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OPTIMUM DENODULATOR FOR AMPLITUDE-MODULATED FHM-SUBCARRIERS

K.-H. Schmelovsky, KDT and H. Boermer, KDT, Berlin

Report from the Central Institute for Solar and Terrestrial Physics

(Heinrich-Hertz-Institute) of tne German Academy of Sciences, Berlin

Submitted 10 Nov 1971.

According to the optimization process for Markov input processes
[1) introduced by Stratonovich solutions have already been given for
simple AN-, PH-, and PM-demodulators (2], [3). The following article
deals with a complicated type of demodulator, the amplitude-modulated
frequency-modulation subcarrier. The modulaticn process is assumed to

be a Markov process and the interference as an additive, white

Gaussian process.
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1. Statement of the Problea

Froam the input process

'
M 0O 2 +n(t) ~ Ageonfont - [ Aw(l . (@)

o

< COR (1, G dﬂ' + n ()

(Ao amplitude, wo carrier center frequency, », subcarrier frequency,
1 ¢ 7\ nodulation process, ae freguency deviation, n normal white
noise, -0 an - (NJ2)0 (1)) (t) is tc be determined with a minimua
root-mean-square error. A priori -r’(t) should cbey the stochastic

equation
(2) ') frn() + &M

[E 0, & 15(). Thes 7(t) is assumed to be an RC-limited, noraal
stochastic process with the limicing freguency B, % = 0, and the
dispersioma s 124 , With 7%7(t) the second sumsand also changes
stochastically ia the phase of the signal wgot ¢ £. According to Egq. {
(1)

3) ¢ Aw(1 ()] conm,t
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The equation system (2), (3) describes a two-dimensional
vector-Markov process with the conponents‘I,‘y. After reception of
the input process y(t) the signal parameters ﬂ 77 are not known
exactly due to the superimposed disturbance n(t), but rather can only
be described statistically by the a posteriori probability density
u(1p,i£/y). It results according to Bayes' formula and its teamporal
change can be described according to Stratonovich [ 1] by an expanded
Fokker-Planck equation which, for the problem being dealt with here,

has the form

() cw (?" Bt ?()O Ao (1 ) cos ol ;" )

2,

VF—F) e

A
~l.

[P = -(y-s)2/Ng). The first two summands on the right side take the
drift into account and the third, the diffusicn of the probability
distribution which result froa the a-priori data according to Eq. (2)
and (3) and the last suamand takes into account the information

obtained through the reception of the input signal y(t).

The solution of the nonlinear partial differential equation (4)

yields the a-posteriori probability distribution vhose maximum wvith

respect to 9 represents the sougat optimum estisated value of the

R
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modulation parameter iL wvhile the dispersion square e»? of the
a-posteriori distributicn gives the error dispersion of the

evaluation.
3. Design of the Optimum Systea

If ve limit ourselves to the case of a small a-posteriori
dispersion we can use a two-dimensional Gaussian statement for the

approximate solution of Eq. (&)

with, ) exp '4- : [CMaay (0 hy: 20y
(5) : Py 2

(o 'i')h‘ yl' cM.0 O, '..:l:

(c constant, |M| determinant of the correlaticn matrix M of ., 3
(v, adjuncts of the element /. of M). If we substitute it, thea a
coefficient comparison yields the following systeam of equations for

A
A
the velocity coordinates of the mean values of f, » and v({, 7)

(6) ¢ dw( 4 ;,)w-w,l -kne:.'y(l)lin(m.l+6)
; R 24 .

(7 NP ke Tty () in (wyt + @)

(8) koo - 24w ke, cos w, ¢ nboo”lv‘:’y(l)co.(u,l+0‘)
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(9) ke, - dw kgycos @, t -- f ke, — kee ke, 2;,‘" co-(w.¢+5)
i
10 i o i A
(10) " = 2bkan + x ~ ker "0y (1) cou (wy ¢ + ) '
!
This system of equations supplies the sought algoritha of the )

demodulator system. Equations (6) and (7) are realized by an analog
circuit.
the nonlinear sytem of eguations (8), (9), (10) . A solution of this

systea is found through the stateament

amn

by the circuit according to Pig. 1.

With this statement the eguation system (6) and (7) is realized

The nonlinear coefficients kee and s, are determined from

koo = const. = kep; key = ke, - cos (w, ¢ + ¢);
bqq = const. = "'0
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Fig. 1. Fundamental circuit of the demodulator.
y/tl—

f:m(w” t+ ‘ )

cos [wgtry) coswt

It consists of a phase-lock base circuit of the first order with a
voltage-controlled oscillator (VCO) and an auxiliary circuit which is
between the phase-demodulator output and the summing member in front
of the VCO. The auxiliary carcuit contains an oscillator oscillating
vith the subcarrier frequeacy. The subcarrier is amplitude-modulated
vith the process 1 4'ﬁ which 1s f£irst acquired froa the reception
process by coherence descdulatiocn and filtered in P = /(B ¢ iw). The
optimum frequency control results additively both through the
modulated local subcarrier and also through the error voltage on the
phase detector output of the base circuit. The gains of the four

asplifier stages are

24
(12) b3 2y

0o ka=kg o; k= Ao

O AP S s LRI T A T
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The estimated value of tne wodulation process 1 ¢ ﬁ(t) can be
removed in the auxiliary circuit following addition of 1 behind the
filter P. One achieves a smaller demodulaticn error if one obtains |
the output process through amplitude modulaticn of the coamtrol
voltage of the VCO w~¢ [cf. Eg. (3)]. The values Of keo ks ke,0 and ¢
were determined in the following manner: from equations (8), (9). ,4

