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3,218,479
PHASE DETEC T Oﬁ ASSEMBLY
James E. Webb, Administrator of the National Aero-
naufies and szace Administration, with respect {0
an invention of Gordon D. Ardersen
Filed Feb. 28, 1963, Ser. MNo. 261,517
4 C!alms. (CI 397—-—88 5). :

This mventxon relates to the art of electrical s:gnai‘

processing and particularly to means for discriminating
with respect to a first signal in terms of the presence or
absence of a second signal at the time of occurrence of
the first signal:

10

It has been found necessary in certain applications of -

very high frequency generators, frequency multipliers and

_ dividers to determine their short time, cycle to cycle, sta-
bility or accuracy, it haviug been found that information

as to the long-time or statistical accuracy of these devices,
which may be excellent, is an inadequate guide as to their

" short term accuracy. It will be appreciated that short

term_accuracy becomés more important as information
is electricully processed at higher and higher rates.

It has further been found that short term signal dis-
turbances due, for example to electrical noise, are mani-
fested by wave form distortions and that the extent of
distortion can be related as a phase measurement by com-
paricon with a signal from a frequency standard operat-
ing at the same fregquency, at a multiple frequency or
submultiple frequency.

Phase measurement or comparison is, in accordance
with this invention, accomplished by means which com-
bine the functions of anticoincidence detection with sig-
nal sampling in a manner which compares the time of
occurrence of the leading edges of the two wave forms
eompared. If the wave form of inferest coincides with
or lags the reference wave it will be inhibited .and no
output will be produced. If the wave form of interest
leads the reference wave form an oufput will be pro-
duced. By meazns of a conventional counter it is possible
to di:tinguish these condiiions on a L} cle for cycle basis.

While it was first concluded that tht above functions
could have been achieved by a combination of several
devices such as “and” circuitry for gating and coincidence
detection with multivibrator flip-fops providing signal
sampling and lock-out, it was conceived and determined
that these functions could be performed by a much simpler
combination of circuit elements.

In accordance with these findings, the invention, an
electrical discriminator or phase defector assembly, em-
ploys iwo nonlinear circuits each of which includes a
resistive element and a two terminal nonlinear circuit
mesns, such as a tunnel diode, which provides a first and
second positive resistance operating regions separafzd by
a negative resistance region, the nonlinear circuits being
common to the extent of one of the nonlinear means which
has a higher current peak (d factor of appioximately 2
produces excellent operation) to its first positive resist-
ance region than the other nonlinear mesns.  Biasing

mezns, such as a direct current source and a resistance

element in series, are conmected across the nonlinear
means ia a pelarify to Lias- both nonlingar means to a
point of opcration in their first (lower voltage) positive
resistance regions. Sensing means such as an electrical
pulse counter fo read-out the output of the discriminatoer
is connected across the uncomunon nonlinear means
through such resistance as {o prevent s;gmﬁxaf}t loading

effects upon the digeriminator.

The objectives, features and advantages of the present

invention will become more apparent from the following

discription when considered together with the accompany-

ing drawings in which:
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FIGURE 1 is a schematic circuit diagram of an em-
bodiment of the invention; and
FIGURES 2-20 are graphical representations of char-
acteristics of operation of the em‘*odxmem shown in FIG-

" URE 1.
Referring now to the drawings and initially to FIG- .

URE 1, input terminal 30'connecied to-a common point

-or ground 32 and input terminal 34 provides a first cir-

cuit input across which is applied a first signal 35 from
first generator 36 through adjustable delay line 37 which
is a pulse train’ (e.g. 10 mc.) having 2 posmve pulse am-
rlitnde of 5 volts {at ferminal 34 with respect to terminal
50) producing currznt pulses Iy, The first cwcuit input
is connected through input resistor 38 (e.g. 2700 ohms)
dcross tunnel diode 40 (e.g. 1N2969), resistor %8 being

connecied between te minal 34 and the catbode {erminal.

