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Abstract 

A zero-crossing detector (ZCD) has been built and tested with a new circuit design which gives reduced 
time jitter compured to previous desigms. With the new design, time jitter is reduced for thfirst time to u value 
(4.2 x lo-' seconds for a 1 Hz input signal and a 1 second measuring time) which upproaches that due to 
noise in the input amplifying stage. Additiunully, with$ber-optic transmission of the output signal, crosstalk 
between units has been eliminated. Incorpurutiun of cummerciulty availuble double-balanced mirem allowed 
two z 100 MHz signals dflering by 1 Hz to be compared, giving an A h n  Deviation of 1.1 7 x 10- l5 at 
a 1 second measuring time. The memured values ure in good agreement with circuit noise calculations 
and approximately ten times lower thun thut for ZCD's presently in,stalhd in the JPL &st fmihty. Cro,~stalk 
between adjacent units was reduced even more thun the jitter. Where the OW units showed crosstalk of > 1 o - ~  
seconds between units, no crosstalk could be detected between the new ZCD's, even when operating from the 
same power supply. 

BACKGROUND 
limitation on the present capability to  c11a.ractcrize frequency sources with ultra-high stability 
is the perfornlancc of the zcro crossing dctcctor (ZCL)) which is used to  measure the frequency 
difference between two such s t a n d a r r ~ s . [ ~ ~  31 'llhr %CIl functions to transform a % 1 Hz sine- 

wavc bcat freqrlency betwccn the sources into a square wave or train of pulses that  call be cllaracterized 
by a, co~lve~ltiorlal counter. While the capability of the presently available systctn was sufficient to 
cllaracterize sources until now, new standards are now available with much higher stability a t  short 
measuring times. These new standards cannot bc characterized using the present performance of the 
ZCD. 

Present ZCD's show a tirnc jitter of approxirrlately 10-" seconds. Noise in the mixers used to  gcncratc 
the beat frequency bctwecn the oscillators is lllucll smaller (< seconds) than the %(:I) jitter, 
while the stability of available cou~ltcrs is very high, with jitter of the order of 10-%scconds.[l] 

'This work was carried out a t  the Jet Propulsion T,ahoratory, ~ a l i f o r n i a  Institute of Technology, undcr a contract 
wit11 the National Aeronautics and Space Administratmion. 



The present ZCD's also suffer from severe crosstalk problems, so that  the output signal from one unit 
can induce a time offset in an adjacent unit by as much as low4 seconds. If the time jitter and crosstalk 
in the ZCD's could be reduced below seconds, thus matching the performance of available low 
noise mixers, the new standards such as the Superconducting Cavity Maser Oscillator (SCMO) could 
be characterized without limitation by fluctuations in the measuring system. 

PRESENT TECHNOLOGY: NOISE 
1 shows a schematic of the presently used units. A low noise amplification stage filters 
Hz input signal and increases its amplitude as much as possible without clipping. This 
signal drives a special-purpose "open loop" operational amplifier stage which operates to 

transform the sine wave signal t o  a square wave with relatively short rise and fall times. Since this 
second stage operates without feedback limitation t o  its frequency response, and since the slew rate at  
its input is low, a latching circuit must be included to prevent noise-induced double triggering which 
would otherwise occur. 

Amplitude noise in the first two stages introduces a time jitter into the signal which may be estimated 
as follows. Suppose the signal at  the input to  any stage has a slew rate of S (volts/second) and that 
the stage has an  equivalent input noise of N ( v o l t s l a )  and a bandwidth of B (IIz) .  In this case an 
input amplitude jitter of NO (volts) will give rise to a time jitter of N ~ I S  (seconds). While the 
slew rate a t  the input to  the first stage is low, the bandwidth of that  stage is very low, thus allowing 
cxccllent overall performance, if that  stage were the only limitation. However, the second stage must 
have a very wide bandwidth in order to give the short rise time required for proper operation of the 
counter. For example, second stage may require a bandwidth lo5  times larger than the first sta,ge, 
while the slew rate a t  its input has been increased only 15 times by the gain of the first stage. Thus it 
introduces m / 1 5  20 times as much time jitter as the first stage and prevents good performancc 
in the ZCD. 

