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The chain matrices of thé’digita] u~d7ports of the §wamy-Thyagarajan;

,Have Digital Fi]ter‘structures are derived and are expressed in tenn§ of

LI . N 1

-

the coefficient multipliers of the“Qigital two-ports and the z‘variaE}e.

An original computer-aided analysis package of the Swamy-Thyagarajan
Wave Digital FjTter structures°has beeﬁ\developed on the minicomputer. PDP
11/45 GT-44 Graphics System. The e1emen¥s and values of a doubly terminat-
ed LC 1adde*ﬁ§;n be entered on a Cathod Ray Tube d1sp1ay by utilizing
the interactive graphics capability of a 1i ht pen. The 1adder is then

transformed into the Swamy-Thyagarajan Wave Digital Filter strucfures. Port

resistances, .coefficient mu1t1p11ers, chain matrices and the coefficients
of the digital filter transfér function of tAe structure can be obta1ned

Transformed lowpass, highpass,\bandstop and #andpass filters can also be
i
obtained. The package provides\numerical vaﬁues‘of the amplitude and |,

phase responses and plots the res onses on tLe Cathode Ray Tube disblay.

|

The fixed-point roundoff noise and coefficient sensitivity proper-

ties of the Swamy-Thyagarajan Wave Digital Filter structures are compared

with those of the cascade canonic, the’Sed1meyer-Fettwe15 Wave Digital Filter

[N
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and the Generalized-Immittance Converter structures, The relative power

Spectral density and the statistical wordlength of each structure computed
by the adjoint method are evaluated. P
' 0,7 ‘,

It is found that the Swamy-ThyagaraJan Wave Digital Filter realiza-

4

tion of the f%ndktop and bandpass f11ters, and the Generalized-Immittance

Converter realization of the 1owpass filter are the best structures in .

1

both. roundoff noise and coefficient sensitivity performance. The Generalized-

Immittance Converter realization of'the highpass filter is the best structure
in regard to both roundof f noise and coeff1c1e t sens1t1v1ty if the average

value of the statistical word1ength is used as ithe cr1ter1on of comparison,

]

Theiadjoint method.of sensitivity analysjs uii]%zes the transfer
functions which ;¥e used in roundoffinoise analysis. The sensitivity of
the coefficient multipliers of the four typés of realization and of the
scaling multipliers of the Sed]meyer-Fettweis wave D1gita1 Filter and Swamy-

Thyagarajan Wave Digital F11ter structures is a]so computed by the

.,

approximation method. The adjoint and approximation methods prpduce almost

%

identical results. Therefore the roundoff noise analysis and the coefficient

sensitivity analysis by the adjoint method are confirmed to have been per-

.

formed correctly.
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‘ _ " INTRODUCTION - | T
_ , !
' 1.7. GENERAL e
3 Sighal processing is required in many sc1'ent1‘f1'c ahd engi‘neering §

‘activities. It includes the rejection of, undesirable frequency components '
from a signal, 'the extractwn of some character1st1c parameters from the
s ' signal, and many other useful transformations of the signal. In the past,S'ig-
nal processing was  chiefly performed by analog techniques and componen’;s.
Since the mid 1960's, digita]y filters have come to play a greater role in T
signal precessieg. Since a lot of tomputations are usually required in

digital filtering, early applications of digital filters were limited to -

low-speed operations, such as seismic s1gna1 processing. After the in-

b vention of high-speed and low-cost large- sca]e 1ntegrat1on (LSI) circuits,
“ \ and the discovery of the efficient Fast Fourier Transform a1go\r1'thms, ‘ .
digital fﬂters‘ can now be employed in high-speed applications in tele- ‘ x
) communications and radar. Majo}' ap'p]'icatiop§ of digital filters are in "x
the following ardas: Lo . )

N | [4
1) Acoustics and speech research,
. 2) Biomedical engineering. | :
| 3) Seismic and geophysical research \and‘exploration.
- . 4) Pattern recognition and 'image processing. . ‘ %

5) Radar and sonar. ' o

? 6) Telecommunications. ° o ' .

S v

:
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An analog filtér and its ceerespgnding_diditél replacement are showe
in Fig. 1. In Fig. 1(b), the input signal x(t) is a continuous—time :
signal. It is first band]imiéed by a Towpass fi]ter.l‘Then samples of .
x(t) are. taken and aée converted to digital numbers. The digital filter

converts the input\number sequence x(nT) to a corresponding number sequence

' y{nT) according to some predetermined algorithm.T is the sampling period.

The: output number sequence y(nT) is then converted back to an analog
outpuf y(t). From the figure, it seems that the digital replacement
requires a lot more hardware than its analog ceunterpart. But if the -
input signal js already in digital form, such as the siggal encountered in

_digital compunications, the dhqy component required is the digital filter

itself.

The major advantages of digital filters are as ‘foThows [1]:

1) The performance of a digital filter can be improved to any
- ¢

accuracy requires by simply increasing the wordlength employed.

2) The reliability of digital filters is high.

——am
————— .

3) . A piece of digital filter hardware can be time-multiplexed to

perform different filtering functions.

o 23]

4) Adaptive filtering can be accomplished.

The major disadvantages of digital filters are as follows [9]:

1) The cost of digital filter hardware is high compared fo

that of analog components, But the prige of digital components 1s



- - [ N

. -

1. Ana]ob
Filter .

o

.
o
+

\
N
A R R BRI o BAR 0 e

C O, A N AR A AP
~
.
.

o FIG. 1.1 AN ANALOG FILTER AND ITS DIGITAL REPLACEMENT
! L (a) AN ANALOG FILTER S

-
g L Y




e e W AP

¢ \ ‘4
ot —
" 14
_ -
Al .
: \
- |
, | | Analog '
.| Lowpass 1 " to | x(nT)
x(t) O—>— Filter > Sampler > . . ——A
\ : Digital - ,
C Converter “
v N \ 4
\\ .
]/ C
T Digital » i
_ pigital P | td Lowpass | :
A—>— Filter >— Anal > Filter >0 ¥(t) 3
. Converter, ‘ ”3
FIG. 121 AN ANALOG FILTER AND ITS DIGITAL REPLACEMENT A
- (b) DIGITAL REPLACEMENT :
- _
i
: 4
&
\ ‘; :;



L.

PR xsTives

decreasing. Hence, digitaT/filféﬁs will Become\competjtive to analog

-filters‘in'coét, and they-will replace analog filters in many appli-

Y
;
g
;
x
;
!
o
e
hRt {1
4
s

cations.

®

2) -

s

il

Round-off noise, coefficient quantization errors, and limit

cycle oscillations accur in digital filters. These problems can be

a]feviated'

b

o RS T

by using proper design methods [1].

1.2 COMPARISON OF VARIOUS\STRUCTUﬁES ’

R R P

Digital filters can be classified into two major categories: non- - *

recyrsive and recursive digital fi1ters.,xThe approximation problems of

these two types of filters are solved by different approaches.. The

. ‘ -
transfer functions of nonrecursive digital filters are usually evaluated

by using the Fourier series and numerical analysis formulas. Recursive

_digital filters are dsua]]y'designed by using the invariant impulse

method, the matched-z-transformationLmeqﬁod and the bilinear-transforma-

tion method [1].

Once the transfer function of a digital filter is obtained through .

. |
one of the above methods, it can be realized in a variety of network

structures.

01

The common forms of -hetwork structures are summarized as' follows

* Direct canonic -

o

iPara1le] - ;



5) Ladder

6) Wave ) ) [.

- " Detailed discussion on'the above strdqtureslgan be found in :

REfS. []] - [3Jd |

3

'
~

The wave Method‘of realizafion was origx 11y proposed by Fettweis [4]

and a number of d1fferent wave structures are now av ilable. [4] - [9], [37] -

Q

¢
[39], This thesis stud1es the wave structure proposel by 'SedImeyer and)

Fettwe1s [5], which is’ referred to as SedImeyer-Fettweis Wave D1g1ta1

( F11ter (SFWDF) , and the structure proposed by Swamy and Fhyagarajdn [6] - [9],

I

which is referred to as Swamy-Thyagarajan Wave Digital~Filter (STWDF). A .
new and interesting method of rea11zat1cn.was proposed by Antoniou and

¥
Rezk [10] - [12], [35], [36], which is based on 1m1tat1ng‘§enera1fzeﬁ-

Immittance Converter (GIC). This new structure is referred to as the GIC

. ] /
{
- structure. : ‘

-~

! Once a network structure is chosen, the diglfal filter can be imple-
_mented e?ther as computer software or qs'a piece ofy dedicated hardware. In C
either gase, a f%nite wordlength must be used in representing the signals "

, <
' . .
0 N j
. . . .

and' the coefficient multipliers. Product quantization errors -are due to the ]
o Py . . 5

)Jﬁ‘

quantization of the product of signals and coefficient multipliers. Co- ' |
: efficient quantization errors are othe degradation of the ideal tfans- ' i
‘L x — fer function:of the digital filter due to the quantizgtion of the coeffi- |

| . cient multipliers. -Limit cycle oscillation occurs when the sieral level

is very low afid it is ‘due to the quantization of the product of signals 1‘<

- -,

and coefficient multipliers, -Different structures possess different

T ‘; o o« ‘s " « o 'g'.. ' O . o+ A
. \“\~\L\\Qrgduct quantization, coefficient sensitivity and limit cycle oscillation

e ’

"

[
i

Tt T B T A TR D 0
»

oot o £ . . e e



properties. Other 1mportant tactors in choos1ng a network structure.are

' I the computat1ona1 efficiency, the degree of para11e11sm and the poss1b111ty
of t1me-mu1t1p1ex1ng the same structure for different filtering operations.

. RN J

o ) % Cemparfsons of"sdne df,théistructures are available in ‘the 1ttera— )
_ ture. “No conclusive compartsons are available but some general tendencies
. . can be observed For examp]e: direct and ladder structures tend to -
| - ® produce morguproduct quant1zat1on noise and are more sens1t1ve to coeffi- |
‘cient quantizat1on than other structures [13] - [16]. Parallel structures
tend to produce 1ess roundoff noise than cascade structures [13], [14], [17],

' _.,[13]. SFWDF terids to be less sensitive to coefficient“quantizatjon_than

cascade structure for f]oating point arithmetic [19], [20]. For fixed point

I S P - e T o e et
e S et R R

-arithmetic, cascade, parallel and SFWDF have similar sensitdvity properties

[13] - [16]. L " co ' .

/ -

RS O §

- . ; - GIC structure has been compared with cascade and SFWDF structures

~

[e3
»
Vaﬁ%ﬁ%iﬁﬁﬂs&» ey T

&;; | assum1ng fixed po1nt arithmetic and two's complement nwnber representat1on

e

. Wiiw
FROVI I ARE

[10] - [12] [35], [36] Four f11ters “(Highpass (HP) Chebyshev, towpass
: (L) Butterworth Bandstop (BS) E11iptic and Bandpass (BP) Elliptic filters)

have been rea]ized in the three structuresi The pertonnance of eath

L A

| ¢ _ structure is compared with other structures. It is found that the GIC LP ,
. - e 1s ure:

i 5 ) and BS filters, the SFWDF HP filter and the cascade BP filter produce the o
least. amount of rounddff noise. The GIC LP and BP filters and the SFWDF

2 ' . : < ) -
E- BS,filter are the least sensitive to coefficient quantization. For the HP

A ~f{1ter, it is undecided which structure is the best.

o~ bl

STWDF has been compared with cascade structure and SFWDF assufming
floating point arithmetic and sign magnitude number representation [9].

“STWDF is found to be superior.to cascade structure but similar to SFWDF

. .
3
. £ n
R
. by
y N .
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in roundoff.noise and coefficient sensitivity.

This thesis compares the performance of STWDF, cascade, SFWDF, and
GIC structures assuming fixed point arithmetic and two's-complement .
number representation. The three filters referred to in Refs. [10] - [12],

~[35], [36], (LP, BS, and BP fﬂters) and- an original seventh-order HP

Voot T

’?i"t Chebyshev Filter are reahzed by the four methods of reqéhzatlon. Pro“duct
) quantization and coeff1c1ent quan{nzgtwn effects of the four structures
. ’ : <
o are compared. ' ‘

’ 1.3 BILINEAR TRANSFORMATION

The bilinear transfonnqtiori,‘
g

s= & (&) . | (1.1)

-1

P,

whei*e ‘T is the sampling period, is one of the methods by which the

_approxmation prob]em of recurswe d1g1ta1 filters can be solved from a

S
PN, W LAt s 3 o e
I

4

e

correspondmg ana]og fﬂter approxmatﬁn problem.

N
|
@ k]

The bilinear transformation is used in the design of digital structures ) .

ETRVIRRICS I

: whethdr they be cascades of first-order or second-order canonic sections,
' ‘GIC, SFWDF or STWDF, However, the design procedures for.the first two
v differ from those of the latter \tvpj‘Thé first structure whick is the

.
FRRPRE 1L SRV

conventional cascade realization using. canonic sections is referred to

as ‘'the cascade canonic structure in the present thesis,

w \\ v N I !

\ ¥

*
|
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Cascade canon1c and GIC digital filters with prescribed specif1-

r

catiops are usua11y designed by ;;%a1n1ngﬁan ana]og f11t&r transfer func-

et oo i
SN

T U T R A S OO T
$ o i SR R SRR
2

) . tion which satisfies the specifications. Prewarp1ng of the analog f11tgr\
I ‘ transfer functioﬁ i§ fhén performed in order to compensate for the warp-
ing effect of the bilinear transf&rmation'[]]. Then the biiinear trans-
fofm;;%on is apﬁTied 'to the resulting analog/filter transfer function in -

S g order to obtain a digital filter transfér function. - 0 s

»

>

P . . .
SFWDF and STWDF with prescribed specifications are usually - -

designed by obtain%ng an analog circuit which satisfies the Specifications.a

' The values of the elements of the amalog circuit can be obtained from

! -« published tables or by synthes1s techniques [21] - [23]. The analog circuit

is prewarped by ad3ust1n§ its element vaIues. Then by app1y1ng the bi-

linear transformation anz apgropriate"wave techniques:[5] - [9], a wave

dig%ta] filter circuit can be obtained. ..

