New Jersey Institute of Technology
Digital Commons @ NJIT

Theses Theses and Dissertations

Spring 1985
Digitally implemented Kla]_?per—Kratt FM detector
using the Intel-2920 digital signal processor

Chang-Hwan Park
New Jersey Institute of Technology

Follow this and additional works at: https://digitalcommons.njit.edu/theses
b Part of the Electrical and Flectronics Commons

Recommended Citation

Park, Chang-Hwan, "Digitally implemented Klapper-Kratt FM detector using the Intel-2920 digital signal processor" (1985). Theses.
1426.
https://digitalcommons.njit.edu/theses/1426

This Thesis is brought to you for free and open access by the Theses and Dissertations at Digital Commons @ NJIT. It has been accepted for inclusion

in Theses by an authorized administrator of Digital Commons @ NJIT. For more information, please contact digitalcommons@njit.edu.


https://digitalcommons.njit.edu?utm_source=digitalcommons.njit.edu%2Ftheses%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/theses?utm_source=digitalcommons.njit.edu%2Ftheses%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/etd?utm_source=digitalcommons.njit.edu%2Ftheses%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/theses?utm_source=digitalcommons.njit.edu%2Ftheses%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/270?utm_source=digitalcommons.njit.edu%2Ftheses%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/theses/1426?utm_source=digitalcommons.njit.edu%2Ftheses%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@njit.edu

Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen



The Van Houten library has removed some of the
personal information and all signatures from the
approval page and biographical sketches of theses
and dissertations in order to protect the identity of
NJIT graduates and faculty.



QIGITALLY IMPLEMENTED KLAPPER~KRATT FM DETECTOR

USING THE INTEL-2820 DIGITAL SIGNAL PROCESSOR

CHANG-HWAN PARK

A& THESIS

SUBMITTED TO THE FACULTY OF

THE GRADUATE SCHOOL OF

THE NEW JERSEY INSTITUTE OF TECHNOLOGY

IN PARTIAL FULFILLMENT OF

THE REQUIREMENT FOR

MASTER OF SCIENCE IN ELECTRICAL ENGINI

in
i
el
—
=
B

1885



Approval of Thesis

Digitally Implemented Klapper-~Kratt FM Detector

Using the INTEL~-2920 Digital Signal Processor

by

Chang-Hwan Park

Thesis and Abstract Approved by:

Dr. Jacob Klapper Date
Professor

Electrical Engineering




Name n Full : Chang-Hwan Park Sex : male

Date of Birth Nationality : Korean

Address :

Degree and Date to be Conferred : BSEE., 198%.

Collegiate Institutions Attended

New Jersey Institute of Technology: Sep. 1982 - May 1985
Degree: MSEE. Major : Electrica’l Enginsering

Date of Degree: May 188F
“yungbook National University : Mar. 1874 - Fabh. 18782
Degree: BSEE. Major : Electrical Enginesring

Date of Degree: Feb. 1978

Publication: Digitally Implemented Klapper-Kratt FM

Detector Using the INTEL-2920 D3P,

he

°
(8]
4]
=3
t
4
8]
3
U]

G
x

he Mindistry of Communiceations oF
o o

rean Government, Seoul, ¥

Carsenr

May 1984 - Adug. 1984 : Worked for the AT & T. Re11 Labks. .
Department of Integrnationa’l Networking,
Holmdel, New Jersey.

Mar. 1278 -~ Now : The Mindistry of Communicationz of
Korean Governmeant

Mar. 1967 - Apr. 1976 : Worked for the Kores EZlectric Co.

Ltd., Maintaenance of Power Line Carrier

& Micro-Wave.



Title of Thesis: Digitally Implemented Klapper—Kratt FM

Detector Using the Intel-2920 DSP
Chang~Hwan Park, Master of Science in Elec. Engin., 188E

Thesis directed by: Dr. Jacob Klapper,

=4y

Professor of Electrical Enginsering

Thiz thesis describes and analyses a digitally

]

®

mbhear of

i

implemanted FM detector, which ig & new m
the family of FM detectors introduced by Drs. Klapper
and Kratt.

The properties of the new detector are lTow delay,

excellent sensitivity, extremse linearity, and
compatibility of components with integrated circuit

A working model iz dimplemented by adapting FIR
el

digtez? gignal processing methods, and iz realized using
the Single-Chip Digital Signal Processeor INTEL-2920 which

omerised of & micro-nrocegsor, scratch-pad data R&Msz,

orogram store EPROMs, A/D and D/A conversion circuitry,

The performance of the working model shows wvery good

Tinearity within its operating range, and in zagreament



LCKNOWLEDGMENTS

The author gratefully acknowledges the guidance and

assistance of his thesis advisor, Dr. Jacob Klapper. He

¥
ot
0]
&}

expresses his appreciation to Dr. J. J. Padalino who
have provided experimental materials and Dr. E. ¥ratt who

have advised to prepare this thesis

(2R
&

The author alsgo wizshes to express his a0

appreciation to his family who have all helped and

ancouraged to make this work possible.



TABLE OF CONTENTS

Page

Chanter 1: Introduction .. .. it i e e e e et e e e et e ee e 1
References ~ Chapter 1 . ... ..., e e e Q
Chapter 2: Theoretical Analysis .. .. ittt 11
2.1 Introduction. . oo it i it e e e e e e e e 11

2.2 Quasgi-Coherent FM Discriminator............. 11

2.2 Cancellation of RF .. ... . . i, 14

2.4 Theoretical Performance. .. ... ... ... 15
2.4.17 Modulated Input wave (Narrow-Band).......... 18
2.4.2 Modulated Input Wave (Wide-Band)............ 16
2.4.3 Sine Wave Interference......... .. ... ..., 17
2.4.4 Noise Performance. ... .. ...ttt ennennn 20
Referances — Chapter 2. . ...t oo ittt ettt i e e 28
Chanter 2: Implementat Ton . o o i e e e e e e e e e e e e e e e 20
2.1 TNt rodUctdOn . . o e e e e e e e e e e e e e e e 20

2.2 Network Order Evaluation.......... ... ..., 30

3.3 Lineardity Realization.. ... ... .. 28

3.4 Algorithm simplification.. .. ... .. ... .. ..... 41

2.5 Software Description. . . @ ot i i e e L.45

2.6 System Configuration. ... ... ..., 48



CONTENTE (CONTINUED)

