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ABSTRACT

In this dissertation the dual differentiator version of the
Klapper-Kratt FM detector family is investigated with additive Gauss-
ian noise. Prior analysis of this new detector family has been limi-
ted to the noiseless case.

The investigation was conducted both analytically and experimen~
tally. First, the dual differentiator version of the Klapper-Kratt
detector was mathematically analyzed, assuming an unmodulated carrier
plus additive Gaussian noise. This analysis was verified by assem-
bling the detector and measuring its performance in the laboratory.

It was discovered that the Klapper-Kratt detector without 1imi-
ter performs identically to the conventional limiter discriminator in
the linear improvement region. When compared to the limiter discrim-
inator, threshold occurs at a higher CNR in the new detector (without
limiter). When a limiter is added to the Klapper-Kratt detector, the
new detector exhibits the same threshold as that of the Timiter dis-
criminator. The detector was found to have extremely low delay and
wide bandwidth. The analytical and experimental results were nearly
identical.
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CHAPTER 1

INTRODUCTION ~ FM AND ITS PROBLEMS

1.1 FM and its Problems

FM operation is characterized by the curve shown in Figure 1-~1
(Ref. 1). Three distinct regions are indicated: (1) The FM im-
provement region; (2) the below threshold region; and (3) the dis-
tortion limited region.

The FM improvement region is the portion normally used. It is
in this region that the signal to noise ratio at the output can be
improved over the input carrier to noise ratio (CNR).

The below threshold region is characterized by a rapid deterior-
ation in SNR at the demodulator output. The "threshold point" is
usually defined as the point at which the SNR has dropped 1 dB more
than predicted by the linear improvement region.

Above a certain level the output of an FM system fails to im-
prove, due to various possible distortions. This region is referred
to as the distortion limited region.

1.2 Limiter Discriminator - Above Threshold

Let us begin with a review of the operation of a conventional
limiter discriminator. One of the many possible forms of the limiter
discriminator is shown in Figure 1-2. Operationally, the limiter
discriminator might be represented as in Figure 1-3. An FM signal
can be defined as

es(t) = Acos[ugt+ o(t)] (1-1)

where A is the carrier amplitude, we is the carrier frequency, and
¢(t) represents the integral of the modulating signal. Applying this
signal to the demodulator of Figure 1-3 yields at the Timiter output,
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A' cos {@Ct + ¢(t{ R (1-2)

and at the differentiator output
- [ug + o(0)] A" sin [ut + o(8)]. (1-3)

Notice that the differentiation transformed the FM signal into AM.
Next, the AM is demodulated by the envelope detector and filtered.
The filtered output is

e (t) = A"j(t) (1-4)
which is proportional to the baseband modulating signal, 0(t).

Equation (1-5) describes an unmodulated carrier with additive
narrow-band noise.

-

ei(t) = Acos ut+ x(t) cos w.t - y(t) sin w.t (1-5)

This equation can be represented by phasors, as in Figure 1-4
(Ref. 2). From Figure 1-4,

o(t) = tan~1 —Y(t) _ (1-6)
(A + x(t)]

For the high CNR case where x(t) and y(t) are small compared to
A, Equation 1-6 becomes

o(t) = Ut (1-7)

For this case, ¢{t) can be illustrated by Figure 1-5.
The perturbations of ¢(t) about the time axis are produced by

the random nature of the noise. The output of the detector is pro-
portional to the derivative of the input phase angle, or,

e (t) « LLE) (1-8)
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1.3 Limiter Discriminator - Near Threshold

Rice shows that, as the CNR is decreased, a significant number
of fast step discontinuities in 8(t) occur randomly, as in Figure 1-6
(Ref. 2). These steps may be explained as follows: If the amplitude
of the random variable, x(t)l, becomes greater than the signal am-
plitude, A, and x(t) is negative, and if at the same time y(t) goes
from positive to negative, an encirclement of the origin takes place
in the phasor representation of Figure 1-4. This encirclement pro-
duces a 2w step in é(t). The output from a conventional discrimin-
ator, (t), appears as shown in Figure 1-7. The step discontinuities
in 6(t) produced by encirclements appear as spikes or clicks in the
receiver output. The number of these "clicks" per second is related
to how often the magnitude of x(t) is greater than A, which in turn
is related to the input CNR.

More quantitatively, for the case of an unmodulated carrier
corrupted by additive Gaussian noise and centered in a power spectral
density (PSD) with arithmetic symmetry,

N = # Spikes/Sec = r [1 - erf (CNR)I/2 ], (Ref. 2) (1-9)

where r is the radius of gyration of the noise PSD defined by
o 2
(f - f.)° W(f) df
= 6[ _ c
4f W(f) df

The PSD of the resulting spikes is essentially flat. The SNR at the
receiver output is substantially degraded by these spikes at or below
threshold. The point at which the output SNR is degraded by these
spikes by 1 dB from the expected linear FM improvement region SNR is
commonly defined as the threshold point. Threshold is the Timiting
factor in all FM systems that prevents unlimited trading of power
versus bandwidth.

(1-10)

1-4. The Limiter Discriminator SNR vs CNR Relationship
A few words concerning the determination of output SNR as a
function of input CNR for the conventional limiter discriminator are
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appropriate. The FM system performance curve in Figure 1-1 is de-
ceivingly simple. For an actual system, the curve is very complex
when the threshold effect enters. The equations describing it are
very complex. These equations have been derived by Middleton (Ref.
3) and Stumpers (Ref. 4). Middleton assumes Gaussian pre- and post-
detection filters; Stumpers assumes rectangular filters. The differ-
ence is minor and their results compare quite closely. The analyt-
jcal results of Middleton and Stumpers are complicated and evalu-
ating their equations is extremely difficult, with errors being hard
to avoid. However, a simple relationship exists between the SNR at
the output and the input CNR (Ref. 5) for operation above threshold
2

(SNR)pr = 382 (CNR) (1-11)

where TT indicates reference to a test tone output, B8 is the modula-
tion index, and (CNR)AM refers to the carrier to noise ratio, with
the noise measured in a bandwidth of twice the base bandwidth (in
this case, the test tone frequency is equal to the base bandwidth).

Threshold CNR may be readily determined using a result plotted
by Enloe (Ref. 7), which is reproduced in Figure 1-8. The actual
points were taken by Enloe from an unpublished memo of J. 0. Replogle.
For more detailed analytical performance data for the Timiter dis-
criminator, the complex results of Middleton or Stumpers must be
utilized.

Much work has been done with phase locked loops and frequency
feedback Toops to reduce the CNR at which threshold occurs. The new
family of demodulators, not having some of the nonlinearities of the
conventional limiter discriminator, and not having the feedback of
the phase locked loop or frequency feedback loop, has been conjec-
tured to offer a new avenue to threshold extension. However, we show
in this dissertation that no threshold advantages appear to exist.
The next chapter describes and defines the salient features of the
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Klapper-Kratt demodulator family. Details of past analyses are pre~
sented in Chapter 3.
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CHAPTER I1

A NEW FAMILY OF FM DETECTORS

2.1 Background
The development of this new family of detectors resulted from a

requirement to demodulate FM signals with extremely low delay and
good sensitivity. The early work performed on these demodulators was
accomplished by Dr. Jacob Klapper and Edward Kratt and is described
in their paper presented at the National Telecommunications Confer-
ence - 1975 (Ref. 1). Some later analysis was performed by Geraid
Kersus during the course of his Master's Project at NJIT under the
guidance of Dr. Klapper (Ref. 2).

Theoretically, integrators, differentiators, summers, and multi-
pliers are low delay (zero group delay) circuits. Circuits such as
lowpass filters and bandpass filters would normally not be lTow delay
circuits. Their finite bandwidth 1imits the rate at which their out-
put can change. Up to the present, all FM detectors have incorpor-
ated Tow pass circuitry to filter undesired high frequency components
generated in the detection process, and, typically, a tuned circuit
for the FM to AM conversion. Even previous FM detectors using inte-
grators and differentiators incorporate lowpass filters in their out~-
put circuitry (Refs. 3, 4, and 5).

Klapper and Kratt's solution to the delay problem utilizes an
integrator, differentiator, and summer for the FM to AM conversion.
A synchronous demodulator is then used to detect the amplitude modu-
lation. No delay occurs, and the only undesirable signal produced is
the second harmonic of the carrier frequency. This second harmonic
could be eliminated by the use of a notch filter with some inherent
delay. Better yet, the inventors developed a method using another
integrator and multiplier to generate a cancelling signal.
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2.2 Description of the New Detector

Figure 2-1 shows one of the forms of this new family of detec-
tors. It is made up of integrators, a differentiator, summers, and
multipliers, all theoretically zero delay components.

The detector may be divided into two basic functions: (A) a co-
herent FM discriminator, and (B) an RF canceller. The dashed line in
Figure 2-1 separates these functions.

(A) Coherent FM Discriminator

The FM to AM conversion is performed by the portion of the
detector shown in Figure 2-2. The input signal, sin ot, is applied
to the input of I] and D]. The integrator produces a -90° phase
shift, while the differentiator produces a +90° phase shift. This
results in two signals with a 180° phase difference. The integrator
and differentiator are adjusted to give unity gain at some frequency,
w.. These two signals are then applied to the summer, S], the output

0]

of which will be zero when w = Wy Above and below this frequency,

the summer has an increasing amplitude. Below W, the integrator out-
put dominates, while above W, the differentiator output dominates.

Coherent detection is performed by M]. M] multiplies the
output of the summer with the output of the integrator. The output
of the multiplier contains the demodulated baseband signal plus a
second harmonic of the input signal.

The waveforms present at each stage are indicated in Figure
2-2. Assuming a steady state frequency offset input signal, sin wt,
where the frequency is normalized with respect to the center fre-
quency (i.e., wy = 1). The output is proportional to

Lo b ey

This expression is plotted in Figure 2-3. Some nonlinearity is
clearly present near the center frequency (w = 1). However, the non-
Tinearity is very small in usual applications where the center
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frequency is much greater than the deviation.

