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57 ABSTRACT 
Biological signals (especially, e.g., fetal QRS com 
plexes) are monitored with signal processing circuitry 
featuring, in various aspects, in the fetal heart rate 
monitor, automatic thresholding of maternal and fetal 
signals; a digital phase lock loop for generating fetal 
heart rate signals related to the loop frequency, the 
loop including means for estimating the rate during 
occurrences of blank spaces caused by removal of sig 
nals representing merged maternal and fetal heart 
beats; counter controlled means for disabling readout; 
low impedance preamplification of signals received 
from the body; and a low Q filter with significant use 
ful output energy in the 50-100Hz range, 60Hz noise 
being removed by a notch filter. 

46 Claims, 18 Drawing Figures 
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BIOLOGICAL SIGNALS MONITOR 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
This invention relates to monitoring biological sig 

nals, and is particularly applicable to the measurement 
of fetal heart rate. 

2. Description of the Prior Art 
It is known that the patterns of change in fetal heart 

rate during labor contain information about the well 
being of the fetus. Thus, efforts have been made to ac 
curately measure fetal heart rate. Some of these efforts 
have employed direct acoustical pickup. Others have 
relied upon the doppler shift in an ultrasonic signal re 
flected from the moving wall of the fetal heart. Still oth 
ers detect electrical signals, either directly from the 
fetal scalp, or through the maternal abdomen. Abdomi 
nal detection is complicated by the masking effect of 
the maternal heartbeat, which is many times stronger 
than, and frequently merges (i.e., occurs simulta 
neously) with, the fetal, and by a variety of other 
sources of noise that make accurate detection of the 
very weak fetal signals extremely difficult; existing de 
vices for abdominal detection are difficult to operate 25. 
and are not reliably accurate. 

SUMMARY OF THE INVENTION 

The invention makes possible real time monitoring of 
fetal heart rate (as well as analogous monitoring of 
other relatively weak components of complex biologi 
cal signals, such as T and P waves in ECG signals) with 
improved accuracy and reliability, yet with equipment 
that is relatively inexpensive and easy to operate. The 
system is operable over a wide range of frequencies; ex 
cellent electrical isolation of the patient is provided; 
and excellent balance is achieved between avoiding 
readout of erroneous information and minimizing read 
out outages during which accurate information is lost 
(including, e.g., rapid recovery from outages caused by 
noise). 

In general the invention features, in one aspect, a 
monitor for a first electrical signal representing a first 
component of a recurring complex biological signal in 
cluding a second component that is stronger than the 
first component (the components respectively being 
fetal and maternal QRS complexes when the invention 
is embodied in a fetal heart rate monitor), the monitor 
comprising a signal processing path in which the first 
signals are detected and along part of which second sig 
nals representing occurrences of the second compo 
nent are transmitted, automatic thresholding circuitry 
in the path for tracking signal magnitude and providing 
an output signifying the occurrence of the first compo 
nent only upon receipt of a signal of magnitude bearing 
a predetermined relationship to previously tracked sig 
nal magnitude, and means for preventing effective re 
sponse by the automatic thresholding circuitry to the 
second signals. In its several other aspects the inven 
tion, in general, features logic circuitry for generating 
readout signals, with the decision as to each readout 
signal being based in part upon a statistical prediction 
derived from the pattern of signals received in past time 
periods, including (in the fetal heart rate monitor) a 
phase lock loop for generating fetal heart rate signals 
related to the loop frequency, the loop including means 
for estimating the rate during the occurrences of blank 
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spaces in the modified signal train caused by removal 
of signals representing merged maternal and fetal heart 
beats; a counter responsive to deviation between the 
time of signal receipt by the logic circuitry and the pre 
diction thereof, the counter increasing upon an in 
stance of deviation greater than a predetermined value, 
readout being disabled when the counter is above a first 
count, derivation of the prediction being reinitiated 
when the counter reaches a second, higher count; elec 
trodes for picking up the signals from a human body, 
and a low impedance pre-amplifier followed by a high 
impedance isolation amplifier magnetically (or other 
wise indirectly) coupled at its output to the rest of the 
signal processing circuitry; a delay for receiving signals 
including fragments of incompletely removed second 
(maternal) signals, and means for excluding those frag 
ments from the effective output of the delay; and a low 
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O filter for linearly processed signals corresponding to 
fetal QRS complexes, the filter output having at least 
25 percent of its signal energy in the 50-100Hz range 
(exclusive of 60Hz noise), and a notch filter for remov 
ing 60Hz noise. In preferred embodiments the inven 
tion features a digital phase lock loop adapted to pro 
duce repeating windows each sized and spaced to over 
lap a fetal signal on the basis of past spacing statistics 
despite variation within predetermined limits; means 
for updating under certain conditions the phase and 
frequency of the windows on the basis of the actual po 
sitions of the signals within the windows; a separate 
electrode for picking up maternal QRS complex sig 
nals, with signal processing circuitry which the mater 
nal signals are transmitted in timed relationship to the 
transmission of maternal signals over the first path, the 
circuitry having a connection to the first path for the 
removal of maternal signals therefrom; and automatic 
thresholding means for both maternal and fetal signals, 
the fetal signal thresholding means including means for 
storing and decaying peak signal values, between an 
upper limit and a variable lower limit responsive to av 
erage signal value over the recent past. 
Other advantages and features of the invention will 

be apparent from the description and drawings herein 
of a preferred embodiment thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of the analog signal pro 
cessing circuitry; 
FIGS. 2a, b together comprise a circuit diagram cor 

responding to FIG. 1; 
FIGS. 3-8 comprise voltage-time graphs illustrating 

the signal patterns at various stages of the circuitry of 
FIGS. 1, 2a, and 2b, 

FIG. 9 is a flow chart of the digital phase lock loop 
and readout algorithm; 

