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ABSTRACT

This dissertation describes and symthesizes 3 new member
of the familwy of FM detectors introduced earlier by Klarrer
and Kratt. A salient rrorerty of these detectors is 10& delay
with ewxcellent sensitivituy. The emrhasis in the new detector
is-on the ease of digital imelementation., In additiony the
new detector is alﬁé extremely linear, In condruence with the
other Klarrer~-Kratt detectorsy it makes wuse of =zero grous
delaw elementsy balance at RFy euasi-synchronous detection and
carrier cancellation. The rerformarnce of the detector is
mathematically snalyzed under the conditions of a modulated
inerut waver sinewave interferences and noise. The results
indicate imrroved rerformance over other members of the familw
irm  terms of linearityy thresholdy and ease of digital
imrlementation., Realization of the detector wsing FIRK didital
signal rrocessing methods is discussedr including linearity
ortimization. Substantial aldorithm simrlification was
achieved. High center frecquencies with low samrling
frequencies are obtainsble due to the frecuency foldover
effect. Narrowband rredetection filterind camn be ircluded in
the detectpr Frrovided 3 wider rredetection filter iS‘PPESENt.

Results of 3 worlindg model are shown.
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CHAFTER I

INTRODUCTION

1.1 EBackground

The FM detector described in this wrarer is one of &
family of FM detectors (Ref. 1) that oridginslly resulted from
the need to discriminate 2 frequency modulated signal with

extremely low delaw and excellent sensitivitwy.

Ur to that times 811 FM detectors used low-rass filters
to remove the undesired carrier frecuency comronents and their
harmonics dgenerated in the detection rrocessy and wusually s
tuned circuit for the FM to AM conversion. These circuits
would mormally not be low delaw circuits. Comronents such as
intedrators, differentiatorss summersy and multirlierss on the
other handy are low delaw (zero dHrour delauy) elements.
Howevery even rrevious FM detectors wusind intedrators and
‘differentiators still incorrorated low-rass filters in their

outrut circuitry (Refs. 2y 3y and 4).

The solutiorn to this rroblem utilized an intedgrators
differentiator and summer to rerform the FM to AM conversion.,
A sunchronous demodulator was used +to detect the amrlitude
modulation. This circuitry has theoreticaslly zero delawr and
the only undesirable rroduct rroduced is the second harmonic
of the carrier frecuéncyr which was eliminated bw adding an
additional intedrator and multirlier to dgenerate a3 cancelling

sidnal. The resultindg detector is shown inm Figure 1-1.
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Slight variations of this circuit are rossible by using the
differentisztor outrut or the difference between the intesgrator
arnd differentistor outsuts for the reference signal in  the

synchrornous detector.

Althousgh the detector rerforms well wunder narrow-band
conditionsy there are some rroblems when used under wide-band
conditions. Firsty the non- lineérits of the outrut causes
distortion rroducts that are no londer nedlidibler as
indicated in Figure 1-2, Secondlygy &8n intedrator rFroblem
exists if the imrut frecuencw to the detector is changed
instantaneouslge. This situstion as shown in Fidure 1-3»
causes a dc comronent to arresar at the integrator outrut due
to the effective initizal conditiorn of the intedgrator a8t the
time of the frecuency chandge, This dc comronent at the ineut
of the multirlier causes &8 considerable comronent of the

fundamental carrier frecuency to arrear at the outsut.

A form of the detector thst does rnot recuire intesirators

in the discrimination section snd therefore is mot subdect to

the initial condition #roblem is shown in Figure 1-4. An
integrator is still nrneeded in the carrier cancellation
sectiony and the outesrut is still ron-linear. Arnother basic

form of +the detector i1s shown in Fidgure 1-5. Howevery all
these forms required intedrators and sroduced outruts that

were not ideally linear.
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€

Fidure 1-2., Outrut Characteristic of the'Urisinal Iletector
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1.2 Investisationyof arn ImrFroved Detector

At Frresenty 311 work done with this family of detectors

assumed analodg realizationry using orerationasl amelifiers and

agnalog multirliers. With +the recent advancement of the
digital signal Frocessing technolodgyy howevery digital
imrlementation of sustems is becoming quite attractive.

Therefores an investidstion was made to utilize the advantades
of digital signal srocessing technicues to develor 23 new

version of detector that had osrtimal wide—-band rerformarce.

Research into digital realizations of the basic
functional blocks showed that differentistors could be readily
realizedy but intedrators still had rroblems. Howevers
realization of the Hilbert transformer was found +to be
comrarable to that of the differentiator with dood accufacsy
even though &an accurate Hilbert transform analog realization
'is usually rather comrlex. The Hilbert transformer is another
zero delayw element with a8 90 dedree rhase shift for all
freauencies. PRy rerlacing the intedrators in the detector of
Figure 1-1 with Hilbert transformerss the resulting detector
was fTound to have theoreticaslly rerfect linearity and

excellent wide—-band rotential.

REFERENCES -~ Charter I

1. J. Klarrer and E. Kratty "A New Family of Low-llelaw FM

Jletectors, " IEEE Transactioms onn Communicationsy Vol.

cOM-27y» No. 2y Feb., 1979.
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CHAFTER II
FUNCTIONAL DESCRIFTION

2:1 Introduction

A block diagram of one form of the new detector is diven
in Fidgure 2-1. It is comrrised of a8 differentiaztors tuwo
Hilbert transformersr two summersy and two multirliers -- all
comratible with FIR discrete time © signal rprocessing
techniaues. The detector may be divided inmto +two basic
functions: 1) wide-band cuasi-coherent discriminatory and 2)

low-delay carrier surression.

2.2 Wide-Eand Quasi-Coherent FM liscriminator

This function is rerformed by the rortion of the detector
in the dashed box. The inrut signal is fed simultsneously
into differentiator Il and Hilbert tramsformer H1l. The outrut
of the differentiator leads the inrut wave by 90 dedreesr and
its amrlitude varies directly with frecuencs. For simrlicitu
the time constant 1is selected +to dive unity gHain at some
radian frecuency W,. The outrut of the Hilbert transformers
on the other handy also leads the inrut wave by 20 dedreesy
but its amrlitude is constant with freeuencw and has a dgain of
unitw, The result is that the outruts of DIl and H1 are alwaus
in rhaser and their difference vanishes at w,+» Thus a balance
is achieved at the carrier freguencs. Above and below w, the
output of the summer S1 has an increasing amrlitude

rrorortional to the frecuency difference. There isy howevery
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8 rhase reversal when dHoing throudgh wWoer because below w, the
Hilbert tramsformer outrut dominatesy while above w, the
differentiator outrut dominates. The wave thus lends itself

to coherent detection.

The coherent detection is rerformed by the multirlier Ml.
Orne inrut of Ml receives the outrut of S1y while the other
inFut receives the outrut of tﬁe Hilbert transformer H1. The
outrut of M1l is a3 wave containing the demoaulated outrut and a

carrier of twice the frecuency and modulation inde:.

On 3 steady-state frecuencuy-offset basisy the rertinent
wave eauations a8t each stage are shown im Figure 2-1. An
inFut of sin t is assumedy where the freguency is normalized
with resrect to the center freruency (i.e. W, = 1). The
outrut of the discriminator thus consists of a8 dc  comronent
and a second harmonic comronenty both of which are
_Proportional to (w - 1}, The outrut thus exhibits PGPfEC£
arithmetic summetrw about the center frecuerncgry 8 rFrorerty
which the other discrimimators in the same famils can only

arrprroximate.

As with the other discriminatorsy howevery all of the
comroments in Fidgure 2-1 are still carshle of very wide-~band

oreration and are instantaneous (introduce ro drour delaw).

2.3 Cancellation of RF

The outrsut of M1 is srorortional to cosza)t. Observe in

Fidure 2-1 that the Hilbert transformer H2 and multirlier M2
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receive inruts that are in aquadrature with the corresronding
comronents in the discriminator rortion and dHenerate a3 wave
rrorortional to sinfwt with the same rrorortionality factor,
The outruts of the two multirliers are combined in summer S2.
Since cos?wt + sin? wt = 1y the RF is fully cancelled
instantaneouslyr introducing no delay. As is shown latery
this characteristic also holds for a8 modulated inrut wave
because of the rerfect linearity of the detector. The
cancellation is not rerfect for the Frevious versions due to

their nonlinear characteristics.
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CHAFTER III

THEORETICAL FERFORMANCE

3.1 Modulated Inrut Wave

Consider 8 narrow-band FM wavey as in the case of a sine
wave modulation of a8 small modulstion index or the case in
which a time-modulated FM wave was rassed throush 3
narrow-band filter which attenuated 211 sidebands excert the
first Pair.F\The inrut to the detector maw then be considered

as an FM wave comrrised of three comronents —-— the center

freceuency and a2 rair of sidebsnds. It mavw be written as

e;(t) = ALlcos w,t - k/2 cos(w, — Wt + k/2 cos(w, + w,)t]
(3-1)
where A and k are constants related to the amrlitude of the
wave and the modulation index (k =aAw/w,)r while w, and W, are

the center and modulation frequenciess resrectivelwu.

It can be shown (see Arrendix I) that the outrut of the

detector is then diven by

2
e (t) = (A*kR/2) coswnt = £ (22) cos w,t (3-2)

where R 1is the ratio of the modulsting freauency to the center
frecauency (R = W, /W,). Thus the outrut consists only of a

undistorted baseband.

The outruts of two other versions of the detector as
comruyted in Refs 1 and Ref. 2 are shown in Table 3-1, In

addition to the wundistorted basebandr these outruts also



THEORETICAL FERFORMANCE Pade 19

TABLE 3-1

Modulated Inrput Wave

DerecT NommaLtgsDd
£TE 9R €, (¢) romMs D/;‘ﬂ:ﬂ’«"l’/dﬂ(1 RssumFTions
- A*kR [Zcoswﬂt + kR cos 2wt .
NTEQRATOR -
ATOR + £ (2+3R) cos (2w, - wm)t [2¢ (ri)%2r3]% | ey
DisrerenT1ATOR ~& (2-FR) cos (2w, o)t <
=4 kR (1- cos ze, )]
£ 3
> .’1_2&5 [-"icos Wt ~ KR cos 20, P
. z L
vaL +R cos (2w, —Dm)t [7("?/\’) *25’1] R <<
DiFrFcReENTIATOR “ R Cos (2w, +@Wm)t <
~K&kR (i- 2cus Zw,t)]
DimreRENTIATOR - A*xR cos ¢
M1 RERT TRA~NIE R O © Nora
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contain & low-level signzl of twice the baseband frecuencuy a
low-level comronent of first order sidebands about twice the
center freeuencyy and low-level comronents of dec and twice the
center frecuency. These results also asssume that the
modulating frecuency is much smaller than the carrier
frecuency (R << 1), These terms result from the rnon-lirnearitw

characteristics of these other forms.

Exrressions for the amount of rms digtortiop 4 at the
various detector outruts are also shown in Table 3-1. These
were obtained by taking the ratio of the distortion terms +to
the desired signal on an rms basis, The value of d for the
new detector is =zeror since there are no distortion terms.
The wvalues of d for the oth;r two detectors are in the order
of several rercent for k = 0,1 and R = 0.1y and wvary
rrorortionally with R, Thusy the distortion terms masw be

nedlected for small values of R.

Removing the restrictior of narrow-band oreratiory
consideration will now be diven to the rerformance of the
detector with wide-band modulated inrut sidgnalss where the
inFut  freeuency to the detector could theoretically chande

instantarneously.

Referring bachk to Fidgure 2-1r no de cbmponents should be

~present at the inrputs of the multisliers if the detector is to

rerform &8s rreviouslw described. If this condition is
violatedy 3 considerable comronent of the fundamental carrier

frequency will arresr at the outrut, By investidating +the
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sources Tor the multirlierss ro comFrornents theoretically
rroduce any de comronents under these conditions. The
detector should therefore rerform eeuaslly a3s well under

wide~band conditions.

As shown in Ref. 1y this does not hold for other versions
of the detector that use intedratorss since dc comronents are
dgenerated as a result of the effeétiVe initial conditions of
the intedrators at the time of 3 rarid frecuency change. This
was one of the original furroses for denerating @ version of

the detector without using intedrators.,

J¢e2 Sine Wave Interferernce

Consider the case where the irnrut wave consists of =3
desired carrier of a3 frecuercy Wy and an interference carrier

of & freeuencw &W; r such as
e;(t) = A cos wuyt + B cos w;t (3-3)
where wy = W, + Awy and w; = w, + AW,

It carn be shown (see Arrendix II) that the baseband

outrut of the detector showrn in Figure 2-1 is then diven bu

2 . .
Bo(t) = A% 4Ry BTAML Y AR(EEL 4+ 48N cos(uy - widt  (3-4)

For the case where AWy = 0y the normalized outrut of the

detector reduces to

2
e, (t) = (AW/w,)(B/A) + (AW/W,)(B/A) cos Aw;t (3-3)
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and the rms value of the normaslized outrut is diven by
2z
ey (L) = {[(awy/w,) (R/A) :lZ + (J./z)l:(zm);/:,oo)'(B/’m:l)-"2 (3-64)

Curves of <ey(t)» for various values of B/A and Aw;/w,
are shown in Figure 3-1. 8Since the outrut is summetric about

AW/W, = 0y only rositive values of AW/, are grarhed.

Corrington (Ref. 3) has deri?ed the eruivalent outrut of
a conventional wide-band limiter-discriminator for Awy= 0 as
(AW /Wy {cos awet + B/A)

Bpp (B) = e (3-7)
2 cosAaw;t + A/B + B/A

The ecuivalent rms outrut for A/R < 1 is diven by

(ALH% (g/a*
() = —eme S i e (3-8)
201 - (B/A)%3
Curves of- {e,, () for various values of B/A and Aw;/w,
‘are also shown in Figure 3-1. In comearing these curves with
those of the detector of Figure 2-1» one observes that the two
curves are almost identical for small values of R/A. However:
as R/A arrroaches 1, the outrut of the ideal
limiter-discrimirnator arrroaches infinityr while the outrut of
the new detector remsins fimite. This may also be observed by
comraring Eeuation 3-5 and Ecustion 3-7. Thereforer as the
interference increasessy the detector of Fidure 2-1 has @ much
better outrut purits both in terms of rms and reak-to-reak

valuesy and this imrrovement increases without bound.
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Ceglt)> or Ceqge(t)
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——— Conventional Limiter-Discriminator
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T . - , ‘ 0.9
|.O
0.9
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Figure 3-1. <e,(t)} vs.aw;/w, for Various Values of B/A
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In comrarisons similar results for the detectors of
Figure 1-1 and Figure 1-4 as given by Ref. 1 and Ref. 2v
resrectivelyy are shown in Table 3-2, The expressions for
<e (t)>» are identical +to Eeuation 3I-6 if the freacuency
deviations are small comrared to the carrier frecuency (Aw/w,
<< 1 and Awy/w, << 1)s These assumrtions were not needed in
the derivatiom of Ecuation 3-é6r which therefore describes the
detector of Figure 2-1 3also under wide-band sinusoidal

interference conditions.

