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_ are shown to compare

’ Filters. (BTF's) 18 the. su,bJect of this thesis. -

XChannel per Camrier re~modulation filber

’ .
\ .;“ | :\“
L ABSTRACT S | L | L
-\R DE cnxs'romao a
TRANSV%RSAL FILTER DESTGN D "

'APPLICATION\IN SATELLITE COMMU&%CAT16N$

In narrow-band digitq&;ccmmuhicatigns’systems, it 1s

‘ sssenxiél to genefste precisely Shaped-pulses‘in order to avoid

icisrsymbol interfeqpnce. 'ThiS’caﬁjbe acccmplishcd cy the use
of filters satisfying-Nyquist criterions.‘ Howevsr? durrsnt‘
Nyquist type analog filters are difficult tp'syntpcsise and
to-implemeht An alﬁernative solution.to this problem found 1A°-

a class of Transversal Filters (TF's) called Binary Transversal '

3 ] *
. $1imulation. studies on. the BTF's ene gy ratio performance, -

discrete eye diagram, power spectrumydensity d filter's coer-

'ficient sqpsinivity~axe smployed to demonstrat the practicality

. \\
. " and limitations of such filters. The incFEEEE“in“enerfy_natio
'performance of a BTP followed by an analog low pass filter is \

also evaluated .
N
- .

o e’

, {‘ ' The design and evaluation of a BYF for the. Single
is undertaken. " The

'BTF constructed eons; sted of COS/MOS shift registers, arweighting

resistors network andi a summing amplifier, The practical results

avourable with tbe theoretical expectations
N
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‘ 1 1 Princigle of Dlgital Communicatiogt\\\\

Binary Transversal Filters are a comparatively

recgnt development in,Transversal Filter theory These - ¢
. can be more eeonomioally constructed for use in digitﬁl
tranemiv 1on systems than ‘can tnelr analog counterparts and,
as a result tnere exists much interest in their development
This thesis will carry out the design and 1mp1ementation of” #fh\\‘

.. 'Binary Transversal F11Cer and will 1nvestigate the practi-

- cality of its use in digital transmission.

To begin our introduction to the Binary Trans-

versal Filter, it 1is worthwhile to review some ‘of the basie
1deas governing the digital communieation field - The.three
e§sent1a1 building blocks, required in establishing a communi-

cation system, are shown in flgure 1.1.1.

ﬁ

-
."‘4,

. e Input _ logaNSMITTER|—|CHANNEL |— RECEIVER |—wQutRUt

'Plgure 1.1.1: Basic Communication Model

" " 'iIn digital communication;\the information’ input to -

_ the firstof these blocks ' ( the tra.nsmitter ) is repreeented by ‘

ey o nits This term 1s coined from the contraction of the wOrds
Binafy:and Digits and implies signals consisting of two levels

only. Another term often encountered is the “Baud“, which
.0 v . )

|




el
.

which characterize the performance of a system, whereas in

4represents'the unit of‘signaling Sgeed,‘or the 'number of

symbols transmitted per second If\the format‘of the trans-

mitted symbols 1s tinary then bits an: bauds‘are equivaient.

At present binary digits are generatew by manj types of equip- *°°
ment The telegraph is the oldest on‘. The‘teletyped&iter,f )
which encodes alphanumeric characters int; bits, the‘digital‘ _il
computer with its peripherals and terminal~3and analog 31gnals |
encoded into bits by means of Pulse dode Mo-* ation (PCM)

or Delta Modulation are other binary sources.\' . :j "— .i:

The bits generateq by the 'data soure s ape trans-

formed by the transmitter into electrical wavef rms which are

more approplirate for transmission through the ch ei; The o

!l?¥

channel is the physical liaison interconnecting the receiver
N

to the transmitter. It may consist of a simplehpair of”dires
as in telephone circuits or coaxial cable, microwave

radio links, satellite transponders and other sophisticated
carrier systems. The channel distorts attenuates and
introduces various types of noise into the transmitted informa-
" tion.  The. receiver at the other end must reestablish the\f _
transmitted information from the output ‘of this ¢hannel. r; ‘ -
,unfortunately, due to channel impairments, some of the received _—

I‘\

bits are unrecognizable; arid errors are introduced

N *

In analog commnnications there are many parameters

4 [N . e
- . A B R N ” N
. ot




gital communications the main decisional parameter is the ‘

4

Bit rror Rate (BER), or Probability of Error P(e)

This Bit Error Rate has been defined by the International R - fi

. Telecommunication Union [34] as the ratid of the number of

bits incorrectly received tg the total number of bité i Y D E¥

transmitted
' t
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1.2 Power Spectrum Density of Random Binagy‘Pulses and the*

_gquist Filter. ‘ ) . .
. / In digital transmission systems, the data source
}
genen@tes random sequences of bits. Each bit, in synchro-

nous/communication, has  a tlme slot of T-sec allocated for

(,/r‘\\\ 1ts/transmission A one 1is usually répreéenﬁeq by a square’
‘ puise of amplitude A and duration ansec while the absence of

a pulse denotes a zero. o Co : . -t

If the pulse of t_-sec (Figure 1 2 1) 1s equal to

b

the bit interval T-sec, then such signal 18 called Non_Return
4

LN

Y to Zero (NRZ)i[lé, P. 27}.

l 1] o | o b1 [ . r o//L,lk ‘ 1| 15

ted |

ol ele]r]r

Figure)l.QLl“Q*Non Return to Zero Tyﬁé’?ulses '

If the,pulse duration t (Figure 1.2.2) is iess

—~tm

_ than the bit interval T, then the signal 1s referred as
Return to Zero fnz} [12 p. 27].

| "“‘I o| oo
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-~

The duty factor or duration eycle of an RZ signal is

« \

derined [12] by. the ratio of the pulse width (tp) to the vit
1nterval (T) Usually, RZ type pulses have a 50% duty cycle -

o,
R

§ . ‘ \(figure 1. 2.2).

The Power Spectrum Density of random sequences of

RZ, NRZ and -various other binary formats ar )
\Bennet [12, ch. 19]. In his study he has shown that thé RZ
pulses have a broader spectrum when compared with the NRZ
ones, and require, for 1dentical bit rates,‘argreater baud-
width, For~this reason, they.are seldom used in'ddgital
'transmission and’ they will not be considered ‘here, .

The Power Spectrum of the an-pulses given in -

] o ‘//Llé%}iS: | o - | g ;
R o oy AT [sin(rem)]? T
.. . . Lo l, “‘.-

“where A and T are the ‘pulse - amplitude and ‘the bit interval

i .: res peabixely

Figure 12. 3 represents: on a logarithmic 5&5‘1& Y

N

{lo loglo(G(f)/GQO))} ‘the ‘measured Power . Spectrum of NRZ random

l.signals Unfortunately, we notice that due to the relatively N

"slowly decaying lobes of -the function G(f), the bendwidth
required to transmit such signals undistorted is still

% ' © extended. However, by passing the NRZ data through a Nyquist .
g L Filter~{12, Ch. 5] it %s possible to reduce the required- :
N T :
. (]
5 N L Lo .
‘:,g \\ . J,‘b ' -
3 -
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‘samples;caused_by the time dispersion of the other symbols.‘

_ 1ow pass. filter is depicted in figure l 2.4

N
. 4 . -
' ~ L AW
4\, - . » .
. ~
." . ~
| .
£ .

i

bandwidth to acceptable limits.

" , ‘Fundamental to the understanding of the Nyquist
Filter 1s the concept of intersymbol interference (ISI)
Intersymbol interference is one of the posgible system
impairements due to the waveform distortion of .the transmitted
pulses, In this process the pulses get dispersed in time,
occupying more then & single time slot of T-sét. Dependipg

on\the degree-of dispersion,;the receiver may 'no longer dis-~

tinguish some of the transmitted symbols and in congequence
e

errors are introduced. An elementary digital receiver for

a noiseless channel would consist egsentially of a sampling
1 '(‘ .\ .
device which would sample the incoming signal at regularly |

spaced intervals of T—sec. The ;ntersymbol interference is
\,

a measure of the degradation in the amplitude of thefe agkrived ' ‘Kfl

. - -
Nyquist has shown that a maximum of 1/T symbols per second can

be transmitted through an ideal low pass filter having a cut
off frequency of (2T) -1 . Hz, éitﬂput intersymbol iﬂterferenge.
This frequency of (2T) - Hz 13 also known as Nyquist

frequency abbreviated fN' 'The transfer runction of an ideal

L€y T <%-m§1uf)

(a) . : '

| 1/21-  1/T R PR V7S SV, .
" Flgure 1.2.4‘—‘ Ideal Nyquist Filter; a - Attendation,nb - Phase

i dﬂp__
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Nyquist Filters, the minimum IsI feature of ldeal filters 1s

‘and a transfer function-ha?ing an odd amplitude cmaracteristid*

'About (21)=} - Hz. For this fiIter as for the Ideal Nyquist

.. practice, 1s the raised cosine‘filter. Its frequency

. characteristic'is given by [25, ch. 4].

X, ’ ) "'?1-81!1 _\:_I'_( —l) ' H _1_<l"aj$f$_l__(l*a) . . .
: .12l - le\ 2Ty . or i SR

—where a represents the bandwidth used fn excess of the

ttheoretical minimum Nyquist Bandwidth, and T, the symbol

Y = ‘ oo
- , \ .

~

! 3 Unfortunately, due to amplitude discontinuities at .
(1)t - Hz (19, ch. 2], this filter is not realizable, but:.
can only be approximated. Howeverﬁ“By employing equivalent

VAP s
retained ot

. N . , ) . .“.
Equivalent Nyqalst filters have a gradual roll-off
- L]

and are 'a comblnation of the Ideal Fiiterrtransferrfunction'7

L}

Filter, phase linearity exl ts. A class of Nyquist rilters

of this type but relatively simple to approximate 1n P

- ~
-

A

. . - ” & - LI
o . . . ' 9 . : ‘ .
T Ay °‘r§§$‘1’?) -

Hey - R -

e R 4

. ™
N .
L

2

interval o S ‘ s
X Figure 1. 2 5 represents the filter transfer function
IH(f)I and- the associated impulse response. L B

Observing in rigure 1u2 S-a, the riltgr's transfer

function we - notice that: !




/.- 1). a lies betweén 0 and 1.
_ ii)_‘ghe 1deal~quuist filter is represented by a=0.
o - 111) As much as twice the NyguiSt bandwidth -is required\

-

for a=],

v
i

'Siﬁce o represents tPe filter ioll-off about the

;\' Nyquist frequency, 1t 1s” common to- express thiseparameter in Les

‘ percent Thus 50% roll—off is equivalent to 5 excess Nyquist
bandwidth, or a=.5. Observing in figure 1 2 S-b - tne filter
'impulse response - it is important to notice that, gx the time

R - origin, the waveform amplitude is maximum and, independently

ki
()

. of the filter roll-off the reSponse crosses zero\‘dt
N regularly spaced T-sec intervals. As a result, no inter—\ !

ymbol interference exists at these time'instant&

3 . - - L
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L, 13 “implementation of 'quiiralent Nyquist Filters

G - Previously, we have seen that the filter .employed to
*'jf band limit the spectrum of avbinary signal should have .an

} ?3 ‘ equivalent Nyquist type response in order to minimize the ; .

oy intersymbol interference. With presently known filter |
techniques, both passive and aetive analog and,mgre recently,
Binary Transversal Filters are practical and économical o

K ':_, H\ Nyquist type filters which may. be useg in digital transmission '; .

‘ ' systems. When,we consider that, at present/rfilters alone might

® ;epresent '30% of the tota cost of communieations equipment -

. it is apparent that great savings can be nealized by developing

'\l

S oa. filter which can achieve acceptagle performance at a low -

L]

cost. —Transversal Filters appear~to achieve this goal in
a . N - , . ‘ .
digital communication systems. ‘ AN

l . Using}conventional frequency domain syntnesis tecn—

-

. . niques, it is possible to realﬂz analog filters having

T excellent band limiting properties, but usually such filters »

; , are not appropriate for data transmission purposes due to their }
poor 1ntersymbol interference perrormance ) However, Spauldin&‘ | .
[24] using 7th and '11th order filter: transfer functions' was °

A
" “ aple to achieve almost Nyquist pulses. In his development

vthe magnitude of the filter‘ frequency response was approxi-. Do

mated’ by carefully positioning the zercs of the network transfer

[

function while the transfer function poles were optnnized

with a computer to achieve ‘almost Nyquist pulses. The final




‘the following advantages.

filter was implemelted by active filtering teehniques ana

suceessful results were reported. Tﬁls filter is. however

relatively costly., f\ ':7’ L o . PR
| The second filger's design choice, which is- galming

wide popularity, utilizes a class of Transversal Filters

(TF's). [2] 6], [19] called Binary Transversal Filters _
.(BTF's) [1], [&]% [8], [26] The reasons for. this popularity

- Tie in the fact that BTF's ‘¢an easily be implemented in

practice without encountering stability prcblems [19] This

filter can be\realized using\mainly digital integrated circuits

~ (Shift Registers), welghting resistors and a“ summing operational'n

amplirier. Stability is assured as these filters do not have

'any feedback path - the main source of instabildtles. .Inl

addition to these factors, the Binary Transversal Filter has

'
T

1) 'Because of the digital circuitry employed they
are usually self-adaptive to a wide range of data
'\/ - bit rates. Analog ri§ters,;by3contrast 'have
optimum performances at a single data rate. » ‘
-il) BTF's in general do not require element trlmming,
o and in most’ situations standard 1% resistors are
~sufficient . P SR
In fact the only disadvantage ‘of BTT's lies in ~
the fact that they are limited to synchronous binary pulses,

whereas* analog filters\can accept almoat_any sort of waveform.

= I

/).

)
&
o>
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. .
When we consider all these advantages, we

immediately conclude that Binary Transversal Filters are. the

.. best choice for application in binary data transmdssion.

P~

The following chapters will investigate in detail )
by means of computer simulations and practical realization, the
applicability of such filters when - employed in digital
* transmission systems To begin, the second chapter gives the
Transversal Filter fundamentals and analyses two~methods of
Transversal Filter Synthesis. ‘ ‘

(]

Following this; in chapter three, Muelleris method

- aof Transversal Filter synthesis [8] is revieWed in detail,

this being the best me thod for data transmission. An analysis
of the in to «ut of band. energy ratio obtained using Mueller s
coefficients and a simulated eye pattern of the signal at the
output of the BTF. -are developed In section 3.4- a studykg?
the sensitivity o“\the energy ratio to changes in the |
coefficients is given and in section 3.5 the BTF power
spectrum density is obtained by computer simulation. Finally,l

chapter 3 concludes. with a study of the energ% ratio performr

ance of the BTF when followed by a simple low pass filter .
(LPR). ‘

L

Chapter h begins with the design-of a hybrid BTF -

a BTF followed by a. simple LPF « intended for use as a pre-

modulation filter in the Single Channel per Carrier (SCPC)

_[28]:system.‘ A section of.this chapter describes the.test

N .
‘a .
«‘ i
\ . R X
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results .oblta_ixiedl from the Binary Transversal Filter. .

’ \ ' t » “ . . . . . . . .
. . The Blnary Tr‘ang.versal Filter developed here w’as'
able to mee't' all scp_t: s*pe%;\.‘fications a't_' a lower cost. ,'chhn
analog type filters. 'RCA Limited intends to employ this
filter in, the1® SCPC thin route satellite ‘communication .’
. . . \ ) N ) . ‘ - .
. , - systems ¢ S . ~ )
\’/’ > . B . '
. : A -
. ) } -
;‘ ' -l . . N
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A SURVEY.OF TRANSVERSAL FILTERS SYNTHESIS METHODS

.
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2.1 Transversal Filter Fundamentals

&» ot : .o . ':*” "
. L

This chapter will cover the principle of operation A i ;u.' L
\a I S
. of the Transversal Filter and also the Fourier Series method o ; Y @

of synthesis for\such filters. The principle'of‘Operation
déscribed here was originally given‘by‘Ledtﬁold [1], and his
derivation is followed as it begins at the convolution o v ] fl;’:nff

-, %
* \
integral -.a tool which i3 extensively utilized in controls,

w2

networks and communication. Consider the. linear passive time

Co invariant network (LPTI) repres@nted by t1g. 2.1.1. N~ LN

$

. . , . oL e S ) y
. . WNBUT x(t) . () y(¢) =~  OUTPUT
ﬁ B Rauiues B . .
- ' ’ N o \ ! C . l o
Figure 2.1.l-Linear. Passive Time Invariant Network® '
. . N . . [T . - . i -«
; . In the time domain the'output“y(t).c&n Be(enbressed

- in terms of the network input signal x(t) by means of tne
convolution integral [4, p. Wle}; given by:

® ' “ ‘ P J .
y(t) - h(T) x(t-r) ar L (2.1.1)

ot . . -0

-

where h(t) is ‘the network impulse response. . '~ -

. An electrical network having a specified impulse
© resporise h(t} can in most cases be synthetized using conven~
tional techniques, i.e. active or passive filter design [7] : i»
Equation 2 1. l could be implemented direcﬁly in the
time domain-if 1t would be possible to realize the device

1 : C N,
’ !




T - Tmo0 * T

" T Continuous Delay Line » K
' "m'”

*—ww—— Taps
regularly spaced
by an

. . . - i . Infinitesimal
, ‘ T - - - — . distance dt .

P -
ting Function

~ ContInuous We

— vany  waien
‘.

_ y(t) _
Figure,2‘.l.2-A-ihdde_1 for the convolution integrai

“

‘ ' The input signal. x(t) 1s delayed by & del%y line
infinite in length and continuously tapped. The delayed

s | signal generated at the output of each nhypothetical tap 1is
multiplied by the weighting functicn h(r) Finally, the o ¢
output y(t) s obtained summing the\delayed and .weighted |
signals through the entire 1ength of the line. \.

A device capable of performing such operation 1is
called an Ideal ‘Transversal Filter (I’I’F) ‘The term Transversai
‘Filter was introduced by H. E. "Kallman in 19“9“[6] ‘

‘ ~The major characteristic of the’ ITF. is that the
input signa.l x(t) propagates through the deleying device
mithout being deformed, with the. output y(t) berng obtained
_ ‘ by processing the signal x(t) in,the sense: "Transversal" to
‘?’ that of propagation. A con\rentional rilter by constrast ‘ ’
will distort the signal. - . - .




‘ ‘ Practical TF are limited by two major r‘est‘riction’e:
1) The dela} line is not infinite in length.
* 'ii) Only past values of the input x(t) are 5no‘m
The consequences to these restrictions are:
"1) The impulse response h(r) has to be truncated at
L1 - zd. . N '
i1) A time delay "a" 1s present" at»\tl}e output yft).
e To clarify the consequence to.the eean&restrigtion
, ‘assume'a truncat‘edl impuls‘e' respoﬁse h(t) of the- form:

a
\

, - " . c, . ..
h(t) = sine(t) = sin(t) For -5 t 5 a
(2.1.2) ,

n(t) = 0 | . Elsewhere

.o Also assume’ tﬁat the network is excited by .a Dirac
~ type impulse 5(t). Replacing 2.1.2 into 2 1.1 and x(t) by
§(t), we obtain. the output- . '
. . ,
)= 12 stnce)
y(t) = [ sin(t
-a' "t

D 8(ENT) d}c
\ .,

By definition the impulse - G(t) exists only at t - 0
Hence, the maximum of, y(t) 1s attained" at t = 0, which implies
that the leadihg tatl of the function sinc(t) has preceeded
the impulse §(t) by a time interval "a". Y \
If we now consider a. real Transversal Filter, then
the maximum of y(t) is reached at t =a 1ndicat:in8 that the.
(R

N .




output 1s deliyed with respect to the input L '\\ f‘g‘?

