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frequency can therefore under certain conditions be obtdi ned by nunerical
di ff erent i ati¥33- t he phase using nodul o 2Pi

The instantaneous phase or the instantaneous frequency of an A.C.
- electrical signal or pulse train is often preferred to be
directly available in digital form when subsequent numerical
processing is to take place thereon with the aid of microcom-
puters or digital signal processing chips, for the purpose of,

for example, demodulating a phase or fregquency modulated radio
signal.

Phase and frequency have a close mathematical relationship such
that frequency is the time derivative of phase. If a device is
available for digitizing phase, a digital representation of
frequency can therefore under certain conditions be obtained by
. numerical differentiation of the phase using modulo 2Pi
(circulér) arithmetic subtraction. Alternatively, a frequency
digitizing device under certain conditions may be used to
generate a digital representation of phase by numerical re-
integration using modulo 2Pi (circular) arithmetic addition. In
both cases, success depends on an accurate mapping of the
-circular phase domain onto a circular digital domain or Galocis
field of the same 2Pi period. For example, if an 8-bit binary
word is chosen to represent phase, the number range 0 to 256 must
exactly match the phase range 0 to 2Pi radians so that the phase
wrap-around over 2Pi is exactly represented by the wrap-around
of the 8-bit binary word back to 0 upon incrementing 255 by 1.

A conventional method to digitize the phase of an A.C. electrical
signal is to apply the signal first to a phase comparator along
. with a reference signal, the phase comparator thus producing an
output voltage or current proportiorial to the phase difference



(circular) arithnetic subtraction. Alternatively, a frequency digitizing
devi ce under certain conditions may be used to generate a digital
representation of phase by nunerical re- integration using nodulo 2P
(circular) arithnetic addition. In both cases, success depends on an
accurate mappi ng of the circular phase ddmain onto a circular digital
domain or Galois field of the sane 2Pi period. For exanple, if an 8-bit

bi nary word is chosen to represent phase, the nunber range 0 to 256 mnust
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conversion factor of the phase comparator does not exactly match
the voltage-to-code conversion factor of the A-to-D converter,
an error occurs in the mapping of one circular domain to the

other, which ‘can become magnified in subsequent numerical
processing such as differentiation.

A similarly cénventional method of digitizing frequency by means

of an analog frequency discriminator followed by an A-to-D

converter suffers from a similar drawback. When the frequency
is re-integrated to obtain phase, the results diverge from the

true phase due to practical tolerances in the matching of the
discriminator to the A-~to-D converter.

When the input signal contains a significant amount of noise,

there are a limited number of phase comparator circuits with a
2P1 range which function correctly. For example, it is not
desirable to use a phase comparator which averages the phase of
the signal over many cycles, as, in the region of the 0/360
degrees discontinuity where successive phaées may alternate due
to noise between just over 0 ahd just less than 360 degrees, such
a circuit can produce compietely wrong average result ‘of 180
degrees. In order to solve this problem of averaging a circular
quantity such as phase, its instantaneous value is required.
Circular averaging may then be employed, which involves taking
the sine and cosine of the phase angles, averaging those
separately, and then computing the arctangent of the result.

An alternative solution to the moduio 2Pi problem for noisy
signals'is to use two phase comparators with their reference
inputs offset by 90 degrees so that at least one of them lies far
from the ambiguous region. A type of phase comparator is often



need for analog circuit conponents. I f the phase-to-voltage conversion
factor of the phase conparator does not exactly match the voltage-to-code
conversion factor of the A-to-D converter, an error occurs in the mapping
of one circular domain to the other, which can becone magnified in
subsequent nunerical processing such as differentiation. Asimlarly

conventional nethod of digitizing frequancy by neans of an anal og frequency
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conversions and a numerical arctangent operation.

A known method to produce a value representing the instantaneous
frequency of a signal using purely digital logic elements is the
so-called counter-discriminator method. This method entails

directly counting the number of zero-crossings (or cycles) of the

input signal which occur in a given time. After reading out the
previous result, the digital counter is reset to zero and then
proceeds again to count zero-crossing events of the input signal

for a fixed time to produce the next number.

The problem associated with the counter-discriminator is the long
count time needed to determine the frequency with precision. For
example, if 1% measurement accuracy is required, the count time
must span around 100 zero-crossings of the input signal. The
rate at which new frequency measurements can then be generated
is limited to around 1/100 of the signal frequency. Moreover,

fluctuations of the signal frequency within the measurement
period will not be seen.

The drawback associated with the digital counter-discriminator
is partly due to the need.to limit the timing resolution to whole
cycles of the input signal. If fractional cycle resolution could
be obtained, a given measurement accuracy can be reached in a
shorter time. In digital period measurement, the duration of one
or more whole cycles of the signal is measured by counting cycles
of a much higher frequency clock, thus Providing fractional cycle

" accuracy. The reciprocal of the period is a measure of the
frequency.



separately, and then conputing the arctangent of the result. An alternative
solution to the nodul o 2Pi problemfor noisy signals is to use two phase
conparators with their reference inputs offset by 90 degrees so that at
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The drawbacks associated with digital period measurement are the
need for the reciprocal operation, and the fact that the period
for which the measurement applies is not regular, but determined
by the signal itself. This operation is referred to as natural
sampling. It is more often desired to sample and digitize the
signal at regular sampling intervals that are not a function of
the possibly noisy or varying signal.

SUMMARY OF THE INVENTION

The present invention is directed to an electronic circuit that
directly generates, at intervals which may be specified, values
which correctly represent in modulo 2Pi format the phase angle
of an A.C. signal or pulse train relative to a reference clock
signal or pulse train. Furthermore, the phase values generated
are suitable for numerical differentiation or other processing
using modulo 2Pi arithmetic in order to generate digital
representations of instantaneous frequency.

A particular feature of the circuit according to the present
invention is that the input signal frequency, reference clock
frequency, and phase sampling frequency may be independently
chosen, within practical limits; and are not constrained to have
particular relationships therebetween. A further feature of the
circuit according to the present invention is that the circuit
may be configured entirely with digital logic elements.

It is therefore an object of the present invention to provide an
electronic device which generates at specified time intervals
digital values which represent in modulo 2Pi format the instan-



previous result, the digital counter is reset to zero and then proceeds
again to count zero-crossing events of the input signal for a fixed tine to
oduce theﬂﬂﬁﬂkaﬁﬁﬂ&&mReEha probl em associated with the

pro
counter-disc e Iong count tinme needed to determ ne the
frequency Wi

equ

or exanple, sif 1% neasurenent accuracy is
red, the count tinme nust span around 100 zero-crossings of the input
The rate at mhlch neM/frequency nmeasurenents can then be generated
is limt d to arqund 0 of the signal _freguenc Mor eoyer, flugt I ons
of the s aﬂﬁ? ?ré‘hftfe*’n 93« Rf BRI gé‘ﬁlleﬁ"éﬂ %/t(?davxf? € c%eC"SOé:Z(n The
drawbacksagsatiated with the digital counter-dlscrlnlnator Is partly due to
t he need

tolimt the tining resolution to whol e cycles of the input
signal. Lf fractional cle resolution coul d be, obtained, a

ive
measur enght L8c QurkisF n R &k Qe BERFRIE ebnYgHEon ﬁ%l‘%ﬁqulraepé"l od
measur emellectrbaidurddvioe ovhdoR ois Nwapahlel cofydatorininhe ummaicals

or o o n PSR BPARNCLE SR Pl URRAGNR R BRELaTVRRe doliieed

S|gnal

roca
measur e @ﬁlﬁﬁemP@@AGeHE} arltNEPEAeENEerQHEEtO generate digital value

REPLACEMEldbreldahtations of instantaneous frequency of the AC signal.

It is another object of the present invention to provide an
electronic device which produces the digital value representation
of the instantaneous phase angle of the AC signal wherein the
input signal frequency, the reference clock frequency, and the
phase sampling frequency are independently chosen and are not
required to have particular relationships therebetween for

utilization by the electronic device in deriving the instan-
taneous phase angle value.

It is still further an object of the present invention to provide
an electronic device which produces digital wvalues of either
instantaneous phase or instantaneous frequency- of an input AC
signal which overcomes the previously mentioned drawbacks of
conventional phase/frequency digitization devices.

These and other objects are achieved by the present invention
which provides an electrical circuit for determining at specified
sampling instances a numerical value which represents as a
digital code an instantaneous phase of an electrical signal
relative to a reference frequency signal. A counter circuit is
provided for continuously generating a stored count representing
a value resulting from dividing the reference frequency signal
' by a repeating count cycle frequency, the count cycle repetition

frequency being of the same order as an expected center frequency

of the electrical signal. A trigger unit is provided for

producing a trigger pulse in response to the trigger unit

receiving a sampling pulse at an arming input and a transition

of the electrical signal at a firing input. An intermediate

register stores a momentary state of the counter circuit in
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generat es,oddurrence of the next sampling pulse, which also effects a

storage of the next momentary state of the counter circuit in the
intermediate register.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 illustrates a block diagram of the digitization circuit
according to the present invention;

Fig. 2 illustrates a preferred embodiment of the trigger circuit
according to the present invention;

Fig. 3 illustrates a block diagram of a furthexr embodiment of the
digitization circuit according to the present invention:

Fig. 4 illustrates a block diagram of the digitization circuit
according to the present invention including a non-linear
correction unit and a frequency estimator; and

Figs. 5a and 5b illustrate alternate embodiments of the frequency'
estimator according to the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring now to Fig. 1, a simplified block diagram a circuit
which implements the principles of the present invention is
shown. A reference clock frequency 10 is generated which is an
integer multiple, preferably binary, of the expected signal
frequency. The reference clock frequency 10 is applied to a
digital counter 12 which divides the reference clock frequency



I nterval s which may be specified, values which correctly represent in
nmodul o 2Pi format the phase angle of an A C. signal or pulse train relative
to a reference clock signal or pulse train. Furthernore, the phase val ues
generated are suitable for nunerical differentiation or other processing
using nodulo 2Pi arithmetic in order to generate digital representations of
I nst ant aneous frequency. A particular feature of the circuit according to
the present invention is that the inputy; signal frequency, reference clock
frequency, and phase sanpling frequency may be independently chosen, within
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t her ebet ween. A further feature of the circuit according to the present
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occurrence of two events.