3.3 Noise Performance

Consideration will now be fHiven to the rerformance of the
detector of Figure 2-1 in the rFrresence of narrow-band noise.
The comrlete detectory including the rre—-detection and
rost-detection filtersy is shown in Fidure 3-—-2. The
definition of outrut SNR used in this derivation is taken to
be the ratio of mean outrut sidgnal rower to mean outrut noise
rowers where the signal rower is measured in the absence of
noise and the noise rower in the absence of sidgnal (i.e. the
carrier is umnmodulated). This definition is wvalid for hisgh
SNR» where the mean signal and noise rowers maw be assumed to
add linearlyy and the signal rower measured in the absence of
noise does not differ substantislly from that measured with

noise rFresent. Sidnal surrression occurs as the values of CNR

dror below 0 4B (Ref. 4).

The roise is assumed to be of a bandwidth rno wider than

twice the carrier center freacuencwr and therefore may be
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rerresented by
n(t) = x(t) cos w,t ~- w(t) sin w,t (3-9)

which consists of & carrier at the center frecuency Wy
modulated by two random variablesyr x(t) and =(t)., The noise
is &also assumed to have a =zero mean and a Gaussian
distribution. The random variables x(t) and w(t) thus have
the following rrorertiest! &) Lowrassr -rectandgular rower
srectral densitw of bandwidth B/2 and asmrlitude n as shown in
Fidgure 3-3y b) Ecual variances for n(t)y x(t)ry and g(t)y and

c) x(t) and 9(t) are inderendent.

Thereforey consider an inrFut sidnal dgiven by

e; (t) = A cos w,t + x(t) cos w,t - w(t) sin w,t (3-10)
which consists of an unmodulated carrier with added
narrow-band noise. It maw be shown (see Arrendix III) that

+he baseband outeput of the detector is then dgiven bu
e, (t) = 1/, € () LA — w(td1 + 9ty =(t) ¥ (3-11)

The outrut rower srectral densitw maw then be obtsined bw
takindg the Fourier Transform of the autocorrelstion function
of e,ft). By intedrating this result over the
rpost-discrimination bandwidth and dividing bw 27y the detector

outrut noise rower is shown to be diven by
3

\ _ A271“%

NOISE FPOWER = —3-7]-7:'“-)—03—

‘ 3
s -t [ B, _ Bwi , Bw. _ wZ’]

(3-12)

T WwR 12 CRE /2
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Nexts the outrut sigrnal rower maw be obtasined wusing a8

modulated inrut signsl diven by
e, (t) = A coslwt t+ B sin w,t) (3-13)

where A is the carrier amrlituder p is the modulation index»
and ¢,, is the modulation freeuencs. The corresronding outrut
rower is then shown to be dgiven by

/34 2 2

B Wn

(3-14)
8w,

SIGNAL POWER =

The outrut SNR is obtained by taking the ratio of +the
outrut signal rower to the noise rower. In terms of the CNR

at the imnruty the SNR is given by

3
T (ENRYBRAWL /Wi

SNR = = ' (3-15)
) + ! [ X2 _ 3% 4 1 _
CNR | 4 8 2 9x
where = RB/w,+ The only assumrtions made were that w, ©* R/2

‘and that the sidnal and noise terms are additive.

J
For the srecial case of hidgh CNRy the derominastor in

Equation 3-15 becomes wunity. Letting w,, = w, for optimum
rerformances and using the relationshir CNR = (CNR),,. (2&,/E)»

then the SNR for high CNR conditions is diven bu

SNR,,en ave = 3 BT(CNRY (3-16)
which is identical to the exrression for a
limiter~discriminator well above threshold (Ref. 3). The

rerformance of the detector is therefore identical to a3
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limiter—-discriminator well zbove threshold, but without usind

a limiter,

As indicated in Fidgure 3-4r the threshold roint for an FHM
system 1is wusually defined as the roint where the SNR has
drorred 1 dBR more than that sredicted by the linear
imerovement éesion. Referring to Ecuation 3-15» this occurs
where the denominator increaseé arn  amount above unity

eauivalent to 1 dE. The result maw be written as

(CNR,),, = 1,931 [ x°/2 - 3x%/8 + w/2 - 1741 (3-17)

In comrarisony the SNR relationshir for the detector of

Fidure 1-4 is given by Tarbell (Ref. 6) as

3
7 (CNR) B2 wl fw B
SNR = £ )t’s /e (3-18)
| + —L—[JS__ - 3X 4 1 _ L
QYR 2 < 2 8Xx

The corresronding eauation for the threshold CNR is

(CNR g2 = 1,931 C X3/2 ~ 3X%/4 + X/2 + 1/8 1 (3-19)

TA

The results of Eauation 3~16 and Ecuation 3-18 are shown
in Figure 3-5 for various values of B/24),y along with dats for
a conventional limiter-discriminator (Ref. 7) for comrarison.
The new detector has & 3 dBF imrrovement in threshold
rerformance over the detector of Figure 1-4y but still no

imrrovement over the limiter—discriminator.
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CHAFTER IV

DIGITAL IMFLEMENTATION

4,1 Introduction

A direct areroach to didgitally imrlementing the detector
was rerformed first by denerasting aldorithms that will closely
resemble the differentiastor and Hilbert transformer over the
freauency band of interest. The corresronding samrles were
also added and multirlied as recuired to rerform the functions

shown in Fidure 2-1.

The differentiator and Hilbert transformer were realired
using a8 finite imrulse resronse (FIR)y or non-recursiver
design method. Such designs exhibit no r~hase errorsy and have
delagys of arrroximately N/2 samrling reriodsy where N is the
order of the network.  Thew are also wunconditionally stables

gsince they are sunthesized using only zeros.

Obviouslw the digital sustem cannot still have
theoretically =ero delavw due to the discrete time samrles and
the delays in denerating the functional blocks. Howevers, if
actual delay is not of mador imrortancer then the detector

should offer much imrroved rerformance in other asreas.

4,2 Lirnear~FPhase Reazalizations

A comruter rrodram called EQFIR (Ref+ 1) was used to
denerate the coefficients for FIR reslizsations of both

differentiators and Hilbert transformers. The mrogram
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ortimizes the results over a rrescribed freauency rander which
was selected as 0.15 fg to 0.35 fs5» where fg is the samrlindg
freauency., These values will then dgenerate a detector that is
centered at half the Nweuist frecuency with a3 relativeluy wide

linear bandwidth of two-fifths the Nuuist freauencw.

Usindg these recuirementsy the coefficients were comruted
for differentiators with N= Sy 7y and 9. Only odd values of N
were selected so that the delased outrut o% the function be an
exact number of samrle reriods for rrorer confidguration of the
total network. The delay of the FIR block is (N-1)/2 sampling
reriodsy which for odd values of N causes the delaved outruts
to fzll on exact samrle times» allowind the results to be
combined with other equslly delaved wvalues to rerform the
additional fumnctions. Each outrut is denerated by multirlwing
the N successive samrles by the corresronding coefficientsy

and thern summing the results.

The eauaiions divind the freacuency resronse of a2 dHeneral
FIR configuration were derived (see Arrendixx IV) and used to
evaluate each set of differentistor coefficients. The results

are shown in Fidure 4-1, Reasonable results were obtained for

N=7y with N=9 divindg very dood results.

In a similar mannersy coefficients far Hilbert
~transformers were computed and evaluasted for N= 5y 7y 9 and
11, The results are shown in Fidure 4-2. The resronse for
N=7 and 9 are the same and rrovide 8 relativelw close

arrroximation.
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At firsty it might seem strande that two values of N dive
identical results. Howevery the freauency resronse ecuation
for 3 FIR network is based on 8 Fourier structurer and any
rarticular comronent that is not summet;ical with resrect to
the desired resronse has 8 value of zero. For examrler 311
even tharmonics of. 38 s;uUare wave are =Zero. Thereforey

increasing the order does not riecessarily add useful terms.

Selection of a value of N was haséd on fimding the
minimum value _that dave arrproximate fesults; with the
assumertion that later ortimization of the total detector would
greatly imrrove the resronse of the detector. A lower value
of N also means 28 simrler aldorithm for easier imrlementation
and smaller values of delay. As a results N=7 was chosen for

both the differentiator and Hilbert trarnsformer.

The eaquatiorn for the frecuency resronse of the detector

was derived (see Arrendix V)y and is diven bw

N N

Eo(F) = 1/2 2 7 (cp. = €4n) €
m=j Nns=)
Lcos(m ~ m)2nF — cos{N + 1 ~ n - m)2nF] (4~1)

where F is the freeuency normalized to the samrling frecuencys
cp; is the ith boefficient (or imrulse resronse) of the
differentiator and c,y; is the ith coefficient of the Hilbert
transformer, The detector resronse was then comruted using
the coefficients for N=7s as diven in Table 4-1., The results

are shown in Figure 4-3y which indicates an a2lmost sinusoidal

resronse with much dgreater linearity error thanm indicated by
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TAELE 4-~1
Oridinal Dletector Coefficients
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any of +the individual comronents, This is because the
rarticular errors of each block det multirlied when combined

in the totzl detectorsy resulting in 2 much larder error.

Also observe that the detector outrut reduces to zero at
both =zero freacuency and the Nueuist frecuencyr since the
outruts of both the differentiator and Hilbert transformer ¢=Ho
to =ero at +these freauencies. 4Therefores the detector also
srovides an ecuivalent inherent linear pha;e bandrass filter
characteristic, For hidgher order realizationss this internal
bandrass Frorerty may be utilized with other bandwidths andg
center freguencies to eliminate undesired signals within the

Nuauist band.

4,3 Linearity Optimization

Consideration was now dgiven to orftimizing the detector
coefficients for linearity over the freauencs rande of
“interest (0.15 < F < 0.,3%5)., Constraints had to be rlaced on
the coefficients in order to retain certsin necessary
srorerties. Firsty the negative summetrw of the coefficients
is recuired to rreserve the linear-rhase (actualls a constant
?0 dedree shase) characteristic of the FIR blochks. This
recquires that ¢; = -cy,,.; r a8nd €42 = 0 since N is odd,
The 90 dedree rhase rrorerties of the comrorents is required
to maintain . the auadrature relationshirs for carrier

cancellzstion. As a resulty only three values are recuired to

define the seven general coefficients of each FIR block.
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Nextr the amrlitude reaquirements need to be determined.
This may be asccomrlished by assuming that each FIR block is
multirlied by a8 corresronding amrlitude furction of frecuency
Fo as shown in Fidure 4-4, These amrlitude functions
rerresent the non-ideal amrlitude variations in the
realization of each function. Assuming an  inrut e;(t) =
sinwty a3nd solving in a3 marmmer similar to that used in

Arrendix Ir the corresronding outrut is found to be dgiven bu

e, (t) = [ A, (@) ~ Ay(w)] LA (w) cos’wt + Ag(w) sinZotl
(4-2)
Therefore, the carrier comronent will cancel exactly onlwy if
Agz(w ) = A(w ). _This means that the coefficients of the two
Hilbert transformers must be identical. Linearity of the

detector is then controlled bw A, (w) and Ay(L )y which may
vary from unity and still dive the desired result of (- 1)

as long as thew are related bw the exrression

o w = L [f’z—;w’—) +H2(w):l 43

In the imrlementations comrputer routines were denerated
(See Arrendix VII) to minimize 38 least seuares linearituy error
function using the Fletcher-Fowell aldgorithm (Ref. 2), The
error function was denerated by summing the seuares of the
differences between the actuzl and desired detector outruts
using 3 number of freauency roints over the interval

0.15 < F < 0.33.



DIGITAL IMFPLEMENTATION

D,

Ei(t)=
an (,\)‘LL —

) My y
+ -
> /-?,(w)f,it —*"@ > Rylw) H L"é) Mz

Fadge 38

Fidure 4-4,

, ‘L’ -
™, S,

Non—-1deal Rlock Représentations



DIGITAL IMFLEMENTATION Fade 39

Uron converdencer the ortimized coefficients shown in
Table 4-2 were obtained, The corresronding ortimized detector
outrut is shown in Fidure 4-5y where it is comrared with both
the original detector outrut and the idesal outrut. Over the
freauency rande of ortimizationy the outrut is found +to be
extremely lineary with substantial imrrovement over the

original resronse.

The internal bandrass charascteristic éf the detector is
also imreroved. AN eauivslent dgain resronse of the detector
was denerated by taking the ratio of the actuzsl outrut to the
ideal outrut of 8 theoretical wide-band detector. The results

are shown in Fidure 4-6.
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TABLE 4-2

O=timized Detector Coefficients
(Imrulse Resronse)
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CHAFTER V

REALIZATION

5.1 Introduction

The ortimized detector was realized using 11 bit A/D and
D/A convertersy and 2 DEC LSI-11 processor with an extended
arithmetic chirs Even thoush this rrocessor is relatively
fasty it still taskes arrroximately 60 us for a multirlication
and 8 us for an  addition or subtraction. Since a direct
arrroach to realizing the detector of Figure 2-1 using the
coefficients diven in Table 4-2 would recuire eleven
multirlicationsy sisx additions and ten subtractionsy
considerable time will be used in rerforming the functions of
the aldgorithm 2loner without even including time to rerform
other related functions that are necessary to inrutr outrut,
or internally shift data during each cuycle. The londger the
pomputing timey the lower the maximum samrling freauencuy. and
therefores a3lso the maximum orerating frecuencs. Howeverr by
investidating the values of the coefficients and the structure
of the basic detector aldorithms substantiazl simrlifications
to the sldgorithm were discoveredy which gSreatly incresased the

maximum freauerncy of oreration.

5.2 Aldoritm Simelification

Observing the coefficients shown in Table 4-2» the
coefficients for the differentistor and Hilbert transformer

blocks are found to be sractically identical for both the
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first and third wvalues. Referring back to Fidure 2-1y the
outeruts of D1 and H1 are subtracted in summer 81, Since
multirluing an inrPut samrle by two different coefficients and
then taking the difference of the results is eauivalent +to
multirlying the inrut samrle by the difference of the two
coefficientsy then the functions of IDily H1I and S1 maw be
rerlaced bw 3 sindle blocky as shown in Figure 5-1y with
coefficients eeual to c,, - o Therefore the first and
third coefficients would be zero» while the second coefficient

is -0.,20939.