The bilinear transformation, as de;ined by Equation (1.1), can

{

be split into two parts as fallows:

/;
i 1
i .
P 4 . : , \ _—
. ' . S -’T-ﬁ' \
N /> - 'y ' ! 'u-’ 2‘1 ‘ . I ,
. S z+i ) X (1.2)

K - °
. Y

Once a.prewarped analog circﬁit is available, the first part of the

1A el

transfofmation can be accomp]ished by multiplying all the inductances and P

capacitances of the analog circuit by 2/T. Due to the simplicity of

Equat1on (1.2), it is used in der1v1ng the STNDF from the analog c1rcu1t*J/r1

The following examp]e is used to illustrate the different approaches.

R R e s, PR 3

P
.
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A sixth-drder lowpass Butterworth filter with thg following

specifications is designed:

1) . 3 dB cutoff frequency: 1,000 rad/s
2) Sampling frequency : 10,000 rad/s
To obtain the cascade caﬁonic struc%ure, an analog filter transfer

function satisfying prescrjbg‘ specifications must be found,first.' From

Ref. [21], the normalized analog filter transfer function is obtained as

i

follows:
Hy(s) = 3 — 1 . (1.3).
. i=1 [s - (a;#b;3)1[s - (a-b;j)]
where ) \‘
aj = - 0.2588190
by = 0.9659258 y "
o @y = - 0.7071068 -
b, = 0.7071068
ag = -. 0.9659258 |
Wby = 0.2588190 -

R

Frequency scaling is required so that the éutoff frequency of the denormaliz-

. ed analog filter transfer function is at 1,000 rad/s. The resulting trans-

fer function is as follows: \ -
- > Al N

4

. H1(s) =~HN55) .o
: T000 Co.-
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The preﬂarp1ng of the transfer function H (s) is app11ed in order to
canpensate for the warping effect of the b111near transformation.\ By
app1yinq‘the fol1owing substitution to Equation (1.4),
s > S (1.5)
y W T ,
o -"r ta"(T) | q
where, ) - , o o ‘ \
v ' 7 .,” ) ‘ \ !
We = 1,000 rad/s
, ‘ !
and e | )
T is the samb11ng period, the prewarped transfer function
is obtained as follows: ] ‘ \
? | 3 ’ ) » . N '
- Hp(s) = H1(s) .. s X Lo ‘(1.6)
° , w.T ' ) '
_T tan(—2—) . .
. . \

F1na11y, bilinear transformatlon is applied to Hp( s) inm order to obtain
a correspond1ng digital filter transfer“%%nct1on which satisfies prescrib-

ed specifications. The resulting d1g1tal filter transfer function is as

7

follows: o - ﬁ ' ‘e

Hi(2) = H (s) ,
1 p _ 2 (2-1 , -
S "T‘ (-ZT"T) > ﬂ
QL_A—?
. 3' i -1 -2y. ’
e p A2tz ) (1.7)
=1 (T +myyz7, 4+ myz®)

-
N N

-

-

v
o e,

c.
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whére = :
k is a constant and . §~ ‘ ‘
©omy = - 1.404385 - R . L
my; = 0.7359152 ' - .
P fv-‘1.]42980 ( . o " .
My, = 0.4128016 o
\
m 4 = - 1.032069 .
' y &
m,s = 0.2757080 %
’ E
\ o E
From the digital filter transfer function, the cascade canonic structure ;
of. Fig. 1.2 can be obtained easily [1]. o ﬂ - ) é

where

P

a normalized LC ladder network of Fig. 1.3(a) is obtained, .;
, ’ H
Rs =1 Q.
Ly =0.5176  H . . - o
Cp= 1442 F ‘
Ly =1.9319 W ‘ .
cj=tas F O o : o
Lé = 1.4142 H
- ‘ .
C6 = 0.517? F

The desigﬁ procedures are different for the STWDF. From Ref, (211,
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and capacitances of ‘Fig. 1.3(b) by the following expression:

s S A wadmes et mem o

Pa— -W*MV:"W -

14

T The'netwo}k"of Fig. 1.3(a) Hs;fhen denormalized by dividing all the
1ndu£taﬂces and céﬁhcitﬁnées'by 1,000 so that the cutoff frequency is

n ) g . B i N -
shifted to 1,000 rad/s. Fig. 1.3(b) is the denormelized circuit. Pre-

warping of the analog cjrcdit is performed by dividing all the inductances

il

vy

[

. ' r’ 2 WCT |
4 .: w—cT tan (T) ‘
where . ; , i S - %
- 'wc = 1,000 rad/s, and ‘ j k | |
. : ‘ N

T 1s the sampling period. . f - . : o //, |

-

Fig. 1.3(c) is the resulting préwakpeJ 'LC ‘adder network. ‘ L Ji
- ' - ,f , . J ‘

Since STHDF utilizes the normalized bilinear transformation of
Equation {1.2), all the inductances and capacitances of the prewarped

~circuit are multiplied by 2/T and Fig. 1.3(d) results,

where -

. Rg=1 . @ / o ) * )

© ¢ Ly = 1.593009  H SRR .3 ' .
C, = 4.352460 . F - 0 | “
Ly = 5945777 K’ g ]

Cy = 5.945777 F A
"4.352460 M s L
= 1.593009 : F

.RL e . .

o r
()]
1] it
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Fig. 1.3(d) has a transfer function}es follows: B

i

' . ‘ | S : “ v s ‘A . ’

By using Swamy -and Thyagarajan'g wave'téchnﬁques (6] - [9], the

STWDF structure of Fig. 1.4 is obtained, -

' where\ ‘

02893779,

0.1220360

0.03625068 ,

0.02659069 . U

s
[}

M1
M2 =
M3 *® ‘
-my, = 0.03427973 ‘
myg = 0.08139367 . ’ |
me = 0.3856524 | ) | . ,

1

: . The transfer function of the STWDF structure-is as follows [6] - [9]: -

L)

“ L b
) e =26
: Hy(z) = ag -.2 Ha(s) ..z

(1.9)
\ - . . ‘

where' »
‘ Hz(s) is given by Equatién‘(1.8).
* 1.4 STWDF . . , - ,
The STWDF structyres,are based on imitatind.doub1¥ terminated LC - ) ;;;.
o ladder network [6] -‘[911 ) .

_ “In.Fig.;};S(a), the wave variables are related as follows:’

- 5
S \ A '
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Ry and R, are port resistances.

L]

By applying Equation (1.2) to Equations (1.10) and (1:11), the \

1 - -digital two-port N of Figure 1.5(b) can be obtained, 2 ‘ ."

—

: where

!
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_The analog network has a transfer function

V,(s)

H(s) = grey

S

t

24
(1.12)

It can be shown ‘[6] that the digital network of Figure 1.5(b)

' has a transfer function
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z) =22 = 2 i) :
a, T+ s = %EET

— Correspondihg to an analog network of Figure 1.5(a), there are

- ‘ eight possible STWDF realizations (Realizations 1A, IB, IC, ID, IIA, IIB, :

Lo W

R LIC and IID). Details can'be found in Refs. [6] - [9].
A :

A

- —y 2\ 5

In Figure 1.5(a) the network N may consist of a number of
_ analog two-ports cascaded together. Some commaon digital two-ports are as ‘ §
shown in Figs. 1.6 - 1.17.. A list of common analog two-ports and their

.corresponding digital two-ports is tabulated in Tables 1.] - 1.4.

1.5 FREQUENCY TRANSFORMATIONS

|
|

Digital LP, HP, BP and BS filters can be obtained directly from

- , their corresponding nomalized digital LP filter through digital filter
l frequency transformations [9], [24], [25]. The following brief discuss-
ion on frequency transformations and their application to BP and BS ?

.°£. ’ filters of STWDF structures are based on Refs. [9], [24], and [26]: ;
L ' , ‘

A}

Let the transfer function of the normalized digital LP filter be
HN(2'1), and the transfer functionof the digital filter which is obtained
— throﬁgh digital filter frequency transformations be H(z']) which is

related to HN(z']) by the following relatjonship [24]:

t

B TR TP

-1 - ‘ -1 A . ) (]o]3)
H(Z ) = HN(Z ) 2-1 = 9(2-1) ; o
/’ Whef‘e ' . ° - . T %
N i , . )
-1y _ 1=-f(s o . ‘
s | 9o(z7") = 37RsTls - A z-] , (1.14)
‘ 142z
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/ : ) .

and f(s) 1s an analog reactance function.

©

: ¥
If f(s) assumes the form of the well-known analog filter

frequency transformations [27], the digital filter frequency transfoima-
tions of Table 1.5 can be derived [9], [24], where 2. is the cutoff -
frequency of the normalized*digita1 LP filter, @ ] is the cutoff
frequency of the transformed LP(or HP) filter, 90,01, and Q, are the
centre frequency, lower cutoff and upper cutoff frequencies respectively
of the transformed digital BP(or BS) filter. .

Suppose the normalized digital LP filter is rea]ized-by STWDF

\

strucfures. BP and BS digital filters may be obtained by substituting

_the unit delay z'](T) in the digital LP filter structure by a circuit

which realizes an appropriate g(z'1). But de]éy-free loops may occur

in the resulted structure-and may cause realizability problems.

Another approach would be to start with a normalized ana1og LP
filter. Then analog f11ter frequency transfonnat1ons are applied to
obtain an analog BP or BS f11ter. By applying wave techniques [6] - [9]
to the apalog BP or BS filter, a corresponding digital BP or BS filter -
can be obtained. The disadvantage of this approach is that the centre
frequency and the bandwidth of the resu1t1ng digital BP or BS filter
cannot be independently control]ed by varying the values of, the coeff1c1ent‘

multipliers. ¥

Y

Ref. [26] suggests a method which can avoid these problems. This

methed utilizes the re]at1onsh1ps of Equat1ons (1.13) - (1.14), and the

‘centre frequency and the bandwidth of the resu1t1ng digxtal BP or BS

\
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TABLE 1.5 , B
DIGITAL FILTER EREQUENCY TRANSFORMATIONS \ ‘
S /
Type Transformation Constants
\ | (QC-QB)T
K o(7) = 'i":'%' “= Sin[(a 9 )T]
LP Teaz - sin[ Cc é ]
_ (ncm 7T
LP SRS Y ) ) cos[—S-E ]
to g(z ) = ( - o - (6 -ﬂ -)T
HP 1+az BT COS[ C B ]
LP 1 2ale” ke a = cos{agT)
to -1y + k+1 Q
BP g(z"") = - ( AN Al 2,-0
k+1 2_%_!!(_ z ]+] k = tan(T)CO\f;[('T')T]
P ' <2 2¢ -1, 1-k @ = °°5(“o”
to olz7) 2 "TeRE TR %-n )
BS (1 k)22 E‘E Ve k= tan( : )tan[ 22 1]

e
Y
o R

=k
i
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|

.




41

’ filter can be independently and simultaneously controlled by varying the ¢
' \'/a'lues of the coefficient niu]tip]iers. Details of the methoc; can be found
in Ref,. [26], and a sumnary of | t/his method 'is as follows:

‘ Let the cutoff fr‘equency of the digital LP filter be 2, Let 2gs v

‘n.‘ and 2, be respectwe'ly the centre frequency, the 'Iower and the upper '
'eutoff frequenciés of \the digital BP or BS filter. By the foﬂowing‘ '

-

. steps a digital BP or BS filter can be obtained [26]:

e -
I

1) To obtain the LP STWDF from the analog LP filter [6].
2) To scalg the element values of the analog LP .filter by a factor

s

bf k. k is determined as foﬂows: S <
o ) . a.t (9y-07)7
! tan(T cot [——2——-] , for BP filter »
B o . k - (1.15)
(2 —n1>
tan(-—-2—) tan [—=5——] , for BS filter /

To calculate the new va]ues of the coefficient multipliers of  the

¢

d191ta1 filter due to the scaling of the element Values

L

3) For BP filter, repl‘ace the unit delay T in the STWDF by Fig. 1.18, .

where

Y

* — a = COS Q’OT)
' ' (1.16)

X =1
Y = g(z ) - -1
' o




L ' ' /
FIG. 1.18 BANDPASS FREQUENCY TRANSFORMATION
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‘For BS filter, rep1acekthe unit delay . T by Fig. 1.19, whére\

!

