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nary, plus the digital representation of the event count, yields the
digitized time of event signal. Technical Field
There are a numberof problemsassociatedwith this prior art method. Since
the latching elements are dis- The invention relates to timing circuits
and, in par-  5  crete components, they do not match well. Good linearity
ticular, to a circuit which times an event, namely a signal  is achieved
only by individual adjustments of each ele- zero crossing, and produces a
digital representation of  ment. Besides linearity, the total delay must
match 1 pe- the timed event.                                     riod of
the non-subdivided clock interval, for accuracy. The timing resolution is
determined by the physical sep- Background Art
10 aration between discrete latching elements. In many de- lay lines,
delays are set a priori and subject to variations. The  signal digitizing
method  used  in the     Both linearity and accuracy will be degraded with
circuit Hewlett-Packard 5371A Frequency and Time Analyzer    parameter
variations. Also delay lines sit idle until acti- is an example of a very
useful type of signal representa-  vated by a measurement. Thus, both
accuracy and line- tion based on continuous counting and sampling only at
15 arity change to some degree with various measurement signal zero
crossings. By means of this method it is pos-  rates. sible to directly
digitize the phase progression of the sig-  This method also requires N-1
latching elements to nal, thereby eliminating any need for the
previously-re-  interpolate N subparts. It would be desirable to reduce
quired steps of voltage digitizing and voltage-to-phase  the number of
latches relativetothe number of subparts. conversion. The procedure may
therefore be appropri- 20  Another problem in the prior art is the
necessity to atelycalled 'phase progression digitizing," or " phasedig-
actually isolate a particular clock pulse with a synchro- itizing'.
Amplitude information is discarded.        nizer, and to do so with low
time jitter. The metastability Phase digitizing is illustrated in Fig. 3,
which shows  of the synchronizing process makes this difficult, partic-
signal sample locations, represented by dark dots, on a  ularly at high
frequencies. A circuit is 'metastable' if a sinusoidal signal of changing
frequency. Samples occur 25 small jitter in one signal does not result in a
sudden, large at occasional upcrossings at a relatively constant rate.
change in another. A lackof metastability is manifest dur- Each sample
produces two increasing numbers, the total  ing a transition of a pulse.
More particularly, slight varia- cycle count and the time stamp at that
point. The cycle  tions between the phase of a transition in an input
signal count comes from reading a counter counting the signal.  and the
phase of a transition in a reference signal can Every cycle is counted, not
just those on which a sample  30  result in large and erroneous variations
in an output sig- occurs. When a sample occurs, a synchronizer gates the
nal. For example, in Fig. 11 the transition of a conven- upcrossing of the
cycle during which the sample occurs  tional counter orsynchronizer is
shown to be misaligned, so as to time-stamp that cycle. This is
accomplished by  i.e. skewed, with an event measuring pulse stream in plot
reading another counter which continuously counts a  A due to the
statistical fluctuations mentioned above. If 500 MHz time base clock. With
interpolation, the resolu- 35 a measurement is made at the time indicated
by vertical tion is improved from 2 ns to 0.2 ns. In phase digitizing,
line a, the count is read as 63 or ((3x16) + 15). If a meas- down-crossings
of the event signal, as well as upcross-  urement is made slightly later at
time [err], the count is 48 ings or as an alternative to upcrossings, can
be time  or ((3x16) + 0). If a measurement is made at time [err], the
stamped.                                             count is 64 or ((4x16)
+ 0). These counting uncertainties The interpolation technique of the prior
art is based  40 occur with high probability and produce serious system- on
delay propagating through distributed high-speed  atic error. flip-flops.
As shown in Fig. 4, two latched signals, repre- senting the event
occurrence and the clock, go to a bank  Summary of Invention of nine
high-speed D flip-flops which determine the rel- ative phase between the
two signals at nine equally  45  The above problems have been overcome in
an spaced delay stages. The total delay spans the 2-ns pe-  event timer
which, like the prior art, uses an interpolator riod of the time base
clock.                        for fine time stamping between timed events,
but has The event latch signal is progressively delayed by  good linearity,
improved accuracy and reduces the 200 ps per stage (onetime quantum per
stage). Flip-flop  number of latches in forming the delay subparts. The
outputs will quantize the delay time interval with logical 50 new timer
produces nearly uniform delay between ele- one and zero outputs indicating
event latch delay. The  ments, and reduces statistical error arising from
metast- flip-flops output a thermometer code, which is converted  ability
and pulse jitter, yielding a more reliable time into a binary code and
stored with the event count and  stamp. time count in a memory system. The
thermometer code     The event timer of the present invention uses a ring
counts as follows 000 ..000, 100 ... 000, 110 ... 000, 55 oscillator as a
synchronizer substitute in the interpolator. 1ll..00.    , 111 . ... 110,
111 ... 111. At the end of the  The ringoscillatoremploysactivecircuit
elements phase count, the code does not reset itself to zeros. The inter-
locked to a reference frequency standard to subdivide polator output,
converted from thermometer code to bi-  each clock pulse, together with
linear combining ele- 2   
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achieve the desired degree of fine divi-  Brief Description of the Drawings
sions without a tapped delay line. The LCE produce as outputs a modified
thermometer code which is cyclic in  Fig. 1 is a simplified electrical
block diagram of the time at the clock rate. It reverse counts over
alternate  timing circuit of the present invention. half cycles, thereby
providing uniform interpolation for  5  Fig. 2 is a waveform diagram
showing division of a 2N subparts with only N digits with a unique signal
iden-  clock signal into delay subparts for identifying an event
tifierforeach delay subpart. In this modifiedthermometer  signal. code only
one digitchanges state between adjacent sub-   Fig. 3 is a waveform diagram
showing prior art signal parts. The event counter features lead and lag
counters,  sampling in phase digitizing. which are offset in phase relative
to the interpolator. By  10  Fig. 4 is a simplified block diagram of an
interpolator providing such lead-lag signals, metastable states, jitter  of
the prior art. and skew do not interfere with event time stamp counts.
