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ABSTRACT OF THE DISCLOSURE

A zero-crossing detector for use in demodulating fre-
quency modulated signals. A unit pulse is generated every
time the incoming frequency modulated signal passes
through the zero axis to be used by a filter and decoding
apparatus to detect the modulating information.

Background

In the frequency modulating technique known as fre-
quency shift keying, data transmission is accomplished by
assigning a different carrier frequency to each state of the
data, ie., mark and space, and transmitting the appro-
priate frequency for a period of time sufficient to assure
reliable detection. The technique may be extended to in-
clude frequency transmission of data information with
more than the normal two-level mark and space frequen-
cies. That is, in a multilevel data transmission system em-
ploying frequency shift keying, a plurality of frequencies
would be transmitted, one frequency for each level in the
data waveform.

Transmission of the frequency modulated or frequency
shift keyed signal in a facsimile or other type of system,
for example, may be accomplished over any of the known
transmission media, such as telephone lines, microwave
installations and direct wire. At a receiving location the
frequency modulated signals must be demodulated and
detected in order to obtain the original transmitted infor-
mation. If the transmitted information is in the form of
frequency shift modulated waves, one prior art technique
of demodulation is to employ frequency selective filters,
which are tuned to the specific frequencies that were trans-
mitted. With such a system, therefore, highly selective fil-
ters are necessarily expensive and have the inherent de-
fect of a relatively long filter rise time.

Another well-known prior art technique is to detect the
zero-crossings of the long-term average value of the in-
coming frequency modulated signals. Upon detection of
the zero-crossings signals can be generated in response
thereto and passed through a low pass filter which effec-
tively takes the short term average of the pulses. This
average signal can then be decoded to recover the infor-
mation in the signal waveform. Inasmuch as the entire
demodulation process is dependent upon accurate detec-
tion of the zero-crossings, a reliable zero-crossing detec-
tor must be provided without attendant time jitter or dis-
‘tortion of the frequency modulated signal.

Objects

It is, accordingly, an object of the present invention
to provide an improved frequency modulated signal de-
maodulator.

It is another object of the present invention to increase
the efficiency of a data transmission system utilizing fre-
quency shift keying.

It is another object of the present invention to improve
the demodulation of frequency shift keyed signals.

1t is another object of the present invention to effec-
tively determine the zero-crossing points of the long-term
ave-age value of a frequency modulated signal.
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Brief summary of the invention

In accomplishing the above and other desired aspects,
applicant has invented new and improved apparatus for
accurately determining the points at which frequency
modulated signals in a demodulator cross the axis defined
as the long-term average value of the signal, which is
used to generate signals in accordance with such zero-
crossings to determine the frequencies transmitted for
later decoding and retrieval of such information. The
invention utilizes a circuit for generating signals upon
detection of positive-going zero-crossings. A similar cir-
cuit is provided for generating an output signal upon de-
tection of negative-going zero-crossings. These signals are
then used to trigger 2 monostable multivibrator to give
constant width pulses upon detection of such positive
pulses. These pulses can then be passed to a low-pass filter
to obtain the familiar eye pattern which can be used to
decode the signal for recovery of the original information.

Description of the drawings

For a more complete understanding of the invention,
as well as other objects and further features thereof, ref-
erence may be had to the following detailed description
in conjunction with the drawings wherein:

FIGURE 1 is a block diagram of the demodulator in
accordance with the principles of the present invention;

FIGURE 2 shows various waveforms helpful in under-
standing the block diagram of FIGURE 1;

FIGURE 3 is a schematic diagram of the Zero-crossing
detector circuit of FIGURE 1, and

FIGURE 4 shows various waveforms helpful in under-
standing the schematic diagram in FIGURE 3.

Detailed description of the invention

Referring now to FIGURE 1, there is shown a block
diagram of the demodulator circuit for the frequency.
modulated signals as received from a transmission media,
of any known type. At the output end of the transmission
media would be some sort of coupling apparatus 10 to
couple the transmission line to the demodulating appa-
ratus. Such a coupler could be a direct electronic coupler,
or may be of the acoustic coupling type whereby the
transmitted information is acoustically detected, as via a
telephone receiver on the end of a telephone network, for
example.

From the coupler 10 the signals would then pass to an
equalizer circuit 12 to provide equalization for the spe-
cific characteristics of the transmission medium. Such an
equalizer circuit may be of any of the known types, such
as for frequency attenuation and/or phase distortion. The
output from the equalizer 12 would then be a signal seen
in FIGURE 2a which, for purposes of example, com-
prises a frequency shift-keyed signal of four frequencies,
f1s far f5, and fy.