In order to represent these practioal restrictions\,‘

»

equation 2.1.1 has been modified: '

y(t)= [ hit) x(t'=1) &t : .oy (2.1.3)
| -a . . | oo

P

However, equation 2.1. 3 still cannot be realized in
practice becayse it ‘is difficult to obtain continuously tapped
delay 1lines [ 10] The practical model which best approximates .
the continuously tapped dely line is one tapped at fixed " ‘
intervals npn, Using this concept the f‘inal structure of the | ‘,:
TF is obtained a.nd is shown in figure 2. l 3.

2 oDl - = D]y - - - lDE DL

‘xﬁ'n Ax.c-m-a X Co . ‘x“n-t x\‘u

70 N N SN

Figure‘z.l.‘3-'-'I‘ransversal-F1‘lter St‘ructure ' S T e :

Equation 2 1. 3 is further modified to better represent ‘
.the rinal structure of the 'I'F and. the integral is replaced '

%

by a discrete sum: N -

"y(t) = £ D h(iD) - x(t'-1iD), nD =a (2.1.4)




. S | The repilacement‘of 'che integral- by a disci'"ete sum-
. 1ntroducoes an addi‘t:ional errcr, 1nverse1y prop{nrtional to the-
total number of summation ter:ﬂs (2n+1) Since the 1mpulse :
response 1s truncated at ta, the error is also directly related'
to the delay D.. ' An extensive study\ on this approximation enrqrﬁ
was given by Veslcker [ll] ' .
‘ Continuing with Leuthold's approach, the impulse L
response h(t) degenerates into a set of discrete welghting |

coefficfents. ‘ . Ca

-

* ' N . ' I.‘ . " N
. . epmDhn(n) - (2.1.5):

The final equapibn for the TF is obtained:

*
. ¢

v [ .
] ) v o n. . ' ‘
! . : : o o¥() = £ e, x(t'-1D). . (27T06)
S S fmn L T NS
The .impulse response of this filter is glven by: , L !
. 7 >
' n A ) , ) . ' )
, h(t) = ¢ ey §(tt-1iD) L~ (2.1.7) .
. ' . o . i {men ) ‘ Co . - . M
| S Substituting in 2.1. 7 t! b} t-a and taking the =
: ' \
WI‘ transform, the frequency response of the TF is obtained; .
i ' ] . i +
! n o 1 .
H(o) = ™398 3 o gwD - (218
‘ 1-'4-“ ‘ N . .\ ‘
\ (e \“

-
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Splitting H(w) into the real and imaginary oargs, we obtain:

CH(u) =A@+ JBW) . (2.1.9)
Eipand;ng A(w) and Bfm) in ?ourier‘sebies: /i .j. .. <
Alw) = a + 2 Z a, cos(iwD) + o {2.1.10)
. ‘ i.]& :.j. k3 v, .

B(w) = 2 I by sin(iwD) Do (2.1.11)
- v =l _ ' o

Expanding equation 2.1. 8b into a cosine and a sine.
series, rearranging the terms and then comparing with equations

2. L. 10 and 2.1, 11 it can be shown that the coefficlents a,
and b, are related to the_coeff;cients ¢, in the following ..

" manner: S P

W ‘
: 22
: The term e"'j“'a fepresents a'constant deley which
.y can, 1n,most cases, be, compensated for at the recelver end
Hence this term will be neglected %2 this study, therefore.
) ) I n . ¢ 1D " ’ '_ ' . -
Hw) = & o, e™d¥iD (2.1.8b)

P Sy Sl S = ey ey) |
' (2.1.12)
cy =38 *by ; by =idlel, ~c,) |

W . '.. ' - . .‘ - R . S !

o
e




In generai the tranéfer functdon H(m) is complex.‘

It becomes real if the coefficients b, are set to zero i.e.,

i

e i, or imaginary 1f the a 's are. set to zero 1 e.,

-1
c

i
In the first case the filter is said=to have

--c

o N A
absolute linear phase because the only delay existent is.

introduced by the term. exp (-Jma) which is linear with fre-

~

quency. Gn the second case the rea; terms disappear and a

frequency independent 90° phase shift is obtained ' .

R P Y VS

Assuming that A(w) and B(w) are some given functions

that we wish to approximate then, from equations 2.1. 10, 2. 1 11
and 2.1. 12, it is not difficult to recognize that the coefficients

.3, and b{ are the Fourier series coefficients o{ﬁsgggdgunehions. g

w2 ~

a, Q:EL f P A(w)-cos(iwD) dw ©(2.1.13) .
I T T | R
‘@ /2 . R
hi'- 2 [ B{w) sin(imD) dw o (2.1.14)

w, 1s the‘periodicity of the function_H(ui and 18

_givgg;by the reciprocal of the time delay "D". N

@y = : . (2.1.15)
. s] o S o ‘ .
i N 1
The functions A(w) and B(m) ‘have to be Specified in
Uhe interval 05w s wp/2 The Fourier sums A(w) and B(w)

will oonverge to A(m) ~and B(m) respectively if these functions

»
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. where G(m) is the weighting funetion used in the least square

method Just described also. known as Fourier series methdd {2).

1s the simplest method for transversal.filter synthesis. ,'_

2.2 The Least Squares Method of TF Synthesis

A transversal filters and the Fourier Series method of synthesis

'and the actual filter transfer function H(w) is minimum in the .

Thé error E 1s defined by: : ,V " e
[ . . a * !
to * & 'mp/2 .
" E - E(c n,...,c ,...,c ) - I ]H(m) - H(u)lz G(u) du. .
° ) ' ' (2:2. 1)«~

" technique. . . o . S - D ’ —

A

0

8fy the strong Dirichlet conditions [3, P 687]i The

The summary of this method 1s:
1) Split the speciried function H(m) into the rgg;
and imaginary parts A(m) and B(m) ‘
i11) Using relations 2 1,13 and 2 l 1u obtain the
| , coerficients a, and by. -
~'iii)' Obtain the coerficients ci'by sunstituting ai'and ‘
Cowpmaaldd

o

In the previous section, the fundamentals of

were studied. In this section, a method of . TF synthesis

proposed by A. Vincent Carrefour et. al. (5] is introduced.

©

The TF coefficients "ci" obtained using this method -are such’

that the error "E" between“the specified transfen function H(w)

least square sense

.




P,

\ ' S L
This function is positive, even, and of the same

: periodicity‘as ﬁ(m). We assume that g(t) - %he-idverse Fourier
' transform of Glw) - exists.i To simplify the maﬁhematinai

a derivations, the transfer funetion H(w) will be expressed

in the expdnential form

[

U R =R@) @ T T a.9)

S R(w) = (A2(w) + B2} - (2203

" . R fw).s BH@D® 2.

and ~ B L D
. Fw) = tanh [B@)] ' "‘(q‘z‘-,_z )
° Alw) ‘

ﬁn

:.Returﬁing to equation 2.2.1, this can be expended

\-

-
‘into: . .
w. /2 . £ . " .
E = f °p {H(m)H'(m)+H(w)H'(m) [H(m)H(m)+H*(w)H(m)]} G (w) du
' Y (2.2, 5)
where the. asterisk (’) 1ndicates complex eonJugate.
-—-~ The first step towards minimizing the error E will
be to tgke the partial derivative of E with respect to the
coefficlents ci : o e AP
| w_/2 o | |
. 3E = I “p' {H*(w)aﬁ(w)+H(w)3H’(m) [H(m) H'(mzsﬁ*(m) Hgm)]} G(w) du .
3e, T ac g
L 1 2%y " .
.~ . o . ; v, - N . ) ' ‘.". N \
K , o S Ce \ﬁ2.2:6)‘



" ~ ~ v
. ' . R

T

! ‘ ~\Taking the partial derivative of 2 1 8b with rgspect

)
«

to ci’ we ‘obtain: ' . - _ ) : .
L T .
) ‘ . * . . ) \\ x«
o .agiﬁlf“e-dmin SER (2.2.7a)
‘ S TV Lo R
and ~ ) 10 . - a
e ) =90 L T (2i2.m)
- - 3ci N - o - .. O"

Substituting 2.2.7 and 2.2, 2 1nto g 2. 6 this

equation ‘car be rewritten- 0,

mp/z n- ej(.\l).(k‘i)ﬁ . e-im(k-i)D] : - , .‘l( ) \“‘
e N | (228)
- R [ 0P W)) 4 (=3 (1D29(w)) '] st S»

.:,:- . ¢ o .

i

‘. 7. Using Eulers identities, equation 2.2.8 takes the

form: ) 3 e e oL s
. . . "‘.;l:. . . L 1‘ R . .
e e = o ',4& - - id _//
Cae S

s p
L [ : cos[w(k—i)D G(d&ﬁdw
k"'-n o ‘ ) - ‘. ,/” ‘ :?,"

W /2 9 "R PO
h PN B TICRE : -
=2 { P R(u) com{wiDrg(w)] Glw) &0 . -

\

\ - - ‘ ' N
\ " The second stép in minimizing the error E is. to
“equalize the»parpial derivative to zero; thus_equation.z.a.Q’
: ’ ‘ - 9 0 - R ! s \ - N

R

‘becomes:

. ‘ T




; ‘ * ‘ ) \ - 27
,‘ - & ’ * S
6 - "’i ) ' [
; \ ‘ :
: n O w/2 - o
\ I ¢ 2 [P cos [w(k-1)D] G(w) dw e : ‘
9 k=-n - 0 AR J “ S
\ ‘ - 2 (2.2.10). »
,'° ' 3 2 [“plz R(w) cas[wiD*¢(w)] G(w) du. ’
» . .- S : -
: N ‘ e ' o ——— .——NH. 0 . ) . ) . . )
This eguation can be réprésented'iﬁ‘a/matrix'formﬂ
) N . . .
- ~ A LT -~ ‘L. ) T
Qc=b \\ v (2.2.11).
( . \\ . . ) (N LI
. - . ".‘ . ‘L' . .
where the elements of the matrix Q are given by:
mp/2 \.\ B i N , 2 .‘a .
Uy = | cos[w(k-1)D] G(w) dw~ ~ (2.2.12) .
0 : \ - . ‘ 'S
t - . ' - . -~ . *
o . the' coefficients ¢, are the elements of the vector c:
[ (4] - (c-h’.-3¢’c°,oc;’.cn) . ‘ N ‘ . . (2.2.13)
Ly ' o i ! PA L o o '
' ..and the elements of .the vector b are: .
. i : ‘ mp/z‘ ‘ . i ' ."* | ‘.'. .
. o by = £~ (W) cosuiD+¢(w)] G(w) de o (2.2:14)
Ca ., _J . B
. In order to obtain the. coefricients ¢, which
w < ' R
' : / minimize the error E we have to obtain che inverse of Q,
. ‘ this is then multiplied by the vector b
: | ‘ . . v oo N ‘ . o / - ! B “: . . .‘ "‘-' .
b s ' -

c=Q T . T (22.as):




e

o’

—

’
—

The inverse.of the matrix Q c&m be obtained using
] ‘\ . standard computer, subroutines, |
1 R Defensdng on the nature of the functions R(m), v
- ¢(w), and. G(f:‘:i\:) difficult to find a closed form solution
' ' for equations 2.2.12 and 2.2.14, In such cases numerical

integration is an effectivevtool.

4 N > -
N 8

2.3 Least Square Approximation when the Function H{w) is:
T .

aiveh by Points -

P In some occaslons the Q‘?nctions R(w) and '¢(o)\ are
known only at certain frequenciles “i throughout the interval‘
[o, W /2]. The usual approach to this problem uses a curve
o o fitting algorithm to obtain the coefficients of an’ orthogonal
| polynomial that approximates the functions B(m) and ¢(w)
individually. The leasﬁagauare method Just described is‘tmem
| aptlied obtaining the TF coetficients ci This method has

‘the disadvantage that two approximations are made to obtain

the coefficients, resulting in g larger error. . o
, A second apbroac ‘this problem was given orice i'

‘again by A. Vincent Carrefour et. al.: The functions R(®0) s
¢(w), and G(w) are deﬁined at m points in %he interval

.if; [O\‘,}mp/Z} | ’ .- | o ) . - ' o

[ 20




c-

g;veo:by'Mueller.described\in.the.naxttchapter i3 the m

.

el ' '
The me&an square~error (2 2.1) 1s expressed in the

.
W

discrete form: S

-~ . S '
N,
)

. m . oo B -
e~ 1 |H-H |?G S (2.3

‘Following the same reasoning as in the previous
section the elements of the matrix Q (2.2.2) are giveh by: -

N * ' m | .. - .' ) P

' Qg =2 ¢ cosfu(k-1)D} @, " (2.3.?)‘

| _ =0

IR

and the elements of the vector b are:

. - m S A
b, =2 I R, cod w1D+¢ G o (2.3.3)
: fmo - l 1 1 . .

Finally" following the previous section, the coefficients ey )
: . LA
are obtained. . - ' . L ﬁ;;

ot *

R . A, Vincent Carrefour has also derived a”method of

synthesis for the case when the phase ¢(w) 13 not<given. Qe

will not consider here this method for the following reasons.
3

‘In the first chapter we have seen that there are two main’

applications of Transversal Filters in digital transmitters"

"_1) To limit the power spectrum occupancy of binary
signals. ‘ . . ' |

11) Predistort the signei to comoeosate for thgpphese

distortion thtroduced hy the channel |

For the first applicationj'we will see that e method

st

R T




5 .

appropriate for tiis bﬁrpose.f For the second application
where -the 'phase 18 given; the method just described Lg_auit-'

able, °As a result, no other'mgéns\of synthesis_gre fequired,
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°'téchnique is the best among the methodS§*available at preSeﬁf.‘

o

3.1 Transversal Filter éynthesis using Mueller's Method

°

In the previous chapter, two methods of TF synthesis
have been introduced: Tne Fourie: Series Method and the‘leest R
squares method. B ‘ A., o g : Co0
- Many other methods can be round in the literature
on Digital Filters [9] where often "TF's" are: called Non

Recursive Digital Filters° . | SN

3

-’

The- first step in synthesizing a TF, using any of "
the known techniques, is tb specify the filter transfer - . A
function H(w). In data transmission, the equivalent Nyquist
type filter transfer function is frequently utilized although, |
some care must be taken to minimize the. Intersymbol Interference.\
T For' the specific problen of filtering binary pulses,
we will now introduce the method proposed by K. H. Mueller [8]
in his paper "A new approach to optimum pulse shaping in

sampled systems using time‘domain filtering . The advantages
in utilizing Mueller's technique are: |

1) The filter. transfer function does not have %o be
‘specified ' - |
.- ii)‘ The coefficients c1 are optimum in the .sense that
' tne transmitted energy in the excess Nyquist
%andwidtn is maximized _
iii) The Intersymbol interference is minimized _
O Considering all these advantages, 1t 1s.not difficult‘:'ﬁ'“
to recognize that for our particular»application, Mueller's

o \

g
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A description of this methoh will fellow. The impulse. response ,

of a Nyquist type TF. can be obtained using equation 2.1. 7 and
is. represented in figure 3.1. l ' ‘ ‘
. The TF coefficients ”ci" are the samples of the
. truncated impulse response of the ideal Nyquist filter: These, |
- samples are taken at equslly spaced time intervals D corre-
sponding to the delay between the TF's multipliers (See
figure 2. 1 3. ' . ) . o
Te°essuretminimem Intersymbel Interference -.thg
first 'Nyquist eriterion [12]»ste§es that the :ilter impulse’ ;~
'\reseonse h(t) presses the zero axis at:regularly\spaced’intervals -
of Tfsec,.except fer the central peak (fiéure 3.1.1); whepe&.' {\
~'T-sec 1s the baud ihterval. In section'z .1, we‘have seen /
that a TF® has linear phase or constant time delay if the
coefficients <y .have even symmetry. Based on these two
v

requirements and on the practical.limitations of a TF, a .

et of constraints on the coefficients c were established:

. . N i
—_ + ‘ . . ‘ . . "‘ ' R .\¢
¢, = max{‘ci} :(B.l.le) .
' ) , T o o
\ C|_i -ci : . | . ' ‘. - . ' . (3.1.1b)
. ey = 0. s fOr N ow 21,22,,..,3L o (3.1.1e)
¢, ‘=0  ,ifor |i] 2 KL L S (3.1.14d)

°

where K represents the number -of sampiesjper baud inteérval (T).
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/" To satisfy equation 3.1.1lc, K has to be an ‘integer

a

N ‘ and since D 'is the delay between the multipliens ci; then:
K-E Y K- 1,2,3,:“0‘ (30102)
~ ) D .‘ ) . ~

>

The symbol L in equations 3.1. l-c and -d represents

the number of lobes 1n\the\impulse response, and for conve-
nience the sampled impulse response has been @runcated at
an 1nteger number of lobes. (equation 3.,1.1d)

It is 1mportant‘to notice-that in data tfansmlésion‘

each lobe of the impulse response usually extends through -

exactly one baud interval i.e, T-sec¢c. This statement is not
true when a the excess Nyquist bandwidth exceeds 50% [20, ph 51].
Obvibusly, since the ' objective 1s to approach the Nyquist

]

frequency, usually o« is less, than 50%. _
 The TF transfer function’ H(w) given by: equation 2 l 8b can be e

expresséd in the !Qctor form: . ,“. S

& . . 5

 Bpa o e
, H)-=cz N ¢ 15 £ ))
.

-where ST has been defﬁned in 2 2. 13, and

- S o 41uD
z -'(z_n,;..,zo,...,zn),‘eltn z, =e 1w (3.1.4)

. .
Until now we have assumed that the samples at the

1

"} "output of the TFfare neprésented\iﬂ impulses. In praptice, it

4

v % ' ' - v . " a

)




13 quite difficult to obtain this type .of signal, and the

samples are as a result usually represented by pulses of .

-

,ﬁinite width.

Let's assume that W(ﬁ)‘the‘Fourier-transrorm_of

1

w(t) is a weigﬁtihg'fqution which converts impulses into

pulses or some other waveform. The complex spectrum at the
[N

' output of the filter is then given by:

3

-

Nz . . * ) R , ' .
S(w) = W) + H(w) o ~ <. (3.1.5)
© replacing H(w) by '3.1.3, we .obtain: oo \..3,6
- . N B ) ' i ) N
FO © o A - o
L S(w) = W(w) ¢’z - o (3.1.6)
- * * . \ .
. . . , . ’ ‘ )
and the power ‘spectrum.density is: B,
Lo - \ . )
T .. _
|S(m)|2 - IW(m)Iz cT zze (3'1'?)

W

where % 1s tﬁe complex conjugate of the transposed 2 vector.

\

Let E, be the energy of the function'w(t).. Then

using Parseval's theorem [3, p 850], we have: @

»
'

\’ r e

R w(t)z s L f @) (3.1.8)

W - . T =

N

!

The total energy at the TF. output is then.from \

Mueller: e .

Cey




E(@) =cT e B, - (3.1.9)
and “the energy below a frequencyﬁmo 1s: . “
. . 0)0 . ) AT A A .A - . .
E(u)m= 1 [ 7 jw(w)f*c” 2z cdo - . (3.1.10)

- .. As eeid at the beginning of thisrbhapten, our alm

L L .

maximize the energy in the excess Nyquist Bandwidth

’ chiev this goal, the freQuency w will represent the

0
excess Nyquist Bandwidth and we will define the normalized

energy ratio as: © ’ L e

-
w

\

o A =E(wo) = max- S (311
‘* (=) T

9
L

- . © \ /
Replacing equations 3 1, 9aand 3 1. 10 into’ 3 1. 11 "

and rearranging we obtain: . Y
=, . o ' ‘ o S
i / ‘

XcT“c - c?'{

-
b

f %o [W(w)|? ; % du} ¢

ZWE;.-wo

The product of the vectors z by Z generates a:
symmetric macrix._'Uéinglrelation_3.l.u, the elements of 6hisff
matrix are: S

.‘. zi ziz _‘e-Jwi(i"k)’D\ N ‘!;~ . . . f \(3.1.13)’\

5

where * means complex conjugate. - Co

.
N . N <, \
. “ . . .
- . . N
N . . <
. r . .