FIG. 10 is a block diagram of the digital phase lock 
loop and readout circuitry for implementing the algo 
rithm illustrated in FIG. 9. 
FIGS. 11a, b, c, d together comprise a circuit diagram 

corresponding to FIG. 10. 
FIGS. 12 and 13 comprise circuit diagrams of timing 

pulse generators; and 
FIG. 14 is a combined block and circuit diagram il 

lustrating variable lower limit circuitry for the fetal sig 
nal peak detector. 
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DESCRIPTION OF THE PREFERRED 
EMBODMENT 

Referring to FIG. 1, electrodes 10 and 11 are pro 
vided for placement on the patient to pick up the ma 
ternal and fetal ORS signals and feed them through ul 
tra-low noise gain of 30 amplifiers 12 and 13 to patient 
isolation amplifiers 16 and 18, respectively. Electrode 
11 is placed on the abdomen, where the best fetal signal 
is available, and electrode 10 preferably in position 
(e.g., on the ribs) to maximize the maternal signal. Ref 
erence electrode 20 is placed on the hip. 
Amplifiers 12 and 13 have a low impedance, of the 

order of 10 ohms. As shown in the detailed circuitry 
of FIGS. 2a-, these amplifiers are shunted by 100K re 
sistors and 0.01uf capacitors. It has been discovered 
that such low impedance gives an improvement in sig 
nal-to-noise ratio which outweighs the corresponding 
reduction in overall signal level. Amplifiers 16 and 18 
are transformer coupled to the rest of the system and 
to their power supply, and provide a very high impe 
dance (of the order of 10 ohms) between the elec 
trodes and ground, thus protecting the patient from 
shock. 
The amplified maternal signal passes through a low 

Q (less than 10, and preferably a to 1) band passactive 
filter 28 centered at 17Hz (the optimum in a preferred 
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center frequency range of 15-25Hz), the center of 
peak energy in the maternal QRS waves. The amplified 
fetal signal is passed through a cascaded pair of simi 
larly low Q band pass active filters.30, 32 centered at 
32Hz (the optimum in a preferred range of 25-40Hz 
for center frequency), the center of peak energy in the 
fetal QRS waves, thay energy extending roughly from 
5Hz to 100Hz. (In the detailed circuitry of FIG. 2, fil 
ters 28 and 30 are incorporated into amplifiers 16 and 
18, which respectively provide gains of 20 and 40 with 
Q = 1.) These low Q filters provide excellent transient 
response (equivalent to that of matched filters) to the 
thus far linearly processed signals they receive. The fil 
tering characteristics of the cascaded pair of filters 30, 
32 multiply, narrowing the bandwidth and providing a 
very flat characteristic. The output of filter 32 has at 
least 25 percent of the signal energy in the 50-100Hz 
range (exclusive of 60Hz noise), since important useful 
energy of the fetal waves lies there. By thus increasing 
the effective utilization of the fetal wave energy, and 
dealing separately later with the accompanying 60Hz 
noise, improved signal-to-noise ratio is ultimately 
achieved. 
The signals from filters 28 and 30 fed voltage con 

trolled oscillators 29 and 31 which convert the input 
voltage into a frequency which bears a linear relation 
ship to the input voltage, in effect generating an FM 
signal of th input wave form. The output voltages from 
the oscillators pass through isolation transformers 
which are coupled into demodulating and analog cir 
cuitry including analog phase lock loops 33 and 35 
which convert the signal back into a wave form identi 
cal with that which was fed into the voltage controlled 
oscillators. 
After further amplification of the maternal signal in 

amplifier 34, the maternal and fetal signals pass 
through 60Hz twin T notch filters 36, 38 for attenua 
tion of 60Hz noise, and are fed to precision full wave 
rectifiers 40 and 42, respectively. FIG. 3 illustrates the 
maternal and fetal waveforms 44 and 46 (waveform 46 
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4 
of course still including maternal as well as fetal sig 
nals), respectively, at the rectifier inputs, and the cor 
responding outputs 48 and 50. The rectifiers eliminate 
any need to consider varying signal polarity. 
Considering now the maternal signal, the output of 

rectifier 40 is fed both to peak detector 52 and compar 
ator S4. The peak detector stores and gradually decays 
toward zero the value of peak amplitude of a signal 
reaching it, until it receives another signal having a 
peak amplitude higher than the instantaneous value. to 
which the originally stored peak has decayed; the new 
peak value is thus stored, and so on. The second input 
to comparator 54 is 90 percent (the preferred range is 
70-90 percent) of the value stored in the peak detec 
tor. The comparator fires whenever the output of recti 
fier 40 has a peak greater than 90 percent the value 
stored in the peak detector. In effect, then, automatic 
thresholding of the maternal signal train is provided, 
with the decision as to the presence or absence of a ma 
ternal QRS wave at any given time being based upon 
the most recent history of such waves. Accurate detec 
tion is thus provided, despite changes in the general sig 
nal level. An upper limit is built into the peak detector 
so that a momentary large burst of noise will not drive 
the stored value to a misleadingly high level. 
The output of comparator 54, is used to fire a one 

shot (mono-stable multi-vibrator) 56 having a pulse 
width (e.g., 140 milliseconds) as wide as the widest ex 
pected maternal QRS signal. 
FIG. 4 illustrates the output 57 of peak detector 52, 

the output 58 of comparator 54, and the output 59 of 
one shot 56. 