The signals from the equalizer 12 are then passed to
the limiter 14 of any known design, to amplify and soft
limit the input signals to generate essentially squarewave
pattern where the rise time is a function of the am-
plitude of said input signals fed thereto to produce a wave-
formseen in FIGURE 2b

The zero-crossing detector 16, in a manner more fully
hereinafter described, generates pulses, FIGURE 2c, in
accordance with the zero-crossings determined from FIG-
URES 2a and 2b. As it is desired to produce all positive
pulses of standard height and width in accordance with
the principles of the present invention, the zero-crossing
detector 16 further generates the positive pulse train
seen in FIGURE 2d. One shot multivibrator 18 receives
the waveform in FIGURE 2d and generates the output
pulse train seen in FIGURE 2e.
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Low pass filter 20 receives the pulse waveform from

one shot multivibrator 18 and produces ‘the familiar eyé -

pattern in the form of demodulated information in ac-
cordance with the input pulsé train in FIGURE 2e¢ which
can be subsequently decoded to recover the transmitted
information.

FIGURE 2e¢ shows the generated pulses to. be in the
form of constant width pulses generated in response to.
the zero-crossings of the long-term average value of the
input pulse train seen in FIGURE 24. The fact that these
pulses occur upon detection of the zero-crossings of -the
input.information would allow the low pass filter to deter-
mine the average value of such pulses which, as previous-
ly mentioned, can be utilized to Tecover the transmitted
information in a subsequent decoder. The pulses, how-
ever, may be varied in .width in addition ta being dis-
placed in accordance with the zero-crossings in order to
further enhance the demodulation and detection of the
transmitted information. This is shown by the discussion
which follows. ’

If the rise and fall times of the generated pulses are as-
sumed to be negligible, then for a given signalling fre-
quency, f,, then the average value, Vy, will be

Vn=V0+2fnTp(Vp_Vo) (1)
where :

T, is the unit pulse in seconds of width, V, is the volt-
age when the pulse is absent, and V,, is the voltage during
the pulse. Normally, Ty, V;, and V, are held constant and
fn is the only variable. It is seen, therefore, that V,, is'a
linear function of f,. A possible variation of this can
be made by making T, proportional to the period of the
incoming signal f,, i.e.,

k
Tp—gf;—i-' [
the formula then reduces to
Vo=V,+2 (§+ c)fn(V,,—-Vo) =V,

+(B+2¢f) (Vo—Vo) =Vo(1—k) +2¢fu( Vo —Vo) 5V
(3)

(2)

which is again a linear function of frequency.

As an example of the fixed pulse width system, the sig-
nalling frequencies could be f;==1350, fo=1650, f3=1950,
f4=2250. The choice of Ty, V, and V, is left for the
circuit designer. From Equation 1:

AV,

Afn 4)
Therefore, the gain of the demodulator is seen to in-
crease with increasing pulse area. It is desired to make
the pulse as high and as wide as possible within practical
limitations. The most obvious practical limitation is that
the pulse width must not exceed one-half the period of the
highest signalling frequency, since this would cause over-
lapping of the pulses which would invalidate Equation 1.
Stating this in another way it can be said that V, cannot
exceed V, implying that T, cannot exceed one-half fi,.
In the example, then

=2TD(VD—‘V0)

_ 1
2% 2250

is a necessary condition. .

If the method of determining the zero-crossing point
was not precise or that some distortion was introduced
during transmission of the signal, the distance from the -
start of a pulse produced by a positive-going zero-crossing
to the start of a pulse produced by a negative-going zero-
crossing might not be quite equal to the distance from the
negative to the positive zero-crossing. The shorter of these
two times must therefore be used to set an upper limit on
pulse width to prevent overlapping.

The other parameter affecting gain is (V,—V,). The
practical limit on this is the voltages available, breakdown

T, =222 microseconds

10

15

, : -4 : :
voltage of the circuitry driving the low-pass filter, and
thie breakdown voltages of the components of the low-
pass filter. It should be noted that the definition of “zero”
used herein requires of the circuits only that the average
value be maintained. Therefore, non-linearity may be in-
troduced as long as the resulting waveform is still sym-
metrical about the original “zero” axis.

