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ABSTRACT

In data transmission systems there is a frequent
need for filters with shaped amplitude response in the pass-
band. In particular, cosine roll-off shaping is commonly
used. A number of filters with various roll-offs have been
designed in connection with the development of several options
of the 203-type Data Set. This memorandum presents the var-
ious filter design and gives an outline of the design pro-
cedure. Also, the relationship between network complexity
and sharpness of roll-off is demonstrated on the basis of
the empirical evidence. It is shown that the complexity of
a 25 percent roll-off filter is approximately 40 percent
greater than that of a 50 percent roll-off filter. Similarly,
a 10 percent roll-off filter is approximately 2.3 times as
complex as a 50 percent roll-off filter. Almost all the

additional complexity results from delay equalization.
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MEMORANDUM FOR FILE

I. Introduction

Raised cosine shaping of the data signal frequency
spectrum is commonly used in déta transmission systems because
of its desirable impulse response properties. Very often 1t
ig convenient to do the shaping in the passband rather than
in the baseband. A generai passband spectrum is shown in
Figure 1. The definitions are in terms of a VSB passband
spectrum with the carrier frequency located at f2. In the
general VSB case, the high and low end of the spectrum may
have different roll-off factors, since one shape provides
the equivalent basebandlshaping while the other gives the
required odd symmetry about the carrier frequency.

The shaping function is frequently equally divided
between the transmitter and receiver filters in order to
maximize the signal-to-noise ratio in thé presence of white
noise. Hence, in terms of Figure 1, the ideal filter has

the following amplitude characteristic:
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In practice, of course, thelideal shape can only be approximated
in the passband and a finite (in db) attenuation can be obtained
in the stop bands.

The approximation problem is not an easy one. Al-
though cosine roll-off filters have been designed in the past,
the resulting networks éometimes required an unnecessarily
large number of components. Recently, however, techniques
developed in Department 4734, have been used to produce a
number of economical designs. The design method is made pos-
sible by the existence of several powerfﬁl computer programs -
primarily optimization programs. In essence, the method relies
on manipulating component values of a bandpass filter to
produce a loss characteristic approximating the ideal one.

Phase equalization is done separately.



IT. Description of Results

Four representative deslgns are depicted in Fig-
ures 2 through 17. For each of the filters, the ideal
response (square root shaping), the approximating network
and its amplitude and delay response are shown.

The filters, except for Filter 3, are intended for
use in various options of the 203-Type Data Set. The require-
ments for the filters call for the amplitude response to be
within +1.0 db of the ideal characteristic over the Nyquist
band of frequencies. The actual computed responses, however,
are usually within a few tenths of a db over the Nyquist band,
with a quite good match over the remainder of the frequency
range.

The filters, again with the exception of Filter 3,
are delay equalized to have delay distortion within approxi-
mately +50 microseconds over the Nyquist band. In the case
of Filter 3, two bridged-tee delay equalizing sections would
be necessary to bring the delay distortion within the above
tolerance.

Finally, particular to all the designs is the pre-
sence of twc attenuation peaks, one above and one below the
data band. The peaks are located at the frequencies of two
pilot tones that are transmitted to facilitate carrier

recovery at the receiver. The receiver V3B filter removes
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these tones from the data spectrum before demodulation. The
abllity to control the position of the peaks demonstrates a
very useful feature of the design technique.

ITII. The Desgsign Procedure

As a preliminary step in the design procedure a
prototype network is designed that will serve as an initial
approximation in the iterative process. In general, the re-
sponse of this network should be made to resemble the desired
one as much as is practical since it may determine whether the
iteration will be successful. Unfortunately no guidelines
exist that determine what constitutes a sufficiently good
approximation; hence, this step is essentially a guesé. For
the VSB filters, the prototype network is usually a filter
with maximally flat passband, 3-db attenuation frequencies
the same as those of the final network and out of band loss
somewhat in excess of the required loss. The additional loss
is a precaution against possible reduction of out of band loss
as a result of inband shaping.