The trigger circuit 14 must first be armed by receipt of a
sampling pulse 16 which indicates that a measurement is to be
made. Once armed, the trigger circuit 14 is fired by the
occurrence of the next zero-crossing of the input signal 18. The
output trigger pulse 20 produced by the trigger circuit 14 when
it is fired causes the state of the counter 12 at that instant
to be transferred to an intermediate holding register or latch
22. As an optional embodiment, an extra bit of timing precision
may be obtained by extending the latch by one bit and recording
also whether the reference clock .frequency 10 at the trigger
instant was on a negative or positive half cycle. Optionally
this addition may be improved to extend the timing accuracy by
more than one bit by using a reference 51gna1 waveform having
more than Jjust two p0551b1e voltage states, for example a
sawtooth or other analog waveform, and quantizing its state to

a much higher accuracy than one bit by such means as an A-to-D
converter.

The contents of the intermediate.latch 22 are held until the next
sampling pulse 16 is applied to arm the trigger circuit 14, at
which point the contents are transferred to a digital
adder/subtractor 25 and subsequently to an output register or
latch 24 before they become replaced by the next measurement.
Measurements thus appear in the output register 24 with a one-

sample delay, and at a regular rate determined by the externally
applied sampling pulse 16.



It is another object of the present invention to provide an electronic
devi ce which produces the digital value representation of the instantaneous
phase angle of the AC signal wherein the input signal frequency, the
reference clock frequency, and the phase sanpling frequency are

i ndependently chosen and ‘are not requir®d to have particular rel ationships
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the value of 63.

The exact expected increment per sample is, in this example,
equal to 64 times the frequency offset multiplied by the time
between samples. For example, if the expected nominal signal
frequency is 1000 Hz lower than the reference counter repetition
frequency, and the sampling rate is 256 Hz, then the expected
increment between samples will be 1000/256 = 3 29/32nds.

When the input signal nominal center frequency is equal to the
repetition period of the N-bit digital reference counter, i.e.
equal to f, divided by 2%, assuming the countef is pure binary,
then successive phase measurements will give the same value. In
practice a reference clock having an ouﬁput frequency exactly 2N
times the expected nominal input signal frequency is often not
readily available, therefore it is desired to use instead the
nearest available frequency. This error is fixed and known, so
one can predict in advance that the resulting phase measurements

will be in error by an amount which progressively increases
between successive samples.

For example, if the difference between the reference frequency
divided by 2N (the reference ‘divider repetition counter cycle):
and the nominal input signal frequency is 100 cycles per second,
the phase'measurements would change at the rate of 100 times 2Pi
per second even with an exact central input frequency. If the
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receiving the trigger pulse. The nonentary state of the counter circuit
corresponds to an instantaneous phase value of the electrical signal. A
correcting circuit is provided for correcting a resulting nunerical value
in the internediate regi ster by renoving an accunul ati ng phase of fset
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not an integer in order  to illustrate that the cumulative
increment can nevertheless still be predicted by extending the
precision to the right of an imagined decimal point to represent

the fractional part. In the above example, a binary accumulator

23 having six bits to the left of the decimal point plus five
bits to the right of the decimal point may be used to represent
numbers in steps of 1/32nd. The accumulator would be incremented
after every sample by the digital code: '

000011.11101 representing 3 29/32nds.

The digital accumulator 23 is incremented after every sample
pulse by the known systematic phase error increase per sample
period, i.e. Pi/5 in the above exampie, so it rotates progres-
sively through the values Pi/S5, 2Pi/5, 3Pi/5, 4Pi/5, 0 (the carry
is ignored), Pi/5, etc. The value in the accumulator 23 is then
subtracted from the phase measurement by a digital
adder/subtractor to produce a corrected result which again would
be a constant value on successive sample pulses for an exact,
nominal input frequency. The mean rotation due to the systematic
frequency deviation of the reference clock frequency 10 from an

exact relationship with the input signal center frequency is
thereby removed.

It can be appreciated that the word length in bits of the
accumulator 23 can be as large as 'nécessary to represent
fractional frequency errors to as high a precision as desired.
The accumulator 23 can have more bits of precision than the N or
N+1 bit phase measurement recorded in the intermediate latch 22.
In principle, only the most significant N or N+1 bits of the
accumulator 23 would then be used in the digital adder/subtractor
25 to effect the correction, however, to reduce the small extra



according to the present invention; Fig. 3 illustrates a bl ock diagram of a
further enbodinent of the .digitization circuit according to the present
invention; Fig. 4 illustrates a block diagramof the digitization circuit

according to the present invention including a non-linear correction unit
and a frequency estimator; and Figs. 5ao and 5b illustrate alternate
enbodi nents of the frequency estinat ortaccor di ng to the present invention.
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS of Referring now to Fig.
1, a sinplified block diagrami a circuit which inplenments the principles of
the presaifor REFYJiARdS w&&ﬁ%xuﬁcaeia?eaﬁe s&oakuidestontiel idet , gamer at ed
which is anbi n%@g,er thI ti plq:], referab % g‘idnar% rof the ex&eca'fnad %iognal
frequenc':‘ffrl PErREPEYRESTE SPo RS P@&u@ cY¥0°TE %p?ﬂ'il_’%amfo a é’i Al
count er NXoxhN¢B ) dithethe resudfte thatetbe gpked isique oy tARENIDEMt value
SHEET  fromYthd 8088t 2O85tFAELSP! 851 9sPeREBAGed HbViIdeiteOUH 1BHgtH Wi ch
repeats at the sane ra as the %pect eﬂ Si gnag frequency.,én outrput val ue
is prod Gy r’&ﬁ%&%&@%t ap; Ny (@ i) ef-9- N+27bits. I the

case where the - systematic frequency error can be exactly

represented by an accumulator increment of no greater precision

than N or N+1 bits, then it is not necessary to extend the

accumulator oxr the adder/subtractor word length.

The value in the accumulator 23 represents the systematic phase
offset a signal at exactly the specified nominal center frequency

would have accumulated up to this point due to systematic

frequency offset from_ the reference. The increment to the

accumulator 23 represents the extra phase rotation that is added
every sampling cycle due to the systematic frequency offset

integrated over the sampling interval. By subtracting the

accumulated phase offset from the phase measurement before
transferring the result to the output register 24, it is

corrected both for systematic frequency error and for the non-

commensurate sampling rate. It therefore becomes possible to

choose the signal center frequency, reference frequency and

sampling rate independently of each other, within reasonable

practical limits. It is further possible to have a variable

period between samples, providing the irregularity is systematic

and known, sco that the systematic phase error component can be
predicted and subtracted out.

The digital counter 12 of Fig.

1 is preferably one utilizing
"Grey Code'.

A Grey code count sequence is one in which only one
digit of a multi-digit counter changes between each count.
example, the decimal sequence - 0,1,2,3,4,5,6,7,8,

For

9,19,18,17,16,15,14,13,12,11,10,20,21,22,23 - is Grey coded. In
binary, the difference between Grey code and normal binary is
exemplified as follows:



‘12 at zero-crossing events of the input signal. In contrast to the
above- nEntiﬁﬂﬁﬂ*kﬂﬁﬂﬁ—ﬁ&%hedSw-the digital counter 12 is not periodically

reset and COK} crerrent bet ween neasure- nents. Moreover,

recordi ng of a6¢ds j 5 caused by a trigger circuit 14 mhlch S
H opcurrenéé-of two events. The trigger circuit

initiated in r
ceipt of a sanpling pulse 16 which indicates

14 nust first
that a measurenent is to be nade Once arned, the trigger circuit 14 is
o-crossing of the input signal 18.

fired by 4 I

The out put trlgggy{ 0 pro uceg %? the trigger circuit 14 when it is
fired causegocbeo§¢@te of the counter 12 at that instant to be transferred
to an i nLeroediabeohol ding register or.latch 22. As an optional enbodi nent,
an extra2bi 00d6 001Ming precision may be obtai ned by extending the latch by
one bit and0PdtoPEYL?g al so whether the reference clock frequency 10 at the

trigger #nsPafRP QBXOon a negative or positive half cycle. Optionally this

addltlonzna _ oved to extend the tim ng accuracy by nore than one bit

by using.a r si gnal waveform having nore than just two possible
vol tage gta oexample a sawtooth or other anal og waveform and
quanti zi 89 hbp1Shapg t0 a much higher accuracy than one bit by such nmeans
as an A-h@ BPog@nygrier. The contents of the intermediate latch 22 are held
until thaineytl 1110

12 1100 1010

13 1101 1011

14 1110 1001

15 1111 1000

With normal binary coding, if the trigger pulse occurs exactly

at the instant the counter 12 is incrementing, several digits can
be changed at once, e.g. the transition from 0111 (7) to 1000

(8). There is the danger that the bits change at finite and

slightly different speeds. This transition may cause a false

value to be latched in which some of the bits have been changed

and others have not. For example, in the transition from 0111

(7) to 1000 (8), if the most significant bit changes slightly
faster than the remaining bits, the erroneous state 1111 (15)
.could possibly be latched. By using Grey coding, however, only
one bit changes at a time. Therefore, the only two alternatives
that can be latched if the trigger pulse occurs at the time the

counter 12 is changing are the previous value and the new value,

either of which is equally viable. When a Grey coded counter

"sequence is used, a Grey-to-binary conversion is needed to
facilitate the performance of subsequent arithmetic such as
addition/subtraction on the phase value. Therefore, it is
convenient to utilize a Grey-to-binary converter 26 at a point
between the intermediate latch 22 and the output latch 25.

