicated t o  the  evaluation of the two H-Masers. 
Because the ripple noise  1s uncorrelated with the  phase i n s t a b i l i t y  t o  
n~eusu rd ,  it is r>xpcted t h a t  t h e  conibind variance should be equal t o  the  suri 

of the  t w o  respective components. I t  can be immediately real ized that t h i s  ef- 
fvc.-t should nt-.gligible both for short and for long integration times be- 
uausc the mixer siriusoidal slope is scanned a t  the reasorubly low "speed" due 
to t h e  residual frequency offset  between t he  t w o  H-Masers. 

ills: a first approximt.ion i t  has been considered t h a t  t h r e e  t i m e s  the  square 
root uf the  Allari variance measured i n  1 second, 1 ps i n  our case, should a l so  
be the  m i m u m  allowed mixer non-linearity, leaving f o r  a l a t e r  co~nputt:r 
sirnula Lion Lkie fu l l  ana lys i s  of Uie prVubleni[ 21 . When almost no b a t  frequer~cy 
is present, t h e  phase accuracy r e t r i eva l  a t  the  t1.12 radians p i n t s  of the 
fundarnerltal mixer resporise can be quickly checked by comparing w i t h  the  f u l l  
r~ouncl angle the  sum of t h e  e l e c t r i c a l  lengths of t he  three  delay cables,  as 
meauur~d by the system i t s e l f .  Then, to ver i fy  that the  same accuracy is 
avai lable  across tibe whole working range of the  phase comparator, it was 
v u r i f i r d  that  t h e  r e t r i eva l  step of phase, obtain& by switching btween two 
cable almost equal i n  length, was every t i m e  the  same indepndent  of t h e  par- 
t i c u l a r  point of the  fundamental mixer response chosen t o  start t h e  
measurement. This c:onstancy has been verified t o  be within the  l i m i t  described 
before. 

MF&= ON H-MASER FREQUENCY STANL)ARDS 

Figure 3 is a photograph of t h e  thermostaLically cont ro l l td  Ii-Maser room a t  
the  I t a l i a n  WI Y tat ion a t  Mdicina,  with the  progranlnlabls phase cunlyraratc,r 
described i n  the  test just on top of the two frequency stmhrds.  In Figure 4 ,  
only the f i na l  cuniulative plot of the  Allm: variance f o r  TAUS from 1 s up to 
100,000 s is shotm. This  p lo t  is r e l a t i ve  t o  a measurement perid of 576,356 s 
(almost seven days). Due t o  obvious space l imi ta t ions ,  the twelve hard copies 



of the intermediate r e s u l t s ,  obtained over single batches of 50010 s are not 
shown. 

F ina l ly ,  these results have also been found fully consistent with those ob- 
t,aincd by t h e  more conventional technique of measuring the frequency in- 
stabilities of a 0.5 Hz beat period available at 180 MHz when one H-Maser is 
fully offset with respct to the  other. 

The l~rolxlsed ~neasur~hent set-up seems to be attractive for its simplicity arld 
low cost, particularly when no frequency offset is allowed between the two 
sources to be cumpared and when it: is required to measure long term phase in- 
s b b i l i t i e s  at many different comparison frequencies. In fact, the softrare 
accepts the mixing frequency as an input  parmeter, while the hardware 
generally needs only  mi.nor modifications. When performing residual phase noise 
n~easurunlents , no part icular proble~ns generally arise . The phase quadrature 
requirement can be relaxed because the linear response of the mixer has been 
extended by anti- trru~sforn~ing its sirlusoidal t r a n s f e r  function, By t h i s  
technique, frequency synthesizers and multipliers have been characterized for 
iritegration times up t o  100,000 s .  

I f ,  on the other hand, absolute phase noise of very  high stability sources is 
to be checked, before performing actual measurements it is necessary to verify 
no t  only  the systenl noise f l oo r ,  but  also the  real mixer linear response, as a 
phase detector. Its behavior cam tse optimized in real time by standard tech- 
niques and its contribution to the final result can be evaluated either by 
haldwu-e methods for every p a r t i c u l a r  experimental set up, or by a computer 
simulation[ZI. 

Ac:tw1 measurencnts of H-Maser phase instabilities over significant periods of 
time arc rejmrt.d showim the usefulness of this technique. '&lcause t h e  actual 
parameter measuxhrd by t h e  system is the value of the input phase, it is ~ s -  
sible to record it dirVctly on a chart recorder, obtaining a very useful and 
sensitive technique to point out spilres or junips and to f ind if they are rc- 
lated to some exterrral interference. For t h e  same reason, the last but not 
least capibility of the props& measuring is to be intrinsically able to com- 
putc dircctly t,hc: Imwor spectral density of t*he input phase. 
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1 - The hardware configuration of the proDosed set-up. The dashed l lne around the 
PPC ldent l f les the passive thermal ~ n s u l a t ~ o n  from amblent. 



2 - Noise floor measured at 180 MHz for a period of time of 150,000 s. 

3 - The H-Maser thermostatically controlled room. The PPC is the box just on top of 
the atomic standards. 
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4 - The f inal  p lot  o f  the Allan Variance measured comparing EFOS4 vs EFOSS f o r  a 

continous period of  576,356 s, almost  seven days. 




