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Syhthe'sis of a modified raised cosine filter using hybrid integrated
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of this filter and also includes the results of the measurements made on this

active filter. The work deseribed in this memorandum was done by the author
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; | Introduction
& Filters with modified raised cosine response find wide use in data

communication systems. One such application is in the receiver of the

; 304 Data Set. In order to reduce the relatively large proportion of the
overall equipment volume of the 304 Data Set occupied by the use of passive
RIC filters, a modified raised cosine filter was designed using hybrid

E integrated filter sections consisting of tantalum thin f£ilm RC networks

| and monolithic silicon integrated operational amplifiers.

The filter design is based on the passive RIC modified raised cosiné
filter shown in Figure 1. The design procedure used is to determine a transfer
function from this network using the IBM 7094 and network synthesis techniques.
Then the filter transfer functiop is broken up into a product of first and
second order transfer functions. These are then realized using a basic
second order filter section.

: The basic sécond order filter section used is the "Active RC Filter
Building Block using Frequency Emphasizing Networks" described by
G. S. Moschytz.l This network offers the economical advantages of circuit
standardization and the advantages of a low sensitivity network. The building
blocks also possess inherent isdlating characteristics so that there is negli-i

i ' : gible interaction between them.



This memorandum describes the derivation of the transfer function of the
modified raised cosine filter and the application of the second order building
blocks to realize this transfer function.

Modified Raised Cosine FunctiOn

The in-band amplitude-frequency characteristic of a fo kilo-bit modified

full raigsed-cosine roll-off filter is:

&
J
1
W(r) = ?f cos [g§—|, 0 <f <f_ Kiz
sini%;i/ o
o

Using trigonometric identities, this function is reduced to:

/rif N ,
W(f)=€£—>'cot<121ff7-/, 0 <f <f_ Kiz
o o]

The in-band and out-of-band specifications for a 36 KB modified full
raised cosine roll-off filter for the 304 Data Set are given in Figure 2.

Transfer Function

With frequency scaling from 40.8 kHz to 36 kHz, the S-plane plots in Figures
3 and 4 will have a transfer function which satisfies the specifications for
the modified fuli rgised cosine roll-off filter. These S-plane plots are
derived by determiggng the transfer function of the 40.8 KB RLC filter in
Figure 1 and then using the IBM TO94 to modify this transfer function.

The RIC filter in Figure 1 consists of four "constant-resistance" sections
in cascade. Because of the "constant-resistance" property, the loaded transfer

function of this RIC filtér is the product of the loaded transfer functions of

the caseaded constant-resistance sections.

1(0) = Ty (s) * T(s) + Ty(s) * T (s)

9
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For ease in determining the transfer function of these sections, the
. mutual inductance in the second and fourth sections is converted into an
equivalent inductance. The resulting second and fourth section of the filter
are then converted to simple lattice networks using the conversion techniques
given in Abpendix A. The spplication of impedance normalizaetion and freduency
scaling then results in the network shown in Figure 5.

The loaded transfer function of the first section in Figure 5 is determined
from the network schematic using the IBM 709h.2 This transfer function is:

7197(1072)s” + .189682 + 1.0
+ .2396sh + .811253 + l.7h0352 + 2.333s + 2.0

F) £ = )"'018

Tl(s) = 5 o

.03525s
The loeded transfer functions for a symmetrical lattice and for a bridge-tee
are calculated in Appendix B and Appendix C, respectively. Applying the
results of these calculations, the loaded transfer functions for the second,

third, and fourth sections in Figure 5 are:

_ -1 (5'1-081) -
To(s) = =Ly 2§, = o8

_ r.213053+.8816s2+1.3u79s+2.85011
T3(S) =L 3 e 2 J
«39%4157+.962T7s+2.35345+3.3003

, £ = 40.8
(o]

N -

: =1 B . 60 :

7, (8) = |Bendel2O82- 30C , f = 40,8
4 [52+1.7505+2.SSO] ©

The poles and zerces of the transfer function of the pasgive RIC filter
are determlned by factoring the polynominals of the preceding transfer
functions on the GE cgmputer.3 A study of these poles and zeroes shows that
the second and fourth sections are nonminimum phase all-pass sections while

the flrst and thlrd sectlons are minimum phase sectlions which determine the
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amplitude response of the filter. §-plane plots of the nonminimum phase

sections and of the minimum phase sections are given in Figures 6 and 7.