2.7 Realization . @ . i e e e e e e e e e e e e e e e e 52
References — Chapler 2. . ittt it e e e e e e e e e e e 54
Chapter 4: Detector Performance........ . ... 58
4.1 Introduction . @ o o it e e e e e e e e e e e e e e 58
4.2 Narrow Band Performance.......... ..o inoeo.. &1
4.3 Wide Band Performance......... ... 61
Referénceé — Chapter A o e e e e e e e e e e e e e e e e 85
Chaptert: CoNC IUS T ONS . o i v i e et e e e e e e e e e e e e e e e e e e e e 59
References — Chapter 5. . ... it ittt et e e e e e iee 70
e o I BT o e X o Y PR 71



CONTENTS (CONTINUED)

LIST OF FIGURES

Figure Pages
11 Block Diagram of the Original Klapper—Kratt Detector............. 2
1-2  Output Characteristic of the Original Detector.......ceeeeenenonn 4
13 Property of Integrator under Wide-Band Conditdon................. g
1-4  Block Diagram of the First Derivation of the Detector............ g
-5 Block Diaéram of the Second Derivation of the Detector........... 7
1-8  Block Diagram of the New Detector. . ... ...ttt iinnannns 10
2-1  Qutput Characteristic of the New Detector........ ... ... 12
2-2 <eo(t)> VE. w_.x/wO for Various Values of B/A. . ... ... 182
2-3 Complete Detector for Noise Caloulation ... .. e i eeennn. 21
2-4 POD of X(E) and Wt et et i e it e it e ettt e e e e e 21
2-5 M P O N .« i v vt ettt it et s ettt e e 25
2-6  Threshold Characteristics . ... ... il i et e 26
21 Freguency Response of Differentiators. . ... i ....22
3-2 Frequency Response of Hilbert Transformers. ... ..o e, 23
3-3 =S lc-Twtwte T 1 o L1 o 286
3-4 Non-Ideal Block Representations . ... e i e e e e e e i e 2
-5 Linearity Optimized Detector Qutput. .. it e e et e e e e ee e 10
36 Block Diagram of Simplified detector. . ... ... ... 42
37 Block Diagram of an Equivalent Simplified Detector.............. L
3-8  Block Diagram of the Implementation Algorithm................... a8
-9 Block Diagram of the INTEL-2920. . ... ..ttt e i ieeeeannn 19

o



CONTENTS (CONTINUED)

3-10 Block Diagram of the System Configuration........... ... ... . ... =0
3-11 LPF Characteristics of INTEL-2812. . ... .. iy 51
3-12 Real-Time Program, FMDET2920 . KRT .. ...ttt e e e 55
4-1 Acgtual Response of the Detector. ... ittt it et eeeaann 5¢
42 Repetition Property of the betector ............................. 50
42 Detector input Wave-Form for the Narrow-Band Performance........ 52
44 Detector Response for the Narrow-Band FM. ... .. .. ... ... 63
45 Detector Response for the System Delav. ...t e i ciaaano. 66
A-5  Wide~Band Performance. . ... ... .. i i e 87

LIST OF TABLES

Table Page
2-1 Sine-Wave Interferente. . oo it i e e e e e e e 22
2-1 Detector Coefficients ( Before Optimized )........ ... ... .....24
3-2 Optimized Detector Coefficients ( Impulse Response J............ 39

_\/ﬁ_



CHAPTEHR I

INTRODUCTTION

The digitally implemented FM detector described in
this paper is a new member of the family of FM detectors,
introduced by Drs. Klapper and Kratt, that discriminates a
frequency modulated signal with extremely low delay and
excellent sensitivity (refs. 1, 2 and 3).

A1T conventional FM detectors use low-pass filters
to remove the undesirable carrier freqguency and their
harmonics generated in the detection process, and usually
a tuned circuit for the FM to AM conversion. These
components would normally not be a Tow delay circuit.
However,the components used in the Klapper—-Kratt detector,
such as integrators, differentiators, summers, and
nultinliers are low delay elements. Even previous FM
detectors using integrators and'differentﬁators for FM to
AM conversion, still dincorporates low-pass filters in
their output circuitry (refs. 4 and 5).

To solve the delay problems of the output circuit, a
synchronous demodulator was constructed to detect the
amplitude modulated signal. The synchronous demodulator
has theoretically zero delay., but has an undesirable
nroduct, namely the second harmonic of carrier fregquency,
which can be eliminated by an additional +dntegrator and

multiplier to generate a cancelling signal.
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The original Klapper—-Kratt detector is shown in
Figure 1-1. The detector performs well under narrow-band
conditions, however, there are some undesirable effects
when used under wide-band conditions. These are the non-—
Tinearity of output characteristics, and DC offset of
integrator output when the input freguency changes
instantaneously.

The non=Tlinearity of the output causes distortions
that are no longer negligible, as indicated in Fig. 1-2.
And the DC components of the {integrator ocutput, due to the
effective initial condition of the integrator at the time
of freguency change as shown in Figure 1-3, cause a
considerable component of the fundamental carrier
frequency to appear at the output of the multiplier.

Another version of detector that does not requirs
integrators in the discrimination section and is not
subject to the inditial condition s shown in Figure 1-4.
Sti11 an integrator is used in the carrier cancellation
section, and the output s still non-linear. One more
basic form of the kTapp@erratt detector iz shown in
Figure 1-5. However, all these versions require integ-
rators and produce outputs that are not Hddeally Tinegar.

A1T1 above mentioned Klapper~Kratt detectors are
assumed to be realized by analog means, using operational

amplifiers and analog multipliers.
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With the advancement of digital signal processing
technigques, an investigation was made to Tmplement the
detector by means of digital signal processing technigues.

From the building blocks of the original detector,
it was found.that the differentiator and multiplier could
he realized, but it dis preferable to replace the
integrator by a Hilbert transformer. The analog
realization of a Hilbert transformer is rather complex.

The new detector, adapting Hilbert transformer
instead of 1integrators in Figure 1-1, s given in Figurs
1-6 which shows a theoretically perfect linearity and
excellent wide~band response. This thesis will mainly be
devoted to reveal the characteristics of the new detector.

