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DIGITAL FM DISCRIMINATOR SYSTEM

IVARS P. BREIKSS
Test Instruments Division

Honeywell, Inc.
Denver, Colorado.

Summary    The Digital FM Discriminator described in this paper is used to demodulate
FM signals with a high percentage (±40%) deviations. When contrasted to the
conventional constant pulse width or the phase locked loop discriminators, the digital
system has advantages of improved linearity and distortion performance. Additionally,
because of the digital nature of the circuit, it requires no adjustment during setup or
manufacture. The digital discriminator can be operated at any center frequency within
the range of the integrated circuits used, provided that the proper ratio of the FM carrier
center frequency and the clock frequency of the discriminator is maintained. In other
words, the center frequency of the discriminator can be altered by altering the clock
frequency.

The digital discriminator provides an analog output which is a step-by-step
reconstruction of the original modulating signal. In addition a digital word for each cycle
of the FM carrier is generated corresponding to the amplitude of the modulating signal at
that instant. The digital output is available in parallel as well as serial format.

Desirable Improvements of Conventional Systems    At the present time, we are
capable of making voltage controlled oscillators (VCO’s) which have acceptable center
frequency stability and whose frequency deviation capabilities in response to a
modulating signal exceed 40% of the center frequency. Linearity of frequency deviation
versus modulation voltage is quite good - 0.1% is achieved routinely in production
hardware. The bandwidth of FM recording systems are not limited by the center
frequencies of the VCO’s, but rather by our ability of recording high frequencies on
magnetic tape. The discriminator circuitry to date is the limiting electronic component of
high performance FM systems. In order to put these limitations in the proper perspective,
we shall briefly discuss the typical FM record-reproduce system shown in
Figure 1.

The function of the VCO and the head driver are to provide means for recording the
modulated FM carrier on the magnetic tape. The signal from the reproduce head is
typically in the microvolt region-hence the requirement for the low noise preamplifier.



The preamplifier output is connected to the limiter. The function of the limiter is to
convert the preamplifier signal, which is in the range of millivolts, to a clean, square
wave of the proper amplitude for driving digital integrated circuits.

Figure 2 shows the typical discriminator in block diagram form. Each positive going
edge of the limited FM carrier is used to trigger the constant width pulse generator. The
pulse generator output is then amplified and integrated using a low pass filter. Usually an
amplifier follows the low pass filter.

The major problems associated with this type of FM discriminator are attributable to the
low pass filter and the constant width pulse generator circuitry. In order to attain the
maximum bandwidth and the maximum signal-to-noise ratio for a given center
frequency, filters with steep cut-off characteristics must be used. This in turn introduces
phase shift of the data and overshoot and ringing problems when data contains high rise
times. In addition, high quality filters tend to be rather expensive. The constant width
pulse generator is another complex design problem. Pulse width shifts as a result of
temperature or supply voltage changes are translated to the output as zero shift. Any
change of pulse width as a function of the instantaneous carrier frequency shows up as a
non-linearity of the discriminator transfer function.

The type of FM discriminator described here and most other discriminators in use today
are designed to operate at a discrete center frequency. Since modern instrumentation tape
recorders have seven or more tape speeds, discriminators must be designed with
provisions for selecting seven or more center frequencies to correspond to the tape
speeds of the tape transport. The parameters determining the center frequency of a
discriminator are the period of the constant width pulse generator and the cut-off
frequency of the low pass filter. In order to design an FM discriminator for a multi-speed
recorder means for selecting seven different pulse width and low pass filter combinations
must be supplied.

The filters themselves and the required switching electronics tend to make a multiple
center frequency discriminator a rather expensive and complicated piece of hardware.

At best, conventional discriminators can be designed to operate with a limited number of
discrete center frequencies. This requires that the tape speed be precisely controlled
during the recording and playback process. Data search at variable tape speeds, possible
with direct analog recorders, does not appear to be feasible with a conventional FM
recording system.

The manual methods of data analysis employed in the past are rapidly being replaced by
computer analysis. For this reason, an ever increasing amount of FM recordings are
digitized and converted into digital magnetic tapes or other digital data suitable for



computer inputs. This conversion process represents a considerable investment in
hardware and time.