The closeness of some poles & zeroes in Figure 7 indicated it might
be possible to cancel them. Using the s-plane plot of the minimum phase
sections as a basis, additional s-plane plots with an acceptable amplitude
response function are calculated on the IBM ’TO9l+.)+ The resulting simplifieé
s-plane plot for the minimum phase portion of the response function is shown
in Figure 4. Minimum phase functions which meet amplitude response requirements
will also meet Phase requirements; therefore, there is no need to alter the
transfer function of the all-pass sections. The final s-plane plots shown
in Figures 3 and 4 are used as the'basis for the gynthesis of the hybrid
integrated filter.

Synthegis Techniques

The use of hybrild integréted circults dictates constraints on the filter
design in eddition to the system specifications in Figure 2. Additional factors,

which must be considered, are:

A. Sensitivity

B. Stability

C. Signal Level

D. Impedance Level

E. Size

F. Power Supply Voltage
G. Power Dissipation

H. Component Values

A synthesis system for development of multipole active RC networks
using leés sensiti?e two—pole'networks is uged because‘network sensitivity
increases rapidly with the order of the network. Also, active llpear networks
are potentislly unstable inésmuch as their‘tfanémission poles are not
inherently constrained from crossing the jw-axis into the right-half plane.

Thus, hlgher order networks are more difficult to stabiliz.e.5 It has become




common practice in active filter design to realize any given Nth order
transmission function by a cascade of first and second order networks,
building blocks. For ease of implementation it is desirable that these
building blocks possess inherent isolating characteristics so that there
is negligible interaction between them.®

The design of a second order hybrid integrated filter building block
consisting of tantalum thin film RC networks and semiconductor operational
amplifiers has been performed by Department 5316. This building block,
shown in Pigure 8, contains two stabilized operational amplifiers, a twin-T
network, and an RC filter network. Use of this building block tekes advantage
of the work already done by Department 5316 to stabilize and desensitize 1t;
Plus it has inherent isolating characteristics so that there is negligible

p

interaction between building blocks ir. cascade. Additional parameters considered
in the use of the building block are given in Figure 9.

Using the building block with some modifications, a variety of synthesis
techniques for second order networks is available. Second order transfer
functions with their poles and zeroes in the left-half plane are realized
using the frequency emphasizing networks shown in Figures 10 and ll.l First
and second order all pass filter sections are avallable using the networks

*
shown in Figures 12 and 13. Second order transfer functions with poles in

the left-half plane and zeroes on the Jjw-axls are reallzed using the frequency

*
These configurations were suggested by W. Thelen.



rejection network in Figure lh.l Additional synthesis techniques applicable
to the building block are shown in Figure 15.8 But these synthesis techniques
are only applicable provided the calculated component values are within the:
range specified for the building block.

Filter Network ' . i '

The Nth order trensfer function of the s-plane plots in Figures 3 and
4 is realized by a cascade of first and second order networks. For low
senéitivity, £he transfer function is decomposed in Figures 16 and 17 into a
product of second order functions whose complex poles are associated with

zeroes in such a way that the distance from the upper half plane complex

' pble to the respective zeroes are made as far self-distant for each sub-

network as possible-6 The resulting 40.8 KB and normalized first and second

order transfer functions for the nonminimum phase sections are:

L TsP-1.7544(207)s42.3602(10M9) 7 _
To(s) = |5 5 T, » To = %08
8+1. 7544 (107 )s+2.3602(10™ )
rs2-h. 300s+14.1707 -3
T.(s) = , £ = 1.0010
2 Ls +4.300s+14. 170J ° )
and
5
T, (s) = _1/ 8-1.0810(10 )] , £ = 40.8
5+1.0810(10°)
s-2.64L -
Th(s)'= [s+2. YJ ? fo = 1.010 3)