Q.
1}

cos (QOTJ

g(z"]) = Z-] Z-:'"Q. o a ‘
. 1 - aZ-1 ‘ . §

1 P
"

‘The derivation of digital LP and HP filters from normalized
digita] LP filter is not discussed in Ref. [26]. The reason may be that

pir
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the resulting circuit would be much more ‘complicated, and would use more
coefficient multipliers than the digital filter-circuit resulted from thé,

app11cat10n of the analog filter, frequency transformation and wave techg

¥

niques to a norma1ized analog LP filter. ‘

Due to the great variety of STWDF networks (eight differentn
STWDF structures, transformed LP, HP, BP and BS digitai filters) which

A\

can be derived from.an analog circuit, one is compelled to resort to .“. -
- h . t ' i

T LA o5 st 3o e n
-~

computer-aided analysis techniques. The thesis will present a computer--

aided analysis package which has been developed by the author. This . S .‘ i

v i T

package provides all.the details of the eight different STWDF structures

which can be derived from an LC ladder network. Jransformed digital LP

3
d
S
f

and HP filters which utilize analog filter fréquency trans formations and -

wave techniques [6] can be obtained from the package. Digital BP and BS

filters which are designed using the- design techniques of Ref. [26] can - -

—

/

also be-obtained. N
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1.6 SCOPE OF THE THESIS - °

- \ > ' 2
This thesis concentrates on the computer-aided analysis of STWDF :

and the comparison of STWDF with other structures assuming fixed-point

arithmetic and two's complement number representation. Speéifica]]y,

v

In Chapter II, the chain matrices of the digital two-ports of =
STWDF are derived and expressed in terms of the coefficient myltipliers.
An HP Chebyshev Filter is then taken as an example. The digital circuits

of its eight different STWDF realizations are shown. The chaﬁn matrices-

‘ qnd the transfer function of each realization are giyen. ‘A degcription of

. . §
the/computer-aideq analysis package of STWDF then follows. \
- . : A ' ,\
The package utilizes the minicomputer PDP11/45 GT-44 Graphics

‘ Systém\which can provide a visual image of an LC ladder network on a

¢

cathede ray tube,(CRT) screen.’ Oncé the elements of the ladder network
have been entered on the . CRT by using the 1nteract1ve capability of a
1igﬁt pen. the package will calculate port res1stances, coeff1cient multi-

-
pliers, and the chain matrices of all the eightASTNDF structures. Trans-

" formed Jigita] LP and HP f11ters~wh1ch are based on analog filter frequency

transformat1ons [27] and wave techniques [6] can be obtained from the
package. This package also prov1des digital BP and BS filters which are
désﬁéﬁed according to the theory of Ref. [26]. The coeff1c1ents of the
trans fer function of the dig1ta] f11teH can also be obta1ned Amp11tude
and,phase responses: can be plotted on the CRT. Spec1f1ca]1y, ghe package

~consists of seven separafé programs ‘'which are described brieély as

¥

follows:



P

R
.

. TRANS, calculate the port resistances,)coefficient multipliers, the chain.

s

&gt L

The first program, Program ANALOG utilizes the interactive capability
of a Tight pen to enter the analog circuit desired on a CRT. The second

program, Program INTER, is used to enter the required sampling frequency,

\
R . W =
T B ek R i

g

some properties of the analog circuit, such as the value of the cutoff

frequency, and the required type of digital filter, e.g., a BP filter.

The next three programs, Program PORT, Program MATRIX, and‘P}ogram

{
matrices, and the coefficients of the transfer function of the digital

filter respectively. The principles of these programs are based on the
theory presented in the eaefy part of the second Chepter. The sixth
program, Program SUM, calculates the amplitude and phase responses of the
digital filter by substituting z = ejWT in the transfer function -
obtained by Program TRANS. Finally, Program PLOT plots the amplitude and

phase responses on a CRT. Specific amplitude and phase information at

‘any point on the plots can also be obtained. Any portion of the plots can

also be enlarged in order to examine the curves in detail,

Chapter III deals with the effect of product quantization on STWDF.
Four filters (HP Chebyshev,LP Butterworth, BS Elliptic, and BP~E11jpt1c)

" are designed and realized in four different network structures (STWDF, cascade

ganonic, SFwﬁF, and GIC). The eight different realizations of STWDF'are

desf@ned'for each filter. The filters are assumed to be implemented in

&
fixed point arithmetic and two's complement number representation. The .

f11ters are then scaled according to the theory of Jackson [28].

I Q
J

Formulas required for signal sca1;79 and for the evaluation of the

noise output power spectral density are derived for each type of network



L

o wy%m»‘g‘m: R P

s
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a
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b4
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A
X

structure. The curves of the relative power spectral density (RPSD)—of __

each structure are plotted and cbmpared with other structures.

-

The effects of coefficient quantization on STWDF are examined in

‘Chapter FV. Firstly, the adjoint [1] and approximation methods of the

sensitivity analysis of the coefficient multipliers of the four types of
realization are discussed. Formulas which are required for the evaluation
of the sensitivity of the coefficient multipliers by the two methods of

each type of rea]iiafion‘are shown, By ﬁti]izing the adjoint method of

. sensitivity analysis of the coefficient multipliers, the statistical

wordlength requirements [29] are computed for each structure and compared

with one another.

The adjoint method of sensitivity aﬁh]ysis u%i]izes the transfer.
functions which are required foﬁ”roungoff noise analysis [1]. The

sensitivity analysis of the céefficient multipliers of thé four types of

realization and of the scaling multipliers of the SFWDF and STWDF structures

by the adjoint and approximation methods are performed. If the two mgthodé

produce almost identica] results, then the reundoff noise analysis ‘and the
sensitivity analysis by the ﬁajoint method .are conﬁfrmed:to have béen

performed correctly. R

Chapter V concludes what'ﬁgs been achieved in this thesis and

indicates the areas for further 1nvestﬁgafioﬁ._
Lo /
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CHAPTER 11 _
‘COMPUTER-AIDED ANALYSIS OF STWDF

2.1 INTRODUCTION
The computer-aided analysis package is implemented on the mini-

rcompdter:PDPl11/45 GT-44 Graphics Syétem of the Department of Electrical

-Engineering, Concordia University. A detailed discussion of the system

‘can be found in Ref. [30].

-

Fig. 2.1 shows the internal.operating structure of the Graphics

System, which is described briefly as follows [30]:

1) PDP 11/45 Central Processing Unit (CPU). It performs all the

required arithmetic and Togical manipulations.

2) RKO5 Disk Drive and RK11 Drive Controller. They control and drive

the dlsk cartridges which are used for data storage and retrieval.

S )
\.
\

VT Di§p1ay}Processing Unit.(DPU). Thé DPU is the key component

' \
in the GT-44 Graphics Systeh. It generates the visual display

" - \and drives the VRI7 CRT.

Frun

4) VR17 CRT Display Monitor. It displays graphic information..

" §) 375 Light Pen. The Light Pen is a light detector which’ provides

=

the user with interactive capability.

4 —

. &‘;




T .
rd . t

' “g f 6) Unibus. The Unibus consists of bidirectional data, address, and

‘ L control 1ines. It-allows data transfers to occur among all the

-components- connected to the Unibus.

~

MF11-L Memory. The capacity of the memory is 16k words, and
. each word consists of 16 bits f The memory can bi accessed by the

PRI T TN
~
- ——r

CPU and other devices through the Un1bus

8) BM792YB Bulk Storage Bootstrap Loader Read Only Memory (ROM).
The program, whi;h {s stored iﬁ this ROM, is used to transfer the
y actual bootstrap loader pfogram, which is situated inside a disk,

[T

to a read-write memory of the minicomputer. - | - .

' 9)9 Vi100'Decscope and DL 11W Asynchfonous Line Interfacg:- The

o Descopetkonéists_qf a'keyboard and a CRT display and acts as an

« 1input/output unit, The Asynch}onous_biné Interface convertg s;ria]A
information from thefDecsEopé into parallel fashion for transmission

o

to the Unibus, and v1;e-vefsa. . T

-10) 306C Centronics Line Printer and 3080 STD Centronics Pr1nters/PDP11¢
. Interface. :The pr1n;er is used _to obtain hard copies of required

. 1nfonnat10n.
)

&«

-

The 1nteractive graph1cs and computat1ona1 capabi11ties of the above

. system ire ut11ized as follows: \;ﬁ\vf///%/
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. + 1) The interactive graphics capabi1fty is used to generate an LC
) ladder with unfilled branches on the CRT. The light pen is used
' to F111 the unfilled branches with désired elements. The graph1cs‘”

capab111ty 1s -also used to plot the amp11tude and phase responses

of the d191ta1 filter on the CRT

é) THe computational capability of the system is used to compute
the part résistances; the coefficient mu{tip1iers, the;bhain matrices,
and the transfer functions of all the eight STWDF structures
according to thq theory presented in Section 2.2.‘ Numerical values

of the amplitude and phase responses can also be calculated.

The above system has earlier been used to analyze analog ladder
networks [31], [32], where the interactive graphics capability of the
"system has been used in the construction of the ladder network. Bode, and

&yquist plots of ladder networks and system functions can also be plotted
on the CRT.

4

E4

_ The major difference between the computer- a1ded ana]ys1s package -
of ‘this thesis and that of Refs. [31] [32] is that the 1atter deal with
analog ladder networks, while the present thesis dea]s w1th STWDF. In
this thesis, the 1nteraet1ve graphics capability of the system is also
utilized in the construction of ‘the ladder network. But the Haddef‘net-
.- work is transformed into STQDF éccordihg to the techniques of Refs. [6] - [9].
The chain ‘matrices, and the transfer functions are expressed in terﬂs of

the z variable while those in Refs. [31], [32] are expressed in terms of

the *s variab]e
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AN

The theory which is necessary for_the evaluation of chain matrices
aﬁd the transfer functions for the compufer-aided analys%s package is T
pre§ente¢ in Section 2.2. The chain matrices of the digital two-ports
of STWDF are derived and expregsed in terms of the coefficient mu]tip]ier§.
A specific exémp]e of ; seventh-order HP Chebyshev Filter is presented.
The port resistances, the coefficient multipliers, the chain matrices, and
the transfer functions of the eight different STNDF structures of the HP
fi]te} are presented. Then a detailed di;gyssion of the computer-aided

- analysis package follows.

The computerléided analysis package consists of ée?en programs.
Program ANALOG ﬁti]izes the interactive graphics capability of the §ystem’
Eo draw an LC Tadder network on the CRT and to fill the ladder branches |
with appropriate elements and values. Program INTER is used to enter the
" sampling frequen%y, the propertie;‘of the Tadder network, e.g., the cutoff (
frequency of the ladder network,a\nd-the properties of the désired digital
filter, e.g., the cutdff- frequency of the digital filter. '

Program PORT calculates the values of the port resistances gnd the
coefficient mu1t1pliers.of the eight STWDF structures according to
Tables 1.1 - 1.4. Programs MATRIX and TRANS evaluate the chain matrices o
an% the transfer functions of each STWDF structure accopding to the theory

presented in Section 2.1.

Program SUM calculates the amplitude and phasé responses of the

digital filter by'substituting zZ = e'jWT in the transfer function obtained
by Program TRANS. Program PLOT utilizes the interactive graphics capability-

.of the syétem to"p1ot the amplitude and phase responses on the CRT. Specific

. 4%

o
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% amplitude and phase information at any point on the curves can be btained. {
{ Any portion of the curves can also be expanded to provide detailed|examina- _ %
. ton, « ,® . Y \l B
o ‘ L 4
A1l the programs are written using double precision arithmejic in ;
- order to -maintain accuracy throughout the computer-a1ded analysis package. é
‘ 2.2 EIGHT REALIZATIONS OF STWDF !
. '.‘ . ’ K « :ﬁ
There are eight different realizations of STWDF [6] - [gﬁ.\‘ ' o
Realization IA is first.considered. » , W
The ‘chain matr1x of the digital two-port correspond1ng to an .
‘1nductor 1n the series arm is der1ved as fo]lows‘ 5(
The chain matrix for an analog two-port of a series inductor is '?
. as follows: :
- A B 1 LS »
[F1 = - <, v &
. ) c D 0 1 | Py
\' e
Hence . \ -
. A=1 \ ry
\ B =Ls \ \
o (2.1)
3 C=0 ’ s
g n
{ D=1 ;o
gt‘ v oy
:2" ‘ . \ : ’j;:
: From Table 1.1 o o .o ) ' : g
i LY




/ ‘ R

R L v DR e

! P 2 »
/ m-l - 'R"l-
: (2.2)
! R] =R, t1L

{ A
{ ’ -
E From Equations (1.2),(1.11).(1.12).(2.1) and (2.2),the chain matrix
f N ,

of the digital two-port can be obtained, as follows:

T A . ’
[F] = » o -
v K .
-+ where ‘
\
. _ z+my - . (m]-1)z ,
Mz + mg ‘ mz + my
(7 o (2.9
# . ) v,=”m~|'1 K=mlz+1 | -
myz + m, m1z‘+ m, N

Hence the cha1n.matr1x of the digital two-port is expressed-in

 terms of the coefficient multiplier my .

The chain matrices of other digital two-ports can be derived .
similarly. The results are tabulated in Table 2.1. The values of my

-2 and m, are calculated according to Table 1.1 and Table 1.2.

~

Consi&er the inductor in the series arm of realization II A in

Table 1.3. The digital circuit is the same as that of the inductor in

J

the series arm of Realization I A in Table 1.1, except with the f6110w1ng

' differences:




1)

2)
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. » ’ t
The values of the coefficient multipliers are obtained differently, -
v : A

as shown in Tables 1,1 and 1.3.>7

»

The position of the input and outhut of the digitq] circuits is -

.&1fferent.

