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FREQUENCY FEED-FORWARD - AN OPEN LOOP APPROACH
FOR EXTENDING THE THRESHOLD AND LINEARITY OF FM

DEMODULATORS

M. G. PELCHAT and S. B. BOOR
Radiation Incorporated

Melbourne, Florida

Summary    This paper describes Frequency Feed-Forward, an open-loop technique for
lowering the FM threshold. The amount of threshold improvement with standard
discriminators is discussed and experimental results with sinewave and gaussian
modulation are given.

I.  Introduction    Frequency feed-forward is a technique for extending the threshold of
wideband FM demodulators. The basic concept is illustrated in Figure 1. The input
signal

the sum of a frequency modulated carrier and noise, is applied to FM Demodulator 1 to
produce the ‘normal’ output

which feeds a second FM demodulator to give an estimate



of the error made in the first demodulator. Proper combination of the demodulator
outputs gives a final output of the form

smaller than the desired signal N(t) and, therefore, FM Demodulator 2 can have a narrow
bandwidth compared to the bandwidth of FM Demodulator 1.

Section II contains an approximate theoretical analysis of the amount of threshold
extension achievable with standard discriminators. This implementation has the
important advantage of being open-loop and hence of being unconditionally stable.
Section III presents experimental results obtained with the configuration discussed in
Section II for both Gaussian and sinewave modulating signals.

II.  Threshold Extension With Standard Discriminators    At high input signal-to-
noise ratio and for a degree of modulation such that FM Demodulator 1, Figure 1, is
linear the output of FM Demodulator 2 is zero and no improvement results from the use
of frequency feed-forward. Under these conditions errors in gain and time delay settings
result in an error being detected by FM Demodulator 2 but the net effect is simply a
change in the baseband frequency response of the demodulator. These results are easily
deduced from a linear analysis.

Frequency feed-forward becomes useful when non-linear effects, which defy rigorous
analysis, become important in FM Demodulator 1. Some arguments will now be
presented which lead to a quantitative estimate of the threshold extension achievable
with standard discriminators in a frequency feedforward arrangement, Figure 2. This
analysis is rough but it seems to describe the basic limitations observed in practice.

One might expect a threshold improvement about equal to the ratio of the IF bandwidths,
BIF1/BIF2 . One might also expect that BIF2 could be made much smaller than BIF1 because
even below threshold the rms error is much less than the rms signal in a wideband
discriminator; i.e., the threshold output signal-to-noise ratio is high. Unfortunately, the
error to be estimated in the bottom discriminator is very “spiky,” having a peak value



much larger than its rms value. Thus BIF2 is required to be larger than might be predicted
considering only the rms value of the error to be measured.

The “spiky” error waveforms to be measured are referred to as pops or clicks and were
first discussed by J. Cohn(1). Further discussions are given by Rice(2), McRae(3). A pop
waveform observed at Point 3, Figure 2, is almost equal to the impulse response of the
low-pass filter, see Figure 3. For an ideal sharp cutoff low-pass filter the peak value of a
pop corresponds to a frequency deviation equal to twice the lowpass filter bandwidth.
The filters implemented gave pop peak values close to 2.2 Bv. The Carson’s Rule
bandwidth for the bottom IF filter is then

(1)
A first estimate of threshold improvement, in decibels, is then

(2)

For example, in a design discussed later for which BIF1 = 16.4 Bv the threshold
improvement given by Equation 2 is 4.0 dB. However, with the top discriminator 4.0 dB
below threshold the spike errors to be detected no longer have a peak value of 2.2 Bv

because two pops frequently overlap in time. overlapping pops cause excessive
frequency deviation in the bottom discriminator and represent a basic limitation of the
frequency feed-forward technique. An important question, then, is: how far is the top
discriminator below threshold when it produces a significant number of double pops?