The trigger circuit 14 required in Fig. 1 may be implemented
according to the logic diagram illustrated in Fig. 2. Referring
thereto, a first edge~triggered (D-type) 1latch 26 has the

sampling pulse source 16 connected to its clock input, and a



sanpling pulse 16 is applied to armthe trigger circuit 14, at which point
the contents are transferred to a-digital adder/subtractor 25 and
subsequently to an output register or latch 24 before they becone repl aced
by the next neasurenent. Measurenents thus appear in the output register 24
with a one- sanple delay, and at a regular rate determ ned by the
externally applied sanpling pulse 16. 12 8 If the expected signal frequency
is exactly equal to the division cycle repetition frequency of counter 12,
zero crossings will always occur at the same reference counter state, which
in turn depends on the arbitrary phase of the signal relative to the

r ef er ence PEFBERERF eqlientSVefo onrditse £afal dnPuSsunVpgn t pecwifncer of2 thevi des
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increment fgfe SRMeRol-grosfind!ise M Mifput signal 18 after the trigger
circuit 14 has been armed, a '1!' level will appear on the Q
output of the fire latch 28. This output is the trigger pulse
output to the intermediate latch 22 required in Fig. 1.

When the trigger circuit 14 has fired, the trigger circuit 14 is

required to be returned to its initial state by means of a

suitable reset pulse. This may, for example, be produced by

delaying the trigger pulse from the Q output of the fire latch
28 through two shift registers 30 which are clocked at the high

reference clock frequency 10 to produce a reset pulse to both the

arming latch 26 and fire latch 28. Since the trigger pulse from

the fire latch 28 has no special time relationship with the

reference clock frequency 10, it can occur shortly before a

reference clock edge resulting in little or no delay in it
appearing out of the first shift register delay stage. Two shift
register delay stages are therefore utilized to guarantee that
the output trigger pulse and reset pulse are at least one

reference clock cycle long and do not occésionally becone
vanishingly short.

A number of possible further embodiments of the present invention
may be implemented. A previéusly mentioned alternate embodiment
consists in obtaining one or more extra bits for precision in
the phase measurement by recording in the intermediate holding
latch 22 not only the counter 12 state at the instant the trigger
pulse occurs, but also the state of the reference clock waveform
at the trigger instant. In the simplest implementation of this
embodiment, there need only be the high/low state of a square
wave clock waveform which is recorded to provide an extra bit of

resolution. For further increasing resolution, a waveform having

more than two voltage states, such as a staircase or continuous

ramp (sawtooth wave) can be used, together with a device to



equal to 64 tinmes the frequency offset nultiplied by the tinme between
sanpl es. For exanple, if the expected nom nal signal frequency is 1000 Hz
| ower than the reference counter repetition frequency, and the sanpling

rate is 256 Hz, then the expected increnment between sanples will be
1000/ 256 = 3 29/32nds. When the input sisgnal nom nal center frequency is
equal to the repetition period of the NNbit digital reference counter, i.e.

equal to of divided by [err], assuning the counter is pure binary, then

succeSS|ve hase ne s rement s e_sane val ue. pract,c
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noni nal |n@mﬁ°19gﬁﬂﬂvertequency is often not readily avail abl e, therefore it
is desired to use instead the nearest ‘avail abl e frequency. ThIS error
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to the desired sampling instant which is phase~quantized. 1In
this case, it is also necessary to record which polarity fired
the trigger, and to correct the phase value obtained by 0 or 180

degrees accordingly, ‘for example, by inverting the most sig-
nificant bit (MSB).

Fig. 3 illustrates one éonfiguration of the present invention
using both edges of the input signal to trigger the digitization.
The occurrence of a sampling pulse 16 simultaneously arms two
distinct trigger circuits 30, 32 that may then be fired upon the

occurrence of, respectively, a positive going or negative going
transition of the input signal 18.

The output trigger lines are logically ORed by OR gate 36 so that
the occurrence of either trigger effects latching of the
reference counter state into the first latch 22. Moreover, the
occurrence of this event resets both trigger circuits 30, 32 so
that a new sampling pulse 16 is needed before they again can be
fired. This operation guarantees that only the first to be fired
after arming will be fired. A set/reset flip~-flop 34 records
which of the two trigger circuits 30, 32 is fired.

Assuming that it is the positive going transitions of the input
signal which defines phase, and that negative going transitions
occur nominally mid-way between (180 degrees), then it is
necessary to correct the phase measurement by 180 degrees if the
measurement was made on the negative going signal edge. This
correction is done by inverting the most significant bit of the
phase measurement by way of an XOR gate 38 by EXCLUSIVE ORing the
flip-flop 34 state with the MSB (which represents 0 or 180



9 sanpling rate is 1000 per second, the phase error
the rate 100*2Pi /1000 = Pi/5 between each sanple. This progressively

i ncreasing, but totally predictable error can be renoved by the circuit
shown in Fig. 1. The above exanple wherein the counter 12 wraps around the
val ue of 63 has been chosen where the expected increnent 3 29/32nds is not
an integer in order to illustrate that,fhe cunmulative increnment can
neverthel ess still be predicted by extending the precision to the right of
an i magi ned decimal point to represent the fractional part. In the above
exanpl e, a binary accumulator 23 having six bits to the left of the decinal
poi nt pl ugegreeshiitfs at pegative Fransitioe fhasdrthepheint fjdger deetbneo
represent 1aﬂemﬂgf tihle 5&&9& G théZaetkpukh8 a@6hR Wl a3t 8he WRIHtdoBEUF FEHRTENT €d
after ever¥ ¥ %[15?/ digital c? 000011. 11101 representing 3

29/ 32nds hd TF g 58 GRul at or 23 Is incremented after every sanple
pul se by the known systematic phase error increase per sanple period, i.e.
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distinct latches.

I's thus increasing at

The two results may then be combined to result

in a phase word having one bit of extra length. The combination

of the two results may be performed for example as follows:
PHASE = MOD2n(2*A + MODn(B-A))

where A is the content of the latch triggered by zero-crossings

of one polarity (measured modulo n, probably a power of two) and

B is a similar value from the latch triggered by zero-crossings
of the other polarity.

The difference B-A calculated modulo n is added to twice the
value of A (A left-shifted one bit). The result reduced modulo
2n gives a phase representation of one bit greater word length.
Furthermore, by arranging that no strobe is produced to the
output latch 24 unless the trigger circuit 14 was fired in the
last sampling period, the previous value may be held in the case
that the input signal was anomalous or too weak to provide a
better estimate. Higher order holding algorithms may also be
inplenented either by computing numerical derivatives within the
phase digitizing circuit, or in subsequent numerical processing.
In the latter case, a flag bit would be generated from the

circuit to indicate whether a trigger pulse had occurred or not
during the last sampling period.

In addition, an alternate embodiment of the present invention
includes an arithmetic unit which receives the corrected digital
value stored in the output latch 24 in order to generate a
digital code which represents an instantaneous frequency value
of the input signal. The unit is operable for subtraction of two
‘successive instantaneous phase values using modulo 2Pi arith-



nomi nal input frequency. The nmean rotation due to the systematic frequency
devi ation of the reference clock frequency 10 from an exact rel ationship
with the input signal center frequency is thereby renoved. It can be
appreciated that the word length in bits of the accumul ator 23 can be as

| arge as necessary to represent fractional frequency errors to as high a
preci sion as desired. The accumul ator 23scan have nore bits of precision
than the N or N+1 bit phase neasurenent recorded in the internediate |atch
22. In principle, only the nost significant N or N+l bits of the '

~accunul ator_ 23 woul d then bhe used in the digital adder/subtractor 25 to
effect the MEFactPORR HOBAFEFE 15 FRUTELSDhCS it ERTeREiatiog BE | the
associ at ed Misttantanaonsi pepsdhevadseunul at or val ue used, it can be

advant ageous to use one or two extra bits over and above N (or N+1) with
25 1 5 ext erlfod % HORS ©F iHeC et AREPAL 1§ SreTALA Forhe FHANRPLD,
N+ ) e.g. Needjeney [neflelrencesdowmadgorhéhesgamphing cciodguewicse eX6 oiscan
be exact|y £:0e%eqt, eehbYadtiiACGBBULALKe IJICHEPBIS-Hos89ng  SAGle RABEESI ON
than N or NgigrPaIJ.t is 121:919 qael E:flfgeg Oitn rtl_(iﬁgs xaorn}/ thg gé(éierré% gggpling instant

by up to nominally one cycle of the frequency of input signal 18,

in the event that zero-crossings of only one polarity are used,

or up to nominally half a cycle in the event that both polarities

are used. This sampling timing error in turn gives rise to an
error in the phase measurement equal to the extra phase rotation
of the input signal 18, due to its frequency difference from the
reference clock frequency 10, multiplied by the extra time. If
the resulting 0-1 cycle or 0~1/2 cycle time jitter is small
compared to the sampling period and the frequency offset of the
signal is small relative to the reference clock frequency 10,

this extra error is proportional to the product of two small
quantities and therefore may be neglected. If, however, either
quantity is significant; such as when the system is designed to
operate with a larger systematic offset between the input signal
nominal frequency and the reference clock frequency, or when the
sampling rate is a significant fraction of the input signal
frequency, ox both, it can become necessary to perform an
explicit correction to remove this form of error.