3
“
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-

’Equation\a.l.iz can be put,in a matrix form -
‘ . - ’ ' Al
. ‘ s |
o o ' AT e=crQ c . (3.1.14)

\ L] . M .,

and usingﬂ3 1. 13, the elements of the symmetric matrix Q

¥

are given by:

”

i

o Ty = 1[0 )2 emdeID g (3.1.15)°
: . ZW_EW-NO'G‘ ‘ - SR

- AN AN

Expanding the expdnential term into cos[m(i-k)D] =

A ]

J sin[w(i k)B] &nd considering the even nature of tq; function

|W(w)[z the complex terms will cancel and equation 3.1. 13,
"t will become: " |
e

. w < Lo , '
A T | ° [W(0)]?eos [0(4-0D] 4w . (3.1.1)
‘ Ey.0 . .

‘
v

;L” P " Before proceeding with the analysis of equation

‘«43 I

3. l 14, 1in. order to alleviate aur tasks’a change will be o
. 1ntroduced in the indexing of the elements of the ¢ vector

and on those of the Q matrix. ) L N oy

R L The elements of the ¢ vgﬁtor will become :
..\// - " . ) - .

- . ’ . "~ N . A ' _~ ' ’ )

me=1,2,...,20+1 - - " (3x1.17a)

3

m ™ Ciwvns1l 3
Son

. \ﬂ

YA

and those of the symmetrie matrix Q:

. -
N - - . ]
' : T . ~ : : AN . : -

C . : ~. o qi‘k;qﬁf\:'q‘g . ‘," L . (:3.1_:]._7}3) )




Cu . N

fm d-k] ¢ 1 50 £=1,2,..0.,2041 (3.1.17¢)
- N
8 - 1 T S ) . . <
©  This last relation 1is valid because the “cosine ’
_function, in the 1n£,e'gpal‘3.l.i6' ‘depends oniy on the absolute )
"value of i{ts argument. ‘ Wifch\ this new indexed equation 5 “
13.1.16 becomes: - ) o ' ’ .
° . P : ' W ' ! N ! !
' qp = _1_ [ %|W(w)|* cos[wD(2-1)] du, (3.1.18)
Returning to the analysis of 3.1. 14 and expanding
the right hand. side\using the new indéxes, we obtain:
oaete=" e
"'c ‘Czﬂ. C »C C Pq Qqy =+ Q, v¢+Qq q 'C‘.“
171 .2°77Tm" " T2n T2n+l 1 2 % 2n 2n+1}|71 .
. - . . ".. ' \
, 2 S ""9*1 Yna1 d2n |2
. Y a \‘li. . > ) R . , . '
o % Qe Yt e B (%
* @ * . . ) . : “‘ : . ) * . v
' | . . : e
9%n 92n+s1 %1 U %2 {I%n
. o [ %2ne1 Yont - 4 o q2 . 9 °2n+lJ
o . (3.1.19)
: ° Q .
S ,
. o e
| Bt T .. v K
» i . ' :';Y - ' '. . ‘.'.
. ‘ e ' LX)



E » " To assure minimum Intersymbol interference, the
= ‘vect'or ¢ should satisfy constraint (3.1.lc). °To el;a:rify ‘this AN
E// point let us take the example where the number of 1obes (L)
. in the impulse respo se 1s 2 and the number of samples (K) .
: ‘ . per baud 1nterval 1sx\ssn.then the. c vector shou}d have the-
] - . '
' form., “ . \
;\ : \l . ° “/' ~
b c ;{0 ¢y cy 0 Cg ch ¢y Cg Cq 0 cll °‘12 0] ’ - - ]
» g Due to the qua.dratic form or equation 3 l 14, a
“ N o vector satisfiying (3.1.1c) can be obtained by setting to zero
- "the rows and colums of Q for which the first element correspor&ds
’ “to a zero ele&nent of the vector c. ' ‘ -
’ h\' In our exa.mple, the matrix Q WOuld be: .
0y \'\ _,/
' D l * S ‘ .
’ ', N -
‘& {0 . 0 - 0 0 .
s @ Q; .~ Q q:-q ©v gy Q S
‘ . 2 3 W 9579 977 199 Sy C
Plos v : S B
l‘ .
) ay 93 ‘{% %2 93 93 35 47 99 ,
¥ . ‘,, q5 . . ’ ;q]... " ’n.
Q - q6 : ’ . R4 . ’ql . 4 \ .\~
) g'.‘T. Ty b . " Qi .} .
N ag=~ - e qy ’ o
) o 0 N - ) < ’
..3'.% . ? # ' o ' * -
. . PN <
o 'q_l’O Lo . T, 2 B '
. " - - o Y L L ,'. o
’ ; 91 T R ¢ . "
s . . o . , . ] ,'\ .f“‘f . = . O‘ N
A o - ..‘ /f . ! ! . J ?
- ) . e a . SN .




& From matrix theory, we know that when all the

el%nents of’ a row, or. a column are equal to zero then the
‘rank ‘of the matrix can be reduc?d. And the Q matrix of our
exampl;“becomes;» L : ) - :‘ o )

192, %2_ % %% 97 9 -90 W

4, ey 3 |
& g ! h . -
910 P T
411 - . dy 4

. '4‘ o '_ ‘ . - LY

'

where the( )Sign under the qQ 1ndicates that this}&trix is
.of reduced size, . S :
Applying thi%' shrinking principle to equation 3. l 16,

©

the equation can. be written as

- . . . - . . . .

vefemctae T o @

. . .
'Y . . ~

-

Consid?ring that Q is the only knong\f it 1is not:

difficult to re'alize t:na'c the fina.l solution is given smely
:~~ f ’ - |
“ ‘\ ' L L
. ™8 ‘




1 ()
&4 ) w ! .' . T ‘ - P \ S 1‘2 )
. .

. by the eigenvector c'of Q correspondingsto the 1argest

” «eigenvalue A The final vector o containing the optimum

ax’
coefficients is obtained by rfinserting the zero elements ‘
in th;hposiqions from which they have been previo&sly deleted |

In the next section, we will study the behavior of ‘
the. energy Latio ‘versus the number of. TF coefficients. In :

this study, it 1is shown that to achiewe energy ratio of the

o

-»

order of 20 dB -~ (Am, 99) a vector ¢ containing 30 coefficients ‘

‘ is required .

u We recognize immediately that finding thermaximum -;n ‘
eigenvalue and t&e corresponding eigenvector or a 3OX30 -

‘ matri; cannot be takled‘manually. Tne computer program BTF1 ‘: ) T
hae beenldeveloped to soive‘this.nroolem and is g ven in the f: . .{{

appendix (Ax). ' N v e L

s, . o . <

 Until now dur main concern was - in finding an . .y
' “\’\ i.‘i .
optimum Solution for equation 3.,1.14, Our present concern 1s o jég

function wit). . _ \

4

.

‘Two forms of w(t) are of parti lar interest in”

Transversal Filters:

‘.i) In the rirst oase, the samples are represented by o e
N B \ \\ .o '
wt .- impulses, then, (figure 3.1.1), oL

r

-

wilt) =s(6) . - (3.1.21)

‘ : : f . : [,
"y N .

11) ,In<the secord),  the samples are.represented by pulses

P PR ar N ‘ . .




N i iy - 4 u3
3 ,‘1 d .
| L o . L w l . \-’-“A;v ’ . ¢
., . of finite width and unit amplitude.(Ptgure’ 3.1.2).
./ ’ N s P : s EREEN
=1 for-—g_‘<t<_D_ ‘
B N 2 N R .
. : o S Jdve2) .
. wé(t). - . & . . ,(3 Q
=0 elsewhere ) ,
It is woérthwhile to note. that in this second case, .
the end of a pulse coincides with- the beginning of next. The
result is.phat-the signal‘ressemblea a staircase (figure 3.1.2),‘
and hence, will be referred to as §tairease in fhe roilowing
v ' : | ' o o c . o L.
‘ pages. ‘. ]
The first case 1s purely academic, qhiieethe seoond
: .‘ . is a good approxima@ion of thé sisnal present at the output
~ of a realizable TF, o ‘ N
: _ " <1t 1is known that the spectrum generated by impulses
| -, # !
i . ‘ 1s flat and is given by: NN o ; “ i
o o Wylw) = ®[6(6)] =2 SR (3.1.‘2‘3’%_', ~
K . L ' - . ' -
‘ while the spectrum generated. by pulses is: - C Ly '
W) = ¥ (6)]. = D sine(aD) . T
‘2(“ -Fw,y(t)] = sinc-mé_)1 3 - (3 ,g )
, 9 : - ' .
N . o _ . L
where sinc X - sin(x)/x N S .
B _ S Replacing equations 3.%.2 andw3 1. 23 into 3 I’18 .ﬁmf
° . . . > \ %:
we obtain:. - ; a7
\ ‘\ Ry ' \* / ' et

gt
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o vy = 2n £, = %(lm) . | - (3:.1.28)
Setting wTex and du=dx/T, "equation 3.1.25 becomes: ‘
. : ',fw(lm) [' - ]. o ' )
q, - 1 ‘ © cos[x(R~1)] dx (3.21.29) .
/.0. wTEW 0 K . Co o .
" for this integral; a closed form solution can be easily
. . ‘ . ”
obtained, and is glven by: . . . . .
.- »." q‘—l*c . .
' .:‘:‘ Voo ‘ .. . . . (3'1030)
" 'q, = ltg sinefn(l+a) (2-1)]: , for g >1 L
5 ‘ : ‘, )

o o |
q, = _L. [ ° cosfwl(t-1)] dw - © (3.1.25)
© MBy o - v K ‘ . ‘

i

~

I£'T 1s the .b'a'uii interval, then the Nyquist frequency

-

N -

is givefr by: -

. B -1 (3:1.26)
. N ‘ ‘ .
‘ . ﬂ N . Ve . /

v

and 1f& is:the excess Nyquist bandwidth, then t'he equivalent

- excess Nyquist .frgquencs} is:

~

"

§(3.1ii27) _ '”

AN

Expreésing @, in t:erms\f the eXcess-Ny‘quist frequehc'y y

-

’ ‘ ) D f = £ (lea) = _]_-:(1+a)‘ -
. .. v O_\ N 2,1,

b
-

we have:



2

) represents pulses (3.1.24), a similar development is. followed.

z'Following the same reasoning as in the first case, equation

~ be found. A computer subroutine based on Romberg dlgorithm [lll

- 'has been developed to evaluate the integral 3.1.31. This

deduced from equation 3. 1 17 is:

r\

»
~

For the case of impulses, the elements of the Q

d”frix are simply given by regularly spaced samples of the

function sin(x)/x.

In the . second case where the weighting function

N

3.1.25 becomes: , | o o -

. D Iﬁ(lfa)‘ ine?(x) cos[x 13] d (3.1.31)
. owm . . S ] X cos|x{%~- X od o :
q*m.;o‘ S % ..X :

1

A closed, form solution for this integral cannot

subroutine is called by the main program BTF1 and 1s also

given in the appendix

3.2. In to OQut of Bqnd Enengy Ratio

Continuing our study of Mueller s method, the nex%
step 1s to establish the relaticn between the total number of
transversal filter coefficients and the in to out of band

enefgy"ratio The total number of TF coefficients (Nt)

N, = 2n+l ..o o (3.2.1)~

A §
! [

Considering that the filter impulse response is




tfuncated at_an 1nteger numbe}'of lobes (L) (equation 3.1.1d) ‘
,and that K 1is the number of samples per baud interval (3.1.2),

equation 3. 2 1 becomes: :' . \ .

-
N = 2KLFL T B

o

We notice'that different combinations of‘K's and -

b3

ﬁ\ L's will lead to the same total number of TF coefficients, Nt'
' . At this stage two questions can be raised: ‘
1) Given the in to out of.band enepgy ratio, what 1s
' the minimgh number (Nt5.of coefricients required?
11) Which combinstiop‘of K and L will'simultaneously
~ ' achieve the specified eners; ratio and miﬁimize ' >

the total number of coefficients ANy )? ]
o < It 1is obvious that the answer to the second question .
" 1is the optimum solution to the first one. LT
' Before considering the problem, we will express
}? .Y . .the energy ratio in dB and in terms of the residual energy
-existing outside the excess Nyquist bandwidth - this being
the usual way of expressing the energy of a digital signal
_— Recalling: that E(w;) 1s ‘the’ energy below the excess Nyquist
~ \ frequency and E(») is the total energy, then E(h) the energy
outside the specified band:idth \

L E(h)'= E(§) -~ EGw) - (3.2.3)




{ . ‘ ": s

& ‘N.

§ ’ " . [}

'.‘. \. ' C . ' * * * ° . ) ' . \ o "

f - . normalizing with respect to E(w,); 'we obtain: *

3 ' . ’ . ' ,
E(h) = E(«) =1 . ' - (3.2.4)
E(woj E NO . . -Q ’ o

- expressing this equatio& in terms of 3 (equation 3.1.11)

~

and the final answer.in dB, we obtain:

K- 1 ' ’
hs . .-
PN

- A | “

E N o7 [E(M)] =10 log  (A"1-1) ‘ (3.2.5)
T Tuy )] dB - Lo A

o

This simple relation enables us to expness'the

energy ratio dizéE{\;lin dB.

|
| T n the preyious séction we considered two types
1 15 | ' 'of samplés>at the trangversal filter output 2 -
| o i) Impulses ' ‘;
s i ii) Pulses or’ staircase ' ,
" The energy ratio of these samples 13 now considered beginning
i\' o ~with 1mpulse type samples. |
X : ‘ ’ : In the second chapter, it was shown ‘that tﬁe TF s
i 3 1 "transfér function H(w) has a periodici%y wy = 2n/D (e uation‘
. ~2 1.15) shown’ in figure 3.2.1a. Due to this~pariodiclpy, it
is only necessary ‘to consider the- energy in one half of a
period i.e. (/D). Recalling that. Ew is the energy associated
. . with, the weighting function w(t) (equation 3.1. 8) and that “
% z'\ .for 1mpulses the spectrum is flat (3!1 .23), we get' ‘
a . ' ' o L a 4.‘ w/D

W -.§F -T/D

1

e U E =1 g |w<w)1*dm-1 b (32.6)
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’ substituting this result into 3.1. 30 the elements of the S)

o

) matrix becbme . - R N
. C b
~ -~l+’ ' -I ‘ .
Yo TR o x
N q. = l*a ~sine{m@l*a) (2=1)} -y for & > O y
: RNl - _ L
. Lr\ A}
’ These equations were used in the program BTFl S e

(Appendix Al). The excess Nyquist,bandwidth («) was arbitrarily’

set to 40% and the:program was runifor different\velues of

K's-and L's. The data obtailned 13“given in table 3.2-A

and 1is shown plotted in‘fis 3.2.2. At first glance we would P '<

conclude that these results are very enthusiastic, but in ' - »jg 7

practice impulse type sampies are very difficult to obtain,-

‘and” c@ggpt be transmitted through limited bandwidth communi- .-
cation chanhe;I We will now cpnsiaer a‘more‘realistic type’
of waveform, where the samples are repfesented By pulses of- .-

~Dasec of duration < In this case due to the magnitude decay

‘of the function W(w), figure 3.2.1b, the resulting spectrum :
-|S(m)|l;will decrease (rigure 3. 2 1-¢), and the energy can in

consequence be compu%ed for the entire spectrum.

Substituting equation 3.1.22 into. 3.1.8, ‘we obtain:
ﬂ. | N * “ . . N
| D/2 ( )z Y m
‘E = [ w(t gt =D ‘ (3.2.4)
= | - f

\ o j




A

L
N, |.L K (Max. Eigen.)A :;E@ergy Ratio dB
e 1 s} .99600049 -23.96 ¢
13 1| 6| .99661309 © |°  -24.69 | ’
7| 1| 8 99696126 |  -25.16
21 | 17 [e10 .99717530- | -25.48 =
25.1 L |12 .99731854 - ' | -25.70 . |
129 | 1 | 14.] °.99742066 -25.87 ' |
33| 1 |16 .99749698 . -26.00 |
37 |11 18|  .99755612 .| - -26:1 - |
Tur | 1| 20 99760326 © | ' ~26.20
1742 | .99980451 ° -37.09
25 | 2 | 6 .99982306 . | ' =37.52
33 |2 | &) .99983565 . L .-37.84
411 2 | 10y) | .99984395 - -38.07
49 12 1.12°1 ".99984975 -38. .23
{57 27| 1 .99985402  -38.36 .
65 | 2 | 16-|' .99985729° [*  -38.45 °
73.]'2 | 18 |-~ .99985989 | . - -38.53
81 {.2 | 20 | .99986200 |  .-38.60 .
25 | 3. 4 .999s8882 | . -us.52”
¥ |3 - .99998950 | -K9.79
49 |3 |. 8 99999087 .. =50.03 .
6113 |10 | .99999047, -50.21
7303 |12 | .- .99999075 .| -50.34
8513 | 14 :99999096 © ‘|~ -50.44 .
97.13 |16 | .99999112 ‘ . =50.52
. |
uoz Exceds Nyquist Frequency .
Table 3. 2 A - ‘Impulse type Transversal Filter Energy

Ratio >




. % IS EE B A g [=3

~45

-4o £ 3

>~

-30

S
OUT OF BAND ENERGY IN 4B
L.)J .
Ul

. /1
H

. . ~ ' . | TF (fmpulpes)

;. & . ’ -, 1T 1 | Excebs Nyhulstpdos-
. e '.fq : f Trunpatiop at gLT
ﬁ KRN -20 ° T 50 P

YE

S
T

.

N
4
.
4
4
4
.

o

§ 10 12 14 16 18
SAMPLES PER BAUD INTERVAL (K)

2l
+=
o

o
< s
.

- ' \ -Fig: 3.2.2 - Impulse Type T?lEgefgy Ratio -
- 9 Y . ' ‘ 7




and.-the elements of th% matrix are:

N
N t . . v .
S .o . °

Sl \'f"(lm) () eos(x ‘\1)} -
—— - 1 sinc?{ x|\ cos{x(2 dx -
T 7K o - (iﬁ) K o

3
N

/
/

This equation was employed in the program BTFl ..
(see appendix) which was again run for different values of
°'. K"s 'apd L’s with the 40% excess: Nyquist frequency kept

constapt. and graph of figure 3.2.3 were obtained.