The prototype network can be designed through stan-
dard techniques. A survey of design methods and available
desigh aids and programs is given in a recent memorandum by
G. Szentirmai [1]. For the design of bandpass filters, the
Bandpass Filter Design Program [2] is recommended as a very
versatile and flexible tool. Theoretical background for the

program is given in [3].
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Shaping of the loss characteristic of the prototype
network is-then done by SUPRZX - A General Purpose Successive
Approximation Computer Program [4]. This program matches a
given function (called a "match function") to an arbitrary
curve at specified values of the independent variable. A
subroutine VALUE, which is needed to evaluate the match fun-
ction, usually has to be supplied by the user. A number of
special purpose VALUE subroutines exist, among them one that
evaluates the insertion loss of a ladder network [5]. Hence,
in order to run the program only data cards are needed to
specify the requirement curve, frequencies, network topology,
element values, and features of program to be used. Among
the most useful features are the weighting of requirement
points, matching the shape rather than the absolute amplitude
(i.e., subtraction of a constant) and, fixing selected péra—
meters before iteration.

When encoding the prototype network, the loss of
an inductor can be entered as a series resistance which 1is
kept fixed during iterations. If, after a successful run the
inductance differs considerably from its 'initial value, or if
great accuracy is required, the corrected resistance value
can be inserted and iteration repeated.

If the prototype network has been designed through
the Bandpass Filter Design Program, it usually will have the
proper termination on one end only and an impedance transfor-

mation will be necessary. It may be advantageous to do this



transformation before using SUPR@ZX, since great accuracy in
computations is not required at this polint. Recently a com-
puter program [6] has been made available that does the imped-
ance transformations.

The iteration will not always be succesgsful during
the first run. The program may encounter various difficulties
or fail to come up with an acceptable solution. Remedies to
some of the problems will suggest themselves once familiarity
with the program is gained, others will have to be found by
trial and error. The last resort is a selection of a new
prototype network.

If the SUPRUX is not able to make an improvement at
all, other programs might. In Department 4734 good results
have been obtained with SIMPLX [7]. Although slower than
SUPR¢X, SIMPLX has proven to be more reliable 1n finding a
minimum. It is being used to find crude approximation to the
desired shape, with SUPR@X refining the match. Particularly
useful is the version of SIMPLX written for the CDC 3100 com-
puter, which permits manual interaction with the programs
during the approximation. Although the CDC 3100 computer is
in the network group area, time on 1t can be scheduled by

outside users.

Once a sufficiently accurate amplitude shaping is
obtained, a computation of network response is done to check
the effect of shaping at frequencies other than the match

points. Phase and delay are also computed to determine the
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amount of distortion. Mesh Programs [8] and [9] are well
suited to do this? although other equivalent programs exist.

Delay equalization is also done on SUPR@X with the
appropriate VALUE subroutine. The number of delay equalizing
sections (see Reference [1], Section 3.2) has to be estimated
as well as the initial values of parameters for each section.
This iteration usually converges easily provided that the
initial parameter values are anywhere near the correct value.

Practical delay equalizing sections produce a slight
amplitude notch at the frequency of the maximum delay. The
depth of the notch will depend on the Q of the inductors and
the value of peak delay produced by that section. Hence, a
mesh computation of the delay equalized network may be in
order as a final check of the network's performance. In
extreme cases it may be necessary to predistort the original
amplitude requirement for the anticipated effect of delay
equalizer on amplitude and repeat the iterative process until
satisfactory match 1s obtained.
IV. Summary

The networks presented here have been designed to
satisfy the same delay distortion and stop band attenuation
requirements. The bandwidths of the filters are also very
similar. Hence, the roll-off factor is the most significant
parameter differentiating the networks and some conclusions

can be drawn about the effect of roll-off on the complexity
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of the networks. This dependence 1s illustrated in the graph
of Figure 18. The number of inductors in a network is used
as a measure of complexity since at voice frequencies, the
inductor 1s the largest and most expensive network element.
Included in the data of Figure 18 1s a filter with Qr = Oy =
0.1, which is being designed in Department 4734. Although
the final design 1s not available at this writing, the ap-
proximate complexity of the network is known. As might be
expected, sharpening the roll-off increases the filter com-
plexity. The amplitude shaping is accomplished quite easily;
however, delayAequalization'becomes more difficult. Almost
all of the Increase in complexity is due to additional delay
equalization,