Based on the above discussion, specifications of a more desireable FM discriminator
might be the following:

1. Discriminator operable at any center frequency.
2. Reduced data distortion in the form of phase shift, non-linearity, zero shift, etc.
3. Reduced number of adjustments.
4. Direct digital outputs.
5. Cost should be at least competitive with conventional discriminators.

The Digital FM Discriminator

The digital FM Discriminator described in this paper represents an attempt to comply
with the five major design requirements just outlined. The block diagram of the new
discriminator is shown in Figure 3.

The reproduce head, the preamplifier and the limiter circuitry employed in this design are
identical to the circuitry used in conventional FM discriminators. The FM carrier in the
form of a well defined square wave is applied to the period measuring circuitry of the
digital discriminator. This portion of the circuit generates a number in straight binary
format which is proportional to the instantaneous period of the FM carrier. The output of
the period measuring circuitry is applied to the arithmetic unit. The arithmetic unit
divides the externally supplied constant No by the number P generated by the period
measuring circuitry. The result is the quotient Nx. The number P is proportional to the
period of the carrier and would yield a parabolic transfer function as indicated. The
process of dividing a constant by the number P restores the linear relationship between
the frequency modulated carrier and the number Nx generated by the digital arithmetic
unit. The output of the arithmetic unit is a digital representation of the data input
corresponding to each cycle of the FM carrier. The D to A converter connected to the
output of the arithmetic unit converts the digital data into analog form.

A. Implementation-
The digital discriminator breadboards built to date have been constructed using
10-bit hardware throughout the system. Although normally a 10-bit system is
considered capable of providing 0. 1% amplitude accuracy, the peculiarities of the
FM system limit the accuracy of a 10-bit system to about 0.2%.

We shall discuss the various system parameters as they affect system bandwidth,
resolution, cost, etc. , in more detail at the conclusion of the paper. At this point, a
more detailed discussion of the system implementation is in order.



B. Period Measuring Circuitry-
The period measuring circuitry consists of ten binaries connected as a ten stage
ripple counter as shown in Figure 4. The input to the counter is a precise clock
frequency. The counter input circuitry contains provisions for gating the clock.
The clock frequency is chosen such that with the counter input enabled during an
entire FM carrier cycle, corresponding to the maximum negative deviation of the
center frequency, the ten stage ripple counter counts up to its maximum capacity
of 1024. With the clock frequency thusly chosen, we can now construct a plot of
per-cent deviation of the carrier frequency versus the number of counts in the ten
stage counter. This plot is shown in Figure 5, Reference is also made to Figure 6
which illustrates this situation for zero, maximum negative and maximum positive
deviation of the carrier.

An inspection of the plot reveals a number of important conditions. First of all, the
relation between the per-cent deviation of the carrier frequency and the number of
counts accumulated in the counter during the corresponding gating period is not a
linear function. A second important condition is the fact that the minimum number
of clock pulses accumulated in the counter during the gating period corresponding
to maximum positive deviation of the carrier frequency is approximately 42. 876
of the total counter capacity.

The fact that the relation of per-cent deviation and the number accumulated in the
counter is not a linear function precludes direct use of the number in the counter as
a system output. Some steps must be taken to convert the number corresponding to
the length of the instantaneous period of the FM carrier to a number corresponding
to the instantaneous frequency of the carrier. Since the instantaneous frequency is
related to the period as

a linear transfer function can be generated by dividing unity by the number
accumulated in the counter for each cycle of the FM carrier. The method chosen to
implement the function was a parallel arithmetic unit designed exclusively for the
division algorithm. As already mentioned, the lowest possible count in the counter
occurs when the FM carrier is deviated to its maximum in the positive direction.
This condition is used to an advantage by arranging the operation of the arithmetic
unit to occur during the early part of each FM carrier cycle. Since the exact
number of clock pulses consumed for execution of the division algorithm is
known it is only required that this number does not exceed the lowest possible
count in the period measuring circuitry. Upon execution of the division algorithm,
the counter in the period measuring circuitry is preset to the number of clock
pulses consumed during the execution of the division process. From this point on



the input gate to the period measuring circuitry is enabled. The ten stage binary
counter continues counting clock pulses until the clock source is removed by the
next positive going edge of the FM carrier.