-

@

Consider the Realization II A digital circuit. Assume the coefficient .

maltiplier m, is obtained according to Table 1.3. From Equation {2.3):

o

. >
‘ L ~ztm (m]-l)z - -\ -
. 2 mi2 + my m,z +m 1
"‘--5 t - =
. my, = 1 myz + 1
; 1 1° .
b2 m,z +m mez +m, | &
[ 2] LMz 12 m |
In Realization II A, 2 is the input and b2 is the output. By ’
.manipulating the .above matrix, the following can be qbtained:
‘ \ T [z +my 1-m.7] T ] ‘
2 7T g:} TFT ) b2
= |- - ' (2.4)°
; (1-m1)z Mz + 1
by BEA z+ ] %
L o 4 - -l

derived similarly aﬁd‘are\listed in Table 2.2. The values of m; and m,

o

Chain matrices for other two-ports of Realization II A can be

1

are calculated accordingatq Tables 1.3 and 1.4, ‘ : ( ' 3

L}
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REALIZATION I A: CHAIN MATRICES OF DIGITAL TWO-PORTS

- |Digital- .
Two-Port Chain Matrix
’ z+m my-1)z
: (my-1)
’ 4 mz + m, Mz + my b2
NA my - 'myz + 1
1 m,z + my myz + m,y
Z-m (my~1)z
a 1 I b
% 2 2
’ - _Z :Z (m]mzﬁnz)z + my (m]-;)z + (m.lmz-mz)z‘
1
rn]z + gxn]mzz + my M2 + Zm]mzz + m1
NC , | v

(m]mz-rhz)z + (m1-j)

2
myz” + (m1m2+m2)z. + 1

L 2
m]z + Zm]mzz + m]

2
m.lz. + Zn.lmzz + m]
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! (continued)
i
i
‘ Digital ) . .
:_ Two-Port Chain Matrix
é
-‘é )
§ ~ h ‘r-Z + m] . (]‘m])ZT
i . ’ a . b
: . 1 z+ 1 z+1 .2
N ot . =
v 1 - m m,z + 1
b] LZ + I ' yA I i aZ
. , 2 -m, - (-my)z T
3 171 ‘ Z -1 b
e N = iR .
,~ __?' P E . m] - 'I m]z - ] 1
g by |z T =T l%
F - o ) 2 + (my+mmy)z + my. (1-m{)z?_+ (mz-jm.lmz)z_1
1 22+2mzz+1 z?+an22+1
s ¥ = ) %]
3 " NF g -‘ . ) .
i X h ‘ (mz-mlmz)z + (1-m]) | myz" + (m2+m]m2)z + ]_
-1 . _-z-zr,-t- 2myz 1 2 + am,z + 1,
- ‘
» %2
2, g .
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TABLE 2.2
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REALIZATION IT A: CHAIN MATRICES OF DIGITAL TNO-PO{RTS

Digital
Two-Port Chain Mgtrix o
z+m 1 -m
- - 1 ‘M =
4 ) z+ 1 Z + 1 -1 bz
N NA _
('l-m])z mz + 1
b] | z ¢ | z + 1 l_ag_
- _Z-nm my =1 -« - ;
Fa ' 1 1 b ]
1 Z - | Z = | 2
Ng |
{1-m,)z Mz = 1
iy b ——e 1 - ] a
L 14 L Z - 1 Z - 1 - L 2_4
£
. 2
o ~20 F (mytmymy)z + my (my-mymy)z 4 (T-my) -
! 22+2m22+1 zz+2mzz\+1
N . ) ' )
‘Lb (1-m])z + (m2-m1m2)z myz” + (m2+m]m2)z + 1
1. b2 oz 41 2% & omaz + 1 ST
2 ) 2
b,
3




(continued)

. Digital
. o | Two~-Port

Chain Matrix

N

e

PR -
a, ] i E_tlll__ m=-1 A -b 7
1 | m,2 + my my 2 + m1‘ 2
ND =
(m]-l)z \. mz + 1
b — a
L 1 B L m]z +m, mz+m J1 2 ]
_ —zZ-m 1-m - -
: alw m,z -1m m,2 -Hn | b2
: 1 1 1 1
g( NE Mo = .
: (m]-1)z mz - 1
b ———— a
T LMz - m my2%= my L2 ]
\
2., | ‘
e 2+ (m1m2 +m2)z + My (m]mg-mz)z + (m1-1) m
. 1 I 2
mz= + 2m1mzz +m, mz= + Zm]mzz tm
NF = -

(m1-'l)z2 + (m]mz-mz)z

L
m, 2 +(ﬁmfmgz+1

2
myz + 2m]m22 + m]

[

2
m1z ‘+ 2m1m22 + m1

.

.
P
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t .
; ) The chain matrices of Rea]&zatibns I B, IC, and I D can.be obtained
' ‘ from the chain matrices of Realization I A straightfordwardly. - Similarly, v

the chéin matrices of Realijzations II B, II € and II D can be obtained

from Realization I1 A [6] - [9].

.+

Consider an example. A seventh-order highpass Chebyshev filter with

? the following specifications is required: ]
Passband edge = 40 rad/s . ' |
. . \‘ (4 -
Passband ripple = 1 dB | - '
) Sampling frequenq} = 100 rad/s ‘ °
' ¢ .x‘ v ' ! \ ) :
-The prewarped doubly terminated highpass LC filter is shown in K
i Fig. 2.2(a).- If all the capacitances and inductances are multiplied by :
(2/T), where T 1is the sampling period, then Fig. 2.2(b) results and it %
has & transfer function | "
. , ‘ v )
His) = == . © (2.5)
) i ) . e
¢ : - , C
2.2.1 Realization IA o ‘ o :
Consider Realization I A of Fig.2.3. The nature of digital
two-ports are as follows: ‘
- gﬂ : netwprk Ng :
N2 : network Np
YA | N :metwork Mg T
Ny : network ﬂE S . ,"’ o W




o

[

MULTIPLIED BY (2/T)

N i ! Cy 1
__va__l 4 1L { A ' 0O
\ i . LN} R R
- N
y = ) .
1T¢ : % L, § Ly L § R,
\\ ] o
1l - /
. - < (a) . |
(,.f)L \ s
Y
‘“ ‘ ‘ ’ .\":'*‘ '. .
' R . cll‘ |C3 G5 .G .
—A— | .- il 1 f 0
./
V1T§5 ) L, o <Ly b §RL
\ ° "
J - ~ / o
~ : (b) -
FIG. 2.2 PREWARPED HIGHPASS CHEBYSHEV FILTER
(a) PREWARPED LC 'LADDER NETWORK ;oo
(b ALL THE CAPACITANCES AND INDUCTANCES ARE

60
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§ ° network NB

. Ng : network Ny

LTI T LT A AT W, S W ey
.

N7 : network NB

s

Port resistances are as follows:

2

R, = + 2 ——
; A S e A
| 6 = 1= * & Rg = &=
‘ ) 6 6
] Ry = —¢=*+ R 65 =
: 5 5
Gy = ——+ G Ry = —
4T, 8 4" TG,
' Ry= iR, G eel
- 3Tt e 37 "Ry
6, = +a Ry= L
v V2 _E; ]/3 - 2 —G; —
" o, . i ] L‘/ ,:a .
S e , .
b’ ' '
Coefficient multipliers are as follows: ’
o - R '
/ - //‘% ’ ' . m]7 %g - ’:
. i & . A ‘> G\ ’ n .
. 7
| / i i " Mg "'Fs ' .
/- R '
. _ 5R o
‘ % . ’
- - E,
| ' ,
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oL 'Table 2.3 summarizes the values of the port resistances aqﬁdwths;

.

coefficient mu]tiners for Rei'liza/tion IA;
\ h ‘ . X

Chain matrices are as fo'l'lc;wg: N

»

N | 1
e T

4
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| | TABLE 2.3
: .~ HIGHPASS FILTER PARAMETERS (STWDF REALIZATION 1 A)

w——)

. ]

Parameters | , Realization I A

’ | N " © 6.951827
L ‘ # 0.2838479
e Ry . a 9.790523
R 1w 0.2692706
‘ .. 9.802840
R o . 0.2815881
Ry | - 7.667979
R - . 1.000000

) L ' ® %

ol BN o B <1 ‘Il ]

e ol s o L) 0.7484855
P S y 0.04083069
L= D N B 0.02899211
~ , M S 0.02750319° - °
. | 0.02746863° "
SEESE \ . 0.02872515 _
o ‘ - 0.03672260 -
‘ R o 0.1304125 '
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B

s
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| A fof F
“ 1 4 -
a . - . -
* - s’ o
3 L M
. - B
- ]
’ .
P > 4
1 N ’ ' N
n . - -
Ty A : -
3 N 3 . , »
% * 14 ]
e ! v
2 } > N . i
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N
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- v
i 1 {
& N
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/ .
s . "z - my (1-m, Yz | .
’/L-og ’, Z- l z-1 .
. - = - , T =246
e - My -] maz= 1 ) ,
. P z -* T J
a © - ) it b . * LN @
' The transfer‘function of Realization LA can be qbtained by the -

multiplicatiOn of chain matrices as foTlows. : "

. I °

’{n = [F ] [F]] ssecane [F7] ' ' -
. . b\ - -

N\ 1s : \ .

. | . ) -’ i - B ’ v .

. , LI \‘ om 'u-r , T\ e N
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Since -

o * 3 . v : . N .

. gy @ 0 ‘ ‘\ )
Hence . v . = ’

- s, -T“Tb27' /

There.fq‘re the -transfer function of ‘Realization I A is as folloms {61 - [91:

. !"b . . . i
H(z) ==2L =1 = aH(s)|. _z-1 C(2.7)
TR s=77T ‘

- i .

where H(s) is given by Equation (2.5). -

" 2.2.2  Realizatioh IIA

[N

‘

. Consider Realization IIA of Fig. 2.5. The nature of digital two-

ports are as follows: -

2

Nn: 'network NB _ . ‘o S - P

|
i

N.| 9* setwork
13: ’etwork NB‘ ! l ‘ .‘ B

]'4 : network

.,
£

e

A

m
@
2} }”L R
‘ﬁ‘:"‘-’-‘ﬂ:' o g

=
5

N

—
=
=

m
Ny f’:’i’%“» 7;' A,
L o
P
-

‘ N15:- , network NB ’ #)
‘ . ' Y '. f@
' ' : ’ ? 4
‘ N]Go nemork o NE . . s '.
e . . . )
N”.- 'networ"k NB ; ‘ . o
Port resistances are as follows: . ﬂ .
A3 {]‘ " " -
W . i 1 ¢ ——
. N SN ' * v .
* ¥ \ < ’ : " ¢ . ."’.g"'
Yy ‘ ¢ ¢ '.4’ 1
A adl A L e T .'m‘ .-
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B |
| <§ \ \‘ .
' CT
P Ryy = ——* R g L
- nETE R I
‘f {
| Gry = ——+ G R1z"§L |
125G 12
«\ (7 '
Ry, = ==+ R A
137 7% 12 M3
- G, = +G Ryq =
14 —TZ 13 \ 14
\
' : ( 1 1
’ ' Ry = —— + R Gyp = o
:«‘ S Gy, = — + @G R _]_.
M { »
,.,'\ ‘.R - I + R P
) 177 ¢ " e
.l. A . . : . -
. .Coefficient multipliers are as follows: ,
. , . i
. R
. e S
o . MmOTRy V
6
, . ' i
: M2' " T, ,
R S
N "3 TR,
L. ) .
]
| R
.o / = J4

r v
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; 3 LT :

¥ ! I ) - N -\ ]6

‘: ’ M . ! R R N

H _ ]5 | .
; "Ry -

3\ . . \ - ,(RL'R17)‘ o
X , . . ¢ ~=W ] . B

3 . f . L
) R | ; ’ - , \
Table 2.4 sumarizes the values of thie port resistances and the .
’ coefficient multipliers for Realization 11 A\ 0 3
¥ ] ! ) P 4 / l}
' Chain matrices are as follows: ' \ o / f
H ! S
M R ‘{ ;{
ﬁ [~ [ B ' ! :'
Ok a4 | bay |. - : fﬁé
: : [F ] | ,1=1,3,5 , i
b'l‘i (1+10) LY® } o ;{
¥ ¥ ; - = - \ ! B ‘:»:fi
e . ol :
. ,‘ . 4 N ) aﬁj N sz \\.
S o |7 Faae? |, | o ase .
‘L, , . ! 1j | N L Zj i \\\ R
3183 bzsc» O. \ . ' ]
r = [Rgl | ° S
M b ' a —
~ < [Prs] - [ %8
where C > -
a FZ - m1 . ﬂi,‘ - 1
- o Z-1 T T «
[Fyd = ) (1-m,)z. mz-1j° 1= ]]']?']5t17(
) ‘ Vi 54 =z-71 Z-1 S
- L . -
g . \ . : v -
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* . TABLE 2.4

HIGHPASS FILTER PARAMETERS (STWDF REALIZATION IT A)

I\

Parametehr; * \ R\eal ization II ' A

R ' 1.000000"
Ry ’ 7.667979
Ry, 0.2815881

Ry 9.802840

Ryg 0.2692706

Rys 9.790523
Ryg 0.2838479
Ry 6.951827
M 0.1304125

My 0.03672260

m s | : 0.02872515
My ‘ 0,02746863
Mg 0.02750319
L 0.02899211
My 0.04083069
" - 0.7484855
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The tfﬁnsfer'of Realiéi;ion II A is as follows [6] -[9]:

{

2.2.3 Realization I B

/ The digital filter circuit is as shown in Fig. 2.4. The nature of
-+ the.digital two-ports N; - No, the port resistances and the coefficient.

multipliers are the same as those in Realization I A, and are as shown

in Table 2.3.

The chain matrices are di fferent and are as follows:

L =~

i =yl |bg

12| Ry |.P6 ? vl [b2] o
L . i=._ .f‘ . ) ;" .-\ \‘,’ » : . - )
1P L8t e 6| %2
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“ The transfer function of Réaiizati'on I B is as follows [6] - [9];
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- 2.2.4 Realization I C
_/ R B f ‘ ’ »
, The block diagram is the same as that of Realization I A of - '
Fig. 2.3. . | .
‘The po?t resistances and coefficients are the same as those of : :
Realization I A,.and are as shown in Table 2.;. The nature of the
digifa] two-ports is .as follows: S y . .
: . , s o ! ’
. Ny K Networg' Neg . . .
’ N, : Network N ' ' °
&, 2 ' | BB i t
( Né : Network NEE .
Ny Network NBBa \ | .
N5 : Network‘ NEE
-NG .: Network Q‘NBB“ .
el Nyt Network  Nep ' ,
( : {
’f: ’ "ty
.:The chain matrices are as follows:. : .
\ u "‘ ! T
a5 . by
= . =
» b = [st a‘ \ . o
1s P 2s \ )
. " -
,a” T : ) : ' ' .
- ! ) - °
Ml R APy ‘
. = R. [F.i]‘ X ) 1 = 1"2’200’7
N AT LN 3 '
o, = L Iy
« © . | ” “‘ h
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2.2.5 Realization I D

72

o

s

Rg =R

)

The transfer function of Reglization I 6 is as foHo;s.[G] - [9]: ’

b

)

o Hz) =3..zl=

1s

o

The hlock diagram is the Same as'that of Realization I8 of

-Fig. 2.4.