39 of tunnel diode 40. The anode terminal 41 of tunnel
diode 48 is connectéd .to circuit ground. Current pulses
I, thus flow through a first circuit or cu-cuit leg from
terminal 34 1o ground 32.

A second circuit input is provided by input terminals
42 and 30 across which is applied a.second signal 44
from second gencrator 45 to be compared with the first

- signal 35. The second signal 15 an alternating current

pulse wave (e.g. I me.) having an amplitude of 2.5 volts
and a peak-to-peak voltage of 5 volts (the same as genera-
tor 36). This second circuit is connected through resistor
486 across tunnel diodes 48 (e.g. 1N2939) and 40 in series.
Resistor 46 connects between terminal 42 and the cathode
terminal 49 of tunnel diode 48, and the anode terminal
50 of tunnel diode 48 connects {o the cathode terminal

39 of tunne] diode 40. Diode 40 is chosen to have a

higher peak current characteristic (e.g. approximately'
double) than diode 48. Current pulses I, Sow from
terminal 42 {o terminal 38 when the polarity of the input

is positive at terminal 42 with respect o terminal 30. . -

Of the diodes cited as examples, diode 40 has a tunnel
region peak current of approximately 2.2 milliamperes
(ma.) and diode 48 of approximately 1 milliampere.

A biasing circuit consisting of a direct current source.
(e.g. 1 volt) 51 in series with resistor 52 (e.g. 2000
ohms) is connected across tunnel diodzs 40 and 48 which
raises the current operating point of diode 48 to a point
on its first positive resistance, which is about half the
value of iis peak point current (a point dividing the first
positive resistance region from the nega \ive resistance
region) Thus, resistor 46 is on the order of half again
the value of resistor 38 and resistor 46 is on the order of
double th‘, value of resistor 52.

The output of the discriminator is obtained across
diode 4,) and appears at output terminals 54 and 56
ch it is applied to a pulse counter 58 such as
would umude standard means for amplifying (e.g. a
broad band differential amplifier would be employed to
drive standard commercial counters), counting and print-
ing out a pulse count, In addition to the cm_ntér the
discriminator oswmbly as a whole includes resistors 68
and 62 (e.2. 10,000 ohms each) which are connected one
in series with sach outpui terminal fo help isolate output
cireaitry, such as counter 58, from the discriminator and
prevent 4 f‘?ectb, as from lower impedance output
from effecting discriminator operation. Resis-

tor &8 obnr&c cts betwekn terminal 54 and the cathode of

diode 48 and resistor 62 connects between terminal 56
node of diode 48.

examine the operation of the circuitry, assume first
that neither of the input signals are present. The dis-
criminator output, which appears across tunnel diode 48,
is then governed by the current through the series circuit
corisisting of source 51, resistor 52 and diodes 48 and 40.

Since the current cannot exceed .5 milliampere (ma.).
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through this circuit due to the 2000 ohms resistance of
resistor 52 zlome, It appears from FIGURES 2 and 3
showing the approximate current-voltage characteristics
of dicdes 40 snd 48, respecti\’ely, that the voltage drops
and thus the resistance will be quitée small with respect o
the resistance of resistor 52. This indicates that the cur-

" rent through diode 48 will be just slightly below .5 ma.

and this point is plotted from the bias load line 64 of FIG-

URE 4, as point 65 on. FIGURE 3 resulting in an ir‘n‘tial_

or resting, output volfage across diode 48 of approxi-
mately .02 volt, for a no smnal condition. Thus.diodes 40
and 48 both remain in their low voltage regmns 53 and 55,
respecnvely

Next, assume that the first sxgnal or pulse train 35 is
apphed across the first input between terminals 34 and 30

and is undelayed by adjustable delay line 37. This in

turn has the effect of increasing the current through diode
40 as this applied signal is connected through resistor 38

‘across diode 48, To determine the current now through
diode 48 load line 64, and load line 66 representative of

first input circuit 67 (source labeléd 35(a) represents D.C,
equivalent for signal 35), shown in FIGURE 5, are com-
bined as load line 69 in FIGURE 6. Plofting load line
69 on FIGURE 2, it is seen that the current through diode
40 would be approximately 2.3 ma. and exceeds the peak