A. The Arithmetic Unit
The arithmetic unit operates on 10-bit numbers in straight binary representation. It
is organized for parallel operation. The block diagram is shown in Figure 7. All
input data to the arithmetic unit is entered through the four input multiplexer. The
multiplexer responds to the four possible combinations of logic levels on the two
control lines S0 and S1. The initial input is the dividend No which is hard-wired to
the Tirst set of the multiplexer inputs. This input, after passing through the
multiplexer, is added to the contents of the A-register. Since the A-register was
reset to zero during the last step of the previous arithmetic cycle, the initial entry
into the A-register is the actual number present at the first set of multiplexer
inputs. This number could be any positive quantity. In this case No was chosen to
be identical to the number P which would be generated by the period measuring
circuitry with the undeviated FM carrier. By proper choice of No effective use of
the register capacity in the arithmetic unit results. In addition the discriminator
gain is directly proportional to the magnitude of No. Next the control inputs of the
multiplexer are changed to select the divisor. The divisor corresponds to the
number P generated by the period measuring circuitry.

This arithmetic unit was designed to perform only the division algorithm required
in this application. For instance, instead of supplying the divisor directly, it was
found to be more convenient to convert it to its 2’s compliment. This is
accomplished by connecting the second set of the multiplexer inputs to the
compliment side of the 10-bit binary counter. Concurrently with the multiplexer
control signals corresponding to the No input to its 2’s compliment.

The division algorithm employed here is commonly referred to as the comparison
method. Initially the dividend is compared to the divisor. If the dividend is equal
or greater than the divisor a quotient digit of one is generated and the divisor
subtracted from the dividend. If the divisor is greater than the dividend a quotient
digit of zero is generated, and the subtraction operation is omitted. Next the
dividend or the partial remainder is multiplied by two & the comparison cycle &
generation of a quotient is repeated. This operation is continued until the required
number of quotient digits is generated.

In this arithmetic unit implementation, the comparison of the dividend with the
divisor is accomplished by subtracting the divisor from the dividend. Recalling
methods of binary arithmetic, subtraction can be performed by adding the 2’s
compliment of the minuend. The relative size of the subtrahend and the minuend



can be determined from the resulting carry digit. A one in the carry digit indicates
that the minuend is equal to or greater than the subtrahend, a zero in the carry digit
indicates that the subtrahend is less than the minuend.

The carry output of the adders is connected to the inputs of the Q-register.
Following a comparison operation the carry signal is shifted into the Q-register as
a quotient digit. According to the requirements of the division algorithm described
above, the divisor is subtracted from the dividend or the partial remainder only if a
one had resulted in the comparison cycle. The necessity for the execution of the
subtraction operation (addition of the 2’s compliment) is determined by sampling
the last entry into the Q-register.

The A-register consists of a full adder and a binary element per bit. With the PE
input at a logical zero parallel inputs to the A-register are added to its contents.
The sum is entered in the A- register coincident with the positive going edge of the
clock pulse. With the PE input in a logical one state the parallel inputs of the A-
register are disabled. In this case, the positive going edge of the clock pulse shifts
the contents of the A-register one bit in the direction of the most significant bit
(MSB). Since the A-register contains either the dividend or the partial remainder, a
single bit shift of the A-register contents accomplished multiplication of the
dividend or the partial remainder by factor of two prior to the next comparison
cycle.

The comparison, conditional subtraction and shifting operation is repeated ten
times in order to generate ten quotient digits. Upon completion of the entire
process of division the contents of the Q-register is parallel transferred to the H-
register. The A-and Q-registers are reset to zero prior to commencing the next
division cycle.

The control functions required to execute the division algorithm are as follows:
a. Multiplexer control signals
b. A-register shift pulses
c. A-register PE control signals
d. Conditional clock pulses to execute addition
e. H-register transfer pulses

The A-register PE, control signals and the conditional clock pulses are derived
from the last bit entered into the Q-register. A simple control unit is used to
generate the remaining control functions. The arithmetic cycle requires 21 clock
pulses. These clock pulses are derived from the same source which supplies the
clock input to the period measuring circuitry. The positive going edge of the FM
carrier initiates the arithmetic cycle by removing the clock input from the period



measuring circuitry and diverting it to the arithmetic unit. Removal of the clock
signal from the period measuring circuitry during the execution of the arithmetic
cycle causes the dividend inputs to remain static. This eliminates the need for a
separate input register.