Returning now to the fetal signal, the output of recti 
fier 42 is fed to Paynter averaging filter 60, which in ef 
fect provides a moving average (over a time span of 
some 7 milliseconds (the optimum in a preferred 
range of 12 to 20 milliseconds), a time constant chosen 
to match the expected duration of fetal QRS waves) of 
signal value, further improving the ratio of fetal to ma 
ternal signal strengths. FIG. 5 illustrates the Paynter 
output 62, which includes fetal pulses 64 and maternal 
pulses 66, the latter of course masking the former 
whenever the fetal and maternal heartbeats merged. 
The output of Paynter filter 60 and one shot 56 are 

fed to analog gate 70, which closes during each firing 
of the one shot, thus gating out of the Paynter output 
all but the leading edges of the maternal pulses. The re 
suit is illustrated in FIG. 6, where the spikes 72 are the 
leading edges of the blocked maternal pulses. 
The result is passed through amplifier 74 to both a 

peak detector 76 and a comparator 78, which, just as 
did peak detector 52 a comparator 54 for maternal 
pulses, provide for detection of fetal pulses 64 with au 
tomatic thresholding. (The charging time constant of 
the peak detector, about 3-4 milliseconds, is such that 
the maternal spikes 72 will not cause a reset.) Upper 
and lower limits are provided in the peak detector, the 
lower limit being set to avoid mistaking low level noise 
for a fetal pulse. Although the lower limit may rarely 
block out very weak fetal pulses, the device preferably 
is set up so that a direct display of the output of filter 
32 can be switched on, this feature not being described 
in detail here. While the lower limit may be fixed, 
greater accuracy (in the face of changing general noise 
or fetal signal levels) is obtained if the limit value is 
caused to change in accordance with average signal 
value reaching the peak detector over a recent prior 
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period, e.g., over the past 10 seconds. Circuitry 79 pro 
viding such a variable lower limit equal to, e.g., twice 
that average signal value, is shown in FIG. 14. The out 
puts 80 and 82 of the peak detector and the compara 
tor are illustrated in FIG. 7. Pulses 84 correspond to 
fetal waves, the spikes 86 to the leading edges of the 
maternal waves. 
The output 82 of comparator 78 is then passed 

through a shift register 90 (FIGS. 1, 11a) which pro 
vides a 32 millisecond delay. The output of one shot 56 
is used, each time it fires, to zero register 90, thus 
blocking spikes 86. Thus, all remnants of the maternal 
pulses are removed (though at the temporary cost of 
any fetal pulses merged in the maternals) regardless of 
variation in the maternal pulse rate. The shift register 
output 85 is illustrated in FIG. 8. The register is gated 
to produce a four millisecond pulse 87 coinciding with 
the falling edge of each pulse 84 (it having been discov 
ered that the time between the falling edges is a more 
accurate representation of the pulse spacing than the 
time between the leading edges). 
The resulting signal train will, in general, in compari 

son to the real sequence of fetal heartbeats, have some 
gaps corresponding to missing fetal signals, and will of 
course include some pulses (noise) which do not corre 
spond to real beats. The digital circuitry to be de 
scribed is designed to modify that signal train, so far as 
possible, by restoring the missing fetal pulses and re 
moving the noise. 

in general, the digital circuitry employs a phase lock 
loop, and a sequence of windows (each window being 
essentially the positive half of a square wave) is gener 
ated with a period and phase that are updated on the 
basis of the recent history of the output of shift register 
90, in such a way as to tend to center the windows on 
pulses 87. Any pulse 87 received outside a window is 
ignored for readout purposes. The loop similarly ig 
nores any two or more pulses that fall within a single 
window. The value read out is the actual time between 
pulses 87 when they occur singularly in consecutive 
windows. When only one of two consecutive windows 
has a single pulse, the readout is the time from that 
pulse to the center of the window. When neither of two 
consecutive windows has a single pulse, the readout is 
the time between the center of the windows. if too 
many windows occur without single pulses, or if too 
many pulses occur outside windows, readout is tempo 
rarily halted. Window phase is updated only when sin 
gle pulse windows occur, and window period (fre 
quency) is updated only when consecutive single pulse 
windows occur. 
The algorithm employed in the phase lock loop is il 

lustrated in the flow chart of FIG.9. The window width 
(block 100) is roughly (a more precise definition ap 
pears below) half the running period of the loop, i.e., 
half the interval from the middle of one window to the 
middle of the next. As shown in the flow chart, the 
pulse pattern in the current and next previous windows 
controls the values of "New Period' (which ultimately 
provides the rate readout). "Average Period' (which 
in turn determines the actual window frequency, as 
well as window width), and "Interval Between Win 
dows' (which in the absence of a window frequency 
adjustment, controls window phase). In particular, if 
the current window contains multiple pulses or no 
pulse, no adjustment is made in either New Period 
(block 102) or Average Period (block 104), and the 
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Interval remains half the Average Period (block 106). 
If such a window is followed by one in which a single 
pulse occurs, New Period is adjusted to equal the time 
from the middle of the first window to the pulse in the 
second (block 108), Average Period is left unchanged 
(i.e., no frequency adjustment, block 110), and the In 
terval is adjusted to equal three-fourths of Average Pe 
riod minus the time between the end of the current win 
dow and the pulse therein (block 112). That is, window 
phase is adjusted so that the next pulse 87 will be cen 
tered in its window (if pulse frequency has not 
changed), yet without changing window frequency, 
since the information in the previous window was unre 
liable and an erroneous frequency adjustment based 
upon that unreliable information would produce an 
error that would grow from window to window. Finally, 
when two consecutive windows contain single pulses, 
New Period is adjusted to equal the time between the 
successive pulses 87 (block 114), Average Period is ad 
justed to half the sum of the updated New Period and 
the old Average Period (block 116, thus giving a fre 
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quency adjustment, though only by enough to account 
for half of any changes in the interval between pulses. 
87, to avoid over-correction), and the Interval is ad 
justed to equal three-fourths of the new Average Period 
minus the time between the end of the current window 
and the pulse therein (i.e., phase is adjusted too, block 
118). (It should be noted that the value readout is al 
ways New Period, which is not directly affected by the 
frequency and phase adjustments just described.) 
Because of its digital nature, employing high resolu 