Chapter 2. will describe theoretical performance,
Chapter 3. the digital implementation, Chapter 4. the
actual performance of laboratory model and Chapter 5.

conclusions
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THEORETTICAL ANALY SIS

2.1 Introduction

The new detector shown in Figure 1-6 whose output
characteristic is shown in Figure 2-1, is comprised of a
differentiator, two Hilbert transformers, two multi-
nliers, and two summers. All the components are compatible
with digital signal processing methods.

For the analysis of the new detector, we may divide
it into two functional blocks, which are 1) wide-band
quasi~coherent discriminator, and 2) R-F carrier
cancellation.

The theoretical performances of the new detector are
also discussed in thisg chapter under the conditions of
1) modulated input wave, 2) sine-wave interference and

3) noise performance.

2.2 Wide-Band Quasi~Coherent FM Discriminator

The FM discrimination s performed by the circuits
inside of the dashed box, which are comprised of one
differentiator, one Hilbert transformer, one summer, and
one multiplier. The differentiator (D1) and the Hilbert
transformenr (H1) are inputted gsimultaneocously fTrom the

input terminal.
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The output amplitude of D, varies directly with the

1

input frequency w and has unit amplitude at w = W and
its phase leads input-wave by 90 degrees, where W, =
carrier frequency (or center frequency). The transfer
function of D1, Hd(f), may be written as

Hy(F) = J 21 f, (2-1)

The output of the H1 has a constant amplitude over all the
input frequency range, though its phase leads the input by
90 degrees, same as the differentiator, where the transfer
function of the digitally implemented Hilbert transformer
i inverted from the original one for the sase of
implementation. The result is that the outputs of 01 and
H1 are always 1in phasg, The transfer function of Hq,

H.(f), may then be written as

Hi(f> = J sgn(f) (2-2)

where the sgn(f) is a signum function of frequency f.
The cutput of the summer(S,), which subtracts the

output of the H, from the D., has the balanced output at

1 1
W= oW, and above and below W it has proportionally
increasing amplitude with the fhequency difference between

input frequency w and carrier freguency W
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There +s a phase reversal, however, when going
through W because below W Hilbert transformer output
dominates and above W, differentiator output dominates.

The coherent detection is performed by the multiplier

1

M,.. The inputs of M1 are one from the output of S1 and the

other from the output of H The output wave of the

1°
multiplier 98 the FM discriminator output, which contains
the demodulated output with the carrier of twice the
frequency and modulation index.

The output of the discriminator consists of a dc
component and a second harmonic of the carrier, both of
which are proportional to (w - 1) ,where the input
frequency w s normalized respect to carrier frequency
WO W The output shows a perfect arithmetic symmetry
with respect to the center freguency, a property which the
other discriminators in the same family can only
approximate. Also, all of the components fn Figure 1-6 are

capable of very wide-band operation and are instantansous

(i.a., introduce no group delay).

2.3 Cancellation of RF

2 . .
The output of M1, (w=1)cos wt, is proportional o

2
coszwt. And the output of M, is proportional to sin wt,

2
and its proportionality factor is the same as for M1.
Then the summer $,, which adds the outputs of M, and M, .,

cancels the RF carrier frequency.
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The inputs of are (W*1)coszwt and (w~1)sin2wt and

S
2

. . 2 . 2 .
the output s only (w=1), since cos wt + sin wt = 1. As 1s
shown, the RF cancellation is instantaneous without
introducing any delay. This characteristic holds for a
modulated input wave because its Tinearity is perfect. In

case of previous versions, however, the RF cancellation is

not perfect, due to their non—-linearity.

2.4_ THEORETICAL PERFORMANCE

2.4.1 Modulated dnput wave(Narrow-Band FM)

Consider a narrow-band FM wave, which s a freguency
modulated sine-wave with very small modulation index or
with a FM wave passed through a narrow-band filter that
attenuates all side bands except the first pair, s
appearing at the input terminal of Figure 1-6 as ei(t).

Then it may be written as

eﬁ(t) = A{coswot - 93/2)[cos(wo - wm)t - cos(wo + wm)t]}
(2-3)
where A is the amplitude of the wave and b is the
modulation index ( ﬁ = Aw/wm), while W and W, oare the
center and modulating fregquencies, respectively.
The output of the detector may be derived (Ref. 1) as

given by
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i

e (t) (A216R/2)coswmt = (A%/2)(_w/w_dcosw t (2-4)

i

where R wm/wo, is the ratio of the modulating fregquency

to the center frequency. This equation consists only of a

undistorted base-band which s multiplied with a constant.

2.4.2 Theoretical Performance (Wide-Band FM)

A consideration will now be given to the performance
of the detector with wide—-band modulated input signals,
where the input frequency to the detector could change
instantaneously.

If the detector s to perform wel]l under the wide-
band FM signals, the input of multipliers should not have
any dc components. When this condition s violated, a
considerable fundamental frequency components will appear
at the output. By dnvestigating the tdinputs of multipliers,
no components produce any dc terms under these conditions
theoretically ( Ref.1 ).

The new detector should therefore perform equally as
well under wide-~band conditions. However,this does not
hold for other versions of detectors that use integrators,
since do components are generated as a result of the
affective initial conditions of the integrators at the

time of a rapid frequency change (Figure 1-3).
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2.4.3 Sine Wave Interference

Consider the case where the input wave consists of a
desired frequency fd and an interference frequency fi,such
as

eﬁ(t) = A coswdt + B coswﬁt {(2-5)
where w = 2T1f and Wy = wo+ Mg Wy WOt AW and fo is
the center frequency.