The required correction is the product of the amount of time AT
occurring earlier or later than the desired sampling instant at
which the trigger is fired, expressed as a fraction of the total
sampling T, with the expected phase offset dF of the signal over
the entire sampling period: This correction is expressed in the
following equation:

Extra Correction = 4QF*dT/T

As an example, the situation when the desired sampling instances
are coincident with the reference counter value being 0 will now
be described. 1In this case, 4T is given by the phase value
latched in the intermediate latch 22. Otherwise, dT would be



accurul ator or the adder/subtractor word | ength. The value in the

accunul ator 23 represents the systematic phase offset a signal at exactly

t he specified nom nal center frequency woul d have accunulated up to this
poi nt due to systematic frequency offset fromthe reference. The

I ncrement to the accunul ator 23 represents the extra phase rotation that is
added every sanpling cycle due to the systematic frequency offset

i ntegrated over the sanpling interval .16 By subtracting the accunul at ed
phase offset fromthe phase neasurenment before transferring the result to

the output register 24, it is corrected both for systematic frequency error
and for thaveanoyCeREERsYE A& SAED! | G axaque Wi nhBekgE oL g1 DECOFES), OSS' bl e
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invention is utilized for frequency determination by numerical
differentiation of the phase measurement, such an estimate will
already be available. A block diagram of an embodiment of the
present invention illustrating such a method of applying the non-
linear correction is illustrated in Fig. 4. |

With respect to the embodiment using the non-lineaxr correction
of Fig. 4, an optional non-linear correction unit 40 may be
regarded as a supplemental component to the digital accumulator
utilized in the embodiment of Fig. 1. It should be noted,
‘however, that it is not necessary to use the digital accumulator
technique in oxder to apply the non-linear correction unit 40.
The digital accumulator 23 of Fig. 1 calculates a systematically
increasing (rotating) phase value corresponding to the difference

in frequency between the expected signal and. the reference

counter value. This value is then subtracted from the measured

- phase to obtain a corrected phase value which is approximately
equal to the value that would have been obtained if the reference
counter 12 had a perlod equal to that of the nominal signal.

The aforementioned correction suffices if a large time jitter on

the trigger pulse relative to the desired regular sampling

instance does not occur. Moreover, if there is a significant

time jitter on the occurrence of the trigger pulse, but little
or no systematic frequency error to remove, then the non-linear
correction may be dispensed with. ﬁowever, when both the timing
jitter and the systematic frequency offset are significant, the
non-linear correction method depicted in Fig. 4 may be desirable,



exenplified as foll ows: Thi s Sheet Has Been Repl aced Normal Binary Gey:
Coded Binary 0O 0000 0000 1 0001.0001 2 0010 0011 3 0011 0010 4 0100
0110 5 0101 0111 6 0110 0101 7 0111 0100 8 1000 1100 9 1001 1101 10
1010 1111 11 1011 1110 12 1100 1010 13 1101 1011 14 1110 1001 15 1111 1000

Wth normal binary coding, if the trigger pulse occurs exactly at the
I nstant the counter 12 is increnentingi7severaL digits can

as the magnitude of the non-linear effect is proportional to the
product of the time error 4T and the frequency offset dF.

The non-linear correction unit 40 of Fig. 4

includes an
adder/subtractor 42 and a multiplier 44.

A frequency estimator
46 is provided in order to produce frequency estimates and

includes a comparator 47, an accumulator 48, and a loop filter
49.

In order to carry out the non-linear correction, an estimate of

the frequency offset dF is needed for multiplication with 4T, the

sampling time error. Fig. 4 illustrates the use of the frequency

estimator 46 in a method of estimating the _instantaneous
frequency erroxr, and is gtherwise referred to as a digital phase-
lock loop. The frequency estimator 46 simultaneously estimates
any static systematic frequency offset plus any dynamic, varying

conmponent, due for example, to modulation applied at the sending

end of the input signal. Of course, if the static, systematic

component is already known beforehand, as is the case when the
digital accumulator 23 of Fig. 1 is used, it could be removed by
such a digital accumulator technique before applying the result
to the digital phase-lock loop of Fig. 4, which would then only

estimate the residual dynamic component. The dynamic component

would then be added to the_static component to get the total

instantaneous frequency error dF which is applied to the non-

linear correction unit 40. If the dynamic component is small,

and the static component is relatively large, it may be adequate
to only use the static component for the value of AF in. the non-
linear correction. Since the digital phase-lock loop, however,
estimates both the static and dynamic components of the instan-

taneous frequency offset, the digital accumulator 23 is not
necessary in all situations.

The desired final result of the circuit illustrated in Fig. 4 is
in fact a measure of the instantaneous deviation of the signal

frequency from an already known nominal value. The digital

phase-lock loop of the frequency estimator 46 produces a measure
of the instantaneous deviation of the input signal 18 from the



be changed at once, e.g. the transition fromO0111 (7) to 1000 (8). There is
the danger that the bits change at  finite and slightly different speeds.
This transition may cause a false value to be latched in which sone of the
bits have been changed and ot hers have not. For exanple, in the transition
fromO111 (7) to 1000 (8), if the nost significant bit changes slightly
faster than the remaining bits, the errgpeous state 1111 (15) could

possi bly be |l atched. By using Gey coding, however, only one bit changes at
atinme. Therefore, the only two alternatives that can be latched if the
trigger pulse occurs at the tine the counter 12 is changing are the
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sanpl i ng mﬂ'mme 16 thhimestse] hoconstaitoclaluepodrresmbnding to the
static frequency offset would have been subtracted from a
frequency measurement, instead of, as in Fig. 1, subtracting an
increasing phase correction from the phase measurement. If,
however, a phase output value is desired from the system of Fig.
4, the corrected phase value from non-linear correction unit 40,
if necessary, may be combined with the output of a digital

accumulator as in Fig. 1 in order to subtract out the systematic
offset caused by a known static frequency error.

Figs. b5a and 5b illustrate devices for deriving frequency
estimates from resulting phase measurements, and each of the
devices illustrated by Figs. Sa and Sb may be used as an
alternative embodiment for the frequency estimator 46 of Fig. 4.

Fig. 5a illustrates a device for deriving frequency estimates
from phase measurements by numerically subtracting successive
input samples. The device of Fig. 5a determines the rate of
change of phase angles by subtracting adjacent phase angle
measurements made one sample period apart. An n-bit subtractor
52 subtracts a delayed phase measurement 0/;.y, from a current
phase measurement 0/;. The delayed phase measurement 0/,

results from a phase measurement passing through delay units 50
which delay the phase measurement by a predetermined number of
sampling periods. The end result is then passed through a

digital filter 54 which in turn outputs the frequency estimate
desired. '

The device of Fig. 5b derives frequency estimates from phase
measurements by utilizing a digital phase-lock loop circuit. The
" device subtracts, by way of n-bit subtractor 56, incoming samples

of phase measurement values from a value contained in an



12 permanent '1' level on its data input. Upon occurrence of the sanpling
pul se edge, the data '1" level will be transferred to the Q output, which
is further connected to the data input of a second edge-triggered | atch 28.
The clock input of latch 28 is driven by the input signal 18. Thus, upon
occurrence of the next edge or zero-crossing of the input signal 18 after
the trigger circuit 14 has been arned, 1" level will appear on the Q
output of the fire latch 28 This output” is the trigger pulse output to the
intermediate latch 22 required in Fig. 1. Wen the trigger circuit 14 has
fired, the trigger circuit 14 is required to be returned to its initial
state by resmvaudRtarsG?t abTher esetmpladtse: 57Theaswres tbhe ergnpiae, ebeor
produced hyetdRleayidhe ti}f‘cénﬁln@ge;rha@é SEarld1¥8 L thw&réﬁ yaeud ] rgndatch
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and do not occasi onal
angles in the input sequence is not perfectly constant, e.g.

noisy radio signals, the accumulator 57 and correction unit 58
will continually correct the error between the input sequence and
values and the stored values. Thus, the resulting estimate will
only be that of the input frequency at that particular moment.

While a particular embodiment of the present invention has been
described and illustrated, it should be understood that the
invention is not limited thereto since modifications may be made
by persons skilled in the art. The present application'con—
templates any and all modifications that fall within the spirit
and scope of the underlying invention disclosed and claimed

herein.
N




vani shingly short. A nunber of possible further enbodi nents of the present
I nvention may be inplenented. A previously nentioned al ternate enbodi nent
consi sts i n—obtaini one or nmore extra bits for precision in the phase

measur enent J.ecor di ng | "t*he i nt er nedi at e holding—tatch—22 not only the
counter 12 s astHe gnt the trjgger pul | so the
state of the mﬂ waveform the ti G ﬂ“lmnmoj‘mn t he

si npl est i npl t hi s enbodi nent, ed om e the high/low
state of a square vvave

Kk vvaveformwhlch Is recorded to provide an extra
bit of resolution. For furt her increasing resolution, a waveform having

nor e thalgmrﬂp 0 tates, such as a staircase or continuous ranp
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between the different states for exanple, a suitable A-to-D converter. It
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t he edge mefdr@sice BrkyliBncy signal, said circuit comprising:

counter means for . continuously generating a stored count

representing a value resulting from dividing said reference
frequency signal by a repeating count cycle frequency, said count
cycle repetition frequency being of the same order as an expected
center frequency of said electrical signal:;

trigger means for producing a trigger pulse in response to
receiving a sampling pulse and a transition of said electrical
signal; and

first register means for storing a momentary state of said
counter means, said momentary state of said counter means being
transferred to said first register means in response to said
first register means receiving said trigger pulse, said momentary

state corresponding to an instantaneous phase value of said
electrical signal.

2. An electrical circuit according to claim 1 further comprising:

. correcting means for correcting a resulting numerical value in
said first register means by removing accumulating phase offset
value, said phase offset value being a product of a predetermined
time period between sampling pulses and a predetermined frequency
difference between said count cycle repetition frequency and said
expected center frequency of said electrical signal; and
second register means for storing said corrected resulting

numerical value of said counter means which is transferred from

said first register means in response to an occurrence of a next
sampling pulse, said occurrence of said next sampling pulse

effecting a storage of a next momentary state of said counter
means in said first register means.

3. An electrical circuit according to claim 2,
trigger means comprises:

wherein said
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4. An electrical circuit according to claim 3, wherein said first
and second transition triggered devices comprise flip-flops.

. 5. An electrical circuit according to claim 3, further compri-
~sing:
second trigger means for producing a second trigger pulse in
response to receiving said sampling pulse and a second transition
of said electrical signal, said second transition being opposite
to said transition of said electrical signal received at said
second input of said trigger means;
third register means for storing said momentary state of said
counter means, said momentary state of said counter means being
transferred to said third register means in response to said
third register means receiving said second trigger pulse; and
means for combining contents of said first register means and
said third register means in order to produce an output value.