tion counters, the phase lock loop is able to operate 
over a wide range of frequencies (e.g., 60-240 pulses 
per minute), and makes it possible to postpone adjust 
ment and readout decisions until the end of each win 
dow. 
A counter keeps track of the relationship between 

pulses 87 that occur outside windows and those that 
occur singularly inside windows. The count is incre 
mented one for each outside pulse (block 117) and 
decremented one half for each single inside pulse 
(block 119). (The counter ignores multiple inside 
pulses). When the count reaches 5 readout of New Pe 
riod is halted (block 120). When the count returns to 
less than 5 readout is resumed (block 122). Should the 
count reach 8 or more, readout is halted (block 120), 
the counter is zeroed, and a Restart routine is initiated 
(block 124). 

In the Restart routine it is arbitrarily assumed that the 
pulse 87 which caused the counter to reach 8 corre 
sponded to a real fetal pulse, and the time to the next. 
pulse 87 is measured (block 126). Should that next 
pulse arrive in less than 250 milliseconds it is ignored 
(block 128), because it would signify an unlikely fetal 
rate of more than 240 beats per minute. On the other 
hand, should that next pulse not arrive by 800 millisec 
onds, the counter is zeroed and, upon the arrival of the 
next pulse 87, the Restart routine is begun again (block 
130); here again, restart at an unlikely (here too low) 
rate is prevented. (Although the absence of a pulse for 
800 milliseconds corresponds to 75 beats per minute, 
rather than the lower limit of 60 beats per minute to 
which tracking is desired, allowing a restart at less than 
75 would substantially increase the risk of restarting at 
half the true rate in the event that, over a period of 
time, maternal beats should mask every other fetal 
beat. If, nevertheless, restart should occur at half the 
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true ratic, the technique of counting pulses inside win 
dows at only half the weight as outside pulses ensures 
an eventual reinitiation of the Restart routine.) Finally, 
still referring to block 126, should a second pulse arrive 
within 250-800 milliseconds, New Period and Average 
Period are set equal to the measured time between the 
two pulses (blocks 132, 134), and the counter is set ar 
bitrarily at 6 (block 136). Then, if the count decre 
ments to 4, readout is resumed; if it returns to 8, the 
Restart routine is reentered. 
The algorithm thus set forth strikes an excellent bal 

ance between avoiding readout of erroneous informa 
tion and minimizing readout outages during which ac 
curate information is lost. m 

FIG. 10 illustrates in block diagram form the imple 
mentation of the phase lock loop and associated read 
out components. The detailed circuitry appears in FIG. 
11a-d, 12, 13. Referring to those Figures, the signals 
from shift register. 90 pass into New Period measure 
ment circuitry 150 (FIG.11b), composed of two four 
bit counters 152, 154 with parallel loads a JK flip flop 
156 for clearing the counters. The New Period data 
goes to four-bit full adders 158, 160 in Interval Be 
tween Window Generator 162 (FIGS. 11b, 11c), which 
adders also receive the Average Period data generated 
in block 164 (FIG. 11b). The signals from the full ad 
ders pass into the parallel loads of four-bit counters 
166, 168, which generate the Interval Between Win 
dows data. The counter 166, 168 start out preset to the 
sum of one-fourth the Average Period plus the value 
thus for counted in the New Period counters 152, 154 
(the latter value being the time between the just previ 
ous pulse and the end of its window), and increment 
one during each clock cycle. Two four-bit binary com 
parators 170,172 signal when the count on counters 
166, 168 equals the stored Average Period value, signi 
fying the end of the Interval Between Windows. That 
signal then passes to Window Generator 174 (FIG. 
11c), which starts the window and, with four bit count 
ers 176, 178 controls its width at half the Average Pe 
riod value. Counters 176, 178 are loaded with half the 
value of the last Average Period, and decrement one 
during each clock cycle; at zero the correct width will 
have been generated. 
Restart counting circuitry 180 (FIG. 11a) includes 

four-bit up-down counter 182 with parallel load, and a 
JK flip flop 184 which generates a count of one for 
every other input for counting down, providing the 
weighting factor described above. 
The New Period value is stored in four-bit registers 

190, 192 in block 194 (FIG. 11d), and goes to digital 
to-analog converter 196 (FIG. 11d) for conversion into 
an analog voltage. That voltage, a measurement of pe 
riod, passes to analog storage circuitry 198, which in 
cludes a junction FET 200 and a high input impedance 
operational amplifier 202, as well as logical circuitry to 
inhibit readout when counter 182 is at 5 or more. From 
the storage circuitry the signal goes to analog divider 
204 which converts it to rate information by generating 
an analog signal proportional to the reciprocal of the 
period signal. The output from the divider is amplified 
and given some D.C. offset (to restore the level to the 
correct base line reference) in amplifier 206, and then 
is fed to digital voltmeter readout 208 and strip chart 
recorder 210, 
The gain between the input to storage circuitry 198 

and the output of divider 204 is adjusted so that each 
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S 
10 millivolts of output corresponds to a rate of one 
heart beat per minute. Thus, a digital voltmeter which 
has a reading of 100 for a 1 volt input gives the exact 
count of the heart reat in beats per minute. Similarly, 
the strip recorder is set up for direct reading of the rate. 
Thus, off the shelf readout devices can be used. 