Fig. 5 is a block diagram of the interpolator circuit The output of the
event counter provides a coarse time  shown in Fig. 1. stamp which is
combined with the fine time stamp of the  Fig. 6 is a schematic plan of the
ring oscillator em- interpolator. Time resolution is faster than presently
15 ployed in the circuit of Figs. 1 and 5. available transistor gate
delays, i.e. on the order of 15  Fig. 7 is a detailed block diagram of a
pulse subdi- picoseconds.                                         vider
using linear combiner elements (LCE) employed in Good linearity is achieved
without adjustments by  the diagram of Fig. 5. using identical, tunable
active delay elements which can  Fig. 8A is a schematic plan showing the
buffer am- be fabricated in a monolithic integrated circuit. Accuracy  20
plifier output arrangement in the interpolator of Fig. 5 is maintained
dynamically by continuous comparison      Fig. BB is a timing diagram of
the internal clock puls- with a frequency reference, even during
measurements,  es from buffer amplifier outputs shown in Fig. 8A. and not
subject to circuit parameter variations. A phase  Fig. 9A is the left side
and Fig. 9B is the right side of locked oscillator mimics the "tapped delay
line", which is  an expanded block diagram of the timing circuit illustrat-
the oscillator itself. The oscillator is cyclically and contin- 25  ed in
Fig. 1. uously exercised whether a measurement is being made    Fig. 10 is
a schematic diagram of a delay circuit il- or not. Hence the circuit is
less susceptible to changing  lustrated in Fig. 9A. measurement rates. The
ring oscillatorconfiguration has  Fig. 11 shows waveform diagrams for
counting cir- inherent half-wave symmetry, thereby allowing the use  cuits
shown in Figs. 9A and 9B. of a modified thermometer code which needs only
N/2  30  Fig. 12 is a schematic diagram of Mobius lead-lag latches to
interpolate N subparts - about half as many as  counters illustrated in
Fig. 9A. needed in a prior art device. The use of LCE allows the  Fig. 13
is a schematic diagram of a circuit extending degree of fine division to be
belowthe propagation delay  the timing circuit of Figs. 9A and 9B. of a
single ring oscillator delaying elements. Time reso- lution on the order of
60 ps is achieved for the delay el- 35  Best Mode for Carrying Out the
Invention ements. And with LCE the resolution is about 15 ps. The problem
of synchronizing between the interpo-    With reference to Fig. 1, the
overall architecture of lation and the main clock (fine and coarse) is
solved by  the circuit of the present invention may be seen. There using
two counters, one leading and one lagging the cy-  are two parallel paths
from the event input, on the left, to clic turnover of the modified
thermometer code. Both  40 the device output, on the right. The device
input is a sig- counters have outputs stored in latches but only the ap-
nal line 11 which carries an event signal whose positive propriate one is
recorded. The most significant bit (MSB)  zero crossing is to be measured
relative to the zero of of the "fine" code determines which is recorded.
With this  the output clock 24, a locally generated signal. Internal
method, ambiguity induced by reading a counter      clock pulses are
generated by ring oscillator 13 which on-the-fly is eliminated, for the
counter which is read  45 transmits a stream of identical pulses to
interpolator 15 while switching will never be recorded. Furthermore, no
and counter 17. Ring oscillator 13 is phase locked for synchronizer circuit
is necessary to isolate a particular  stabilityto a reference clock,
notshown. Delay in the ring clockpulse for measurement. Indeed, this method
is very  oscillator, whose frequency is voltage controlled, is ad- tolerant
of the lack of coherence between the fine and  justed with respect to the
reference. coarse parts of the interpolation. Within large limits, jitter
50  Interpolator 15 subdivides clock pulses into subparts between fine and
coarse clocks is inconsequential.  and each subpart is labeled with a
numbering scheme As an added bonus of this method, the coarse and  provided
by linear combiner elements described below. fine data so obtained are
"butt-joinable", i.e. may be  The subparts are derived by propagation of
delay in an placed side-by-side to form a wider word without arith-  active
delay circuit which includes the ring oscillator. The metic processing.
This joined word then forms a new  55  numbering scheme for the propagating
delay is a modi- "fine" code, and the same scheme is cascadable toward
fied thermometer code because each successive sub- more significant or
"coarse" bits thereby yielding an ex-  part changes by one digit, similar
to Gray code, except tended range for the circuit.
changing from left to right. In physical appearance, the 3  
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corresponding to the propagation  Td which is uniform between vertical
lines. One way to of delay, lopks like a thermometer gradually indicating a
generate the intervals Td is by a passive delay line with change in
temperature. An advantage of using thermom-  equallyspaced-apart taps.
However, in orderto integrate eter code or Gray code is that any error in
resolution of  a circuit, active elements are preferred. Each vertical line
a transition between delay values, i.e. subparts, affects  5  denoting the
boundary of a subpart, Td, is identified by only one bit because these
codes change values by one  a number, generated by the propagating delay
elements, bit between successive subparts. The modification of  which vary
by one unit in the leftmost bit with respect to J   thermometer code used
herein is explained below.  the next number. This is seen by the numbering
scheme An event signal, e.g. a positive going zero crossing  41, with each
number corresponding to one of the sub- signal, along line 11 latches a
subpart for decoding and  10 part lines 39. Thermometercode begins with the
first line, reading as output. Binary encoder 19 converts the  indicated by
1, reading 0 1 1 1 1 1 1 1. The next line latched thermometer code output
to binary coded output  reads 0 0 1 1 1 1 1 1 and so on until the line
indicated by which is read by latch 21 as the least significant portion
"N/2" is all zeros. Then the count inverts reading 1 0 0 0 of the output.