The fact that two of the coefficients of this new block
are zero did not occur by accident. Recall that the outrut of
51 is actuslly the outrut of the discriminator before
sgnchronous detection. The frecuency resronse  should
therefore be =ero at the center freecuencwy (F = 0.25)r and have
odd summetrw around this roint. A nedative valuer in this
caser means a reversal of rhase. Comearind this with +the
. theoretical freauency . resronse of a FIR blocks which was

derived (see Arrendix IV) as
2t
HCFY) = 3 2 2 e, sin (N + 1 - 2r07F (5-1)
n=)

only the term for n = 2 rroduces odd summetry about F = 0.25.
The other two terms have even summetrus aﬁd must therefore be

Zero.

By observing Eeuation 5-1 for larder values of Ny

alternate terms will be seen to have even summetrw and
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therefore must be ecual to =zero. As & resulty similar
simrlifications may also be made for hisher order detectors of
different bandwidthsy as lond as Fo = 0.25. Larder
bandwidthsy howevers will recuire hidgher values of N in order
to retain good linearity., Other values of F, do not allow
such simrlifications since the resronse is not suymmetrical and

therefore generally reauires all terms.

Since the DI-H block has only one non-zero coefficienty
then only one subtraction and ome multirlication is needed to
realize the function. The Hilbert transformers howevery
reauire three times as much. We would therefore like to
reduce the number of Hilbert transformersy which would also

reduce the comrutation time.

This was accomrlished by taking the dusl qf the detector
of Fidgure 5S-1y which resulted in the confiduration shown in
‘Fiﬁure 5-2. The two detectors are ecuivalent in rerformance
since the multirlier inruts are still identical. This
simelified confiﬁurationr howevery reaquires only six
multirlicationsy orne additior» and five subtractionss which is

about half the comrlexity of the oridimal realizastion.

9.3 Sustem Confiduration

The detector of Fidure 5-3 was realized in a3 swystem based
on an LSI-11 rrocessorr which was wused basically as &
convenient laboratory tool for the exrerimentsl verification

of the theoretical detector. Howevery the princirles used
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here mavw resdily be arrlied to other didital (or discrete-time

analod) signal rrocessing hardware being used in the industru.

As shown in Fidure 5-3» samrled data to and from the
Processor is accomrlished wusing a8 DRV-11 Farallel Interface
cardy which has two sixteen-bit rortss one in each direction.
The inrut data is obtained from 3 11-bit A/D convertersy where
one of the bits is rolarity. The converter was designed to
generate 1000 samsles rer secondr with tﬁe end of conversion
Frulse beind used to suwnchronize the rFrocessor, An  ortional
BFF may be used rrior to the A/D converter to remove undesired
signalsys or limit the noise bandwidth. A seventh order active
transitional BPFy with & bandwidth of arproximately 270 H=z»
was used when making noise rerformance tests. The resronse of

the filter is shown in Figure 5-4.

The outrut sameles from the rrocessor drive a 11-bit D/A
‘cnﬁverterv with one bit adain beindg rolarite. The Frocessor
outruts the erevious result when it receives new ineut  from
the A/D converter, An activer 5Sth order Butterworth LFF usind
Sallen and Kew sections (Ref. 1) was used to filter the outrut
of the DI/A converter. A cutoff frecuency of 200 Hz was used
for normal oreration. The cutoff was chanded to 30 Hz= for

noise tests.

S5+4 Software Descrirtion

A flow diadram showing the algorithm for the detector in

Fidure 5~2 is given in Figure 5-35. Two arrays of numbers must
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be held in memory., One arraw holds ten consecutive inrut
voltade samrlesy while the other contains seven outruts of the
Hilbert tramsformer. The rrevious samrles arrear to the

right.
Following the diagramy the value of H; is denerated usind

which is rossible due to the suymmetry of the coefficients.
- The outrut _of the second_ D—-H blocks called R2y is obtained

from
R2, = (Hg - Hg)- Cs» (5-3)

The delaw of three samrle reriods for each block realizations
or six for the total detectorr mayw be seen by observind the

subscrirts.

In 8 similar mannery the outrut of the first D—~H block is

diven by
Ri, = (E4 - Eg) * cg, | (5—-4)
and the outrut of the detector is found usinsg
OUTFUT = R1,- H, - R2,* E, | (5-5)

The values in the arraus are then shifted to the right by oner
with 2 new samrle entering at the lefts, and the srocedure is

rereated,
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The above rrocedure has been kert deneraly even thoudh
the delas could have been reduced by one samrlingd reriod since
the first coefficient of R2 (cg, ) is zero. This would allow
the calculations of the D-H blocks to be shifted left one time

sloty rutting the outeut a3t only five delay units.

Also ohserve thast onlw three different values of

coefficients are recuired +to éerfarm the aldgorithm. The

values of these coefficients are oy = 0,19045y ¢, = 0.54144
and cg, = —0.20959.
These results were incorrorated into the Frogram

RTDET.MACy» which was used to rerform the aldorithm in real
time., The rrodram is shown in Fidure 5-46. The bedinning of
the rrodgram handles data 1I/0r which is followed by the
aldorithm comrutations. The latter rortion of the rrodram
shifts the arraws in rreraration for the next samrle.
vAPProximatels 800 ps of comruting time are required for each

1000 us cucle.

REFERENCES ~ Charter V

1. R+ F. Sallen arnd E. L, Keyy *A Practical Method of lesigning
RC. Active Filterss". IRE. Tranmns. Circuit THeorws vol. CT-2»

no. 1» March 1955.
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LOOF:

NEXT$

LOOF1:

LOOF2:

ESIG!?
HSIG?

Fidure 5-6.

+TITLE RTDET.MAC

TST
BMI
MOV
MOV
CHF
ENE
CLR
MUL
MOV
SUr
MOV
MUL
MOV
SUR
MUL
ALD
MOV
MOV
SUR
MUL
MOV
SUR
MUL
SUE
MUL
MOV
MOV
MOV
MOV
DEC
BGT
MOV
MOV
MOV
MOV
DEC
BGT
JMF
+ BLKW
« BLKW
+END
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HSIG+2,R2
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R2yRO
¥162455+R0
#10yR3
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¥ESIG+22yRS
—{(R4)»-(R53)
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LOOF1

#5yR3
#HSIG+12sR4
#FHSIG+14RS
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LOOF2
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sTEST FOR NEW DATA

sLOOF IF NONE

#GET NEW SAMFLE

s OUTPUT PREVIOUS RESULTS
$CHECK FOR -0 INPUT

§SHIFT DATA 5 BITS
s STORE SAMPLE
$CALC HTMF

$HTMF IN RO
$CALC HSIG(1)

#STORE RESULTS
sCALC S1SIGFXHSIG(4)

SRESULT IN RO
5CALC S2SIGPXESIG(7)

sRESULT IN R2
sCALC OUTPUT
sOUTFUT IN RO
sSHIFT ESIG DATA

sSHIFT HSIG DATA

tESIG(?) ARRAY
FHSIG (&) ARRAY

Real-Time Aldorithm Comeutations
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CHAFTER VI

ACTUAL FERFORMANCE

6.1 Introduction

The resronse of the detector was first measured under
steadu-state conditionsy the results of which are shown in
Figure 6-1. Comrared with the theoreticsl resronse shown in
Fidure 4-5y the two curves are found to be almost identical.
There were no noticeable carrier comronents on the dec  outeut

of the deteétor.

As rredicted by the foldover theory of samrled sustemsy a
mirror imadge of the detector outerut was found to result for
freauencies immedistely asbove the Nuweuist frecuencw (3500 +to
1000 Hz)» uwhere the Nueeuist freauency (or slissing frecuency)
is one-half the samrlind freeuency (Ref. 1). At the samrlind
freauency of 1000 Hz» the detector rereated its baseband
TeSFONSEe . Actually the baseband resronse is durlicated
starting at multirles of .the samrlind frecuencudr while an
inverted baseband resronse occurs Just below each of these
freauencies. Thereforer as shown in Fidure 6-2y 3 freequency
translation may also be incorrorated into the detector as londg
as the A/D converter has 8 dood samrle-and-hold circuit,
Recall that the samrling frecuencw is based on the modulation

~information and not the carrier.

The rerformance of the detector using a modulated inrut

was next observed under both narrow- and wide-band conditions.
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This was then followed bw an evaluation of the detector wunder

sinusoidal ard noise interference conditions.

6.2 Narrow-Rand Ferformance

The sidgnal source was derived from a3 wvoltage controlled
oscillatory which was modulated by a 50 Hz scuare wave outrut
of a waveform generator. A 270 Hz bandwidth rre-detection
bandrass filter was used in series with the sisgnal source to
remove higher frecuency sidebands of the oridinal wide-band
sidgnal. The source was adJdusted for 3 center freauency of
1250 Hz (the first shifted band of the detector) and a8 reak
shift of 50 H=ze A 200 Hz rost-discriminator lowrass filter
was used to remove frecuencies above the Nuyeuist frecuency

(300 H=).,

.. . Fidgure 6-33 Ppresents the waveform at the inrut +to the
detector. The received carrier is sceuare wave modulasted but
the narrow-band filter before the detector eliminated all
sidebands bevond.the firsts reducing the modulation to that of
8 sine-wave and introducing amrlitude wvaristions on  the
carrier. The outrut of the detector rFrior to the filter is
shouwn in Fidure 6-3by 3nd- - after filtering in Fidure &6-3c.
Observe that since the aldorithm comrletelwy balances out 311
carrier comronentsy no rirrle comronents arrear at the

detector outeut.
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a8) Modulated inrut sidnal
(vert: 200 mVY/cmy horiz! 5 ms/cm)

b) Detector outrut before filterinsg
(vertt S0 mV/cmy bhoriz! 5 ms/cm)

Figure 6~3. Narrow—-Band Ferformance
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c¢) Detector outrut after filtering

(vert?

Figure 6-3.

S0 mV/cmy horiz! 5 ms/cm)

Narrow-Band Ferformance

(contd)

Pade

60
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6.3 Wide—-Band Performance

In order to demonstrate the wide-~band rerformance of the
detectory the bandrass filter was removed from the test
confidguration. The outrut of the detector was then comrared
with the modulating signals using four different modulatinsg
waveformsy as shown in Fidgure 6-4. The modulation frecuency

was 20 Hz for 811 waveforms.

Fidure é-4a3 comrares the two waveforms for sine-wave
modulationr with the outruts of the detector beindg the lower
waveforms. The rerformance is essentially identical to that
of the narrow-band case. By comraring the rhases of the
waveformsr a3 totzl delaw of arrroximatelw 10.5 ms is observed.
This consists of one semrlind reriod (1 ms) delaw for the A/D
conversiony 3 six samrling reriod (&6 ms) delay for the FIR
realizationy and arrroximately 3 3.9 ms delagw for the 200 H=
Butterworth lowrass filter. Fidure &6-4pb rresents the
rerformance using triandular modulation and is again found to
be relatively ideal. Howevery the outrut of the detector when
receiving a3 sawtooth modulating waveform shows some rinding
and slored transitionsy as shown in Figure é6-4c,. The rindgding
oceurs onlyw when there is &2 rarid frecuency chande in the
inFut signal to the detector. A similar situation occurs when
receivindg a seuare wave modulated carriers as shown in Figure
6—-4d. The rounding of the waveforms is due to the eacuivalent
internal bandwidth of the detectory s shown in Figure 4-6.

The resulting slored transitions of arrroximately 4 ms in
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a3) Sine wavé modulation
(vert: 200 mV/cmr horiz! 10 ms/cm)

b) Trisndular modulation
(vert! 200 mv/cmy horizid 10 ms/cm)

Figure &-4., Wide~EBand Ferformance
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c) Saw—-tooth modulation
(vert: 200 mV/cmy horiz! 10 ms/cm)

R T
D ;--b»'! B

: !
. .
e b e
Rom o i

d) Sguare wave modulatioﬁ
(vert!200 mV/cmy horiz! 10 ms/cm)

Figure 6-4, Wide—-Rand Ferformasnce (contd)
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Fidure 6-4d are eaquivalent to those predicted by computer
simulation (see Arrendix VI - Example)y which shows four
sampling reriods (4 ms at a 1000 Hz samrling freauencw) for a
transition under steady state conditions. The
rost-discriminator filter has slmost twice the bandwidthr and
therefore only smoothens thé outrut of the D/A converter

without disturbing the waveform.

6.4 Sine-Wave Interference

Using the same test configuration a3s for +the wide-band
rserformancer an unmmodulated carrier at 1250 Hz and another
sine-wave of variable amrlitude and frecuency were used for
the inrut to the detector. The waveform shown in Fidure 6-5
is the outrut of the detector when the two carriers are eaqual
in amelitude and the undesired sidgnal is 50 Hz higher, As
rredicted by Ecuation 3-5y only a dc term 2nd a3 beat frecuency
sine-wave arrear at the outrut of the detector. Results for
various other conditions of the interferindg tone were obtsined
usins an  rms voltmetery and are shown in Fidure 6-6.
Comraring these results with the theoretical results in Fidure

3-1r the two are found to be almost identical.

6.9 Noise Ferformance

The SNR~-CNR relaztionshis wss obtasined by measuring the
rms noise rower in the absence of modulstion and the signal
rower in the absence of noises and then comruting the

resulting ratio. ‘As with the 2naluytical derivation:s the
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Fidure 6-5. Sirne Wave Interférence
(vert! 50 mV/cms horizi 10 ms/cm)
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effect of modulstion on threshold is idnored.

Following this technicuer an rms rower meter was used to
measure the noise outrut at different values of CNR (with no
modulation). A reference sidnal outruty from which the SNR
calculations are mader is then obtained by removindg the noise
snd addindg. tone modulation to the carrier a8t some srecified

deviation.

The measured SNR verses CNR characteristic for the
detector is shown in Figure 6-7. .Recall that the term (CNR)4,.,
is the carrier to noise rower ratio with the noise measured in

a8 filter banmdwidth of twice the base bandwidthr or
(CNR)y,, = (CNR) (B/2w)) (6-1)

The results show that the threshold occurs at (CNR)g, = 24.6

dB: The SNR inrrovement ashove threshold is 2.0 dB.

For referencer the thearetical rerformance of the

detectory 38 diven by Eruation 3-15% is also shown in Fidgure

67+ In these calculationsy the followind exrerimental
rarameters were used! B = 2m(266)y W, = 2m(28.95)y and W, =
2m(S0),

A limiter was then added between the outrut of the
rre-detection filter and the inrut to the detector. The
limiter also included a3 lowsass filter to remove the harmonics
denerated in the limitingd FrFrocess. The same rrocedure was

then rerformedr with the results s3lso shown in Fidure 6-7,
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Observe that this curve has a much sharrer breask at thresholdy
which was found to occur 3t (CNR),,, = 22.0 dB. The SNR
imerrovement above threshold is 9.5 dR. Thereforesy the
addition of 8 limiter improves threshold rerformancy by 2.6
dR. The linear imerovement region is not sufficientlw

chandedy with the difference being due to exrerimental error.