A1l the components in Figure 2-2 are capable of wideband
operation. It is important to note that previous FM demodulators
perform the balancing operation at baseband requiring high gain, Tow
drift, DC amplification. In the Klapper-Kratt demodulator the bal-
‘ance is accomplished at the carrier frequency, permitting high gain
AC amplification which eliminates the complication of high gain DC
amplifiers.

(B) RF Cancellation.
Referring back to Figure 2-1, the portion to the right of
the dashed line provides RF suppression. The integrator and multi=-

plier generate a quadrature signal proportional to s1‘n2 wt. The out-
puts of the two multipliers are summed.

Since

cos2 wt + sin2 wt =1, (2-2)

the second harmonic is cancelled with zero delay. The equations in
Figure 2-1 describe this cancellation.

2.3 Integrator Initial Conditions.

There are many other members of this new family of detectors.
Figures 2-4, 5, and 6 detail some of these other forms. Notice that
all of the forms shown up to this time have integrators utilized in
the FM to AM conversion. Referring back to Figure 2-1, no DC compon-
ent should be present at the inputs of the multipliers if the detec-
tor is to perform as previously described. If this condition is vio-
lated, a considerable amount of the fundamental carrier will appear
at the output. This potential problem can result from the initial
conditions of the integrators (which drive the multipliers) at the
time of a rapid input frequency change.

A worst case condition is shown in Figure 2-7. Assume the input
signal, ei(t), doubles its frequency instantaneously at to. The
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outputs, with reference to Figure 2-1, of D], Il’ and Sq are shown in
Figure 2-7. At t = to the output of I] is Ao’ which becomes the
effective initial condition on the integrator output. After t = to
the amplitude of the integrator output is half what it was previous
tot= to' A DC term of value Ae is produced. The output of S1 is
no longer balanced symmetrically about zero. When S](t) is multi-
plied by I](t), a considerable amount of the fundamental carrier will
be present in the multiplier output. The magnitude of the DC error
will, of course, depend on the time at which the frequency change
occurs. For example, if the change occurs when the integrator output

is crossing the axis, A, is zero, and no error is produced (Ref. 1).

e

There are ways of solving this problem, but they require compli-
cation in the modulator and/or demodulator. In practice, actual in-
tegrators are imperfect and will automatically maintain zero DC at
their output if the input frequency changes are relatively slow.

This assumes the baseband signal is reasonably narrow band; but what
if it is really wideband? How can the integration problem be circum-
vented? Fortunately, other forms of the detector do not utilize an
integrator in the discriminator section.

Figure 2-8 is one of these forms. It consists of two differen-
tiators, one integrator, two summers, and two multipliers.

2.4 Description of the Dual Differentiator Detector.

The coherent FM discriminator portion of Figure 2-8 is shown in
Figure 2-9. The input signal is applied to differentiator, D]. The
output of D] is fed into differentiator, D2. Each differentiation
produces a +90° phase shift resulting in a 180° total phase shift at
the output of D, (with respect to the input signal phase). As was
the case in the previous analysis, two signals are present with a 180°
phase difference. The differentiator gains in Figure 2-9 are adjusted
to give unity gain at some frequency, Wye Thus, when w = Wg s the eq-
ual amplitude, opposite polarity signals cancel at the output of the
summer, S]. Above and below Wy s the summer has an increasing amplitude.
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Below Wy the output of S] is dominated by the input signal, while
above We the output of S] is dominated by the output of differentia-
tO\", Dzo

Coherent detection is accomplished by the multiplier. M] mul-
tiplies the output of the summer with the input signal. For a steady
state, frequency offset input signal, the waveforms present at each
stage are shown in Figure 2-8, where the frequency, w, is normalized
with respect to the center frequency (i.e., wy = 1).

The output of the discriminator portion is proportional to
(%-- w) and contains the demodulated baseband signal plus a second
harmonic of the input carrier. The expression, (%-- w) is plotted
in Figure 2-10. A1l the components of Figure 2-8 are capable of
wideband operation. The second harmonic component may be cancelled,
as shown in Figure 2-11. The output of M1 is proportional to
s1‘n2 wte A quadrature signal proportional to cos2 wt is developed
by I] and M2. The two signals are summed by S2 cancelling the RF,
leaving

(5 - o)

The RF cancellation is imperfect for a modulated input signal.
This appears to be true for all forms of the Klapper-Kratt Detector
Family. Kersus delves into this problem in his project (Ref., 2). It
appears, however, that the imbalance is small enough to be ignored in
most applications.

Recall that for most FM demodulators, as the discriminator band-
width is widened, the sensitivity is reduced. This results from the
fact that previous demodulators have been balanced at baseband. Due
to the difficulty in amplifying the resultant low level DC signals,

a lower limit on discriminator sensitivity is effectively set. How-
ever, in all the Klapper-Kratt detectors balance is accomplished at

RF, permitting accurate high gain AC amplification of the low level

wide band signals.
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CHAPTER III

THE RESULTS OF PREVIOUS ANALYSIS OF THE KLAPPER-KRATT DETECTOR FAMILY

3.1 Previous Art

Earlier analyses of members of the Klapper-Kratt detector family
have been described in the Master's Project of Edward Kratt (Ref. 1)
and the Master's Project of Gerald Kersus (Ref. 2). The details of
their results will be presented shortly. An extensive search of the
literature produced no other previous work on the Klapper-Kratt de-
tector forms. However, a paper by J. H. Park, Jr. (Ref. 3) did des-
cribe another detector scheme that, 1ike the Klapper-Kratt family,
converts the FM to AM and then synchronously detects the AM. Figure
3-1 shows the Park detector. As in the Klapper-Kratt design, the de-
tector does not require a limiter. Park, however, does not balance
at RF and removes the unwanted products of detection in a narrowband
fashion.

The analysis of Park's circuit is much easier than that of the
Klapper-Kratt, due to the presence of high order autocorrelation
terms in the latter. In the linear improvement region with modula-
tion, Park shows that his detector (without normalization) is worse
in performance than the limiter discriminator. Park's analysis shows
his detector to be superior to the limiter discriminator at and below
threshold, due to the Tack of "clicks".

3.2 Kratt's Results

Kratt presented the results of his analysis in his Master's
Project (Ref. 1). In this thesis he analyzes the operation of one of
the detector forms described in Chapter II. This detector is redrawn
in Figure 3-2. Kratt describes the scheme for instantaneous cancella-
tion of the unwanted RF by developing a quadrature cancelling signal.

Kratt derives the resultant output of Figure 3-2 for a tone mod-
ulated input signal with small modulation index. The input signal is



32

m_jig m
} Nz_m

1ndino 1

m sggm-

_w ..._um_ 40193130 ¥yvd 1-¢ 340914
RPN AL 31 HIXIN il
Qmmceee———]
N P RS Bk
1myis
om IS
- .
1mg09 - 1m0
\
Te | I L — wum e 4T fo— 43XIH |
1mgpom Jopis slmyis

34

— IN1dNI




33

ATIRVS 40103130 M4 M3N 3HL ha,zumnwz IR0 "2-¢ 3¥NdJ

1HIS

.33_2.4.. -

m.
| 1m509 (7 - m) 1msgam 3 p |
e Ty ——qrmaitn Gy menl ],
¥ ImHIS

Qem)® e
4 HS(3 m) S indNl

+
¥ > =
10dino \—/ - O.. — /

m o_
:aumooan_-l.av i




34

modeled as the sum of three components -- the carrier and a pair of
sidebands:

ei(t) = A [cos wyt - %-cos (wo - wm)t + g-cos (wo + mm)t], (3-1)

where A is the input signal amplitude,
K is related to the modulation index,

Wy is the carrier frequency, and

W is the modulating tone frequency.

Kratt finds the output of this detector (assuming Equation 3-1 as
the input) to be

2
ACKR

e (t) L raemeny ey —l

+ 2 kR(2 - R®) cos? u t

[2(4 -3R% + RY) cos w t

+ R(2 + 3R - R%) cos(2 wy = )t

m

- R (2 - 3R +R%) cos (2 wg + u)t

)

-2 kR (3 - R?) (1 - cos 2 wot)] (3-2)

w
where R =
“o
If R is small (i.e., R<<1), the expression in Equation 3-2 may

be approximated by

eo(t) = A2 R [2 cos w,t + kR cos 2wt

+ %-(2 + 3R) cos (2 wy- u )t
- %-(2 - 3R) cos (2 w, + u )t
- FKR (1 - cos 2 ugt) ] (3-3)

From Equation 3-3, it is observed that the demodulated output
consists of an undistorted baseband term, a low level component of
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twice the baseband frequency, a low level component of first order
sidebands about twice the center frequency, and Tow level components
at DC and twice the center frequency. The amplitudes of the distor-
tion components become smaller as R becomes smaller. Assuming the
integrator initial condition problem discussed in Chapter II is
solved, Kratt's analysis can be readily extended to the wideband case.

In his project Kratt also considers the effects of sine wave
interference. Consider the situation where the input consists of a
desired carrier at frequency, wys and an interfering carrier at fre-
quency, ws, Or,

ei(t) = Acos uyt + B cosw;t. (3-4)
where wy = 0, + we
wj = Wy * oy

The baseband output is derived by Kratt:

. 0n2 “c Y 2 “R “R
eo(t)—ZA a—(]-;—)*'ZB E_(]_B—)

() ) ) ) 0
w w w w
+ AB [2 (—c-+-u-)B—) - (Z)_c—+B-R_)J cos (wR - mc)t
Y% Y o “o
AB we wRZ
- (;;-- ;;0 cos (uwy *+ w;)t (3-5)

The first term is the desired DC output. The remaining terms
are interference DC and beat frequency outputs, respectively.