10

4
be preserved. ¥ diode 40 is maintained in its high volt-
age state by current from second signal 44, the voltage
drop across diode 480 will reduce current flow throngh
both diodes such that ‘current thropgh diode 48 will be
insufficient to raise diode 4% to its high voltage state as
already shown, In this manner, output which would be
pmvol\ed by the presence of second sxgnal 44 alone or
occurring first is prevented,
The combmed voltage drop, across both d;odes

plotted in FIGURE 9 as curve 87, diode 40 being in a
high state or forward region 72 (FIGURE 2) and diocde

48 being in a low voltage state 55, Curve 87 is plotted

25

current Ip for diode 40. The result'is that diode 40 flips .

from its low voltage state 72 is point 73. From point 73,
the intersection of load line 69 and the characteristic

curve of diode 40, it will be seen that the current through -

diode 40 is now approximately 1.9 ma. with a voltage
drop of approximately .49 volt.

30

With this increased voltage drop in the serigs circuit

through diode 48 it is significant to examine the effect
on the output voltage. Turning to FIGURE 4, a modified
Ioad fine 75 (shown in broken line) is drawn from a
source voltage of approximately .5 volt (insicad of 1
volt), representing the net voltage applied fe the bias
circuit with the subtraction of the voltage now across
diode 40 from the voltage of socurce 51. Plotting load
line 75 on FIGURE 3, it appears from Iintersecting point
77 that thére bas occurred a deerease in ouiput voliage,
across diode 48, of from approximately .02 volt to 01
volt, a very slight change, however, compared to changes
which, as will be shown, occur when inputs occur in the
proper order for response (Ip leading I;). Accoidingly,
it may be concluded that a signal across terminals 34
and 30 along does not produce a sigpificant output.
Next, the case is considered where sagm’l 44 is applied
to the second input in the presence of signal 35 applied
to the first input. Signal 44 should be the lower fre-
guency if the input signals are of different frequency (if

different, zignal 35 s‘muid be. integral mulixpie of signal -

44) and here we will assume that signal 35 is at 10
megacycle rate and sigpal 44 is a 1 megacycle rate. With
the occurrence of a positive half cycle of signal 44, cur-
rent. through diode 48 increases and in accordance with
FIGURE 3 the voltage increases.

Current fowing in diode 48 is the result of the bias
plotted as load line 75 in FIGURE 4 and the signal volt-
age (2.5 volt source 44(a) reprcsenta"vc of signal 44,
and source 48{a) reerwLauw of voltage across diode
46) ploited as load line 79 in FIGURE 7. The sources
are r=presented schematically as batteries for this instan-
faneous case. The composite load line 81 of Joad lines
75 and 79, shown in FIGURE 8, is replotted in FIGURE
3. As will be noted, the resulting current in diode 48 is
shown at point 83 as approximately .61 ma. at a drop of
approximately 025 volt, demonstrating that diode 48 is
not raised to its high voltage state by the presence of both
signals, signel 35 having occurred first. Im fact, the volt-
age across diode 48 does not change sigmnf’ant}y

At the end of the first cvele of first signal 35 (point
83), current {rom this source will drop to zero but diode
48 must remain in the low voliage state (no oiiput) even

_in the presenee of signal 44 if the intended logic is fo

40

45

55

60

i and it

75

between current limits of the valley point 88 of diode
49 and the pgak point Ip of diode 48.  Load lines for
resistor 52 (load line 64) in bias circuit 65, and for re-
sistor 46 in mput circuit §9 \resxsior 46 and source 44aj

‘are piotted in FIGURES 4 and 10 (load line 98), re-

spéctively, and their combined current is plotted as curve
%1 in FIGURE 11. A re-plot of FIGURE 11 on FIG-
URE 9 shows that the total current is approximately
0.56 ma. through the -diodes which is sufficient (above
the valley point) to hold diode 40 in its high voltage
state but insufficient to trip diode 48 and produce a sig-
nificant output "The voltage drop will cause a small
negative. going change in the output as the current in
diode 48 decreases from about .61 ma. to about .56 ma.
(point 93 of FIGURE 3) of about .003 volt.