REFERENCES - Charter VI

1. S. D, Stearnsy Didgital Sidnal Ansalusisy Char. 4 Haudenr

1973,
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CHAFTER VII

CONCLUSIONS

7.1 Conclusions

We have described 8 new extremely linear version of 8
family of detectors having a8 wide bandwidthr excellent
sensitivityy and theoretically . low delay. The low-delay
feature 1is obtained in a3 two-fold manner: 1) through the use
of networks ﬁavinﬁ zero dHSrour delayy and 2) through an RF
cancellation technicue for the carrier. The detector exhibits

excellent linearity due to its inmherent structure.

The theoreticasl rerformance of the detector was zansluced
for modulated inFut signalsy urmodulated interference
carriersy and narrow-band noise conditions., Theoreticallyy
~ the detector has no distortiony due to the rerfect linearitu.
Far interference sidnal levels arprroaching the desired sidgnsl
"levely the new detector was shown to offer 8 considerable
improvement over the limiter-discriminator. Noise rerformance
was shown to be ecual to the limiter-~discriminator well above
thresholdy but had 3 higher threshold. These results were
also comrared with +those of other forms of the deteétor;

showing imrroved rerformance in the areas of linearity and

noise threshold.

The detector of Fidure 2-1 was realized using FIR didgital
signal rrocessing methodsy 3nd was then ortimized for

linearityy resultind in substantial imerrovemernt. The digital
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imrlementation of the detector was found to exhibit a useful
inherent bandrass filter characteristic with delaw rrorerties
comrarable to the aldorithm Frocessing delaw. After several
algorithm simrlifications that resulted in a 35% reduction of
total comruting times the detector of Fidure 5-2 was
imrlemented using laboratorw didital rrocessing hardware and
used to detect & modulated .carrier above the Nueuist
frecuencys demonstrating the bandrass characteristics
resulting from frequency foldback in sampled systems.
Exrerimental results were shown. Total sustem delays were
associated mainly to filtering functionss and were found to be

comrarable with those of conventional FM detection methods.

7+2 Sudgdestions for Future Efforts

It is warthwhile to mention areass where future work

should be rerformed. Several of these are given below?

(1) rAn investidation into the rrorerties of the
coefficients for other ordersr center frecuencies:
and bandwidths of the detector.

(2) A dgeneraly efficient compu£er rrodgram to obtain the
ortimized coefficients of the detector using other
techniquesy such as 3 Chebuychev arrroximation
(Ref. 1)y instead of a least seuares arproximation.

(3) Incorroration of the bandrass and lowrass Tfilters
into the same didital hardwarer wusing a3 hidgher
samrling rate for the filter functions and +the

frequency foldover rrorerty for the detector
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rortion.

(4) Detection of & series of eacually sraced FM channels
using the same lowrass eauivalent detector aslgorithm
and the frequencsy foldover characteristicsy

including time sharingd of common hardware.

REFERENCES - Charter VII

i. T. W. Parks and J+ H. HcClellény 'Chebushev Areroximation
for Nonrecursive Didgital Filters with Linear Fhaser® IEEE

Trans. Circuit Theorys Vol. CT-19y No. 2y March 1972,
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APPENDIX 1

DETECTOR OUTPUT FOR NARROW-EAND FM WAVE

This Arrendiy derives the exrression of the outrut of the
detector shown in Figure 2-1 when the inrut is a8 narrow—-band
FM waver comrrised of 3 comronent at the center freauencuy and
one rair of sidebsnds. At the sasme times we rresent the

voltade exerressions at the various roints of the circuit.

Reference is made to Figure 2-1., Without loss of

deneralituyy we let the dsins of the summersy multirliers, and
Hilbert +transformers be wunity and the ga3in of the
differentiator be I The ineut sidnaly beind a8 small

modulatiorn index tone-modulated FM wavery is diven bwy E1 as

El = e;

;) = A coswt ~ (AL/2) cos (W, - wWmt

+ (Ak/2) cos(w, + Wt . {A1-1)

where k is the modulation index. We further assume that the
various blocks do not cause shase inversions, Then the outrut

of differentistor Il is diven buy

E2 = ~Al L sin wet = (L/2)[{w, — Wm) /W, sinfw, = wWnit
+ (L/2)0(W, + Wn) /Wl sin (W, + Wmdt

(AL-2)

Froceeding furthery we have the outrut of the Hilbert

transformer H1l as

E3 = ~L A sin t,t ~ (Ak/2) sin (W, — W)t

+ (Ak/2) sin (Wy + W)t 1 (A1-3)
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while the outrut of the summer 851 is

E4 E2 - E3

it

~ AL (1 -Dwy) sin wet
+ (/2)0 Dl = Wn/e,) = 1 1 sin (We = Wmt

=(k/2)L D1l + Wn/Wy) — 11 sin (w, + WKt ¥ (A1-4)
For carrier balance at center freauencuy w,r we recuire that
Dw, = 1 (A1-5)

Nue to Eauation Al1-S5y the first term of Ecuation Al-4 vanishes

and wartial cancellstion occurs in the other two terms, We

may then rewrite Ecuation Al-4 as
E4 = ~(AkKR/2) [ sin (W, — W)t + sin (w0, + Wyt 1] (Al1-6)
where R = Wmn /0, .
Nowr the outrut of the multirlier M1 is

ES = E3 « E4

BR { 2 cos w,t - cos (20, -~ dmdt — cos (2w, +m)t
+ (k/2) [ cos (2w,— 22t — cos (2w, + 200 1 ¥
(A1-7)

where E = A%k/4.

Ecuation Al1-7 is obtained by collatiné terms of the same
freauency after.. usind arrrorriate tridgonmetric identities.

Note that ES5 is the outrut of the discriminmator rortion.

In 3 similsar marnnery we find the exrressions for the RF
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cancellation circuit, The ouwtrut of Hilbert tramsformer HZ is

Eé = ~(ALR/2) [ cos (W, —w,)t + cos (W, + Wt 1 (A1-8)
while the outrut of multirlier M2 is

E7 = Eé - E1
= ~BR { 2 cosad.t + cos (2w, ~wWn)t + cos (2o, + )t
~(k/2) [ cos (2w, — 2wt - cos (2, + 2200t 1 >
(A1-9)

[~ +*

Fimallysy the outrut of the detector is E8 = ES -~ E73

E8 = e, (t) = ZBR cos w,t (A1-10)

which is ecquivalent to Eaustion 3-2.
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AFFENDIX II

BASEEAND OQUTFUT FOR SINE WAVE INTERFERENCE

This Arrendiy derives the exrressions for the detector
outrut when the inrut consists of 8 desired and an interfering
carriery with the modulation of both the desired and the

interfering carriers limited to dc (frecuency offset).

FProceeding as in Arrendix Iy and referring adain to
Figure 2-1y we have 3 desired carrier at frecuency w, and an
interfering carrier a8t frecuency w;. The inrut to the

detector is

El = A cos wyt + B cos w;t ‘ (A2-1)

where A and B are the amrlitudes of the desired and
interfering carriersy resrectively., Let wyg= W, + AWy and w;
= Wy + Aw); where Awy and Aw; are the deviations of the desired
_and interferinsr carriersy respectivelyy from the center

frequency of the detector. Aafter differentiation

E2 = - DL A (W, tAwy) sinwyt + B (W, +4aw;) sin w;t 1
(AZ-2)

The outrut of Hilbert transformer Hl is
E3 = -~ [ A sinwygt + B sin w;t 1 (A2-3)

After summing and using the center freauencs balance condition

Ecquation Al1-5s we det

E4 = E2 ~ E3 = - [ A 5 %sin wyt + BTG5 sin it 1 (AZ-4)
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At the outrut of the discriminator rortion (outrut of Mi)s we

have

R Aw 2 3
? cos(2wt) - BY 220 g (2.0;t)
o

+ AR (A&j’o" + 555) Ceos(wy~ Wt — cos(wy + )t 3

(A2-5)

Findind the exrressions for the RF cancellation circuity

the outrut of Hilbert tranmsformer H2 is diven by

E6 = - L A%%7cos wyt + B cos w;t 1 (A2-6)
while the outrut of M2 is

E7 E6 - E1

&

F4 (75X
172 € (A 532+ BTG,

2 A 2 ALY
+ A=5% cos 2wt + B S5E cos 2wt

+AR(SEL 4 2224 [eos(w, +w )t + cos(uwy - @it 13

(A2-7)
Finallyr the outrut of the detector is diven by
E8 = ES - E7
L RAwwy 2 AL PAY At s
-—ﬁ"a-_,—o-*l'B—-&jo—*l'AB( Zo. + w‘)cos(wd wt
(A2-8)

which is the same as Eauation 3-4.
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AFPENDIX III

DERIVATION OF CNR - SNR RELATIONSHIF

This Arrendix comrutes the rerformance of the detector in
the rresence of noise. The SNR is derived bw findindg the
ratio of the detector outrut signal rower for & sinusoidal
moduulated inerut wave and the detector outrut rower srectral
density (PSD) for an unmodulated carrier with added
narrow-band noise. This result is then comrared with the CNR

at the inrput of the detector.

Froceeding as in Arrendix Iy and adgain referrind to
Fidure 2-1y . we first derive +the detector outrut for an
unmodulated carrier with added narrow—band noise as
rerresented by Fidure 3-2., The inrut to the detector is then

dgiven pu
E, = A sin w,t + x(t) cos w,t - 9(t) sin ot (A3-1)

_After differentistingy and using the center frecuency halance

condition Eauation A1-5y we det

Ez = [A 4 g(t) = 9(t)] cos et — [x(t) +5-5(0)7 sin w,t
(A3-2)

The outrut of Hilbert transformer H, is
Ez = A cos wet - x(t) sin w,t — w(t) cos w.t (A3~-3)

The summer outrut is then
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. =-a)’—;li>7<(t) cos w,t = G(t) sin w,t] (A3-4)

At the outrut of the discriminator rortion (outrut of M,); we

have

Eé—:-—u')—"{;.?('t)m ~ w(t)] cosfe,t + x(t) 9(t) sin‘wt
-~ LA 9(t) + s(t) 2(t) — u(t) 2(t)] sin w,t cos «tx
(A3-5)
Finding the exrressions for the RF cancellation rortions the

outrut of Hp is siven bw

E, = - 25 [x(t) sim w,t + 9(t) cos w,t] (A3-6)

(-]
while the outrut of M, is
E, = =5 {h(LILA - 9(t)] sinfw,t + x(t) 9(t) cos®w,t
F LA S(E) + 2(t) 2(t) - u(t) w(t)] sin w,t cos w,tr

(A3-7)

Fimallger the outrut of the detector is

] L]

Z(t) = Eg =—5[A %Cb) = %(t) 9(t) + x(t) 9(1)3 (A3-8)

To determine the FSD of Z(t) we must first find R, (T)y
which is +the awutocorrelation function of Z(t) and is defined

a5
Rps (2) = E< Z(Y) Z(t +7T)3 (A3-9)
Let C = A/w, and It = ~-1/w,y then

ZCt) = C sxqt) + D s(t) w(t) - D x(t) u(t) (A3-10)
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Substituting into Eaquation A3-? and solving by making use of

the exrected value identities

E [x(t) x(t +7)1 = E [u(t) ult +7)1 (A3-11)
and
E [x(t) w(t +231 = - E [x(t +7) ()] (A3-12)
we obtain
Reg (Z) = Z; Ryg(T) + 253 Ryy () Ryg (D) (A3-13)

after returning to the oridinal eauivalernts for C and .

~ The Fourier Transform of REE(Z) will rroduce the outrut

rower srectral density §,,(2) in watts/Hz. Therefores

At 2 £
S8z (T) = Zg;co S(w) + 0,7

F LRy (T) Ry (D] (A3-14)

where the noise srectral demsity S(w) is diven in Fidgure 3-3.
‘"The second term of Ecuation A3-14 maw be reduced by using the

convolution of S, and Sixr where S, , = S(®) and S;z = " S(W)

N,

over the same bandwidth (-R/2 € w & B/2)s or

FLRyy(T) Rgz(2)1 = "2‘;? [Syy ¥ Syl (A3-15)

O+ BLANK 1 Substituting the furmctionss this becomes

; %

2T _3
2

F LR (T) Rgi(T)] = N(nwiidw  ~BLt<0 (A3-14)

which after solving and chandgindg back to the original

variablesy results in the exrFrression
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~nN

3
L twt w27 + w271 -BW<O
FILR,y(Z) Rye(7)1 = . 5 s
2L p(~w+ Bs2)° + (B/2)°2 05wgB
o
(AZ~17)
Therefore:s
3
6 oy = L otey 4 T @ B/ 4 (B/2)° ~Bgw<0
(4) o~
22 @, 2
o 3TTws l—w+ B/2)° + (B/2)° 0Lw<E

(A3-18)
Finallyr the total noise rower a3t the detector outrut is ecusl
to the intedral of (1/2M 8;,(4) over the rost detection
filter bandwidths or |

[7)

[
Noise Fower = E%:~[ 8§y (wrdew W, <R/2 (A3-19)
"‘(—db )
which is ecuivalent to
w
Noise F - L A s wrde
aglse ower = o7 woz —“)b
- 2 © 3 3
+ —2—’7—1f [+ B/2Y 4 (B/2) 1dw (A3-20)
3™

‘The 1/277 factor 1is necessary when intedratindg over w
(radians/sec) since the wunits of §;,w) are watts/Hz=.

Solvindr the total noise rower a3t the detector outrut is diven

bw

2 3

A e

Noise Fower = __ll_f
3Tred,

2 3
nt [ Bwe | Buws B wf (A3-21)
oo /2 a8 A /2 <

The signal outrut rower of the detector is obtasined in 3

similar manner. Assume 3 modulated inrut sidgnal given by
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E, = A cos (&,t t+ g sin w,t) (A3-22)

where A is the carrier amplitudEy,a is the modulation index
and w,,is the freeuency of the cosinusoidal modulating sidgnal.