6. An electrical circuit according to claim 2, wherein said
correcting means comprises a digital accumulator having contents
which are incremented between sampling pulses by a value which
is proportional to said product of said predetermined time period
and said predetermined frequency difference, said accumulator
contents being added to or subtracted from said measured phase
value in order to remove said accumulating phase offset.

7. An electrical circuit according to claim 2, further comprising
means to produce a digital code which represents an instantaneous



correctlon |s done by M the nost significant bit of the phase

measur enent Qgte 38 by EXCL USHVE-ORing the flip-flop 34

state with th Bee{whl resents 0 or 180 degrees) if a negative
transition fi re mﬁ gger before latc lmm‘ mm}n t he out put
| atch 24 at the e of a sanpllng dvant age in
phase resolutlo ccuracy may be ob%#ined by using tmn separate trigger

circuits triggered respectively by the negative and positive going flanks
of the input signal, and to record the counter state separately in two
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a first trigger circuit for producing a first partial trigger
pulse in response to receiving said sampling pulse and a positive
going transition of said electrical signal;
a second trigger circuit for producing a second partial trigger
pulse in response to receiving said sampling pulse and a negative
going transition of said electrical signal
an OR circuit for passing either of said first or second partial
trigger pulses as said trigger pulse; and
a flip-flop which produces a correction signal in response to
said trigger pulse being produced in accordance with said second

trigger circuit receiving said negative going transition of said
electrical signal.

9. An electrical circuit according to claim 8, further comprising
correcting means for correcting said momentary state of saigd
counter means being stored in said first register means by 180°
in response to receiving said correction signal.

10.An electrical circuit according to claim 9, wherein said

correcting means comprises an XOR circuit for inverting the most
significant bit of said momentary state.

11. An electrical circuit according to claim 2, further comprising
a second correcting means coupled to said second register means
for correcting said resulting numerical value for a timing error
introduced by variations in said trigger pulse relative to said
sampling pulse with a correction factor being proportional to a
product of said timing error and an estimate of an instantaneous
frequency value associated with said resulting numerical value.

12.An electrical circuit according to claim 11, further compris-
ing a frequency estimator means coupled to said second correcting
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14.An electrical circuit according to claim 12, wherein said
frequency estimator means comprises a subtractor means for

producing a difference between phase values occurring a predeter-
mined number of sampling periods apart.

15.An electrical circuit according to claim 1, wherein said

counter means produces a Grey coded counter sequence.

16.An electrical circuit according to claim 15, further compris-

ing a Grey-to-binary converter coupled between said first
register means and said second register means.

17.2n electrical circuit for producing a digital value which is
representative of an instantaneous phase of an input signal
relative to a reference frequeﬁcy, said circuit comprising:

a digital counter which continuously generates a stored count
representing a value resulting from dividiné said reference
frequency by a repeating count cycle frequency;

a trigger circuit which produces a trigger pulse in response to
being armed by a sampling pulse and being fired by a zero-
crossing transition of said input signal; and

a first storage latch for storing said value generated by said
digital counter in response to receiving said trigger pulse, said

stored value corresponding to an instantaneous phase value of
said input signal.

- 18.An electrical circuit according to claim 17 further compris-

ing:
a digital accumulator which is incremented at every occurrence

of said sampling pulse by a predetermined phase error value, said
phase error value being a product of a predetermined time period
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whether said reference frequency was on a negative or positive
half cycle when said trigger pulse is produced.

20.An electrical circuit according to claim 17,
trigger circuit comprises:

wherein said

a first flip-flop which produces a set signal in response to
receiving a high signal from a constant high signal source and
said sampling pulse;

a second flip-flop which produces said trigger pulse in response
to receiving said set signal and said zero-crossing transition
of said input signal; and

a delay circuit for producing a delayed reset pulse from said
trigger pulse, said first and second flip-flops being simul-

taneously reset in response to rxeceiving said delayed reset
pulse.

21.An electrical circuit according to claim 17, further compris-
ing:

a secondary trigger circuit which produces a second trigger pulse
in response to receiving said sampling pulse and another zero-
crossing transition of said input signal, said other =zero-
crossing transition being of opposite polarity to said zero-
crossing transition of said input signal;

a second storage latch for storing another value of said counter
circuit in response to receiving said second trigger pulse; and
a combining circuit which combines contents of said first storage

latch and said second storage latch to produce a phase represen-
tation value.
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an enbodihghchgﬁBtﬂsathe content of said second storage latch, and PRV is
the phase representation value produced.

23.An electrical circuit according to claim 17, further compris-
ing means to produce a digital code which represents an instan-
taneous frequency of said input signal, said means for producing
being operable for subtraction of two successive. instantaneous
phase values of said input signal using modulo 2Pi arithmetic.

24.An electrical circuit according to claim 17, wherein said
'trigger circuit comprises:

a positive transition trigger circuit which produces a positive
transition trigger pulse in response to receiving said sampling
pulse and a positive going transition of said input signal;

a negative transition trigger circuit which produces a negative
transition trigger pulse in response to receiving said sampling
pulse and a negative going transition of said input signal;

an OR gate for passing either said positive transition trigger
pulse or said negative transition trigger pulse as said trigger
pulse; ‘

a flip-flop which produces a correction signal in response to
said trigger pulse being 'produced in accordance with said
negative transition trigger circuit receiving said negative going
transition of said electrical signal.

25.An electrical circuit according to claim 24, further compris-
ing correcting means for correcting said stored value of said

first storage 1latch by 180° in response to receiving said
correction signal.
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It Is not necessary to use the digital accunulator technique in order to
apply the non-linear correction unit 40. The digital accurulator 23 of Fig.
1 calculates a systematically increasing (rotating) phase val ue
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being proportional to a product of said timing error and an

estimate of an instantaneous frequency value associated with said
phase value.

28.An electrical circuit according to claim 27, further compris-
ing a frequency estimator means coupled to said second correcting

means for generating said instantaneous frequency value
associated with said phase value.

29.An electrical circuit according to claim 28, wherein said

frequency estimator means comprises a digital phase-lock-loop
circuit.

30.An electrical circuit according to claim 28, wherein said
frequency estimator means comprises a subtractor means for
producing a difference between phase values occurring a predeter-
mined number of sampling periods apart.

31.An electrical circuit according to claim 17, wherein said
counter means produces a Grey coded counter sequence.

32.An electrical circuit according to claim 31, further compris-

ing a Grey-to-binary converter coupled between said intermediate
latch and said output latch.

33.A method for producing a digital value which is represen-
tative of an instantaneous phase of an input signal relative to
a reference frequency, comprising the steps of:



17 as the magnitude of the non-linear effect is proportional to the product
of the tine error dT and the—frequency offset

dF. The non-1linear_correction
unit 40 of Fi gh,séhéem‘aggggq%e pdder/subtract or a multiplier 44. A

frequency esti Vi ded in order to p m“ﬂmesti mat es
and incl udes awmg mlﬁm an accumul at or 48, {mﬂm“ﬁﬁ r 49. In
order to carry near corrgction, an estFnaRe'bf Sthé frequency
of fset dF is needed for nmultiplication with dT,..the sanpling tine error.
Fig. 4 illustrates the use of the frequency estimator 46 in a nethod of
estimating the instantaneous frequency error, and is otherwise referred to
as a di gicCatipHauely| GEneraspngTive $?@ﬁﬂ%n§9“%§tFﬁﬁFGFeE61§9n@Ifﬁﬁbﬁhsly
esti mat exreany tihgt Eeomydieimins daiaquaneyentd SRieqidntyaBy dypapestingrying
conmponent, . dye gﬁeefgg&g g O nodul ati on applied at the sending end of the
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storing said wvalue generated in response to receiving said

trigger pulse, said stored value of said input signal.

34.A method according to claim 33 further comprising the steps
of: '

incrementing a digital accumulator at every occurrence of said
sampling pulse by a predetermined phase error value, said phase
error value being a product of a predetermined time period
between sampling pulses and a predetermined frequency difference
between said repeating count cycle frequency and an expected
center frequency of said input signal; )
removing said phase error value from said stored
producing a corrected phase value; and

storing said corrected phase value in response to an occurrence
of a next sampling pulse.

value and

35.A method according to claim 33 further comprising the step of
recording whether said reference frequency was on a negative or
positive half cycle when said trigger pulse is produced.

36.A method according to claim 33 further comprising the steps
of: ' '

producing a second trigger pulse in response to receiving said
sampling pulse and another zero-crossing transition of said input
signal, said other zero-crossing transition being of opposite
polarity to said zero-crossing transition of said input signal;
storing another wvalue generated in response to receiving said
second trigger pulse; and

combining contents being stored to produce a phase representa-
tion value.
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all situations. The desired final result of the circuit illustrated in Fig.
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38.A method according to claim 33 further comprising the step of
producing a digital code which represents an instantanéous
frequency of said input signal, said producing step including
subtracting two successive instantaneous phase values of said
input signal using modulo 2Pi arithmetic. '

39. A method according to claim 34 further comprising the step of
correcting said phase value for a timing error introduced by
variations in said trigger pulse relative to said sampling pulse
with a correction factor, said correction factor being propor-
tional to a product of said timing error and an estimate of an
instantaneous frequency value associated with said phase value.

40. A method according to claim 39 further comprising the step of

generating an estimate of said instantaneous frequency value
associated with said phase value.

41.A method according to claim 40 wherein said generating step
further includes the step of producing a difference between phase

values occurring a predetermined number of sanpling periods
apart.