The base-~band output of the detector shown in Figure

1-6 dis then given by

e (t) = A% Cawg/wg) + g° Caws/w,)

+ AB (Awd/wo + Awﬁ/wo) cos(wd - wﬁ)t (2-6)

For the case where Afd = 0, which is the carrier
frequency without frequency deviation, the normalized

output of the detector reduces to

eo(t) = (Awi/woj(B/A)Q * (Awﬁ/wo)(B/A)oosAwit

and the rms value of the normalized output s given by

<e_(t)> = {[law /w ) (B/A1Z + (1/2)[(qm,/m d(8/a)1%3 172

(2-8)
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Ceo(t)> or Cege(th

A
| ——— Conventional Limiter-Discriminator

41l

L N AR

New Detectors - 0.99

-

0.9

.00l

. -5 < ) o
Figure 2-2 eo(t)> ve AW1/NO

for the various Values of B/A
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Curves of <eo(t)> for the various values of B/A and
Awﬁ/wo, where w = 2I7f, are shown in Figure 2-2. Since the
output s symmetric about Awﬁ/wo = 0, only positive values
of Awi/wo are graphed. For comparison of this result with
the conventional wide-band limiter—discriminator case,
Corrington (Ref.2 ) has derived the equivalent output of a
conventional wide—band Timiter—discriminator for Afd = 0

as

, (pw;/w ) (cospw .t + B/A)
& () = mmmm (2299
2 cosAwit + A/B + B/A

And the equivalent rms output for A/B < 1 s given by

(Awi/wo)g(B/A)Q

<@ ()P = = (2-10)
© 2
201 = (B/ADT]

The curves of <eoc(t)> for the various values of B/A
and Awi/wo are also shown in Figure 2-2 with dashed
curves.

Comparing these curves of Figure 2-2, one observes
that the two curves are almost Jdentical for the small
values of B/A. However, as B/A approaches 1, the outnut of
the ideal l1imiter-~discriminator approaches infinity, while
the new detector remains finite. This may be observed by
comparing Equation 2-~7 and Equation 2~9. Therefore, as the

interference increases, the new detector of Figure 1-6 has
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a much better output purity both in terms of rms and peak-
to-peak values, and this improvement increases without
bound. In comparison, similar results for the detectors of
the Figures 1-1 and 1-4 as given in the References 3 and
4, respectively, are shown in Table 2-2. The expressions
for <eo(t)> are identical to Equation 2-8 if the frequency
deviations are small compared to the carrier freguency
(Awﬁ/wD << 1 and Awd/wé << 1 ). These assumptions werse not
needed in the derivation of Equation 2-8, which therefore
also describes under the wide-band sinusoidal interference

conditions of the new detector

2.4.4 Noise Performance

Referencing to Kratt (Ref. 1), the performance of the
new detector in the presence of narrow-band noise will be
given. The complete detector, including the pre-detection
and post-detsction filters, is shown in Figure 2~3. The
definition of output SNR used in this derivation is taken
to be the ratio of mean output signal power measured in
the absence of noise and the noise power taken in the
absence of signal, i.e., the carrier is unmodulated.

This postulation is wvalid for high SNR, whers the mean
signal and noise powers may be assumed to add Tinearly,
and signal power measured in the absence of noise does not
differ substantially from that measured with noise

nresent.
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Table 2-1 ‘
Sine Wave Interference
Detector Normalized eo(t) < eo(t) > Assumptions
2
Integrator— W /W B/A +
Diff . tiat E " O;EB/A; £ (/i) <<1
ifferentiator| (w./w cosw
r [@] r {U2 + (1/2) V2}1/2
Dua (W /i) (B/A)? where.
ua —(w../W -
. . r/¥o U= [w/wg (B/A)%] | (wa/wg)<<1
Differentiator (wp/wo)(B/A)coswpt
V=T wp/wO BAT
Differentiator| (w./wy)(B/A) +
None

Hilbert Transf

(wr/wo)(B/A)coswpt

Limiter-
Discriminator

{Corrington)

wr,/wO (coswrt + B/A)

2cosw,t + A/B + B/A

(. /)2 (B/8)% 1%

20 1 - (B/A)° ]

{

r

where w, = Awy for the Dual - Differentiator

= AWy for the others
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The signal suppression occurs as the values of CNR drop
below 0 dB (Ref. 3).

The noise s éssumed to have a bandwidth of no wider
than twice the carrier center frequency, and then it may

be represented by
n{t) = x(t) cosQﬂ?ot - y(t) sinZﬂTot (2-11)

which consists of the carrier of the center frequency fo'
modulated by two random vardiables, x(t) and y(t). Ths
noise is also assumed to be a zeroc mean Gaussian random
variable. The random variables x{(t) and v{(t) thus havé
the following properties: 1) Low-pass, rectangular power
spectral density (PSD) of the bandwidth 8/2 and the
amplitude 77as shown in Figure 2-3 b), 2) Egqual variance
for n{(t), x(t) and y(t), and 3) x(t) and y(t) are
independent.

Now then, consider an input given by
eﬁ(t) = Acos?ﬂ*ot + x(t)cos?ﬂ?ot - y(t)sﬁnQﬁfOt (2-12)

which consists of an unmodulated carrier with narrow-band
noise added. The baseband output of the detector will then

be given by

N
n
|
[
[
o

e (£) = (1/w ){ x(E)[A = v(E)] + v(£)x(t))
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The output PSD of eo(t) may then be obtained by taking the
Fourdier Transform of the autocorrelation of eO(t).

By integrating this result over the post-discrimination
bandwidth and dividing by 27, the detector output noise

power will then be given by

23 2
NOISE POMER = (A%mw, °/3mw )
. cUQ/nzwoz)(sawb/12 - 8%w ?/8 + 8w "/6 - w f/12)

(2-14)

Next, the output signal power may be obtained using a

modulated input signal given by
= i -15
eﬁ(t) A cos(wdt~k ﬁs1n wmt) (2-15)

where A s the carrier amplitude, /Gﬁs the modulation
index, and W ig the modulation fredquency.

The corresponding output power is then given by

(3/2)(CNR)%ﬁ2wm2/wb3

W
=z
=
it
{
i
i
{
{
{
{
{
{
{
t
i
{
{
t
{
{
i
1
{
{
{
t
i
1
{
i
{
|
f
t
i
i
{
{
:
L

2-16)
1 + (1/CNR)(X%/4 - 3X/8 + 1/2 - 1/4%)

where X = B/wb. The only assumptions made here were that

w, < B/2 and that the signal and noise terms are additive.

b
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For a gpecial case of high CNR, the denominator of
Equation 2-16 becomes unity. And letting WoT W for
optimum performance, and using the relationship of (CNR)
and (CNR)AM' {CNR) = (CNR)AM(wa/B), then the SNR for_the

high CNR conditions will be given by

CSNR_L L ong = 2 ﬁQ(CNR)AM (2-17)
which is ddentical to the expression for the region well
above threshold of a lTimiter-discriminator{(Ref. 4), i.2.,
the performance of the new detector, without using a
Timiter, is identical to a limiter-discriminator, well
above the threshold region.