Realization 1 A, and are as shown in Table 2.3.
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The ﬁatqre of the digifeﬂ two-ports are as follows: ’

Network

Ne'mork
Network
Network
Network

Network

Network -
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(2.10)
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~ The transfep function of Realization I D is as follows [6]1 - [9]: *.
= k }
' L bog 2 .
\, M =2l (2.11)
NN - M S=~Z—*—'T,“" )
, . r - ,L‘
' ) 2.2.6 Realization II B _ -
The digital circuit is as shown in Fig, 2.6, The nature of the s
digital two-ports Nh - Ny7..the port resistances ‘and“the values of
P2 =3 . 2
coefficients remain the same as ‘in Realization II A, and are as, shown
in Table 2.4. / i
The chain matrices are different and aresas follows: ;’Zi '
‘ N - 7 - 3
- . 121 T T [P G
o \ ) b]-s O 0 azs i “?
N 1 , 1- P’
\ ‘ - - _- -
' L ] Ry7 Mz -~ V17 || b
v - ~ R . ,
> , L.bH o 16 - Ay K"_J 221
& - . L. L J -
g i ) "2 ) ,:‘ i
’ r ] 4 ’ - - I ‘ P
32 = [ e v16] [P22] ‘
] '
R
b 15 |- A a
B o L 12 A 164 |22




- N - o [
, a3 R Mg " V15 B3 .
: = J5} .‘
P13 ] - 41" s 15 %23 §
— - p— - - ' g
\% ' M r- - ‘p
24 Ryy [ s v [ o §
= -R—- ' ' f}
. | b 131- 2 1 a 5
b1 R ] | 3
(2, ] # b,; | %
u - v :
5[ TRy [ e 13 25 , ¥
R y *
ut 121~ 443 <13 %25, y /
,, | i
6 M2 - Vpp byg
4 ( big | L ST <92 | 326 L
l a5 N . ’ 5
A N O R VY b7 ‘
| = R | , ’
| Bz« S |- My |2 4
: The .transfer .function of Realization II B is as fdllows (6] - [9]:
-~ b,m R :
- 27 Rs .o
5 H(z) = =55 = =— 2H(s)|_ _ z-1 (2.12)
» : s R S Bz :




- L4
e
e - L R s T T N N T (O G
v

-
G

2.2.7 Realization I; C

e

\

The nature of the di%ital two-ports is as follows: .

- Realization II A, and aré

P
[

i
'
1

‘.

|

|
M
N12$
N3

Nig

N,{5 :
Nig

N

17

.

-

Network

Networks

"Network

Network

Network

Network

Network

The chain matricés are as follows:

LI
i

\

N

N

N

_ BB

Neg

-

BB

Neg

Nag

Neg

EE

LI

1

The_ block diagram -15\ the same as thét of Rea]ﬁation IT A of Fi'g. 2.5,

_The port resistanpes\and coefficients are the same as thoge of

as shown in Table 24
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The transfer function of Realization II C is as follows

 h(z) =
J,ﬁ

2.2.8 Realizatioﬁ’II D

The block diagram is the same as that of Real

*
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q‘%ation II B of Fig, '2.6.
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“w The port res1stapces and coeff1c1ents are the same as those of

Rea1ization II A, and are as shown in Table 2 4

The nature of the digital two-ports are as fo11ows:'
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The chain matrices are e;s follows:

The transfer fun\cti, on
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- ‘/// 2.3 THE INPU?QPROGRAM USING INTERACTIVE *
’ GRAPHICS 'AND PROGRAM INIER

. ] :
’ , ' The program ANALOG ds used to inpu/ﬁ/the analog circuﬁ: The program
INTER is used to input the sampling frequency and the deswed type of

digital filter.,  ° ' , ‘

Suppose the normalized LP ~fITte.r’- of Fig. 2.7 is used as input,

o

‘where oo re .
L, = 2.166557 H )
¢, Gp™ 1IN F ¢
) Ly = 3.093642H SRR
! 8 4
L € = lamsacF
L . “ . Lg = 3.093642 H
CTgg =, 1aM509 F /

A - . . Ld ¢ ‘ .o ’
[ S L, =  2,166557 H
; 3 ' R& = 1 a

2
u
—
o)

[

d ; . )
¢ ‘ o
. s '

‘ N . , o ., ?

The desired digital filter is the highpass filter- STWDF.

| 5‘; Realization I A of Section 2.2, '

o - ’
4 o B bl

Program ANALOG is described as follows:

. In the beginning, the user types on the Decscope. Vo
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. * “ kS
\ ! R o
, : - RUN RK 1 s ANALOG T ' e
_ . , 5@
. . ‘ ® 7
/ ) The program ANALOG s now being run and Fig. 2.8 will-appear.on ' 5
| the CRT. There are three sections. On the top of the picture i¢ the- %
LC-ladder. There are sixteen arms. The second section consists of
r(: '

six kinds of apalog two-ports. At the bottom are the Commands and

- ‘ Instructions. Now the computer displays the following command on. the

B
v s

CRT: -
y | .
‘ * PLEASE HIT A COMMAND.,
" . The user uses the light pen to strike one of the five gommands,
which ‘are described as follows: -
. . .
. 7 (1) LADDER . , :
f The command is used to enter one of the six two-ports to the arms )
- . ) .
é ° , of the LC-ladder. When this command is hit, the Command RESET will
% appear, as shown in Fig. 2.9 and the following message appears on the .
i ' 4 - 1‘
. © -~ CRT:
° I PLEASE HIT ONE OF THE SIX KINDS OF IWO-PORTS OR |
RESET. TO EXIT, HIT A COMMAND. B | i
F Suppose the user hits the series inductor. The computer will X
L, ' respond’as follows on the CRT: -

-
<
A ~

2
r -

'PLEASE HIT ONE OF THE SIXTEEN LC-LADDER ARMS.

3

I L9
L4
. \ '

e
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Suppose the user hits the first arm., Then the series inductor

. will appear on the first am.
L ' N / ’ -1. [
o Y
The Command Reset is used to clear any arm to a blank, B

- o 1
S L T
S EA At 5

By the Command LADDER the seven arms of the LC-ladder are‘f11]ed,

ke

as shown in Fig. 2.9.

1

=)

e 1

.\
« EEY

(2) ELEMENT

« . . 1

The Command ELEMENT 1is used to enter the values of the elements /
. of the LC-ladder. When this command is hit, the following message - “
! -y

k]

appears on the CRT:

— I

PLEASE ENTER 0 (THE UNITS OF THE ELEMENI VALUES ARE
IN (WM, H, ORF) OR.1 (IN KOHM, MH, uF). .

o The user types in:

-]

fhevDecscope replies:

\

THIS IS AN INDUCTOR IN THE SERTES ARM. PLEASE ENTER
- INDUCTANCE. '

N
RV

The user types in: /

2.166557 - T .

-
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[P T— W
s

. On the ,Desc?pe\appears: o ‘ ;

~ vy . .
" aIS 15 4 CAPACITOR 1N THE SHUIVl ARM. . PLEASE ENTER
. CAPACTTANCE: R
. ;rtt.pe'user t:yp'es in: - - o
' ‘ 1.;}'115'0‘;.(.' 'o' -
; 7 oy § ' .
On thev Decacope appears: L : A
- e

D e

EWTER INDUCTANCE. : v ;

~ The user types in: .

| 2.166557

-f

. !iy this command, the. values of L]’ 02, coesy L7 are entered.

~
s ¢

(3) MDY G ¢ . .-

v .
8 * ® . '

R+ ) o ) . &
This command is used to?nod'ify the values of elergents if necessary.

.— When 1t is-hit, the follawing nessage appears or the CRT:

S PLEASE HIT ONE OF THE SIXTEEN LC-LADB@R ARMS.
: T EXIT, HIT A COMMAND.

L THIS IS AN INDUCTOR IN THE SE’RIE‘S ARM PLE'ASE’ -

1
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; ' ’f n 9=0 ¢
| ~ ~ ~
, ;' ‘ { L o
: . : 5 ‘ ]
- * Suppose the'first arm is hit. Then on the CRT appears:
i. . .\: . ' " , ‘ . ‘ \ "
P | .* . PLEASE ENTER ELEMENT VALUES FROM THE ‘DEESCOFE.
. - - o ) _ :
The fo11ow3ng meéssage appears on the Decscope:
/ h ‘ PLEASE ENTER 0( THE’ UNITS OF, ELEMENT VALUES ARE’ OW
H OR F) OR 1(IN KOHM, M, u?ﬂ) ' ‘
N . Q;v‘l
The user types .in: i
W | ,;. ' . * 0 t
e £
y . On the Decscope appear‘s:\\ww _ \ ;
\ R ¢ y
P THIS IS AN INDUCTOR IN THE SERIES ARM. . PLEASE
- § ENTER THE VALUES OF INDUCTANCE. ’ ,'
§ The user types in: . .
o ‘ | 2.166557 -
’ ‘ P
i' (4) NEXT é
b - t ~. . . . I
5 R If an analog network of more than sixteen arms is required, this - %
[ - j
command is used. The max1mum number of two-ports allowed is 50. When ° ' g‘
. [ - ‘”4;..
\/‘ this command s hit, Fig. 2.10 appears. \ - "
N
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o

(5) FINISH . . - " . = .. | ;

. After 'fhe_ ams of the: lowpass fi Tter have been filled and the

element values have been entéred, this command is used.to enter.the
. { e : B .
source and 1oad resistances,”

i i %

The following message appears on the .CRT:

-

<

g PLEASE ENTER SOURCE RESISTANCE (OHM) FROY THE
" DESCOPE. o ' -
Fs ) . ¢ k
‘ ( o
. The user types in: Lo . -
. 1.0 |
Then on the CRT appears: o o7 . N
. ) , o | .
-PLEASE ENTER LOAD RESISTANCE (OHM) FROM THE S .
DESCOPE. ‘ . r
. ! P N [l 3 !
j . The user types in: : - P
‘./ . ', -'A‘ 110 ' -

-A ‘.
| ‘
.

N ).
‘ |

' After the resistances are entered, Fig. 2.11 appears on the CRT.

There are four new commands. ' ﬂ B

.

(1) PRINT

When this comﬁand is hit, the Hrfe printer will be activated and
» a hard copy of the input information is obtained. To continue the -

[y .

example, Fig. 2.13 is the output of the 1ine printer.

’




R \ .
Nhgn'this cpﬁhqqd is hit, the 1ﬁput information will be stored.
on the computer and thé‘proéraﬁ ends. |

- ) - 5 ) - e

o _. (3) START
e - - This command 3111 reset a11iinput information and staZt again -

- at the beginning of the pfogram:

n PRan
(4) sTOP C e x f
. * B <:Z‘§l

f) - K.

v

The 1nput‘§nformatign will not be stored on the computer. Rrodram

S
oot o

ends. . ' ,
Consider-the bandstop elliptic filter of Fig. 2.12. Between the
i ‘two‘f111ed shunt énns, the series arm‘'is a blank. The analysis package
will regard the unfilled series arm as a short circuit (and unfilled
shunt ams are regarded as open circuit).

\ ' . . ’

Progkaﬁ:INTER

‘
™

"~ The flowchart of the Program INTER is as shown in Fig. 2.14. -

. o o _

First, the desired type -of realization and the sampling frequency

p o R ,
are entered. Then, according to the nature of the analog circuit,

the program will issue different questions to the user. .The user can . 3

r o, I e .
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REXXXLACDER ELEMENTS AND LALUESIRDEX

SLBNETLORE. 1 IS AN TWCUTTCR TN THE SERTES A

THRUCTAMNCE= 0. 21445571 W .

. ! kKt
SLENETUORK 2 T8 & CAPATITOR IN THE SHINT ARM

' CAPART TANCE= 0. 11115096491 F
" GUBNETUD® 3 TS AN INDUCTOR TV THE GERIES A
THDUETAMCE = 1.393HLER0 H—
. . o
SUBNETUORY. 4 T5 A CAPACITOR TN T-E GHUNT ARd

N " CAPACITANCE= NA7ISZUEHL =

SUBNETUORE 5 IS5 AN TNDUCTOR IM TVT BERIES Wi

TNDUETANCZ= 0.30936425+01 H

i

SUEMETUDR:. 4 IS A CAPACTTOR-IN THE SHINT ARM
- CAPACTTANCE= 0 111L509E40L F

SLENETUORY 7 T3 AN INDUSTOR TV THE SERTEG A%

THOUCTANCE= N TIAASETERNL H

SOURCE. RESISTANCE

: 0.11000C3E+01 OHY
LDAD RESTSTANCE
0.103000CE+01 £

FIG 2.13 COHPUTER PRINTOUT oF LADDER ELEMENTS

- AND VALUES
‘\. ‘ ‘
\\ ;s
\‘ . N i

=

¥,
¥

S g R

L




Read the desired type
of STWOF structures /,
and-the value of the
sapling frequency

&

Is the analog
filter required to be
prewarped?

Is the analog
circuit an LP filter?

RN

A ¥4
1

e
P4
-~
[ o)
o
*
[V
L]
—
>
-
~—
e
<
=
e |
o)
5
-
@x
™
o
3
Y oy
=
=5
m
-

-

‘
¥
.
1
‘
.
,

N
7
¥

s



R

-
o e

DL R v > P AT L PR T

N

_Read the cutoff frequency of
the analog fiiter and the
“desired type of digital filter
_(Lp, HP, 8P, BS)

Is the
required digital filter an
LP or HP filter?

fead centre
frequency and band-
width &

L
oy

Read-the cutoff ’
freauency of the
digital filter

e W T H T,

N N ;;:',%\,’ y 5
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e e ) E e e oo I——

. ‘
had ¢

also choose the type of digital f{lter.desi}gd (LP,HP,BP or BS). For the
BP and BS.filters which- are obtaiﬁed from a digital lowpass filter
through the frequency transformation of Section 1.5, only Realization I A.