-



static frequency offset would have been subtracted froma frequency
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current pha&emaaﬁuaearia@ita[lerddunterT&ardabatm@iw gmasateﬁ@rﬁ dtreld
results froma,phas

sur enment . passi thro nj 5 h delay_
t he phase ﬁé’g?&r gﬁgﬁ?s%@tngigp,aegg}ﬁ? n %%"gl ﬁ‘ogf I%]gn%ﬁﬁelro‘?%:)\}n
end result ﬁnngHBGYpasgedltmyo@ghenean{pqeﬁoqnﬂ1qmcls4fwnﬂ@¢m¢31whﬂqm G@tputs
the frequergy emti i@ J8S4&€das an expected center frequency of the

electrical input signal. A trigger unit produces a trigger pulse
in response to the trigger unit receiving a sampling pulse and
a transition edge of the electrical input signal. An inter-
mediate register stores a momentary state of the counter circuit
in response to receiving the trigger pulse. The momentary state
of the counter circuit corresponds to an instantaneous phase
value of the electrical input signal. 2 correcting circuit is
provided for correcting a resulting numerical wvalue in the
intermediate register by removing an accumulating phase offset
value. An output register is provided for storing the corrected
resulting numerical value of the counter circuit.

(Figure 1)



The device of Fig. 5b derives frequency estimates from phase neasurenents
by utilizing a digital phase-lock loop circuit. The device subtracts, by
way of n-bit subtractor 56, incom ng sanples of phase neasurenent val ues
froma value contained in an REPLACEMENT SHEET 4 MAR 1998 19 '
accurmul ator 57. The accunul ator 57 neasures the angul ar error between the

i ncom ng phase sanples and the stored val ue, and corrections are

i npl enented by a correction unit 58 in dv@er that the two val ues becone
al i gned.

The resulting alignnent thus produces an estinate of the
rotation frequency of the sequence of input phas

frequency is constant, the output result wll hega curate to the nu
digits of the arithmetic used. I f, however, thqz#ﬁ e of rotation of |the

phase angles in the input sequence i s perfecff constant, e.gqg.
radio signals, the accunul ator 57 and co

ctTon aopi 'WII“(‘:‘bnti ual l'y
correct the error between the input sequence and vl and t he) stored
val ues. Thus, the resulting estimate will jonly be haLgpf &he i
frequency at that particular nmonent. V\V‘u%el a parti E%en&’o nt"‘ of the
present invention has been described and=iil | ustra cai:&\%%oulcltﬁz unde
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invention is not limted thereto since nodifications may be nmade by
persons skilled in the art. The present application con- tenplates any and

a modi fications that fall within the spirit and scope. of the
under |l ying invention disclosed and cl ai ned REPLACEMENT SHEET REPLACEMENT
SHEET - 4 MAR 1998 C ains 1. An electrical circuit for determ ning at

specified sanpling instants a nunerical value which represents as a dlgltal
code an instantaneous phase of an el.ectrical signal having a center
frequency relative to a reference freqaéﬁcy signal, said circuit
conprising: counter means for continuously generating a stored count
representing a value resulting fromdividing said reference frequency
signal by a repeating count cycle ,frequency, said count cycle repetition
frequency being of the same order fas said center frequency of said

el ectrical signal; trigger neang_flor producing a trigger pulse in response
to receiving a sanpling pul se am |a transityon-of said electrical signal;
and first register neans for st@ijng a nonefptary state of said counter
means, said nonentary state of saild counter ans beind transferred to said

first register neans in responségt sai d fg E]eglste means receiving
said trigger pulse, and said norRergary st ggrespon ing to an
i nst ant aneous phase val ue of saig el ectricalb pignal,
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characterized in correcting nmeans for correcting a resulting nunerical
-value in said first register neans by renoving accunul ati ng phase of fset
val ue, said phase offset value being a product of a predeterm ned tine.

peri od between sanpling pul ses and a predeterm ned frequency difference

bet ween said count cycle repetition frequency and said center frequency of
said electrical signal. 2. An electrical circuit according to claim1,
characterized in second regi ster means ¥/ storing said corrected resulting
nunerical value of said counter neans which is transferred fromsaid first
regi ster . nmeans in response to an occurrence of a next sanpling pul se, said
occurrence of said next sanpling pul se effectinggggstorage of a next
monentary state of said counter neans in said f2v8E regi ster neans. 3.

An electrical circuit according to claim1l or racterized in that said
trigger neans conprises: a first transition trigg d-device which is set
in response to receiving said sanpling pul se aggdgprodu® ng a set signal

and a second transition triggered devi ce W chigtﬁetmesponse to

i ghat and

receiving said transition of said el ect® c8l hat said

REPLACENMENT SHEET‘Q4 MAR 1998 2@ t 11 ed{ by said second
transition trigger device in S t.osyrd - o+sai d second
transition triggere i ce receiviing| both saidq set signa:|{fEdmsaid first
transition triggered ce and saild fransitiongy of said éﬁec%ﬁical si gnal
said trigger pulse e ing-a S . * —
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reset of said first and second transition triggered devices. 4. An
electrical circuit according to-claim3, characterized in that said first
and second transition triggered devices conprise flip-flops. 5 An

el ectrical circuit according to claim 1, characterized in that said
correcting means conprises a digital accumul ator having contents which are
i ncrenmented between sanpling pul ses by a value which is proportional to
sai d product of said predetermned tinme period and said predeterm ned
frequency difference, said accunulatqé %ontents bei ng added to or
subtracted from said neasured phase V {Ye in order to renove said
accunul ati ng phase offset. 6. An electrical circuit according to claim
2, characterized in that it further conprises nmeans to produce a digital
code which represents an instantaneous frequency of said electrical signal,
said nmeans to produce being operable for subtraction of two successive :
i nst ant aneous phase val ues using nodulo 2Pi arithnetic. 7. An el ectrical
circuit according to claim1l1, characterized ipg-.that said trigger neans
conprises: a first trigger circuit for producgGhtga first partial trigger
pul se in response to receiving said sanpling and a positive going
transition of said electrical signal; a®econd8+gger circuit for
produci ng a second partial trigger pulse \n r&fdnse to receiving said
sanpling pul se and a negative going tr -of -sai-d--ehectrical gtgnal
and OR circuit for passing either of s d first or sec partial tFigoer
pul ses as said trigger pulse; and a fllp f1 o _whi ch &é ces a _coriz@&ion
signal in response to said trigger pulée beln}\ od in acd%ﬁdahﬂﬁ%mnth

. . . . v .l
said second trigger circuit receiving dai d-neg @l ve%{.ﬁg tran:&ltl on of
said electrical signal. ‘ < |3 lIr--—--—""7
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8. An electrical circuit according to claim 7, characterized in that it
further conprises correcting neans for. correcting said nonentary state of

sai d counter means AMENDED SHEET REPLACEMENT SHEET 0 4 MAR 1998 22 being
stored in said first register neans by [err] in response to receiving said

correction signal. 9. An el ectrical circuit according to claim S8,
characterized in that said correcting/geans conprises an XOR circuit for
inverting the nost significant bit of said nonentary state. 10. An

el ectrical circuit according to claim 2, characterized in that it further
conprises a second correcting neans coupled to said second register neans
for correcting said resulting nunerical value forE tinming error introduced
by variations in said trigger pulse relative to s@%d sanpling pulse with a
correction factor being proportional to a product <®f said timng error and
an estimate of an instantaneous frequency val ue qgﬁpciated w th said

resulting nunerical value. 11. An electrical ciyquit according to claim
10, characterized in that it further conprises a {requency estigator means
coupled to said second correcting neans for generatii ng said i2§naﬂtaneous
frequency val ue associated with said resulting nuggrical val ug.
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0

:""112 An el ectri chl REALAGEMENBOBBE i ng to clai m 11, % A AN %lﬁi%%s Raged ?

sai d frequency es{iffator neans complri ses a di g t al SCHRIN ‘RA8eE 11 -¢Qi Raged ..
3. ~ An electrichl cig£WMAR 980 ding to claim 12, 18¥p) zedPagad hde paged .
sai d frequency es{i frator rreans coppri ses a subt r act brh- fEanng(®r: preediucitagpaged ...
di fference betweeh curring a predet ef riirfetinetnberpaged ..... to paged......
sanmpl i ng peri ods #part An elfectrical circuitiaccording to claim 2,
characteri zed [ (o) o

sequence. 15, ' AISRE 8?’?‘%"? R Pl o8t 52 ‘

In that i tpréwnushtmuntw'pelreads oat ﬁrthp ¢<mntnrr’|xefqre cresmmg erto(zetqol I!cthbmtcmms

d f d t
For _pr oducBg Ui G PoR &P (paS i s FET ROTELE el PoUo megHiramERbieD e
23 i nst antoatemmdsopdmse of an |nput Si gnal having a center frequency
relative to a r fe enge fre uenc t he steps of: contlnggu%ly -
sai

generating a st ﬁ?'@? 'ﬂthgéFaEB‘Frg’é' IEAYSTENS 3P SRe Aped

reference rédf.aquﬂrmérémna ah@® PR Tdch Ih&0MB tpefié H6r WhRAUAB GieasDieibie i dpplies is
trigger pulse in response to an occurrence of a sanplln pul se and a

zer o- cr os SPhEFIYatn E'i"t defarmgiped; Ry dhe signal itselfn aThis operating iss Eﬁfﬂ" erhtquas gatedlat ed

i N 1 espongBmbfing. € KEis \théte o?ﬁénddésfré@%rsarﬂldiesé?)d §igitide fﬁé).[slﬁﬁalva’ierﬁular Tampllng
correspondi ng to an instantaneous E ase value of said input sig
intervals that are not a function of the possibly noisy or varying signal.

Differential phase detectors are known in the art, see US patent 3,590,381, in
which samples are used together with a squared and shifted version of the input data
signal in order to compare one phase position of the data signal as represented by one
register state with the previous phase position as represented by another register state.
A high speed counter together with a gate exchange as a latching circuit is used like in
the present invention and the gate exchange is triggered to read the first couﬁter state.
This known phase detector makes a differential phase detection of the incoming data

signal and does not aim to create a circuit which present a digital value of the

instantaneous phase angle, solving the problems mentioned above.

SUMMARY OF INVENTION

The present invention is directed to an electronic circuit that directly generates, at
intervals which may be specified, values which correctly represent in modulo 2Pi format
the phase angle of an A.C. signal or pulse train relative to a reference clock signal or
pulse train. Furthermore, the phase values generated are suitable for numerical
differentiation or other processing using modulo 2Pi arithmetic in order to generate digital
representétions. of instantaneous frequency.