0 0 0 0 and so on until the line indicated by "N" reads all The maximum
input frequency of events along line  15 ones. The rising edge 43 of the
input event along line 37 11 is typically less than the frequency of ring
oscillator  will latch one of these codes at the line 45. The modified 13,
say about one-eighth. The ring oscillator 13, having  thermometer code
number corresponding to vertical line a 50% duty cycle relative to subpart
generation, gener-  45 is held by a latch and converted to binary coded
for- ates an internal clock signal, CLK INT, along line 14. The  mat by the
binary encoder 19 in Fig. 1. This inverted relatively slow clock rate of
CLK INT, subdivided into ex- 20 counting in alternate half cycles of
thermometer code tremely fine intervals, allows high event resolution. An
can be used as a result of the inherently precise 50% eventwhich
isasynchronous innature, mayoccurduring  duty waveform cycle generated by
the ring oscillator, any one of the subparts of CLK INT. This subpart
identi-    thereby permitting fabrication of only 50% of the delay fication
is latched and reported as the fine timing. The  elements to achieve the
desired subparts. Inverted coarse timing is found from the number of clock
pulses 25 counting begins with the subpart interval labeled N/2 in past an
initial clock zero counted in lead-lag counter 17  Fig. 2. We call our
modified code "dual thermometer and latched for reading by an event signal
transmitted to  code", illustrated by the count from 1 to N subparts in
counter 17.                                        Fig. 2. The lead-lag
counter 17 comprises a pair of counters  In the example of Fig. 2 the
rising edge 43 along the in phase offset relation, one of which is selected
by the  30 event line occurred during the first clock pulse along line
state of thethermometercode. For example, athermom-  34. Typically, the
event has a probability (1/64) of occur- eter code count of between 0 and 7
may select the lead  ring during any one first clock state, but is shown in
this counter while a count of between 8 and 15 selects the  manner for
example only. lag counter. This selection can be accomplished by read-  In
Fig. 5, the architecture of the interpolator is ing a single bit of the
thermometercode. This bit is trans- 35 shown. A Walker oscillator 50 is
used to simulate a mitted to multiplexer 18 which selects the appropriate
tapped delay line with equally spaced taps. The Walker lead or lag counter.
oscillator is described in U.S. Pat. No. 4, 884, 041 and The output of
multiplexer 18, i.e. a selected and  is a ring oscillator having tunable
linear combiner ele- latched counter output is read by binary encoder 23
ments (LCE) which may produce delay times equal in which provides a binary
coded output, forming the most 40 value, as is the case in the present
invention. The ring significant output bits heldfor reading by latch 25,
i.e. the  oscillator 50 feeds clock pulses to a subdivider 51, coarse
timing information. The two output latches 21 and  formed by LCE in the
manner previously described. This 25 contain the least to most significant
bits of a binary  increases the number of lines with delay signals from 2
coded output, representing the time in which the event    to 8 and
increases resolution in time by a factor of 4. The along line 11 occurs
relative to the zero of an output 45 outputs of the thermometer code
generator are subse- clock, along line 24. The output clock may be used to
quently sent to data buffers 53. The buffer output lines cascade further
stages.                            are connected to latches 55 where the
event signal, In Fig. 2, the beginning of CLK INT is represented  along
line 11, is directed for latching a particular reduced by vertical line 31.
The first pulse of CLK INT is repre-    thermometer code when the event
occurs. sented bythe line 34 between vertical line 31 and vertical 50  Fig.
6 is a block diagram of a ring oscillator. A prin- line 35. This pulse is
one out of F clock pulses, where F  cipal feature of such a device is that
a voltage along line is a number representing the frequency of the clock.
To  32 can adjust the delay of each delay cell 57, 59, and the right of
vertical line 35 on clock line 34 is the second  hence the oscillator
frequency. A signal on line 56 is de- clock pulse, which is subdivided into
subparts, just like  layed by a desired amount by a delay cell 57 so that a
the first pulse. The event signal is represented by line  55 delayed output
is available at tap line 62. A substantially 37. To the right of vertical
line 31 are the subdivisions of    identical delay cell 59 provides an
output along tap line the first clock pulse, indicated by vertical lines
39.  63. The output on line 63 corresponds to the beginning The interval
between vertical lines is a time interval  of the next half duty cycle of
CLK I NT. The two taps 62 4 
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generate eight delay values by means  relative to the transitions of the
leadAag counters. of signal subdividers or multiplexers.               In
Fig. 8A, the first output 46 of each of the buffer The detail of the
subdivider 51 is shown in Fig. 7. A  pairs is isolated from the second
output 47. Any loading single delay cell 57 of the ring oscillator is shown
con-  of the second output does not affect the signal of the first nected
to a plurality of 2:1 linear combiner elements   5  output. This allows the
interpolator outputs to remain the (LCE) 71, 73 and 75 in a first row. An
LCE is a weighted  same whether or not the second outputs are connected.
multiplexer, with weighting of input signals added by a  In fact, two of
the second outputs are connected while signal on a tuning line 70 to the
left of each LCE block.  six are not. Most of the LCE weighting lines are
shown to be ground-  Fig. 8B shows the buffer interpolated output signal ed
(differential among lines equal to zero) excepting  10 of thermometer code.