FIG. 12 illustrates a 2KHz oscillator 220 which is a 
source of clock signals for the digital logic. The signal 
is divided down in four-bit counter 222 to a 256Hz 
square wave T, along with faster versions T' and T'. 
F.G. 13 illustrates a 1 Hz oscillator 224 which gener 

ates a clock pulse to control the readout rate. w 
Key parts employed in the particular embodiment de 

scribed are as follows: . . . . 

1. Fairchild MA739C dual low noise operational am 
plifier is used for amplifiers 12 and 13. 

2. Teledyne Philbrick 1319 is used for bandpass 
stages 28 and 30. 

3. Oscillators 29 and 31 are Signetics NE566. 
4. Analog phase lock loops 33 and 35 are Signetics 

NE565. . 
5. All other operational amplifiers in the analog cir 

cuitry are Fairchild MAT41. 
6. All analog comparators are National Semiconduc 

tor LM311. 
7. All one shots are Fairchild 9601. 
8. FET 200 is Motorola 2N4220. 
9. The preamplifier power supply output transistors 

are Texas Instruments 2N3704, and all other tran 
sistors are Fairchild 2N4275. 

10. Matched diode pairs are Fairchild FA2000, and 
all other diodes are Motorola 1 N914. 

11. Analog divider 204 is Teledeyne Philbrick 4452. 
12. Digital to analog converter 186 is Analog Devices 

MDA8H. 
13. The logic elements comprise Texas Instruments: 

SN 7400 Quadruple two input NAND Gate 
SN 7402 Quadruple two input NOR Gate 
SN 7408 Quadruple two input AND Gate 
SN 74.046 input inverter . . 
SN 7410 triple input NAND Gate 
SN 74107 JK Filip Flop 
SN 7483 4 bit full adder 
SN 7485 4 bit comparator 
SN 741934 bit counter (up-down) with parallel load. 

SN 74984 bit register with dual parallel load. 
SN 741648 bit serial shift register. 
Other embodiments (e.g., picking up both fetal and 
maternal signals with the same abdominally placed 
electrode; or for fetal rate monitoring with scalp 
electrodes using a single filter train for the fetal 
QRS; or for detecting, in any ECG signal, T waves 
by elimination of the ORS, or even P waves by suc 
cessive removal of QRS and T waves, thus using 
three finter trains, this being useful, e.g., for syn 
chronizing the taking of X-rays in diastole or sys 
tole; or for other sorts of physiological monitoring; 
or “removing' maternal signals other than in the 
manner shown, as, e.g., by tracking the maternal 
signals and inhibiting any response thereto by the 
peak detector and the comparator, etc.) are within 
the following claims. 

We claim: 
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1. In a fetal heart rate monitor having a pickup for 
electrical signals received through the body of the 
mother, and means for providing an output relating to 
fetal heart rate, 
input circuitry means defining a signal processing 
path and responsive to said pickup for producing 
along said path a signal train including first signals 
representing maternal heart beats and second sig 
nals representing fetal heart beats, some of said 
first signals also representing fetal heart beats 
which occurred simultaneously with maternal 
heartbeats, 

removal means for removing from said path at least 
the major portions of said first signals, whereby 
blank spaces are left by such removal of those of 
said first signals representing fetal heart beats 
which occurred simultaneously with maternal heart 
beats and 

circuitry means defining a phase lock loop having a 
frequency and including means responsive to the 
thus modified train of signals for generating fetal 
heart rate signals related to said frequency, said 

10 
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phase lock loop including means responsive to the 
spacing characteristics between said signals in said 
modified train for estimating fetal heart rate during 
the occurrence of said blank spaces in said modi 
fied train, 

said circuitry means defining said phase lock loop in 
cluding means for producing repeating windows 
spaced to overlap a fetal signal on the basis of past 
spacing statistics despite variation within predeter 
mined limits, said circuitry means further including 
updating means for detecting the position of suc 
cessive fetal signals within the respective windows 
and for varying future windows spacing on the basis 
of the detected position of the signals in the win 
dows. 

2. The fetal heart rate monitor of claim 1 wherein 
means are provided for producing, at said phase lock 
loop, a train of digital signals, each representing a fetal 
QRS complex, including means for disabling said up 
dating means upon the occurrence of no pulse or more 
than one pulse in said window, thereby continuing the 
use of the past spacing setting. 

3. The fetal heart rate monitor of claim 2 wherein 
said updating means includes means to relocate the 
next window upon the occurrence of a single pulse in 
the present window by pulse shift of the past spacing in 
the event no single pulse appeared in the last preceding 
window. 

4. The fetal heart rate monitor of claim 2 wherein 
said updating means includes means to relocate the 
next window upon the occurrence of a single pulse in 
the present window by alteration of the loop frequency 
in the event a single pulse appeared in the last preced 
ing window. 

5. The fetal heart rate monitor of claim 2 wherein 
said updating means includes means to relocate the 
next window upon the occurrence of single pulses in 
two successive windows by alteration of the loop fre 
quency so that the corresponding altered window pe 
riod is between the window period prior to said alter 
ation and the spacing between said two single pulses. 

6. The fetal heart rate monitor of claim 1 including 
a counter, means for incrementing said counter upon 
the occurrence of signals outside said window and 
means for decrementing said counter upon the occur 
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10. 
rence of signals inside said window, including means 
for weighing more heavily in said count the signals out 
side said window and means for resetting said phase 
lock loop upon the occurrence of a count greater than 
a predetermined value. 