It has now been demonstrated that if a signal occurs

. in the first input circvit 67, no output will be produced;

that if both signals are present, with signal 35 occuring
first, no output will be produced, and finally, if signal
35 goes off in the presence of signal 44, as would be -the
case if signal 35 were higher in fréguency, no cutput will
be produced.

At the end of the cyele just described, iaput signal”
44 will go negative at point 84 (FIGURE 1) for ¥
cycle at the frequency of signal 44 returning diode 40
to its original low voltage state for the duration cf this
negative palse extending in time {0 poiat 96.- At the next
ip-crossing of the nxis -of input signal 44, diode 46 will
again be switched to-its high voltage state by signal 35,
provided first signal 35 is. present, and the events dis-
cussed above-will repeat, If a first signal pulse of signal
35 is not present at the up-crossing of signal 44 (a posi-
tive pulse of signal 44 occurs before a pulse of signal
35) diode 40 will not be tripped until a pulse of signal
35 occurs and the state of diode 49 will then bave no
significance. This is demonstrated in the following dis-
cussion.

If positive signal 44 occurs in. the absence of and
thus leads signal 35, diode 48 will be raised to its high
voltage state 97, The total current ‘nrounh the diodes
resulting from the bias and signal 44 Is plotied in FIG-
URE 11. Re-plots of curve 93 of FIGURE 11 on the
tunnel region of diodes 40 and 48 given in FIGURES
2 and 3, respectively, show that diode 48 will be raised
to its high voltage state but diode 40 (at point §8) will
not. The high voliage state voltuge across diode 48 ap-
pears at curve intersection 25 (FIGURE 3) to be about
48 volt, This voltage will appear on the output as a
significant sizhal pulse having a rise of from about .01
volt ‘(point 77) to .48 volt which will be amplified and
counted by counter 58.

If pulse signai 35 appears in the presence of pulse
signal 44 ﬂmc will be three sources of current on diode
be xmc\«j fo its high voltage state, It is
8 remains in the bigh
P output.  The voltage
%4 15 shown as curve .
99 in FIGURE 12, as a re of the bias supply it is
shown as curve 188 in FIiC 1% and as a result of
signal 35 it is shown as curve &6 in FICURE 5. The
total current throvgh diede 48 s piotted as curve 101
in FIGURE 14 and replotted on the forward conduction
portien of the curve for diede 40 in FIGURE 2 to show

ROW 5¢
voltage s

135 H
across diode «“J as a xgm,it o
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an intercept point 203 at approximately 0.5 volt. Once
in the high vollage state, the voltage drop across diode
46 will be a minimum of 0.49 volt due to the current flow
from signal 44. Therefore, we can treat dipde 40 as a

fixed supply 40(a) of 0.49 voit (plus additional drop on

the linear portion of the forward conduction region of
diode 48 duve to current from the second input signal
44) in series with diode 48 as shown in curves 105 (FIG-
URE 15) and 106 (FIGURE 16). FIGURES 15 and
16 give the nev: current through diode 48 due to the cuf-
rent from the second signal 44 and bias sopply, respec-
tively. The total current through.diode 48 is then plotted
in FIGURE 17 as curve 108 and replotted on the con-
duction curve for diode 48 in FIGURE 3. As shown in
FIGURE 3 at pﬁmt Iiv, the ouiput voltage has decréased
to 0.42 volt bhut since the current through diode 48 is
grester than the valley point current, (at point 112)
iode 48 ‘will remain in a high-voltage state. The cir-
cuit output has dropped by 0.060 volt. This is small
ang, it is relanvely simple to adjbist the sensitivity “of
output responsive devices such as counter 58, to which
the output of diode 48 is fed, o be unresponswe to this
change in view of the amphtué_ev of maximum output
whii:h is about eight times this value,