PRESENT TECHNOLOGY: CROSSTALK 
rosstalk between units ant1 phase olfsets which are sensitive to details of circuit interconnections 
arise in the present units due to  parasitic ground currents a t  the signal frequency. Figure 2 
shows an overall schematic of thc prcsent ZCD system and identifics the parasitic ground-wire 

resistances. The very low frequency of the signal (1 112) means that  skin-depth shielding effects, which 
usually tcnd t o  isolate AC signals, are absent. Output signals must be large enough so they can be 
transmitted substantial distances without degradation. This results in a substantial output current at  
a frequency identical to  that  of the input signal. 

The present units are characterized by an output voltage of 2.5 V, a termination of 50 0, and an input 
slew rate of S = 1 VJsecond. The resulting output current of I = 2.5150 = .05 A can give rise to  an 
input voltage offset of 50 pV for paaasitic resistances of only .001 0. For an input slew rate S = 1 
VJsecond, a 50 ps time offset will result, JIowcver this offset depends on details of the configuration 
and so makes the whole system cxtrernely sensitive to  any kind of physical perturbation. Further~nore, 
if two or more units are operated in physical proximity to  each other, and if the signals in these units 
have slightly different frequencies, the phase between the two will vary with time. This will induce a 
large, time-varying phase offset in adjacent units whiclz can corrupt the measurements being made. 



NEW DESIGN: NOISE 
perational amplifiers are available with an equivalent input voltage noise density of 4 ~ v I G  
for frequencies above 1 Hz.[5] Ebr a first stage input slew rate of S = 1 VJsecond or greater, 
and a bandwidth of B1 = 1 Hz, this makes possible an RMS jitter of .004 ps for the contri- 

bution of that  stage. If noise due to  each subsequent stage can be kept a t  or below this value, a ZCD 
circuit could be constructed with jitter substantially less than 0.1 ps. Overall performance would then 
be limited by the performance of available mixers. 

However, the rise time r from the final stage of the ZCD must be very short, preferably T < 0 . 1 ~ ~  and 
so must have a large bandwidth given approximately by B > 1/(2rr) ,  While, as previously discussed, 
a very large bandwidth in the second stage B2 will result in increased jitter, this bandwidth may be 
made somewhat greater than that of the first stage before the second-stage contribution to the jitter 
matches that of the first stage. This is because the slew rate has been increased by gain of the first 
stage GI ,  thus allowing a greater equivalent input voltage noise a t  the second stage without increasing 
the time jitter. If both stages have equivalerlt (white) input noise, the contribution of the second stage 
will be less than that  of the first as long as 

All stages after the first must have a built-in lirniting action because otherwise their voltage swings 
would be larger than allowed by available power supplies. It is possible to construct limiting amplifier 
stages with reduced bandwidth which are well behaved in their operation if the gain of the stage is not 
too large. Since the slew rate S is increased in proportion to  the gain G of thc stage, the requirement 
for well-behaved operation is that the time for the output voltage to  slew to  its limit V,,,, must be 
allowed by the bandwidth B of the stage. This coildition on the gain of the second stagc can be 
writ ten; 

G2S2 < 2rB2 
v m a ,  

( 2 )  

where Sz is the slew rate a t  the input t o  the second stage. Since the slew rate is increased by the gain 
of any given stage, S2 = GISl and we can write the gain conditioi~ for the second stage as 

The conditions t o  reduce the noise contribution of the nth stage to a value below that  of the first stage 
can similarly be written in terms of a product ovcr the gains of prcvious stages; 

and 

Note that  the gain G, is calculated in terms of the ba.ndwidth B,, actually chosen. 

Figure 3 shows a block diagram of a four stage ZCn wit11 gains and bandwidths calculated subject 
to equations (5) and (6). In order to reduce overa.11 noise to a value comparable to that due to the 
first stage alone we have found it necessary to add two intervening stages in between the first stagc 
and the "wide open" stage compared to the old design shown in Figure 1. This new design allows an 
overall jitter of less than 0.1 /is, 



NEW DESIGN: CROSSTALK 
n order t o  eliminate the effect of output ground loop currents on the input signal, we have modified 
the design to eliminate both input and output ground loop currents. As shown in Fig. 4, the 
high current output driver has been replaced by a fiber-optic transmitter. While the transmitter 

requires substantial drive current (.030 A) thcsc currents are completely contained within the chassis 
and power supply of the ZCD itself, and do not ncccssarily flow throughout the room as was previously 
the case. The fiber optic signals themselves cause no interference at  all, and are themselves not subject 
to degradation by other electrical interference signals. The fiber optic receiver is connected directly to 
the countcr input. 