The zero-crossing detector 16 in FIGURE 1 is shown in
more detail in FIGURE 3. The circuitry associated with
transistor Q1 causes a pulse to be emitted when the posi-
tive-going zero-crossing occurs and the circuit of tran-
sistor Q2 emits a pulse for negative-going zero-crossings.
As the incoming waveform goes positive, as for a positive-
going zero-crossing, the base-emitter junction of transis-
tor Q1 becomes slightly forward biased and a small
amount of ‘current begins to flow in the collector circuit
in addition to 'the transistor leakage current that flows
there. This change in current causes a voltage to be de-

. veloped across the transformer T1 windings which is posi-

20

tive at the indicated dotted end with respect to the un-
dotted end. This positive voltage is coupled back to the
base of the transistor Q1 through diode D2 and resistor
R1 which causes the transistor to turn on further and

" this process regenerates until the transistor saturates. This
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action will be described in more full detail in conjunc-
tion with FIGURE 4.

The voltage across the coils of transformer T1 remains
for a time determined largely by the inductance of the
transformer coils. Similar regenerative action would oc-
cur as the input signal began to turn the transistor off
except that a diode, D1, across the output coil of the
transformer T1 prevents it. The diode D2 and the capaci-
tor C1 keeps transistor Q1 turned on even after the gen-
erated pulse is over to allow the input signal fo reach a
value which will saturate the transistor Q1. Without this
diode, it would be possible for an input wave with a poor
rise time to cause double pulsing.

As limiting circuits are usually less than ideal limiters,
the output signals therefrom have a rise and fall time
which is a function of the signal amplitude and the signal-
ling frequency. It is thus important that the zero-crossing
detector utilized be insensitive to slope. In FIGURE 4
are shown three waveforms from the base of transistor
Q1 which is the sum of the input wave and the generated
pulse. This is shown in FIGURE 4A where A shows the
point at which the transistor begins to turn on and B
shows the point at which the transistor saturates. If how-
ever, the slope of the input wave was so gradual that
at the end of the generated pulse the input waveform had
not increased sufficiently to hold the transistor completely
turned om, as shown in FIGURE 4B, then a second pulse
would be generated which would cause a width error in

~ the one shot multivibrator 18 which follows the zero-cross-
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ing detector in FIGURE 3.

Thus it can be seen that the. addition of diode D2 in
conjunction with transistor Q1 does not change the width
of the output pulse but does hold the transistor Q1 in its
“on” state for a longer time period which greatly improves

‘the performance at low signal levels. Thus, at FIGURE

4C is shown the curve with one peak, thereby providing
to one shot 18 a single pulse with which to generate the
constant or variable width pulse as hereinbefore de-
scribed.

The operation of the negative-going zero-crossing cir-
cuit in copjunction with transformer T2, transistor Q2, re-
sistor R2 and capacitor C2, is similar to the operation of
transistor Q1 except that diodes D4 and D5 are reversed
to allow regeneration to occur on negative-going signals.
The pulses from either of the outputs of circuits with
transistors Q1 and Q2 are combined by diodes D3 and
D6 in an OR - gate function and passed on to a circuit
with transistor Q3 which with transformer T3, capacitor
C3 and resistor R3 operates similarly to the circuit of tran-

" sistor Q1 and which, therefore, emits a pulse of standard

%

width for zero-crossings of either type. This pulse is then
standardized in height-and inverted by the circuit of tran-
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sistor Q4. Transistors Q5 and Q6 provide power gain to
drive the monostable multivibrator 18. This multivibrator
adjustably determines the width of pulse Tp-

The generated pulses from one shot 18 would then be
passed to low pass filter 20, as was described in conjunc-
tion with FIGURES 1 and 2. The output from filter 20
is the demodulated frequency modulated signals, in this
instance a four-level signal, which can be decoded in any
known manner to recover the transmitted information.

In the foregoing, there has been disclosed apparatus
for effectively determining the zero-crossings of the long-
term average value of a transmitted frequency modulated
signal. The circuitry was described in conjunction with a
four-level signal; but it is obvious, however, that such
four data levels are exemplary only, as any number of
levels could be demodulated in a similar manner in ac-
cordance with the principles of the present invention. In
addition, the circuitry was described in conjunction with
standard width pulses but one skilled in the art may, as
hereinbefore described, utilize the present invention to
generate pulses of variable width in order to enhance the
demodulation process. The circuit has utility in any fre-
quency modulated data transmission system. Facsimile
transmission systems, for example, utilizing the fre-
quency modulation technique would advantageously use
the disclosed invention in the demodulation of the trans-
mitted information. Thus, while the present invention, as
to its objects and advantages, as described herein, has
been set forth in specific embodiments thereof, they are
to be understood as illustrative only and not limiting,

What is claimed is:

1. A demodulating circuit for frequency modulated sig-
nals comprising:

means for amplitude limiting said frequency modulated

signals to obtain signals with a finite rise time in es-
sentially a square wave format,

first means for generating short duration signals upon

detection of positive-going signal crossings of the
axis representing the long term average value of the
square wave signals,

second means for generating short duration signals

upon detection of negative-going signal crossings of
the axis representing the long-term average value of
the square wave signals,

third means coupled to said first and second generating

means for generating short duration pulses in re-
sponse to the pulses representing the positive and
negative-going axis crossings,

fourth means for generating pulses of finite time dura-

tion in response to the pulses eminating from said
third means, and

means for taking the short-term average value of the

finite time width pulses to obtain an analog voltage
signal in accordance with the information contained
in the frequency modulated signals.