- is dvailable*in this analysis package.

13

To continue the example, the dialogue between the user and the .

computer occurs as shown in Fig. 2.15. » K

2.4 PORT.RESISTANCES AND COEFFICIENT
y FOLTIPLIERS

Program PORT“calculates‘the values of port resistances and
coefficient multipliers of the digital filter according to Sections 1.4

.and 2.2£u There is no interaction between the user and the computer in

B K - this program. ‘ - [:/ﬂw/r~\>f
' . . r .

To continue the example, F{g. 2.16 is the output of the line printer,

b © ", where in the port resistance section, the first row is the value of RL"" '

—_—

which is 1 @, and Qhe second row is the value of R7, which is 7.667979 q.

T

In the section of coefficient multib15er§, the first row is;‘he value of -

, é, which is 0.7484855, the third 'row is the value of m11,wh1ch is
*0,04083069, and the Fifth Tow is the value of m,, which is 0.02899211.
. - !‘ . .

. o :
Ty 2,5 CHAIN MATRICES - B

o

The chain matrices are calculated accprﬂing to the theory of

Sectidn 2.2. To continue the example, Fig. 2.17 will be printed.

/
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0.10000D0E+CL
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FIG. 2,15 COMPUTER PRINTOUT OF REQUIREMENTS FOR DI
FILTER - .

e REQUIREMENIS FOR,DIGITAL FILTESXx
COI’PUTER‘ - 4 .
PLEASE CHOOSE OME OF THE EICHT FYFES

OF STWOT " STRUCTURESS LA 120 T8 5 35 LC) 5 4¢ ID)»

S(IIR) »8(TIB: 5 7(¢TIC)y8(IID)Y ),
©OUSERT
1

CﬂhPUTEh.« R -
' PLEASE ENTER 0(1HE SAMPLING

FREGUENCY IS IN Hz) DR 1IN RAD/S).
JGER S
4

ComkUTER: ) '

PLEASE ENTER SANFPLING FREGUENCY,
USER: -

0.1000030E+(3 -

COfPUNER:

IS (HE ANALOG FILTER REQUIRED
T0 EE PREWARPED?

AEASE TYPE 0INOY DR 1(YES). ’ )

USER:
‘ 1

COrUTEL: .
IS5 THE ANALOG CIRCUIT A ‘
LOMASS FILTERY ©°
“LEASE TYPE 0(MO) OR 1(YES).
USER:
TS |

‘DOMUTERS
PLEASE ENTER 0((HE CUTOSF FREQUENCY
OF TH: ANALOG LIRIULT 1S I 2 .
X 1IN <AD/S),
USEK:
S T
COMETER:
PLEASE ENTER THZ CUTOFF FREDUENCY -
OF TH ANALOG CIRCUIT.
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Vo - COMFUTER! :
- PLEASE ENTER THE DESIRED TYPE OF
DIGITAL FILTER(1(LP)s2(HP) 13(BF) r2{KS)),
- , r | :
" COMPUTE::
_ PLEAGE ENTER 0((HE REQUIRED CUTOFF
FREQUENCY OF THE BIGITAL FILTER
£ IN HZ) OR 1(IN RAX/S). R
. ’ USER: , ;
- 1 » \ . -
COWPUTERE S
PLEASE ENTER THZ CUTOFF FRECIUENCY R
OF THe DIGITAL FILTER,
: JSER
/ o - 0,9600090E+62
‘ B [y M
., COMPUTER: :
- IS LT DESIRED T) START ALL ONER AGAIN
; FROW THE BEGINNING OF THIS PROCRAMY
o7 - AEASE TYPE 0§NOY OR 1(1ES),
i C USEX:
2 L. 9
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'STARTING FROM THE OUTPUT STOE OF THE

g DIGITAL STLTER(STWOF IA) OR FROM THE

PORT RESTSTANCES AND CDNDLCTANCES

ARE AS FOLLONS?

ORT RESTSTANCE (OHI)
0.1000000E+01
0. 7647979401
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N STARTING FROM THE INPUT SIDE OF THE
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", 1304 25E400
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DOTPIRT RESISTANCES AND COEFFICIENT NULTIH.IERSKCKaX

)

INPUT STOE OF THE DIGITAL FILTER(STWOF TIA): .

| PORT COMDUCTANCTIHHO) -

i

FIG. 2.16 CDMPUTER PRINTOUT OF PORT RESISTANCES AND

COEFFICIENT MULTIPLIERS
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B ’ /“ 1)
s The example is Realization I A of thé highpass filter. From

fSect1on 2.2, there are‘eight chain matrices for-thé highpass filter.
Henée, the print-out is organized into eight éections. For example,

the second section corresponds to the second chain matrix [F]].

r N1 N2~
T T
[F]] = g
el . N3 N4 -
L .

[

NJ’ N2, N3, N4 and D are printed in ascendiné'pewer of z. Hence,.

" .from the print-out: ’ . 1

[z - 0.04083069 - 0.9591693z
0.04083063(z-1)  0.04083063(z-1)
LA G B ' o
0.9591693 0.04083069 z-1
— | 5.08083069(z-1)  0.04083069(z-1) | .

‘The other chain matrices can be ocbtained similarly.

2.6 TRANSFER FUNCTION _ ' _ -

v
4

This program carries out a chain matrix multiplication in order. to
. obtain the transfer funct}on of the digital filter. The computer
. print-out is as shown in Fig. 2.18. From the print-out, the transfer,

L4

function of §TWDF I.A structure of the HP filter is as follows:
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2.7 AMPLITUDE AND PHASE PLOTS

Program SUM calculates, the amplitude and phase responses by

ceas T, o . .
substituting z = ejw in the the transfer function obtained by the

Program TRANS. The Program PLOT plots the responses on the CRT.

on the CRT:

PLEASE ENTER 0 (STARTING AND ENDING FRE'QU@WCIE’S '
ARE IN HZ) ON 1 (RAD/S).

The user”tipes in:

[ 4 ) 1’ —
o 7 On the CRT appears:
- PLEASE ENTER STARTING FREQUENCY. .
The user types in:
’ : o 30.0. o

~

1

On the CRT appears:

- PLEASE ENTER ENDING FREQUENCY.

»

fhe user types in:

a

In the beginning of Program SUM, the(fo]]owing message appearé

e
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The frequency increment: is equal to the difference of the ending
and starting frequencies- divided by fifty. Fifty-one data points will
be calculated. ' ° i o ;

v
.-

Note that the starting and ending frequencies are chosen by the
user and these two:prodrams caz>be run agaiﬁyin ordér to examine. in

detail any portion of the respénse curves. The numerical values of the

amplitude and phase respdnses will be printed on the line printer.

Program PLOT plots the résponses on the CRT as shown in Fig. 2.1@.

" The folldwing message appears on the Decscope: - . - -

©

SPECIFIC AMPLITUDE AND PHASE VALUES AT A FREQUENCY )
CAN BE OBTAINED BY TYPING IN AN INTEGER BETWEEN 0°
AND 50: T0 EXIT, TYPE A NUMBER GREATER THAN 50.. ¢

T

The user types in: D - .

s B
The Decscope displays and the Line Printer prints the folfbwing‘

message: ) ) o » .

AT FREQUENCY = 0,6366198E+01Hz

. AMPLITUDE = 0,8912509E+00
' PHASE o = 0. 6918639E+02 ! '

DEGREE




. . /
i ) / "

The user ‘types in o
» L - 500

\'-

The program stops after the.user types in the number 500.

i

Crosses appear on the curves to identify the specified frequencies.

From the porma1ized Lb filter of ﬁig.Z.?, three more filters -

.can also be obtained by runnfng the analysis packége from Program INTER.

to Program PLOT. 5
1) LP filter
) - Passband edge: 40 rad/s
" Passband ripple: 1'dB -

Sampling frequency: 100 rad/s

2)- BP filter
| . Centre frequency: 14.14214 r{ﬁ/s
v " Bandwidth: . 10.0- rad/s
- Sampling frequency: 100.0 rdd/s
3) " BS filter
Centre f;equency: 14,1421 rad/s
Bandwidth: 10.0 rad/s
: SamQQing freduehgy: IO0.0‘nad/s

Their responses are shown in Figs. 2.20 ~"2.22. -~
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2.8 CONCLUSIONS
’I’\ o
AN

}he chain matrices of the digita1 two-ports of STNDﬁ are}derived.
These chain matrices are used for the computer—aidedvanlpysis package.
A'deséription of the capabilities of the computer-aided analysis

package is then presented. Port resistances, coefficient multipliers,
chain matrices, and the transfer functions of a110eight STWDF structures
and of the transformed LP, HP, BS and B? filters can be obtained from
the package. Amplitude and phase responses of the'digital filter can

Qe plotted on the CRT. A seventh-order HP Chebyshev filter is used to

illustrate the procedures of qsing the package.

The computer-aided aﬁa]ysis package is very useful in studying
STWDF because the package provides all the details-of all the eight
.STHDF structures? The chain matrices obtainéd from the package afe
veryiimportant in determining thé transfer functions which are requfred

for roundoff noiseﬁand coefficient sensitivity analyses.
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. can cause overf]aw problems while exceedingly Tow s1gna1 1eve1s can

B every multiplier of a digital filter. TheseA errors.gﬂe rise to a total

0 CHAPTER I11

COMPARISON OF THE STRUCTURES WITH "RESPECT TO
_PRODUCT QUANTIZATION

N A 3 T
B

3.1 IN'TRODUCTIOE

f

The 1mp1ementat1an of digital f11ters on a p1ece of dedicated
hardware is receiving, much attention due to the advances: in LSI

techno]ogy ‘and the popularity of the microprocessors. Finwte wordlengths

for the signals and the coeff1c1ent multipliers must be emp]oyed in

building digital filters by d1gita1 hardvare. Too high s1gna1 1eve1s

RSN, L RS

result in a poor signal- to-no1se ratio. Hence signa] scaling is

required to prevent overflow problems and to prov1de a good s1gna1-to- ,'

noise ratio.

The multiplication of a signalyof by bits and a coeff1cient .
multiplier of b2 bits gives rise to a product of (b1 + b ) bits.
Since a unifonn wordlength is usually enp1oyed the product must be
quantized. Hence.‘produc?‘quantizat1on errors occur at the output of

°

. L
output roundoff noise at the output of the dig1ta1 filter.

S
This chapter compares the performance of the cascade canonic.

SFWDF, GIC, and STWDF structUres in regard to product quantization errors.
Four\filters (LP, HP, BS and BP) filters are designed. They’are '
assumed to be implemented in fixed-point arithmetic. The coefficient -

muitipliers andathe signals are represented in two's complement number
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reprgsentation, and\quantt;ation is bx roune1ng. %he caecade canonic,‘
SFADF; and GIC structures of the LP, BS and BP filters have been scaled

. and compared in regard to product quantizatioh errors [11], [12] The
sca]ing and the roundoff noise ana1y51s of the STwDF structures of the
LP, 'BS and BP fi]ters, and of the cascade canonlc, SFNDF GIC and
STWDF structures of the HP fl]ter are accomp11shed in the present thesis.,
Spec1f1ca11y, ‘thé topics are as follows: '

" Section 3.2 discusses the cascade canonic, SFWDF, GIC and STWDF
rea1fzations ot the feur fi1ters Details of the structures and the

. h

values of the coeff1cient mu1t1p11ers for each structure are given

Signal scaling is d1scussed in Sect1on 3 3. Jackson's method of signal -
sca11ng (28] is used to scale a]l the structures of the four filters.

'FonnuJas which are used for signal scaling are der1ved.

Section 3.4 deals with pro&uct cuantization errors. Each source of I
roundoff error 1s mode11ed as a white noise source and the effect of '
the no1se source at the output of the d1g1tal filter 1s examined.

JFonnu]es necessary for the evaluation of the output ndise Power Spectral

Density (PSD) [1] of all the four realizations are derived.

Section 3.5 discusses the output noise Relative Power Spectral

Density (RPSD) [11. The curves of the RPSD of all .the eight STWDF

’ ‘i)structUres‘for each filter are evaluated and compared. The cptimum* .

STWDF structure for each filter is then used to compare with the SFWDF,

the optimum cascade canonic, and the optimum GIC structures of the.

s

same filters™ . o '
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{ %:, . Section 3.6 concludes what has been achieved in this chapter.
B '
| §;' ~n . 3,2 SPECIFICATIONS AND REALIZATIONS OF
- i ! : .FOUR FILTERS . ’
- % : ‘ -
B - The following filters are designed:
1) A seventh-order highhass Chebyshev filter with the
fo1low1ng‘spec1f1cations;
‘ Passband edge: 40 rad/s
v S , Passband ripple: 1 dB
Sampling freduency: 100 rad/s
T 2) A sixth-order lowpass Butterworth filter with the
following specifications:
3 dB cutoff frequency: 1000 rad/s
Sampling frequency: 10000 rad/s
3) A sixth-order bandstop elliptic filter with the !
. {
) .following specifications: - %
E ‘1’/"

YR Passband edges : 5.0.6.0 rad/s
<\ Stopband edges: 4.3,4.7 rad/s '
. Passband ripple: 1.0 d8 ~
Minimun stopband loss: 73,13.d8
Sampling frequency: 18 rad/s
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4) A sixth-order bandpass e]]ipt1C'f(?;ér with the

following ;pecifications:

~ Passband edges: 0.983, 1.018 rad/s ii,'
Stopband edges:  0.952, 1,051 rad/s’ |
Passband ripple: 0.3 d8 .

’ Minimum stopband loss: 38.7 dB . -

Sanpling frequency: 2.4 v rad/s .