" Frofi“this gra h, we may conclude that ror the practical
. Transversail F&lge;\T§U13esg~most of the energy 1s concentrated \
in the main (L—l) and second (L—2) lobes. PhHis- behavior is ik' .
not surprising since most’ of the area and therefore energy ié” |
concentrated in the main and second lobes, as shown in- _ :
figure 3.1.2. It is worthwhile noting that an increase in the |
. ”." number of samplesvcauses the energy to doﬁroach a maximum
which can only be exceeded by increasing the number of lobes.s
' However, for' the pulse type transversal filter, the ‘\5
behavior of the energy ratio with reSpect to the total numberw
——— ~of coefficients N, (Table 3. 2- B) can be summarized as:
\“\1)\\For N less or equal ﬁo 37 the largest energy ratio
is achieved in one lobe (L=l1). . T
- | i\ i1y For Nt greater than 37 the largest energy ratio is
| obtained for L=2. R o ‘ -n:°
. o d In next section we 'will see that the gye attern ‘for .

hed o

a one.lobe TF is not symmetrical,‘indicating a-possiblesf

£




A N, L | K | (Max. Eig’en;)x Energy"ﬂéti'? dB SR .
° DA A P —. ",_'\._ . .
49 1} 4 ..983é2_832' ‘ ' -17.68 . ’
L3 )6 ;99105873 | -20.45 "2 )
-1 |8 | .99387733 ©-22.10 A ’
12,11 )10 | 99521868 "1 -23.10." L
. 25| 1,]12 .99596820 ©-23.93 . Y. ¥
29 | 1 | 14 199643319 ECTIN TSN R B ¥
3301 | 26| £99674370 . -24.86 “
37 1.1 | 18 | | 299696266 ‘\ -25:16 - 3
Copery 1 p20 | .99712370 25,40 .
oy T2 | 4| 98565688 . -18.37
l25 | 3 | 6| .9934695T . =21.82
33| 2 | 8| ..B962u374 | . " -ab.2l
A BT ';9'9%5337],« '~26.08
AT 12 | 7.9982k639 | . -27.55., . .
- NESENE 99867496 ¢ o =TT
. 165 | 2 [Ple . .99895414 - -3.80
V{73 [Y2 | 18] - .99914615 ~-30.68 ’
|81z jav | .99928387 . =31.05 PR
k25 |3 | .98573886 "7218.40 ‘ s
37073 76 | . 299357098 21,89
ol ue f3olo8 | Ti99635385 f eak3r o |
\:. |61 |3 |10 | '.99765309 .-26' 28
731 3 |12 .99836280. . %27.85° '\‘\‘ :
1 85713 |1 [99879241 - i29718 —~ . ”
97 |3 |A6 | .9wor2ds .| -0z |
: 40% .Excess Nyquist Frequency H; e ' A
Table 3 2‘8 .Ruls- y;\:e\l"\a{xsx(ersal: E'ia.f:er 'E:nfrgz_Ra:‘ti? -
_ . . RN . ‘l.‘.’o C oy , e .
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"~ lobe transve;sal filter

~fllter is requiredl \ o \ .f e

\

.‘ L

N

As a result of t

‘centeﬂ thus,/demonstrating that the” Intersymbol Interference

‘ A-speci

" satisf ctorily to binary:waveforms only 1s.called Binary

T - ~ ! - 2

degradation in probabilimy of error that fact 1s confirmed

in chapter four. If_thij degradat&on is acceptable, thevone . -

an be ‘used, cherwise, the two lobe

»

o

These results i1l be §bry usefull in chapter four

where the design -of a Transversal Filter is considered. - ,1‘ ff

Lo

.33 Binaiy Transversal/Filter Eye Pattern S RN I

In th‘>previ us sections, Transversal Filters were o
discussed in general./ In this section, after defining the ] i;g71
Binary Transversal Fﬂiter (BTF) a mgthod-will be deve10ped o

of displaying by “simulation, the eye pattern of the digital

waveform bresent at the output of the filter [25, p. 61 to 63]. : QKAL,

s simulation,lit_will be shown that, 1f the ) S
employed'are'those cbtaimed by Mueller's ‘
- '\-

Technique; the the eye diagram is completely open at the

BTF cqefficient

e <

inherént to the filter is negligible. R
TﬂénSversal'Filter‘in general ‘can accept with‘

some rest ictions, almost any kind of waveform at its input

=

ﬁ class of transversal filter which can respond

1so, it is important to notice that the practical implemen— .

e




T e

<

tatieh of & BTF 1s substantially‘leés complex than‘tne ore
required for a general Transversal Filter ‘For'txample,
a Transversal Filter 1mp1emented by means of digital techniques .
would usually require [2] q samﬁrfhg device, an A/D (Analog

to Digital) and a D/A (Digital tO“Analog) converters and digital

multipliers in addition_to what‘a "BTF needs to ful;y perform .
its function. o h S \

Recalling that the output siznal or a: Transversal

Filter can be obtained using equation 2. l 6, we replace in
that equation t' by t-nD (equation 2.1, 3 and 2.1.4) and the

' 1ndex "i" with "m" using’ relétion 3. L l7a We tr¥n obtain.

N | % ' /’ ) .

v N ‘., v 2n+l ‘ ) ‘o ) . . DR
- i Cy(E) = T ¢ - x(t-(m-1)D) & (3.3.1)

e - mel ¢ o L A

- Aesuming that the input signal x(t}'ié'ahﬁulse
-~ . N v o .

seqﬁence‘p(t), and 1is of the rethrn,tofzero form (RZ)

./ -

A

defined by:

. p(t) =1 for0<tsD .. R
. . o To(3:3.2)
p(t) = 0  elsewhgre IR o

g

It is noted that this "definftion of RZ implies a
lOO% duration cycle and corresponds ‘to a binary one. If L

.we,now suppose that the %’%et signal y(t) exists in the




)

In practice ib is impcrbant to\keepnthe probability
of‘zeros and ones almost‘e-ual for two major reasons [15]“
1) The transmission of a long sequence of zeros results -
y Co N in a long period without timing information, and
iifi Since in the majurity of cases the channel does not
| pass zero freque cies (dc) then the traﬂbmission
-of a long seguen e of ones results in.dc wonder. B
L; ‘ o To achieve almos equal probability of zeros and ones
i - ‘a scrambler and a descrambler are used at the tﬁgnsmitter
| and receiver ends respectively. . |
| Recalling that 1 onebaud interval*or T-sec we

have K samples.(equatiog}3,l.2), equation 3ﬁ3.3 becomes:
a -, S . . N " ‘ '“(
: . x(t) = I ay p(t-1XD) -, . ‘ {3.3.4)
.- \ 1=0 T .- '




* Substituting 3.3.4 into 3.3.1 and inverting the
N '

order of summations, we obtain: ““"ng

! o ~ N 2n+l - ' ) l . :
, S y(t) = xi/ T ¢ p(t-—(m-l)D-iKD) (3.3.5)
\ . 0 el m i . - ’

Consid ring ‘the definition of p(t) (equation 3.3.2) - -
and this 1ast equation, we can easily coriclude that the signal |
y(t) is composed of pulses having identical shape p(t) but . L
different ampy&tudes. As 4 result of thils stetement the o

. time ¢t does ?ot have to be Jscanned continuously but oniy at’
regularly spaced intervals of D units of time, where L 1s
an inbeger/running for practical purposes from zero to‘
ﬂ(2n+l)(N+ ). If D is ‘set equal to one ‘unit of time, then

equation /3.3.5 becomes: . : .- . -

, N 2pel

[ y,= T I ai p(z-ix-m+1) T (3.3.6)
' i=0 m=l - ' ’

Y )
where 0 < 2&5 (éh+l)(N+l)

W have finally arrived at the equation that represents

Jhe BTF output signal In using this equation to-display the

. eye diagram, we will fo}low essentially\tpe“same technique

v &!l«

used to obéerve the eye pattern on an oscllloscope, OTﬁe
horizontal (X) axis of the graph will represent a time period

‘while the vertical (¥) axis, the amplitudes of the waveform.

&

The total length of thé (X) axis is divided into 2K slots of*

L , . .o N



"D units- of time each adding up to a total of 2T-3e¢ or 2° bauds
intervals " For each "z" running fram zero to 2K, a line segment
is drawn in each time slot D accordingwto the amplitude of -
the sample Vg Since the upper limit of” m" is much larger \
than 2K (end of the X axis). once "1" has. reachéd this limit
the new sampies are simply drawn starting again fr“m the~
origin of tte érape This process is repeated over'and'
over until "2" reaches the limit (2n+l)(N+1) “

A computer program called SMTF given in

Appendix(AE)was written in order to obtain the values of

%2 These values were then stored on an array. A subroutine

called PRBS was developed in,order to generate the Pseudo

/endom Binary Sequence (equation 3. 3»3) [16 PD. 323-327j

" In our particular cage- the period of the pseudo random sequence

L.
N £
Vﬁ

- magnetic tape. The tape is then processed by a minicomputer

was set to 127 bits before repeating. A special computer

' subroutine called PLOT cOnverted and noted the data on

which is coupled to a plotter and the simulated eye dlagram is
finally displayed : : . ) L ’

The result of the entire process for different. types
of BTF's 1is Shown by figure 3.3.1 to 3 3.4.

The eye diagrams displayed in these figures are
self explanatory, nevertheless, some conclusions may be drawnij

' from them. -

v . ' v

: First, we notice that the éye dlagram 1s always




P

: maxinaf§ open'at its center which proves.what was stated in
the beginning of this section. ‘ "7 . S

»

. Secondly, ccmparing figure 3.3. l (one 1obe BTF) to
v the others, we notice a certain absenhce of ade!tude symmetry,\.
. meaning that the acerage value of'the waveform'cannot;be set

ecual to zero.d This de offset will bias.the waveform and
a degradation of the bit error rate (BER) performance 1s
expected. The.practical proof of this'last,statement will be
given .in the next chapter where the measurement of the BER of
a one lobe BTF has shown a degradation at low BER.

. Figure 3.3.2 and 3.3.3 are similar; but some dirfer—

ence can be.observed at the zero crossing (dashed lines) .

[25, p..62] of the eye diagram. For the 40% Excess NyquistFilter, '

" the peak to,peak‘Jmtter-of the.zero crossing is less than the

305 one, which 1ndicates that the time jitter 1s reduced if
the excess Nyquist Bandwidth is relaxed

Finally,'the only difference between figure 3.3. M and
.. figures 3 3.2and 3.3.3.1s 1n the number of samples per‘baud
interval . By increasing the nnumber: of samples, the eye diagram
becomes smoother, and in consequence the energy ratio 1ncreases
(figure 3 2.3). Due to practical constraints, the number

- of Transversal Filter coefficients cannot be increased indefeu ‘

nitely. The most important of_these are: 7.

T

1) Coefficients accuracy [18]. . . .
1- * As the number of samples per é&ﬁd interva1>(T) becomes
. - "\._:“'~| ' ' /., —
oy \"\ e N < \ . i
) ? N
w
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very iarge,xthe differencelfn velue between adjacent

<

sampies becomes very small consequently, the "~

Y

coefficients' accuracy must be high in order to

0

keep the samples in a specified order.
ii) Hardware maximum switching speed.
This restriction is applicable when the Transversal
: Filter is implemented using digital techniques.
Because the time delay npY ig inVersely praportional

to the number of samples per baudWinterval "K"

(D-T/K), the greater is K, the smaller, D. This -

. i forcing the digital circuitry to operate at higher

- speeds. o -

k] * «w

A method to get around these restrictions will be

discussed 1n a later section. It consists of cascading an

analog low pass filter with the Transversal Filter.

o
o . R N
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3. b Sénsiti?itxﬁof the BTF Energy Ratio to bhanges in then;

v
I a

Coefficients Co T 1_ T .

In section 3.2, we established the energy ratio of
a Transversal Filter ~assuming the optimum coefficien%s
obtained by Mueller s method. ~The obJeotive of this seotion

is to evaluate the degradation in the ‘enérgy ratio performance’

Al

sfconsidéring real coefficients, i.e. coefficients which .are.

accurate only within some gpecified limits.

A first attempt to solve this problem was i

!

made utilizing the, conventional definition of sensitivity -

1 [2,-p.,7[.but no success was aqgieved in establishing a
" ! \ b .

{

relation between\energ} ratio _and coefficients accuracy. °:

©

e

£y

»

The problem was then~approAched‘using a.statistibal method

and successful results were obtained The statistical method

' essentially involved computing the energy ratio of filter

coefficients which have beenaperturbed at\random. It 1s

evident that to obtain meaningful resultsr the perturbation

'nas to be within a specified range. This process is repeated _°f

for a large number of times (e g. 100) until enough samples- " -

.of the energy ratio are Obtained The mean and the standard

deviation of 50 and 100 samples were computed and are given
in Tables 3.4-a, B,"C.. Since the results Were very similar,
we have concluded that one hundred samples were sufricient \:

for statistical purposes.» o S ST
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N " -1
o , ) . .

N " The .out of band,qo‘in'bandwenprgy'ratio for a

Transversal Fllter was given by equation 3i2.u, being:

L | E(wh-z"-‘g(:z L1 | (3.4.1)
- ~ o/, TPl o .

where E{=) 1s’the total output energy and E(w ) 1s the energy
below the'specified'exéess Nyquist;fgeguehcy, where
w, = an {(l*a)fN}. ' | |

To calculate the total.-energy, w¢ simply substitute
equation 3.2.4 into 3.1.9 and‘rep{ace T/K, obtaining:

r

Came N
. E(=) = ¢Tc T/K L (3.8.2)

A"
. .

.

. . . . / .
now, expressing T, the baud interval in terms of the Nyqulst

. . N H
-frequency fN’ we have: '

. , ' \ . . Y

~

E(a) = oo (20K)"F L @33

. w ', -’ - - k ‘
To evaluate the energy below the specified excess.

EY

Nyquist Tre@hency; and integral equatién Similar to (3.1.105'

was used: .
o ) 'wb ° T 1

. Elwy) =1 [P [W()|? [H(w)|? do
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The filter transfer function H(w) was then repléégd"

LD




.' o |

.by'3.1.3‘and, the weighting funotion W(w) by 3.1.24, allowing

the evaluation of the energy uting numerical_integration [ll].
From equation 3.4.4, we can deduce that the in band

energy depends not only on H(m) but also on W(w). Althougn

the sensitivity study here concentrated exclusive}y on H(w),
it 1s important to note that perturbation or imperfections of
" the weighting function W(w) will also degrade the-energy«ratio

-.performance Further studies should be, conducted to .evaluate

if these iﬁperfeotions in W(w) are a- dominant factor Some
g

possible'examples are:; . pulse leadin& and trailing edges,

top tilt and/or overshoots. T B

The coefficients £y of the Binary Transversal

Filter were perturbed using the following relation,

- ¢, {1*RANDUXPER} 0 (B.45)

) \

Cy

where oi are the perturbed coefficients, RANDU is a r ndom

variable uniformly distributed between -1 and +l and PER is
the specified coefficients accuracy

Assuming the coefricients e are statisgally inde- ‘

i
pendent it can be shown that equation 3. 4 5 accu‘Lfely models

* the physical realization of the. BTF - [18]). \f

In our study, values of 1%, 55, 10% were given to
PER. ‘ | | .

[}
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The meari value (X) and the standard derivation (o)

or‘the energy ratio were computgd.usiqg the?follo#ing relations

[20]:

N o 2!‘ * .~ ) * ._‘
SR \/Exiz-gpxi) /N _ A3.4.7)
N -1 B ‘

where N is;the total number of saﬁples and Xi‘the sample ‘ 'u}‘ —
.velue, ¢ ) o o '. L Cet

o

A computer program called SENST given in appendix

A3 was implemented in order to evaluate the energy rabio and
\
its statistics The .nean value of the energy ratio was

expressed in 4B using a relation similar to 3.2.5. rin order

b0 check the accuracy of the program SENST in calculdting the

energy ratio the value of A or E(u, )/E(wﬁ was computed initially
using non-/perturbed optimum coerfieients. The value of x, ‘
(see ‘bable” 3 Q—A OB C) was then compared with the maximum
eigenvaipe computed using BTFl (appendix Al) (see table 3 2-A B)
and no discrepancies were found for up to eight significant
digits, proving the validity of program SENST, '

The out of band to 1in band energy ratio [E(h)/E(u, )]

‘was then evaluatednfor dirferent types of filters. Several of
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"these filters were 1mp1emented in practice, and their perrorm-
ance results are given in the next thapter.

From tables 3.4.A, B, C . the first conolusion o
that can be drawn is that, contrary to what were our ex- -
pectations before this study, the Binary Transversal Fiiter s .
coefficients do not have to be extremely accurate~to keep
the energy ratio withih practidal 1imits. Tables 3.4.A, B, C
also show that the standard deviations are falrly narrow |
indicating uncomplicated filter repeatability. .
In order to force the eye diagram of a BTF (sec. 3. 3)
to be naximaly open at i;s center, an empiricallrule should
be followed, requiring that the coefricients"accupacy be
at‘ieast one hadf the min \difference existing between L
Lo | “ two adjacent’ coefficient _ In this manner, ‘two . '
steps' of the eye (see gigure 3.3.1. to 3.3.4) can in the worst
cas; be of equal amplﬂéude without ever exceeding each other.

“. ’ Observing hils rule, we arrive at the conclusion
that, the coefficie ts accuracy should be kept below the

2, S% value.

P
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L "3, 5 Binary,Transversal Filter Power Spectrum Density . i

£ ' 3
This section describes a method of calculating and ¢

‘photting the power spectrum density of the Binary Transversal
Filter output signal. . PO
‘ Because in digital transmissiqn, the signal feeding'

the transversal rilter 1s a random binary sequence of pulses,ﬁ

and because that the BTF\{s a linear device the power spectrum
¥

density can be calculated ing any of the two following methdds .
‘The first method Involves taking the Fourier Transform of th
Autoconrelation function foz a fairly lﬁhg sequence of pulses '
.[13] Wﬁiue the S#Q nd utiliZes a formula given by Bennet
and Davey for random bl ary signals fiz \p 316]

' The firgt metho is fair;y general and when employed Y
with the proper care| is appli'ablé to a ide class of random '”

signale -As 1t would be expecte, the p 1ce payed for this.

- generality is a fairly complexlbomputer rogranm, consisting
. ‘eesentially of a discrete Autocorreletion\algoritgm'followed
by a Fast Fourier Transform. ; “Z - . '
1In contrast, the second méthod although restricted !
. to random binary signals, requires a comparatively lnsignificant
amount af effort te 1mplement the computer program. Because

1ts simplicity and adequacy for our need this second method

s

. was adopted. The remainder of tnis sectioh will describe it

in detail.

[
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' the Fourier Transform of a binary signal was given by Bennet .

R .‘¢~ ‘ % - . . ’ .
A formula relating the Power Spectral Density to

and Davey [12] and also by Dupraz [14]. - The equations. being

simllar we have chosen the one given in the former reference.

d . £

a() = 20, p(1-p) |1 (£)-1,(0)]? + £ 2Ip‘Yl<o>+<1-p>Y (03} (1)

i
-]

+2rd I [le(mf )+(l-p)Y2(mf )|2 G(f-mf )
me=] .
h (3.571
where:
Y (f) is.the Fourier Transform of yi(t)
"p.1s the a priory grobability of yl(t) N
© (1-p) 1s-the a priory probabilit;y of y2(t)\ : Coe
fg is the signaling frequency (1" ),or.bit rate - T

o i . -
and: e PR
yl(t) is the signal‘associated with a qinary one
.yz(t) 1s the signalassociated with a binary zero

Assuming that Zeros and ones have equal probabilit:y

: or heing transmitted i.e. p—(l—p)-&, tha.t the binary zero is

represented by the absence of 1nrormation (yz(t)-O), and

finally, that fgm2fy’ where fN is a.gain the Nyquist frequency, °

'equation 375.1 takes the form

N \

‘ G(f) - fN]Y (f)l2 + )t [zl<o)] §(f)

a,, (3. 5 2)
¥ et mf- |¥l(2mfN)|2 6(f-2mfN)

5
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‘Because iﬁ'digital’communications it is necessary

'to avoid the transnussion of de components through the channel

the zero frequency term (Yl(O)) will disappear in 3.5. 2 -In

the majority of practical- situations, this can be aohieved

Ry iﬁserting a relatively large valued capacitor at the output.
, . . . R Va

i

of the filter. Equation 3.5.2 now becomes:

Q) = £y Y ()] ¢ 20y z ¥, (2me) |2 6(e-2mry) (355.3)
. . ' () qund \ 1
‘u

- R “

At this stage, the power spectrum derisity G(fﬁ

.can. be computed once the function Y, (f) is specified
Considering a Binary Tfansversal Filter, excited by a single

_binary ‘one of D-sec.of duration, ‘the Fourier Tpansform of the.