If we = 0, the output reduces to
%R (B2, % B “R
eo(t) = E;' (K) + G;' K cos upt, E;'<< 1 (3-6)

Corrington (Ref. 4) has derived the equivalent output for a conven-

tional limiter discriminator for w_. = 0,

C
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;& (cos wpt + %&
e(t) = —2 (3-7)

A B
2 cos th+§'+K

Comparing the last two equations, observe that at high desired
to interference carrier ratios (A>>B), both discriminators produce
approximately the same output. However, as the interfering signal
increases, the Klapper-Kratt detector has a much higher output purity.
Kratt concludes from these promising sine wave interference results
and from the absence of limiting that this new demodulator may exhibit
a threshold reduction capability when compared to the limiter discrim-
inator.

3.3 Kersus' Results

In his project, Gerald Kersus (Ref. 2) performs an analysis sim-
ilar to that of Kratt. Kersus chose to analyze the detector form
first shown in Figure 2-8 and repeated in Figure 3-3. Kersus, as did
Kratt, derives the output from the detector for both a narrow band
input and for an dinterfering carrier input.

The narrow band, tone modulated input signal of Equation 3-1
will be considered first. For this input signal, Kersus shows the
demodulator output to be

2 2
e (t) = %—K-{ 2 R%K - 2R [———;ZR ‘:‘ cos u t (3-8)
2, 2 [ 2
4*} R g (R '2);] cos 2w0t +|R R R 2)}cos (2 w. - wm)t

R® =1

2
_[R - E + 2):' cos (2 mO + wm)f}

where Aj K, w_, Wy s and R are defined as in Equations 3-1 and 3-2.

For R<<1,

0

2
e,(t) w—Engi { 4 cos w t ~ RK cos 2 u t
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- RK (1 -2 cos 2 mot) + R cos (2 Wy = W t

)

- R cos (2 wg * wm)tJ . (3-9)

This output, similar to Kratt's, consists of a desired baseband
component, a low level component of first order sidebands around
twice the center frequency, low level components at DC, at twice the
center frequency, and at twice the modulating frequency.

Next Kersus considers the effects of sine wave interference. As
was done previously, let the input signal consist of a desired car-
rier at frequency Wy and an interference carrier at w5 Then

Ei(t) = A cos wyt + B cos w;t (3-10)
where wy = W, + we
wj = wg ¥ ooy,

For the above detector input Kersus derived the output to be
approximately
2 % .2 “R wp g
2 A - - 2B~ — - 2 AB {:—-+ ——i}cos (wR - mc)t. (3-11)

"

e (t)
0 o “o o Y

If w, = 0, the normalized output of the detector reduces to

w 2 w
eo(t) » ;S— (%) - % %—cos wpt (3-12)

3.4 Analytical Performance Comparisons of Two Versions of the
Klapper-Kratt Detector
No description of the performance of the Klapper-Kratt detectors
would be complete without comparing the results with the conventional
Timiter discriminator. Recall from Chapter I, Equation 1-3, the out-
put (assuming no noise) from a limiter discriminator is

e(t) = - [ug + o(t)] A" sin [ut +o(t)] . (3-13)
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And, after post detection filtering, the output becomes
e (t) = A" §(t) (3-14)

where A" is the Timiter discriminator sensitivity. For a cosinu-
soidal modulating signal Equation (3-13) becomes

e(t) = l} w. * Kup cos wmt} A" sin [;Ct + K sin wme, (3-15)

where K represents the modulation index, and Equation 3-14 becomes
eo(t) = A" K o, cos uw,t (3-16)

Hence, the output for this ideal limiter discriminator consists
only of the undistorted baseband modulating signal with an amplitude
proportional to the modulating frequency and the modulation index.

In Equations 3-3 and 3-9, it was found that the Klapper-Kratt
detectors have several small distortion components in the output.
At first it appears the limiter discriminator is superior to the
Klapper-Kratt detector in view of the foregoing distortion analysis.
However, it must be remembered that, for wideband systems, it is very
difficult to approximate an ideal limiter discriminator with real
components. On the other hand, the Klapper-Kratt detector of Figure
3-3 has been built using off-the-shelf components. Its operation
closely approximates the ideal Klapper-Kratt detector. This circuit
and its operation is described in detail in Chapter V.

To gain a quantitative feel for the actual amount of distortion
present in the ideal Klapper-Kratt detectors, the resultant RMS dis-
tortion voltages may be readily calculated from the results of
Equations 3-3 and 3-9. Recall that Equations 3-3 and 3-9 are the
outputs (for the narrowband case) of the Klapper-Kratt demodulators
shown 1in Figures 3-2 and 3~3, respectively.

From Equation 3-3 the desired component is
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2 cos ut (3-17)
The remainder of Equation 3-3 is distortion --
KR cos 2 .t + %-(2 + 3R) cos (2 Wy = wm)t
-8 (2 - 3R) cos (20, +w )t -3 KR (1 - cos 2 u,t) (3-18)
Calculating the RMS distortion yields,
L hwo? s J[B o]+ B @] + Guo + ) @ acr?
B_ (2)2} 3 (3-19)

2 214
6 (RK)= + 2R“ | =
s (re)2 + op?] (3.20)
4
W
The amount of distortion with R = am-and with K = .1 is pre-
sented in Table 3-1. °

TABLE 3-1
RMS DISTORTION - FIGURE 3-2

R d (dB relative to desired
output)
.001 -77.5
.005 -63.5
.01 -57.5
.05 -43.5
.10 -37.5

A similar analysis has been performed for the dual differentiator
version of the Klapper-Kratt detector. From Equation 3-9 the demodu~
lated output is

2 -
eo(t) = fL%§1 LT4 cos w,t - RK cos 2 wt

- RK (1-2 cos 2 mot) + R cos (2 wy = w)t

»
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- R cos (2 W + wmt ] (3-9)

The undistorted output component is 4 cos wmt. The remaining
terms are distortion components. The rms distortion can be easily
calculated.

=B%Mﬂ+3(mﬁ+Rq =b(mﬁ+2Rﬂ%

[%4ﬂa 4

Equation 3-21 is presented in tabular form in Table 3-2 (K =.1).
Upon comparing the results in Tables 3-1 and 3-2, it is evident that
the amounts of distortion in these two versions of the detector are
similar and very small.

1
2

(3-21)

TABLE 3-2
RMS DISTORTION ~ FIGURE 3-3

R d (dB relative to
desired output)
.001 -77.9
.005 -63.9
.01 -57.9
.05 ~43.9
.10 ~37.9

Next, the performance of the limiter discriminator and the two
Klapper-Kratt detectors in the presence of sinusoidal interference
will be compared. For the input signal described by Equation 3-4,
Corrington (Ref. 4) has derived the RMS output of the Timiter-
discriminator. From Corrington,

3 (S{j—)z] s

e, (t)gys =

o' ~/RMS 1
(U @7

for we = 0, and B/A<1.

(3-22)
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Curves of Equation 3-22 for various values of B/A and mR/mo are
shown 1in Figure 3-4. The output is symmetrical about mR/wo = 0.
Therefore, only positive values of wR/wo are plotted.

Previously, the output of the Klapper-Kratt detector of Figure
3-2 with sinewave interference was derived. This result is repeated

below.
_ "R /B2, % B
eo(t)~ Z); (—A—) + '(;0— K COs wp t (3-23)
Hence,

w w 2) L
o RMS ={[’J§ (%)2} ? %‘[&% %‘} } (3-24)

For the Klapper-Kratt detector of Figure 3-3, a similar analysis
yields the same result. Curves of Equation 3-24 are presented in Fig-
ure 3-5. Observe that the performance of the Klapper-Kratt detectors
is nearly identical to that of the limiter discriminator for small
values of B/A. However, as the interfering signal increases (B/A>1),
the Klapper-Kratt detector has a much higher output purity.

Curves of Equations 3-24 and 3-26 are presented in Figures 3-5
and 3-6, respectively. Observe that the performance of the detector
of Figure 3-2 is nearly identical to that of the limiter discrimin-
ator in the presence of sine wave interference, and that the Klapper-
Kratt detector in Figure 3-2 is 3 dB better than the detector in Fig-
ure 3-3.

3.5 Threshold Comments of Kratt and Kersus

Both Kratt and Kersus state their suspicions that threshold re-
duction may be possible with the Klapper-Kratt designed demodulators.
They base their comments on the absence of limiters in this new fam-
ily of detectors, and on the use of synchronous detection.
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Chapter IV is a detailed analysis of the Klapper-Kratt detector
in the presence of noise. This analysis demonstrates that, while per-
formance above threshold is identical to that of the limiter discrim-
inator, threshold reduction does not occur, as was previously sus-
pected. The experimental results of Chapter V verify this conclusion.
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CHAPTER IV

PERFORMANCE OF THE KLAPPER-KRATT DETECTOR IN THE PRESENCE OF NOISE

4.1 Introduction

There are many forms of the Klapper-Kratt detector. It would be
impractical to perform a noise analysis on all of them. The version
shown earlier in Figures 2-8 and 3-3 was chosen to be analyzed in de-
tail. This detector is again presented in Figure 4-1. The primary
reason for this choice was determined by the lack of an integrator in
the demodulator portion of this detector. With no integrators, the
potential integrator initial condition problem previously described
is nonexistent, resulting in a detector with true wideband perform-

ance,

4,2 Noise Representation

Before proceeding with the analysis, it is worthwhile to discuss
the properties of the assumed noise and its representation. The noise
will be considered to be narrowband. Its bandwidth can be no wider
than twice the RF center frequency. Such noise can be modeled as

n{t) = x(t) cos wot = y(t) sin wt (4-1)

Equation 4-1 describes a carrier at the center frequency, Wy modu-
lated by two random variables, x(t) and y(t). The random variables,
x(t) and y(t), are assumed to have the following properties:

(1) Lowpass, rectangular power spectral density (PSD) of band-
width, B, and amplitude, n (Figure 4-2a).

(2) Zero mean.

(3) Gaussian distribution.

2 2 2
(4) 7 a(t) = 7 x(t) =7 y(t).