When signal 35 disappears in the presence of signal
44 both diodes will remain in their high voltage states
due to the current from signal 44 and the bias source,
however, the voltage drop 48(a) adross diode 48 will

rise slightly, The current through diodes 40 and 48 is .

plotted as curve $1 in FIGURE 11 and replotied in FIG-
URE 18, which is a plot of the combined voltage drops
of diodes 40 and 48 in their high voltage state. The in-
tercept is at 0.66 ma., and this may be taken as the cur-
‘rent flowing through both diodes. Referring to FIGURE
3, it will be scen that the voltage drop corresponding to
this current, at point 113, is approximately 0.45 volt; a
rise of 0.025 volt.

The output to counter 58 will thus fluctuate between
.42 and 0.45 volt (approximately) with the signal 35
for the durution of the positive portion of inpwt signal 44,

At the con clusion of the positive portion of signal 44,
diode 48 will return to its low voltage state removing
the output signal. Diode 48 will returm to its low volt-
age siate at the next down-crossing of signal 35 and both
diodes will remain in their low voliage states for the dura-
tion of the negative half-cycle of signal 44.

The output signals are summarized in FIGURE 19
for the case where a positive pulse (Iy) of signal 44 lags
a positive pulse: (I;) of signal 35, and in FIGURE 20
for the case where a pulse of signal 35 lags a positive
pulse of signal 44. A 25 nasosecond (10-% seconds)
lead or lag between signals has been assumed for this il-
lustration and the frequencies are assumed to be 10-mc.
for signal 35 and 1 mc. for signal 44. For clarity, rise
and switching times have not been plotted, but these are
on the order of ! or 2 nanoseconds for the diodes set
forth as examples above.

The significance of the effect of the time positions of
I, and 1; is manifest. In FIGURE 19, I, lags I; and
a significant oufputi responsive to I is inhibited, whereas
in FIGURE 20 with I, leading I;, there is a circuit out-
put responsive to I, which is quite significant and de-
tectable by counter 58. By intentionally introducing a
known time delay, by delay line 37, the occurrence of
the output of generator 36 may be adjusted with respect
to generator output 44 and pulses counted by the circuit
in instances where I, actually lags the positive pulse out-
put of generaior 36 and thus lead or lag conditions ob-
served. If a fixed phase delay of a known amovunt is
introduced, we are in effect, measuring the number of
times during any convenient interval of time that the
shift in phase of the signal from source 2 exceeded that
delay. Thus if a number of delay settings are used in
succession and a count chiained for each, we will obtain
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nigue is the gating of a simple pulse train.

-source through the fest

6

a statistical-distribution for the short term phase behavior
of the signal

Alternately we may use the device for precise measure-
ment of extrémely small phase differences by means of
a calibrated delay line and a rapid -series of go/no-go
fests. :

it is to be obaerved that whﬂe the’ present invention
affords an excellent mieans of phase comparison of Lke

requencies, if automatic recording of changing response
{phase stability) is required, the effective frequéncy. limit
of counter 58 is greatly extended by two-frequency signal
sampling of the character described. Accordingly, the
implicit feature of signal gating is made adjustable to
make more versatile the employment of the invention:

There- -appears o be a npumber of other applications for

the invention in the general field of event deiection and
phase measurement: For example, delay-lock-loops are -
currently being proposed for long range radar systems.
Such a loop provides an extremely narrow band signal-
tracking filter in a manner similar to the conventional
phase-lock-loop except that outpnt signals remain phase’
coherent.  Unfortunately, the electronic phase shifters
necessary for this technigque havé peither the prec;sxon
por frequency capability necessary for modern radar
applications. However, banks of fixed phase shift ele-
ments and high speed” swﬁ{:har’g might be used in liem
of phase shifters if a suitable detector and switching ele-
ments were available, In other words, the requirement
would be digitized and phase shift would be controlied
by a series of go/no-go tests. This invention performs
cxactly this function. In this use a number of the cir-
cuite would be required and the input signai would be
passed through parallel paths consisting of arbitrary
phase shifts. The proper delay would then be selected
and roufed to the delay lock loop.
. Another example of use is in analog to digital con-
version of phase information. The most prevalent tech-
Precise con-
trol of gate width is difficolt and the method is subject
to errer due to circuit Bmitations such’ as gate slope.
An ensemble of phase detectors as herein disclosed would
be used to give a more precise digital readout on a cycle
by cycle basis. For this application the reference phase
shift of each detector would be adju<ed so that signals
occur progressively later for cach detector. The ftest
inputs and the output terminals wouvld then be tied to-
gether by suitable isolation circnits. If the output of
each detector was first differentiated the number of pulses
would be a direct indication of the amount of phase
shift necessary to “balance” the test signal