1

signal~yl(t) can be ooteined by substituting equatioﬁs Eﬂl.Ba
and 3.1.2 into 3.1.5, and then_changing m'ty 2nf;

o

C ) ] .
" ¥, (f)= S(f) = D sinc(nfD) e Jwae § o, ed2mifD

' ,i/”. - '(3 5.4
Replacing D by <2Kf')'l. "a" by nD ‘(equation 20,

3

n by KL (equation 3.1, .1d), equation 3.5. H becomes.

: - . , ' gt n el
Yy () = 1 sine{ar} eTITHE/ Iy p o omIMI/EE
N N G A= (3.5.5)
: . . e
Recall&ng that in our application, thé'%TF has

~ Iinear phase, guaranteed by the even symmetry of the coeff@%ients

T

)\\’
*
A



¢y 1.6, °f‘° 1 (equation 3.1, lb), equation 3. 5.5 can be

further simplified becoming.

1(f) - sin?f/if \é-J"LflfN
[ 2 "Kf‘N 2Kfy| *
' - 1(3.5.6)
n
{cg*2 I ey cos(wif/fNK)}
' =y A

\

jf 'Now.substituting this last equation into 9.5.3
and settlng T=xfy, we obtain: ' ' ) "‘Fﬂ
Moz T ool costmgyls -
G(x) = 1 sinc*{m x} |e,+2 T ‘e, cos(mxi)|? = )
TRIT, OO0 T T R |
. (3‘5-7)

+ 1 z {sincz(nm) leg*2 z i,cos(21rm1)|2} 8 (x~2m)
K% mel 1mi

. 3 AR
This equation was programmed on'a digital computer !

(See appendix Au “program SPECT) and the: pOWer spectr
density was plotted on a 4B scale, using the following known

-~

relation

\ . } \ ] - G nw

- [6(£)] B = 10 log,, {G x } L (3.5.8)
where xb corresponds approximately to the 1ow cut off frequency
. of the filter. . ' . ' o

In the actual‘prog?am SPECI} X, was set to 107%,



‘ o L \ . : .
‘and the Nyquist“frecuency (fN) equel.to unity. USing a L
plotting technique similar to the one employed in segtion
3. 3, it was possible to display. (see ~figure 3 5.1 to 3.5.3)
the power spectrum dinsity of_various types of Einary Transversal
Filters. e ) .‘ ¢ J\Li> : '1
. ~  The results"of tnese sinuletions are oé value
in that they can predict the‘measurements of the fcurth
chapter, and of particular interest -~ the discrete spectral
lines appearing at multiples of'the bit rate ' ‘

L

o _ Since,at this’stage the power spect:um density 1is

“avallable, we gan, using the trapezoldal rule of integration Il?],
comcute the eng;gy‘in.any given bandwidth end hence the energy .-
‘ratto. I o : f |
‘ 'The procedure used in calculating the out of band ..
0 in band energy ratio {E(h /E(wo)} 1s similar to the one |
described in last section. The differences are detalled as;‘
follows: | |

LS

Vo 1) ‘The numerical integration was done using a -

I ‘ 'Trabecoidal algorithm ‘instead of“Romberg'53 and
” _ incremerftal frequencies steps of .01 £y were ueed.
, 11) Since the integnetion could not be computed up{to .
| infinity, it was truncated at 40 £y It was |
. u‘ L concluded that this value was sufficient since the

oY difrerence in energy ratio ror 20 Iy or 40 £y was .-

~

1ess than 1 dB (see table 3 S-A)



Lii) The coefficients ci were unperturbed.’

Uhfortunately, ‘the results, pbtained by this method

toa

(see table 3. S-A) were not as enthuslastic as those of last

section. The reason for these- discrepancies are. still to
: be clariified. Neverthéless, the importance of this exercise
T will become apparent in next section where the pow&Jspectrum

density and the energy ratio of the. combination of a BTF
.and an analog LPF will be ev&uated. ' ’
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?figurex3.5.l.

L2 K-lu) was required _ e

L largest value that could be used without a noticeable

\l

3.6 Energy Ratio Performance of a Binary Transversal Filter\

. “ ‘" . . r. t
- Followed by aﬁfgm Pass Filter s .

The intent of this section is to investigate the

'~: efﬁect of combining a Butterworth ype second order Low Pass

R

filter with the Binary Transversal' ilter,~as illustrated in

Cvee) YN a4

 Fig. 3.6.1: Combirned Binary Transversal Filter and
‘  Low PaSS‘Filter petwork.U N
N In section 3, 2 It was shown that to achieve in a.

HO% excess Nyquist bandwidth an energy ratio of 28 dB a :;

. BTT having a minimum of 57 coefficients (from table 3 2=

/
s

Recalling that. one of ‘tHe major réstrictions in

increasing the. number of samplés per baud interval (K).1s the

: that the lower the K value, the simpler is theqpractical
'realization of ‘the BTF o ‘;/\

Experimentally, it was found that, for a data bit

.o

' 2

rate of 32 kbits, and for COS-MoS logic devices, K=8 was the‘..

-

.

degradation in-the pulse s shape But for- K—8 the maximum

e energy ratio is in the range of 24 dB A method ofincreasing this

" \ w -

);uf‘.\ 3

S hardware switching speed, it is not difficult to conclude ._ ~'?:
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~‘:spectrum (see figure 3.2.1-¢). ' Depending on the order and

energy ratio can be‘fohnd{ﬂn'a hybrid filter that s the N :
SN T
combination of a digital Binary Transversal Filter with ‘an |
‘i‘ N

analog Low Pass Filter.  The purpose‘of this arrangement is“

Y tq attenuate further the Higher order component of the BTF

p .

ion the cut off frequency of the Low Pass Filter, the - - S .

.The cut off frequency of the filter required to minimize the

. resulting eye, pattern.can be made continuous

In our ,study, a second order Low Pass filter

@

having a Butterworth resp@nse [L9] was arbitrarily chosen »

‘intersymbol interference of the hybrid network was. determined

experimentally to be. approximately 2 8 fN (US kHz), where fN\“

1s the Nyquist frequency (16 kHz) This cut off frequencyl

N

(f ) was tnen fine tuned until the aperture of the’continuous

-~

eye. diagram becomes -maxi mum

‘ It 1s 1mportant to notice that a hybrid network

will 1imit the original digital B'I‘F's self—adaptability to *
T . :
different bit rates Fortunately, in the maJority of cases )

"

‘the BTF is designed for'a specific—bit rate and @daptability

is not an important factor. The following~panagraphs will
\¢ )

detail hybrid BTF techniques.‘ .
Assuming that Y (f) and A(f) are the frequency
responses of ‘the BTF and LPF respectively (see figure 3 6. 1)

then the overall response YL(f) is given by S _ .
¢ . o a\.‘
- ’ ‘ o L \ L.

Y (f) =Y (f)\ A(f) S ,(3.'6.1) R

4

* Since linear phase is required a Bessel or a Butterworth— B
\/ .

. Thompson filter would yleld better results




//;/;;/////’///WY (f>|2 by |¥p, (f)lz (equation 3.612). A function talled - . | :

H

attenuation due to the Low Pass Filter ’

and the 'magnitudé squared 'ts;, .- . - . . o . . o
. - H " - . ! "‘\ ,. . ’ . : ¢ .:‘ - : ‘ ’ M
ot ~‘; ‘, N . K N . ¢ . . . \ . L . . . B

1Y@ = (v - [ L (3.6.2)

N . v , ’ v ’ .D. . ,g:. v o R ' 4
’ The first terlyon the right hand. side was given in :
' ‘equation 3% 5. 6 Flor a Butterworth second order ‘LPF the : .
‘magnitude of the f‘requency response gry [27, p 285}
. . ; h N
v o a . . o ‘-'\".
c lA(f)zz v Ag? R - (3,6.3)
2o - . : (f/fc;"+1 ‘ -
C e ' L. oo SN
" where - . : ’ SEIREPN o s . 4
. N - . . N . v . &
‘;A - f‘ilter gain at zero frequency . o S
. f‘c - f‘ilter cut off‘ frequency {3.dB point) .
Setting A equal t‘:o one and f‘c-ny; where y was O .
determined experimentally to be 2 80 equation 3 .3_be.c,om‘es§.‘ A
.“ . N . * ' Y :
| AEY]? - £l+(f/Yf ’ C(3euy

er is o‘otained by %eplacing in equation 3 5 3.0 / '

.
LPF based on, this development\ (see. Appendix All) was added to

he computer program SPECT in order to calculate the

The out of band to ,
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‘f(SPECTQ\as in last section and the results for different

. BTF/LPF are given in table 3. 6-A. .. T

not displayed An- thig section as it Is very similar to that

' method fbr the hybrid Binary Transversal Filter - Low Pass

, .
%

‘ NN
- =4

infband energy ratio Wasg evaluated using the same program

-

<

-

The power Spectrum density af the "hybrid. filter is

i
'shown An figure 3. 5 l to 3. 5 b, The reasons for thvse ﬂgtj
<‘similarities lie in the fact that a second orde Butterworth ;%f
LfF has a slow monotonically decreasing transfer function, -;‘
and- at Qf/fN only‘7ch of additional attenuation can be o --§.
observed. e , B o - . ‘ ' ‘é'
In addigion, s tmprovement, of the hybrid tilder ‘ 1
over that of the BTF alone can be noticed For example with ‘ g
the results obtained in” last section (Table 3 5-1) the‘ ‘ ) ?
,difference‘in energy ratio (Taule 3.6=4) due to truncatin the ) %
-integral at u fN instead of UO fN is neglig*ble, proving . ‘ '-E'
that most of the energy is concentrated in the,specified f " lg
'Vexcess Nyquist bandwidth It ii'also interesting to notice ' %i
\that as much as’ 5 .dB improvement An energy ratio exists . . }
"between the MO% and 308 excess Nyquist hybrid filter (L=2, s i £
\ K—B) while less than 5 dB was observed using the BTF alonef |: o ~;§.

Before concluding,some mention must be made of, the wbrk

/ S

of F. 5 Hill and W. V. Lee {26] who have presented a syntesis .

e
A

Filter combination Im their method the BTF coefficients

and’ the LPF cut off frequency (f ) were determined using a

- f A
. «
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computational routine which minimized the so called digital
Mean Square Error (MSE')

work is the extremely low number of. BTF coefficients required

~

:
‘.

1

' The most important result of their‘

¥

Using a Mth order Butterworth filter and onIy a’y coefficients

'~\' It is evident, in vie W of Hill and Lee s results,

- \
BTF almost ideal Nyquist pulses were obtained

!

that further research should be conducted towards ‘a modified

Mueller mexﬁqd which would possibly optimize the BTF cqefficients

and the Low . Pass Filter simultaneously

~
K
-
R
> ., .
. or
&
g

digital: MSE,

7 L .
is"the” variance of the peak distortion- {26]
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5.

4. l Design of a Binary Transversal Filter for Satellite ' .

Communications T

. 'I'he theory described in the previous chapters will

! . 4 L

now. be applied to an example satellite communications ! -
'[32 33] Attention will be focused. in particular on the :

- ‘ desiagn of/a premodulat{o“n filter. for the *Single Channel per | < \ u:
' ‘Carrier (SCPC) Pulse Code. ?'lgdulation (PCM) Multipli Access. o ' ‘ ,g
. Demand Assignment Equipment (SPADE) [22],. . N "3 Y

The SPADE system was conceived to make optimum

utilization of Satellite transponders 1nterconnecting earth

LFRYIN. S O S

stations carrying light traffite. In this systﬁm, the

| Frequency Division Multﬁlexed (FDM) channels are not

A p\reassigned i €.y an idle channel can be used by any . df the w
ground stations. A communication link can be established
between any: two earth stations by the simple demand of the | R
' --one originating the call The S0 called DASS .(Demand o ‘ o s% ‘
!

' ~Assignment Signaling and Switching) control assigns at random -

\
"'« one of the available channels. Experts in this field [22]

,have concluded that SPADE is move efificlent in the sense of

pdwer arid ba.ndwidth per- channel than any of. the presently »1.

.

" used methods * . L s

>

RIS A T SN R L

A maximum of 800 channels . occupying 36 MHz bf

, bandwidth \can be transmitted via a single satellite transponde,r

. | The overall characterist‘ics of‘ the SPADE system are:

. . * k] ‘
R st iin e« oin SN R S - e
, .
.




. S

1s shown in figure 5.1.1 [22]. Note at thé.bottom of the spectrum ’

through’ this channel that the _Demand Assi§nment Signaling and

i ‘ L -9l
: Yo "
", +Channel encodlng - ST "_ . -:" f T
‘Modulahion'_ | . E T y Phase PSK (coherent) . .
Bit rate .:';'i b 6l Ko/s . S
) Banclwidth per ‘chtanr;el S 38 kHz S - o
Channel spacing - ’-'\ b5 Kz -~ . o .‘l'

Stability requirements ~'+2 KHz '(with AFC)'//

~Bit error rate at threshcld lO‘“ (Eb/No 10. 5 dB)

The SPADE multichahnel frequency allocation SpeCtrum

the presence of the Common Signaling Chahnel (CSC) ' It is

' Switching is done An outgrowth. of the SPADE system 1is the

.-preassignment channels QBT The SCPC has more stringent = .

El

so called SCPC (Single Channel per Carrier) which: uses S }

specifications than SPADE in order to achieve better” perfOrm-' :

. e, ’ .,Q

The simplified block diagram 'of the. u Phase cr QPSK

anees.’

modulator shown in figure 4.1.2 was taken ‘from A, M Werth, [21]

Notioe the two - low pass filters preceeding the mcdulator .,'/
. - '.\\ \ 4
‘ . . o . , S 3 .
-Channel A Low Pass| - S o
32 kbps 1 Filter R L ‘ Tl
L ramAs .. Modulated
: o T ’MODULATOR. P—-—'——. Carrier N
RS ' T A R “IF.output | - °
-/ 'Channel B, [Low:Pass]| ' Lo SRR I SR T
32 kbps— ilter - 4 o S
Ly : Carrier ON/OFF| |- = "% o
L IF Carrier Frequency SN
v N R - T

i Figuré 4:1.2: SPADE QPSK Modulator block diagram.
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! -, - . C o N
\(The specifications £or the two filtered 32 kbps

| ot . -
data?streams kcns A and B) are [23}w .o . o |
:u ; - a) Out of channel band signal power (i‘e‘, power content‘ j "
o . (. . at frequenciesﬁz 22 5 kHz) af'tér low pass: filtering -

AREERY o shall be greater than 26 4B down from the in band
‘ s signal power . (This is equivalent of saying thatl

. 'the out of band to the in band energy ratio shall be : ;-

o . N

[

‘less’ than -26 dB, -where all ﬂrequencies greater

e B

LA

Lo \ than 22.5 kHz are - considered out of band. This

R R e

| S . ‘ ." corresponds to 1.406 times the Nyquist Frequency

\ V;’

L . ambo. 6%),fN.,16 KHz} T SN
q ‘D) Jitter occurring in the form of filtered data zZero
' " . ' crossing error due to filtered phase nonlinearity
_ shall be less than or equal to 7% of ‘a bit interval
- « (i.e., 31.2 107.= 2.1875 usec). | ;Z o C
N N ‘ ¢ ,3 Sx 7 75 u ?\ . ) v

As stated at tpe beginning of this chapter, a hybrid

SR W IR T MR

R

Binary Transversal Filter was designed and tested this filtern

-

fully complied with these specifications ; . N
(‘

e .+ In the) process of developing the final BTF, a first _— n

-

. prototype “vas implemented wnich did not meet the SPADE -
'specifications Nevertheless, the circuit diagram and the’
4 test results of this filter Will e included in the next
--section as they confirm the theoretical predictions of. chapter -

3. This.filter could be employed in si

" . requirements are less stringent. ‘ :
. . o . e . - . N R - . . . . N :
.

T g . : ’ ' . o ! ' : !

- ¢ Y . ' . . [ 4 - - . s .. bt
. . N . .
. ‘ ’ v ‘ . B v . K v
. . . v R . \ * ‘4
. . ' . . N . '
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M 2 Binary Transgersal Filﬂ%r Circuit Description '

In this section, the general principle of ope;ation
of a Binary. Transversal Filter implemented with digital tech—

niques is given \ I ‘: : . , ,. . "

-

As’ stated in the beginning of "this chapter,. two '/ “‘“

BTF's were completely designed and evaluated, The first one‘" .

\ 1designated BTF 1-8, where .the first digit following "BTF"

,represent the number of lobes. (L=1) and the second the .

o . F

. number of samples per baud interval (K-S) This filter had

»’

~a 41% exceSS Nyquist bandwidth The second was a hybrid type
filter and‘Was called BTF‘Z&S. Of this last. model three »
'units.were'assemoled and.tested,‘two‘of them had,a 30%_excess o
'Nyquist bandwidth ‘and.’one 40%. o ,"ﬂ . 7 i :T

w The block diagram of a Binary Transversal Filter is

PN

»

shown in figure L2, l An- external clock (dashed lines)

[
.-generates sharp pulses which are K times faster then the data

'bit rate (1/T), A, S S o -

T This clock 1s used for two. purposes O N
"i) To' shift toward the right the content of the digital

shift regigter (fiip, f‘lop) DS, - é At each clogk
-pulse the content of-DSi is transferred £0 DSi i ‘
1) . To drive the."divide by K module which 4n turn .

,generates pfl;es having alwidth.oﬂ D-sec (eqnation

'\3,1.2). . S

X3

“\y

“a,

PR
T Pl Ao

- . "

AR
IS

i e Lt NN

SR, 0 00
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- o The, next stage~is a differentiator .and. a;buffer,
‘." | fn S i'which converts the D-sec width pulses into positive impulses
These bit rate spikes synchronize the eiternal |
random data generator (dashed lines) whose output is binary
TR ..x «.and of the Non Ret’?n to Zero: format an. "and" logic gate
| »‘ v_eombines these NRZ; random pulses with the D—sec periodic
. pulsee]arriving erm the\"divide by K" modﬁle.~ This Leéas"

t : - Ca s Lol ) 4
- : s to Return to Zero typé pulses. If a binary one is present

E L ) at the output of 'the. random generator and a pulse of width

i) co ‘"D sec" at the output of the divider then a pulse p(t)
R L (see section 3. 3) will start propagating through the shift
v . . R '\ . K o
‘ registers Depending on the sign of the coeffioients "ci"; oL s

a buffer or a buffer inverter is used at ‘the output. of the

: corresponging flip flop These buffers are required to avoid‘

the voltage drop due to the loading resistors Ri At the

output of each buffer/inverter a resistor Ri-a/c is employed4

c ~--tu approximate a current proportional to c1 o .' - a 5'

These resistors are the physical realization of

multiplicative constants All resistorszare connected to” o 'g: |

the input of an;operational amplifier used 1in its inverting

A -
- >

T configuration.i An inverted staircase approximation of the : o

T L L Nyquist type pulse is presen@ at this point Afterwards, : .