(5) x(t) and y(t) are independent.
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4.3 Noise Analysis

The output of the detector will be derived as a function of time.
The autocorrelation of this time function will be computed, and trans-
formed to output power spectral density (PSD). The output PSD will be
used to derive an SNR versus CNR relationship. This result will be
compared to that of a conventional limiter discriminator in this chap-
ter and in Chapter V.

The demodulator portion of Figure 4-1 is drawn in Figure 4-3.
Various points in the signal flow path have been labeled to aid in
the following derivation. The input signal consists of an unmodu-
lated carrier with the additive noise of Equation 4-1. The derivation
of the SNR versus CNR relationship is quite lengthy. What follows is
an outline of this derivation. The detailed derivation is included
in Appendix I,

Input = A sin w t + x(t) cos wyt - y(t) sin wots (4-2)

where w, is the RF (or IF) center frequency,
and A is the amplitude of the signal carrier.

At the output of the first differentiator, (b), we obtain

= _1._. Ny ]
(b) ™ [wo A cos w,t + x(t) cos wyt = g x(t) sin wyt

- y(t) sin wot = wg y(t) cos wot1 . (4-3)

The 1/wo term is necessary to cancel the gain factor of Wy inher-
ent in the differentiation. Another 1/w0 term is necessary in the
second differentiation.

At the output of the second differentiator,

x(t) sin wot -(wo x(t)

— ] 2 - .
(c) = ;—7'[' w,” A sin ut + Xx(t) cos wot - wg

0

sin wot)
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2 1 . .
- g x(t) cos wyt - y(t) sin wot - w y(t) cos w,t
- w y(t) cos wot + moz y(t) sin wot (4-4)
At point (d),
(d) = A sin ot * x(t) cos w,t - y(t) sin wyt - A sin wgt

+ 1/m02 x(t) cos wet - 2/ w, x(t) sin wyt - x(t) cos wot - 1/m02 y(t)

sin w t - 2/u, y(t) cos wt + y(t) sin ut (4-5)
= éi%l cos wyt - 2 %(t) sin wot (4-6)
) “o
- Xi%l sin wot - at) cos mot.
“o “o

The output, Z(t), is the product of (a) and (d). After multi-
plication and simplification,

I(t) = [— 2Ai(t) _ ASI'(;.) + 2(O)X(8), y(£)i(t 2 t)}sin2 w t

Yo ) Yo Yo

. [ 2x(t)y(t)] coi? ot

2
[ ‘”0 Yo
+ [ Si(t% CO2Ay(t) | 2x(E)x{t) _ x(t)‘y‘ét) . y(t)ic'ét)
X wo wO mo wo wo
+ Zliilii&)} sin wyt cos upt. (4-7)
%o

Using appropriate trigonometric identities, Z(t) becomes

2(t) - [AD) 2800, y(0®) .x(tm'z'(t)]

L W, Zwo o 2w0

o Ax(E) A&i%) ¢ x(B)x(t) ¥1131114]cos 2wt
w

2
L w, 2w, o 2w,
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RFOHON x(t)y‘(t)]+ [x(t)k‘(t) ) x(t)y’(t)J cos 7wt
L 2w 2 w 2w 2 w 0
0 0 0 0
N OO RO HO IO C RO O x(t)x'(t)]
| 2ug W Wy 2w, 2wy Wy
sin 2u,t. (4-8)

Taking baseband terms only, the demodulator output reduces to

(1) - - B A, WD), (Oj

“o 2u, 0 2w,
+ x(E)X(t) _ x(t)y(t) (4-9)
Zwo Wy

Assuming woz >> w_, Equation 4-9 may be approximated by

0

2y 2 - B, YOI | k(e (4-10)

0 ®o 0

Next, the autocorrelation of Z(t) is defined by

R, (1) = Ef{z(t) 2(t + T)} (4-11)

From Equation 4-10

R (1) - E{l A(t) , y(BR(E) x(t)j(t)}

L v, CR Wy

L ) “o Yo

| A(trr) , y(trOX(t) | M&Q” (4-12)

Equation 4-12 may be rewritten as the sum of expected values and
simplified.

TR 1 ' '
R,,(7) = E{;-g- x(t) x(t + )| +E Fy(t) x(t) y(t + ) x(t + r)}
N 0 o
-E H. y(8) X(t) x(t + ) y(t + )| - E[—‘—zxm y(t) y(t + 1)

0 0
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e |+ E[dy w() xe+ o) 30 i+ 0] (4-13)

“o

Further simplification yields

2

- A 9 2

Rea(t) = =5 Rglo) + 20
Y .

- (20%) E [x(t) x(t + T):, (4-14)

Ryy(T> Rkk(r)

2 -
/-\2 d RXX(T) + 2 R (T) R"(T) - __2._ d RXX(T) 2 (4 ]5)
w 2 drz w 2wy XX w 2 dt i

0 0 0

The Fourier transform of RZZ(T) will produce the output power spec-
tral density,

Rzz(r)f-—aszz(f) watts/Hz (4-16)
, - |
ory S, (u) = w—AZ- [“’2 S(m)] + ;—z-z-{qe[uzyy(r) R)b-((T)J}
0 - 0

2
2 dR, (1)
-5 f%{ X (4-17)
o .

Where S(w) is as shown in Figure 4-2a.

The second and third terms of Equation 4-17 may be evaluated
using convolution techniques. After much manipulation, the output
spectral density becomes

2
» 4 [(m + B2+ ('23.)3] - Bzw<0

_ _A 2 1
sz(w) == {w S(w):l + —

wo TTU)O 2
—%— [(-m + 293 + (%J%] 0<w<B
g 1
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(4-18)

(Symmetric in Positive Half Plane)

where n is the amplitude of the PSD of x(t) and y(t), and B is the
bandwidth of the predetection filter (Figure 4-3).

Total noise power at the detector output is equal to the inte-
gral of the noise power spectral density, Szz(w), over the post de-
tection filter bandwidth. Hence,

[

. b
Noise _ 1
Power - Tu f S,, () do, (4-19)

_wb

Since the units of Szz(w) are watts/Hz, the 1/2w factor is necessary
when integrating over o (radians/second).

Noise _1 [ A% /wb 25()d+2”2 f:— 5.3
Power ~ 27| 2 g @ tel T 2 ( +2)
0

mno "(L)b

2 or 3 23
v B3] qw - - /[T __‘gl_-(%m]d&, (4-20)

U)O m "U.)b

assuming g < %. .
Completing the integration results in
A2 n,mb3 n2 “b4 nz mb3B
2

+
2 2 2 2
o 2 4n W 6w w,

NOISE POWER =

3Tw
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n2 wbz B2 n2 wp, 33
- S ————————————— + A —————

4 n2 w 2 6 “2 w 2 -
0 0

In order to obtain the output signal to noise ratio, the signal
output power from the demodulator must also be obtained. Single tone
modulation is a common standard of comparison. Assuming single tone
modulation, the input signal can be written as

(4-21)

Input Signal = A cos (mot + 8 sin wmt) (4-22)
where B8 = modulation index,
0y = frequency of modulating signal.

Passing this signal through the demodulator yields

A4 B2 2

Output Signal _ “m
Power RMS 2w 2
o

(The details of this operation are presented in Appendix II.)

(4-23)

The SNR at the detector output is simply the ratio of Equation
4-23 and Equation 4-21, assuming that the signal and noise terms can
be considered additive. This assumption held sufficiently well in
the analyses of previous investigators, except when deep below thresh-

old; therefore, 4 2 2
A" 8" v (4-24)
2 w 2
SNR - = > 2,2 2 3
A2 N 3 2 4 n2 o 3B 2 B 8w B
b_ . b + b ~ _ b~ _ b
2 2 2 2 2 2 2 2 2
3w W 2 4n W, 6w Wy 4 7 Wy 7 wp

Dividing the numerator and denominator of Equation 4-24 by

A2 n wb3

37 woz

and recalling that
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2
CNR = A2/2 = 'ﬂ‘A (4_25)
B nB
n(g;Q
yields w2
> (CNR) B g2 5
SNR = “b ) (4-26)

T -
BX(CNR) © Z(CNRY ~ F(CNRT * Z(CRRY

where x = B
“b
Equation 4-26 was derived for quite general circumstances. Only

the following assumptions were made:

(1) w02 >> w,

(2) w <3g.
(3) Signal and noise terms are additive.

4.4 Special Case ~-- High CNR
For the high CNR situation, the last four terms in the denomin-
ator of Equation 4-26 will become negligible. Hence,

w
SNR (High CNR) = %(CNR) B 32 T’"— (4-27)

“b
For best performance set Uy = 9o then

2

SNR (High CNR) = % (cNR) BE- (4-28)
“p
Recall that
_ B
CNRyy = CNR () (4-29)

b
Zwb
or CNR = (CNRy) 25> (4-30)
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Inserting Equation 4-30 into 4-28 produces

. 2uy, pg2 2

SNR (High CNR) = 3/2 (CNRAM) —E—-EE—- = 38 CNRAM (4-31)

Equation 4-31 describes the SNR improvement expected in the lin-
ear improvement region. This expression is identical to the expres-
sion derived for the conventional limiter discriminator in Chapter I,
Equation 1-11. Hence, the performance of the Klapper-Kratt detector
above threshold is identical to that of the limiter discriminator
above threshold, without the use of a limiter. A conventional dis-
criminator, however, has a highly degraded performance without a

Timiter.

4.5 Threshold

Equation 4-26 may be used to determine threshold occurrence for
a specified Wy and B. Equation 4-26 has been evaluated for threshold
for various values of the ratio B/2 wp 2 and the result is plotted in
Figure 4-4. This result is compared to data for the conventional
limiter discriminator (Ref. 1). Apparently no threshold improvement
exists, as was previously thought. However, the new detector, with-
out the additional complexity of a limiter, will perform nearly as
well as the Timiter discriminator in many cases.

4.6 RF Canceller

Up to this point of the analysis, the RF cancelling portion of
the detector has been ignored. It has been assumed that the can-
celler simply eliminates the undesired high frequency products of
detection, and has no effect on the output signal to noise ratio.
This assumption is, in fact, true, as will now be demonstrated.