V. Acknowledgment

Acknowledgment is given to Mr. G. Szentirmai for
providing the designs of two filters and his assistance in
the design of the others. The author is also indebted to
Mr. G. Szentirmail for a number of valuable discussions on
design techniques

w§£W 4 AR o
HO-5311-ARO-NG A. R. OLEJNICZAK

Att.
Figures 1-18

References



~
|=
>

-
]

O benverar Cosive SHAPED SPECTRVM

<4— f #i fa’

ISSUE

O

PRINTED IN U S.A.
E-1812-A-1 (9-63)

low END ROLL-OFF FRCTOR:
L bk
£ 7(2‘:)(4

Hisn ENVD RoOLL- OFF FACTOR !

i

NyQuisT BANDwWiOTH |

fn = fa 1y T wHERE % s Twe Beuh RETE
Fl6 4
ISSUE ENGR TITLE BELL TELEPHONE LABORATORIES
ﬂ R o INCORPORATED
T SHEET
NO, OF SHEETS PER SET

OGILVIE PRESS DIVISION GRAPHIC CONTROLS CORP., BROOKLYN, N. Y. v



ISSUE

O

L

o

Frerer 1

LoEAL AmeLiTvor CHARACTERISTIC

b t
SQURRE ROOT SHAPIrG.

/Fuz_z_ SHAP I g

30wz

Fle, 2

PRINTED IN U S.A.
E-1812-A-1 (9-65)

ISSUE

ENGR

AR O

DRAWN

TITLE

JNCORPORATED

BELL TELEPHONE LABORATORIES

NO. OF SHEETS PER SET

SHEET




ISSUE

’Le |
Ly a1 02
rlo Ly G G G - e -
L LG i . b
=C1 2 =—C3 C C,[ Sls Cu 12
Cs T7 ! SL
R T T
PASS BAND: {300 = 2200 Hz
TERMINATIONS: 2400 ochms.
/) ELEMENTS:
C,= 698 nF sT70 GH L, =107.8 mH
C,* 942, mF 535 HR Lo = 49.55 mH
G * 165. MmF 570DY Ly =335.8 mH (fs700Hz)
C; = 35.7 mF S570HB Ly =149.8 mH (f=2700tz)
Cs = 154, mEF 570 FT Ls = 192.1 mH
= 4o E = 247, .
G 2 mF  S70EN be = T4 m“}({-—ma.mj
C, = 1.5 mF 570NY Ly = 148.2 mH

(a= 232 nF 570PF
Cg® 39.2 mF 570GV
Go * 15.0 wF SJOoFP
21.S wF 570 HK
Co® 21.§ WmF S70HK

J

AL INDUecTORS IGKHT TYPE.

9,

Fil 6 3
; E ISSUE’ 6 6 ‘67 ENGR ;rlTLE . . . BELL TELEPHONE LABORATORIES
,3_: ' VSR TRANSMITTING TILTER INCORPORATED —
E E o DDD - o'PT‘|°N ¢ NO. OF SHEETS PER SEY

W OGILVIE PRESS DIVISION GRAPHIC CONTRO ., |P., BROOKLYN, N. Y. v P %.. .



‘oos e

*002¢

*cose

‘cocee

$37I0A0 M1 Az
*CCo e *oO2Y - cT0G

*63C

*Cov

‘o

X

]

el

o

——

g*oy

o°’ce

0°0cs

e

0°Ge

o'

G°Cot

8-g‘a

AVZIINEIO

UhE

80udd OUY ¥3C0I96T St

o°gss

A0 wE O

wZowWwgr20n



<> rmne

NnEe

JULL 3 198TCODER ARC FROB RUN OLEJNICZAK 8,D-8

0.400

| AN BN

0.000 S

-0.200

~0.40C

-0.800

-1.000

—— AT L

-4.200

. 400 ' 5
- . 400, £50. 1200. 15G0. 2000. 2400, : 2800. 3200.
: FREQUENCY 1IN CcYcLEes



