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FROM: M. S • Lane 

MM67-53J6-6 

MEMORANDUM FOR FilE 

Introduction 

Filters with modified raised cosine response find wide use in data 

communication systems. One such applj.cation is in the receiver of' the 

304 Data Set. In order to reduce the relatively large proportion of' the 

overall equipment volume oi' the 3o4 Data Set occupied by the use of passive 

RLC filters, a modified raised cosine filter was designed using hybrid 

integrated filter sections consisting of tantalum thin film RC networks 

and monolithic silicon integrated operational amplifiers. 

The filter design is based on the passive RLC modified raised cosine 

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 technique~. 

Then the filter transfer function 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 second order filter section used is the "Active RC Filter 

Building Block using Frequency Emphasizing Networks" described by 

G. s. Moschytz. 1 This network of'f'ers the economical advantages of' circuit 

standardization and the advantages of' a low sensitivity network. The building 

blocks also possess inherent isolating characteristics so that there is negli-

gible interaction between them. 
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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 f kilo-bit modified 
0 

full raised-cosine roll-off filter is: 

W(f) 

(f) 
~ 
s~n\r.J 

0 

[
Tif I 

cos 2f I , 
0 

O<f<f KHz 
0 

Using trigonometric identities, this function is reduced to: 

/" T1f' ......_ ~rrf '\ W( f) - l ~ 1 • cot -.-
- \.2f .J f .J ' 

0 0 

0 < f < f KHz 
0 

The in-band and out-of-band specifications for a 36 KB modified full 

raised cosine roll-off filter for the 3o4 Data Set are given in Figure 2. 

Transfer Function 

With frequency scaling from 40.8 kHz to 36kHz, theS-plane plots in Figures 

3 and 4 will have a transfer function which satisfies the specifications for 
;, 

the modified full ratsed cosine roll-off filter. These S-plane plots are 
d' 

derived by determining the transfer function of the 40.8 KB RLC filter in 

Figure 1 and then using the IBM 7094 to modify this transfer function. 

The RLC filter in Figure 1 consists of four "constant-resistance" sections 

in cascade. Because of the "constant-resistance" property, the loaded transfer 

function of this RLC filter is the product of the loaded transfer functions of 

~I 
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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 Appendix A. The appiication of impedance normalization and frequency 

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 7094. 2 This transfer function is: 

{ -2) 4 nC 2 
T (s) = ·7197 lOs + .18?Us + 1.0 

1 .03525s 5 + .2396s
4 

+ .8ll2s3 + l-7403s2 + 2.333s + 2.0 
, f

0 
= 40.8 

The loaded 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: 

T (s) _ -1 (s-l.o8l) 
2 - (s+l.OBl) ' f = 40.8 

0 

f .. 4o.8 
g 

f = 40.8 
0 

Tbe poles ana zeroes of the transfer function ot the pas~ive RLC filter 

§re ~eterm1ned by factoring the polynominals of the preceding transfer 

function~ en the GE computer.3 A study or these poles and zeroes ohows that 

the second and fourth sections are nonminimum phaae all-pasa sections while 

the first and third sections are minimum phase section~ which dete:r·mine the 

./ 
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amplitude response of the filter. S-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 7094. 4 The resulting simplifi~ 
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
1

basis for the synthesis of the hybrid 

integrated filter. 

Synthesis Technigues 

The use of hybrid integrated circuits dictates constraints on the filter 

design in addition 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 d~velo~m~nt of mqlti~Ol@ active RC networks 

using less sensitive two-pole network~ is u~cd because network sensitivity 

increase;? rapidly w:ttl1 the ~rcl@r ('.)1' the network. Al.so1 ac:tive Unear networks 

are potentially unstable inaamuch aa their transmis~ion peles are not 

inherently constrained from crosa1ng the jw-axis into the right-half plane. 

ThusJ higher order networks are more difficult to stabilize.5 It baa became 
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common practice in active filter desi@1 to realize any given Nth order 

transmission function by a cascade of first and second order networks, 

building blocks. For ease of ill!Plementation it is desirable that these 

building blocks possess inherent isolating characteristics so that there 

is negligible interaction between them. 1 

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 Figure 8, contains two stabilized operational amplifiers, a twin-T 

network, and an RC filter network. Use of this building block takes advantage 

of the work already done by Department 5316 to stabilize and desensitize it; 

plus it has inherent isolating characteristics so that there is negligible 

interaction between building blocks ir, cascade. 5 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 11. 1 First 

and second order all pass filter sections are available using the networko 

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

the left-half plane and zeroes on the jw-ax1s are realiz@d using the frequency 

* These configurations were suggested by w. Thelen. 