1

T

The realizations of alT the above filters except for the HP filter,

in the form of the cascade canonic, SFWDF and GIC structures are discussed

in Ref. [10]. The HP filter will be considered in detail in this thesis.

3.2.1 (Cascade Canonic Structure _ o i ’ i

. [" Y .
The transfer function of the HP filter can be derived from the

e i

normalized LP Chebyshev filter transfer function, which is as follows [21]:

-

! 1 A
K ‘ _
1 (s+0.2054141)[ (s+0.0457089)% + (0.9952839)%]

X == —h " Ca
[(s+0.ﬂl,2._80736)2 + (0.7981557)%1[ (s+0.1850717)% + (0.4429430)%] -~

\ v

Hy(s) =

BTN T
ca TR .r,?-éﬁgq{r’;"_«;

e

(3.1) °

\J

where

K1 = 0{0?070650
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, i g The following transformations are applied to Equation (3.1).
| | l
b -
‘ E | LP - HP transformation : s + —%-r
‘ , * , ! n
| _ ) , Frequency scaling: s' + -i—o—-
. . . 4 : 4 . ! mm -~
> ‘ Pr‘ewarp'l ng : . . s" + -T-—s-—-w—T'
: : ~ o , : tan ~&— &
| L Wi 2 :
* " where ';
. - ' / w, = 40 rad/s ’ . !
and ] -
- T is the sampling period. g
. The effective transformation is
\ . 5 2tan 20 T S \
a + - is . * (3-2)
’ The prewarped transfer function of the highpass filter is as
. follows:
. S ; S y:
' S) = K2 ( It} (3.3)
- , C11tCyeS) 4o 2 .
- - . , 11772177 3=1 d‘lj + dZJS +s o
N ‘ . - - 3
where . . // ' ¥
' Kz' is a constant.’ - | ’g:r
, . > ’ﬁi
~ The values of the constants are summarized in Table 3.1, “ i
’ . By app'lyfng the bilinear transformation, | . J' 5;?
T2 42-) g
s=¥ &
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- is as shown in Fig. 3.2(a)./ The values of the elements' are as. shown

_in Table 3.3. - ' - ]

" of the coefficients of the SFWDF are summarized in Tgble 3.4.

$

—

to Equation (3.;), the transfen function of the highpass digital filter

can be obtained’as follows:

1y, 3 A, -2 ~
M) kgl gl 2t (3
(T+apyz77) §=1 1 + b]jz * bys2 | : -
wherg / : » ‘ [/
‘ Ky is a constani. : f '
The values of ‘the constants are summarized in Table 3.2. R

Thg.casbade canonic realization of H(z) 1s as shown in Fig. 3.1,
The realization consists of four sections. One of which is a first-order
section. The other three are second-order sections. There are
twenty-foug possible structdkeslby choo;ing differgnt combinafions\of

the above sections.

3.2.2 SFWDF Structure

Beis

The doubly-terminated LC ladder network which realizes Equation (3.3)

S
g

o
R .
77 aulh Tyt 20
RIS
3 a

.

B Y T

PR

Following a procedure od;]%ned in Ref. [1],an SFWDF. can be obtained and

is as shown in Fig. 3.2(c). T ' . . 42

_‘The circuits of the adaptors are as shown in Fig. 3.3. The values
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‘ - TABLE 3.1
- HIGHPASS FILTER PARAMETERS (PREWARPED ANALOG FILTER)
g n
o 6.155367 ) B
. €1 . -0.01290655 I
f ) dy - - 9668.057 -~
i dyy  9.021856
- d, . 14686.97
T _ oy ~38.40146
dyy 41645.82° \
‘ 5 D o .02
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- . . TABLE 3.2 |
HIGHPASS FILTER' PARA/MET‘ERS (CASCADE CANONIC REALIZATION)

N S ‘ ;g - ~0.8748656
V 1578135

) . by
b _0.9476361

G N 21
| { , T by o 1616041
§

22 . . 0.8555350

b

;' N b-|3 . 1.704829- » | -
| - b23 . 0.7898525
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. 1. Section Section |

)(1 :
~ FIG:';3.'1 'HIGHPASS FILTER CASCADE .CANONIC REALIZATiON
ia‘g BLOGK: DIAGRAM REPRESENTATION ' ) '
b) FIRST-ORDER SE\CTION C ’ : ' -
o 2
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" (e)
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. " FI1G. 3.1 HIGHPASS FILTER CASCADE CANONIC ‘REALIZATION
(c) SECOND-ORDER SECTION .

o

R C o C. :
3 1 , i : I
l} :l {[ - CI_L

!

. - FIG: 3.2 HIGHPASS SFWDF REALIZATION |
(a) PREWARPED DOUBLY-TERMINATED LC FILTER
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TABLE 3.3 .»
HIGHPASS FILTER PARAMETERS (PREWARPED LC LADDER)
- S ) | Q.
/ RS - 7 I . 3
R, . 1 a
B ¢ - . 0.004710500 oo F
: L | 0.009179544 = H
1 ¢, ©0.003299177 ‘ F
i L, "7 0.008694764 H
&
g - o 0.003299177 F
i ‘
- Lg 0.009179544 O
: C, © 0.004710500 \ F
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FIG. 3.3 ADAPTORS OF SFUDF REALIZATION

{(a) S1 ADAPTOR
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FIG.’B.t3 ADAPTORS OF SFWDF 'REALIZATIOM
(b) S2 ADAPTOR
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FIG. 3.3 ADAPTORS OF SFWDF REALIZATION

(c) P ADAPTOR

™ A 20 L 51§

P




J ‘
N Som, il T %.Qas. for e N
I ey ey ¥ e SRR TS A, £ s R

o

] 3

o
- o~
- . - -
b . N \
< Lm A !
- Bq]. ’
( ’ % - ~_ 70\
D——> >0
. /k ) ,
- Hmv Mg _ L4 m y
] A 5 A = )
; . m “
= :
Y] e
. o o \
> & >0 o 3 b A
E = ,,
- v o - ‘ -
—
P -~
_ 5 3
A4 <
2 «
o Q.
—
4 ” -
S o < 3 ,
K ]
’ . [ar ]
g 3 -
—t
[F o o
0
~
o 3
o — .
~— [+ ]
A N -
, )
! q
1
/ - >~ -
s ! -

o




A‘ ) |
B <
. { )'
!
'i —
i
‘}3q\ 3q
G =
i " /
FIG, 3.3 ADAPTORS OF SFWDF ' REALIZATION
(e) DIGITAL REALIZATION OF A CAPACITOR
(f) DIGITAL REALIZATION OF AN INDUCTOR
® - .
i




TABLE 3.4

v

a7 /

HIGHPASS‘FILTER PARAMETERS (SFNDF\-REALIZATION)

1

Adaptor o
q Type m] q mﬁq 3
. s 0.1304125
2 P1 . 0.03672261 .
3 S1 0.02872516°
s P1 0.02746864
5 ’ st 0.02750319 “ )
6 P1 0.02899212 :
7 52 0.07139189 0.2515146
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3.2.3 GIC Structure

s 11 gt
\/
{ .

- [
A detailed discussion-of the GIC second-order sections can be found
‘ @"
in Ref. [1]. The following is a derivation of the GIC first-order
) section. L R .
Consider the analog currgnt-conversion generalized-immittance converter
- (CGIC) of Fig. 3.4.  The transfer function realized is oo ‘
) V. K6 + kqGys
__0__00 171 ,
) H(Sﬂ) = V? = W N | (3.5)
On.assigning
s TG, -
. G u - (3.7
where
T is the saﬁp]ing period,
; ( u :
the digital structure of Fig. 3.4(c) can be obtained, where
= _ gk
(ZG]+|G°)
1 ~ . » , - (3.8)
(TG 'ZG]) ) o -
k4 =y °+ G . i
(|Eo*2 1)
The function realized is: ' ‘ . f

H(z) = 2H(s)| -, ,_
T
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For the highpass filter, the first-order section is of the form"

©
@

- 7 ’ . ‘ H(S) =m \\\\ (3.9) N

~.

From Fig. 3.4(c), the simplified circuit for the highpass case can
. . be obtained as shown in Fig.,3.5ﬁ where
/ ) . N

BT -2 - | ,
m T RTT2 S (3.10)

o

C The funétipn realized is:

RLCEE AN S ey

; where Ty i
' | 4
K= TonTy : ’

- .K .
It can be observed that the GIC first-order HP section is very similar

"to the cascade canonic first-order HP section,

Following the proEedures outlined in Ref. [1], the péewﬁnped
%Eraﬁsfer function ofTEquation (3.3) can be realized, as shown in ’
. , N
Fig. 3.6. Four sections are required. Three of which are second-orden
sections. One is a firé£-order‘sect16n. There ;re twenty-four

possible realizations due to the combinations of the four sections,

The values of tﬁe ;neffisient"mu1tip11ers are suﬁmarized in

-

-

Table 3.5.
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o " FIG. 3.6 HIGHPASS FILTER GIC REALIZATION
‘. i ! (a) BLOCK DIAGRAM REPRESENTATION
L == . (b) SECOND-ORDER SECTION
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TABLE 3.5
HIGHPASS - FILTER PARAMETERS (GIC REALIZATION) -
R My : T Mg
1 | 0.8748656 ‘
2 07628858 1 - 0.815249
3 : 0.7357879 | - 0.8802530
ol e b o.7a73410 - 0.9574885
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3.2.4 STWDF Structure o - B

- A detailed description of the STWDF realization of the highpass
N filter can be found in Section 2.2. There are eight possible STWDF

Structures.

/ The cascade cénonic, SFWDF. and GIC realizations of the lowpass,
- . bandstop, and'bandpass filters can be found in Refs. [10] - [12].
STWDF realizations of these three filters are obtained from the

computer-aided analysis-package and are as follows:

Lowpass filter . v

The nétwork structures are as shown in Fig. 3.7. The parameters

are sumarized in Table 3.6.

oy ) o
. //-\ . [
Vs
R

- Bands top 'fﬂter ) ™\

\

The network structures are as shown in Fig. 3.8. The parameters -
o

are sutmarized in Table 3.7..

Bandpass filter

3 ‘ . ’ . .o s ]
The network structures are as shown in Fig. 3.9. The parameters

are sumarized in Table 3.8.

Only ReaHzatlyions I A and II A of these filters are presented. The
other six STWDF realizations of these filters can be obtained from the

computer-aided analysis package or from Realizations I A and II A

*

3 »
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i TABLE 3.6
P . LOWPASS FILTER PARAMETERS (STWDF STRUCTURES)
- : « . -
. \
Parameters Realization I A \‘\Rfah'zat'ion II A
’ - N]‘ Network N, 1 Network Ny
N, Np - Ny
. N Na N
, N, Ny Ny
! Ns NA NA |
Ng Np M
I Rs 1 a 1 7!
;::I o RL . 1 ﬂ R 1 9
@ Ry - 1.814435 Q 2.593009 @
g R, | - 0.2214264 @ 0.2110545 ¢
i Ry 6.108198  q 6.156831 @
g Ry 0.1628212 @ 00637188 g
4 Rg 4738112 a (4516174 @
% . Re 0.3856524 @ 0.5511357 @
6 = 0.2893779 ¢ = 0,2893779
% e my, " 0.1220360 10.3856524.
_ : My | 0.03625068 " 0.08139367-
\ Mg ' 0.02659063 0.03427973 "
K .My 0. 03427573 _0.02659069 :
s 0.08139367 .0.03625068"
Mg 0.3856524 0.1220360
./ \ G

e,

, .
G R o e e
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TABLE 3.7 /

BANDSTOP -FILTER PARAMETERS (STWDF STRUCTURES)

o

_ Parameters  PRealization I A Realization II A

Ny . Network N, - . Network N '
N, N L N
Ny Ne N o {
N, N : N S
Rs 1 o Q 1 Q
RO 1 Q o Q
Ry ‘ 2.133867 @ 12162966 QA

Ry 0.9709011 @ 1.340212 I
Ry 1.340216 a - 0.9709011 2
Ry 2.162966 @ 2.133867 _a

o = 0.3618109 . | ¢ =-0.3618109

~ m11' ’ 0. 4549960 0.4623281
My . 0,0000000 . |~ 0.0000000
My ~ 0.7244363 - ~ 0.6196175 3
Moy - 0.06050316 -0.06050316

Cmg | 0.6196195 0.7244385
My . 0.06050322 . 0,06050322

- my, 0.4623281 0. 4549960
Mg . - 0.0000000 ~0.0000000 .
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' TABLE 3.8
BANDPASS FILTER PARAMETERS (STWDF STRUCTURES)
. Parameters Realization I A Realization II A °
Ny, ) Network Np Network N: . )
N, ~, Np ¥ Ny
N Ne Ne
1 N g Ne N »
N Np = Ny
! Ng Ne “Ne
R R R 1 2
RO© 1 Q 1 R
R 0.01066030 o | . 0.06506566 ?
R, | 0.01258861 @ 0.01127062 R
R 01644806 . ® 0,09111716 R
Ry 0.08463409  a 0.;F44806" R
“ Ry - | 0.0m27062 @ 0.01258861 2
“ R 0.06506566 o 0.01066030 Q ,
8 =-0.9789043 ¢ = 0.9789043
My : © 0.8468212 0.06506566 ’
mp, | 0.07653583 0.1/32192
LT 0.5145536 |  0,1236938
i My ~0.6364675 | -0.6364675 g
" my, | 0.1331689 0.5539690 1 o
Y ~0.7054301 -0.7054301
Mg, 0.1732192° 0.07653553
Mg 0.06506566 0.8468212
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straightforwardly, as shown in Sectjon 2.2.