-y . -
T

-an active low pass filter follows which smoothens and inverts

"—J

\,/
'again the staircase reSponse of the BTF The final’ output of

1 . ¥ vg'¢°

the filter is a continuous wave truncated at L.lobeshtseev: o .:.~,r..

i

N o " L eqUation 31 l d& - . - ‘; -:l .“"-, . he AR = .\, l.' )
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Having established the general principle_of operation

\of the BTF a review of the differences between the BTF l 8 and

BTF 2- 8 models is now given. S ”ZIV_‘ - “4
~ The circuit diagram of BTF 1- 8 1is given in figure

J-‘.2.2. " i . . ‘ , - i '

This filter was implemented using TTL logic devices
and the response was. truncated at one lobe (le) Asfa“
result “the inverters were. not reQuired The buffers

also were not necessary due to the relatively low output

\
. impedance of the TTL devices compared to the resistors Ri

The values of the resistors Rl to Rl6’ as' well as the following

. lst column - 'BTF coefficients c

4th column.- The error in pérCent‘between“thetlast two ...

information is given in- table 4. 2—a. :'- : - “' L . :7

4 accurate up to 8 digits °

"2nd’ column - The: exact value of the resistors (Ri-a/ci)

3rd Column - ‘The standard l% resister wnich is the closest

om to the‘exact value;

-

N
s -

.

colums

A N »

. Note that the value of the middle coefficient is ‘: ..

-

. normalized to unity and the corresponding exact resistor has“

a standard 1% value,-in this manner the nominal percentage
1 q) ’
error for the middle multiplier is always nul

As it will e demonstrated in next section, this

0

,' filter”did not complj with the’ SPADE specifications:and for

-,*‘ : ° Lo

AN

99"

~

{
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4 ‘.‘ : this reason it has never gone beyond the stage of S prototype . ff.‘

\

"For this same - reason no low pass filter was permanently l’ B ¥

. added to it, aMhough some. measurementsﬁwere taken using an : "

e f‘ N .external low pass filter. L ’ L - o “._fﬂ\ -
) | The circuit diagram for the BTF 2 8\15 given in N i

»" . - , . ' s - . ; . R . e . . ly};
o N fisure h.2. 3 ,_'»“ R ‘n,‘ L o .j. RIS

This filter baving a total of 32 coefficients* - .o ‘l%t

e,

« qBikas ‘dmpIemerited using COS=-MOS integrated circuits to. take/ L

)
"f., »

advantage of this relatively low power dissipation in cOomMmm ) .
. o P’ .
parisen with other families. In this case buffer and oo R R

o
Y
.
. 4 .
it K 2

.

VLT N
A

"buffer inverters were required for’ two reasons: first, . v

,Jt

IS

. ) ~'/.“”‘ due’ td the relatively high output impedance of the MOS R

devices and secondl due to the inverted polarity of the second
T lobe ‘ .- o .e“' o “.' e b BN

I S STy
~F, e B s :
.. ‘.

R . The resistance values Rl to R 2 for‘36% and UO% . L

3
' excess Nyquist pandwidtb are given in tables, L, 2- B. and b, 2 C

[ 4
i

T A aateis

~

»

. - . v ..\n.' « ' T .
O respectively o - o e N

.-

v " . . k] .

- 3 . . .

N ' , e . ! — .
. , .

L , N e - . - .. i N e

oL ;o " A Butterworth’ second order low pass filter was ... - ., ...

L7 % Nete: The actual number of coefficients required is the\,ih RIS
Ce - \ Co -\ : :, - .,"}5
ce total less one . This is. due to the’ fact that the R o

y §
1' ., T Lol

[ E , s AT first and last cOefficients are always zero and w';“ : 'f%ﬁ,
P et " ‘ ‘4‘ , ’ L e " ' ‘f‘ RN -
' , - Lo appear exactly at the same time instant with ;espeqt N

T s T e the bit interval (gee. figure 3 2. a) S




Atxthe output of this filter a 150 uF capacitor was used

S to- eliminate the dc componen present at that péint. This :“ Y

capacitor with the assooiated,resistors is the realization

3 ®

of a verj low frequency high pass filter discussed‘l

PRV

Section 3.4, To match the Operational Amplifier output

P
., ‘
2o

impendance with the 75 ohms requirement a minimum loss S /
. ' ' “ resistive devioe was used A double sided printed circuit
. artwork for the BTF 2—' was prepared.and is’ shown in figure

4 2 bg and U 2 4- b e = ";

ok

.

T IR ’:“.\ The final assembled version~of the BTF 2-8 13 shown

‘ﬁ.“ " in flgure M 2 5 i Notice that all input and output signals .
Lo Pa g ‘r

are accesidble‘fhrough the fiAter front pannel BNC connectors.,

-
2

o _VJ . Provislon was also made tQ have ‘these signals on the rear AT

5~ .‘:'::'.. :‘vj’a _l plugboard V:La A B c, D pins (figure }4 2 u b) ) , ‘. _'v, ‘.»

Y o
. . “

BN
-

3

. .
.
oot e S v MG T

Finally, figure 4, 2 6 shows the BTF 2- 8 oomponents

-

‘

}xw"oltﬂ,% ; .layout °This drawing greatly facilitates the rilter assembling
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designed and ‘tuned- following the guide lines given\in [27] .
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Ty

* ."

T ] +1I15V '
o . ¢

FIED

RESISTORS ™ ARRAY.
SEE LOMPUTER RESJLTS

i‘OUTPUT

15

‘ Vec. +5V .
'GND.-QV C.
_ . .
\ e

. . FIG.4.2:2-Circuit Diagram

" Binary Transversal Fiiter

Model: BTF 1-8.

. K=8,L=1,d‘——~—( R4 to‘Ris,],
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- . v 'b) ‘The SCPC specification did\not state,if the Jdtter

h 3 Measurement techniques and iest Results = "

N

This section describes the different aet ups and

~ -~

? M ! . -
techniques utilized in measuring the Binary Transversal Filter
v . .
~performances These meaSurement results are given :

Figure u 3.1 shows the test benech equipped for low

frequency digital communications performance evaluations
‘ Excluding the jitter measurement the following ’
‘tests were selected 1n order £o characterize the filter-’”

v

performanceS\"\ A ) = ’: o g

e

:ii) Power SpectrumlDensity" ‘ R
J s . - ) N . - s ‘ ‘.
L11) In to out. of bahd energy ratio

iv)“‘Probability of error measurement -.
. s -
' The zero crossing Jitter performanfe could not be

\

.evaluated due to the rollowing reasons

]

.2} The test equiment/available was not suitable tO\'
AN .

) evaluate jitter performance

. occurring at zZero crOSsing was a peax to. peak or an- .

_RMS typk jitter Peak tO‘Peak jitter-can be measured .
directly from the eye pattern and in this case the

BT 2-8 ﬁilter does net meet the. requirementﬁ
-
In a . recent paper written by M. Asahara et. al. [29]

the eye pattern of the QPSK modem for “the SCPC

S ‘ system s shown. WA very close'similarity exists
. > i .

between the. BTF\2 8. eye diagram (figure l, 3 M b).
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SR el 1 ‘and e one;given in [29] Sinpe ‘the M. Asahara . .
. modem fully complied with the SCPC requirements, we )
f~ can conclude that the zero crossing %&tter perform--

. . X !
r .

:ance of the BTF. 2- 8 is also met . B
o .c) ln chapters 2 and 31t was.shown that a Binary t‘r ' /"
ji_ ‘ " . . Transversal Filter has linear phase, thus the jitter
o | ~due to filter phase tlon linearities, theoretically
e is nul. o .f s ‘ _j

‘The block diagram of the test set-up utilized in
eyaluazzgg ﬂhe‘parameters,(i) to (iii) is shown 1in figure
".Afs'é’ : C ' “‘ . ' .
- All tests Were performed feeding the: Binary Transversal
Filter with the longest pseudo random binary sequence (22°-1) |
.;availaole at the output of the HP 1930A. The datanwas of the .

NRZ format. . - : .. o ‘:.) L | .
4 ' " The eye diagramrcan be monitored on a continuous

l'basis, ﬁnd is shown in-figures 4.3, 3 to. M 3. 5. These h : _‘:~ S ©
patterns are very similar to the.ones obtained by simulation'f
‘in section 3. 3 The smoothing effect of the low pass filter
'followirg the. BTF can be clearly noticed in figUrewﬁ 3. 3-b
4.3.4-b and u .3.5. The eye’ diagrams for the hybrid BTF2-8,
‘having~30%~and 409 excess‘Nyquist bandwidth are wery‘similar.
":Recalling what was predicted in section 3. 3 some difference

should be noticed at the zero crossing, effectively 5. 4 Hnsec

of peak'to peax jitter\were ‘measured for the‘HQ%,eXCeSS‘Nyguist'

( e 3 . ) ch . . . . )
: . o N . ' ’ . . ! . : . E
v SN "{ : - v
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50 mV/Division

[EPPE ' c ~ ' R . o

S ) ‘:Stugec/Divigion . _ . R
et e T
: . 4,3.3-a - BTF 1-8 Eye Diagram . . . e R .
hd . . . N _" N . . . } N N '

v . . . O 4 . .

t

(¥4

“Bit Rate " - -
;7 '62.5 kbps

———
50 mV/Division

B =" .5 yset/Division . S s «\.\:ﬁ"'

4,3.3-b - Eye diagram of BITF 1-8 . - . ’:.:' S

S . followed by 4th order’ e
Do . . - Butterworth LPF (f =120 kHz) . - .
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1 volt/division-
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L BTF 2-8 eye diagram ‘(a=.30)
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“ Fig: 4.3.4-b - Hybrid BTP 2-8 eye diagram
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x against 6 7 usee f’or,the 30% . filter’ (baud ,interval 31. 25 useo)

" The Power Spectrum Density of the dif‘f‘erent Binary
Transversal Filters was also evaluated and 1ls shown in f‘igure
\ ,‘Ll 3.6 to figure 4.3, 9 ‘ In the absence of a camera an XY -
plotter was used to record the Power Spectrum Densit Tpe
aoalibration lines shown in the graphs were obtained in the
f‘ollowing manner' ter plotting the BTF Sp‘ectral d.ensity_

the signal f’rom the Spectrum Analyser tracking generator Was

f'ed back" into “the analyser S input via a oalibrated attenuator

" For each attenuation setting a calibratiorr line was obtained.

Using this tecnnique the e-rrors due to the Spectrum analyser '
non li-nearity are oompansated for. .The measured spectral |

‘densities are very similar to the ones predicted in- section 3 5.
'The major discrepancies observed ar’é in the amplitudes of the }

. discrete spectral l nes appearing at multiples of. the bit -
rate Furtner stud es snould be conducted in order o) f‘ind

‘the reasons for; these dif,‘ferences The discrete spectral lines
PN "5 ) . .

:were lO to 15 dB above the computed value

\

Two BTF 2- 8 having 30% excess Nyquist were assembled .

and tested However from the Power Speotrum density resu&ts

g E a
given in figur‘e\ 4, 3 '8+a and figure 4.3.9, we_.notice that the
. \/—\

. ma,jor dif‘ferences are ge,low -HO dB. and are hence negligible.‘-

The next parameb\er to be measured is the out of‘ band
to the in band energy ratio. The set . up’ used for this measure-

‘ment is also shown 1n figureaﬂ 3 2 the technique consists of

L} .

Vo
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two’stepsc -In'tne first the total BTF output energy is .
measured by tunning the High Pass Filter (HPF). to its lowest ‘
cut off frequency:(ao Hz) ‘ In order to. assure that the amount
of energy lost in these 20 Hz of bandwidth was not of conse-
quence, a test was done‘with-the HPF bypassed and no differenpe.-
in the total energy was observed* B ;;" |
a~The second step consisted o%.measuriné the out o}
‘ band energy by tunning ‘the .HPF cut off frequency to ‘the ‘excess .

\
Since* the total“energy-

’

‘Nyquist frequency (equation 3.1.27).
is very close to the‘in band energy then the energy ratio 1is
simply the ratio of these . last’ tmo measurements. . |
The high Pass Filter available yas an;’ eightn order
Butterworth (48 dB/octave) having 0 dB. gain. Its measured
high pass frequency characteristic is shoWn in figure ! 3 10.
\*Tgpmparing the Binary Transversal Filter spectral dens‘fé roll

off witn the HPF response it becomes evident tha a nigher

der filter having a steeper response wou

hare.givén'more
.accurate energy ratio measurements - - _

_ The energy ratio re/nifg obtained usinguthis technique’
for 'different Binary/@raﬁgrersal Filtérs 1s éiven{in table. .
b3-h. - IR,

N

=~ ' . “. . L
— From this .table/not much can be concluded, -except

‘-the fact that the measufed energy ratlo is relatively close
to tne computed values considering the characteristics of - tné’

High Pass Filter. . o .

>
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o
v © The' probability of error performance of the Binary . | Lot
"_Transve%sal Filter wWas evaluated using conventional measuring N
~ techniques [30] and.the block diagram of the test set up is. g
shown in figquwu 3 11. An amplifier having 20 4B of gain was -
inserted in the noise path in order to provide adequate noise
power 'in a noise bandwidth of less than 100 kHz Preceeding the
amplifier a low: pass RC filter i1s inserted- limiting the whitewgoise
bandwidth to approximately 700 kHz. This filter, indirectly, )
~-'lirnitin,gthe amplitudeof the noise.peaks preventiné,the amplifier
from going into saturation 'and' deforming the Gaussian |
Probability Density Function [31] A 50 to 75 ohms adaptor
matches "the amplifier outpub impendance with the variable * e
S‘~attenuator A linear adder (resistive: type T network) c0mbined .
the BTF output signal with the Gaussian noise This ls
equivalent to an infinite bandwidth noisy channel An RC
low pass filter (LPR-A) ‘preceeding the data regenerator limiting
h~the noise and the~signal bandwidths in order to approximate
~an almost optimum receiver. The«rest of the set-up/is con- .
ventionaf. t.‘ : : . '.; ' '.3\

To obtain the best‘é(e) (P obability of’erron).
iperformahoe the regenerator has to‘sample the reeeived s‘ignal.c
at its maximum eye opening This is ‘achieved by adjusting
the clock via the variable delay generator (HP - 19094) "

(a3

The probability of error was evaluated as a function

'of the measured Signal to Noise ratio, i.e. (e)-f S/N), at
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A

f C . ‘the-regenerator's‘inpuf It was:then festé ed n terms ofuthé

\

Enargy per bit (Eb) overothe Noise dénsity ( ) using the

)
\nidq.~wfollowing rela;ion [30] AN

‘.« . . \‘” o - r—#
/ : . . :
No =X " br, (4:3.1)
| . y' ! .
where BM is _the measured noise bandwidth and br is the bit S ." - f
© rate. L _— o . ':ﬂ 3“ S Lo .
| . If fc 1s the RC- low pass [Fiiter (LPF&A) cit, off
. I
' frequeney, bhen the equivalent noise bandwidth, or measured
notse bandwidsh, 1s [31]F L | ,
s '/, : o : ) :
‘ ) BM-fc ~“‘/2 'V‘.. . '.... | .(-u:.3.°2). ..
\.° . Substituting this relatio into 4:3.1 and’ekpressing Sl
Eb/No in- dB we. obégin ' N CoaT
.. 7 [EB] =10 log,¢[S]>* 10 log,s[fec w N
: o o ' [No]dB . N] o br ZJ (u’3'&)
. FOAS Y

For a bit rate of 32 kbps a first evaiuation .af" the. :
ST @ S
P(e) was done using the LPF-A having a measured fc of 29.2 kHz
\‘(BM-h5 9 kHz). . The results are given 1n figure 4.3, 12. From this

. graph we, notice that:

1) ?he_P(e curve for the BIF 2- 8, naving 30% ar. uo% '

B ’.--“.% ‘excess Nyquist bandwidth, is~apppoximaqely .6-d§.




1

.-\.

. ' - .
;away from the regenerator performance.-

1)

v.cut off {requency of LPF-A to 61 2 kHz (BM-96 13 kHz) and the'

in the BTF l~8 eye pattern (see figure 4.3, 3- a

The P(e) curve of * the BTF I- 8 (am. hl; diverges from

the other curves at low probability of error This

.effect is most probably due to the lack of symmetry

v

and'3.3.1),, - .

A second P(e) meaSurement was taken changing the -

P(e) performance was worse than was the case for the BTF 2~ 8

:: filters

This s due to the fact thab for equal eye

openings at tne regenErator input the BTF 2~ 8 signal has less

..i)

\“

.energy than the square NRZ pulses

" To conglude we can summaryZe as- follows
f

The degradation 1n the P(e) performance for bd%h Lo

' BTF 2~8 depends essentially on Rhe equivalent noise
' bandwidth (BM) of the receiving filter.
‘The P(e} performance curve for the BTF 1= 8 diverges

_.frqm the others .at low error rates .

R

e B

o -

.results are shonw in figur@ b, 3, 13 In this case the regenator‘
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‘(equivalent Nyquist) are rather difficxdt to design, require

(BTF's)‘ As previously described these . filters c nsist
R

3
. the intersymbol int;%zrference.~ o . S S T l%
: SRR ¥

R e e

!

.l Conclusion‘

Modern narrow-band~data communication'systems-\
7

;EQuire the generation of precisely shaped pulses having

simultaneously small exceSs Nyquist bandwidth and negligible
intersymbol interference However, as we have seen, analOg

pulse shaping networks approaching these characteristics

group delay equalizers to dompensate for filter phase non- ‘ k .

linearities;/and operate at a. single data rate only

-

An alternative solution which has been gi;ning

attention in the past few years, is- found in a class/ of R

Transversal Filters CTF s) oalled Binary Transversal Filters

essentially of a number of delay elements, a network pf

multiplying cdefficients, and a summing device. No group

delay equalizers aré required since the' BTF is one of the few

' filters having a linear phase characteristic when the multiplying

coefficients have even symmetry The BTF is self adaptable to
kS

different data rates, however, it has a maJOr disadvantage aeit is

-

applicable to binary pulse only ( _," N

7 - - - i
N - . ‘

-~

A survey of some of the’ presently available TF'

]

s synthesis techniques indicated that Mueller s  BTF synthesis

[

‘method is the m0st appropriate for: data transmission The BTF 3.@5 - :

'coefficients obtained by this method are optimum since they ,:f" “,:gv

%

m@ximize the 4dn to out of band energy rat#i:while minimizingv'uﬁ




| . L S S o ' o o =p-.\
t,’ ' _‘ . o - : l Loe e "'. TN
| SR o ",‘~ Using Mueller's coefficients-wef ave seén that"the
} '.‘ . . . , . b .
BN ' - 'energy ratio performance of a staircase type TF is a funotion

. .} "'depend on the number of samples per baud interval and aiso on

1 ‘. - L:-I

B ?"',\ . 'the number of lobes in the filter S impulse response A two

X . .,
'lobe TF Was found tocbe the most economical in term of: delaying
4felements and multipliers as the, energy ratio improvement with

RO

':‘three lobes was insignificant.‘

A. simulation of the BTF's eye diagram has confirmed .
Zthe absence of intersymbol interference in the BT~ It also |
demonstrated that the oné lobe BTF has an asymmetric amplitude
'} respbnse which: introduces a degradation in the probability of .-
error per rmance, and that the peak ‘to, peak Jit er at zero

‘crossing decreases when the excess Nyquist frequency is

relaxed. ‘ "._ ‘ ) : v

- ‘ A sensitivity study conducted on the BTF's energy’
ratio indicated that this parameter was not sensitive to ’ .
”changes in BTF's coefficients However, as ‘a practical rule it
was established that the coefficients' tolerance should be it A'

> least half of the minimum differenee existing between any tWo

adJacent coefficients 1/ S *' ST ~

‘ﬂ'. t, . The maximum number of filter ‘coefficients'was |

A

,'~speed and the coeffieients' accuracy

of th“total number .of* the f}lter coefficients These, in turn,

found tQ be limited mainly by the hardware S maximum switching f_.{"




The»éTF's powerﬂspectrumidensity simulation‘for a.
filter excited by random sequences -of pulses has predicted
' the existence of discrete spectral lines/at regular bit ‘rate ' ";
-L ' ‘,;' . intervals. Following this, another simulation was able to
'show tbat by'appending a simple second dgrder. analog low passl
filter to the BTF the energy ratio performance qould be . ’
increased by. almost 12.4B depending on the BTE's type. . : B
To confirm these simulations, several filters .
were physically implemented. A one- laobe BTF realized using
‘.1, TTL. logic devices and having 8 samples per baud interval .

has confirmed tne expected poor energy ratio performance and, :

also, the degradation of the probability of error at large ' j ST

|. Eb/No nabdos. However very encouraging results were obtained

b

P . with ‘a tow lobe BTF,_similar to the previOus one, but implemﬁnted\ ) f;”

e
by COS/MOS devices’ This filter (BTF 2- 8) was designed for use’ - o
- ' as a premodulation filter in the SCPC QPSK modem, and it fully o ”a;.'
. . ,)‘g . '
complied with the SCPG system specifications PRI SRS

K CE N \ i,

- As .a result of the studies conducted here, it is : -i .