1 
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rejection network in Figure 14.1 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 

The Nth order transfer function of the s-plane plots in Figures 3 and 

4 is realized by a cascade of first and second order networks. For low 

sensitivity, the 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 

pole 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: 

and 

= lrs2
-1.7544(105)s+2.3602(10

10)l 
·s2+1·7544(lo5)s+2·3602(1010)J 

f = 40.8 
0 

2 
T2(s) [s2 -4.~00s+l4.170J f = 1.0(10-3) 

s +4.300s+l4.170 0 

T4(s) _1Ls-l.o810~105}] f 40.8 
s+l.0810(105) 0 

T (s) _ -l[s-2.6471 f 1 0( -3) 
4 - s+2.647J ' o = • lO 

The first and second order transfer functions for the minimum phase 

sections are: 
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2 
+ 114 .4~ s 

TA(s) f 2 
·7042(105)s + 5·0735(10

10
) ' 0 s + 

2 
+ 114.43 

TB(s) 
s f 1.0(10-3) = 2 

+ 1.726s + 30.479 0 s 

s
2 

+ 1·224~(1010 ~ TB(s) f 2 
+ 2.3235(105)s + 2.6324(1010) 0 s 

2 
+ 43.810 

TB(s) 
s = 2 

+ 5·695s + 15.814 s 

Tc(s) 
105 

= 
3.0089(105) s + 

Tc(s) = s 2.451 
+ 7·375 

1.0(10-3) f = 0 

f = 40.8 
0 

40.8 

40.8 

By frequency scaling for the required f (36 kHz), second order transfer 
0 

functions are obtained which meet the filter specifications as verified by 

the amplitude response plotted in Figure 18. The nonminimum transfer 

functions T2(s) and T4(s) are realized using the synthesis technique ahown 

in Figures 12 and 13. Similarly, the transfer function$ TA(e) 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 l5C· 

These sections are then cascaded as shown in Figure 19 to produce a modified 

raised cosine filter. 

",Considering the limits imposed on the operational amplifier offset 

voltage and gatn bandwidth product and on building block component values, 

calculated component values for the modified raised cosine t'ilter for the 

q 



3o4 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 

qperational amplifier slew rate, the sections are cascaded with the frequency 

rejection networks, which effectively serve as low pass sections, followed 

by the all pass sections with loss and f~nally the last section w~th an 

adjustable gain. 

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

computer program, ECAP, was run on the 7094. The model of the network used 
:> 

and the calculated amplitude and phase response are shown in Figures 22 to 24. 

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

operational amplifiera. 7 The filter was built and tuned in five separate 

sections. The components in each section were adjusted to give the proper 

frequency response for the section, as shown in Figures 25 to 30. The five 

sections were then cascaded and the 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 ph~se response are well within the 

limits set for the 304 Data Set and the measured values of offset voltage, 

signal level, noise level, ~nd power dissipation indtc~te tnat tbi6 filter 

should be acceptable tor u~e tn the 304 Data Set. 

Concluaion 

The reGults or this memorandum indicate that tbe modified ra1oed cosine 

.t'Uter can be synthe61zed using a slightly modified version of the second 

;D 
----
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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 advantages of circuit standardization. 
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APPendix A 

Lattice Conversion Techniq~es 

For the symmetrical lattice network in Figure lA, the open-circuit 

impedance parameters are 

[

5(Zb+Z ) 
Z a 
-L"" 5(Zb·Z

8
) 

For the symmetrical T in Figure lB, the open-circuit impedance parameters are 

For the symmetrical T in Figure lB to be equivalent to the lattice in Figure lA 

the open-circuit impedance parameters must be equal. This condition is met if 

The short-circuit admittance parameters for the lattice network in 

Figure lC are 

y = [5(Yb+Y81+Y82) ·5(Yb·Y01·Yo2J 
-L 

5(Yb .. yal-Ya2) • 5( Yb + Y al + Y a2 ) 

...., 
~5(Yb+Y81 ) + ·5 Y82 ·5(Y ·Y ) - • 5 y ! 3t. b al al I 

5(Yb·Y81) - ·5 Ya2 •5(Yb+Yal) + ·5 y I 

al ! 
......) 

G I H 
y '+Y 'l 

~-
'yll + yll l2 12 
• I I II , 
Lyl2 + yl2N yll + yll J 

;)., 



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 lD· 

Similarly, the open circuit impedance parameters for the lattice 

network in Figure iE are 

r 
·5(~1-za} + 1 •5(~ +Z } + ·5 ~2 ·5 ~] ' 1 a z = i 

~ t5(~1-za} + ·5 ~2 ·5(~1-za) + ·5 ~2 

r I 

+ z11 
II 

z12 ' + z12 'l ZL 
i zll 

=: 

L zl2 
I 

+Zl2 
II I II 

zll + z11 . .... 
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 shoHn in Figure lF. 

Finally the combination of all these conversions results in the two 

equivalent networks shown in Figures IG and IH . 