Since only 21 clock pulses are required for the arithmetic cycle and a maximum
period of 438 clock pulses could be made available, the clock frequency is divided
by ten. The control functions required for the operation of the arithmetic unit are
generated primarily from the lower frequency. This approach resulted in an
arithmetic cycle consuming the equivalent of 202 pulses of the high frequency
clock. 202 is the number used to preset the period measuring circuitry.

The contents of the H-register represents the value of the data signal for the
particular cycle of the FM carrier. Its contents is updated in parallel once each
carrier cycle. A serial digital word of the identical magnitude is available at the
input of the Q-register.

D. A Converter
The ten-bit parallel output of the H-register is hard-wired to the input of a 10-bit
D-A converter. The switches, the precision voltage source, and the logic interface
stages are all contained on a single integrated circuit chip. The resistor array used
in the breadboards is a separate unit assembled from discrete components. An
integrated circuit operational amplifier is used as the output stage of the D-A
converter. The block diagram of the D to A converter is shown in Figure 8.

Since the contents of the H-register is updated during each cycle of the FM carrier,
the output of the D-A converter will also change at the carrier frequency rate. The
most severe slew rate requirements are imposed on the D-A converter when
reproducing a square wave recorded with a maximum deviation of the FM carrier.

E. Clock Frequency Selection -
The performance parameters of the digital discriminator are determined by the
clock frequency used. Table I shows the number of clock pulses counted for
various values of per-cent deviation of the carrier frequency. This table is a more-
precise representation of the plot in Figure 5. Again, limiting our discussion to a
10-bit implementation of the system, the maximum number of clock pulses that
can be counted in a ten-stage binary counter is 1024. We chose this to correspond
to the maximum negative deviation (-4001o) of the carrier frequency
corresponding to the longest carrier period. From the table we determine that for
zero deviation the counter must accumulate 614. 4 times higher than the center
frequency of the FM channel. Table 2 shows the standard IRIG center frequencies 



together with the clock frequency required for a 10-bit discriminator
implementation.

As shown previously, the “active” region of a ten-stage ripple counter in the
period measuring circuitry extends from 439 to 1024 counts. The figures translate
into an amplitude resolution capability of 585 steps or approximately 0.2%. The
resolution along the abscissa is fixed by the length of the period of each carrier
cycle. Using the IRIG practice of extending the data bandwidth to approximately
1/5 of the carrier frequency, worst case granularity of approximately five sampling
periods per cycle of data frequency would result.

The trade-offs of clock frequency, number of bits in the system or amplitude
resolution are simply that each additional bit added to the system increases the
amplitude resolutions by a factor of two. This also doubles the clock frequency
required for a given center frequency. Conversely if the number of bits in the
system is reduced by one, the amplitude resolution is decreased by a factor of two.
Likewise, the clock frequency is reduced by a factor of two.

From the discussion it is also clear that a digital discriminator can be operated at
any center frequency, provided the integrated circuits are capable of performing at
the required clock frequency. The center frequency can be changed by simply
making the appropriate change in the clock frequency. In addition, the effective
number of bits in the system -can be reduced by an appropriate reduction of the
clock frequency.

Performance    Several breadboards of the digital discriminator circuitry have been
constructed using off-the-shelf integrated circuits. The complexity of the circuits used
fall in the category of “medium scale integration”. The adder circuits used contain four
full adders per package. Where shift registers with parallel entry capability are required,
packages containing four binaries each were used. The Q-register consists of a single
package containing eight binaries and one half of a four binary package. The highest
speed elements in this system are required in the lower significance stages of the binary
counter in the period measuring circuitry. Also high speed elements are used to divide
down the clock frequency for the arithmetic unit. The entire system was constructed from
TTL logic elements of several manufacturers. An exception to this is the integrated
circuit portion of the D to A converter which uses MOS circuits.

The breadboards were used to evaluate the system against the design goals discussed
earlier. We shall now discuss the degree of compliance achieved with each of these
design goals.



1. Discriminator Operable At Any Center Frequency-
This goal has been achieved for center frequencies up to and including 108 KHz.
In order to operate a 10-bit system at this center frequency a clock source of 66.
3552 MHz is required. Higher operating frequencies could be achieved using
nonsaturating logic elements. The center frequency of the digital discriminator is
determined by the clock frequency supplied to the circuit. No switching of circuit
components is required.