As indicated in Figure 2-5, the threshold point for
an FM system s usually defined as the point where the SNR
has dropped 1 dB meore than that expected by the linear
improvement region. Recalling Equation 2-16, this occcurs
where the denominator increases an amount above unity
equivalent to 1 dB. The result may be given by

2
(CNR = 1.931(X3/2 - 3X /8 + X/2 -~ 1/4) (2-18)

AM)Th
In comparison, the SNR relationship for the detector
of dual differentiator shown in Figure 1-4 dis given by

Tarbell1(Ref.6) as
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(3/2)(0NR)Bffwm2/w 3
1 + (1/CNRY(X%/2 = 3X/4 + 1/2 — 1/8%X)

The corresponding equation for the threshold CNR €g

(CNR 1.931(X%/2 - 3X°/4 + X/2 + 1/8) (2-20)

AMOTh =
The results of Egquation 2-17 and Equation 2-19 are

shown in Figure 2-6 for various values of B/2w along

b’
with the data for a conventional limiter—-discriminator
(Ref.5) for comparison. The new detector has a 3 dB
improvement in threshold performance over the dual
differentiator version shown in Figure 1-4. However, the

new detector still has no improvement over the limiter-—

discriminator.
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CHAPTER I 11.

IMPLEMENTATTION

3.1 Introduction

A digitally implemented FM detector was designed by
adapting the algorithms that will closely resemble the
differentiator and Hilbert transformer of Figure 1-6 over
the frequency band of dinterest. And the corresponding
input samples were added and multiplied as required to
perform the functions.

The differentiator and Hilbert transformer were
realized using a finite impulse response (FIR), or non-
recursive, digital filter design method. Such designs
exhibit no phase errors, and have delays of approximately
N/2 times the sampling period, where N is the order of the

network.

3.2 Network Order Evaluation

The coefficients for the FIR realizations of both
differentiators and Hilbert transformers were derived
using a computer program called EQFIR (Ref.1). The EQFIR
program optimizes the results over a prescribed frequency
range, which was selected as 0.15 fs to 0.35 fs, where fs

is the sampling frequency.
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These values will then generate a detector that is
centered at half of the Nygquist frequency with relatively
wide linear bandwidth of two~fifths of the Nyqguist
frequency, where the Nyquist frequency is a half of the
sampling frequency.

The coefficients for selecting the network order N
was computed and well evaluated by E. Kratt (Ref. 2) for
differentiators with N = 5,7, and 9 and for Hilbert
transformers with N = 5, 7, 9, and 11. The results are
shown in Figures 3-1 and 3-2, respectively. The selection
of the network order N was based on the minimum value that
gave approximate results. A lTower value of N also means a
simpler algorithm for easier implementation and smaller
values of delay. As a result, N = 7 was chosen for both
the differentiator and Hilbert transformer.

The coefficient of the differentiator and the Hilbert
transformer were then computed for N = 7 using EQFIR, and
are shown in Table 3-1.

The equation for the freguency response of the

detector was then derived, and is given by

N N
EO(F) = 1/2 >

m=1 n=1 (Gdn - Ghn) ©hm

[cos(m =~ N)Y2TTF = cos(N + 1 - n ~ m)2ITF] (3-1)
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TABLE 3-1
Ordiginal Detector Coefficients

(Impulse Response)
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where F is the normalized frequency to the sampling
frequency, ©dn is n-th coefficient (or impulse response)
of the differentiator and Shn is the n-th coefficient of
the Hilbert transformer.

The detector response was then computed using the
coefficients for N = 7 in Table 3-1 and Equation 3-1. The
results are shown in Figure 3-~3, which indicates thét the
response has a much greater linearity error than indicated
by any of the +individual components. This is because the
particular errcors of each block get multiplied when

combined in the total detector, resulting in a much Targer

error.

3.3 Linearity Realization

Considerations were now given to optimizing the
detector ceoefficients for Tinearity over the freguency
range of dinterest. In order to retain certain necessary
properties there had to be placed constraints on the
coefficients.

First, the negative symmetry of the coefficients Ais
required to achieve the Tinear-phase characteristic of the
FIR block (actually a constant 90 degree nhase). This
and ¢ = 0, since N is

TON+1-1 (N+1)/2
odd. The 90 degree phase shift properties of the

requires that s

components s required to maintain the quadrature

relationships for carrier cancellation.
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As a result, only three values are required to define the
seven general coefficients of each FIR block.

Next, the amplitude restraints are required. This may
be determined by assuming that each FIR functional block
is multiplied by a corresponding amplitude function of
frequency F, as shown 1in Figure 3-4. These amplitude
functions represent the non-ideal amplitude variations in
the realization of each block.

Assuming an Jnput eﬁ(t) = gin2Tft, the corresponding

output s found to be given by

e (t) = [A (W) = A (W]

[Az(w)coszwt + A3(w)sin2wt] (3-2)

This equation shows that the carrier components wil]
cancel exactly only if Az(w) = A3(w). This means that the
coefficients of the two Hilbert transformers should be
identical. The Tinearity of the detector is then
controlled by A1(w) and A2(w), which may vary from unity
and still give the desired result of eo(t) = (w - 1) as

long as they are related to the expression

A w) = (/w)l(w = 1) /A, (W) + A,(w)] (3-3)
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TABLE 3-2
Optimized Detector Coefficients

(Impulse Response)
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And the optimized coefficients were obtained by computer
routines which were generated to minimize a least sgquares
Tinearity error function using the Fletcher-Powel]l
algorithm (Ref. 3), and are shown in Table 3~2. The
corresponding optimized detector output s shown +in Figure
3-5, where it is compared with both the original detector
output and the ideal output. The output is found to be
extremely linear over the optimized frequency range, and

with substantial improvement over the original response.