Aga3in referring to Figure 2-1y the outrut of D, is

Ez = —-A sin (w,t + 4 sin w. t)

~Af 22 €08 Wt sinlw,t +g8 sin w.t)  (A3-23)
while the outeput of M, is
Ez = ~A sin (w,t +g8sin L, t) (A3-24)
After summingy
Eq = ~AB(53) cos w,t sin (Wt +g85in w,t) (A3-25)

The outrut of the discriminator rortion (outrut of M) is then

given by

w,
Es = Aﬁ’z-&j’-‘? cos Wt sin (w,t +48sin w,t) (A3-264)

Obtesining the exrressions. for the cancellation sectiony the

outrut of H, is
Lrm .
E, = -Ag 0, cos W.t cosi(w,t +@sinw,t) (A3-27)
while the outrut of M, is

Eyr = -A@ 22 cos w.t cos (Wt +@ sin @,t) (A3-28)

The detector outrut voltade is then given bw

2w
Eg = AL w"‘ cos W, t (A3-29)




AFFENDIX III Fade 83

which has a8 signal outrut rower of

<+ 2 2
Signal Fower = -—/?-Eg——ﬁ—f—’: (A3-30)
o

The SNR for the detector outrut mzy now be determined from

Sidnal Fower
SNR = (A3—~31)
Noise Fower

Substituting and dividing both numerator and denominator by

3
A%% e /1277y we obtain

3 AR w,,
z27 w,®
SNR = 3 3 (A3~-32)
. B~ _ 3BT, B _ %
TR% | 4o B, 2 <
Since the CNR at the inrut to the detector is diven by
2 2
CNR = ARAS - A (A3—-33)

»8/z2m A
thert the SNR maw be rewritten in terms of the CNR. This

results in the exrression

2 (enm) (42) x

SNR = (A3-34)
! X2 3X ! !
[ + = -+ -
(C~vr) | ¥ 8 z 27X
where % = B/w, .+ This is ecuivalent +to eaquation Eguation

3"‘150

A comruter Frodram called DNETSNR.BAS was written wusind
the results of Ecuation A3-34. The rrodgram lists values of

SNR-over 2 20 dR range of CNR cerntered around the threshold
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valuer which is also rrinted. A listing of the rrodgram and an
outrut examele for the working model of the detector are dgiven

below.
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10
20
30
40
S0
60
70
80
90
100
110
120
130
140
150
150
170
180
190
200
210
220
230
240

Co=10"
C1=C0~-

FROGRAM DIETSNR.RAS

«1
1

C=1/(2%C1)

FRINT
FRINT
INFUT
PRINT
INFUT

PRINT

"ENTER FRE-DETECTION BW! "5

Fi

"ENTER FOST-DETECTOR CUTOFF FREQ.: "7
F2

"ENTER MODULATION FREQUENCY: *5¥

INFUT F3 ,
FRINT "ENTER FEAK FREQ. DEVIATION: *3
INFUT F4

X=F1/F2

E=2%FIXF 1

W1=2XFIXF2

EO=F4/F3

V=CK (- 254X/ 2~ s 375KX" 24, 25XX"3)
AO=10%LOG10(V)

TO=10%XL0OG10 (UX2/X)
I9=10%L0G10 (3% (ROXF3/F2)"2)

PRINT

FRINT *THRESHOLD CNR IS *#TOs* LR"

FRINT *THRESHOLI' (CNR)AM IS *3A0#" DE"

FRINT *SNR IMFROVEMENT ABOVE (CNR)AM FOR HIGH CNR 1S

*3I9y" DR"

250
260
270
280
290
300
310
320
330

FRINT

T1=INT(TO-10)

FRINT “CNR"»" (CNR>AM"»"SNR"» "SNR DEGRADATION®
S0=1,.5%BOT2%XXX(F3/F2)72

FOR J=0 TO 20

T?=T1+J

T=10"(T72/10)

A=TXX/2

AP=10%XL0OG10(A)

340 S=S0KT/(1-(,25/X—=.543%X/8~(X"2)/4)/T)
350 59=10%L0G10(S)

360 FRINT T?rA92592,59~-(AP+1I%)

370 NEXT J

380

END

2
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DETSNR

ENTER
ENTER
ENTER MODULATION FRERUENCY?
ENTER DEVIATION?

THRESHOLD

28-JuL-82

FEAK FREQ.

CNR IS8

DETSNR + BEAS EXAMFLE
(Working Model of the Detector)

FRE-DETECTION BW?
FOST-DETECTOR CUTOFF FREQ.?! 7 28.5.

7 25

THRESHOLD (CNR)AM IS

SNR IMFROVEMENT AEBOVE (CNR)AM FOR HIGH CNR IS 9.65372

CNR
8
9
10
11
12
13
14
13
16
17
18
19
20
21
22
23
24
23
26
27
28

READY

(CNR) AM

14,6901
15.6901
16.6901
17.6201
18,6901
19.6901
20.6901
21,6901
22,6901
23.6901
24,6901
25.6%901
26.6901
27.6901
28,6901
29.46901
30.6901
31.6901
32,6901
33.6201
34,6901

18:30:39

18.5985

posw |

? 50

or

SNR

18.3539
20,0796
21.7373
23.3828
24,953

26.4663
27.9221
29.3217
30.6676
31.9635
33.2138
34,4234
35,9974
36.7408
37.8582
38.9537
40,0311
41.0936
42.1439
43,1843
44,2146

SNR DEGRADATION

-5.98991
-5.+26418
-4,38653
-3.926102
-3.39075
-2.87752
~-2.42166
-2.,02204
~-1.67614
-1.38029
-1+13002
=+ 220399
~+ 746372
-+ 602989
~+485619
~+3920083
-+ 312664
-+250168
~+199886
-+1359515

~.127182

Pade

DE

86
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AFFENDIX IV

FREQUENCY RESFONSE OF A LINEAR-FHASE FIR NETWORK

This Arrendix derives the freeuency responser including
both amrlitude and rhases of a linear-rhase FIR filter network
diven the coefficients (which are identical +to the imrulse
resronse), The results. are used to denerate the resronses of
the differentiators and Hilbert’ transformers wused in the

detector.

The delay of 8 linear—rhase FIR network dis (N - 1)T/2»
where T is +the samrling interval and N is the order of the
network. Assuming an inrut of e (L) = exr (Jwt)y the delaued

outrut is thern diven by definmition (Ref. 1) as’

. . N=] r -
esl(t) = erter(~zﬁ> e, + c,e add

-2 —(N-DIWT
¥, e 9T 4o, 4 g YTPT (A4-1)

where c; is the i th coefficientr «w is the inrut radian
frequencyy and T is the samrling interval. Nefine =&

normalized frecuency F (relative to the samrlind frecuency)

given by
= o = .
F ¥ VW /T 2m (A4-2)
Substitutinsy
ety = eJ.“’te-l‘(N")W"-F e, + ¢, e-J'zn-F'
+ o e ITE 4o, .., + cNe-Jz(N—/)#F 3

it

e; (t) € H(F) ) (A4-3)
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where H(F) is the transfer functions which determines the

amrlitude and rhase of the result.,

The transfer function maw then be written as
44 (N +/ YmF
HFY = 2 e, e’ V7720 (A4-4)

n=/

ors in tridometric termsse

N
) c, Ccos(N + 1 - 2n)7F + J sin<N + 1 - 2n)rF1
n=y

H(F) =
(A4-5)
Theny
N
Hpe = Re [ H(FY 1 = 2 ¢, cos(N + 1 - 2m7F (A4-6)
n=y
and
N
He,, = Im L H(F) 3 = zi ¢, sin(N + 1 - 2n)7F (A4-7)
N=y
The amrlitude resronse is then diven by
. 2 2
Amrlitude = [ Hg, + Hz,. ] (A4-8)
and the rhase by
-~
Fhase = tan L Hp 7/ Hpe 1 (A4-9)
Now consider the srecial case of a linear-rhase

configuration with 8 constant 90 dedree rhase characteristics
as exists for differentiators and Hilbert transformers., The

coefficients are then related (Ref. 1) by

Cp = " Cphpjem (A4-10)
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Thens is N is oddy the terms of H(F) maw be taken in rairsy

resulting in the exrression

N
) - = —J (N -2NndTTF~
H(F) = Z e, L gl (NI 2n)TE | (V2 1 (A4-11)
=7
Since (ee">< - e‘Jx) = 2 sin %y thern H(F) may be written ss
N~
HFY = 4 2 2c, sin(N + 1 - 2r7F (A4-12)

Nn=y

wnere the J indicates the 90 dedree rhase resronse. The

freauency resronse maw therefore be evaluated in a3 Fourier
mannery consisting of a2 fundamental comronernt of 2 sin 27F and
g number of harmonicsy each multirlied by a3 corresronding
coefficient. Note that the first coefficient rerresents the

amrlitude of the hidghest frequency comronent.

Coefficients with even summetrwe will obviously rroduce
gsimilar resultsy excert the outrut will be the sum of cosine

terms arnd have 38 zero rhase characteristic,

These results were used in & computer prodram called
FIRTST.BAS, which was used to analwze the individusal
differentiators and Hilbert ﬁransformers. A rrogram listindg
and outrut examrles for the differentiator and Hilbert

transformer used in the oridginzl detector are diven below.

REFERENCES

.1+ A. Antoniouy Digital Filters! Analusis and - llesidny Chae.

?y McGraw-Hill, 1979.
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10
20
30
40
90
60
70
80
g0
100
110
120
130
140
1350
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330

ENDIX IV

Pade

PROGRAM FIRTST.RAS

DIM CC20)

FRINT "ENTER # COEFFIC

INFUT N

FRINT "ENTER COEF (H(1) TO H(N))

FOR I=1 TO N
INFUT C(I)

NEXT I
FOR J=1 TO 20
F=,025%X.)

H1=0

H2=0

W=F IXF

FOR I=1 TO N
W2=(N+1-2XTI %W
X2=(N+1-2%I>%J/40
X1=X2+.9

IF ARS(X1-INT(X1))<1,00000E-07 GO TO 190

H1=H1+C(I)XCOS(W2)

IF ABRS(XZ2-INT(X2))<1.00000E-07 GO TO 210

H2=H24C(IYXSIN(W2)
NEXT I

A=SAR (H1XH1+H2%H2)
P=+9XFIXSGN(H2)

IF H1i=0 GO TO 290
H3=H2/H1

F=ATN(H3)

IF H1<0 THEN P=P+F1
IF F*FPI THEN F=P-2XFPI
FRINT FsAsF

NEXT J

FRINT

GO TO 20

ENID

90
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FIRTST.+BAS EXAMFLE

(Original Differentiator)

FIRTST

28-JuUL-82

ENTER # COEFFIC

? 7

ENTER COEF
0.08223
~0.19302
0.57944
0
-0.37944
0.19502
-0.08223

A

‘FREQ

+ 025
+05
+075
o1

«125
15
2175

~

+

+ 225
+ 25
+ 2738
3

+ 325
+ 39
+ 375
4

+ 425
+ 45
+ 475

+5

(H(1) TO H(N>)

AMFL
+135423
+ 261905
+ 373007
v 466633
+ 345703
+ 617424
1621293
776234
+877548
+ 99442
1.11861
1.23475
1.32239
1.35932
1.32578
1.20853
1.00411
+ 720425

+ 376482

7+ 45058E-09

18332131

FHASE
1.5708
1.5708
1.5708
1.5708
1.5708
1.5708

1.5708

1.5708
1.5708
1.5708
1.5708
1.5708
1.5708
1.5708
1.5708
1.5708
1.5708
1.5708
1,5708
3.14159

Pade

?1
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FIRTST.RBAS EXAMFLE

(Oridinmal Hilbert Transformer)

FIRTST 28-JU
ENTER # COEFFIC
T 7

ENTER COEF
0.08510
0.00240
0.5808

0
-0.58080
-0.00240
-0.08510

O O

oY
]

)

FREQR A
+ 025
+ 05
+075
o1
+125
15

+175

~

L

+ 225

=
25

275
+3

+ 325
+ 35
+ 375
+4

+ 425
+45

+473

]

L-82

(H(1) TO H{(N))

MFL

+ 260467
+49947
+ 69292343
+ 849206
+ P46525
1996914
1.,01225
1.00753
297133
+9914

+ 9924166
1.00188
1.00448
+ 987784
+P36925
+ 8400746
+ 691577
+493828
+ 257501

2.23517E-08

18:34:01

FHASE
1.5708
1.3708
1.5708
1.5708
1.5708
1,5708
1.5708
1.5708
1.5708
1.5708
1.5708
1.5708
1.5708
1,5708
1.5708
1.5708
1.5708
1.5708
1.5708

3,14159

Fade

92
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AFFENDIX V

FREQUENCY RESPONSE OF THE DETECTOR

This Arrendix derives the outrut resronse of the detector
from the coefficients of the differentiator and Hilbert
transformer blockss which are of 8 linear-rhase desidgn. As

.suchys_ each block bhas 3 delaw of (N - 1)T/2y where T is the
samrling interval. For an inrut df e;(t) = sinwtsr the outrut

of the FIR block is then dHiven bw

N

e,(t) = 21 c, sin L[wt + ('V*/

£ cn 7~ mwT ] (A5-1)

where c, is the n th coefficient and N is the order of the

tblock.

Referring to Fidure 2-1y the outrut of the differentiator

is diven bu

N+

+
2

N
E, = .Zi Cpn Sin Lwt + ( - MwT 1, (A5-2)

n=y

while the outrut of Hilbert transformer Hl is

Es = 2 ¢, sin [wt + (22— nyut 1 (AS-3)

The outrut of summer S1 is then

Eq = E2 - E.g
& . N1
= 2 (Cp, = Cun) sin [wt + (55— - mwT 1 (A5-4)

Nn=)

Then the outrut of multirlier M1 is diven bu
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E{"‘"‘"E3' E’f
N

~N
= 1/2’22 ZE. (Cp ™ Cyp) Cpm L costm = MT
=21 Nz
~cos L 20t + (N+ 1 = n - m)wT 1 )} (AS-9)

Ileterminind the ecuations for the RF cancellation circuits the

outrut of H2 is

NN ‘
E, =,2;,;;v (Cpn = Cund €, sin Lot + (N + 1 = n = mwT]
({AS-6)
while the outrut of multirlier M2 is
N N
E, = 1/2,52;‘22, (Cyp = Cpyn) Cpyny £ cOs (N + 1 - n - maT
-~ cos L 2wt + (N 4+ 1 - n - m)oT 1 ¥ (AS~7)
The outrut of the detector is therefore diven bu
Eg = Eg‘"" E')
~ n .
=1/2 2. 2, (cpn = Cun) Cum [ costm = mdwT
m=¢ nNn={
-~ cos(N + 1 - n - mdT 1 (A5-8)

In terms of the normalized freauency F (relative to the
sameling freauencu)sy which is defined by F =20T/27 the

detector outrut maw be written as

N N
e, (t) = 1/2 Zi Zi (€p,, = Cpn) Cum Lcos(m - nI27F

mz=¢t n=/

cos(N + 1 - n - m2rF 1 (A5-9)

which is the same as Ecuation 4-1,.