Ground loops at  the input t o  the ZCI) have also been eliminated. Even though the RF signals into 
the mixcr are necessarily grounded a t  the outer coaxial connection, the dua.1-transformer design of the 
mixer allows a floating output (1  Hz) signal.[6] As shown in Fig, 4, all external ground loops are thus 
eliminated, leaving only those (not shown) which are due to power supply connections or internal to 
the ZCD circuitry itself. In this design the mixer is physically mounted within the ZCD module. 

TEST RESULTS-NOISE 

T wo zero-crossing detectors have been built and tcstcd which is based 011 the design shown in 
Figure 3, Preliminary tests using a common 1 Hz input signal with an  amplitude of 400 mV 
P-P showed an Allan Deviation of freque~lcy vaaiations 

for the two units together a t  a 1nea.suring time of r = 1 second. Double balanced mixcrs[6] were then 
added to  the circuitry to allow comparison of two RF signals a t  100 MHz. Test results shown in Fig. 
5 show that the short term performance approaches a rncasurement floor for the Allan Deviation of 
relative frequency variation by = Svlv, given by 

for two units together. This value is approximately ten times lower than that  for ZCD's presently 
installed in the JPL test facility. Because "hare" ZCD noise a.t 11, = 100 MHz would only be 

a t  r = 1 secortd, most of this noise is apparently due to thc mixers. The increase above the limiting 
value a t  longer times (T  > 10 seconds) is probably due t o  temperature fluctuations. The units were 
not thermally isolated but were subject t o  a typical laboratory thermal environment. 

At the time of the tests there wcre not available RF signals at  100 MHz signals with a stability I 

greater than 1 x 10-14/r, and so to measure the contribution of the ZCD's themselves, the two units 
werc independently attached to  the sarne source, a,nd the time jitter between their output pulses was 
measured. In this way noise on the input signals was largely cancelled while 11oise due t o  the individual 
mixers and ZCD's was not. 



DETAILED NOISE ANALYSIS 

w e consider three types of noise as contributing substantially to the overall performance of 
the ZCD: Flicker voltage noise in the first stagc of the ZCD, white noise from all stages, 
and flicker p h u e  noise in the RF mixer. Throughorit this section we assume a slew rate of 

S = 1 V/second, recognizing that  the actual value may be up t o  S = 3 V/second, giving somewhat 
lower time jitter for the same voltage fluctuation. 

Following the conventions of IEEE Standa,rd PAR-P-1139, we define the parameters; 

and 
3 f h .  E = -  
4n2 (10) 

where f h  is the upper cutoff frequency a,nd r is the measuring time; so that  the Allan Variance of 
frequency fluctuations Sv may be written: 

for flicker phase noise, and 
.:(.) = ~ [ S q b ( f ) l r - ~  

for white phase noise, where f is the fluctuation frequency, v, is the RF frequency, and S+(f) is the 
spectral density of phase fluctuations. We also use an Allan Deviation defined by 

Using a 1 IIz cutoff freyuency and r = 1 second mea.suring time, we approximate the consta.nts by 
D = .I66 and E = .0756. 

Because of their nonlinear nature, it is riot clear how to treat the flicker noise for ZCU stages after thc 
first (linear) stage. However, the effect of low frequency noise in these subsequent stages is apparently 
reduced by the gain of the first stagc, a,nd so we will ignore their contribution. The rnaalufacturer 
indicates a flicker voltage noise for our configuration of 6 n V / d  (/a) RMS. For a slew rate of 
S = 1 V/second, this results in an RMS time jitter of 6 x lop9 seconds in a, 1Hz bandwidth at  an offset 
o f f  = 1 Hz, a phase jitter for the 1Hz sjgna,l larger by 2n, and a spectral density of phase fluctuations 
given by 

Sm(f)  = [ 2 r x  6 x  I O - ~ V / S ] ~ / ~ .  (14) 