ISSUE

N
|=
_’

in]o

10

C

)]

FioTe R 2

Ipear Amprirvoz (HARACTERISTIC

14 4
SQUARE K117 SHARING

Futl skHapimwe

<o

w8

2 a

z Tl 1SSUE ENGR TITLE BELL TELEPHONE LABORATORIES
a % AR O ‘ 1NCORPORATED

£ SRR SHEET
: it ll/ T‘/é{ /] NO. OF SHEETS PER SET 6




S ; OGILVIE PRESS DIVIJION © *11C CONTROY - .

‘ . . . L, oL L[

njo 1 3 5 _ |

2 o | Jm_] T o G
L %L ”‘Z* ! :

» C‘;T' L?. é ::Ca 3 ) CQ:= 7 C;—' Lg L7 CH

D) T .

24

PASS BAND ! 1100+ 2300 HE

TER MIINATIONS: 2400 ohms
*) ELEMENTS:
T C, = 60 nF S§70PL L= 199.25 mH
Cp= 1862, mF 570 FS L, = 4521 mH
C,= 845 aF 570 BR Ly = 4825 mH (f =500 Ha)
G, = 210. «F 570 A} Ly, = 1365 mH (f=2900 tiz)
p Cs= 732 mF 570 F0C Ls = 4135 wH
= 8.66 nF S70j3F L, = 295k ’ .
G nF S04 ¢ = 2 mH }({ﬂ%m Hz)
C7= 22,1 mF S570LY L, = 126.5 mH

Cg= 2332 mF S7OHD

AL.L_:'NDUCTORQ 1647 TYPE,
Cg= 9.09 mF S570PD ' -

l ISSUE

r)- Co® 255 mF 570CH
Cy= 255 mF s70cH

D)

J

4 .

>3

z : ISSU52 6.2, & EN-R TITLE . . BELL TELEPHONE LABORATONES
g : 7 6s . VoD TRANS M THNG ElLTER INCORPORATED e
x5 DRAWN, ' ' N !

Z25 r>?~AVPrT'L‘:.‘L|NE DPT“OT\“ NO. OF SHEETS PLR SLT

P., BROOKLYN, N. Y. ‘? |

r



*og2s

*00se

83T0A N1 ASNZA

*0Gove *ogoce

*a

g2
H

ooy - *Gov

*oCy

‘o
go°o

|

"]

 00° 0t

GG* o2

0G*og

El

Go° oy

co0°Gs

CG°

LT RNV

C0° 09

go° 06

V-G

WVZOINTI™O

NOY

©u O¥V ¥360NS 6T §TWC



“<Arrmo

Ame

-02
i0

0, 400

0.200

0.000

-0.200

-0, 400

-0.800

-1.0060

-1.200

-1.400
o]

JULL S 19 87CODER ARO R (B RUN

CLEINICZAK B

»D=A

FlG 9

800,

1200,

i1 €0, 2000.
REQUENCY IN CYCLES

2400.

2800.

3200.

3620,



ISSUE

0,

PRINTED IN U S.A.

o .«
in]o
o
Fietee 3

IDEAL ABmpPLITVDE (HARACTERIST/IC

[Hip| 4
\ Y
SQURRE RURT —HA I A&
.o~
S
| M
; i\
| I\
j NS
| ‘ | N\
0 [ ,‘ I PRI WSTSTRT _L__,_____,___'_,
.2‘0:3 9 2500 203 Ha
i
1350 2300 250
A = .29
ALy 2 .29
Fi 6. 10
*ssue ENGR TITLE BELL TELEPHONE LABORATORIES
< INCORPORATED
2’ DRAWN SHEET .
l-ATl NO. OF SHEETS PER SET




I ISSUE

IN U.S.A.
-3 (9-65)

PRINTED
E-1812-A.