Each waveform has a period of those that have a signal [err] as on LCEs 73,
83 and 87.  250 psec (4GHz). Waveform 64 is the output of the first The
number "i" is 1 and 2, representing the first row of  bufferamplifierand is
indicated bya hatched line. Wave- LCEs, such as LCE 73, then the second
row, and so on  form 65 is the output of the second; waveform 66 of the for
further rows, if any. Where the line is grounded, A =  third, and so on.
The delay between adjacent rising edg- 0.5. Each LCE has two inputs and a
single output and  15 es is shown as 15.625 psec. divides the time interval
between the two inputs such that  With reference to Figs. 9A and 9B, the
interpolator the LCE output Z is equal to Ax+(1 -A)y where x and y  of Fig.
6 is shown in block 80, excluding latches. The are two input signals
representing time delays and A is    latches are shown in Fig. 9A in
relation to other circuit a number satisfying 0 [err] A [err] 1.
Preferably, A is equal to  elements. Calibration inputs CALl and CAL2, in
interpo- 0.5.                                          20 lator 80, are
connected to lines [err] in the LCEs of LCEs 71 and 75 are dummy devices
which are pro-    the subdivider in Fig. 7. Small adjustments of [err]
vided merely to equalize the delays and track any proc-  can be made to
obtain the best uniformity in spacings of ess and temperature induced delay
changes. There is    the clock pulses shown in Fig. BB. Not shown is a fre-
no adjustment in delay from these devices because both  quency adjusting
circuit to control the frequency of the input leads carry the same time
signal. LCE 73 receives 25 ring oscillator to a known value. The output
from the buff- inputs from each side of delay cell 57 and produces an  ers
in Fig. BA, now shown as emerging from block 80, is output along a line 77.
Similarly, the LCEs 71 and 75 pro-  carried on 8 lines 84 at a 4 GHz. rate
and connected to duce outputs along lines 76 and 78, respectively. The  the
first latch means 55 which is a series of eight latches. time at which the
output from the LCE 73 appears on the  Event line 11 is connected to latch
55. line 77 is midway between the times at which the outputs 30  Pairs of
lead-lag counters 150 and 151 count the from the LCEs 71 and 75 appear on
the lines 76 and 78.  number of times that the dual thermometer code in the
For example, if one input to LCE 73 were 0 picosecond  interpolator turns
over to 0. A full cycle is termed the in- and the other input was 62.5
picoseconds, the output of    ternal clock (CLK INT) as shown by waveform
34 in Fig. LCE 73 would be 31.25 picoseconds relative to the out-    2. For
example, as the number of intervals counts from put of the LCE 71 when Al
is equal to about 0.5. The  35 0 to 15 then back to 0, then the lead-lag
counters 150, structure of LCE 71,73 and 75 is repeated in a lower row  151
increment by 1. The lead and lag counters 150 and of LCE 81,83,85,87 and
89. This rowof LCE subdivides  151; 152 and 153; 154and 155 are offset from
each other the row immediately above by providing time divisions in  and
from the internal clock (CLK INT), i.e. the lag counter LCE 83 and 87 which
divide the delays previously men-  counts behind the CLK INT, which in turn
is behind the tioned. LCE 81, 85 and 89 are dummy devices for delay  40
lead counter. and process equalization. The output time elements are  The
paired lead and lag counters 150,151 are a Mo- equally spaced delays. These
delays are signals which  bius configuration of flip-flops, also known as
Johnson form the digits of dual thermometer code. As time delays  counters,
as shown in Fig. 12. Each counter receives a propagate from left to right,
the digits of thermometer  CLK INT pulse along lines 86a and 86b at the 4
GHz code are formed from left to right.           45 rate. The CLK INT
pulse comes from the output of buffer Fig. BA shows pairs of buffer
amplifiers 52 for sub-  49 in Fig. BA. The lead and lag counters are in a
mas- divider 51. The 8 output lines of subdivider 51 are fed to
ter-slave relation because the output of lead counter 151 a row of pairs of
buffer amplifiers 52 for regeneration.  becomes the input of lag counter
150. The amount of Pairs are used to promote isolation between members
lead is 125 ps., a one half period of the 250 ps dual ther- of the pair.
One output is used for an interpolated output 50 mometer code. The half
cycle difference is bisected by signal sent to a latch, while the other
output is available    line 31 in Fig. 2. The output of lead counter 151,
taken for use as an internal clock signal. While eight internal  along
lines 90, is connected to latch 93 in Fig. 9A, while clock sources are
available, only two are used, namely    the output of lag counter 150 is
connected via lines 91 a first internal clock signal sent to lead-lag
counters 150  to latch 94 in Fig. 9A, both latches forming a second latch
and 151 in Fig. 9A and a second internal clock signal 55 means. The outputs
of lead counter 151 may be fed to sent to delay circuit 121. The phase of
the first clock is    cascaded lead counter 163 and lag counter 152 in Fig.
chosen such that the transitions of mux select signal on  9A clocked at one
quarter of the former rate, or 1 GHz. line 16 in Fig. 1 are located at plus
or minus 1/4 cycle  These slower counters will provide a greater count ca- 
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output of lead counter 153 is connected to  ed in series. The event signal
is then sent to flip-flop 141 latch 97, while the output of lag counter 152
is connected  on line 11. The CLK INT signal is applied along line 14, to
latch 96, both latches forming a further portion of the  with the rising
clock edge triggering an output at the Q second latch means. The output of
counters 152, 153 at    terminal which is transmitted to the D input of
flip-flop 250 MHz, taken along lines 148, is transmitted to  5  143 where
that input is clocked by the next rising edge. lead-lag counters 154,155 in
Fig. 9B where afurtherfre-  The circuit of Fig. 10 will delay an event
signal by six to quency reduction occurs to 62.5 MHz. The output of the
seven clock pulses. This is sufficient time to allow latch lead counter 155
is connected to a latch 99, while the  55, shown in Fig. 9A, to stabilize.