With reference to Figure 2 define,

With the input carrier deviated by a typical amount, 0.4 BIF1, the pop rate is
approximately (3)

(2)



and the average number of pops during time Tv is

(3)

Based on the usual assumption that pops are Poisson distributed (2,3), we have

(4)
Now in the case considered earlier BIF1 = 16.4 Bv, Dt is approximately 9 dB, and

8 = 1.2 x 10-3

P0(Dt) = 0.9988
P1(Dt) = 1.2 x 10-3 
P2(Dt) = 0.72 x 10-6 

for D = 4.2(6.2 dB)
8 = 0.049
P0(4.2) = .951
P1(4.2) = 0.047
P2(4.2) = 1.15 x 10-3

Thus, the double pop rate at D = 6.2 dB is approximately equal to the single pop rate at
D = 9 dB. Therefore, because of overlapping pops, a threshold improvement of 2.8 dB is
anticipated rather than 4.0 dB obtained from Equation 2. This 2.8 dB improvement was
obtained for a particular value of BIF1/ Bv = 16.4; however, the figure is almost
independent of this ratio, provided the ratio is larger than 10.

In systems with very large values of the ratio BIF1/Bv it might be possible to increase BIF2

to accomodate two overlapping pops. A basic limitation is now due to triple pops and the
2.8 dB figure is changed to 4.5 dB. A very important practical limitation in such systems
would be due to imperfect cancellation of single pops.

III.  Experimental Results    The frequency feed-forward concept has been tested using
discriminators, FMFB, and PLL demodulators in various combinations. Measurements
were made using the equipment shown in Figure 4. This multi-mode demodulator was
designed for a 60 KHz maximum baseband frequency and accepts inputs at 70 MHz.

Standard NPR (Noise Power Ratio) tests, in which the modulating signal has a gaussian
distribution, were made. The NPR test procedure is illustrated in Figure 5. A noise
source is filtered, to simulate a specific baseband frequency range, and used to modulate
a carrier. The demodulated signal is measured with a tuned receiver. A notch filter is



* A standard format for 12 voice channel FDM.

then introduced prior to modulation and the receiver output is again read. The ratio
between the two readings is the NPR. In the absence of noise and distortion, an infinite
NPR would result, but in a practical situation both effects are present.

NPR measurements were made using limiter-discriminators as the demodulators and
with a 12-60 KHz* baseband spectrum with standard (CCIR) pre-emphasis. Both low
frequency (14 KHz) and high frequency (56 KHz) ends of the spectrum were monitored.
Curves showing these results with low, “optimum”, and high deviations are given in
Figures 6 - 11. NPR is plotted versus C/KT, the carrier-to-noise ratio in a one Hertz
bandwidth, for both the conventional demodulator output and the improved output. The
improvement due to feed-forward is more pronounced in Channel 1 due to the parabolic
shape of the FM noise spectrum and the flat shape of the “error” spectrum.

The major conclusion which can be drawn is that feedforward improves the output
quality under all conditions of deviation and input carrier-to-noise ratio. The amount of
improvement is dependent upon both deviation and C/KT. The normal demodulator was
designed to obtain 35 dB NPR with minimum C/KT, and is “optimum” when a deviation
of 150 KHz rms is used. Figures 6 and 7 show deviations 4 dB below optimum and
Figures 10 and 11 show deviations 3 dB above optimum.

Although NPR tests are more general in nature, sine wave tests can be of specific
interest, and are more revealing when studying waveforms. Sine wave measurements
were made with a double discriminator demodulator. A 14 KHz sine wave modulation
was used and the signal plus noise-to-noise ratio was read on a distortion analyzer. These
measurements are shown in Figure 12. The improvement due to feed-forward is greater
for larger deviations, as expected. With a deviation of 560 KHz, which is close to the
Carson’s Rule deviation for a 1.25 MHz IF bandwidth, the threshold improvement due to
frequency feed-forward is about 2 dB. Note that frequency feed-forward is less affected
by over-deviation than the standard discriminator.

IV.  Conclusion    A method for improving the performance of FM demodulators has
been described, basic performance limitations have been discussed, and experimental
data taken. The technique is notable in that it is open-loop, thus unconditionally stable,
and would, therefore, be especially applicable in very wideband systems where the full
potential of frequency feedback cannot be realized in practice because of incidental time
delays.
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Figure 2.  Frequency Feed-Forward FM Demodulator Using
Standard Discriminators



Figure 3.  Waveform at Output of FM Discriminator in Threshold Region
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