2. The circuit as defined in claim 1 wherein said fourth
means comprises

multivibrator means for generating finite time signals

of equal duration.

3. The circuit as defined in claim 1 wherein said fourth
means comprises

multivibrator means for generating finite time signals

of unequal time duration as a linear function of the
period of the signalling frequency.

4. In a frequency modulated signal demodulator cir-
cuit, a zero-crossing detector for generating short dura-
tion pulses at the axis crossings of the long term average
value of the frequency modulated signals comprising

first circuit means for generating short duration signals

in response to the positive-going zero-crossings of
the frequency modulated signals,

second circuit means for generating short duration sig-

nals in response to the negative-going zero-crossings
of the frequency modulated signals, and

third circuit means coupled to said first and second cir-

cuit means for generating uniform short duration
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pulses in response to the short duration pulses from
said first and second circuit means.

S. The circuit as defined in claim 4 wherein said first

circuit means comprises

a first transistor with emitter, base, and collector elec-
trodes,

a first transformer with a primary winding and first
and second secondary windings, said primary winding
coupled in series between a power supply source and
the collector electrode of said transistor,

a data input terminal coupled to the base electrode of
said transistor, said emitter electrode of said tran-
sistor coupled to a common ground connection,

a first diode with its anode electrode coupled to the
positive terminal of the first secondary winding of
said first transformer,

a first resistor with one end coupled to the cathode
electrode of said first diode and the other end to the
base electrode of said transistor,

a first capacitor with one end coupled to said cathode
electrode of said first diode and the other end to the
other terminal of said first secondary winding of said
transformer and to said common ground connec-
tion,

whereby a positive-going waveform forward biases said
base-emitter junction of said first transistor causing
a change in voltage to be developed across said trans-
former primary winding, said voltage being coupled
back to the base electrode of said first transistor
through said first diode and first resistor causing re-
generation of said biasing action until said first tran-
sistor is saturated.

6. The circuit as defined in claim 5 further including

a szcond diode with its cathode electrode coupled to
the positive terminal of the second secondary wind-
ing of said first transformer and with the anode elec-
trode coupled to said common ground connection,

a third diode with its anode electrode coupled to the
cathode terminal of said second diode, said cathode
terminal of said third diode being the output terminal
of said first circuit means,

whereby said second diode prevents regeneration of the
biasing action when said transistor is back biased,
and wherein said third diode prevents signal feed-
back from said second circuit means.

7. The circuit as defined in claim 6 wherein said sec-

ond circuit means comprises

a second transistor with emitter, base and collector elec-
trodes, said base electrode of said second transistor
coupled to said data input terminal, and said emitter
electrode of said second transistor coupled to said
common ground connection,

a second transformer with a primary winding and first
and second secondary windings, said primary wind-
ing coupled in series between a power supply source
and the collector electrode of said second transistor,

a fourth diode with its cathode electrode coupled to
the positive terminal of the first secondary winding of
said second transformer,

a second resistor with one end coupled to the anode
electrode of said fourth diode and the other end
to the base electrode of said second transistor,

a second capacitor with one end coupled to said anode
electrode of said fourth diode and the other end to
the other terminal of said first secondary winding of
said second transformer and to said common ground
connection,

whereby a negative-going waveform reduces the for-
ward bias on said base-emitter junction of said sec-
ond transistor causing a change in voltage to be de-
winding, said voltage being coupled back to the base
veloped across said second transformer primary
electrode of said second transistor through said
fourth diode and second resistor causing regeneration
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of said biasing action until said second transistor is
back biased. ’

. The circuit as defined in claim 7 further including
fifth diode with its anode electrode coupled to the
positive terminal of said second secondary winding of
said second transformer and to said common ground
connection and with the cathode electrode coupled
to the other end of said second secondary winding
of said second transformer,
sixth diode with its anode electrode coupled to the
cathode electrode of said fifth diode, said cathode
electrode being the output terminal of said second
circuit means,

whereby said fifth diode prevents regeneration of the
biasing action to occur during forward biasing of
said second transistor, and wherein said sixth diode

prevents signal feedback from said first circuit means.

8
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