A delay signal is trans- output of the lag counter 154 is connected to a
latch 98,  mitted to third latch means 101 and to fourth latch means both
latches forming a further portion of the second latch  10 formed by latches
130, 158, shown in Fig. 9B. means. The outputs of the latches 98 and 99 are
trans-  In Fig. 11, the dual thermometer code is shown as mitted to a quad
latch 106.                        a series of timing states 127,
representing code sub- The output of the first latch means, latch 55 in
Fig.  parts. The pulse count at eight thermometer code pulses, 9A, is
re-latched in a third latch means, latch 101 in Fig.  indicated by vertical
dashed lines, coincides with a tran- 9B, having an 8 line output of dual
thermometer code. 15 sition in the MUX SELECT signal 129 in plot E,
appearing The output of the second latch means, from latches 93,  on line
108 in Fig. 9B. This signal is taken from the line 94, 96, 97, 98 and 99 in
Fig. 9A is re-latched in a fourth  of latch 101 in Fig. 9B which is the
most significant bit latch means, formed by quad latches 103, 105 and 106
(MSB)of theword in the latch. The MUXSELECTsignal in Fig. 9B. Re-latching
of the outputs provides time for  129 selects either the lag counter output
shown in plot D resolution of any prior metastable states that may have  20
or the lead counter output, shown in plot C of Fig. 11. occurred in latch
55. Outputs from the fourth latch means  The MUX SELECT signal is stable
for the duration until are passed to 2:1 multiplexers 107,109 and 156 for
com-  the next event. Seen in Fig. 9B, multiplexer 109 follows pression,
with multiplexer 107 receiving on line 108 the  multiplexer 107 and
multiplexer 156 follows multiplexer most significant bit (MSB) of the least
significant word  109 almost immediately. from dual thermometer code latch
101 as a cue for se- 25  Returning to Fig. 9A, it should be noted that a
de- lecting leadorlagoutput. Recallthatthe MSBof the least    layed event
is available as an output along line 140. A significant word of dual
thermometer code is cyclic with    toggled event output, i.e. going to one
state on the first the MSB uniformly changing from one tozeroto one, etc.
event then changing state on the next event is available Output bit 5 from
mux 107 is used as a cue for selecting,  on line 139. These event outputs
are especially useful in mux 109, lead or lag output latched in quad latch
105. 30 when the circuit of Figs. 9A and 9B is manufactured as In turn,
output bit 7 from mux 109 is used as a cue for  a chip, since the outputs
may be used in extended cir- selecting lead or lag output from counters 154
and 155  cuitry, as shown in Fig. 13. While a preferable rate for by mux
156.                                        CLK INT on line 86, in Fig. 9A,
is 4 GHz, meaning that With exclusive -OR gates 111, 112 and 113 at their
each clock pulse would be 250 picoseconds, other rates outputs,
multiplexers 107, 109 and 156 will produce six  35 may be used. A
preferable maximum input signal band- bits of binary output representing
pulse counts fully tol-  width for such a clock rate would be on the order
of 500 erant of skew and jitter. These six bits, indicated by loop  MHz.
Each 250 picosecond clock pulse was preferably 115, represent the coarse
eventtiming, while thefine tim-  subdivided into 16 subparts so that each
subpart, gen- ingoomes from the latcheddual thermometercode along  erated
by the ring oscillator and associated multiplexers, line 117. This fine
timing data is converted to binary code  40 is about 15.6 ps but other
subpart intervals could be by encoder 119, which includes logic which
converts  used. In our example herein the lead-lag counters each
thermometer code to binary, having a 4 bit output on line  count 64
subparts, 250 ps, before changing state. The 122. The four bits of line 122
are read together with the  multiplexer connected to the counters selects a
lead-lag six bits of loop 115 in output latches 130 and 158. Output
counter at twice this rate, changing state every 8 sub- latch 130 has eight
output lines 132. Output latch 158  45 parts or one half clock pulse. In
this manner clock pulses holds two coarse bits received from latch-mux 156.