A particular feature of the circuit according to the present invention is that the
input signal frequency, reference clock frequency, and phase sampling frequency may be
independently chosen, within practical limits, and are not constrained to have particular
relationships therebetween. A further feature of the circuit according to the present
invention is that the circuit may be configured entirely with digital logic elements.

It is therefore an object of the present invention to provide an electronic device
which generates at specified time intervals digital values which represent in modulo 2Pi

format the instantaneous phase angle of an AC signal relative to a reference clock signal.




characterized in phe—furt of : incrementing a digital accumul ator
at every occurren eREﬂ‘\-AQi‘{"EI L:?ﬁgﬂﬁn pul se by a predeterm ned phase error
val ue, said phaselefror val ue bei hgla product of a predeterm ned tine
peri od between sanplli r®4mARGQ9&n predet erm ned frequency difference
bet ween said repedtilng count cycl requgency and said center frequency of
sai d input signal, phase error value fromsaid stored
val ue and producinpg a corre e val ue. 17. A et hod according to

claim 16, charactelT7€d.1n stgring said corrected phase value in, response
Lo an ocedt it auger ohiset &, PResadti iuenton 1o pavite sl SIectPRic geviss
claim 16, \Ghighajs! Bapasie &N peHBimirg huhidieal GiFfdiehtigfion N6 iﬁé’ﬁné’({?nﬁiﬁb’ug' ng
whet her said reference frequency Wwas on a negative or positive half cycle
when sai d phasggangle walee ippoducetl wsihg htodulo 2 Riedriththetice br dirder to ganeranel6,
characteriged . in that it further_ conprises the steps of: producing a second
trigger pElGHAlvAYe ERseRaNtatonS o INGtanagspvs taAnercobttie ACHEN ot her
zero-crossing transition of said input signal, said other zero-crossing
transition being of opposite polarity to said zero-crossing transition of
sai d i nputlt s gwather ebject of the présent imfentiopctocp@iidt am eleztiomic devieenehichvi ng
said second trigger pulse; and conbining contents being stored to produce a
phase repRiedyses thendigital walue gepresantationf tecipstantaneqliscphasa angle of the

character iﬁ?@%iérﬂ\l \drefiid iﬁbﬁp sanaFﬂ%Bheruéw tﬁgirgfé?’yﬁgpélgck f?gﬁ?e-t:\cy, and

the phase sampling frequency are independently chosen and are not required to

have particular relationships therebetween for utilization by the electronic device

in deriving the instantaneous phase angle value.

It is still further an object of the present invention to provide an electronic device
which produces digital values of either instantaneous phase or instantaneous
frequency of an input AC signal which overcomes the previously mentioned

drawbacks of conventional phase/frequency digitization devices.

These and other objects are achieved by the present invention which provides an

electrical circuit for determining at specified sampling instants a numerical value

which represents as a digital code an instantaneous phase of an electrical signal

as defined in claims 1-15, A counter circuit is provided for continuously

generating a stored count representing a value resulting from dividing the
reference frequency signal by a repeating count cycle frequency, the count cycle
repetition frequency being of the same order as an expected center frequency of
the electrical signal. A trigger unit is provided for producing a trigger pulse in .
response to the trigger unit receiving a sampling pulse at an arming input and a
transition of the electrical signal at a firing input. An intermediate register stores

a momentary state of the counter circuit in

AMENDED  Socct |




REPLACENMENT SHEE'TRéPH\CEIMEﬁTIG%LETZL contents being stored further conprises
the step of perflorjming the follgwjng equation: PRV = MID2n (2A + MODn(B-A)
where n is an ingegeDd MARS99Be |vdl ue stored in response to said trigger
pul se, Bis the vaJ ue stored inlrdsponse to said second trigger pulse, and
PRV is the phase|lrepresentati on val ue produced. 21. A nmet hod according to
claim 16, characterized. in - that—-+ furt®er conprises the step of producing

a digital code which represents an_jnstantaneous frequyency of said, input
si gnal , s§ieﬁpﬁf‘38uc$‘?\g%§‘teepl?ﬁ%¥’m‘%ﬂ’rﬁgt%uEFQéﬁF?ﬁg lgﬂleées@%etngger

i nst ant anpadsephasthey abameniairys atthtienpifi WigradunieimgireditocdPresponds
ari thmeti ¢o % inétsrﬁwﬂgogfcgﬁgg@gvgeua' AeMihe ShAraGIRh 28y thay it

further conprises the step, correcting sald phase value for & timng
error int COFFEEF B vEAESURENs1E n REHAed gfor pEPEESFRINE | Pe EESYAFADY
sanpl i ng pudnseciwalh @ataer def | e f dateime@ahtle Caeydstienn byacta@towindigan
proportio I f i d,tm e r | gate o

st ant ancaranfuB it SHly VIEY, CERR oG He Rl TRty 5
nmet hod ac@®HAURF (Ff 3 aPredetenninet teing eried hatveens sampdingopprsses

the step aingenpraidet@rdindl FFatkReRy 356 Erdd1s el aBﬁﬁﬁScideﬂ%P@)ti‘tabHe
associated. with said i

char act er i 7St h a?g‘g Z?ﬁeé?ﬁ%ﬁgﬂ%ﬁg c?tng\‘ﬁg‘?t Ft%%?%%:égg glgg ggte? ﬁé‘e?ttg%%gla
pr oduci ng signdX er dnceubputecegidtase isabuevided Ufar sfonipgcthe @arnested
nunber of SedRltigy PUMES A’ balue of the counter circuit which is
: transferred from the-intermediate register in response to the
occurrence of the next sampling pulse, which also effects a

storage of the next momentary state of the counter circuit in the
intermediate register.

N

The present invention also relates to a method for producing a digital value which is

representative of an instantaneous phase of an input signal as defined in claim 16,

BRIEF DESCRIPTIbN OF THE DRAWINGS

Fig. 1 illustrates a block diagram of the digitization circuit
according to the present invention;

Fig. 2 illustrates a preferred.embodihent of the trigger circuit
according to the present invention; .

Fig. 3 illustrates a block diagram of a further embodiment of the
digitization circuit according to the present invention;
Fig. 4 illustrates a block diagram of the digitization circuit
according to the present invention including a non-linear
correction unit and a frequency estimator; and :
Figs. 5a and 5b illustrate alternate embodiments of the frequency
estimator according to the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

: : - of
Referring now to 'Fig. 1, a simplified block diagram/a circuit

which implements the principles of the present invention is
shown. A reference clock frequency 10 is generated which is an
integer multiple, preferably binary, of the expected signal
frequency. The reference clock frequency 10 is applied to a
digital counter 12 which divides the reference clock frequency

ST S? 4w anp s S
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AVENDED SHEET} REPIAEMENTeBHERTad Been Repl aced 22. An electrical circuit
according to cf g ™n daid conbining circuit conbines the contents

| ’
of said first ja C gﬁ‘ébgéfge | at ches by performng the foll ow ng
equation: PRV E n@ N(EB-A)) where n is an integer, Ais the
d first storagell gtch, Bis the content of said second

content of sai

storage latch,{and PRV is the prase3Pepresentat|on val ue produced. 23.An
el ectrical cireutt—accordtmg—to-claim 17, further conpris- ing neans to
produce a digital which re n§§fnts an |ns aQEBiHaryf r equency of
sai d i nput signaFOﬁgng means f§$ oduci ng bei ng operabhe for subtraction
of two success v% |nstantaneousd@665e val ues of sai ggpgput signal using
nodul o 2Pi ari tic. 24. An el ical circuit accepgqng to claim 17,

wherein said tf %;Er circuit COQRﬁ ses: a positive fypgysition trigger

circuit which prqQduces a positiy ransition triggeboq | se in response to
recei ving said|s ling pulse a positive going sition of said input
signal; a negativye transition tr er circuit mhich%?a duces a negative

1

transition tri;g6 pul se in reso1 e to receiving s sanpl i ng
7 0111 0100
8 1000 1100
9 1001 1101
10 1010 1111
11 1011 1110
12 1100 1010
13 1101 1011
14 1110 1001
15 1111 1000

With normal binary coding, if the trigger pulse occurs ‘exactly

at the instant the counter 12 is incrementing, several digits can

be changed at once, e.g. the transition from 0111 (7) to 1000

(8). There is the danger that the bits change at finite and

slightly different speeds. This transition may cause a false

value to be latched in which some of the bits have been changed

and others have not. For example, in the transition from 0111

(7) to 1000 (8), if the most significant bit changes slightly

faster than the remaining bits, the erroneous state 1111 (15)

could possibly be latched. By using Grey coding, however, only

one bit changes at a time. Therefore, the only two alternatives

that can be latched if the trigger pulse occurs at the time the

counter 12 is changing are the previous value and the new value,

either of which is equally viable. When a Grey coded counter

sequence is used, a Grey-to~binary conversion is needed to

facilitate the performance of subsequent arithmetic such as

addition/subtraction on the phase value. Therefore, it ién
convenient to utilize a Grey-to-binary converter 26 at a point
between the intermediate latch 22 and the output latch 25.