3.4 Algorithm Simplification

Observing the coefficients given in Table 3~2, the
coefficients for the differentiator and Hilbert
transformer blocks are found to be practically identical
for both the first and third values. Referring back to
Figure 1-8, the outputs of D1 and H1 are subtracted Hn
summer $1. Since multiplying an input sample by two
different coefficients and then taking the difference of
the results s equivalent to multiplying the Tnput sample
by the difference of the two coefficients, then the
funetions of D1, H1 and S1 may be replaced by a single
block, as shown in Figure 3-6, with the coefficients equal

- . Therefore the first and third coefficients

to hJ

Sy

would be zero, while the second coefficient be -0.20959.
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The fact that two of the coefficients of this new block
are zero needs to be observed. Recall that the output of
81 d9s actually the output of the discriminator before
synchronous detection. The frequency response should
therefore be zero at the center frequency (F = 0.25), and
have odd symmetry around this point. A negative value, 1in
this case, means a phase reversal. Comparing this with the
theoretical frequency response of a FIR block (Ref: 2),

which ig given as

(N-1)/2
H(F) = J ::: ZCnSih(N + 1 - 2n)TF (3-4)

n=1

only the term for n = 2 produces odd symmetry about F =0.25.
The other two terms have aven symmetry, and should therefore
be zero. By observing Egquation 3-4 for larger wvalues of N,
alternate terms will be seen to have even symmetry and
therefore must be equal to zero. As a result, similar
simplifications may also be made for higher order detectors
of different bandwidths, as long as Fo = 0.25.

Since the D-H block has only one non-zero coefficient,
then only one subtraction and one multiplication s needed
to realize the functional block. The Hilbhert transformers,

however, require three times as much.
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So, we would lTike to reduce the number of Hilbert
transformers, which would also reduce the computation
time. The dual of the detector of Figure 3-6, which
resulted in the configuration shown in Figure 3-7, was
taken to accomplish this objective. The two detectors are
gquivalent in performance since the multiplier inputs are

sti11 ddentical.

2.8 Software Degscription

A FIR realization diagram is shown in Figure 2-8,
which is based on the algorithm for the optimized detector
in Figure 3-7. Two arrays of data should be arranged in
the memory. One array holds ten consecutive finput sample
voltages, while the other contains seven consecutive
outputs of the Hilbert transformer. The previous samples
appear to the right side.

Following the diagram, where the subscripts of E and
H denote the number of delays, the value of H3 which s

the output of the Hilbert transformer is generated using

M, = (E_ - E

3 o 57%H1 (E

2 T Eyd%3 (8-5)
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which is possible to be calculated by two subtractions and
two multiplications ( Equation 3-5 ) finstead of four
multiplications and two subtractions of the original
algorithm in Figure 3-7 due to the symmetry of the
coefficients.

The output of the second D~H block, called R2, s
obtained from

R2. = (H (3-8)

6 a2 T Mglcss

The delays are three sample periods for each block
realization, or six for the total detector, and that may
be seen by observing the subscripts. In a similar way, the
output of the first D-H block is given by

R1 (3-7)

it

(E, — E )¢

4 87782

and finally, the output of the detector is found using

OUTPUT = R1. H. — R2. E (3-8)

Then the final result is ready to be outed to an output
port. Then the values in the arrays are shifted to the
right by one, with a new sample entering at the left, and

the whole procedure is repeated.
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Observe 1in the above Eguations, that only three different
values of coefficients are required to perform the
algorithm. The values of these coefficients are

Cyq = 0.19045, Sy = 0.54146 and Cgp = -0.20859.

3.5 System Configuration

To implement analog signals by digital means, there
are at least A/D and D/A circuits incorporating LPFs for
anti~aliasing and post detection recovering, and a digital
signal processor(DSP). The digital signal processor may be
substituted by a general purpose digital micro-processor,
but in this case, the processing spéed will be reduced +in
comparison with the special purpose DSP (Ref. 4).
Considering these conditions of the speed and ease of
implementation, the INTEL 2920 DSP was chosen to realize
the algorithm of Figure 3-8. The INTEL 2920 DSP(Ref. 5),
whose block diagram is given in Figure 3-8, is combrised
of a digital micro-processor, a 9-bit A/D converter, 24-
bit program-store EPROMs, 24-bit scratch-pad data RAMs, 2
D/A converter, and a Sample and Hold circuit with I/0
ports. The architecture and instruction sets were
developed to perform precise and high speed signal

processing.
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gure 3-11. The LPF Characteristics of 2912
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The basic system configuration of the detector s
shown in Figure 3-10 which is comprised of two LPFs and
one INTEL-2920 D8P. As shown +in Figure 3-10, two INTEL-
2912 chips were used as a pre-sampling LPF for anti-
aliasing and a post detection LPF for removing high-order
multiples. The characteristic of the LPF is shown in
Figure 2-11. From the basic system configuration, we may
observe that all the digital signals are processed within
the 2920 DSP. The 2820 DSP has 4 analog input ports and 8
output ports which can be used as analog and/or digital.
For the system configuration the input port No. 0 and
output port No. 0 are used. Inside of the 2920, input and
output analog signals are accomplished by sample and ho?d
circuits, and sampled data to and from the processor Js
accomplished through DAR using the 9~bit A/D and D/A

converter, where one of the bits is used for the polarity.

3.7 Realization

The detector of Figure 3-10 was realized using a
SDK-2920 system development kit, which is used as a
convenient laboratory tool for the experiments, and is
comprised of two parts, one for system development and

another for system experiment.
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The processing speed and the sampling period is
determined by the number of instructions in the program
and clock cycle of the processor. The processor executes
its programs at typically 6,500 times a second when used
with a 5 MHz clock and full program memory (i.e., 182
steps of program).

Using the configuration shown in Figure 3-8, which
requires five multiplications, one addition, and five
subtractions, the realization of the detector needed about
100 steps of program which could execute sampling rates of
12,500 times a second. For the gase of using the carrier
frequency, the sampling period was selected as 10,000
times a second, which require 125 steps of program.
However, the characteristics of the 2820 DSP requires
executing 4 instructions together, therefore, 124 steps
were chosen to implement the detector. These results were
incorporated into the program named FMDET2920.KRT, which
was used to perform the algorithm in a real time
realization, and are given in Figure 3-12. The program
beging with handling input samples followed by algorithm
computations. The Jlatter portion of the program shifts the
data arrays in preparation for the next loop.