”‘evident that-many-areasnof study remain open in_BTF research.
It is, howeVer, encouraging that the already demonstrated =
- )

) economic and performance advantages of these filters pointed out_

an expanded role of the BTF in digital communications technology




omputer Program Instructions

2!

\

APPENDIX A

AN

All programs are written in FGRTRAN v Language

Al Program BTFl

Input data Card

-

PR S

Fleld
Columns

Punched
Value

Format

Description .. |

1- 5

6-10
11-15
16-25
26~30

e ®N.r O

Blank
any

i5

I5

I5
F10.0

I5

-

Impulse type‘samples
Pulse type. samples '
# of samples per baud interval

BTF impulse response truncated at

Excess Nyquist bandwidth
Programs printout on paper. only

Output

1)

i1)
g

The normal output is on paper printout

The co
(See 1

BTFA?oefficients punched on cards

&

ficients can be obtained on punbhed cards

ut data’ card, fileld columns j? 30)

Field

Columns:

J

Description

Format +

1-5
10-20

30-35
36-40

41-50

BTF Coefficient number (1.to N.¥ . I5
BTF Coefficlent values
# of samples per’baud interval (K). - 1. 15

# of lobes (L)

Excess Nygquist bandwidth (a) " ‘;

£20,14

5
CF10.0

A

» A}

+




~ COMPUYER PROGRAM, YNSTRUCTIONS  (Continued)
A2’ - Program SMTF : = ' . ..

A3'- Program SENST .~ . ‘- o T

o ﬂAu -.grogram SPECT L . tf E L N . -

'n }; a ) ' . il ' .:.‘

Input data Cards M &&
For the programs SMTF, SENST SPECT the 1nput ‘data caras 1s

" the deck -of punched cards’ containing the coefficients values.

obtained from the program BTFl

SR T 5 TR
L _ Qutput Lo R AR Sl
‘. ' i Tne-normal printout is on papera :\?) \. ) ‘ '

Programs SMTF and SPECT using the plotting subroutine request

s
‘

_the-use of magrietic fape,



APPENDIX A1 .1

. PROGRAH 8TF 1 (INPUT OUTPUT, PUNCH, TAPEL'= PUNCH,

OO0 OOO

”

THIS PROGRAM CQMPUTES THE OPTIMUM COEFFICIENTS

OF A BINARY TRANSVERSAL FILTER , .

REFe = Ko He MUELLER ' Y o
A NEW APROACH TO OPTIMUM PULSE SHAPING t . D
IN SAMPLED SYSTEMS USING TIME DOMAIN FILTERING,: y
BSTJs VOLJ52,NO.: 5,PP, 723-729, MAY/JUNE 1973

DIHENSION KA(100)

‘COMMON R (1.0 09 5 XMU, XI, A(SOSU),V(iOO) . ‘ - ‘ . U

-DOUBLE DPI, XUy XL
- DPI=3 1“15926535897932385626“00

10

. PI=3,141592653589 e , .

READ INPUT DATA -

READ 10, TAQMU+M,BETA, I.PL'

F
I

:

RMAT(3(I5),F10.0,1I5)
(IADsEQ.0) LET=9HIMPULSES
(IAD.EQ.1) LET= QHSTAiRCASE

XBET*BETA'iGB. ' '

PRINT 20, LETvHUquXBET (}E -
20 FORMAT (1K1, 10Xy *BINARY TQANSVERS!L FIL R*7/ . ”
' *iUXoAQ,' OUTPUT®* /10X,12,* SAMPLES PER BAUD INTERVAL (s
‘/.ibx,'T?UNCATION AT #+= *12,* T/

®{0XsF7.2,* EXCESS NYQUIST BANDWIDTH®) - ‘
MP=1+2%MU*M _ ‘ S :

100

GENERATE AUXTIULIARY VECTOR TO . . .
SATISFY INTERSYHBOL INTERFERENCE

Miz=M+1

M2=M*2 |

00 100 K=14M2

MI=MU* (K=1) . - \ o
"00 190 I=1, MU .o : C a . : o
LMI+I - ‘ . - -
KA(LY=L i ' E
IF(TeEQeleANDeKeNE Hl) KA(L) U

CONTINUE

XMU=FLOATINW .
XL=0e0 ’ Y '

" GENERATE VEGTOR R (FIRST ROW OF *A® MATRIX

XU=DPI* (1. +BETA)
XPI=PI*(1.+EETA) /XMU
T0R=8

DO 200 I=1,MP

XI=T-1

PULSE TYPE SAHPLES OURATION 7K.

IF(IAD.EQ.0) GOTO 220

CALL ROM(XL 4XUsIOR,Y) - S ‘ -
RI)=Y/PI/XNU ‘ ‘ L T S

‘600 200

IMPULSE TYPE SAHPLES

IF(T4EQ.1) GOTO150 I
ALFA=XPT*XI o

~R(I)'R(l)‘SIN!ALFA)/ALFA ’ .
G010 280 :

RIT) =1 +BE TAI /XM L e

DO 310 °

- CONTINU

csne%nrs MATRIX *A*.IN MODE 1 STORAGE
foMP o 0 ‘ :




00 CONTINUE

| 510 R(I1=0.0 o :

IF (KACI) LEQ.0) "GOTO 3{0.
DO 300 J=1,1

IF (KA(J).EQ.0) GOTO300 . . T

KP=KP#1 . et ‘
A(KPY=R{L+I-0) S

180 CONTINUE
.. ERR=1,E~10
MQ=MP=2%M - ‘ g
COHPUFE.}AX EIGENVALUE AND EIGEVVECT
CALL EIGEN(MQeERR)
" EDB=x10.%ALOGA0( (1, /A(l))'i.)
" PRINT 410.A (1),E08
410 FORMAT({HO, 10X, *MAX EIGENVALUE -',Eiu.a./. ‘
"‘11X9'ENERGY RATIO. =¥ ,F7.2 ' DB",, R )
. REINSERT ZERO GOEFFICIENTS IN VECTOR R, o
KR=1 A :
00 500 Iz1, NP :
- IF(KA(I).EQJD) GOTO.SiU
KR=KR+1 :
R(I)=V{KR)
GOTO 500 |

500 CONTINUE .
. NORHALIZE COEFFICIENTS R(I)*R(I)/R(HAXJ
MM=MU*M+1 : E
RC=R (MM)

PRINT 540

~ ®¥NORMALIZED RESISTORS ARRAY®//) LT
© DO 550 I=i,MP : -
COMPUTE RESISTORS ARRAY
. RIIV=R(II/RC o : '
RE=R(I) '. ' T . Coe
IF(RELEQeDe 0IRE=14E~ 30 . . R ‘
RES=1./RE T
PRINT 560'19R(I),I’RES . o . ‘
560 FORMAT(LH 10X +®A*,I3,%=%,1X,1PE15,7,19Xy*R*,I3,1X,
P MRz, 1Xe 1PEL 2. 4) i IR ) ' ‘
550 CONTINUE ‘ e
. IF(IPLLEQe«D0) GOTO 610 - v \ .
DO S70 " I=1,sMP :
PUNCH COEFFICIENTS VALUE ON cnans
570 PUNCH 500yI,R(I) yMUsM,BETA

600 FORMAT (15,5%,E20. 1u,1ux L5, IS5, FiD &) - .

610 CONTINUE
SYOP . , :
END ) Co . v

o

"SRU FORMAT (1H '1DX"NORHALIZ‘D FILTER COEFFICIENTS*;iOXv‘

142



. ‘e e
: SUBROUT INE Ronth.xu.Ioa Y) Co
N . THIS SUBROUTINE EVALUATES AN INTEGRAL'* c
c. ' USING ROMBERG ALGORITHM - N _
. C REF,- BAUER, ALGORITHM 60 - o : g
c . CACM, VOL, 4, ISSUE 6,1961, PP zss R ‘
‘ * 0OUBLE A(zo),Fcr,u.xu,XL,ox,xu,F ‘
DX=XU=XL . ‘
A1) = (FCT!XL)+FCT(XU))/2. ‘ ,
N=t _ _ . ¢ o _
D020 IH,i.IGR o . oo : o
: . u=0.0 oo ' s I o
. XM=0X/2./N . o o '
N2=2%N=-t Lo o o e T - T
D010, J=1,N2,2 LT . C :
10 U=zU+FCT (XL + J*XM)
_ A(IH+1)=(U/N+A(IH))/Z. .
s F=1i. . e
DO 30 J=1,IW P
© RxTH=-J%1 -~ . 5
. Fgl’l'F N ) .
30 A(K) = A(K+1)&(A(Kfi)-A(k))/(F-i. o
20 N=N®2 A A
Y=SNGL(A (L) »DX) L ol S
RETURN - . S . T . .
] ENU . . L . N . * . ‘ ' . PR . . o .
T -i:> . e . S
) . \. . . : . . . ) ) . i . “ . . [

DOUBLE FUNCTION FCTAX)
THIS FUNCTION IS THE. INTEGRAND
. . OF SUBROUTINE ROM : ~ s

© 4 . - COMMON R(10 0).9 XMU, XTI oo o .
. .DOUBLE XWX SyX " :

X=X /247 XMU - T >

IF(XsEQe040) XS=1. ! Y e

IF(XeNEe0eQ) xs,(oer(st/st*'z ) ‘ U
" FCT=XS*0COS (2, *XW*XI) . e

RETURN . , Lo . .

« .. . .v END \ . R o . . E . . N . i.-

oo .
[




" SUBRGUTINE "ETGEN (N, ERR)~

C o . V. e

THIS SUBROUTINE COMPUTES THE nAxrnun :
EIGENVAL UE AND CORRESPONDING EIGEN- = .
VECTOR OF A SYMMETRIC MATRIX . VAN
‘REFe=~ Le FOX AND Do F& MAYERS .

COMPUTING METHODS FOR SCIENTISTS: AND ENG.
PP112-11, (CLAREDON:PRESS. ~ OXFORD - 1968

DIMENSION R(100)9A(SUSUS'X(iﬂﬂ)gC(iﬂﬂl

D0 10 T=i,N T T

;10
*50

20

" 30

15

. 100

IF{JeLE.L)

“XRE&ABS (EIG-EIP)

_IF.(XRE.GT.ERR)

. COMRON- RoXHU,XIoA X - . . "¢

EI6=0.0 ' C L w
NT=Q .. e CoL
NC=(N+1)/2 L o ‘
00 5 I=1,N - Lo ' ‘

C(I)=0.0 .
IF(I4EQ,NC)
EIP=EIG * o : o ,
Kd={ . ‘ ' \ o T

Cthate0 v . - EERECREN

X(I)=00 o . A
KJsKJI+T=1" C R
KI=KJ" ' : o e
DO L0 J=i,N - o e
KI=KJty=1 o . S
KI=KI+J=1
X(II=X(I)+C (J) *A(KI)
X'P'=000 e l
DO S50 I=1,N . . , D
XP=XP+X (1) * CLI) R
EIG=XP I . ) .
XN=040 N - .- R T e
D0 29 K={yN -~ - ’
XN=XN+X(K)**2 . & .
XN=SQRT (XN) -

DO 30 ‘K=1,N

‘-

X(KY=XIKIZXN - oo L e
.00 15 T=1,N : S : R

C(DI=X(I) , LT
NT=NT+1 s

IF(EIP.EQ.0 «0) GOTO.60 .
TIF(NTeGT.200) GOTO 100
GOTO. 60
GONTINUE -
At1) =E1G
RETURN.
END




o K] iy By ' o o S T T TR TR .
s ‘ B . - v A Ty \ LA ", v . " .
N ! " ' * 5 L . , - e . A .
. . . [ , . - Lo N \ o > .
h L . ' . “ . ' - SO e H ‘ . R . . .
T e . . , . C, .
. . . . . . . « N
. . . . . .
;

SRR R . §. - APPENDIX A2 E N N 1
T PROGRAH SMTF (INPUT,OUTPUT.TAPEIU) D SR
N . C, THIS PROGRAM GENERATES THE EYE.DIAGRAM OF L s
-~ . € \\\' A BINARY TRANSVERSAL FILTER OUTUT SIGNAL. . . .. - : :
: .G+ THE BTF INPUT SIGNAL IS'A PSEUDO RANDOM S
‘ " C . "BINARY SEQUENCE. . ) 1;) } .
» c MU= NUM; OF SAMPLES PER BAUD INTERVAL~(K)
C M= NUM. OF LOBES (L ’ i 4 Lo ;
. -G - " BETA= EXCESS NYQuist BANDHIDTH. ‘ ‘ .
! c ~C(I)= BTF COEFFICIENTS, <
: S DIMENSION x(100).c(inO),Aczn>.1xtsn).v<50.so) :
* C .. > READ BeT.F.. CHARACTEQISTICS. o _ o
2 READ 10,MU, MyBETA . . - ' \
-x 10 FORMAT(40Xs IS, I5,F10.6) e o0
- : .. IF(MU.EQ.0) GOTO 1000 *© - T T .
: G .. . CLEAR AUXILIARY VECToks KeAsIXe Lo —
.. . -. DO 250 1CL=1,100, . L S ‘
v . 2250 X(ICLY=0,0 .-~ - . T
T )0 266 TEL 2 1,20 T ~ N
255 A(ICL)=0.0 , . SR o, EER
. - 00 260 ICL=1,50 . R . o " - '
R © o IX(ICLI=O o o ’
St C "0~ CLEAR MATRIX Y e o . L
" . .D0 260 ICJ=1,50 - - - L D
R - 260 Y(ICL,ICJI=0,0 - L D S
L . -, NT=2%Myu*M ‘ ‘ . Lo -
R 2 "+ RE¥D. 8TF coerrrcrsnrs. s S
S D020 I=15NT S * B C
. 20 READ 25,C(I) RE ( . : _
Lo 25 FORMAT(10X,E20.6) e L - SR
! © .. XBET=BETA®100, R Coe ool
'C ~.' PRINT BTF CHARACTERISTICS. “ - : e
o RRINT 3I5,MU ,nyaET " L
.35 FORMAT(1H1,5X, "BINARY. TRANSVERSAL FILTER EYE DIAGRAH'/
'#6X412,* SAMPLES PER BAUD INTERVAL (ryes ‘ S oo
5 L7 *6Xy *TRUNCATION AT ¥=eI27 .Te/ . o . "
Lo ;L REXyF7o2¢ EXCESS NYQUIST BANDWIOTH?) © "7 ., RS
) - . NS 0 : . oY ! ' L. 0 .
) c - INITIALIZE PLOTTING SUBROUTINE. : ' ' '
© _ NP=0 :
: . MUP=MU*2 WL e S . ST o S
LY=6 _\“ oL L e coo T o L
- . _ XL=FLOAT (2% MU) . e T L
[ S XT=1, _— ‘ g i
N o _ XLo=0,- . S oA .
sy © . YLO=-.5 R y ) . SR
SO - XCR=0. : . — w4
o YGR=Ss o T fr
YTzho . ' ) o - e xﬁ’ .
CALL AXISXYX(iu.Lx.LY,xI.XL,YL.xLo.YLo.xcR YCRyYTY = = " S
cC CALL PSEUBO RANDGOM BINARY speaourrns ' - ' i
1 CALL PRBSUAPR,NS)" Y
| XM4)EAPR . . C , 2
.7 NS=NS#L . o r A -
. COMPUTE" FILTER OUTPUT. - s : :
"0 .DO 50 K=1,MU :




, ,
L R
‘ . N « N .

BN e
f - N
]
)
\

(¢ Ny

90 IF (NP.EQ.HUP) NP=0

o cD=0u0 A

00760 J=1,NT . - '
60 CO=CO+X(J*C(d), . - [ I\
STORE ouvpur VALUES IN VEC PR A
A(K)=CD -
SHIFT ONE. STEP ‘10 THE RTGHT THE
CONTENT OF vecroa ) S .
* NLsNT-1 , N

0070 L=t,N1

=Y KN=NT-L+1-

70. X{KN) =X (KN~ 1) \
' . SEY TO ZERO FIRST ELEHENT OF VE3 TOR Xi
X(1)=0,0

50 CONTINUE - . ’ e

STORE FILTERS OUTPUT VALUE INTO Y HATRIX.
00 80 K=i,MU. =

NP=NP+y & ° - . o AR

© NL=IX(NP) )
IF.(NL.EGQw0) GOTO 85 - : e
DO 110 I=14NL ! . e
- DIF=ABS (Y (T yNP)=A(K)) ' L
IF(DIF.LEe L E=5)." GOTO 90
110 CONTINUE
' 85 IX(NPI=IX(NP)+1
YLIXINP) yNP )= A (K)

80 CONTINUE -
. IF(NSGLT.12W) GOTG{ N
" REARRANGE VECTORS OF Y Mnrafx
. IN DECREASING ORDER., . -~
D0 120. Xx=1,MUP - .o
e IK=TIX (K), /

.
L

0015 ku=Pzk . o

| f. IF(KMeEQ.IKY 6OTO {12 -, I
KP=K"*1 ‘ ot s ..
YHIN=Y (KMyK ) ]

00 115 I[=KP,IK

. IF{YMINGLE. Y(I,K)) " GOTO 105 C

YMIN=Y (T, K)-
YU KIZY (KM N
Y RM K =YMIN |

:.105_CONTINUE R R
1157 CONTINUE L

112 CONTINUE

'120_ PRINT 200, ( Y(I,K) 4 I=1,TK)

200 FORMAT(1H s W LUCLXoFL0,7Y) -,
X TRANSFER VALUES FROM Y MATRIX ONTO

00 150 K=1,MUP .

IK=IX(K) - - .

_DO 150 I=1,1IK ' a'. .
XA=FLOAT(K=1) . %é o R

YASY(I,K) . ®

CALL PLOTXYx(XA.YA.u 0) .

XAZFLOAT(K) :

CALL PLOTXY.X(XAsYA, 1 -
150 CONTINUE .

MAGNETIC' TAPE VIA PLOTTING SUBROUTINE. n"”
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o,

| e b e bt mmmy i e

SUBROUTINE, PRBS CAF 4NS)

. ~ REPEATS 'ITSELF AFTER
"BIMENSION L'(20)

c

c

c

L

¢
. C .

C .- . Xi= FIRST TAP.
5 k2= SECOND TAP..
T

N'T
PR K1=6 S
vt Ke=T. Lo
g CT L NI=NHL <
10=D

" IF(NS.EQ40) xn 1.
00 5 K=14Ni:
KN=N+i=K e
.5 I!KN)'I!KN-i)
L IMs10
AF= FLOAT(I(i)p
RETURN
CENo - : .

c . CLOSE PLOTTING SUBROUTINE '
. CALL « ENDPLT!XCR,YCR)

. GOoTO 2 -

| . 1000 "CONT-INUE .