From Equation 4-6, the output of the first summer in Figure 4-1
is

(d) = 51%) cos wyt - 2_ x(t) sin w_t
w 0
wo 0
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- L%—L sin wot - g%(i:-)— cos wot (4-32)
w 0
0

For high W, Equation 4-32 becomes

(d) = & %(t) sin wt - 2 §(t) cos w,t (4-33)
wo 0 wo (0]

Similarly, for high Wy s the output from the first differentiator

(Equation 4-3) is

(b) £ A cos wyt = x(t) sin wyt - y(t) cos wot (4-34)
Hence, the output of the second multiplier in Figure 4-1 is
-2 [51& sin wyt + y €0s wot) d#]EA cos wyt - X sin wyt -y cos “oé]
= - 2 A cos wot_f(k sin wyt + ¥ cos wt) dt
+ 2 x sin mot_f(k sin wyt + y cos mot) dt (4-35)
+ 2 y cos wot’f(i sin wyt + y cos wot) dt. (4-36)

Multiple integrations by parts (assuming high wo) solve the above
integral.

~jkx sin wot + y cos wot) dt = [j g—- cos wot + —55- sin wot
0 W,
+ Yo &5 Y -
o sin wyt + 2 cos wotJ (4-37)

()
Substitution of Equation 4-37 into Equation 4-36, followed by group-
ing of terms, produces

B_&:A‘Y‘__:ﬂ_.p

YY_ 4+ XY 4 XX
w w2 w wz w w2
L"0 0 0 0 0 o _
+A_X_ALZ-¥£+X.L2_X_£>£2_cosgmot
Yo “o 0 Yo “o Yo
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OB A XK, XY, oYX LW
+ [ oA sin 2ut. (4-38)

%o “% Y Y “o o

Subtracting the output of the second multiplier (Equation 4-38)
from the output of the first multiplier (Equation 4-8) yields the
output from the canceller circuit, i.e., the final detector output.
This result is shown below.

Canceller _ -2A%(t) , AV(t) , 2y(t)x(t) _ y(t)y(t)
2

Output 2
Wg 2w0 g 2mo

2x(t)y(t t)X(t
x(t)y(t) _ x( )X§ ) (4-39)

Wy Zwo

For high Wy s the contribution of the 1/mo2 terms may be con-
sidered to be negligible. Eliminating the 1/w02 terms, the canceller
output is

2AX(t) | 2y(t)x(t) _ 2x(t)y(t) (4-40)

(1)0 mo wo

The unwanted harmonic terms are gone. Equation 4-40 is identical to
the earlier derived output, Z(t), in Equation 4-10, with the excep-

tion of a factor of two. This factor of two does not effect the SNR
at the detector output, since both the signal and the noise will be

multiplied by it.
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CHAPTER V

EXPERIMENTAL VERIFICATION

5.1 Introduction

The demodulator portion of the dual differentiator version of
the Klapper-Kratt detector has been built and is operational. Data
taken with this demodulator are presented for comparison with the
analytical results of Chapter IV and with the conventional limiter
discriminator. The block diagram of this demodulator is shown in
Figure 5-1., It is only necessary to build the demodulator portion of
this detector to determine detector performance in the presence of
noise. Recall that, in Chapter IV, it was demonstrated that the can-
celling portion of the detector does not effect the CNR-SNR relation-
ship of the Klapper-Kratt detector.

5.2 Circuit Description and Operation

The circuitry, assembled with silicon monolithic integrated cir-
cuits, is presented in Figure 5-2. Each stage is labeled and photo-
graphs of the actual waveforms at various test points are shown,
These waveforms were recorded with a sinewave modulated FM input sig-
nal centered at 1000 Hz. Such a low IF frequency permits the use of
off-the-shelf operational amplifiers and multipliers. These inte-
grated components make initial assembly and later modification easier
than if discretes were used exclusively. A peak frequency deviation
of + 75 Hz about the 1000 Hz carrier was established, resulting in
truly wideband performance.

The modulated input signal is produced by a function generator.
This input signal consists of a 1000 Hz carrier deviated + 75 Hz by
a 25 Hz sinewave. This signal is appiied to the demodulator input,
TP (A). After amplification, the signal is differentiated. The dif-
ferentiated output appears at TP (C), where it is applied to the
second differentiator. Practical differentiators are imperfect, due
to their inherent frequency Timitations. To circumvent this
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TP A: BASEBAND MODULATION COMPARED TO TP C: BASEBAND MODULATION COMPARED TO
FM MODULATED CARRIER (10ms/ div) FIRST DIFFERENTIATOR OUTPUT
(10ms/aiv)

TP D: BASEBAND MODULATION COMPARED TO TP E: BASEBAND MODULATION COMPARED TO
SECOND DIFFERENTIATOR OUTPUT SUMMER OUTPUT (Sms/div)
(10ms/div)

TP F: BASEBAND MODULATION COMPARED T0
MULTIPLIER OUTPUT (Sms/div)

FIGURE 5-2b. TEST POINT WAVEFORMS
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characteristic, a correction element is placed across each differen-
tiator. This element is actually an adjustable resistor which pro-
vides a cancellation voltage at the differentiator output. This
cancellation technique was first used by Klapper and Kratt, and a
detailed explanation of the technique is provided in Appendix III.

The output of the second differentiator is summed with a sample
of the input signal. The summer output appears at TP (E). The summer
output is then multiplied with the input signal, and the demodulated
output appears at TP (F). The various fixed resistors and capacitors
determine the gains and time constants for the various stages. A num-
ber of variable resistors are provided to adjust the demodulator for
optimum performance.

5.3 Experimental Performance Results

Prior to making any noise measurements, the linearity of the de-
modulator and the demodulator response to signal-only were recorded.
The steady state input frequency versus output voltage for the cir-
cuit in Figure 5-2 is plotted in Figure 5-3. Figure 5-3 shows sub-
stantial linearity over a 20% bandwidth.

Next, the function generator was adjusted to produce a 1000 Hz
carrier FM modulated by a 25 Hz sinusoidal baseband signal (+ 75 Hz
deviation). The baseband signal is shown superimposed on the demodu-
lator output in Figure 5-4a. Results assuming other baseband wave-
forms are shown in Figures 5-4b and 5-4c. In each case, the envelope
of the multiplier output closely resembles the baseband waveform.
These waveforms also verify that this version of the Klapper-Kratt
detector can handle very wideband signals.

Before meaningful noise measurements can be made, the test con-
figuration and predetection and post detection filters must be speci-
fied. The test equipment layout for the measurements of SNR versus
CNR for the Klapper-Kratt demodulator (without Timiter) is diagrammed
in Figure 5-5.
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(A) SINUSOIDAL BASEBAND (10ms/div)

(B) TRIANGULAR BASEBAND (10ms/div)

FIGURE 5-4.

C) SQUARE SEBAND (10ms/div)

BASEBAND SIGNAL SUPERIMPOSED ON MULTIPLIER OUTPUT
FOR VARIOUS BASEBAND WAVEFORMS
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This diagram shows an Interstate Electronics (IEC) function gen-
erator FM modulating a Wavetek generator with a 25 Hz sinewave. The
IEC generator output level is adjusted to produce + 75 Hz deviation.
The Hewlett-~Packard 3722A noise generator produces Gaussian noise
within the bandwidth of interest. The noise power can be adjusted on
the HP 3722A. The signal and noise are summed, and the resultant
signal plus noise is applied to the predetection bandpass filter.
This filter consists of three Krohn-Hite active filter units in cas-
cade. Together they produce the response in Figure 5~6. The pre=-
detection filter output is applied to the demodulator. The output
from the demodulator is then Towpass filtered. A single Krohn-Hite
filter unit serves as the post detection filter. This filter re-
sponse is presented in Figure 5-7. The output power from the post
detection filter is measured with an HP 3403C true RMS meter.

Klapper and Frankle describe two techniques for measuring SNR
as a function of CNR (Ref. 1). One technique allows measurement of
the output noise with modulation present. However, this requires the
addition of a narrowband reject filter ahead of the true RMS power
meter to remove the tone modulation. The other method requires the
least equipment, but provides CNR versus SNR information in the ab-
sence of modulation. Measurement of data for this chapter utilized
this latter method. The effect of modulation on threshold is ignored,
as in the analytical part of this disseration. Using this technique,
the noise output is measured with the RMS power meter at each value
of CNR (no modulation). A reference signal output from which SNR
calculations are made is obtained by removing the noise and adding
tone modulation to the carrier at some specified deviation. To insure
accuracy near threshold, twenty measurements were averaged for each
input CNR.

A plot of the measured SNR versus CNR characteristic for the
Klapper-Kratt demodulator is shown in Figure 5-8. The term (CNR)AM
is the carrier to noise power ratio with the noise measured in a
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filter bandwidth of twice the basebandwidth, or
(CNR) gy = (CNR) ’2?%;

Figure 5-9 is an expanded portion of Figure 5-8. Figure 5-9 shows

threshold occurring at (CNR)AM = 16.9 dB. The SNR improvement above

threshold is 12.3 dB.

Next, a limiter was added between the output of the predetection
filter and the input of the demodulator. The active limiter in Fig-
ure 5-10 was designed for this task. Actually, the circuit of Figure
5-10 contains two cascaded limiters, followed by a Towpass filter.
Two Timiters insure hard limiting on small signals. The Towpass fil-
ter is used to remove the harmonics generated in the limiting process.
The SNR-CNR relationship for the Klapper-Kratt demodulator with 1im-
iter is presented in Figures 5-11 and 5-12. Threshold occurs at
(CNR)AM = 11.2 dB. The SNR improvement above threshold is 12.6 dB.
Hence, the addition of the Timiter improves threshold performance by
3.5 dB. The T1inear improvement region is not significantly changed.
The apparent .3 dB improvement could well be the result of errors in
the measuring equipment. '

5.4 Comparison of the Experimental and Analytical Results for the

Klapper-Kratt Demodulator
Table 5-1 summarizes the analytical and experimental results for
the Klapper-Kratt detector in terms of (CNR)AM dB:

Table 5-1
Analytical Experimental
Improvement Threshold Improvement Threshold
No
Limiter 12.2 19.9 12.3 16.9
With

Limiter - - 12.6 11.2
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The analytical performance figures in Table 5-1 were derived
using the results of Chapter IV. Equation 4-26 provides the amount
of improvement expected in the linear improvement region, and is
sufficient to derive the threshold (CNR)AM. For these calculations,
the experimental parameters of this chapter were used, i.e.,

B = 2w(165), wp = 27(32), and wy = 2n(75). Analysis of the Klapper-
Kratt detector with a limiter has not been accomplished.