This result was incorrorated into a3 comruter rProdgram

called GENDET.EASy which calculates +the comrlete frecuency
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resronse of the linear—-rhase FIR detector network from the
coefficients. A listing of the erodram and outrut examrles

for the oridinal and ortimized detector are diven below.



APP

10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
340
370
380
390
400

ENDIX V

FROGRAM GENDET.BAS

A=TTYSET(255%»133X%)

DIM C1(9)sC2(2)sCI(PIYEQ(20)9F(20)
PRINT "INFUT C1<(1) TO Ci¢(3>:*

FOR I=1 TO 3 \ INPUT C1<(I> \ NEXT I
FRINT “"INFUT C2¢1) TO C2(3):*

FOR I=1 TO 3 N\ INFUT C2(I> \ NEXT I
FRINT N\ PRINT " # FREQ
C1(4)=0
C2(4)=0

C3(43=0

FO=.25

FOR I=1 TO 3

CI(IX)=C2C¢(I)

Ci(8~-I)=-C1(I)

C2(8-I)=—-C2(1)

C3(8-I)=—-C3(I)

NEXT I

FOR I=1 TO 19

F(I)=,025%1

W=2XFIXF(I)

EQ(I)=0

FOR M=1 TO 7

FOR N=1 TO 7

X=COS{ (M~N)%XW)-COS((8-N—-M)%*W)

EO(IN=EO(I)+.5%(C1(N)-C2(N)IXKCI(M)*X

NEXT N

NEXT M

GO TO 310
M1=M1+(F(I)-FO)XXEQ(I)
M2=M2+(F(I)-FO0)>"2
FRINT IsF(I)»EOC(I)
NEXT I

STOF

E=0

MO=M1/M2

FOR I=1 TO ¢
E=E+(EQ(I)~MOX(F(I)-F0))™2
NEXT I

FRINT E

END

Fade

OUTFUT*"

?6



AFFENDIX V Fade 97

GENDET . BAS EXAMFLE
(Oridinal Detector)

: GENDET 28-JUL-82 18135147

INFUT C1(1) TO C1(3):

T 0.08223
? ~-0.19502
7T 0.57944
INFUT C2(1) TO C2(3):
T 0.08510
7 0.00240
? 0.58080
¥ FREQ OUTRUT
1 +025 -, 0325697
2 + 05 "'0118657
3 + 075 ~-.228221
4 o1 -.324883
S +125 -,379388
é +15 ~+378318
7- +175 -.32489
8 o2 -+ 233035
K4 + 225 —+119242
10 +25 2.99392E-03
11 + 275 123714
12 3 + 233307
13 - + 325 + 319332
14 + 35 + 367002
15 + 375 + 364331
16 +4 + 309532
17 425 216137
i8 +45 +1119
19 ‘ 475 + 0306378

STOF AT LINE 330

READY
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GENDET . BAS EXAMFPLE
(Ortimized Detector)

GENDET 28-JUL-82 183137138

INFUT C1(1) TO C1(3)¢

T 0.19019

T -0.21116

T 0.54117

INFUT C2<(1) TO C2(3):

T 0.19071

? -0.00157

T 0.54175

#* FREQ OUTRUT
1. +025 -+0444834
2 + 05 -.15884

3 + 075 -+ 295055
4 o1 -.398986
S +125 -+4345

6 +15 ~+ 396504

- 7- +175 -.307082

8 o2 -+198598
K4 + 225 -+ 09446343
10 25 -8.,43114E~05
11 + 275 0945655
12 3 +198714
13 + 325 + 307228
14 + 39 + 396379
15 375 + 433909
16 4 + 398027
17 425 + 294079
18 +45 + 158205
19 ' +475 + 0442871

STOF AT LINE 330

READY

Fade

98
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AFFPENDIX VI

TIME RESFONSE OF THE DETECTOR

The rurrose of this Arrendix is to develor the

reauirements for simulating the detector in the time domaine
including the deneration of both sine wave and square wave

modulated FM sidnals as sources for the detector.

In dgenerating a2 comruter model of & source denerators

consider 2 general FM wave defined by
t
@eu(t) = A cos [ wet + m [ a(z) del (A6-1)

~where. €() _is the modulation sidgnal and me is the modulation

madnitude.
For sinusoidal modulations assume that
g(t) = cos w,t (A6-2)
Theny the outrut is given by
e.,(t) = A, cos [wet + R(sin wa,t) 1 (A6—3)

where R is the modulstion index (maximum freauency deviation

divided by the modulation frequency).

For seuare wave modulation (FSK)» the. modulation sidgnsal

m3y be written as

g(t) = 8GN ( cos w.t ) (A6~4)
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and

t
L a2 dz = sin™ (sinw,t) (A6-5)

where the inverse sine is limited by =T77/2. The denerator

outrut is then dgiven hy
erm(t) = A cos Lot + @ sin @ (sin w,t) 1 (Ab-6)
where sin”’ (sin w,t) is limited to *77/2.

Simulation of @ the . detector follows imrlementingdg the

aldorithms rreviously described,

A comruter srodram called GENSIM.BAS was written wusing
the sbove results, For each samrle timesr the Prodram shows
the outruts at each roint in the detector. A listing of the
erogram and 3 turical examrle of an FSK sidnal are given

below.
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FROGRAM GENSIM.BAS

10 DIM C1(10)+yC2(10)yC3(10)

20 DIM V1(20)yD11(20)yH1(20)»81(20)sM1(20)

30 A9=TTYSET(255Xy133%)

40 FRINT "ENTER ORDER OF SECTIONS (N ODD)$"5

50 INFUT N

60 FRINT "ENTER COEFFIC (SLOFPE=1/F0) FOR DIFFERENTIATOR
((N-1H/72) 1"

70 M=(N-1)/2

80 FOR I=1 TO M

90 INFUT C1(I)

100 NEXT I '

110 FRINT "ENTER COEFFIC (AMFL=1) FOR HILBERT TRANSF.
((N-1D/2)3"

120 FOR I=1 TO M

130 INFUT C2¢I)

140 NEXT I

130 PRINT "ENTER COEFFIC (AMFL=1) FOR HILBERT TRANSF. #2
((N-1)/72)1%"

160 FOR I=1 TO M

170 INFUT C3<(I)

180 NEXT I

120 FRINT " ENTER DETECTOR CENTER FREQ. (0—-+5)1"s

200 INFUT FO

210 FRINT "ENTER DESIRED CARRIER FREQ. (0-.5) & AMPLI"$

220 INFUT FrA

230 FRINT "ENTER DESIRED MODULATION FRER (0—-.5):"j

240 INFUT F1

250 PRINT "ENTER MAX CARRIER FREQ SHIFT FROM FC:"s

260 INFPUT F2

'270 IF F1=0 THEN K=0 GO TO 310

280 K=F2/F1

290. FRINT "ENTER MODULATION TYPE (O0=SINEs1=FSK):"j

300 INFUT M9

310 W=2%FIXF

320 FRINT "ENTER OUTPUT LINES: "»

330 INFUT L1

340 T=-N

350 FOR I=0 TO N

360 T?=T-1I 1I9=I

370 GOSUR 810

380 NEXT I

3920 FRINT

400 PRINT "TIME®*$TAB(10)3 "% INFUT X OUTFUT L Sl
TAR(66) 5 "OUTFUTS OF. INTERNAL BLOCKS®"3iTAR(125)7 "x*

410 FRINT

420 PRINT " T"s"V1(0) "y "V2(N-1)"y"II1 (M) "y "HI1 (M) "y
"S1(M) "y "ML(M) "y "H2(N-1)"y *"M2(N-1)"

430 FRINT

440 REM CALCULATE ELOCKS

450 D1(M)=0

460 H1(M)>=0

101
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470 FOR I=1 TO ™

480 D1 (M)=D1(M)4+CLCIIX(VI(I-1)-VI(N-I))

490 H1(M)=H1(M)+C2(IIR(VI(I-1)-V1(N-I))

S00 NEXT I

510 S1(M)=H1(M)-D1(M)

D20 M1(M)=51(M)XH1(M)

530 HZ=0

540 FOR I=1 TO ™

950 H2=H24C3(IXX(S1(I+M~-1)-81 (N+M~-I))

960 NEXT I

970 M2=H2%V1(N-1)

580 S2=M2-M1(N-1)

990 V2=82

4600 REM V2 DELAYED N-1 SAMFLES

610 IF T<0 GO TO 430 : -
620 FRINT T»V1(0)»V2y 01 (M) rHI (M) »S1 (MY s ML (M) »H2, M2
630 T=T+1

640 FOR I=1 TO N-1

650 J=N-1I1

660 V1(J)=V1{J-1)

670 NEXT I

680 FOR I=M+1 TO N+M-1

690 J=2%kN-I-1

700 D1()=D1(J-1)

710 H1(J)=H1(J~-1)

720 51(J)=81(J-1)

730 M1i(J)=M1(J-1)

740 NEXT I

750 T9=T

760 19=0

770 GOSUR 810

780 IF T<L1 GO TO 440

790 FRINT

800 GO TD 210

810 REM INPUT SIGNAL SUBRROUTINE

820 59=0 G
830 X=2%F1x%XT? ’
840 IF ABS(X-INT(X))<1.00000E-06 GO TO 860
B50 S9=SIN(FIXX)

860 58=59

870 IF M9=0 GO TO 9?10

- 880 IF AERS(S59)=1 THEN §8=FIx%S%9/2 GO TO 910
820 Y=8QR(1-59%59)

200 S8=ATN(S?/Y)

210 X=WxT?+K%*S8

920 X1=X/FI

230 IF ABS(X1-INT(X1>)><1,00000E-06 THEN V1(I%?)=0 GO TO 930
740 V1(I9)=A%XSIN(X)

250 RETURN



GENSIH O05-SEF-82 23:01:15

ENTER ORUIR OF SECTIONS (N ODD)Y:!T 7

ENTER COEFFIC (SLOFE=1/F0) FOR DIFFERENTIATOR ((N-i)/2)!'

7 0.19019
T -0.21116
? 0.54117
ENTER COEFFIC (AMFL=1) FOR HILHERT TRANSF. ((N-1)/2)1
7 0.19071
7 -0.00157
? 0.54175
ENTER COEFFIC (AMFL=1) FOR HILHERT TRANSF. #2 ((N-1)/2)!
7 0.19071
T -0.001%7
? 0.541/%
ENTER DETECTOR CENTER FREQ. (0-.,5):7 0.25
ENTER UESIRED CARRIER FREQ., (0-.5) % AMFL:!? 0.25,1.0
ENTER DESIRED MODULATION FREQ (0-.5):!7 0.030
ENTER MAX CARRIER FREQ SHIFT FROM FC:!7 0.075
FNTER MODULATION TYFE (0=SINE,1=FSK)!7 1
ENTER # OUTFUT LINES! ? BO

TINE L INFUT b OuUTPUT x
"
T vVieo) V2(N-1) DL(M)
0 0 «279291 1.,23118
1 +891007 335414 -.7324693
2 -.809017 + 290521 ~:¢545913
3 -+156435 307235 1.24453
4 .951057 + 307228 -«565913
3 -,707106 + 307228 -+732693
é -.309017 307228 1.23118
7 76876488 ToW30722 ~»385199
;] -.587782 1307228 -.881431
v -.891007 «307235 1.10241
10 0 + 290521 -.292908
1 891004 +» 335416 ~4+7780014
12 +809016 279291 1551144
13 -.156434 229493 «451824
14 ~.951056 10497918 213612
15 -.707108 , —¢120575 =+331042
16 .309015 -+218434 =+556269
17 .987488 -.323099 -+17404
18 +387787 -.280292 +» 398244
19 -.453989 -.308479 ¢ 535639
20 -1 -.307103 + 0881059
21 -.453992 -+307083 -+455641
22 .587782 -.307083 -.50181%
a3 7874688 -.307083 -4,15927E-07
24 +309015 ~.307083 501816
as -+707105 -.307082 + 455642
26 ~.309021 -.307144 20340042
27 .987489 -.318784 ~.4534609
2 -.587782 -1280259 -.558043
29 -.4353995 -.283764 +.B32344
30 1 ~+126588 -.0728856
31 -.453984 -4,.13404E-04 -1.,00847
32 -.58779 1246806 1.11066
33 .987488 + 283835 7.048352E-04
3a -.309012 .28029 -1.11067

OUTFUTS OF INTERNAL BLOCKS

H1(H)

1897094
-.533873
-141235

.908279
-.41235
-,533873

+B97096
-+280673
e 64225

.780481
-.332108
-4713492

1531803

1745017

.367851
-,530884
-.892078
~.27910S5

638657

858993

2141293
-.730702
~.804757
-1,42934E-06

+B04753

.730704
-.0188481
-,641803
~-.559013

644619
-,0194387
-.734815

+809281

5.55745E-06
-,809284

S1(H)

-+334088
«19882 .

+ 153564
-+338253
1153564
.19882
-.334088
1104526
1239181
-.321924

-+0392
+0645083
-10193413
293194
»15424
-.199844
-+33580¢9
-+1050464
+240412
+ 323354
+0531873
~e275061
-.302938
~1.,01343E-06
1302937
+275061
-+,0528522
-.188194
~9.6944BE-04
~e187727
10532469
1273653
~2301384
-1,50607E-04
¢ 301386

Hi(M)

L =e299709

-.106145
=.0633219
-,307228
-.0633219
-+106145
~+29970%9
-.0293376
-,153414
-.251256
.0130186
-.0460242
-.0102858
+218434
+ 05467372
» 106074
1299568
10293239
«153541
277759
7.51501E-03
200988
1243791
1,44856E-12
224379
+200988
?.96162E-04
+120784
5.420446E-04
-.121012
-1+04570E-03
-.+201084
-1243904
-B.36992E-12
—+243907

.

CH2(N-1)

10907246
1257107
-1274624
10481044
248552
-.273742
0
273742
~,248552
~+0481044
1274424
-,257107
-,0907244
1245737
-4,40645E-03
1146849
0378862
~,298945
-.2153214
10569434
292075
121714
-,0948933
-.303302
-,180499
1139412
+307146
(165189
-.134845
-.284293
-,0187645
-1.81645E-04
-,0187508
1286314
-.134754

M2(N-1)

» 0280355
+181802
v261183
7.52520E-03
+201083
4243906

0

+243906
+201083
7.,52520E-03
+261183
+181802

+ 0280355

v 2427114
3,76560E-03
-+130861

0
~0266362
-+174198
-8.9109BE-03
-e277779
~+153542
-+0293235
-42995648
=+106095
~+0632914

v =0307146

-+0749943
~-,0792714
~.2827648
~5.80449E~03
1.,28443E-04
5,79440E-03
128279
«079204

(TBUBIS 31N4Ul NS4 Ue 09 3sU0dsSay J0103%31])
FT4UYXT SYF*HISNID

In XION34AY

£0T ered



3s
36
37
30
39
40
41

42
43
44

45
a4
47
ap
49
50
51

32
53
54
55
%6
57
58
59
40
41

62
&3
64
45
66
&7
&8
69
70
71
72
73
74
75
76
77
78
79

ENTER DEGIRED

~+707111
1251054
~, 156426
-.809023
«891004
0
~.891007
+587782
98769
309018
-.707103
~.951058
-+1546438
«809019
+891007

]
-.891004
-.809019

156438

+ 931054

707111
~+30%9012
-.987488
-587782

«821004

1.,19842E~05
-.89101

+802009

«156444
~.95106

.707098

+ 309024
-,987691

587778

1453995
-1

+403984

587797
-.987687

+ 309001

«707115
~.309012
~.9874687
-.587787

1453984

CARRIER FREQ.