The trigger circuit 14 required in Fig. 1 may be implemented
according to the logic diagram illustrated in Fig. 2. Referring
thereto, a first edge-~triggered (D-type) latch 26 has the
sampling pulse source 16 connected to its clock input, and a

| AWIENDED  wost




pul se and a negative going transition of said input signal; an OR gate for
passi ng either said ppsitive—transitian trigger pulse or said negative
transition trigger pu| SREPAACEMENT SHEEIugr pul se; a flip-flop which produces
a correction signal ip [esponse—to ig trigger pulse being produced in
accordance with said negabl VR gﬁaa ign trigger circuit receiving said
negative going transifip é gct|rild®al signal. 25. An_el-ectrical
circuit according to Ll Im2/‘., furthdr [conpris- ing correcting nmeans for
correcting said stored val ue of said fifrst storage latch by [err] in

[esponse {0 eahiYhBgy SBY I CRRLCRELTITR (A LhirssStRet ahis1

BeenRepl acegcggﬁk ectrical circuit lz_iccordsl—’né“etao cl g.l m ZSahl\gj\?ﬁearlélirl-sozil] d
correcting P@&H§et‘,‘or¥5\ei SCoR ngOPhRgce TIPSy NG e HREGRRY @R f | Iht

bit of sai d cwirgleet ivakUgre AhpARneheeli bl cokrectionandtdsadin ordeai thaltr,

further comples-d0f SECONSSRLT SPLURKH M2RRLCOURLESLLS 331 EhRUiEUEny

storage |a CorTect ng sard e val uée i nt roduced
by vari ati or@qwcs?éi @n Ielsg'-Q-BPtEuP§eth€| petakion %@%P?n&hﬁu%@%ﬁ‘?% a

correction factigputs phdse0hh§tésON FAGHY input frequency is constant, the
output result will be accurate to the number of digits of the
arithmetic used. If, however, the rate of rotation of the phase

angles in the input sequence is not perfectly constant, e.q.

noisy radio signals, the accumulator 57 and correction unit 58
. will continually correct the error between the input sequence and

values and the stored values. Thus, the resulting estimate will

only be that of the input frequency at that particular moment.
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bei ng proportional to a product of said timng error and an estinmate of an
I nst ant aneous Woci ated with aiﬁg_ f va-te- -
28. An electrie ITcuit ac hng to claim 27, Y 'Jnﬁiiﬁﬁ'- ing a
frequency esti W\l E)\;“d to said secondjcorrecting rreEns for
generating sai 2@‘““\ k 5 a

I

sl equency pgal ue @sgod 4tMaR ¢ d phase
val ue. 29.An eleciriccal circuit according to cfajm 28, wher’el nfshid
frequency estimator nmeans conprises a digital hé?eTT"O'ck-—l-eechi rcuit.

30. An electrical circuit according to claim 28 rein said frgquency

esti mat or GRIMSs conprises a subtractor neans for produci ng a difference

bet ween phase val ues occurring a predeter- m ned nunber of sanpling periods
apart. 31.An electrical cjrcuit according to claim17, wherein said counter
neans produces AP elestficabaiEeritc i detprmiping et cwpecified gampling instants & inumgrical
accor di ng vaRieClvAicR régresdrits 86 digRANEdde ar MBtaftdrebls Pﬁéé@ oY efeftical ighal
coupl ed between said internediate | atch and said output |atch. 33. A nethod
for produdiaMi§gaadcentet | frequeney \ielative | tp racgetetanse fraauensy osignal. | $aid agitaliteous
phase of q:gnjplﬁgmb: signal relative to a reference frequency, conprising the
steps of: -

counter means for continuously generating a stored count representing a value
resulting from dividing said reference frequency signal by a repeating count cycle
frequency, said count cycle repetition frequency being of the same order as said center
frequency of said electrical signal;

trigger means for producing a trigger pulse in response to receiving a sampling
pulse and a transition of said electrical signal; and _

first register means for storing a momentary state of said counter means, said
momentary state of said counter means being transferred to said first register means in
response to said first register means receiving said trigger pulse, and said momentary
state 'corresponding to an instantaneous phase value of said electrical signal,
characterized in correcting means for correcting a resulting numerical value in said first
register means by removing accumulating phase offset value, said phase offset value
being a product of a predetermined time period between sampling pulses and a
predetermined frequency difference between said count cycle repetition frequency and

said center frequency of said electrical signal.

2, An electrical circuit according to claim 1, characterized in second register means
for storing said corrected resulting numerical value of said counter means which is
transferred from said first register means in response to an occurrence of a next
sampling pulse, said occurrence of said next sampling pulse effecting a storage of a next

momentary state of said counter means in said first register means.

3. An electrical circuit according to claim 1 or 2, characterized in that said trigger

means comprises:
a first transition triggered device which is set in response to receiving said
sampling pulse and producing a set signal; and a second transition triggered device

which is set in response to receiving said transition of said electrical signal, and that said
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accor di ngtriggerchuisenis3rotivcedhiey said secord trgnsitien wi dodev
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or adet er necaH SRS TS ndgerer s EaFRG kBt 3 Bef A3R B B TF e teBiimn o
a predet etriggéeved device apdrsaidtriraitivheot saithgkbctrigal sigrat Saiiwiggemnpudsteéféectingea
frequency differepnce between said repeating,count cycle frequency and an
expect ed €8¢ &5y ﬁ'ﬁh@ﬁ‘i?‘*@f‘%@"ﬁ't'f’ﬂ fIA9eL %GRSy enpvi ng sai d phase error
value fromsaid stored value and producing a corrected phase val ue; and
storing said corrected phase value in response to an occurrence g_f a next
sanpl i ng Pul se N FEANGRL HHEHT ACOINYP 8| i fhrasacterized, iy thag sad ¥¥tg2ihe
step of rgeehdiatsiibe tiiRjercerdddides cBMPRSETIpLRBIENCY Was on a negative or

5. An electrical circuit according to claim 1, characterized in that said correcting
means comprises a digital accumulator having contents which are incremented between
sampling pulses by a value which is proportional to said product of said predetermined
time period and said predetermined frequency difference, said accumulator contents
being' added to or subtracted from said measured phase value in order to remove said

accumulating phase offset.

6. An electrical circuit according to claim 2, characterized in that it further
comprises means to produce a digital code which represents an instantaneous frequency
of said electrical signal, said means to produce being operable for subtraction of two

successive instantaneous phase values using modulo 2Pi arithmetic.

7. An electrical circuit according to claim 1, characterized in that said trigger means
comprises:

a first trigger circuit for producing a first partial trigger pulse in response to
receiving said sampling pulse and a positive going transition of said electrical signal;

a second trigger circuit for producing a second partial trigger pulse in response to
receiving said sampling pulse and a negative going transition of said electrical signal;

and OR circuit for passing either of said first or second partial trigger pulses as
said trigger pulse; and

a flip-flop which produces a correction signal in Iresponse to said trigger pulse
being produced in accordance with said second trigger circuit receiving said negative

going transition of said electrical signal.

8. An electrical circuit according to claim 7, characterized in that it further

comprises correcting means for correcting said momentary state of said counter means
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phase representa- tion val ue. This Sheet Has Been Repl aced 37. A net hod
accor di ng®8®fcl ai m 36 wherein said step of conbining said contents being
stored further conprises the step of performng the foll ow ng equation:
PRV = MOD2n (2A + l\/[DngB-A)) where n is an integer, A is the value stored
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produced. 38. A nethod according to claim 33 further conprising the step of
state.

10. An electrical circuit according to claim 2, characterized in that it further
comprises a second correcting means coupled to said second register means for
correcting said resulting numerical value for a timing error introduced by variations in
said trigger pulse relative to said sampling pulse with a correction factor being
proportional to a product of said timing error and an estimate of an instantaneous

frequency value associated with said resulting numerical value.

11. An electrical circuit according to claim 10, characterized in that it further
comprises a frequency estimator means coupled to said second correcting means for
generating said instantaneous frequency value associated with said resulting numerical

value.

12.  An electrical circuit according to claim 11, characterized in that said frequency

estimator means comprises a digital phase-lock-loop circuit.

13.  An electrical circuit according to claim 12, characterized in that said frequency
estimator means comprises a subtractor means for producing a difference between

phase values occurring a predetermined number of sampling periods apart.

14.  An electrical circuit according to claim 2, characterized in that said counter

means, produces a Grey coded counter sequence.
15. An electrical circuit according to claim 14, characterized in that it further

comprises a Grey-to-binary converter coupled between said first register means and said

second register means.

16. A method for producing a digital value which is representative of an
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producmg a trigger pulse in response to an occurrence of a samphng pulse and a
zero-crossing transition of said input sngnal

storing said value generated in response 1o receiving said trigger pulse, said
stored value corfesponding to an instantaneous phase value of said input signal,
characterized in the further steps of: _

incrementing a digital accumulator at every occurrence of said sampling pulse by '
a predetermined phase error value, said phase error value being a product of a
predetermined time period between sampling pulses and a predetermined frequency
difference between said repeating count cycle frequency and said center frequency of
said input signal, and removing said phase error value from said stored value and

producing a corrected phase value.

17. A method according to claim 16, characterized in storing said corrected phase

value in response 1o an occurrence of a next sampling pulse.

18. A method according to claim 16, characterized in that it further comprises the
step of recording whether said reference frequency was on a negative or positive half

cycle when said trigger pulse is produced.

19. A method according to claim 16, characterized in that it further comprises the
steps of:

producing a second trigger pulse in response to receiving said sampling pulse and
another zero-crossing transition of said input signal, said other zero-crossing transition
being of opposite polarity to said zero-crossing transition of said input signal;

storing another value generated in response to receiving said second trigger
pulse; and

combining contents being stored to produce a phase representation value.

20. A method according to claim 19, characterized in that said step of combining said
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contents being stored further comprises the step of performing the Tollowing equation:

PRV = MOD2n (2A + MODn(B-A)

where n is an integer, A is the value stored in response to said trigger pulse, B is the
value stored in response to said second trigger pulse, and PRV is the phase

representation value produced.

21. A method according to claim 16, characterized in that it further comprises the
step of producing a digital code which represents an instantaneous frequency of said
input signal, said producing step including subtracting two successive instantaneous

phase values of said input signal using modulo 2Pi arithmetic.

22. A method according to claim 17, characterized in that it further comprises the
step of correcting said phase value for a timing error introduced by variations in said
trigger pulse relative to said Sampling pulse with a correction factor, said correction
factor being proportional to a product of said timing error and an estimate of an

instantaneous frequency value associated with said phase value.

23. A method according to claim 22, characterized in that it further comprises the

step of generating an estimate of said instantaneous frequency value associated with
said phase value.

24, A method according to claim 23, characterized in that said generating step
further includes the step of producing a difference between phase values occurring a

predetermined number of sampling periods apart.

AMENDED  SHEET