Since the FMDET2920.KRT uses 124 steps of

instructions and the processor uses the 5 MHz clock, the
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resulting sample perfods will be approximately 10,000
samples a second and then the detector operating range

will be 1,500 to 3,500 Hz and dts center frequency be

2,500 H=z.
References ~ Chapter 3
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FMDET2920. KRT

STEP INST DST SRC SHFT ANLG
0 SUB DAR DAR ROO NOP
1 INO
2 INO
3 INO
4 INO
5 INO
8 INO
7 NOP
8 NOP
9 : CVTS
10 ADD  DAR  KM2 ROO CNDG6
1 NOP
12 NOP
13 CVT7
14 NOP
15 NOP
16 CVTE
17 NOP
18 NOP
19 CVTE
20 NOP
21 NOP
22 CVT4
23 NOP
24 NOP
25 CVT3
26 LDA YOO YOO ROO CND4
27 NOP
28 CVT2
29 LDA Y00 YOO ROO CND4
30 NOP
31 . CVT1
32 LDA YOO YOO ROO CND4
33 NOP
34 CVTO
35 NOP
386 NOP
37 LDA  EQQ0 DAR ROO NOP
38 LDA YOO EQ00 ROOQ NOP
39 SUB Y00 EO6 ROO NOP
40 LDA  AQO0 YOO RO3 NOP

Figure 3-12.

CLEAR DAR FOR NEW INPUT
INPUT 6 TIMES CONSECUTIVELY

2 NOP'S FOR TIME CONST.

CONVERT SIGN BIT
A/D CONVERSION INSTRUCTION

STORE SAMPLE AT DATA ARRAY
BEGIN FIRST BLOCK CALCULATION

MULTI CH1=14141(0.19045)

Real-time Execution Program
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41 ADD AQO YOO RO4 NOP MULTIPLICATION CONTINUES
42 ADD AQO0 YOO ROS NOP
43 ADD A00 YOO R10 NOP
44 LDA  YDO YDO R10 NOP

45 ADD AQO0 YOO RO5 NOP A00 CONTAINS CALCUL RESULT
46 LDA YOO E02 ROO NOP SECOND BLOCK BEGIN

47 SUB YOO EQ4 ROO  NOP

48 LDA BOO YOO RO1 NOP MULTI CH3=42517(0.54146)

49 ADD BOO YOO ROB NOP
50 ADD BOO YOO RO7 NOP
51 ADD BOO YOO ROg9 NOP
52 ADD BOO YOO R11 NOP
53 LDA Y00 YOO R10 NOP
54 SUB BOO YOO ROB NOP

55 ADD  BCO AQO0 ROO NOP 'ADDS 1ST & 2ND RESULTS

56 LDA  F03 800 ROO NOP STORE RESULT AT HILBERT TRANS
57 LDA YOO EO04 ROO NOP 3RD BLK BEGIN

58 SUB YOO EO08 ROO NOP

59 ABS CO00 FO08 R0OO NOP TAKE ABSOLUTE VALUE OF F06

50 LDA  DAR CO00 ROO NOP LOAD DAR WITH ABS VAL OF F06
61 XOR CO00 CO0 ROO NOP CLEAR CDO FOR NEW DATA

62 LDA  CO0 YOO RO1  CND7 MULTI D-H & H.T. OF FO0B

63 ADD COO0 YOO RO2 CNDS6
654 ADD CO00 YOO RO3 CND5
65 ADD COO0 YOO RO4 CND4
66 ADD CO0 YOO ROB CND3
67 ADD COO0 YOO ROB CND2
68 ADD COO0 YOO RO7 CND1
69 ADD CO0 VYOO R0O8 CNDO
70 LDA  CO1 €00 ROO NOP
71 SUB CO01 CO01  LO1  NOP
72 LDA DAR F06 RO0O NOP

73 LDA C00 C01 ROO CNDS TREAT SIGN OF THE MULTI

T4 LDA YOO FO04 ROO NOP 4TH BLK BEGIN

75 SUB  Y0OOQ F08 ROO NOP

76 ABS DOO EOB ROD NOP TAKES ABSOLUTE VAL OF EO06
77 LDA  DAR DOO ROO NOP

78 XO0R DOO DOO ROO NOP CLEAR DOO FOR MEW CALCUL
79 LDA  DOO YOO RO1 CND7 MULTI 2ND D-H & INPUT(EQS)

80 ADD DOO YOO RO2 CNDS
81 ADD DOO YOO ROZ3 CNDS5
82 ADD DOO YOO RO4 CND4
83 ADD DOO YO0 RO5 CND3
84 ADD D00 VYOO RO6 CND2
85 ADD DOO YOO RO7 CND1

Figure 3-12 {(continued)
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86 ADD DOO YOO RO8 CNDO
87 LDA D01 DOO ROO NOP TREAT SIGN
g8 SUB  DO1  DO1 LO1  NOP
89 L.LDA  DAR EO08 ROO NOP

90 LDA DOO D01 ROO CNDS D00 HAS RESULT OF 4TH BLK
91 SUB  COC  DOO  ROO  NOP 5TH BLK BEGIN
92 XOR DOO DOO ROO NOP CLEAR DOO FOR MNEW DATA

93 SUB DOO C00 RO3 NOP

94 SUB DOO C0O0 RO4 NOP

95 SUB DOC CO00 ROB NOP

96 SUB DOO CO0 RO8 NOP

97 3UB DOO C00 ROS NOP

98 SUB D00 CO0O0 R11 NOP

99 sus  DOO CO00 R13 NOP )
100 LDA  DAR DOO ROOQ NOP DAR CONTAINS RESULT TO BE OUT
101 LDA  EO08 EO7 ROOQ NOP SHIFT SAMPLES
102 LDA EO7 E06 ROO NOP