7. The fetal heart rate monitor of claim 1 further 
comprising circuitry means defining a second signal 
processing path and for transmitting along said second 
path third signals representing maternal heart beats, 
said removal means having a connection to said cir 
cuitry means defining said second path and being re 
sponsive to occurrence of said third signals in said sec 
ond path. 

8. The fetal heart rate monitor of claim 7 including 
in said circuitry means defining said second path, pre 
ceding said connection, an automatic threshold means 
for generating from a signal derived from a maternal 
QRS complex a signal representative thereof. 

9. The fetal heart rate monitor of claim 8 including 
as said threshold means a peak detector including 
means for fixing predetermined limit and for storing a 
value less than said limit and allowing said stored value 
to decay over time, and a comparator effectively con 
nected to said peak detector and to said circuit means 
defining said second path for generating an output sig 
nal when a signal in said second path exceeds the de 
cayed value of the preceding peak stored in said detec 
tOr. 

10. The fetal heart monitor of claim.9 including a 
monostable multivibrator effectively connected to said 
comparator foor energization upon the occurrence of 
said output signal, said monostable multi-vibrator hav 
ing a time constant substantially corresponding to the 
maximum width of the maternal QRS complex. 

11. The fetal heart rate monitor of claim 7 wherein 
there is included in said circuitry means defining said 
first path an automatic threshold means for generating 
from a fetal QRS complex wave a signal representative 
thereof. 

12. The fetal heart rate monitor of claim 11 including 
as said threshold means a peak detector including 
means for fixing a predetermined limit and for storing 
a value greater than said limit and allowing said stored 
value to decay over time, and a comparator effectively 
connected to said peak detector and to said circuitry 
defining said first path for generating an output signal 
when a signal exceeds the decayed value of the preced 
ing peak stored in said detector. 

13. The fetal heart rate monitor of claim 12 including 
means in said first path effectively connected to said 
comparator and responsive to signals in said second 
path for removing output signals from said comparator 
which coincide in time with a maternal QRS complex, 
thereby to remove portions of maternal signals present 
in the output of said comparator. 

14. The monitor of claim 1 wherein said phase lock 
loop is digital. 

15. In a monitor having a pickup for a first electrical 
signal representing a first component of a recurring 
complex biological signal including a second compo 
nent that is stronger than the first component, and out 
put circuitry means including means for providing an 

65 output related to occurrences of said first component, 

circuitry means defining a signal processing path in 
which said first signals are detected and along part 
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of which second signals representing occurrences 
of said second component are transmitted, and 

automatic thresholding means in said path for track 
ing the magnitude of signals other than said second 
signals and providing an output to said output cir 
cuitry means signifying the occurrence of said first 
component only upon receipt of a signal other than 
a said second signal and of magnitude bearing a 
predetermined relationship to the magnitude of the 
next previously tracked signal but being indepen 
dent of signals tracked prior to said next previously 
tracked signal. 

16. The monitor of claim 15 further comprising cir 
cuitry means defining a second signal processing path 
and for transmitting therealong, in timed relationship 
to said transmission of said second signals along said 
first path, third signals representing said occurrences of 
said second component, and means for detecting said 
third signals and, in response to said detection, for pre 
venting effective response by said automatic threshold 
ing means to said second signals. 

17. The monitor of claim 16 for use in monitoring the 
rate of fetal heartbeats, wherein said pickup includes a 
plurality of electrodes for placement on the mother in 
separate positions respectively optimizing the pickup of 
maternal and fetal QRS complex signals, and said cir 
cuitry means defining said paths includes separate 
preamplification means effectively connected to said 
electrodes for respectively receiving and amplifying 
said maternal and fetal signals, whereby said first and 
second signal paths are separate at their front ends. 

18. The monitor of claim 16 wherein said second 
path includes automatic thresholding means for track 
ing signal magnitude and providing an output to said 
automatic thresholding means in said first path signify 
ing the occurrence of said second component only 
upon receipt of a signal of magnitude bearing a prede 
termined relationship to previously tracked signal mag 
nitude. 

19. The monitor of claim 15 wherein said automatic 
thresholding means includes 
means for storing and decaying over time the peak 
value of a received signal, and 

a comparator effectively connected to said means for 
storing, said comparator including means for pro 
viding said output when a received signal is greater 
than a predetermined percentage of the decayed 
value presently stored. 

20. The monitor of claim 19 wherein means are pro 
vided for fixing said predetermined percentage at 
70-90 percent. 
21. The monitor of claim 19 wherein said means for 

storing includes means for preventing the value stored 
therein from decaying below a limit, including means 
for establishing said limit. 

22. The monitor of claim 21 wherein said means for 
establishing said limit includes means for monitoring 
the past history of signals reaching said automatic thre 
sholding means and for varying said limit in accordance 
with said history. 
23. The monitor of claim 21 wherein said means for 

establishing said limit includes means for fixing said 
limit. 
24. The monitor of claim 15 further comprising 
removal means for removing at least the major por 

tions of said second signals from said path, while 
leaving leading edges of said second signals, 
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delay means for receiving signals from said removal 

circuitry, including signals representing said lead 
ing edges, and 

means for excluding from the effective output of said 
delay means said signals representing said leading 
edges. 

25. The monitor of claim 24 further comprising 
means for detecting the falling edges of said first signals 
and for causing said output of said delay means to be 
responsive to the occurrences of said falling edges. 
26. In a fetal heart rate monitor, electrode means for 

picking up electrical signals corresponding to fetal QRS 
complex signals, 

signal processing circuitry means effectively con 
nected to said electrode means and including 

a pre-amplifier for receiving said electrical signals 
from said electrode means, 

a filter for the amplified signals, said filter having Q 
less than 10 and including means to provide an out 
put in which at least 25 percent of the signal energy 
is in the 50-100 Hz range, exclusive of line fre 
quency noise, and 

a notch filter for removing said line frequency noise, 
and - 

means effectively connected to said signal processing 
circuitry for providing an output relating to fetal 
heart rate. 