The measurements reported earlier mea.sured the combined deviation for two nominally identical 
ZCD's. For the operational frequency 11, = 1 Hz of these tests of two "bare" ZCJ)'s, Eqs. 11 and 13 
combine with twice the value given lly Eq. 14 to  predict a Llcviation a t  r = 1 second of 

The contribution due to  white arrlplificr noise is a.pproxirnately the same size. The design procedure 
for the ZCD given an earlier section allows similar white noise contributions for each succeeding stage, 
for an effective value 4 times larger than that  for a siiigle stage. Thus the manufacturer's specification 
of 4 n ~ / &  RMS for each device gives rise to  an effective spectral density of 



Combining this result with Eqs. 12 and 13 gives a contribution to  the two-device test of 

for the white noise of the ZCD. 

The combined results of flicker and white amplifier noise compare very favorably to  the measured 
value for tests of the bare ZCD which gave a value previously discussed of u,(T) = 4.2 x Hz at  
r = 1 second measuring time. 

The contribution due to  the double-balanced mixer to  RF tests can be similarly evaluated on the 
basis of Eqs. 11 and 13. Addition of the mixers caused the frequency deviation t o  more than double, 
increasing from 4.2 x lo-' Hz to 1.17 x loA7 Hz a t  T = 1 second averaging time. This increase implies 
a flicker phase noise (per mixer) of -135 dB/f (16). This value compares favorably to  -140 dB/f (/a), the lowest measurement system noise reported t o  date. [7] 

TEST RESULTS-CROSSTALK 
igures 6 and 7 show the results of identical crosstalk measurements on the old and new ZCD's, 
respectively. Here, in each test a (buffered) 100 MHz signal from a hydrogen maser provided a 
reference for each of two ZCD's, while the test signals for each unit differed by approximately 

0.01 Hz. The beat frequencies characterized were 1 Hz and z 1.01 Hz. We show results for the 
channel in each case with a beat frequency of exactly 1 Hz, as generated by an offset generator from 
the original 100 MHz signal. The two units in each case had a common ground and were powered by 
a single power supply. 

A comparison of the figures shows that ,  under these conditions, the old units show a sinusoidal variation 
of the time residuals for the 100 MHz signal of more than 10-l2 seconds and a false peak in the Allan 
Deviation of nearly 3 x 10-l4 a t  a measuring time of r 3 30 seconds. The sinusoidal variation in the 
time residuals indicates a crosstalk between ZCD's of 10-l2 seconds increased by the frequency ratio 
lo8 IIz/ l  Hz, or los4 seconds. The new units, aa shown in Fig. 7, show no observable crosstalk, but 
instead allow the performance of the offset generator to be properly characterized. 

DISCUSSION 
haracterization of the instabilities in frequency sources requires a means of analyzing the 
frequency variations of the source under test while using another oscillator as a reference. For 
sources with ultra-high stability, this is typically done by offsetting the RF output frequency 

of one of the sources by a very small difference frequency vd, (typically vd = 1 Hz) and then co~nbining 
the output signals from the two sources in a sernicortducting "double balanced" mixer to  give an  output 
a t  the difference frequency (1 Iiz).  

In this circumstance any frequency variation 6v, in the source under test gives rise t o  an identical 
variation in the difference frequency, 

6vd = 6v0 (18) 

and a correspondingly larger variation in relative frequency variation; 



if the RF output frequency v, is much larger than the difference frequency vd. 

For example, for a 100 MHz output frequency and 1 Hz difference, the fractional uncertainty is 
increased by v0/vd = 100M~Iz/lIIz= lo8 times. Thns, if the standards have a stability of 6 f /  f = 
10-13, the 1Hz beat frequency will show a mudl larger variation of Sf/ f = 

Measurement of the difference frequcncy vd is obtained by measurement of its period. If the time jitter 
of the ZCD is bt,,  and the time of measurement is r, an uncertainty in the difference frequency vd is 
introduced 

which in turn results in a,n uncertainty in the mcast~rcd frequency of the standard v, given by 

Equation (21) shows that a limit is placed on our rr~easurement capability by ZCD jitter which decreases 
linearly with increasing measuring time r.  This limit also depends on the operating frequency v, of thc 
frequency sources which are being characterized, and the bea,t frequency vb used to drive the ZCD. The 
highest available operating frequency for availa.ble frequency sources is typically 100 MHz. Increased 
operating frequencies may be available in the future, but for the present, the cost of transmitting 
and conditioning higher frequencies would be substantially greater than for 100 MHz signals. The 
difference frequency vd is operated a t  1 Hz to allow measurements to be made a t  least every second. 
I t  is important to  be able to characterize standards a t  short rrleasuring times, and a lower limit l / u d  
to the time of characterization is dctcrmined by the dilference frequency vd. 