The First and second order transfer functions for the minimum phase

sections are:
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o
T,(s) = — s+ 112'“3 5 » f_ =508
s® + .7042(107)s + 5.0735(107") °©
& 4 11h4.43 -3
TB(S) = =3 , T =1.0010"°)
s + 1.726s + 30.479 ©
P 10
Tp(s) = = =2 7529h3(10 ) 5 s £ = 140.8
s + 2.3235(10”)s + 2.6324(107") °
& 4 43.810 -3
To(s) = = ' ) £, = 1.0(207%)
s- + 5.695s + 15.81Y4
5
TC(S) = 10 5 » £, = 40.8
s + 3.0089(107)
T (s) = 2:451 f =1 0(10'3)
c T8 + T.375 ’ to T

By frequency scaling for the required f_ (36 kHz), second order transfer
functions are obtained which meet the filter specifications as verified by
the amplitude response plotted in Figure 18. The nonminimum transfer
functions TE(S) and Th(s) are realized using the synthesls technique shown
in Figures 12 and 13. Similarly, the transfer functions TA(S) and TB(S)
are obtained using the frequency‘rejection network shown in Figure 14 and
the transfer function TC(s) is realized using the network in Figure 15C.
These sections are then cascaded as shown in Figure 19 to produce a modifiled

raised cosine filter.

-fﬁ{éfConsidering the limits imposed on the operational amplifier offset

voltage and gain bandwidth product and on building block component values;

calculated component values for the modifled railsed cosine tilter for the
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304k Data Set are given in Figure 20. A study of Figure 20 also indicates
that with a slight modification of[the presently available second order
building block and the use of some discrete components the filter can be
realized with three building block sections. Suggested modifications in
the building block to include all the configurations required for the raised
cosine filters are shown in Figure 21. Because of the limits imposed by the
operational amplitrier slew rate, the sections are cascaded with the frequency
rejection networks, which effectively serve as low pass sections, followed
b& the all pass sections with loss and finally the last section with an
ad justable gsain. |

To check the amplitude and phase response of this cascaded network, a

computer program, ECAP, was run oq\thek709h. The model of the network used

and the calculated amplitude and phase response are shown in Figures 22 to 2h.

Also, a breadboard model was constructed using discrete components and integrated

operational amplifiers.T The filter was bullt and tuned in five separate
sections. The componénts in each section were adjusted to give the proper
fréQuency response for the section, as shown in Figures 25 to 30. The five
sectiéns were then cascaded and fhé amplitude and phase response measured.
The measured amplitude and phase response are plotted in Figures 31 and 32.
Additional characteristics of the breadboard model are given in Figure 33.
The measured and computed amplitude and Phése response are well within the
limits set for the 30h'Data Set and the measured valueg of offset voltage,
signal level, noise level, and power dissipation Indicate that this filter
should be acceptable for use in the 304 Data Set.
Concluglon

The results of this memorandum indicate thet the modified raised coesine

f1lter can be synthesized using a slightly modifled version of the second

s
gt e AT
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order filter section developed by Department 5316. Use of the second order
filter section offers the advantages of a low sensitivity network plus the
economical advanteges of circuit stendardization.
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Aggendix A

Lattice Conversion Technigues

For the symmetrical lattice network in Figure 1A, the open-circuit
impedance pafameters are

(22 es(zz)
Zy, = -5(2, -2, 5(2, 42, )

For the symmetrical T in Figure 1B, the open-circuit impedance parsmeters are

2y = (Zl+ze) (Zz)
(Z2) (Zl+Z2)
For the symmetrical T in Figure 1B to be equivalent to the lattice in Figure 1A

the 0pen?circuit impedance parameters must be equel. This condition is met if

1" Za

z, = .5(zb-za)
The short-circult admittance parameters for the lattice network in