S§TOF AT LINE 220

RCADY

.318827 1,00846

v 307164 + 195007
+ 307228 -1.18552
+ 307228 8014285
+307228 +385208
«307228 -1.23119
307228 1732687
+307207 1523842
«308599 ~-1.04172
280259 510314
+323208 . +647498
1219064 -+370574
+ 119845 ~+452521
-+0501685 ~+398244
=4229954 +174035
~+278701 1556272
=+33542 + 331044
=-+290564 -1205671
=+307076 =.3632
-+307082 =.2556%2
-,307083 +331045
~-+307083 85627
~.307082 +174038
-.307083 -+37824
~+307076 -+4525264
=+ 290565 ~+370572
=+335421 1647492
-.278701 +D10319
-1229954 -1.,04172
~-.0501698 + 523823
119042 + 732702
. 219061 -1.,23118
+ 323206 + 385187
280257 «881439
+ 308598 -1.18552
+ 307207 + 194994
+ 307228 1.00847
2307228 ~1.11066
.307228 -9+15497E-06
» 307228 1,11067
«307227 -1.008446
23071613 -.,0729082
.318826 «B832355
+ 280289 -+558035
+283835 -+4534619

(0-.5) & AMPL!T? ~C

.734809
142091
843824
1642244
28068

897099
533848
370162
~+749403
+531501
712524
+332684
.775448

1

.—.43B658

1279099
89208
+ 530888
410045
+503196
+410045
530888
892079
+279104
+ 638453
775652
332686
V712519
+531504
«749402
+ 3701446
533879
«897094
280664
+642256
+ 843822
1142079
4734817
~.809277
-5.,09911E-06
.809287
-.734808
~:0196548
1644626
-+557004
~+64181

~+273651

~.0529166
+ 3214698

-+239179

- —.104528

+ 334089
-,19882
+153648
292348
0211865
20650257
+0378883
-.323127
«240414
+105064
335808
1199844
-+154353
+ 337996
«134354
197843
+33580%
+105064
1240413
323126
.037884
0650271
+021185
¢ 292315
-+153676
-.198823

+334087
-+104523
—-.239183

13214697
-.0529117
—+273654
*+301385

4.05585E~04
~.301386

«2734649

0532514
-.18772¢9
~-?.6974BE-04
-.1881%1

-.201082
-7.51895E-03
~.277891
-.153612
-.0293389
-.299711
-.106143
-.0568866
-+219064
10112607
+0453324
-.0126049
«250632.
+153542
+0293234
« 299548 !
+106095
+ 0632917
«307083
0463292
106094
+ 299548
02930242
+15354
1250433
-.01246041
+ 046333
10112599
~+219061
-,0568827
-.106147
-,299708
-,0293358
~-.153417
-.277889
~-7.51763E-03
~-+201085
~.243904
-2.046B13E~-11
—-+243908
-.201079
~-1.04475E-03
-.121015
S5.42104E-04
+120783

"-.1465029 0749222
307164 307144
-.139477 104633205
-,180585 106146
303445 299709
-.0949365 10293364
-.217244 (1536164
,292168 277868
-.0546198 B.,B8810E~03
-.215218 1174116
.2989 +266322
0378315 0
-.147143 ,131105
-4.52642E-03 -3.83412E-03
-.245582 ~.,242559
-.0908314 -.02B80486
.257216 -.181878
$274685 ~.261241
+0479948 -7,50821E-03
~,248434 -.200987
-4273613 ~.243791
-7.81554E-08 0
.2734613 ~.24379
1248434 ~,200988
-.0479936 -7.50802E-03
-.274685 -.241241
-.257216 - -.18188
-,0908294 ~,0280674
245581 -.242558
6,52762E-03 ~3,836B2E-03
114714 .131102
-.0378283 -4,53343€-07
-,2989 ,264323
.215214 L17411
10568249 8.88997E£-03
~.29217 .277871
1217241 1153611
10949414 0293392
-.303445 (29971
180582 $106142
. 139481 0633237
-.307164 +307164
1165023 .074918
1134758 .0792101
-.286314 282784

ATN4WYXT SV *WISNIAD

(P3U0D)

In XIAN3IAdY

¥0T ased
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AFFENDIX VII

LINEARITY OPTIMIZATION OF THE DETECTOR

The rarameters of the detector were ortimized wusing the
subroutine FMFP.FOR» which 1is now included in most Fortran
scientific subroutine rackades. It is based on an algorithm
develored by Fletcher and Fowell to minimize a function of a
rnumber of variables by varuwindg thé value of +the wvariables.
The subroutimne must be given an initial get of valuesr which
it then modifies by successive sarrroximations in order to
reduce the value of the function. To accaomrlish thisy the
routine reeuires that the value of the function and the
dgradient vector of the function with resrect to each variable

pe calculated for each new arrroximation.

Thereforey in order to ortimize the linearity of the
daetector in Fidure 2-1 using the Fletcher-Fowell 3sldorithmy we
‘must first denerate the expressioﬁs for both the error
function to be minimized and the corresronding dradient

vector.

As shown in Equation AS-9» the'output of the detector for

- the. normalized frequerncy F is given bw

~N ~N
e (F) = 1/2’”_2, nZ £ (Cy, = Cpun) Cym.
L cos(mﬁ— r)27F — cos{N + 1 - n - m)27F 1 %
| | (A7-1)
Using the least sauares methodr with the constraint that the

ideal detector outrut be zero at F, and have a slore of My the
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error function is then diven by

P
L2
Ervor = 2. [ e, (F;) = M (F, = F ) 1 (A7-2)

=1

where P is the number of freauency roints used to rerresent
the function and M is the slore of the detector outerut. Due
to the structure of the idesl detectory the slore M is &

constant diven by

M=1/F (A7-3)

The dradient vector is defined as

ror Error)
GRAD = a(E/“'f"or‘> C)(E“ 2 )’ ‘¢ e e y "a"(————o—‘
2c, dC, ‘ ICh
(A7-4)
where
d(Ermer) | de, (<)
e . 8 (&)
vy Z: [ e (F;) ~ M (F; — F,) 1 e
(A7-3)

The exrression for the rartial derivatives of the outrut with
resrect . to the coefficient ¢ derends on which block the
coefficient is associated. For the coefficients of the
differentiator iy we have c©; = cp,v and the rartial

derivative may be written as

de, (77) e

e, (Fi

—-—~5———-‘- = 1/2 Z 2 - Con? Crm XCF) (A7-6)
cbn Nz

where

X(F;) = cos{m - n)2wF; - cos(N + 1 - n - m)27F; (A7-7)
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Then for Hilbert transformer Hlr we have c; = c,, and
2 =) N N
€, (F:
= - (F;) (A7-8)
S 1/2 A 2;;(cbn 1) ¢, X(F;
And finally, for H2 we have c; = c,,, and
~ N
oe, (Fi) >
= > - - (A7-9)
Y 1/ 4, ,,=,(Cbn Cuynd X{(F;)

These results were then incorrorated into subroutine
FUNCT.FORy which is called by the Fletcher-Powell routine.
The main rrodram DETLN.FOR is needed to handle the inmrut and

outrut data for the subroutines.

Listinds of these computer srograms are diven below.
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15

16

25

26
30

44,

a0

60

70
80

FROGRAM DETLIN.FOR

PROGRAM DETLIN

DIMENSION X(21)»6(21)yH(378)yARG(21)sGRADC(21)
BEYTE ANS

EXTERNAL FUNCT

WRITE(7y10)

FORMAT (/$ENTER ORDER (ODD # <146):%)
READ(S»%X)> NC

NC2=(NC-1)/2

N=2XNC2

M=NC2

FO=0.25

WRITE(Z:19)

FORMAT(’$DIFF COEF NORMALIZED? ‘)
READ(7y16) ANS

FORMAT (A1)

WRITE(7+20)

FORMAT(‘/ ENTER DIFF COEF ((N-1)/2)%¢7)
READ(SyX) (X(I)rI=1sM)

IF(ANS.EQ.'N’) GO TO 26

Do 25 I=1+M

X(IY=X(I)/FO

CONTINUE

WRITE(7y30)

FORMAT(’ ENTER HILE. TRANS. COEF ({(N-1)/2)17)
MS=NC2+1

MF=2%NC2

REAL(S yX) (X(I)»I=MS+MF)

EST=0.01

EFS=1.E~-6

LIMIT=100

WRITE(7r46)

FORMAT(’ ENTER .ESTs EFS & LIMIT FOR FMFF.FOR: 7))
READ(SyX) ESTEFPSsLIMIT

CALL FMFF(FUNCTsNyXsFsGsEST,EFPSyLIMIT»IERsH)
CALL RCTRLO

WRITE(7»50) FyIER

FORMAT (/5Xs "VALUE="sF12.,5+10Xy " IER='y13/)
WRITE(7,40) »
FORMAT (5Xy ‘COEF OF DsH & GRAD OF COEF:“)
0 80 I=1sNC2

I2=I+NC2 )
WRITE(7»70) IsXCI)eXCI2)sG(I)sG(I2),
FORMAT (S5X»I12+4F15.,5)

CONTINUE

CALL EXIT

END

Fade 108
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o0

FROGRAM FUNCT.FOR

SUBROUTINE FOR °*FMFP.FOR®"™ THAT CALCULATES A LINEARITY

10

ao

(el ]

30

ERROR FUNCTION FOR A DETECTOR WITH ZERO OUTFUT AT CENTER
FREQ. USING LINEAR FHASE COEFFIC. UP TO 15TH ORDERs AND
COMMON HILE. TRANS. COEFFIC. FOR ZERO CARRIER RIFFLE.

SURROUTINE FUNCT (NyARGsVALGRAD)
DIMENSION ARG(1) yGRAD(1)
DNIMENSION EQ(21)DM(327)yDEO(3+7¢9)
DIMENSION Ch(15)yCH(15)
DIMENSION ES(15)
FI=3.1415%924
DEFINE FREQ. FOINTS (FUNCTION)
FREQ(I)=0,1254+0,025%1
FO=0.25
NFREQ=9?
CALCULATE ODRDER OF SECTIONS = NC
NC=N+1
NC2=N/2
ORTAIN COMFPLETE SET OF COEFFIC (NC ODID
D0 10 I=1,NC2
CO(I)=ARG(I)
CH(I)=ARG(I+NCZ)
CO(NC-I+1)=-~CD(I)
CH(NC—-I4+1)=~CH(I)
CONTINUE
NCM=NC2+1
CO(NCM)>=0.
CH(NCM)»=0,
§1=0.
§2=0.
CALCULATE ERROR
DO 30 K=1sNFREQ
F=FREQ(K)
W=2,%XFIXF
E=0.,
D0 25 I=1sNC
0o 20 J=1:NC
X=L0S((I-J)XW)-COS( (NCH+1-I~J)r%W)
EADD=((CO(J)-CHC(J) IXCH(I) ) %X
E=E+EALL
ES (J)y=EALD
CONTINUE
CONTINUE
EO(K)=0,5%XE
Fit=F-FO
S1=51+FDXEOQ(K)
S2=82+FLXFD
CONTINUE
UM=861/52
UMD=1,/F0Q
VaAL=0.,
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40

90

60

70

74

75

76

77

79
80
?0

?5
100

N0 40 K=1yNFREQ
F=FRERQ(K)
VAL=VAL+(EO0(K)=UMDX (F~FQ) ) X%2
CONTINUE

ITERATION FOR GRADIENT CALC
no S50 I=1sN
GRAD(I)=0,
CONTINUE
no 70 I=1sNC2
00 70 M=1,2
DO 60 K=1yNFREQ
DEO(M»IsK2=0,
CONTINUE
IM(My»I)=0.
CONTINUE
n=82

COMFUTE FARTIAL DERIVATIVES
D0 100 K=1sNFREQ
F=FREQ(K)
W=2,¥%FIXF
o 20 I=1yNC
00 20 J=1+NC
X=C0S((I-)XW)-COSC(NC+1-I-JI%W)
DO 80 L=1ysNC2
IF(J.EQ.L) GO TOQ 72
IF(J.EQ+NC+1-L) GO TO 72
GO TO 74
F5=0,3%XCH(I)%X
IF(J.GT.NCM) FPS=-F5
DEOC(LyLyK)=DEOC(1yLyKI+FD
VCM=1.
IF(I.EQ.L) GO TO 75
IF(I.EQ.NC+1-L> GO TO 75
GO TO 76
IF(ILEQ.J) VCM=2,
PS=0,9X(CO{J)Y-VCMXCH(J) ) %X
IF(I.GT.NCM) PS=-F3
GO TO 79
IF(J.EQ.L) GO TO 77
IF(J.EQ.NC+1~L) GO TO 77
GO TO 80
FO=-0.5XCH(I)%X
IF(J.GT+NCM) FPS=-FP3
DEQ(2yLyK)=DEO(2sLsKI+FS
CONTINUE
CONTINUE
D0 25 L=1yNC2
0 95 M=1,2
IM(My L) =DM (MyL)+(F-FO)XDEO(MsL K> /D
CONTINUE
CONTINUE

COMPUTE GRADIENT VECTORS
D0 120 K=1yNFREQ
F=FREQ(K)
W=2.%FI%F

Fade
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Do 110 M=1,2

D0 110 L=1yNC2

I=3%(M—-1)+L

DM(MsLI=0,

GRADNCI)=GRADCI)+2, X (EOC(K)~UMDX(F-FO0) )% (DEO(MsL vK)

1-DM(MsLIX(F-FQ))
110 CONTINUE
120 CONTINUE

WRITE(7+150) VAL
150 FORMAT(/E15.8)

no 170 J=1,2

WRITE(7»1460) (ARG(3I%X(J-1)+I)»I=1+3) » (GRAD(IR(I~1)+I)»

1I=1,3) .
160 FORMAT(15X»3E17.8y6X»3E17.8)
170 CONTINUE .