H(é Ls‘ Ca L A
| |

C, = 13 85 nF Ly = 271.83 mH
C.z . Y5.d7 nF L, = 3576/ 4

79.6 mH
L;, = 3(5)‘5; / mH

—_— - 22 0 .
(s = 849 87 nF L+ = 735, m

- = 3 ..—,.3 Fi /{
Cé - 1203 f"tll Lé 325 ’
= 3.85 nF INDUCTORS : 1647 -TYPE
(o= 4.0 wF CAPACITORS + 570 FYPE

8 = [Ph ¢ . )
Pon TERMIAATIONS! 24CC chums
(9 = 2 6. 7 m!
F16. //
ISSUE ENGR TITLE ' BELL TELET'I{'I‘?%E LRABORATORIES
H»RO ORPORATED e

DRAWN

NO. OF SHEETS PER SET

OGILVIE PRESS, INC. - C18 *



VULUOr, ZOoOmAXMWUZ~

Zz -

o

80.00

JUN20O 1967CODER

FROB RUN

OLEJNICZAK

VSB-C

50.00

40,00

30.00

Flli& /{

20.00

10.00

V.00

400,

800,

1200.

1600.
REQUENCY IN CYCLES

2000.

2400,




<»rCrmo

JUN20 1967CODER

FR.OB

RUN OLEJNICZAK

vsB-C

0.400

0,200

6.000

-0.200

-0 400

-3.800

-1.000

-1.200
]

400,

800,

1600.
FREQUENCY IN CYCLES

2000.

2400.

2800.

3200.



ISSUE

o

PRINTED IN U S.A.
E-1812-A-1 (9-65)

~
alz
_'

10

FileTer 4

Lpeat AMPLITVDE (HARACTERISTIC

Hepl "sQURRE RooT" SHAPING

.51
o
2850 Ha
FléGe 149

ISSUE ENGR TITLE : BELL TELEPHONE LABORATORIES
A E INCORPORATED
DRAWN SHEET
9/5/‘ N NO. OF SHEETS PER SKT

OGILVIE PRESS DIVISION GRAPHIC CONTROLS CORP., BROOKLYN, N. Y. v



£.1812.A.1 (2.65)

PASS BAND : 800HZ —240pHz

"ig T ' TERMINATONS : 2400 ofims
Qr (——i— 1 v ELEMERNT VALUES:
\Jl_[‘ 4= N
| E TOWI7 Gt V%0 aF S570E® L= AT764 mHd
e .
-——5 : Cg_ z 32./‘* mF 570 HE LQ_"- 703.6 i H

G = W87 aF 570NV Ly= 2877 md
-y 49 G = 127, wF S70PP L, = 565.4 mt (400
%&‘:’ FO i Cs® 58.0 mF S70bw

"

Ls® 121.0 mH (2¢vou;
TS G = 280, wF S70RB L, = 3348 mH
W . \ N
R - ) } P — £ )
a— G F 29 mESPT  L;= 2910 mH }1.’:?05.61!—
} C8: 53,6 'Y\,F 5700y L_gf 218.2 m i
© 147 . ’ - - '
9L Y G 21,5 mF s701K Lg® 15¢.5 mH }QQ\’ oul
' ) " . : 2.V
J8 Lo~ Coz 255 mF 570CH. Lio® 188.5 mn
, Cy® 255 mF Sjoed
T 9 oo MLiNDycTORS 1BM7 Tvee
GO Co= 255 mF s7oCH
-——-~H;;*— G 264 wF STOLF
S < T S7n
i S G ® 127 nF 570HT
] ' ' '

05— Gs® 127 mF s70HT

1 ;
11
~ WyH 21020 FlG IS
~J
o hd . _—
ISSUE\ 7,|7.67 HX::)\_O TITLEVSP; ’m,'\i\lst*\\‘TT'\‘Né— ;:_.‘LTE;: BELL TELE]P}‘(?(?};‘;%}:;ESRATONE: ]
DRAWM N " SHEET
oot

HO, OF SHELTS PER SET .