Thus there are important reasons why the operating frequency is not higher than 100 MI1z and the 
difference frequency is at  least as high as 1 Hz. Taking these values as given and using Eq. (21), the 
1ps jitter of present ZCD's limits our measuring capability to  

Until recently, hydrogen maser standaads presented the best possible stability for all tirrle periods 
from 1 second to approximately 10,000 scconds.[8] The short term stability o f  hydrogen masers is 
approximately given by 6 f/ f = 10-13/r. Because these values are 10 tirrles larger than that  given by 
Eq. (22), the hydrogen maser standards can be well characterized using the old ZCD's. 

However, newly developed superconducting standards are 10 times more sta,ble than the hydrogen 
masers a t  short measuring tirnes.[9] These standards show a stability of less than 1 x 10-14 a t  1 
second and so could not be well cllaracterized at  an operational frequency of 100 MHz. Jlowever, 
results reported here represent a ten-fold improvement over that given in Eq. (22), allowing such 
characterization of the new standards for the first time. 
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Figure Captions 

k'igure 1 Block diagram of existing JPL zero-crossing detector design which has been in use for Inany 
1 years. Stage one must be a purely alnplifyi~lg and filtering stage (no limiting) in order to providc 

a well-dcfined noise bandwidth for the measurements taken. The JPL units use a pa709-type 
operational amplifier for the second stage t o  allow a high swi tchi~~g speed with low noise. 

I 

Figure 2 Block diagram of the nleasurernent system including parasitic resistances in the various signal 
and power paths. Since the output current is substantial, ant1 with a frequency identical to that 
of the input, output-input couplirlg corrupts the phase of thc input signal. Crosstaak between 
units similarly results in phase shirts a t  adjacent units which is dependent on the phasc difference 
between the signals at the two units. Because the frequency is so low (1 Hz), penetration depths 
are large and parasitic resistances done  can be used t o  estimate this coupling. 

Figure 3 Block diagram of the new ZCD design. Multiple limiting stages with increasing slew rates and 
bandwidths allow an overall tirnc jitter which is not appreciably larger than that  due to no is^ 
contributions of the first stage alone. Since input signals with varying arnplitrldes must be 
accommodated, circuit bandwidths in stages 2 and 3 have beer1 chosen to  allow slew rates up to 
three times higher thail thc values given. 

Figure 4 nlock diagram of tlie RF frequency rrleasurernent system includillg the new ZCD. Ground loops 
involving both input and output signals arc eliminated. Signal input uses symmetric outputs from 

I 

a double-balanced mixer. Signal output is by means of fiber optic conpling, which eliminates 
thc large ground loop cl~rrents associated with high-level signal output. 

Figure 5 Results of a test of two of the new ZCU's. Measured stability is cxprcssed in terms of an  inferred 
Allan Deviation of rela.tivc frcqucncy variation for the 100 MHz signal sources being compared. 
The values, on a per unit basis, would be smaller by 1/& t11a.n those shown. Short term 
performance of 10-15/r corresponds to a tirrle jitter of lop7 scconds, a value 10 tirrles lower than 
that for ZCn's previously available. Longer term irlstabilitics arc sornewhat higher, probably 
due to thermal fluctuations. The units wcrc not thcr~nally isolated, but subject to  ordinary 
laboratory thermal environment. Because RF signals were not available with noise as low as 
these circuits, identical RF signals were fed to  the mixers for each ZCD, and the differential 
jitter was measured. In this way, the noise of the source is largely cancelled, wliilc noise in  tbe 
mixers and ZCD's thernselv~s docs not. 