RETURN

END
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FROGRAM FMFP.FOR

IR R K B K R BN K N R IR 3N B A AR AR JE JE K B AR R B K R BE BE BE R EE BN SR RY NN RPN SRR N NN N N N NN B AR R N RN A

SUBROUTINE FMFF

FURFOSE
TO FIND A LOCAL MINIMUM OF A FUNCTION OF SEVERAL
VARIAELES RY THE METHOD OF FLETCHER AND POWELL

USAGE '
CALL FMFP(FUNCTsyNrXsF»GsESTEPSyLIMITyIERYH)

DESCRIFTION OF FARAMETERS

FUNCT - USER-WRITTEN SUERROUTINE CONCERNING THE
FUNCTION TO BE MINIMIZED. IT MUST BE OF
THE FORM SUBROUTINE FUNCT(NsARG»VAL »GRAD)
AND MUST SERVE THE FOLLOWING FURFOSE
FOR EACH N-DIMENSIONAL ARGUMENT VECTOR
ARG» FUNCTION VALUE AND GRADIENT VECTOR
MUST BRE COMFUTED AND» ON RETURNy» STORED
IN VAL AND' GRAIl RESFECTIVLY

N - NUMRBER OF VARIAERLES

X = VECTOR OF DIMENSION N CONTAINING THE
INITIAL ARGUMENT WHERE THE ITERATION
STARTS. ON RETURNy X HOLDS THE ARGUMENT
CORRESFONDING TO THE COMFUTED MINIMUM
FUNCTION VALUE

F - SINGLE VARIAEBLE CONTAINING THE MINIMUM
FUNCTION VALUE ON RETURNs I.E. F=F(X).

G ~ VECTOR OF DIMENSION N CONTAINING THE
GRADIENT VECTOR CORRESFONDING TO THE
MINIMUM ON RETURNy I.E. G=6(X).

EST - IS AN ESTIMATE OF THE MINIMUM FUNCTION
VALUE.

EFS - TESTVALUE REFRESENTING THE EXFECTED

ABSOLUTE ERROR. A REASONARLE CHOICE IS
- 10%X(=6)» I.E. SOMEWHAT GREATER THAN

10xx(-I1)y WHERE D IS THE NUMBER OF

SIGNIFICANT DIGITS IN FLOATING FOINT

REFRESENTATION. .
LIMIT - MAXIMUM NUMBER OF ITERATIONS.
IER ~ ERROR FARAMETER
IER = 0 MEANS CONVERGENCE WAS ORTAINED
IER = 1 MEANS NO CONVERGENCE IN LIMIT
ITERATIONS
IER =—-1 MEANS ERRORS IN GRADIENT
CALCULATION

IER = 2 MEANS LINEAR SEARCH TECHNIQUE
- - INDICATES IT IS LIKELY THAT THERE
EXISTS NO MINIMUM.

s elsRrizisizizizizizizizizizisizisirizhesRsizhsivizizizizizisiziz sz hziz iz iz i v s ir Rz RaRe) aon
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oo OO0 (e R oy

H - WORKING STORAGE OF DEMENSION NX(N+7)/2,

REMARKS
I) THE SUBROUTINE NAME REPLACING THE DUMMY
ARGUMENT FUNCT MUST BE DECLARED AS EXTERNAL IN
THE CALLING FROGRAM.

II) IER IS SET TO 2 IF » STEFFING IN ONE OF THE
COMPUTED DIRECTIONS» THE FUNCTION WILL NEVER
INCREASE WITHIN A TOLERABLE RANGE OF ARGUMENT .
IER = 2 MAY OCCUR ALSO IF THE INTERVAL WHERE F
INCREASES IS SMALL AND' THE INITIAL ARGUMENT
WAS RELATIVELY FAR AWAY FROM THE MINIMUM SUCH
THAT THE MINIMUM WAS OVERLEAFED. THIS IS DUE
TO THE SEARCH TECHNIQUE WHICH DOUBLES THE
STEFSIZE UNTIL A FOINT IS FOUND WHERE THE
FUNCTION INCREASES.

SUBROUTINES AND _FUNCTION SURBFROGRAMS REGUIRELD
FUNCT ‘

METHOD
THE METHOD' IS DESCRIRED IN THE FOLLOWING ARTICLE
R+ FLETCHER AND M.J.D. FOWELLy A RAFID DESCENT
METHOD' FOR MINIMIZATION.
COMPUTER JOURNAL VOL.4s ISS. 2y 1963y FF.163-168.

LR IR I I N R R IR I A A E I B A X AN SR SR IR IR 2R 2R 2 2R 2 KRR AR IR 2L 2K 2 K IR 2 IR R BN 2K 2N R K 2R 2R 2R L AK 2 2 2B A 4

3

o

SUBROUTINE FMFF(FUNCTsNsXsFsGsESTSEPSyLIMIT»IERsH)

DIMENSIONED DUMMY VARIABLES
DIMENSION H(1)X(1)yG(1)

COMFUTE FUNCTION VALUE AND GRADIENT VECTOR FOR
INITIAL ARGUMENT
CALL FUNCT(NyXsFsG)

RESET ITERATION COUNTER AND GENERATE IDENTITY MATRIX
IER=0
KOUNT=0
N2=N+N
N3=N2+N
N31=N3+1
K=N31
0O 4 J=1,N
H(K)=1,
NJ=N-J
IF(NJ)5+5,2
DO 3 L=1sNJ
KL=K+L
H(KL)=0.
K=KL+1

START ITERATION LOOF
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9 KOUNT=KOUNT+1

o0

SAVE FUNCTION VALUEr ARGUMENT VECTOR AND GRALIENT
VECTOR

OLDF=F

Do 9 J=1sN
K=N+.J
H{KY=G (1)
K=K+N
H{K)Y=X(J)

c DETERMINE DIRECTION VECTOR H
K=J+N3 :
T=0.

DO 8 L=1+N

T=T~G(L)XH(K)

IF(L~J)6+7+7

K=K+N-L

GO TO 8

K=K+1

CONTINUE

H(J)=T

NoN

CHECK WHETHER FUNCTION WILL DECREASE STEPFING
ALONG H.,

ny=90.

HNRM=0.

GNRM=0,

aoaon

c

=B . CALCULATE DIRECTLONAL IDERIVATIVE AND TESTVALUES FOR
c DIRECTION VECTOR H AND GRADIENT VECTOR G.

o 10 J=1sN

HNRM=HNRM+ABS(H(.}))

GNRM=GNRM+ARS(G(J)?}

DY=DY+H(J)IXG(J)

[y
<

REFEAT SEARCH IN DIRECTION OF STEEFEST DESCENT IF
DIRECTIONAL DEREIVATIVE AFFEARS TO BE FOSITIVE OR
ZEROD. _—

IF(DY)>11+51451

oo

'REFEAT SEARCH .IN DIRECTION OF STEEFEST DECENT IF
DIRECTION VECTOR H IS SMALL COMPARED TO GRADIENT
VECTOR G.

IF (HNRM/GNRM-EFS5)51+51,12

1

[y
[y

SEARCH MINIMUM ALONG H

nOonO o060

SEARCH ALONG H FOR POSITIVE DIRECTIONAL DERIVATIVE
FY=F
ALFA=2 % (EST-F)/0Y
AMEDA=1,

[ury
K

-USE ESTIMATE FOR STEFSIZE ONLY IF IT IS FOSITIVE AND
LESS THAN 1. OTHERWISE TAKE 1. AS STEFSIZE

oono
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IF(ALFA)Y15,15+13
13 IF(ALFA-AMEDA) 141515
14 AMEDA=ALFA
15 ALFA=0,

C SAVE FUNCTION AND' DERIVATIVE VALUES FOR OLD ARGUMENT
16 FX=FY
oX=ny

c STEF ARGUMENT ALONG H
0 17 I=1sN
17 X(IXY=X(I)+AMEDAXH(I)

a0

COMPUTE FUNCTION VALUE AND GRADIENT FOR NEW ARGUMENT
CALL FUNCT(NsX+FsG)
FY=F

COMFUTE DIRECTIONAL IERIVATIVE DY FOR NEW ARGUMENT.
TERMINATE SEARCHy IF DY IS FOSITIVE. IF DY IS ZERO
THE MINIMUM IF FOUND
ny=0,
RO 18 I=1sN
18 DY=NY+G(IIXH(I)
IF(DY>19+3622

aonoon

TERMINATE SEARCH ALS0O IF THE FUNCTION VALUE
INDICATES THAT A MINIMUM HAS EBEEN FASSED
19 IF(FY-FX)20,22,22

REFEAT SEARCH AND' NIOUBLE STEPSIZE FOR FURTHER
SEARCHES
20 AMEDA=AMEDAt+ALFA
ALFA=AMEDA
ENDI'' OF SEARCH LOOF

o0 OO0

- TERMINATE IF THE CHANGE IN ARGUMENT GETS VERY LARGE
IF (HNRMXAMEDA—1.E10)16,16+21

LINIAR SEARCH TECHNIQUE INDICATES THAT NO MINIMUM
EXISTS
21 IER=2
RETURN

000 000

INTERFOLATE CURICALLY IN THE INTERVAL DEFINED ERY THE
SEARCH ABOVE AND COMFUTE THE ARGUMENT X FOR WHICH THE
INTERFOLATION POLYNOMIAL IS MINIMIZED,
22 T=0.
23 IF(AMEDA)Z24,346+24
24 Z=3 . %(FX~-FY)/AMEDA+LX+DY
ALFA=AMAX1 (ARS(Z)»ARS(DX) rABS(LY))
DALFA=Z/ALFA
DALFA=DALFAXDALFA-DX/ALFAXDY/ALFA
IF(DALFAYS1525+25
23 W=ALFAXSQRT(DALFA)
ALFA=DY-DIX+W+W

oo0n
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ooononOOn

Q00

[ I v B o I o

29

30
31
32

33
34
35
34

38

37

39

IF(ALFA)250y231,250
ALFA=(DY-Z+W) /ALFA

GO TO 2352
ALFA=(Z+0Y-W) /7 (Z+DX+Z+DY)
ALFA=ALFAXAMEDA

no 26 I1=1sN
X(I=X(I)+(T-ALFAYXH(I)

TERMINATE» IF THE VALUE OF THE ACTUAL FUNCTION AT X
IS LESS THAN THE FUNCTION VALUES AT THE INTERVAL
ENDS. OTHERWISE REDUCE THE INTERVAL BY CHOOSING ONE
END-FOINT EQUAL TO X AND REFPEAT THE INTERPOLATION.
WHICH ENI-FOINT IS CHODOSEN DEFENDS ON THE VALUE OF
THE FUNCTION AND ITS GRALIENT AT X.

CALL FUNCT(NsXsF+G)
IF(F-FX)27+27,28
IF(F-FY)36:,36+28
DALFA=0.

Do 29 I=1sN
DALFA=DALFA+G(I)XH(I)
IF(DALFA)30,33,33
IF(F-FX)>32y31+33
IF(DX-DALFA)32+36932
FX=F

LDX=DALFA

T=ALFA

AMEDA=ALFA

GO TO 23
IF(FY-F)35+34y35
IF(DY-DALFA)35y36»35
FY=F

DY=DALFA
AMEDA=AMEDA-ALFA

GO 70O 22

TERMINATEs IF FUNCTION HAS NOT DECREASED DURING LAST
ITERATION
IF (OLDF-F+EFS) 5138, 38

COMFPUTE DIFFERENCE VECTORS OF ARGUMENT AND GRADIENT
.FROM TWO CONSECUTIVE ITERATIONS

DO 37 J=1sN

K=N+J

H(K)=G(J)-H(K)

K=N+K

H(K) =X (J)-H(K)

TEST LENGTH OF ARGUMENT LDIFFERENCE VECTOR AND
DIRECTION VECTOR IF AT LEAST N ITERATIONS HAVE REEN
EXECUTED:. TERMINATE» IF BOTH ARE LESS THAN EFS.

IER=0

IF (KOUNT-N)42y39+39

T=0,

Z=0,
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Qo0

o000

40

41

43

44

45
44

47

48

49

&)
+J

D0 40 J=1sN

K=N+.

W=H(K)

K=K+N

T=T+ABS (H(K))
Z=Z+UWxH(K)

IF (HNRM-EFS)41,41542
IF(T-EFS8)356:s56742
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TERMINATE, IF NUMBER OF ITERATIONS WOULD EXCEED LIMIT

IF (KOUNT-LIMIT)43550550

FREFARE UFDATING OF MATRIX H
ALFA=0.
Do 47 J=1ysN
K=J+N3
W=0.
00 46 L=1sN
KL=K+L
W=W+H (KL ) XH(K)
IF(L-J>44+45+45
R=K+N-L
GO TO 446
K=K+1
CONTINUE
K=N+J
ALFA=ALFA+WXH(K)
H{J)=W

REFPEAT SEARCH IN DIRECTION OF STEEFEST DESCENT IF

RESULTS ARE NOT SATISFACTORY
IF(ZXALFA)48r1y48

UFDATE MATRIX H
K=K31
0 49 L=1sN
KL=N2+L
0 49 J=LsN
NJ=N2+J
H(K)=H(K)+H(KL)YXH(NJ) /Z-H(L)YXH(J) /ALFA
K=K+1
GO TO S
ENDI OF ITERATION LOOF

NO CONVERGENCE AFTER LIMIT ITERATIONS
ERR=1
RETURN

RESTORE OLD VALUES OF FUNCTION ANI' ARGUMENTS

D0 32 J=1sN

R=N2+J

X(J)=H(K)

CALL FUNCT(NsXsF»G)

REFEAT SEARCH IN DIRECTION OF STEEFEST DECENT IF
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c DERIVATIVE FAILS TO BE SUFFICIENTLY SMALL
IF (GNRM~-EFS)55+55,53

c TEST REFEATED FAILURE OF ITERATION
53 IF(IER)S6+54+54
54 IER=-1
GO 70 1
9% IER=0
96 RETURN
END
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AFFENDIX VIII

SYSTEM SCHEMATIC DIAGRAMS

This Arrendix dives the. schematic diadrams for those
sdstem comronents wused in the exrerimental evalustion of the
detector that had to be desidned and constructed. The

- following schematics are included!
1) A/D Converter
2) /A Converter
3) Fre-detection BFF
4) Limiter with LPF
5).30 Hz Fost-discriminator LFF

é) 200 Hz Post-discriminator LPF
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/A CONVERTER
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FRE-DETECTION EFF
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LIMITER WITH LFPF
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AmpriToudse  (oA8)

30 HZ FOST-DISCRIMINATOR LFF
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200 HZ FOST-DISCRIMINATOR LFF
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