A graphical comparison of the analytical and experimental re-
sults for the Klapper-Kratt demodulator with no limiter are presented
in Figure 5-13. Agreement well above threshold and well below thresh-
old is excellent-the two curves coincide. These same curves, while
not coincident, are quite similar in the vicinity of threshold. The
small (<1.0 dB) differences between the measured and analytical SNRs
produce the 3.0 dB difference in the experimental versus analytical
threshold CNR. The effect of these small differences in measured SNR
is magnified by the very gradual "break" near threshold. Hence,
small changes in measured SNR can substéntia]ly effect the measured
threshold point. Comparisan of the Klapper-Kratt demodulator results
with those for the Timiter discriminator in Figure 5-13 shows the
substantially sharper "break" of the limiter discriminator at threshold.

5,5 Comparison of the Klapper-Kratt Demodulator and the Limiter

Discriminator A

For the purpose of obtaining comparison data, the discriminator
in Figure 5-14 was assembled. The signal input to this discriminator
was taken from the output of the Tlimiter used in the Klapper-Kratt
detector. By switching the post detection filter (described in Sec-
tion 5.3) between the limiter discriminator and the Klapper-Kratt
detector, near simultaneous data were available. The experimental
performance curve for the limiter discriminator is presented in Fig-
ure 5-13. For comparison, the theoretical Timiter discriminator per-
formance predicted by Stumpers (Ref. 2) is included in Figure 5-13.
The agreement of the limiter discriminator experimental and theoreti-
cal data is similar to that of the Klapper-Kratt data, i.e., excellent
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agreement exists above and below threshold. However, near threshold,
small differences (<1.0 dB) between the measured and theoretical
values for SNR exist. These limiter discriminator results are sum-
marized in Table 5-2. The differences in measured versus theoretical
SNRs result in a 1.0 dB difference between the experimental and the-
oretical limiter discriminator thresholds.

Table 5-2 also compares the conventional limiter discriminator
performance with that of the Klapper Kratt demodulator. Performance
of the Klapper-Kratt detector (with or without a limiter) in the
linear improvement region is the same as that of the limiter discrim-
inator. Threshold performance of the Klapper-Kratt detector with a
Timiter is slightly better than that of the limiter discriminator.

Table 5-2
Comparison of the Limiter Discriminator
with the Klapper-Kratt Demodulator

Analytical Experimental
CNRAM(dB) Improvement Threshold|Improvement Threshold
Limiter =4
12.2 12.5 12.6 11.5
Discriminator
No
Klapper 12.2 19.9 12.3 16.9
Limiter
Kratt
With
b - 1206 1102
Limiter

However, threshold performance of the Klapper-Kratt detector with no
limiter is worse than that of the conventional limiter discriminator.
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An expanded scale comparison of the Klapper-Kratt demodulator with
Timiter and the Timiter discriminator is provided in Figure 5-15.

References - Chapter V

1. J. Klapper & J. T. Frankle, Phase Locked and Frequency Feedback
Systems, Chapter 10, p. 329, Academic Press, 1972.

2. L. Stumpers, "Theory of Frequency Modulation Noise", Proc. IRE,
Vol. 36, No. 9, p. 1081-1092, September, 1948,




83

28}
26
=
=
24 - /
LIMITER DISCRIMINATOR THRESHOLD
OCCURS AT CNR,, =I1.5dB
KLAPPER-KRAFTT THRESHOLD
OCCURS AT CNR,,, = 11.2dB
2wl ——— KLAPPER - KRATT WITH LIMITER
——— LIMITER DISCRIMINATOR
| ] {
20!0 12 14 16

(CHR)  (dB)

FIGURE 5-15. COMPARISON OF KLAPPER - KRATT DEHODULATOR
(WITH LIMITER) AND LIMITER DISCRIMINATOR
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CHAPTER VI
CONCLUSIONS

6.1 Conclusions

In the above threshold region the Klapper-Kratt detector per-
forms identically to the limiter discriminator. Threshold in the
Klapper-Kratt detector occurs at a higher CNR than that of the
limiter discriminator (Figure 4-4). For small or moderate modulation
indices, this difference in threshold performance is quite small.
Small enough, in fact, that, in applications where a limiter is un-
desirable, the Klapper=-Kratt detector would likely be a preferred
alternative to the conventional Timiter discriminator. The primary
application for this demodulator is where absolute delay must be
minimized.

The equation describing the performance of the Klapper-Kratt de-
modulator (Equation 4-26) and repeated below is very simple. This
result is valid below threshold, at threshold, and throughout the

linear improvement region. wz
3 (enR) B g2
2 w?y (6-1)
SNR = 5
1 1 3x X
1 + + - +
8x(CNR) 2(CNR) ITCNR) Z2(CNR)

where x = B/wb.

Compare Equation 6-1 with the equations used by Middieton (Ref. 1)
to describe the limiter discriminator performance, Equations 6-2 and
6-3. These equations are exceedingly complex and extremely hard to
evaluate for specific system parameters.

SNRZ = '+ (6-2)

f )
(Low CNR) 2 L.y 2 2
2 ofA dfof [(k1 ~kko)p Fq (1,1523k %) + 0(a, )]cos wdt
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by ao2 <$€> (6-3)

SNRZ = T
/A w" df ni An [W-I (wo + N, + o)t W-I (wo + nwg - w):|

6.2 Future Efforts

It is worthwhile to mention areas where future work should be
directed. Below are several areas which seem appropriate at this
time:

(1) Klapper-Kratt detector performance in terms of error rates
for digital FM detection.

(2) A lowpass to bandpass transformation to make the detector
more desirable at higher carrier frequencies.

(3) An extension into general networks, having outputs with
opposing polarities but different amplitude versus frequency
responses, as candidates for FM detection.

(4) An analysis into the relative merits of the various forms
of the Klapper-Kratt detector.

References -~ Chapter VI
1. D. Middleton, An Introduction to Statistical Communication Theory,
Chapter 15, Section 15.5-7, McGraw~Hi11l, 1960.
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1 d b 1 d : d
Input _(Q.)_; w dt (b) w dt (C% (Jd(g__‘%

° 0 Z(t), Output
Noise

Input = A sin wot +’§z€3~Eos wpt - y(t) sin wot (1)

At (b) we have

w

—g—- [éo A cos wgt + x(t) cos wolt = w, x(t) sin wot

. . 7
- y(t) sin wet = vy y(t) cos wot'J (2)

'l?' [- woz A sin mpt + x(t) cos wyt - wok(t) sin w,t

. . 2
- wg x(t) sin wyt - w, x(t) cos wot

y(t) sin wot - w, y(t) cos wot - w, y(t) cos wyt

+u 2 y(t) sin mot:] (3)
or
;l§ - u,? A sin ugt + X(t) cos wyt - 2 uy k(t) sin ujt
° _ w2 x(t) cos wyt - y(t) sin wt
0
-2 W y(t) cos wyt + w02 y(t) sin mot] (4)
At point (d), (d) = (a) + (c) (5)

. + _ .
or, A sin wot X COS wot y sin mot

- A sin o t + _l?. x(t) cos wyt - Bg—-k(t) sin w,t

wo 0

-I v . 2 -
- x(t) cos wyt - ——E-y(t) sin wgt - 5——-y(t) cos w,t

0
Yo

+ y(t) sin w,t (6)
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= &)_ cos w. .t - é_ ).((t) sin w t - ﬂﬂ sin w t - M CO0S w.t (7)
2 0 W 0 2 ] w 0
wg o wg o

(The carrier balances out.)

For z(t), multiply (d) by (a)

S [A sin w t + x(t) cos wyt - y(t) sin wotJ X

x(t 2 . . v . y
[——(—2- cos “’ot - = x(t) sin ‘”ot - L(%— sin “’ot - g‘%&)— cos motJ(B)

woz 0 wo 0
= l:A sin w,t J ﬂ%)— cos y,t | - L A sin g t 2. x(t) sin wot
| Wo 2 . ~wo -
B . 11y . ] . T 124 )
- | A sin mot i .X_(.P_%_ sin “’ot - [ A sin ‘”ot 2y(t) cos w.t
L _ wo 0
. Yo J L
+ {x(t) cos wyt 5—‘% cos wyt | - x(t) cos wyt 2—5((1:) sin w.t
L. _4 B g 0
| Yo ) B d
- | x(t) cos wot 1-(% sin wyt | - x(t) cos w_t ay(t) cos w_t
L _J © | O_j wO o] _J
0 - -
- |y(t) sin w,t 5&% cos w t | + y(t) sin wyt -2-—)'<(t) sin w_t
- L : 7 L% °
e 0 -
- — ru T [~ - I P 1
+ y(t) sin wyt ﬂ% sin w.t| + |y(t) sin w.t 2y(t) cos w.t
A 2. 0 M 0" wg 0"
. 0 - — (9)
= M—%)— sin wot cos wot - —21%@)— s1'n2 wot
wo 0
- MZ‘—)- s1'n2 “’ot - -2—‘%(3L sin “’ot cos ‘*’ot
wg o
+ 5—(—1:-)%3)— cos2 wot - Zé%-bﬁ-(ﬁ sin wot cos wot
w 0