END e Y,

- .
[N

THIS SUBROUTINE GENEQATES AT RANUOH '
A ZERO OR A ONE EVERY TIME IS CALLED, BY
THE, MAIN PROGRAM.” THE BINARY SEQUENCE
(2‘*N)‘1 CALLS.

* THE LENGHT OF THE. PRBS IS 29BNay
N= NUMe OF SHIFT REGISTEQS. MAX ., 0.

NS= 0 AT FIRST CALL. .o

IF(I(Ki)-NE I(KZ)) ID—i :

N



' APPENDIX A3 . . . ‘ 148
- A - 5 PROGRAM SENST«INdUT QUTPUT) ' ' S
THIS PROGRAM ‘COMPUYES THE OUT OF BAND TO. THE Y S
= IN BAND ENERGY RATIO OF A BINARY TRANSVERSAL )
FILTER, COEFFICIENTS JF WHICH HAVE BEEN RANDOHLY : 2
© ¢ PERTURBED WITHIN A SPECIFIED RANGE, o 7,
*DIMENSION, B (100) L _ L
. COMMON XMU, NT,C(100) ‘ LT
c. READ B<T.F. chaacrsalsrxcs. . 4
. ~ 7™ 'READ 10,8(1)yMUyMyBETA e C -
C. 1+ <10 FORMAT(10X, E20, e,iox,Is.rs.Fio a) + A
“ N=MUSM o o ' ' o
: CONT=2¥NgL N 0 ' S
| ."T;\ C. . ' READ B8,T.F. OPTIMUM COEFFICIENTS.
‘ S DO 20.I=2,NT . ' oo
20 READ 30,8(1) I R
o 30 FORMAT{10X,E20.6) S . o : : :
a PRINT 404MUyMyBETA - - IR )
. : &0 FORMATU1H1,5%,* B,T«F, SENSITIVITY svuov',/. , o -
o 4 ©RBXy N =T I3 44X, L = *I2,8X, *EXCESS NYQUIST = *,FB.2,7/)
Co o1 - PI=3)\k1592653589 : v - S
. " DUM=2.%**24-3, . :
e INITIALI ZE. RANOQM FUNCTION, -
' CALL RANSET (ouM), o e L
- XMUSFLOAT (MUY : o \ _ R
XL=040 : . 1 | e ) ‘ o
_ o | XUS1.4BETA. , . e T L
T ‘XERT=XER=XDB8=0.0 . =~ : A
) , PERT=0ER=00 B=0.0 po
e " D0 100 LP=1,101 L
‘ * XLP=FLOAT(LP-1) . T . e
: YLP=XLP=1, .o B L o
¢ SPECIFY COEFFIGIENTS ACCUPACY.. o o R
u PER=0.05 . . . R
IF(LPeEQ.1) pen-n n ' N
D0 70 1= 1,NT v B ¢ ’
GENERATETgANUOM NUMBER'S UNIFD?HLY / AR L e
~ DISTRIBUTED BETHEEN -1 AND’ tl. , v o
"XRL=RANF.(DUM) - \ Coe T
_PERTURB OPTIHUM COEFFICIENNTS WITHIN ’ . .
.. ' . SPECIFIEDRANGE. : . v T .
.70 C(I)-BtI)*(i.fz.'PER‘XﬁL) o . "
EC=0.0 . ‘ L ' o v :
J COMPUTE TOTAL ENERGY. R O oy o T
. -DO 80 Isi,NT} SN I S
80 EC=ECHE (T}**2 T e S

WT=EC/2./XMU PR S “j S e TN
WT2=KT/2. - : L. S

TIO00

/

* GOMPUTE ENERGY.BELOW SPECIFIED EXCESS
. NYQUTST FREQUENCY (BETA).

~ TOR=8 ] Lo _ . e
© CALL ROM (XL 4XU, IOR,WEX) ~ ’ ‘QT i . P
ERT=WEXA4T2 -~ . .\ ‘ S C S e
' COMPUTE ENERGY RATIO IN DB... . S : R

" ER= (HT2/WEX )=1,
EROB=10,*AL CG10(ER).:
PRINT 50,ERT,ER,ERDS, e R

50 FORHAT(iH .sx,'our 7o rN BAND snna v RATIOD?/" L s .

3,




T . *HXeE1UB8,5X1E1448,5X4F7,2,* 0B*/) :\f//(
o " IF(LP.EQ.t) GOTO 90 N
SC " CALGULATE MEAN VALUES oF 50 AND 100 SAHPLES.
T XERT=XERT+ERTS . RN ,
- . XER=XER+ER et > .
: o DERT-DERT+ER‘E’*§ e : S
'DER=DER+ER®*2 ‘- Y
T4 TF(LPLEQeS5Ee0R, LP.EQ.ioi) 'G0T0 95 o
.- G0TO 90 . ° ’ A ‘ g
95 CONTINUE . _ . L e et
© T AERT=XERT/XLP’ : : Lo S
AER=XER/XLP Tty
ADB=10. *ALOGL0{AER) ~ . : T &/%
PRINT| 1504 XLP4AERT 4 AER,A08 - . .
150 FORMAT(1H 4,5%:* MEAN VALUES = NO, OF SAMPLES =*Fh. 0,/
- ¥5X 9 ELlhaBy5XyE1ke 845XyF 7424 *. DB2/)- O
“C " . CALCULATE STANDARD DerATION oF R o ‘
C & ° 50 ANR 100 SAMPLES,.. - * . ' -
.« SERT=SQRT( (DERT= XERT"Z)/XLP)/YLP)

‘ ‘ SER=SQRT ( {DER= (X R"Z)IXLP)/YLP\ coo
0 PRINT 160y SERT,SER" ‘ :
160 FORMAT (LH' 45X, ¢ STANDARD DEVIATION v "
'GXQEIMB’SXinhoﬁf/) . -
_ 0 CONTMWUE . ‘ SRR
o 100 CONT INUE;, . S
o . PRINT sp.psn ‘ .
L 60 FORMAT(LH ySX1ELhe8) - . A
o - STOP e . b L .ot
ENO . . T e | . .

m‘ . : " Q.

1 ) °
R P . R f .
- suaRcGTINE RUM(XL.XU'IOR,Y) o X P
c . THIS SUBROUTINE EVALUATES.: AN‘INTEGRAL oo T
: ¢ . © -, ] USING ROMBERG ALGORITHH . PO p
e DIHENSION A (20) L R L
; ©DX=XU=XL .-, o S ST L
' A(L)-(FCT(XL)*FCT(XU))IZ. Sy I R
. N=g - . L ' IR ot
o0 D020 IHSt.IOR, o R . B TR
* —‘\‘ U:Uoﬂ J‘ . " ' g . o‘l\ N e .‘x 0‘ o ‘ i ) . o Te L
e . TXM=DX/2e/N. ' S TR L o,
e T N232*N-1 oo o . soo T e T
‘ 0010 'J=14N232 SRR SRR AR .
10 UzU+FCT (XL+J*XNM) T ‘ : - - S .
. A(IH+1J'(U/N+A(IH))IZ.. - A - v )
F'i‘ ¢ AR . ¢ . . N ' . , _‘ :-::!,’
/D030 J=1,IH v - . 2 R - R , ‘( e
K=THeg#t - ¢ ! SN T . C e e
. Fabe®F . ooy oL, S I
30 A(K) = A(K+1)O(A(K*i)-A(K))/IF-i ) [ .o e
" 20 N=N*2 i N C T e c S,
N £ A(x)*nx( o A ' ST S
RETURN .« ~ o ' . C - I .
END ‘ . LT - e N
(¥ - \ ) P . S .. ‘\‘ ._ Lot . S P ‘ ‘ .. N “::“ . A
R wT oS e S R




. . N 4 ‘ L . “ .
~ M ¢ * te » ~ .
. : - . o St N g s . s . o . . . o
‘ o Sl et ondRPEMOYTIY, N34 JWK PR g e, et LY et gen ., . . Lo .
. ! . : ‘ B Ve - . PRSI P

. L . ‘ - . . . i ) . . . '
3 . . : ! . - !

] M . * . \ N

. FUNGTION .FCTLF). - § - S ’ o
, : : THIS FUNCTION ‘EVALUATES THE MAGNITUDE . e
. .'e _ ~ OF THE FREQUENCY RESPONSE OF- A. BTF A e
S CONMON XMU,NT,C(100) o o L
R . PI=3,141592653589 S e
L XF2PT*F / XMU o ' ‘ Lo
T < TF(F.EQJBa0) AF=z0. 5/xnu

LN
(9]
-
P
{
. . *
ot ErsaEg, & A S <

L ‘ IF(FsNEaBe0) AF= SIN(XF/Z.)IPI/F - T f
L, © . RPH=0.0 ST ;}~ !
3 - "APH=0.0 - el : - :

: L0010 T=g,NTY, T 0 L . N
TR o IM=T-t o - o ’
. .. OW=IMSXF - oo
© . - BSI=C(I)*SINION) | L : . E
‘ BCO=C(I) *COSCOW) - T 8
* RPH=RPH+BCO S P
.+ 7 APH=APW+BST ¥ - .

P

L
10 “CONTINUE . . o .
. RPN=RPHW®AF - ' ; A '
APH=APW*AF ~ C L e ‘oo
FcTsRPH"2+APH"Z » o :

. RETURN .
. END" :

3 ] -
e Ry e T T T e
v . - . - .

3

el

}”:ﬁ‘“ . i PR AL LT 47
' P - .
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. oncann SPECT (INPUT, 0 UTAUT , TAPELO) APPENDIX A4, 151

'+, THIS PROGRAM COMPUTES THE POWER SPECTRUN
DENSITY OF THE BINARY TRANSVERSAL FILTER
OUTPUT SIGNAL,.-A PRBS NRZ SIGNAL HAVING . _ oy
EQUAL 'PROBABILITY OF ZEROS AND ONES IS " ST
ASSUMED AT THE INPUT. : ) :
IS BASED ON THE FORMULA<GIVEN ON PAGE 313 . ' ‘
OF DATA TRANSMISSEON 8Y BENNET AND DAVEY.

COMMON XMU,NT,C(100) ~ ‘ , ‘
READ B.T.F. CHARACTERISTICS, ' S

1 READ-1004C(1)sMUM,BETA - . ‘ )

100 FORMAT (10X4E2046410%s 15515 ,F10.6) . : .
IF(”U.EQ‘O) GOTO 1000 5. N ' ‘ i oy
NT'=2¥My*M+1 o . S

READ BeT,F. COEFFICIENTS. S -
DO 10 I=2,NT ‘ ' ST

. 10 READ 200,C(I) - : S

200. FORMAT (10X ,E20,6) . ‘ — S
PRINYD 150, MUsN,BETA . o ¢

150 FORMAT(1H1,5X,*BINARY TRANSVERSAL FILTER PONIR SPECTRUH OENSITY‘/,
| WX K 3 ¥, I2,4X,5L =*Iz,hx.'sxcsss quursr = %,F5e.2/) - a
CXMUSFLOAT (MR} ‘ ~ .
. DF IS THE. raeausncv INCREHENT. Y o 7
FBIT=32000e T R
.. FMAX IS THE HIGHEST FREQUENC; < 4 A
o FHAX=Y4 e 5 : . »
OF=FMAX/1000. B ' : ‘ : '
NF=1001. ‘ \
- INITIALIZE PLOTTING SUBROUTINE ST
CoooLx=10 . . , C ‘ .o
©voLy=7 . ‘ ' ‘ PO
© XL=FMAX
XT=1,0 o ' L :
CYL=T70.0 ' v . _ S o
UXLo=0.0 -, ' . . o ‘ ' ‘ .
YLO=-65." o ‘ o .
XER=0:0. ~ . . - E )

=~

. YCR=-6S5. * . :.f,\ e IR o <

. YT=5,0 . . ' ‘ ' ’
CALL Axrsxvczo,lx LY XToXL, YLfXLO vLo,xca ch,vr)

- GALL PLOTXY(0430.50,0)

FEX IS “THE Excsss NYQUIST FREQUENCY.,

FEX=1e+BETA:  ° .

HT=0.0 ‘ < ’ ot

NF'DF;HIGHEST FREQUENCY

WE=0.0 ‘ o VoL
WM=EXx=0,0 S .
00 20 ‘J=13sNF L o - L
IPP=0/ L T - - S -
NENE] ‘ : T .
IF ((J1/10) *10. EQ.et) IPP=t L A

 F=(J=11%DF ' o N J
KF=TIFIX(F*1000.)

L

IF(FeEQeBal) FzleE=«S : ) ’ . . " : N o

RF=FBIT*.S*F . o S
DG=040 ' crto T
CALCULATE THE POMER SPECTRUM osnsrrv.

.‘,_

B - T *
S T TR I W N W ) s
REME St o o o B "‘W*ﬂ,‘i{'-ﬁhx‘y il
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. © " H=HLPF (F)*(SBTF(F)*#2)

o ‘ IF(J.EQel) WO=W

, . 0BW=10,%ALOGLO (H/HO): ‘ i, -

S c. COMPUTE THE ENERGY USING TRAPEZOIDAL L T
, " RULE OF TNTEGRATION. - 3 -

o SIF(JeGT.1) HE=(WHW1) *DF /2. : .
SR WT=NT +HE' , L .
- . " WD=0.0 o o

T . IDEL=TH . ‘ . :
' + . C . _COMPUTE DISCRETE SPECTRAL COHPONENTS. -
P IF(KF.EQ.0 OR.((KFIZUOU)*ZDOD).NE.KF) GoTO 30 ¢
, IDEL=7HDELTA F .
L ‘ 06=2.%W . , “ :
Ty » -WD=W+DG . o Lo
: . W=WD - C S
: DB“D*iD.‘ALO&;G(wD/ﬂU)
DBW=OBWD § ,
- ~ . 30 CONTINUE . - '
o : " WT=HT+WD - ' .
o .1 IF(IPP.EQ.1) PRINT 300. .RF w,uau.IoEL
. . 300 FORMAT (AH +2XsFB6a345H F/FNy3IXsF10e 2+% HZ‘,BX."SH =‘,~'
| ' BELUeBaTH VPV/HZ,5X %S =#,F7.2,% DB%,5X,A7)
IF(0BN.LT.=65.) oaux-ss. -
C. © CALL PLOTTING SUBROUTINE,
- CALL PLOTXY(FQDB“oivU,
c . STORE THE ENERGY VALUE FOR .FREQUENCIES
€ 'BELQW . EXCESS NYQUIST, : - 4
. IF(FeGTLFEX) EX=EX+1. . . o T
o IF(FeGT4FEX) ﬁn-un+u L ‘ d
WNi=W : . L .
» . .\ | 20-CONTINUE. - ‘ A
- ) PRINT. 600, WByHT, ‘ S
" ¥ 500 FORMAT (1HO»L0X,EL4484 5%, ELbeB)
C ' CLOSE PLOTTING SUBROUTINE
. CALL PLOTXY(0a40e40,0)
" " CALL ENDPLT(XCRsYCR) . . -
c . CALCULAJE THE ENERGY RATIO. IN- 08 oo oo
© = _ . DEWz10.*ALOG10(1.-WB/HWT) \ ' : r°
. DBM=10.*ALOG10 (WM/EX/HO) S !
_PRINT 550,DEW,FEXsF,DEM
550 FORMAT (1H0,10X,*ENERGY RATIO =%,F5. 2,* 8%,
*5X,F5e2s%. NYQUIST FREQe FN*,7, .

bR " " ®11X;*INTEGRAL COMPUTED UP TO®,F6.2,* FN*/
S *5X, *AVERAGE STOPBAND ATTENUATION‘.FS 2,% 08%)
GOTO 1 S
. 4000 CONTINUE , ‘
SYOP . ; \ A
END C g ° ‘
° & f
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. 'FUNCTION SBTFIF) | .
. ¢ THIS FUNGTTON COMPUTES THE FﬁU&}ER TRANSF.
: c ™ OF THE BTF IHPULSE RESPONSE
b COMMON XMU4NT,Cl100) .
: PI=3,141592653589 !
; . XF=PI$F/XMU S
: : IF (FuEQe 0o 0) AF=045/X .
i IF (FeNEL0e0) AF=SINIXF/2.)/PI/F -
L NM=INT+1) /2 N A i SN \
i AN=C (NM) ' ST : Lo
g NMi=NM=1 . Lo o : Pt
v © . 00.10.J=1,NML ’ R ‘
. 10 AN:AN+2.‘C(NN+J)'COS(J‘XF) . S R
' g SBTF=AN®AF .
£ RETURN ‘
i y -END
‘ \ ' ‘o .
14 \ 4
3 ' )
.‘\ . .‘ N \
. - . ' -
" ) FUNGTION HLPF(F) o
o C ‘ : THIS FUNCTION COMPUTES THE FR‘Q.
) e 'RESPONSE H(JF)®H(-JF) OF A 2NO, -
. c ORDER' LOW PASS:® FILTER A
e c REF- TOBEY, GRAEME,” HUELSMAN .
b, o C OPERATIONAL AMPLIFIERS, 285,320-21
£ c . HO=FILTER GAIN
'g c . " ALFA=1/Q :
b c.* - GAMA= FILTER cur OFF FREQ. / NYJUIST FREQ. ‘
o F ) HO=1, . c
é ' ALFA=SQRT (2)
ja . GAMA=2.8 °
: FB=F/GAMA : .
2 OLPF=FB**4+ (ALFA*#2-2, )*(ra*’2)+1. - .
: HLPF=HO®*2/DLPF ‘ o N
R RETURN ' : :
i - END ‘
:3 : . - . oL o
L.' . X qﬂf‘ -
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APPENDIX B

'- Hybrid. Binary Transversal Filter (BTF 2- 8) §pecifications
1,0 DESCRIPTION ' . - , o
" The Binary Transversal Filter models BTF 2-8 18 an optimum 'f'
low pass filter especially designed for binary pulse shaping. o
Bt consists of a 32 weighting coefficients Transversal Filter  : ..
_ followed by a second order Butterworth low pass filter ’ g ‘
2.0 INPUT SIGNAL o L -
,/ . Pulse type:T Synchronous NRZ '%' ‘
o Bit rate: 32 kbps i
Pulse ampiifdde: +.5 Volts . ¢ |
. Impedance:’ 75 Ohms g i 1
3.0. INPUT'CLOCK ' ' ,'/ e ?‘ |
" Pulse gmplitude:‘ u 7 .2 Volts ". ) 2' {
Pulse width: 150 +15 n sec- : 1 4
‘Repetition rate: 256 kHz _4‘ _ i
Impedance: 75 Ohms = .+, s e B S
: —_— A o ' ?
4.0 OUTPUT CLOCK . S o .
' 'Impulse amplitude: 2 Vpeak o C ) ! :
‘ Impulse width as .2 V: 70 n sec - ]
« . at 1.8 V: 10 n sec -  3'
Repetiabpn Rate . inpﬁt cldck/&-'\ ' . ' il‘ ; |
. Im edancé -1 or. 75 Ohms - o L o
5.0 '0U3¥UT SIGNAL S ‘ 'j_
(I ‘Signal amplitude (75 Ohms load): 140 m Volts p/p ‘ :
S ‘ ' 90 m Volts p/p at max: B
~ gye opening . 5
. Signal Level (75 Ohms Load): -6.3 dBm %
.'.f-“ . Impedance:. -j . 75 Ohms . . '3
| ‘Energy Ratilo: >30 dB for freq. above :
, 2275 kHz .
6.0 POWER: oUPPLY REQUIRENENTS / -
0 “Ai o+ 5 tlVoltsde - .
B: +15 .3 -Volts de -
oéts de ‘

C: -15 +.3 V.
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