. _ ... , 



APJ?endix B 

The loaded transfer function of the constant resistance lattice in 

Figure 2B is 

T(s) 

2 
&=ZZ =R a b 

·5(Zb-Za)R 
T( s) = ~2~_,.;;;._........__ 

R + ·5(~+Za)R, 

,-R - za"­
T( s) = \_R + z ) 

a 
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100 IS <"""""'' "' -.s- Nt: • 01111.1' 
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~ton1s: 
I. u-.tESS OTHERWI S£ SP£CI HED: 

II(StSfA)lC·t VAlUU MIE IN Oll!t$, 
CAPMtTAMC£ YAt.UES AI( lit PI&Oftlt40S 
ULUI:S Pft[([D£0 !If TMi. lll'M)Oi. • (PUt:\) 
OR • (MIPI») AU IN "tOLl$. 

J, ~ 4illt\IMI) lilT Ufltl 

; 

), USl FQI.LCIWIII(; C614blttATil.lltS lOR IHI'Vl r1t1£RS 

HtlU 8llttitst POl~ 1 $ 10 . Ulilll 
lfPf >· 4,1Sil" z .. --·::. z, -·2 . 
VF IH2,5.tfo z4 -l1 , 11- x11 z1 -x, 
aw ll•loil,S~4 z4 -x,. z~ ;.•1 

'llf.S, \1-t~,S-6J5·16> ift ~~l• z..-x,.z,-~ . .., lz 

FU ,,. ll'lf,ll~- .· .l~it F !£ •• 

;:r 

4. ALL CAPACITO~S HO'£ 
~1,R4-Rt0 • 1":. UNSHUNTED PORTION OF RB+RII • iS% 
R),Rlt·R14 • S'£ 
112 :NOT Tq I MillED 

5. 1111011. tlt.tltfiUS 11·18 ANO 19-20 EXIST DUE TO THE AbSENCt 
Of OPUJ!HOIIAL WLtrtER AND PREsttiC£- Of BUM LEA0£0 
TRAII$1S1011S. 

• 6>, HS • lUSH UUCTIYITY 
M5 • Mf:OU .. SE\.ECTlVITY 

·- h~ 1/tN!!.e 

llii'IJT /CIUt PUT 
Ol'ltl bOIIHN TUIMINAL~ 

HS Ol'lHATION 
OP£14 Ill Tl.f.OI TCIIKI NAU 
CONNECT 8ETII!:EH TABS 

MS OPUIATION 
Ol'lN UTI.U.N hRMINAU 

COMIIECT 8[TW£t:N UIS 

-·· 
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-- . · C4 ----~d 
J'O~? 
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C7 
'*"'..r.JJ!J 

C6 

. • JHD $V8STJfAT~(iJ-) 
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l'f'£'N 
t!HITPUT __ j 

Jf THFS£ t".fl'~tfl(l'tllf"J' AN 
rNE .?NP S~I'IIU,. 
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z, - Ztll Zs I Zb 
7 - e 

1•2 1-: 
z, 1"'4 z11 -Y4 • 
XHI x,o 
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• . Bgi$ding Block Par~eters 

I Min. TYPical Max. 

Frequency Range 7·2 KHz 72KHz 

Signal Level (Sinusoidal) .6 Vp-p 1.0 Vp-p 

In~t off set voltage 2-5 mv 

Po$1t1ve Supply Voltage +12.0 v 

Ngeiltive Suppl.y Voltage -6.0 v . 
Temperature Range l0°C' 70°C 

Power Dissipation 270 mw 

C~onent Values 

~&sis tors Routine Avf.li~bl.e 

Range See Fi~e 8 

MBx R/Su'bstrate ' 0.5 mO 5 mO 

Initial. P.recision 0-1% o.oo% 
Asins (20 years)· l1o • 0'5Cfi 

TetJU?. Coe;f' ~ ~50 to -_lOOJ:1'5 ii@ 0 ~0 -1000 ~ ~ 

Tunability +2CP/o ± 1% +50% :t -1% 

Tracking ±5 DPmrc I 

I 
-

- Au/NiCr/Ta2 05 /Ta 
I 

C~acitors 

Range See Fimtre 8 

Max C/Substrate I ' 
•05 Ill' 

Initial Precision 1-5 % . 
Stability (Humidity & aging) ! 0.2% 

~ Temp. Coe:ff. C (25oC-6SoC) +235 ± 20 ~ 
Tracking ± 15 ppm;oc 

Dielectric Loss .003 to .oo6 

:1 
Guaranteed Matching of RC Tem.p Coeff. ± 2'1 PPmi°C I 

» 
I 

I rl6ttlfe ? 
Be;~lt/t~t J 8/c~/< P. ,. .. ,., ~ 1-t~,.J 
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