Still enother example of use was discovered during
operation of the invention when it was noted that very
small differences in line lengths on the two inputs could
be readily resclved by supplying both inputs from a single
lines. This simple iest setup is
analogous to interferometer measurements, .

Obviously, many other modifications and variitions
of the present inventien are possible in the light of the
above teachings. It is, therefore, to be understood that
within the scope of the appended clalms the invention
may be practiced other thian as specifically described.

What is claimed is:

1. A phase defector for compariag the phase relation-
ship between 2 first input signal and a second input signal,
said first input signal being a series of regularly recurring
positive polarity ; pulses and said zecond input signal being
a series of aliernating pulses, the frequency of said first
input signal ’ocmg an integral multiple of the frequency
of said second input signal, said phase detector com-
prising: a first tunpel diode connected between a first
input terminal and ground; a second tunnel diode con-
necied between a ‘second inpst terminal and said first
input terminal, said second tunnel diode having a peak
current characteristic of appfoximately one half the peak
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current characteristic of said first tunnel diode; biasing
ineans connected across said first and second tumnel
diodes for biasing said tunnel diodes in their first posi-
tive resistance regions; first means for applying said first
input signal to said first input terminal; second means
for applying said second mput signal to said second in-
put teiminal, whereby said “second tunnel diode is
switched to its high voltage region only when said second
input signal leads said. first. input sighal in phase; and
output means connected across said second tunne] diode
for sensing voltage rises thereacross; thereby to provide
an ouiput indicating. that said second mpui Signal leads
said first input signal in phase.

2. A phase detector as described in claim 1 wherein

the integral multiple of the frequency of said first mput"

signal with respect to the frequency of said second input
signal is one. :

3. A phase. dctector as described in claim 1 wherem
said first means {or applying said first input signal in-
cludes an adjustable phase delay whereby the phase rela-
tionship between said first input signal and said second
input signal may be varied by adjustment of said ad-
justable phase delay.

4. Apparatus for detecting the phase relationship be-
tween a first input signal and a second input signal, said
first input signal being a series of regularly recurring
positive polarity reference pulses and said second input
signal being a series of alternating pulses, the frequency
of said first input signal being an integral multiple of the
frequency of said second input signal, comprising in com-

10

20

bination: a first nonlinear circuit including a first tunnel
diode connected between a first input terminal and groupd;
a second nonlinear circuit including a-second tunnel diode
connected between a second -input terminal and said
first input terminal, said second tunnel disde having a peak
current peak charaeteristic of approximaigly one half the
current peak characteristic of said first tunnel diode; bias-
ing means connected. across said first and second tunnel
diodes for biasing 'said tunnel diodes in their first posi-
tive resistance regions; means for applying said positive
polarity reference pulses to said first inpui terminal, and
means for applying said alternating pulses to said second
input terminal, whereby said second tunnel diode is

‘switched to its high. voltage repion only for the duration

of the positive portion of each alternating pulse which
leads in phase the positive polarity reference pulses; and

counter means connected across said second tunnel diode.

for sensing voltage rises across said second tunnel diode
whenever said second tunne] diode is switched to its
high volitage region, whereby an cutput at sajd counter
means indicates that said allernating pulses lead said

positive polarity reference pulses in phase.
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