27. The monitor of claim 26 comprising automatic 
thresholding means effectively connected between said 

30 filters and said readout for tracking signal magnitude 
and providing an output signalling the occurrence of a 
fetal QRS complex only upon receipt of a signal of 
magnitude bearing a predetermined relationship to pre 
viously tracked signal magnitude, said thresholding 
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means including means for determining said relation 
ship. 
28. The monitor of claim 27 further comprising addi 

tional signal processing means for electrical signals cor 
responding to maternal QRS complex signals, and 
means connected in the signal path leading to said au 
tomatic thresholding means for preventing at least the 
majorportion of electrical signals corresponding to ma 
ternal QRS complex signals from reaching said auto 
matic thresholding means, said means for preventing 
being responsive to detection of said electrical signals 
processed by said additional signal processing means. 

29. The monitor of claim 26 wherein said processing 
circuitry from said electrode means through said filter 
includes means to provide linear processing of input 
signals. 
30. In a fetal heart rate monitor having a pickup for 

electrical signals received through the body of the 
mother, and output circuitry means including means 
for providing an output relating to fetal heart rate, 

input circuitry means defining a signal processing 
path and responsive to said pickup for producing 
along said path a signal train including first signals 
representing maternal heart beats and second sig 
nais representing fetal heart beats, some of said 
first signals also representing fetal heart beats 
which occurred simultaneously with maternal heart 
beats, 

removal means for removing from said path at least 
the major portions of said first signals, whereby 
blank spaces are left by such removal of those of 
said first signals representing fetal heart beats 
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which occurred simultaneously with maternal heart 
beats, 

circuitry means defining a phase lock loop having a 
frequency and including means responsive to the 
thus modified train of signals for generating and 
providing to said output circuitry means fetal heart 
rate signals related to said frequency, said phase 
lock loop including means responsive to the spac 
ing characteristics between said signals in said 
modified train for estimating fetal heart rate during 
the occurrence of said blank spaces in said modi 
fied train, and 

circuitry means defining a second signal processing 
path and for transmitting along said second path 
third signals representing maternal heartbeats, said 
removal means having a connection to said cir 
cuitry means defining said second path and being 
responsive to occurrence of said third signals in 
said second path, 

said circuitry means defining said second path includ 
ing, preceding said connection, input means for a 
maternal QRS complex signal, a notch filter for re 
moving line frequency noise, and a band pass filter 
having Q less than 10 and a center frequency be 
tween 15 Hz and 25 Hz. 

31. In a fetal heart rate monitor having a pickup for 
electrical signals received through the body of the 
mother, and output circuitry means including means 
for providing an output relating to fetal heart rate, 

input circuitry means defining a signal processing 
path and responsive to said pickup for producing 
along said path a signal train including first signals 
representing maternal heart beats and second sig 
nals representing fetal heart beats, some of said 
first signals also representing fetal heartbeats 
which occurred simultaneously with maternal heart 
beats, 

removal means for removing from said path at least 
the major portions of said first signals, whereby 
blank spaces are left by such removal of those of 
said first signals representing fetal heart beats 
which occurred simultaneously with maternal heart 
beats, 

circuitry means defining a phase lock loop having a 
frequency and including means responsive to the 
thus modified train of signals for generating and 
providing to said output circuitry means fetal heart 
rate signals related to said frequency, said phase 
lock loop including means responsive to the spac 
ing characteristics between said signals in said 
modified train for estimating fetal heart rate during 
the occurrence of said blank spaces in said modi 
fied train, and 

circuitry means defining a second signal processing 
path and for transmitting along said second path 
third signals representing maternal heartbeats, said 
removal means having a connection to said cir 
cuitry means defining said second path and being 
responsive to occurrence of said third signals in 
said second path, 

said circuitry means defining said first path including, 
preceding said connection, input means for a fetal 
QRS complex signal, a notch filter for removing 
line frequency noise, and a band pass filter having 
Q less than 10 and a center frequency between 25 
HZ and 40 Hz. 
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32. In a fetal heart rate monitor having a pickup for 

signals emanating from the fetus, 
input circuitry means responsive to said pickup for 
producing a signal train including signals represent 
ing fetal heart beats, 

prediction circuitry means responsive to said input 
circuitry for predicting occurrences of said signals 
representing fetal heartbeats, based upon past oc 
currences of such signals in said train, and 

output circuitry means responsive of said input and 
prediction circuitry means for providing an output 
relating to fetal heart rate, said output circuitry 
means including means for basing said output on 
said signals representing fetal heart beats when 
such signals occur within a predetermined range of 
predicted occurrences thereof and for otherwise 
basing said output on said predicted occurrences, 

said prediction circuitry means including means for 
basing said predictions at least in part upon se 
lected previous predictions upon which said output 
was based. 

33. The improvement of claim 32 wherein said pre 
diction circuitry means includes means for referring the 
phase of a said predicted occurrence to the next previ 
ous said predicted occurrence if said output was based 
thereupon, and otherwise to the next previous said sig 
nal representing a fetal heartbeat upon which said out 
put was based. 

34. The improvement of claim 32 wherein said out 
put circuitry includes means for basing said output 
upon a said predicted occurrence whenever more than 
one pulse in said signal train occurs within said prede 
termined range of said predicted occurrence. 