0
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x(t)y(t . 2x(t
2 sin wot cos mot - m
wo 0

o Y(B)X(t) sin wyt cos wyt + 2y(t)x(t) o552 wt
2

mo 0
w

)
+ XLEL%LEL sin2 wot + g'z-%"laz-(-tl-s1'n w,t cos wot (10)
w 0

or

0

L 2Ak(t) | AV(E) | 2y(t)x(t) . y(t)¥(t) J sin o t
w w 2 w 2 0
0 w

- 0 0 0

x(D)X(t) 2x(t)y(t):] cos? o t
2 o 0

w

- 0

() 2Ap(t) | 2x()A(t)  x(e)j(t) | y(t)K(t) . 2y(t)i(t)
2 " oy ‘i;l%L‘L 2 "
0

L Wg 0 0 Wg 0 -

- 1
sin wot cos mot (11)

Using trigonometric identities,

sinzx = %-(1 - COS 2X) (12)
2, _ 1
cos“x = 2—(1 + €os 2x) (13)
sinx cosx = %—sin 2X (14)
We obtain
Ax(t) _ AV(E) , y(B)x(t) , y(t)y(t)
B (L)o ZUJO U)o 2(1)02 h
i Ax(t)  AY(E) , y(0X(t) . Y(BV(E) | o 2o t
w - 2 w 2 Wo
B ] 2 0, ] 2 Wy -



+ Cx(B)R(t) X(t)y(t)} + [}(t)%(t) - x(t)j(t)i] cos 2 o t

2 0
| 2w, 0 2 W, 0

. hmw_wwu)_xﬁﬁﬁ)_xﬁﬁh)_xuﬁ%)+xuﬁu)]
“o

2 w w
_2 w, 0 0 2 W 2 wq
sin 2 wot
Taking baseband terms only,

2(t) = - Ax(t) _ gygt% + Y(E)x(t) xthQZE)
w w
0 2w

0 2 w, o

+ XEOK(L) _ x(t)y(t)
2 woz Yo

To determine the PSD of Z(t) we must first find Rzz(r), hence,

R,,(t) = E{z(t)z(t + 7))
let B ="A ;¢ - =A 5
wO 2w0
= _| 1
D =L, F =
U)o 2(1)2

z(t) = Bx(t) + C y(t) + D y(t)x(t) + F y(t)y(t)

F x(t)x(t) - D x(t)y(t)

+

E{@ku)+Cﬂw+Dyhﬁu)+Fﬂwww

N
N
—~
]
~—
1l

+ F x(D)X(E) - D x(8)3(8)] [B X(t +£) + € §(t + )

Dkt |}
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(15)

(16)

(17)

(18)

(19)

(20)

(21)
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=Eﬂ?kuﬁu+t)+miuwu+r)+wiRWﬁ+T)ﬂt+a

+ BF x(t)y(t + ©)¥(t + ©) + BF x(t)x(t + ©)X(t + 1)

- BD A(£)x(t + O3(t + ©) | + |BC FEIA(E + )

+ €2 F(L)F(t + 1) + D Flt)y(t + DX(t + 1)

+ CF Y(t)y(t + 0)¥(t + 1) + CF ¥(t)x(t + OX(t + 1)

- oD H(e)x(t + (e + 1)

+@Dﬂuunmt+ﬂ+cnﬂﬂﬂwﬂt+ﬂ

+ 0% y(£)X(t)y(t + DX(t + 1) + DF y(£)k(t)y(t + DF(t + )
£ OF y(£)%(t)x(t + OX(t + 1) - DF y(t)x(t)x(t + )y (t +
[BF y(0F(D(E + )+ OF y(0(0F(E + 0
+DF y(0)F(t)y(t + ox(t + 0 + F2 y(e)i(tly(t + DF(t +
+ P2 y(£)y(e)x(t + OX(t + O - DF y(£)¥(t)x(t + y(t +
+EFMUﬂﬂHt+ﬂ b OF x(OR(E)(t + o

+ DF x(t)X(t)y(t + Ox(t + 1) + F2 x(t)X(t)y(t + O¥(t +

o4

F2 x(£)X(t)x(t + )Xx(t + ) - DF x(t)i'(t)x(t + y(t +
+ [ B K(OIORE + D - 0 x(BI(DT(E +

D? x(t)y(t)y(t + ©)X(t + 1) - DF x(t)y(t)y(t + «)¥(t +

DF x(t)y(t)x(t + DX(t + 1) + DZ x(£)y(t)x(t + 1)y(t +

E |82 x(t)x(t + T)] + E |BF x(t)x(t + ¢)X(t + T):J

+E [ Jo5te + 0]+ £ [0 Joyie + e+ o |

9|

1)

T)}
(22)
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£ [BF x(DR(E)x(t + o) | + E

93

e [02 y(e)k(Dy(t + (e + )] - £ [0? y(ek(00x(t + )i(t + 1)
e [oF y(0F(DF(t + )] + E [F2 y(0)§(t)y(t + 0)i(e + o)

£ [F2 y(03(ex(e + 0kt + o)

F2 x(HR(E)y(E + DF(t + 1)

E|F2 x()X(t)x(t + ©)K(t + 'r)] - LD (£)5(t)y(t + ©)k(t + T)]

e 7) x(£)x(t + TIF(EE + 7). (23)

Further simplification yields,

R,

+

4

+

(1) =

(BZ) R)&(T) + (BF) E [)'((t)x(t + 7)X(t + t):l

02%4ﬂ+(ﬁ)5@ﬁwﬁ+rﬁﬁ+r{

0% Ry, (¢) Reg(x) - (07) € E/ (t +t):lE[x(t + r)x(t)'

() E [y(®Feie + ) |+ () E [yoye + D05 + o)
(F%) E ;Q(t)y(ti] E [g(t +T)K(t + r}]

(BF) E [x(R(D(E + o) | + (FD) € [x(k(0)]E [y(e + (e + o)
(F) E [x(£)x(t + (6)R(t + o)

(0%) E :x(t)ic(t + Tﬂe [Sl(t)y(t + T)]

D% Ry (v) Ros (). (24)

B2 Ry (t) + (BF) E E(t)x(t +)X(t + T)J

? Rya(c) + (CF) E | §(t)y(t + )t + )]
p? Ry () R (™) - (0?) E? [}(t + T)i(ti}

(¢F) E [y(0F05(E + )] + (FF) E [y(tly(t + OF(e + 0)t) |
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+ (F2) £ [y(e)gce)] + (BF) E [x(6)X(t)R(t + o]
+ (F) 2 [xeyx(t)] + (F3) E [x(t)x(t ¢ 2 R(ER(E + 7))

(02) E2 [x(t)k(t + o) + D% R (r) Ry (o), (25)

Further simplifying,
_ 225, . v
R, (1) = B2 Rys(c) + (BF) E [k(t)x(t + 1)¥(t + )]

2 Ryle) + (CF) E [§()y(t + )it + 7))

+
+ 202 R, () Ry (x) - (20%) E E«t)x(t v o))
Yy XX
bR E [ymice + 0]+ @) E [x(ox(t + X + )]
¢ (2F%) €2 [x(D%(8) | + (BF) E [x(t)(6DR(t + <)), (26)
Recall that B = A ¢ = =B (15)
wg 2‘“0
1 i
p = + F o=
“o Zwoz
then,

Ry (1) = (A2?) Ry (6) - (A/2s®) £ [(0)x(t + 0t + o)

e

v (A1t Rg(e) - (W) E [(ely(e + )i(e + 1) |
b (2l0g?) Ryy(e) Rigle) - (2f,?) B [x(0)i(t + 7)]
- W) E [y (0F(OF(E + )]+ (V20,Y) € [x(ex(s + )

[iosce + ] + (/20,1 €[]

(-M20%) E [x(£)K()k(t + 0. (27)
For high Wy Equation (27) becomes
2
RZZ(T) = (_5_2_) R)-o-(('t) + (Lz) Ryy(T) R)'().((T) - (—g-z—) E2 [x(t)i(t + T);J,
@o Yo Yo (28
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Rzz(t)‘\?—:)Szz(w) watts/Hz (29)
2
s, = (B W s + (F) ¥ [Ryym Rxxm]
%o “o
R, (7)|?
2
- oe{[2) =
) i
where S(w)

n(w/Hz)

-B/2

B/2

The 2nd and 3rd terms of Equation (30) may be reduced as follows:

-B
2
1 [s ws..|-=
2m yy XX
2 3 t+:;_5-
S i B
2

S,y = () O
r " \\l/
]
2 ¢ wi(31)
B2 B -B
2 2 2
B
t +
é%—ifg n Z n o do -B<t<0 (32)
2
) :
= L Et + )%+ (-E_—)?‘J - B< t< 0 (33)
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Changing variables back to original,

» _
= %1? [(w+-g-)3+(%)3J ~-B<w<0 (34)
2 ——
%;. 5_w + %)3 + (%93} 0<w<B (35)

wS( _) S S(w)
d R T
(2n) ;? ( } [\l/l (36)

This convolution is symmetric about the , = 0 axis and can be broken
into 4 parts, as follows:

(1) el '\l % H
(2) N(\j y _,za %: "
(3) — [/l . %ﬁ

(4) ’\il | X ‘/\ w

»qm
N]G’
Pﬂm
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For (1a) F
-8
ey %+'T'
B
(4)2 77T 5
(-nx) n (x-1) dx -Bts-75 (37)
-B
2
0
.12
() > W () n ) ax -F<rco (38)
-8 7 o
2 T

(2a) [\BI\ %%2 { (-nx) [— n(X-T)]dX - g-f_f <0
5 2

(3a) /O/[/l %—L] (nx n (x=-t) dx -%11 < 0 (40)
g-vr

¥ o)

Evaluating the (la) contribution,

7*e ), [Tt
'(ET],LJ (-nx) n (x-t) dx = %‘r—— B/ (x2 - xt) dx (41)
2
_ 'I 2 3 2 2 -Bf'f"[

(42)