Out-    are identified. put latch 158 has two output lines 162 which
represent  With reference to Fig. 13, a count extender circuit, the most
coarse output bits which are "butt-joined" tothe  the eventtimerchip hasthe
circuitry of Fig. 9 represented eight bits on output lines 132. Note that
latches 130 and  as a chip 200, with external connections, including ex-
158 are clocked by signal LT1 derived from delay circuit 50 ternal clock
line 160 at 62.5 MHz, delayed event output 121 in Fig. 9A. The delay
circuit 121 is interposed be-    line 140, the two most coarse output bit
lines 162 delayed tween first and third latch means, with the delay output
and toggled event line 139 used as a data write signal triggering not only
the third latch means, but also the  and output lines 132 with event time
data in binary for- fourth latch means. This delay allows time for
resolution  mat. The external clock signal is stabilized by buffer 202 of
any metastable states.                      55 and transmitted to lead-lag
counters. Counter 204 forms The delay circuit is shown in Fig. 10 where a
number    the lead counter with eight output bits, the counter count- of
D-type flip-flops 141, 143, ..., 145 and 147 are ar-    ing on the leading
edge of the external clock pulse. Latch 



ranged in series. There are actually 13flip-flops connect-  206 forms the
lag counter by latching the counter's eight 6    11                EP 0 547
292 B1                  12 output bits on thetrailing edgeofthe external
clockpulse.  viding a coarse time-of-event signal; The four most
significant bits from each of the lead-lag  fine latch means (55, 101) that
receives the counters is transmitted to latched 2:1 multiplexer 214,
event signal and latches the fine time signal while the four least
significant bits  from  each of the   when the event signal occurs, thereby
providing counters is transmitted to the latched 2:1 multiplexer  5  a fine
time-of-event signal; and 212. The multiplexer 212 replicates the two
output bits    output means (158, 130) that receives the on line 162 as the
two least significant output bits from  coarse and fine time-of-event
signals and com- the two muxes 212 and 214. The next four output bits
bines them into a digital output signal having a from multiplexer 212 are
selected betweenthe four least    plurality of least-significant bits
indicative of the significant bits from lead counter 204 on line 223 or the
10  fine time signal and a plurality of most-signifi- four least
significant bits from lag counter 206 on line   cant bits indicative of the
coarse time signal. 225, with selection being made by the bit on line 216,
the most significant bit of the code. Multiplexer 214 has an  2. A circuit
as in claim 1 wherein the ring oscillator output of the four most
significant bits in the count. These  means (13) comprises a Walker
oscillator character- are derived either from lead counter 204 on line 224
or  15    ized by a duty cycle of fifty per cent plus or minus from lag
counter 206 on line 226. The two choices are  not more than about one per
cent. selected by a signal by the most significant bit on line 216
mentioned previously, with the lead counter output  3. A circuit as in
claim 1 wherein the period of the ring being selected if the select bit is
a zero and the lag coun-  oscillator means (13) is controlled by an
external ter output being selected for a one. These outputs are  20
standard (32). taken on lines 220,222, yielding 10 bits includingthetwo
replicated bits from line 162. The event signal on line 140  4. A circuit
as in claim 1 wherein the interpolator corn- is delayed by about 625 ps at
delay 221 prior to delivery  prises a plurality of linear combiner elements
(71, to the clock terminal of each of the multiplexers 212 and  73 ...)
interconnected hierarchically with the ring 214. This allows the advanced
phase of the event signal 25  oscillator means (13). on line 140 to be
matched with the retarded phase of the clock signal on line 160. A WRITE
output signal pertain-  5. A circuit as in claim 4 wherein the linear
combiner ing to the eight least significant output bits from chip 200
elements (71) are tunable (70). is delivered on line 228 after passing
through delay 229. Similarly, a WRITE output signal for the ten most
signif- 30 6. A circuit as in claim 1 wherein the fine time signal icant
output bits from the auxiliary circuitry of Fig. 13 is  comprises a
periodic code (39) in which only one bit delivered on line 230. Both write
signals may be trans-  differs between any two adjacent states. mitted to a
storage device where the timer data is used. It is possible to cascade this
circuit even further,  7. A circuit as in claim 1 wherein the fine latch
means thereby extending the measured time between events. 35  comprises
first (55) and second (101) fine latches, The method of extension would be
analogous to the      the first latch in communication with the event
signal present extension.                                     (11), the
second latch in communication with the first and having a delay relative
thereto. Claims                                          40 8. A circuit as
in claim 1 wherein the coarse timing means comprises a plurality of Mobius
flip-flops 1. A picosecond event timer circuit for providing adig-  (150,
151). ital output signal indicative of the time at which an event signal
occurs, the circuit comprising:    9. A circuit as in claim 1 wherein the
coarse timing 45     means comprises two timing means (150, 151) off- ring
oscillator means (13) that generates a train  set in phase with respect to
each other. of uniformly-spaced clock pulses having a pre- determined clock
period;                    10. A circuit as in claim 9 wherein the coarse
latch coarse timing means (17) that receives the      means comprises first
(93, 94, 96, 97) and second clock pulses and provides a coarse time signal
50  (103, 105) coarse latches, the first latch in commu- indicative of the
times at which the pulses occur;  nication with the event signal, the
second latch in an interpolator (15) that receives the clock
communication with the first and having a delay rel- pulses and provides a
fine time signal having a  ativetheretoand operative toselect between the
two period that is an integral sub-multiple of the pre-  timing means.
determined clock period;                 55 coarse latch means (93, 94, 96,
97) that receives the event signal and latches the coarse 
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0 547 292 B1                  12 output bits on the trailing edge of the
external clock pulse.  viding a coarse time-of-event signal; The four most
significant bits from each of the lead-lag  fine latch means (55, 101) that
receives the counters is transmitted to latched 2:1 multiplexer 214,
event signal and latches the fine time signal while the four least
significant bits from each of the    when the event signal occurs, thereby
providing counters is transmitted to the latched 2:1 multiplexer  5  a fine
tiffieof-event signal; and 212. The multiplexer 212 replicates the two
output bits   output means (158, 130) that receives the on line 162 as the
two least significant output bits from  coarse and fine time-of-event
signals and com- the two muxes 212 and 214. The next four output bits
bines them into a digital output signal having a from multiplexer 212 are
selected between the four least  plurality of least-significant bits
indicative of the significant bits from lead counter 204 on line 223 or the
10  fine time signal and a plurality of most-signifi- four least
significant bits from lag counter 206 on line  cant bits indicative of the
coarse time signal. 225, with selection being made by the bit on line 216,
the most significant bit of the code. Multiplexer 214 has an  2. A circuit
as in claim 1 wherein the ring oscillator output of the four most
significant bits in the count. These  means (13) comprises a
Walkeroscillatorcharacter- are derived either from lead counter 204 on line
224 or  15    ized by a duty cycle of fifty per cent plus or minus from lag
counter 206 on line 226. The two choices are  not more than about one per
cent. selected by a signal by the most significant bit on line 216
mentioned previously, with the lead counter output  3. A circuit as in
claim 1 wherein the period of the ring being selected if the select bit is
a zero and the lag coun-  oscillator means (13) is controlled by an
external ter output being selected for a one. These outputs are  20
standard (32). taken on lines 220,222, yielding 10 bits including the two
replicated bits from line 162. The event signal on line 140  4. A circuit
as in claim 1 wherein the interpolator com- is delayed by about 625 ps at
delay 221 prior to delivery  prises a plurality of linear combiner elements
(71, to the clock terminal of each of the multiplexers 212 and  73 ...)