103 LDA EO8 EO05 ROO NOP

104 LDA EOQ5 E0O4 ROO  NOP

105 LDA. EO04 EO3 ROO NOP

106 LDA EO03 EO02 ROOQ NOP

107 LDA EO2 EO0O1 ROO NOP

108 LDA EOQ1 EO0O0 ROO NOP

109 LDA F08 F07 ROO NOP

110 LDA FO07 FO08 ROO NOP

111 LDA F08 FO05 ROO NOP

112 LDA FOS5 F04 ROO NOP

113 LDA FQ04 FO03 ROO NOP

114 CND2

1158 ouT2 PORT 2 IS DUMMY PORT

116 ouT2

1 ouTo OUTPUT TO PORT 0 TWO TIMES
118 ouTo

118 NOP PSEUDO-INST FOR TIMING

120 EOP END OF PROGRAM

121 NOP

122 NOP

123 NOP RETURN TO 0; LOOP FINISH

Figure 3-12 (continued)



CHAPTER IV

DETECTOR PERFORMANCE

4.1 Introduction

The actual response of the detector was measured
under steady-state conditions, the result of which are
shown 1in Figure 4-1. Compared with the theoretical
regspnonse shown in Figure 3-~5( which 1is optimized ), the
two curves were found to be almost identical.

As predicted by the fold-over property of sampled
systems, the detector output was found to have a mirror
image( shown in Figure 4-2 ) for the freguencies
immediately above the Nyquist frequency( i.e., 5,000 to
10,000 Hz ), where the Nuguist fredquency is half of the
sampling frequency(Réf. 1). From the sampling frequency of
10,000 Hz and +9ts multiples, the detector response s
repeating ts baseband outputs, while an inverted baseband
response occurs Just below each of these fregquencies.

Recalling that the sampling frequency fis based on the
modulation frequency bandwidth and not the carrier, a
frequency translation may also be incorporated into the
detector, as shown in Figure 4-2, as long as the +input
sampling circuits give a reasonable response.

The actual performance of the detector was observed
using modulated input waves under both narrow and wide-
band conditions. Also an evaluatioen of the detector under

sinusoidal and noise interference conditions was dore.
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Detector Performance
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Figure 4-1. Actual Response of the detector
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4.2 Narrow-Band Performance

An FM modulated signal source was derived from a
voltage controlled oscillater ( VCO ), which was modulated
by a waveform generator. Adjusting the modulation +index by
controlling the output voltage and modulation frequency of
the waveform generator, the input signal was narrow-band
FM. The modulation frequency was selected as 1000 Hz

Figure 4-3 represents the waveform of the detector
input terminal. The output waveforms of the detector for
the nharrow-band response iz shown in Figure 4-4, where the
upper curves represent the modulation gignal while the
Tower curves represent the output of the detector prior to

the LPF.

4.2 Wide—~Band Performance

In order to test the wide-band performance of the new
detector, the modulation +index was increased but with the
proviso that the modulated signal band-width remains
within the detector's operating range. If»the modulation
index increased too much, the detector output is no longer
Tinear with the input modulation signal due to the fold-
over characteristics of the detector. The modulation
signal frequency for the test was 100 Hz (that may have 10
side-bands within its operating range) for all waveforms

of sine-wave, triangular-wave and sgquare-wave.
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Figure 4—-3. Detector Input Wave-Form
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a) Detector Output for Rectangular-wWave

b) Detector Output for Triangular-ilave

Figure 4—-4. The Detector Response for Narrow-Band
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c) Detector CQutput for Sine-Wave

- The output waveforms for the above three cases are
almost ddentical, which means that the FM signal
bandwidth is Timited and then have no harmonics
for the modulation signal except the fundamental

freguency .

Figure 4-4. Detector Responsz for Narrow-2and FM

(Continuesd)
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The performance s essentially tdidentical to that of the
narrow-band case.

By comparing the phases of the two waveforms shown in
Figure 4-5, one from modulation sdignal anothsr from
detector ocutput, the system delay was measured, and that a
total delay of approximately 0.7 ms was observed.

This delays occur mainly from the FIR implementation
by 6 de?ayg of the sampling period and from the Program
Realization by about one delay( which may be observed from
Figure 3-12 where the execution time difference between an
input and an output is almost one period). Figure 4-5
shows system delay and Figure 4-6 shows wide-band detsctor

responses for the various modulation wave-forms.

References - Chapter 4.
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- The scale of the osciloscope iz 1 mssc/div.

~ The picture shows that about 0.7 msec of

system delay and 0.3 msec of rising time

Figure 4-5. Detector Response for System Delay
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a) Sine-Wave Response

b) Triangular-Wave response

figure 4-6. Detector Responses of Wide-Band FM
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c) Rectangular-Wave Response

Figure 4-6. Detector Response of Wide-Band FM

(Continued)
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CONCLU®STIONS

We have described the detector of Figure 1-6, which
is dinherently of Tow delay, excellent sensitivity, wide
bandwidth, extremely linear, and ease of digital
implementation. The low delay was obtained through the use
of 1) networks having zero group delay, and 2) an RF
cancellation technigque for the carrier.

The theoretical performance of the detector obtained
by Klapper, Kratt, and Tarbell was analyzed for the
modulated input signals, unmodulated interference
carriers, and narrow-band noises (CHAPTER 2). For
interference signal lTevels approaching the desired signal
Tevel, the new detector has shown to offer a considerable
improvement over the conventional limiter-discriminator
detector. The noise performance was shown to be comparable
to the conventional detector when it operates well above
the threshold level. However, the threshold point had no
improvement. These results were also comparsd with the
other versions of Klapper-Kratt detectors, which showed
improved performance in the arsas of linearity, noise and
threshold.

The digital implementation of the new detector was
realized using FIR digital signal processing methods. And

the results were then optimized for linearity.
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Based on these results, the detector was realized
using the digital signal processor INTEL-2920.

This means a laboratory model FM detector whose
characteristics were comparable to the conventional
Timiter~discriminator FM detector when it operates wel]
above the threshold region, was realized using only a
single-chip D8P without ‘introducing limiter and LPF for
noise reduction and eliminating RF frequency. From the
property of the INTEL-2920 DSP chip, which can handle’
digital output as well as analog output, the new FM
detector may be useful for some other applications, for
example, a low bit rate binary FM detector.

Referring to Kratt (Ref. 2), the performances of the
two cases were observed and compared, which showed that
the two systems had almost {didentical properties except the

speed of the two systems.
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