B 3 _ (B2 _ (B3 B\2
- _UE + (2 + T) (2 +T) T _ IE_ (2) ) (-2—)
211' 3 21!' 2
2 1+ G+ Grofc @ B«
= n. +
2n 3 2 3 2
[ B3 B\2
= _Tﬁ +(?-) + (B)2 + (B) 2 + I . (—2-) T - (B)T2 - T3
2r |73 Tt T3t T T\ 7
37 3
= 3
2 T 3]
= |, 2 (B3, (By2 _ 1%
o 1137 (g 5 |
.
2 I 3]
SR @8] cececed
Evaluating the (16) contribution:
[
- ) +n2
_(5_‘11 ("'Tlx) n (x-1) dx = T X(X-T) dx
T T
_ ) -
= ]_._ + 2 ﬁ - 2 X2
2m N3 )
| X=1
- 0 -
ni 3 2 3 3
R A ey R (O il o
L X=T
B 3
= 1 2 T
7w |t 6 J

98

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)
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Evaluating the (2a) term,

T 2
'(%Jr-)-f (-nx) =n (x-t) dx = :D;;fx(x-r) dx (52)
-B -B
2 2
T, - 1 [ ¢B,3 B\2
= .'_712_ 2(_3:_9_(3. ='_”_2_ l?i_fjl- |-('2.) _(E—T (53)
N R N m\|3 T2 7|73 2
zZ
By 3 By2
2 3 =
R e Al (o
Evaluating the (3a) term,
B, B .
2 (Z'°7 2 (277
%;j (nx) n(x-t) dx + ’Tz‘?j x(x-1) dx (55)
(o] (0]
3 2 5+t 1
= o {-nz [—g— - 22(—1] 2 } (56)
- x=0
By + o3 B+o?
By\3 B\ 2
2 | (3) 3 (3 3
=5 | @R B e (B %—} (58)

(59)




Now, Equation

B By3 (By2 By3 /B2
nZ_ +ﬁ+ﬁ_(2)_(2) _(2 _(g)w”ﬁ
2n 6 ' 6 3 2 3 2 6
2 | 3 2(%3 321
= L 15— - - (5)w
2n 2 3 2 J
- B\ 3
e ESZL_. - (B2 ,l, - B
21 |2 3 2 737
ﬁ d RXX(T) _
dr " /B\3
2 12(5) 3
n_ |22 By2 _w |
w3 t e 6}’ B <

(30) may be written as

2 2 (w+—g-)3+(g-)3-81mio
A 2 n
Szz(w)=——2-w S({w) + 5
Wy 3muo
o+ 27+ B 0<ucB
. ; _
@ @u- £ cnsus-
2
- n
W 2
0

2 3

By3
w3 - 2(7) - (502

2
Symmetric in positive half-plane

Wy --g—iwio

100

(60)

(63)

(64)

The total noise power at the detector output is equal to the integral

of 1/2x Szz(w) over the post detection filter bandwidth, or,

(65)
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Post Detection Filter Response

n
N} —
Sl
[AS] IS
1=
S?
o
€
+
w
5
£ I
o N
n
]
£
U'\\\
(o]
T~
€
+
2l°
+
L)
w
S
w
IO
o

~ 3
%— -—5— - (2)2(»] du). (66)

“Yh

Recall S(w) ——>

B B
2 2
where B is the IF bandwidth

(0] -wb
212 B3 2 ° B.3
+ £ (w+3)° dp + =0 ()7 dw
7 7 7 7
31rw0 31rw0 _
“p b
2 ol 3 3 2
_2n_ w _ B~ _B
- =7 / {2 v ‘”] dw (67)
'muo -
b
2 3 % 2 0 3
= 1 [2Am W + 2h (w3+§m28+§m82+—3-)dw
27 w2 3 3 ? 2 4 8
0 o) “wo
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) 203 202 2
202 B3 nw, nBT e BTy
* 7 () * 7 * 7 T T (68)
3ﬂwo -uy 4ﬂmo 6 W, 4 Ty,
1 |2 Aznwb2 ) nwy . n wbaB
2m 3 2 2 2
g, 6ﬂwo 3ﬂwo
n w 282 n283w n233w
- b + b + b
2 2 12 2
4ﬂwo ]2ﬂw0 L
2 4 253 2,2 2
n ey n B Wy n B Wy
+ 7 + - ——-——-2-—' (69)
4nm0 6nm0 4nw0
A2 3 2 4 2 3B
Noise _ "M . "% %
Power 3 2 24 2 2 6 2 2
w, W, L
nfu %82 A% )
- + (70
4n2m 2 6n2w
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Derivation of Signal Qutput Power from Demodulator for General Case

Assume Input = A cos (uyt + g sin y t) (71)
where A = carrier amplitude
B = mod. index
Wy = frequency of cosinusoidal modulating signal

At the output of the first differentiator, (point b),

(b) = A (o, + 80
0

-A sin (mot + B sin wmt)

 €OS wmt) sin (wot + B sin mmt) (72)

ABw

Yo

cos w t sin (mot + B sin wmt) (73)

At the output of the second differentiator, (point c),

(c) = iﬁ- (wo + 8 Wy, C€OS wmt) cos (wot + 8 sin wmt)
ABuy, .
- —2 cos ut (wo t B w, cOs wmt) cos (wot + B8 sin mmt)
0
+ AB‘”mz . . .
woz sin w,t sin (wot + 8 s1nwmt) (74)

Summing, (point d),

(d) = A cos (wot + B sin wmt)
A .
- G;' (wo + B w,COS wmt) cos (wot + B8 sin wmt)
Ame
- _;—7 cos wmt (wo + B W, €OS wmt) cos (wot + 8 sin wmt)

0



104

Amez

+ 5~ Sin gt sin (wot + B8 sin wmt). (75)

)

Multiplying yields the demodulator output

2 2 .
A% cos (wot + B sin wmt)

2
- g:— (wo + B w, COS mmt) cos2 (mot + 8 sin wmt)
- —2 (mo + 8w, COS wmt) cos w,t cos (mot + g sin wmt)
0
AZszm
+ 5 sin gt cos (wot + B sin wmt) sin (mot + B8 sin wmt)
w
© (76)
Recall
cosé x = 1/2 (1 + cos 2x) (77)
sin x cos x = 1/2 sin 2x (78)

then Equation (6) becomes

2
g—- [1+ cos (2 w0t+2 B sin wmt)]

2
- %{;(wo+ BmmCOS mmt) l;|+ cos (2 wot+2 g sin wmt):l

A, N
- —2——2 (wo + B wy COS wmt) cos wmt E + cos (2 wot + 2 B8 sin u)mt)
0)0 -
AZBme
+ 5 sin ut sin (2 wot + 2 8 sin wmt) (79)
2w
o
Eliminating unwanted harmonics results in
p2 p2
T (wo'l'BmmCOSwmt)

0



105

A”g
- = wg (w, + B wy COS wyt) cos wt (80)
Yo
AzBm
= - 5 cos wmt
0
AZme AZBZme )
- Tu)o- cos mmt - -7‘”'—2—— cos wm't (8])
0
2 2.2 2
= - A Bmm cos t - LB_LD_"l (1 + cos 2 t) (82)
®g “m 4y 2 “n
0

and eliminating the cos 2 wmt term and d.c. term,

Bw

Desired Demod. _ 2 m
Output Voltage  ~ A 5, cos wp,t (83)
and,

4 2 2

A" B"w

PoweY‘ = ——-2'—"nl (84)

2

w

0
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General Expression for SNR as Function of CNR

- Signal Output
SAR Noise Output (85)
a4 82 me
_ Zwoz
B 8
AZ 3 2 4 23 22 .2 2,3 (86)
nw"y . nwy N nw bB nw bB . n B 0
3ww02 24w2w02 6n2w02 4ﬂ2m02 6n2w 02
Divide numerator and denominator of (86) by
2 2
Al’]wb
3ﬂw0
A482w2m 3wm02
2 2 3
2 A
SNR = Yo b (87)
8wA 27A 47A wy 27A wp
2 2
- A/2 _ dA
CNR YiT 3 (88)
H2
Writing (87) in terms of EEE' = CNR,
- 2 2
3 TrA2 8° w m B
2 |nB 3
“b
(89)




2

2 %m

3 (on) B 2 -0

“b

3

3

1 1 X
Tt F 2[GR) - 7 TCW)

where x = B
“b
. Assume Hi - CNR,
2
3 2 “m
SNRyi-cnr = 2 (OWR) B 8" —3
b

For optimum performance set Wy = Wpo
then

B 82

Wy

SNR = %-(CNR)

Recall that CNR = (CNRy,) ()

hence, 2

SNR g-(CNR b B8

)
AM’ B wp

Hi-CNR

3 6% CNRy,

2
+ X
2{CNR)
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(90)

(91)

(92)

(93)

(94)

(95)

which is identical to the expression for an L-D well above threshold.
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APPENDIX I1

REAL AND IDEAL DIFFERENTIATORS

The ideal differentiator would possess the perfect 90° phase
shift of Figure II-1. However, real differentiators, due to their
inherent frequency limitations, produce a phase shift different than
90°. The response of a real differentiator is shown in Figure II-2.
In his project Kratt describes a simple method for correcting this
phase error, as illustrated by Figures II-3 and II-4. A sample of
the input signal, V., is added to the differentiator output to pro-
duce the desired 90 phase shift. This technique works very well.
Laboratory measurements indicated that the phase errors of the
differentiators of Chapter V with phase correction circuitry are
Tess than .75° over the entire 20% bandwidth.
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v, —o] -Gt |—0

] ’V. 0°

"o |
FIGURE IL-1. IDEAL DIFFERENTIATOR

e LT

Y

y
=

FIGURE T-2. REAL DIFFERENTIATOR
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FIGURE H-3. BLOCK DIAGRAM OF REAL DIFFERENTIATOR WITH PHASE CORRECTION

FIGURE H-4.

R
]

/
b Vg = Ve * Vg

PHASOR DIAGRAM FOR REAL DIFFERENTIATOR WITH PHASE CORRECTION
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