interconnected hierarchically with the ring 214. This allows the advanced
phase of the event signal 25  oscillator means (13). on line 140 to be
matched with the retarded phase of the clock signal on line 160. A WRITE
output signal pertain-  5. A circuit as in claim 4 wherein the linear
combiner ing to the eight least significant output bits from chip 200
elements (71) are tunable (70). is delivered on line 228 after passing
through delay 229. Similarly, a WRITE output signal for the ten most
signif- 30 6. A circuit as in claim 1 wherein the fine time signal icant
output bits from the auxiliary circuitry of Fig. 13 is  comprises a
periodic code (39) in which only one bit delivered on line 230. Both write
signals may be trans-  differs between any two adjacent states. mitted to a
storage device where the timer data is used. It is possible to cascade this
circuit even further,  7. A circuit as in claim 1 wherein the fine latch
means thereby extending the measured time between events. 35  comprises
first (55) and second (101) fine latches, The method of extension would be
analogous to the      the first latch in communication with the event
signal present extension.                                     (11), the
second latch in communication with thefirst and having a delay relative
thereto. Claims                                         40 8. A circuit as
in claim 1 wherein the coarse timing means comprises a plurality of Mobius
flip-flops 1. A picosecond event timer circuit for providing a dig-  (150,
151). ital output signal indicative of the time at which an event signal
occurs, the circuit comprising:    9. A circuit as in claim 1 wherein the
coarse timing 45     means comprises two timing means (150, 151) off- ring
oscillator means (13) that generates a train  set in phase with respect to
each other. of uniformly-spaced clock pulses having a pre- determined clock
period;                    10. A circuit as in claim 9 wherein the coarse
latch coarse timing means (17) that receives the      means comprises first
(93, 94, 96, 97) and second clock pulses and provides a coarse time signal
50    (103, 105) coarse latches, the first latch in commu- indicative of
thetimesatwhich the pulses occur;  nication with the event signal, the
second latch in an interpolator (15) that receives the clock
communication with the first and having a delay rel- pulses and provides a
fine time signal having a  ativetheretoand operative toselect between the
two period that is an integral sub-multiple of the pre-  timing means.
determined clock period;                55 coarse latch means (93, 94, 96,
97) that receives the event signal and latches the coarse 
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Eine Schaltung gemaB Anspruch 4, bei der die linea- ren Kombiniererelemente
(71) abstimmbar sind 1. Eine  Pikosekunden-Ereigniszeitgeber-Schaltung
(70). zum Liefern sines digitalen Ausgangssignals, das die Zeit anzeigt, zu
der Bin Ereignissignal auftritt, mit  s  6. Eine Schaltung gemaB Anspruch
1, bei der das feine folgenden Merkmalen:
Zeitsignal einen periodischen Code (39) aufweist, bei dem sich nur ein Bit
zwischen zwei beliebigen einer Ringoszillator-Einrichtung (13), die einen
benachbarten Zustanden unterscheidet. Zug von gleichm&Blig beabstandeten
Taktpul- sen  mit einer vorbestimmten Taktperiode  10 7. Eine Schaltung
gemaB Anspruch 1, bei der die erzeugt;
Fein-Latch-Einrichtung oinen ersten (55) und einen zweiten (101) Fein-Latch
aufweist, wobei der orate einer Grob-Zeitgebungs-Einrichtung (17), die
Latch eine Verbindung mit dem Ereignis-Signal (11) die Taktpulse empfangt
und sin grobes Zeitsi-   aufweist, und wobei der zweste Latch eine Verbin-
gnal liefert, das die Zeiten anzeigt, zu denen die  15  dung mit dem ersten
aufweist und sine Verzogerung Pulse auftreten;
bezaglich demselben besitzt. einem Interpolator (15), der die Taktpulse
emp-  8  Eine Schaltung gemal3 Anspruch 1, bei der die fangt und ein feines
Zeitsignal liefert, das sine  Grob-Zeitgebungseinrichtung sine Mehrzahl von
Periode aufweist, die ein ganzzahliges Teilviel- 20  Mobius-Flip-Flops
(150, 151) aufweist. faches einer vorbestimmten Taktperiode ist; 9. Eine
Schaltung gemaB Anspruch 1, bei der die einer Grob-Latch-Einrichtung (93,
94, 96, 97),  Grob-Zeitgebungseinrichtung zwei Zeitgebungsein- die das
Ereignissignal empfingt und das grobe   richtungen (150, 151) aufweist, die
zueinander pha- Zeitsignal zwischenspeichert, wenn das Ereig- 25
senverschoben sind. nis auftritt, wodurch ein grobes Zeit-des-Ereig-
nisses-Signal geliefert wird;                10. Eine Schaltung gemal3
Anspruch 9, bei der die Grob-Latch-Einrichtung oinen ersten (93,94,96,97)
einer Fein-Latch-Einrichtung (55, 101), die das  und einen zweiten
(103,105) Grob-Latch aufweist, Ereignis-Signal empfangt und das Feinzeitsi-
30  wobei der orate Latch eine Verbindung mit dem gnal zwischenspeichert,
wenn das Ereig-         Ersignissignal aufweist, und wobei der zweite Latch
nis-Signal  auftritt,  wodurch  sin  feines     sine Verbindung mit dem
ersten Latch aufweist und Zeot-des-Ereignisses-Signal geliefert wird; und
sine Verzogerung bezuglich desselben besitzt und wirksam ist, urn zwischen
den zwei Zeitgebungsein- einer Ausgabeeinrichtung (158, 130), die das  35
richtungen auszuwahlen. grobe und das ftine Zeit-des-Ereignis- ses-Signal
empfingt und dieselben in ein digi- tales Ausgangssignal kombiniert, das
sine    Revendlcatlons Mehrzahl von niederstwertigen Bits aufweist, die das
feine Zeitsignal anzeigen, und sine  40 1. Un circuit rythmour de temps, ou
rythmeur, d'6vene- Mehrzahl von hochstwertigen Bits, die das       ments de
l'ordre de la picoseconde destine a pro- grobe Zeitsignal anzeigen.