2. Reduced Data Distortion In the Form of Phase Shift, Nonlinearity, Zero Shift, Etc. 
The digital output of the discriminator is a true representation of the information
contained in each and every cycle of the FM carrier. The non-linearities in the
digital output are those caused by resolution errors. The magnitude of these non-
linearities is approximately 0.2%. This is about one order of magnitude better than
the linearity specifications of conventional discriminators. The phase shift is quite
predictable. Each output word is delayed exactly one FM cycle. This corresponds
to a maximum phase shift of 90E when the data frequency is one fourth of the
center frequency. The zero shift of the discriminator is proportional to the stability
of the clock source. This, with crystal control, can be maintained to one part in 106

or better, if necessary. For practical purposes the problems of zero drift are
eliminated. Figure 9 compares the output of the digital discriminator with the
output of a conventional discriminator. The comparison was made with a square
wave frequency equal to one tenth of the IRIG bandpass. The overshoot in the
output of the conventional iscriminator is caused by the low pass filter. Since the
digital discriminator has no filter, the overshoot problem has been eliminated. The
errors due to the “steps” in the output of the digital discriminator are considerably
less than the slope introduced by the filter in the conventional discriminator.

3. Reduced Number of Adjustments-
The digital discriminator does not require any adjustments during production or
use.

4. Direct Digital Outputs-
Digital outputs in straight binary are available on serial and parallel format.

5. Cost Should Be at Least Competetive With Conventional Discriminators-
It was estimated that a conventional discriminator with five filters will cost
approximately the same as a digital discriminator constructed using off-the-shelf
components. The cost would be reduced considerably if the D/A converter were
omitted. Further cost reductions are possible if quantities justify development of
proprietary integrated circuits.



Disadvantages of the Digital Discriminator    A 10-bit system operating at a center
frequency of 108 KHz requires a clock frequency of 66. 3352 MHz. Operation at this
clock frequency is the upper limit of high speed saturated TTL logic. Increasing the
center frequency to 216 KHz would certainly require use of non-saturating logic.
Although hardware is available which would allow clock frequencies of up to perhaps
300 MHz to be used, no effort of implementing such a system is planned. Reason for this
decision is that even with a moderate center frequency of, say 27 KHz the output of the
digital discriminator would amount to approximately 27 x 103 10-bit words per second.
In order to remain compatible with the presently available digital storage and processing
equipment, high bandwidth FM tapes have to be slowed down considerably and
demodulated at relatively low equivalent center frequencies. For this reason it appears
that increasing the center frequency of the digital discriminator will not be of importance
in instances where digitized outputs are desired. Figure 10 shows a sine wave reproduced
by the digital discriminator in comparison with the output of a conventional
discriminator. The sine wave was recorded at one tenth of the channel bandwidth. The
output of the digital discriminator clearly shows the steps corresponding to the FM
carrier. The output of the conventional discriminator for practical purposes is identical to
the input signal. This situation will bother some users of an FM system. A closer analysis
shows that the apparently better reproduction of the conventional discriminator applies
to the special case of a pure sine wave containing no harmonic frequencies. The previous
(Figure 9) illustration of the square wave recorded at one tenth of the bandwidth seems
to prove the point.



CARRIER DEVIATION CLOCK PULSES COUNTED

40 438.857
35 455.111
30 472.615
25 491.52
20 512.
15 534.261
10 558.545

5 585.143
0 614.4

-5 646.737
-10 682.667
-15 722.824
-20 768.
-25 819.2
-30 877.714
-35 945.231
-40 1024.

Per-cent deviation versus clock pulses counted in a 10-bit system.

TABLE 1

CENTER FREQUENCY DATA BANDWIDTH CLOCK FREQUENCY
KHz KHz MHz

1.6875 0.3125 1.0366
3.375 0.625 2.0736
6.75 1.25 4.1472

13.5 2.5 8.2944
27. 5.0 16.5888
54 10. 33.1776

108. 20. 66.3552
216. 40. 132.710
432. 80. 265.421

Clock frequency requirements for IRIG center frequencies and a 10-bit system.

TABLE 2
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