35. In a monitor having a pickup for a first electrical 
signal representing a first component of a recurring 
complex biological signal including a second compo 
nent that is stronger than the first component, 
input circuitry means responsive to said pickup for 
producing a signal train including signals represent 
ing occurrences of said first component, 

prediction circuitry means responsive to said input 
circuitry for predicting occurrences of said signals 
representing occurrences of said first component, 
based upon past occurrences of such signals in said 
train, and 

output circuitry means responsive to said input and 
prediction circuitry means for providing an output 
related to occurrences of said first component, said 
output circuitry means including means for basing 
said output on said signals representing occur 
rences of said first component when said signals 
occur within a predetermined range of predicted 
occurrences thereof and for otherwise basing said 
output on said predicted occurrences, 

said prediction circuitry means including means for 
basing said predictions at least in part upon se 
lected previous predictions upon which said output 
was based. 

36. In a fetal heart rate monitor having a pickup for 
signals emanating from the fetus, 

input circuitry means responsive to said pickup for 
producing a signal train including signals represent 
ing fetal heart beats with attendant noise signals 
and with some heartbeats unrepresented in the sig 
nal train, 
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prediction circuitry means responsive to said input 

circuitry for predicting occurrences of said signals 
representing fetal heart beats, based upon past oc 
currences of such signals in said train, and 

output circuitry means responsive to said input and 5 
prediction circuitry means for providing an output 
relating to fetal heart rate, 

said prediction circuitry means including means for 
repeatedly producing a window overlapping the 
predictable point in time of the next heart beat 
based upon past occurrences, said output circuitry 
means responsive to a signal occurring in a window 
to treat said signal as a detected heartbeat and ag 
just the output according to the position of the sig 
nal in the signal train, said output circuitry means 
further including means for disregarding as noise 
any signals occurring outside of said window, 
means causing said prediction circuitry to continue 
to operate when a heart beat is not detected in a 
window to produce a window for the next succeed 
ing heartbeat, said window having a duration sized 
to overlap a fetal heart beat signal in the presence 
of a predetermined amount of predicted change in 
fetal heart rate which may occur over a plurality of 
heart beat intervals. 

37. The monitor of claim 36 wherein said output cir 
cuitry includes means for disregarding as noise occur 
rences of multiple signals in a single window. 
38. The monitor of claim 36 wherein the duration of 
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each said window is approximately one half of a pre- 30 
dicted fetal heart beat interval. 
39. The monitor of claim 38 wherein said prediction 

circuitry establishes the duration of said windows based 
upon the duration of the currently predicted heartbeat 
interval. 
40. In a monitor having input circuitry means includ 

ing a pickup for a train of signals, including true and 
false signals, representative of a selected component of 
quasi-periodic, complex physiological electrical sig 
nals, signal-to-signal spacing being variable, and output 
circuitry means including means for providing an out 
put relating to real and expected occurrences of said 
component: 
means for receiving said train of signals from said 
input circuitry means; 

window means responsive to said input circuitry 
means for producing windows spaced in accor 
dance with the previous history of said train of sig 
nals for enabling said receiving means to effectively 
receive said signals only during an interval pre 
scribed by each said window; and 

output means coupled to said receiving means and 
window means for producing and providing to said 
output circuitry output signals indicative of real 
and expected occurrences of true quasi-periodic 
signals occurring in said train. 

41. The monitor of claim 40, further comprising: 
quality means responsive to said input circuitry 
means and said window means for providing a qual 
ity signal indicative of the occurrence of true sig- 60 
nals relative to false signals from said train of sig 
nails; and 

control means responsive to said quality means for 
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controlling the operation of said window means in 
accordance with said quality signal. 

42. The monitor of claim 41, wherein: , 
said quality means includes counter means for count 
ing signals occurring between said windows; and 

said control means operates to reset said window 
means to its initial condition in the event the nun 
ber of such counts exceeds a predetermined magni 
tude. 

43. In a monitor having input circuitry means includ 
ing a pickup for recurrent complex electrical physio 
logical signals having a first component weaker than a 
second component and in the presence of extraneous 
recurrent noise signals, and output circuitry means in 
cluding means for providing an output relating to oc 
currences of said first component, processing circuitry 
means coupled to said input and output circuitry means 
and comprising: 
band pass filter means having a Q under 10 for pass 
ing signals having a frequency content spanning the 
maximum energy in said first component; 

notch filter means for excluding extraneous noise o 
a selected frequency, and . . . 

automatic threshold means responsive to said filtered 
first component for excluding signals below a 
threshold determined as a function of previously 
received filtered first component signals to pro 
duce and provide to said output circuitry means a 
train of signals representative of said first compo 
net, 

44. In a monitor having a pickup for electrical signals 
representing occurrences of at least a component of a 
recurring complex biological signal, 
input circuitry means responsive to said pickup for 
producing a signal train including said signals rep 
resenting said occurrences, 

prediction circuitry means responsive to said input 
circuitry means for making predictions of said oc- . 
currences based upon past history of said signals in 
said train, 

output circuitry means responsive to said input and 
prediction circuitry means for providing an output 
relating to occurrences of said component, includ 
ing elements for basing said output upon said pre 
dictions under predetermined circumstances, 

quality circuitry means for determining deviation of 
said signals from said predictions and thereby eval 
uating the reliability of said output, and 

restart circuitry means for reinitiating derivation of 
said predictions when said quality means indicates 
a predetermined degree of unreliability. 

45. In the monitor of claim 44, output disabling 
means for preventing output when said quality means 
indicates a predetermined degree of unreliability, in 
cluding means for requiring a higher reliability to per 
mit output during said reinitiation than when said reini 
tiation is completed. 
46. The monitor of claim 44 wherein the restart cir 

cuitry means includes means for requiring a higher de 
gree of reliability for acceptance of an attempted reini 
tiation than the reliability required when said reinitia 
tion is completed. 
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