Figure 1C are

v = -5(Y +Y 82) 5(Y -Y l 32)

2L,
'5(Yb'Yal'Ya2) fS(Y Y g +Y o)

i - 'S(Yp+Y, ) + 5 Y, S(N-Y,) - o5 Y, |

— _.S(Yb-Yal) - '5 Yaa 'S(Y +Yal) + '5 Yal i
r / '] / [

v o1 T Y12 * e

L I} P ) "

— e e Yp t Yy _J

/A
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Appendix A - 2

Considering the primed and double-primed parameters as referring to two
parallel networks the equivalent parallel connection of these networks
corresponds to the bridged T network shown in Figure 1D.

Similarly, the open circuit impedance parameters for the lattice

network in Figure iE are

. - [_S(Zbl+zb2+za) 5(Zy1 +2ypZ, )
L
- l;s(zbfzbg-za) «5(Zy 1 +2, +2 )
5(z,142,) + .5 5(Z,17Z,) + 5
B R S R Zp172a) * 05 Zyp
L ’
i_‘_5(zb1'za) 5y 52 -B) + 45 Ty
r ? ” 7 "
. _ P v Zop * 295
I I " / "
(P12 * %0 B * P |

Considering the primed and double-primed parameters as referring to two
networks in a series-series configuration, the equivalent series connection
of these networks is shown in Figure 1F.

Finally the combination of all these conversions results in the two

equivalent networks shown in Figures IG and IH.




Appendix B.

The loaded transfer function of the constant resistance lattice in

Figure 2B is
™(s) = Azzilz R
11
. .s(zb+za) .s(zb-za)
- .5(zb-za) .5(zb+za)
AZ=ZaZb—R2
.5(z -7 )R
T(S)=2 b "a
R™ + «5(Z+2 )R Co
(B z%) 2 2
o) AZ_ R =7
- T(s) = =
2 2 2
/R N R +2RZ_+ Z
R + .3\2; + Za/ a a
AN
T(s) = KR + Za/

a4
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4. ALL CAPACITORS 210%
A1,86-R10 = 1%, UNSHUNTED PORTION OF RB+RIls 259,
R3I,R11-R12 = 5%
R2 NOT TRIMMED

S. BREAR MUMBERS 17-18 AND 19-20 EXIST DUE TO THE ALSENCE !

OF OPERATIONAL AMPL(F(ER AND PRESENCE OF BEAM LEAODED
TRANSISTORS.

6. NS« HISH SELECTIVITY .
. M3 = MEOIUM SELECTIVITY ,
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WS OPERATION 1-2 )
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l Min. Iypical . Mox.
Frequency Range 7.2 KHz | _[2KHz |
Signal Level (Sinusoidal) ' | .6 vp-p 1.0 Vp-p
- Input off set voltage , o 2=5 my
L _Pogitive Supply Voltage . g +12.0 v ‘
Negetive Supply Voltage : B -6.0 v .
Temperature Range | 10°C: - 70°C
Pawer Dissipation 270 mw
I ‘
Component Values
Resistors , . Routine f
" Renge See Figure 8
' - Max R/Substrate 1 0.5 mQ _ 5 mQ
— Initiel Precision 0.1% __0.02%
Aging (20 years) 1% .05% .
. . m ‘ " .
_Tengp Coef C -50 _to -100k15 EE'C Q to -1000 % ’
Tunebility | +20%4 = 19 +50% * 1%
: Tracking ‘

& -t . - ) 4 " ,' a
: ! ' Cspacitors A%NlCr/Tag Og/Ta | |
f _ ___Range 7 See Figure 8

Max C/Substrate 105 pf
i Initial Precision 1-5 9%
T
| Stability (Humidity & aging) ! 0.2%

o \j ' Temp. Coeff. ¢ (25°C-65°C) +235 £ 20 B%_
Tracking + 15 ppm/°C
Dielectric Loss .003 to .006

< Guaranteed Matching of RC Temp Coeff.
g “huge T 4 ;
o FIGURE T
I Baldons BloeK Parameters
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