(10), and (11) one obtains the systenm

{(13) 0 = Aw keno cos ¢ — keo® - K

— w, keq08in (0, ¢ + @) = Aw ky0 008 Wyt — Pkego

(14) X cos (0, ¢t + ¢) — Kkeo ke,0 cos (w,t + @)

-k
(15) 0——“2ﬂ(aq._bqo)—x ;"o.

vhereby K = Ag2/Ng is the temporal mean value of - (2A,/Ng) [y cOs

(uot + &) assuming a small estimate error [¢ -4 << 1.

In this system of eguations one can first express ¢ ke,0 and i,

by keo

(16) tang = - 5

(17 by yo 008 g = 1= kot
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K3kgy ¢
(18) ko= 0. = {5 a0 ool p

Therewith one obtains an algebraic equation fcr determination of &4,

With the substitutions

(19) y=%‘k.o
(20) =145
(21) o=o,'Aw';—

it acquires the fora

(22) POy + (124 8)y  + 4(2+8)y® + day® - 4t (y+ I

This equation was solved for the applied case of a weather satellite
receiver (APT-system). The following numerical values wvere used for
this: o, =1 8w = 3.14¢10* rad/s, B = 0.75¢10% rad/s, o, = 1.5 ¢10¢
rad/s. The solutions for various values of K (signal-moise ratio at

the demodulator input) can be read from the diagram in FPig. 2 as

abscissas of the intersecting pcints of both sides of the curves
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corresponding to Eq. (22), and in the given case, further

approximated analytically. Therewith the sought coefficients and

gains of the realization circuit are kaown frcm Fig. 1.
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Fig. 2. Graphic solution of Eq. (22).
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4. Properties of the Systena.

Fig. 3 shovws the dependence of the disbersion of the phase error
in the demodulation circuit on the signal-to-noise ratio for the
studied case of application. For comparison a curve is drawn in for
the dispersion results from the guasilinear treatment of the problenm
using the Wiener-Hopf eguation. According to the values of practical
experience [4] [S] [6] the pnase-lock circuit is stable roughly in
the range s’< 0.273 in which the curves are drawn through and

unstable with larger ' values (dotted curves). Thus the demodulation
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threshold is determined. One realizes that it is reduced about 4.5 dB

in comparison with the guasilinear optimizaticn.

The 3-dB bandwith of the phase-lock base circuit of the
demodulation circuit
4,

;o Ay
@4 Bo- Vo= l=T, koo

which is equal to the total amplification of the circuit is dependent
on the signal-to-noise ratio as saown in Pig. 4. With wveak
interferences the filter also picks up the weaker components of the
modulation spectrum which lie further from the carrier so that the
estimation accuracy increases. #ita a stronger interference on the

other hand there results a narctower bandwidth. By frequency selection

one aims for the possible optimum of the estimation accuracy.
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Pig. 3. Dispersion of the phase-demodulator error depending on the
signal-to-noise ratio at tne demodulator input. KEY: 1) quasilinear

method; 2) nonlinear method.
@
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Fig. 4. Bandwidth of the base circuit depending on the

signal-to-noise ratio.

1) -
" Ve
a2 /

o V
mt - — 4 L
I -4
,t e L4
ot 1 |




DOC = 0622 PAGE 13

The auxiliary circuit in contrast to the base circuit has a
supplementary amplification 1, 8o that for the total amplification V
= V,(1 + Vy) « One obtains

k.

®0
(2“’ Vi "T

Al
PN,

FPig. 5 shows the dependence of this supplementary amplification
on the signal-to-noise ratio. Under the fundamental reception
conditions the supplementary amplification in the auxiliary circuit

is about three times.

The auxiliary circuit processes the preliminary knowledge about
the signal structure by controlling the VCO with the subcarrier
frequency. The controlled oscillator thus carries out the subcarrier
oscillation from the very begimaing. It is passively readjusted only
to its amplitude changes. This is possible (see Pig. 3) with

considerably higher accuracy than an the case of a modulator without

an auxiliary circcuit.




~—

DOoC = 0622 PAGE 14

Pig. S. Supplementary asplification of the auxiliary circuit

depending on the signal-to-moise ratio.
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Summary

Based on the theory of Markov processes according to the
nonlinear method an optimua demcdulator was developed for
amplitude-modulated FM-subcarriers [7). A phase-lock circuit resulted
which consists of a base circuit aand an auxiliary circuit. The
auxiliary circuit contains a generator for the subcarrier frequency.
Such a circuit was first used in the the weather satellite receiving
systea WES 2 which was developed in the Heinrich-Hertz Institute and

resulted in a considerakble reduction of the demodulaticn threshold.

The practical difference between non-optimuam demodulation in a
simple phase-lock circuit and optimum demodulation can be seen in
Pig. 6. Reception of a weather picture was switched betveen the
demodulators every 30 seconds. Ine noise interferences with

non-optimum demodulation are particularly clear at the edge of the

picture.
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Pig. 6. Comparison of optimum and non-optimum demodulation (Sahara is
' in the middle of the photo).
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