-

£,0-C

LEJNICZ AR 33027

i

1

RUN

5123

1967CODER AROQ FROB

MARS

_ L]
i
1 '
- ———
+ +
i |
_ 1
e m b e ——— — .
i !
SR R S A
JERSNS SRS SSN DN NN RSN SR o4 [ 4
i ! i j ' H
! I ] R | |
i : : ! i i !
u ; | m w
i L i i ]
| ! ¥ - * B o !
il ] 3 H
“ _ i ! 0
: i ! t ~ i
: i | |
e TS R JE Tty Spwa ...w.lpll. . ; !
{ : { y
: N ¢ ; | /W
} ~ ~
: : ! 1
| N |
B s P S i o -
A v
{ i H ~ ~
i ; ! r !
v .m [
! ' [
e _- me ek
‘ m m o
! i { i
i I
P !
' |
] .
: |
i m |
i .
. ! v
| i .
| 1 H
i !
“ i S
; } III\J\\IIJIJllllllll
! : o
n e pu
_ !
] i
f i |
| : |
; i ; ! !
! i i ! “
- N i ; 1 |
2 3 > = =3 i} o in ‘
) 3 3 3 3 ) 3 3 3
E 3 3 5 - 3 3 3 3
> ~ [ (2} < " 0 -
NZ WOz d0we =z 06

28l .

24040,

1200.

400.

FREQUENCY IN CYcCLES



<> Mo

omo

=02
10

0.800

0,400

0,000

-0, 400

-0.800

MARS 1967CODER ARO FROB 5123 RUN 1 OLEJNICZAK39027 8.0-D
Y.
=) ’/ N\
F) G /7
. 400. 800. 1200, 1600, 2000, 2400. 2800,

REQUENCY IN CYCLES

3200,



ISSUE

O

PRINTED IN U S.A.
E-1812-A-1 (9-65)

-
-

Q
17 -
le
5
14
\3
1y
o 12
(@]
-
L
2 0 .29 | |
i 9 SHAPING AND DELAY EQUALIZATION
w
o 8
o
" 7 -\\\‘h\ .5
jan] \‘\.
s 6 \ —_
oo ] . ——
=z % e _—
SHAPING
4 . »
3 \ _
o \Nu...: .
\ DELAY EQUALIZATION
o .
. .2 4 .5
of
AVERAGE ROLL OFF = “;r.i"_‘_*_
Flovrs \%
ISSUE ENGR TITLE ) BELL TELEPHONE LABORATORIES
RRO FILTER COMPLEXITY JNCORFORATED
2/1R/6y T 1 SHEET
. ) MJ F ROL L OFF i NO. OF SHEETS PER SKT 4’

OGILVIE PRESS DIVISION GRAPHIC CONTROLS CORP., BROOKLYN, N. Y.




e

7

[1]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

REFERENCES

G. Szentirmai: "An Introduction to the Available Computer
Programs and Other Design Aids for the Design of Filters,
Equalizers and Other Networks,'" MM 67-4734-7, May 15, 1967.

Mrs. M. M. Schneider: "Symbolic Input for the Bandpass
Filter Synthesis Program," June 28, 1965, User's notes
available through Program Library.

G. Szentirmai: '"Theory of Bandpass Filter Design in the
Transformed Variable," MM 64-2184-7, October 6, 1964,

J. A. Moroller: "SUPRQX, A General Purpose Successive
Apgioximation Computer Program," MM 64-2112-15, March 27,
19 »

Mrs. J. M. Schilling: "A Subroutine for Designing Ladder
Networks by Successive Approximation," Memorandum for File,
File 39898-76, October 27, 1965.

C. L. Semmelman: "An Interaction Computer Program for
Bandpass Filter Impedance Transformation," MM 67-4734-6,
April 3, 1967.

P. E. Fleischer, Miss D. M. Bohling: "SIMPLX - A New
Successive Approximation Program for Network Design,"
MM 67-4734-2, January 19, 1967.

Mrs. B. A. Fink: "IBM 1620 Computer Program for Trans-
mission Network Analysis," MM 63-2183-2, March 29, 1963.

Mrs. B. A. Fink: "IBM 7094 Fortran Computer Program and
Plot Routines for Transmission Network Analysis,"
MM 64-2183-5, May 25, 196L4.