Figure 6 Measurement of crosstalk hctwccn two of the olrler ZCD's. Here the RF (z  100 MHz) signals 
I 

to thc unit being characterized differed by exactly 1 Hz while the sigrlals to  an adjacent unit 
differed by % 1.01 Iiz. The effect of the resultant 100 sccond beat between the signals is vcry 
apparent here, showing a sinusoidal time residual variation of more than 10-l2 seconds. 'l'he rise 
in Allan Deviatiorl for tirrle periods approaching 100 secorlds is due to this tirrle variation and is 
more than 30 times larger than the actual deviation between tlie signals. 

Figure 7 Crosstalk test of the new ZCD's using exactly thc same setup as described in the previous figurc. 
There is no evidence of crosstalk with a = 100 second period. The offset generator which was 
used to  generate the 100 MHz + 1 Hz RF signal is the limiting factor in this test (E 1 x loLL'' 
a t  T = 1 sccond). 
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S1=1V/sec S2 = 1 5V/sec 

Figure 1. Block diagram of existing JPL zero-crossin detector design which 
has been in use for many years. Stage one must be a pure ? y amplifying and filter- 
ing stage (no limiting) in order to provide a well-defined noise bandwidth for the 
measurements taken. The JPL units use a pa709-type operational amplifier for the 
second stage to allow a high switching speed with low aoise. 
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Figure 2. Block diagram of the measurement system including parasitic resis- 
tances in the various signal and power paths. Since the output current is substantial, 
and with a frequency identical to that of the input, out2ut-input coupling corrupts 
the phase of the input signal. Crosstalk between units similarly results in phase 
shifts at adjacent units which is dependent on the phase difference between the 
signals at the two units. Because the frequency is so low (1 Hz), penetration depths 
are large and parasitic resistances alone can be used to estimate this coupling. 



STAGE 2 STAGE 3 STAGE 4 
STAGE 1 LIMITING LIh!ITING LIMITING 

AMPLIFIER AMPLIFIER AMPLIFIER AMPLIFIER 
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Figure 3. Dlock diagram of thc new ZCD design. Multiple lirrliting stages 
with increasing slew rates and bandwidths allow an overall time jitter which is not 
appreciably larger than that due to noise contributions of the first stage alone. Since 
input signals with varying amplitudes must be accommodated, circuit bandwidths 
in stages 2 and 3 have been chosen to allow slew rates up to three times higher than 
the values given. 
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MIXER* ZERO FIBER :Th ~ ~ C R O S S E R ~  OPTIC --,  .- n c o u N T ~ ~  

Figure 4. Block diagram of the RF frequency measurement system including 
the new ZCD. Ground loops involving both input and otltput signals are eliminated. 
Signal input uses symmetric outputs from a double-bdanced mixer. Signal output 

h is by means of fiber optic coupling, which eliminates the large ground loop currents 
associated with high-level signal output. 
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Figure 5. Results of a test of two of the new ZCD's. Measured stability is 
expressed in terms of an inferred Allan Deviation of fractional frequency variation 
for the 100 MHz signal sources being compared. The values, on a per unit basis, 
would be smaller by l/JZ than those shown. Short term performance of 10-15/7 
corresponds to a time jitter of lo-' seconds, a value 10 times lower than that for 
ZCD's previously available. Longer term instabilities are somewhat higher, probably 
due to thermal fluctuations. The units were not thermally isolated, but subject to 
ordinary laboratory thermal environment. Because RF signals were not available 
with noise as low as these circuits, identical RF signals were fed to the mixers for 
each ZCD, and the differential jitter was measured. In this way, the noise of the 
source is largely cancelled, while noise in the mixers =d ZCD's themselves does 
not. 
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Figure 6. Measurement of crosstalk between two of the older ZCD's. Here the 
RF (a 100 MHz) signals to the unit being characterized diifered by exactly 1 Hz while 
the signals to an adjacent unit differed by k: 1.01 Hz. The effect of the resultant 100 
second beat between the signals is very apparent here, showing a sinusoidal time 
residual variation of more than 1 0 - l ~  seconds. The rise in Allan Deviation for time 
periods approaching 100 seconds is due to this time vxiation and is more than 30 
times larger than the actual deviation between the signals. 
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Figure 7. Crosstalk test of the new ZCD's using exactly the same setup as 
described in the previous figure. There is no evidence of crosstalk with a w 100 
second period. The offset generator, which was used to generate the 100 MHz + 1 
Hz RF signal, is the limiting factor in this test (u ( r )  B 1 x 10-14/r). 