duire un signal de sortie numerique indicatif de l'ins- tant auquel un
signal d'evenement so produit, le cir- 2. Eine Schaltung gema3 Anspruch 1,
bei der die Ring-  cuit comprenant: oszillator-Einrichtung (13) einen
Walker-Oszillator 45 aufweist, der durch einen Arbeitszyklus von ffnfzig
un moyen d'oscillateur annulaire (13) qui
ProzentplusoderminusnichtmehralsetwaoinPro-            engendre un train
d'impulsions de signaux zent charakterisiert ist.
d'horloge espaces uniformement a periode d'horloge predeterminee de signaux
d'horloge; 3. Eine Schaltung gem&i Anspruch 1, bei derdie Pen- 50     un
moyen rythmeur approch6 (17) qui regoit les ode der
Ringoszillator-Einrichtung (13) durch einen    impulsions de signaux
d'horloge et produit un externen Standard (32) gesteuert wird.
signal approche d'instant indicatif des instants auxquels les impulsions
sont produites; 4. Eine Schaltung gemal3 Anspruch 1, beider der Inter-
un interpolateur (15) qui regoit les impulsions de polator sine Mehrzahl
von linearen Kombinie- 55        signaux d'horloge et produit un signal fin
d'ins- rer-Elementen (71, 73 ... ) aufweist, die hierarchisch  tant dont la
periode est un sous-multiple entier mit der Ringoszillator-Einrichtung (13)
verbunden      de la periode prddeterminee de signaux d'hor- 



sind.                                                  loge;    15
EP 0 547 292 B1                  16 un moyan de sas approche (93, 94, 96,
97) qui  10. Un circuit salon la revendication w cans iequel le recoit le
signal d'evenement et entre en sas le  moyen de sas approche comprend un
premier (93, signal approche d'instant lorsque I'evenement  94, 96, 97) at
un deuxieme (103, 105) sas appro- se produit, en produisant ainsi un signal
appro-  ches, le premier sas etant en communication avec che d'instant
d'6venement;              5      le signal d'ev6nement, le deuxibme sas
etant en un moyen desas fin (44, 101) qui regoit le signal  communication
avec le premier et pr6sentant un d'evenement et entre en sas le signal fin
de ins-  retard par rapport & calul-ci at 6tant susceptible de tant lorsque
le signal d'6v6nement se produit,  selectionner entre les deux moyens
rythmaurs. en produisant ainai un signal fin d'instant d'6v4- nement;
10 un moyen de sortie (158, 130) qui regoit lee signaux approch6 et fin
d'instant d'evenement et qui les confine en un signal num6rique de sor- tie
qui inclut plusieurs bits de poids faible indi- catifs du signal fin de
Instant et une s6rie de bits  15 de poids fort indicatifs du signal
approche d'ins- tant. 2. Un circuit salon la revendication 1 dans loquel le
moyen d'oscillateur annulaire (13) comprend un  20 oscillateur de Walker
caracteris6 par un cycle op6- ratoire egal & cinquante pour-cent, salon une
tol4- rance maximale de plus ou moins un pour cent envi- ron. 25 3. Un
circuit salon la revendication 1 dans laqual la periode du moyen
d'oscillateurannulaire (13) qui est commandee par une norme externe (32).
4. Un circuit salon la ravendication 1 dans loquel l'inter- s0 polateur
comprend une sedrie d'Cldments combina- teurs lineaires (71, 73, ...), ou
multiplexeurs pond6- res, interconnectes hierarchiquement avec le moyan
d'oscillateur annulaire (13). 35 5. Un circuit salon la ravendication 4
dans loqual les elements combinateurs lineaires (71) peuvent &tre accord6s
(70). 6. Un circuit salon la revendication 1 dans loquel le  40 signal fin
d'instant comprend un code periodique (39) dans l[qual un saul bit differe
entre deux etats adjacents. 7. Un circuit salon la revendication 1 dans
loquel le  45 moyan de sas fin comprend un premier (55) et un deuxibme
(101) sas fins, le premier sas 6tant en communication avec le signal
d'evenement (11), le deuxibme sas etant an communication avec le pre- mier
at presentant un retard par rapport & celul-ci.  50 8  Un circuit salon la
revendication 1 dans loquel le moyan rythmeur approch6 comprend une serie
de bascules (150, 151) de Mobius. 55 9. Un circuit salon la revendication 1
dans loquel le moyan rythmaur approche comprend deux moyens rythmours (150,
151) dephases run parA Pautre. 9    