3.3 SIGNAL SCALING o

When a digital filter is implemented on a piece of dedicated hard-

ware, signal "scaling is requ1red‘due to the 1imi ted word1ength of the

-registers employed. The method of scaling due'to Jackson '[28] 1is

—_—

employed and a brief discussion of the method.is. as follows [1]: -.

The Lp norm of a periodic functipn F(w) with period W is &efined :

as follows:

R P .
|lF!|p = [-;r- I [F(w)] dw] ‘ . ”(3_12)
0 : , ‘
where. - |
. IlFIIp is used to.denote the/Lp norm-of F(w). /

O .
- The following 1imit exists provided that F(w) is continuous:

o

-

(3.13)

1im ||FII =I|FH IF
. WS W , )

w)|
pro W

~The L dgnn of F(w) is the maximum value of the amplitude of F(w)

within-the—period We.

Consider the scaling béoblem of the digita] filter of ?15. 3.10,

: wkere x{n) is the. 1nput. y(n) is the output, v(n) is the input-to

o
the multiplier R and A s the required sca11ng multiplier., Let,
the transfer function from point P to the input of the muTtiplier

L
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be FA(z) and let - _
o l F(w)=F(z)[ o
) ' A ANz = oW
v o |
= The .z transform of x(n) s X(z) and
v ' : ’ U
; ' ( X (w) = X(z) o "~
. A 7 = ejw];
‘It’can be shown that the.fo'\’lwﬁng inequath e;ists [13:
! ' " }\ . . * 7 .
R L s I IRl (3.14)

~

AR p and q are integers greater than or equal to unity and are

- L F - related as P lows: . A S
- | - p = ﬁ—‘- ) Sl ] :
L , ' R N ¥
s The cas‘e’o'f p = m,ar.1d q=1, 1s.enp1,oygd in- this thesis. Therefgr'e,
. s 4 m . ¢ : -
S O TR T LY N TS (R

2]

A : . a . T a PO
s .Equtien (3.15) is true for any tramsfer function AF(W). If
) B
Falw

= 1, then from Figure 3.10, . :

v

<o ' ) p" . T i
‘ ; vén) = x(n)- . .
2R

-

where . - . ' (
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v
3
{} . - N
Jx(m| = Jv(m] < 11114 (3.17)
. Now if
N ORI ~
and |v(n)| 1s required to be bounded by un1ty; i.e.; .;eﬁ
lv(n)] < 1 . | '
then A 1{s determined as follows [1]: ¢
| ‘ ‘ \ -
. | ?
| A= , (3.18)
\ ‘ HFA”@ ”
" If. the digita] f1lter of Fig.3.10 consists of m multipliers, -
then A Ads determined-as follows:
a 5
AT :n
, LB (3;.-19). 4
mx{l[F"ll llelt 9 teaay !Fll ) D'o, !F Il } . "v‘ "~
‘ where | |

O .Fi(Z) :IS, the tra;\sfe,r function from point P t6 the 1nput of

a ' L

the 1 mq‘ltipnér of the digital. filter,

3

-
- .

he fo‘l'lomng sectiens show how to determine the transfer functions

'are used for signal scaling in the four kinds of realizatwns The

[

al scaHng of. the HP filter is used as an examp]e. The S1gnal )

e
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‘ 3.3.1 Cascade Canonic Structure ° . )

-

Consider. Fig. 11(a), which is the scaled network of the HP filter

of Fig. 3.1, The 'z transfomi of x(n) is X(z) and

\

» | : X(w) = X(2)

o

2=

-

Signal scaling is performed so that the aiantudes of the inputs to
all multipliers (1nc‘ludjhg coefficient multipliers and scaling mu1.t1‘-

pliers) are bounded by unity if the L, nom of the input X(w)

- is bounded by unity, 1.e..(the scaling md]tip]jers- Apshoaty and Ay

are chosen such that

Ivki‘(“)l <1

PSS

Qo
for . .
4=1,2,3,8 ( ‘
k=1j2,3 ' o
A v : —
Ml < I
{0 A )
M . - . ﬂ . 4
B x\ . .\\ ( s w
hl . oz . . ‘ .
.. -
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" y(n) to its maximum permissible level.

- immediately follows the sect1on, i.e.,

-

vi4(n) and v,.fn) are the inputs to the coefficient

‘multipliers of the i section, and

v33(n) is the input to the scaling multiplier which
immediately follows the ith section, as shown in Figs.3.11(b)
“and 3.11(c). ' ‘

L
t
N

Z

‘The -output scaling multiplier Ag is chosen to raise the output

e
. Consider the signals v1i(n) and véi(n) of the highpass sections

of Fig, 3.11(b) and 3.11(c). The signals are delayed versions of the -

+ corresponding signal;Ai. Hence, in gignal scaling, Ai is the signal

to be scaled.

Each section can be rebresented by the flowgraph of Fig. 3.11(d),

where ‘ Co ‘ .
x1 is the input to the iEﬂ section, ’
Fpy 1 the transfer function from the section

input Xi to“the signaL Ai of the correspond-

<

ing section;\1.e.. 
\‘(\n

. w3
\ : Ay
° S R

and FD1 is the- transfer function from the section input X; to the

signa] Di’ which 1is the ingut to the scaling mu1t1plier which

-

r

o ! ’ . B . - . ‘




L]
}
R - e }
\ "
»gf\ - ;
\ : T ‘ Dy |
: ot 7 W ’
L ’ ' . ) L .
A1 is determined as follows: . I S

S - _
. N\ max] gy 1L, Iyl L)

o e aons e i S

-

[

—

~— -

W -

e

N

(=]

—

. | N \
F S Hay =1 = Fay

D \

. g . ’ . _—_]
! Hm = 1 = Fin

.o

Apitg and 2, are fiefemin’ed as follows: - \ .
. ) . - -+ ’ 1 '
e 3 d-l
, i max{IIHMH IIHjII}
| i 3,4 '
where - o / ‘ 49
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FIg. 3,11 SIGNAL SCALING OF CASCADE CANONIC REALIZATION
L : (b) FIRST-ORDER SECTION
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FIG. 3.11 SIGNAL SCALING OF CASCADE CANONIC REALIZATION
s , (c) SECOND-ORDER SECTION® . =+
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<i$%/f’ °
+ Ag 1s determined as follows: - - .
¢ ’ o !
” = AT B
5 :
. Aagigrg UlFpy Fpp Fpg Fylll
, For the first-order highpass section, )
.,h o ' ‘ . '
F = -—-—.I—-—-—f.
1.7
‘ ot 1+ 8342
! n
g © - where _ . ’ o
L) A o ,
. , 377 1s given by Equation (3.5).
1) / ‘ |
= For the second-order highpass section,
L . ' ! , .l .
o Fag ® :
L SRR *by”
L ‘
o 4 -1, =2
1-22" +2 -
Fpt = = E—
s 1 + ‘brljz -:ﬁ 'szz ! 3
where ' . ot
' : 2
by 13° and bZJ are given by Equation (3.5).
) ’ e »
¥ : ‘

(3.22)

(3.23)
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3.3.2 SFWDF Structure

'
+

Consider Fig. 3.12. Some definitions are given as follows (1]

J{' H = 82
. .9 1q9
« : o
By
Fiq = (3.25)
q
. .19 4
B
F = —ZJ.
2q A2q_ ) . >
OL
A
, F = ;2- = ]
P Fp Pyq —
B A ‘
F = oL o _29. (3.25)
r Ar qu
F = 5 = §§Q
S B; B3q'
4 ¢ ) ' ‘ \ Q

For 52 adaptor, the fonoﬁi'lng relationships can be derived [l]’:

o m(Fel) x
M Hy = JDT— . . (3.27)
(3.28)

(3:29)
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where

/

D] = ] +7C2Fr - C3FS

& ‘n M

f,chrFs /

+ 'CZFPFS '
- 1 ‘ a 4

o *

28 L
q D'l
F. = G * CaFp - GoFs t s
LGt G S OF AR
: B
~
Dy = 1= CoF. + G3Fg + GiF Fy
. p ﬂ
-Cy=2m, -1 L
1 19 . \
. ¥ ‘
Cp =My -1 .
. ' ) ~ / /’v
b7 Mg " Mg " :
1‘ ¢ !

e

‘768
!
- . %
(3.30)
’

o

‘adaptor, the following relationships carf be derived [l]fi

o
] i

A3

(3.3‘1)“ ! '

« o (3.32) -

(3.33)
—h
(3034) Al
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* . A1l these relationships hold for S1 and-D1 adaptors except that. -
' . . ' mzq = ‘]. ‘ N L -7 - Al : . .‘n |
ihe e '

\" ! ‘ ’
The applications of 4the aboxe re]ationsh'ips to signal scaling are

\ as follows: : ( \ / .
| ' Loy ’ Y 4

g

! ' ‘ \
,‘ \ . . Fig. 3:13 shows the scaled SFHDF. \51,52,..., and s8 are the réquired
. scaling multipliers. X(z) is.the'z transform of the input sequence x(n)
and ' '

] ‘ 0
\—/ ) *
| - | x| g |
. A . z= e \ T

S'ign‘al scaling is employ'ed‘so that the amph‘tudes‘ of all multiplier

inputs (inc]Udin§ coefficient multipliers, scaling multipliers _and

4 i
Ny - . i
_ theirreciprocals) are bounded by unity if :
o Ik < X1y < ~;
. Consider the first adaptor (S1 adaptor)‘ A detailed diagramﬂ of "j .
the adaptor is as shown in Fig. 3,3(a). From Figs. 3.13 and 3.3(a), :
the follpwing relationships can be derived: - . o
U S e oh B - ' ‘
*~ A] A]'l A]:l |
{
¥ H - -B—z-]- M
. 1 A
By, ,
12 .
Fo- 12 v (3.35) :
) 127K, . f
N 4
A2 = Br2 |
Boy = A 1
21,12 N P

1

<
et

- N
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o s Yooy A S i B \
%"\ ’ < <
. f Com
1 . ) -
¢ \ - [3 ~
' s Therefore, . ) .
A Biz = Pz .
- >and, ' ) . - '
W , .
A
A1 = Fra By -
e ! , .
From Equation (3.35) ‘ .
« F - BZI(FIZ-]) . —
' 3 Al Nn i
‘ ‘ -y " ]
\ _ My Aq(Fygel) ‘
A
, l, 1
«  _ Therefore,
’ "
v ‘where ] - , \ . .
| Hy and Fy, can be evaludted by starting from the output 4
side of the SFWDF and applying Equations (3.27) - (3.28), (3.30) - (3.32) -
and (3.34) repeatedly. - o - |
: A o ' . )
The first scaling multiplier § is determined as follows: ' ‘ J’
¢’ Sl ‘= T . . - ) co
) < maX{HFA]”thH]“m}
where .
, ) FA1 is-the transfer function from the inpt;tﬂ)f(,(z) ’ b
— to the input of the-coefficient niu1t1ph'er Mps
and i
Hy 1is the transfer function from the input X(z) to o

. w ‘
B
- .
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the input of the scaling multiplier Sy

c e Consider the-second adaptor (P1 adaptor), the circuit of which is
. T ) , !
as shown in Fig. 3.3(c). * From Figs. 3.3{c) and 3,13, the following Cy
N /re'lat'ionships can be derived: : . - 1
N ' | ’ s
: , eoo P Figfr - M
Bl A2 By Fapll-mp)
- . o ' { S
where [ 4 ;
. i
. ' . 22 /
, T, :
ool ,
12 A,
Y : |
/ ) 2 Ry @ :
i ' : . ooy . ' Cl
f HZ' F]2 and F22 can be evaluated by starting from the output side of the
: ) ‘ .
; SFWDF and applying Equations /(3.27) - (3.28), (3.30) - (3.32) and (3.34)
[ repeatedly. L - - ' A ‘"
) 5 is' determined as follows: /
- ] o - | M y
R N TN TR
where
.
. ‘ Y

RPN O
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f / M
G, is the “ransfer function from the input X(z)‘to the

coefficient multiplier myy, Gy is the transfer function from X(z) to

- G

>
[

B.

C

= S
11y Faz

sy Hy

s; My Fyp

\
A

\

.

input of th

the 1ﬁput of the scaling multfﬁ]ier's3, and GC is" the transfer function

The other scaling multipliers can be d
-

J

.

F

)Aq

3,3.3 GIC Structure

§

in Reference [1].

For the first-order highpass section of Fig. 3.5,

—
'

¢

etermined sih11ar1y.

+

IS

from X(z) to the input of the reciprocal of s, i.e., 1/5,.

’/i\

Table 3.9 sunmarizes the required functions for signal scaling,

wher7/

The scaling of the GIC second-order sections are discussed fully

poes
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TABLE °3.9
.SCALING OF SFWDF STRUCTURE
Adaptor FAq FBq
S1 'Hq(Fl(qH): 1)
) f-
2 _m._]ﬂ_
19
- (F1g Faqlg) =
(qu(T'm1q))
(F, Fig°1)
s 1
- P2 —('F:;T?"‘—

P,
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°A<7-) -1 - o
(z = . s
) 7 A Xi(z) (z-l-m'])
' / - ©7(3.38)
_Dz) . z-1 ’
. J . FD(Z) T Xz m, '

. 3.3.4 STWDF Structure ) :

v« " ConSTder Realization IA of the HP filter. The scaled circuit is

fi \ as shown in Fig. 3.14.57s804000, and Sg ‘are scaling mult'ip]igr. .
- Let - o
L | Cxw) = x(@)| g
Ve ' ' 7 = oW T
P x\“ , ' ‘ ‘ -
. Lo~y " Signal scaling .is employed so that the amthudes of all mlﬁtip'li'er
g " inputs (including coefficient mu1t1p11ers, scaling multipliers and their,
] i : - - T
; y reciprocals) are bounded by unity, it : > .
¢ -
E ‘ ’ .
: Co x| < HXH g < ,
5 [ ‘ « .
' \ The following shows how-the first scaling multiplier,‘s], is determined,
i | S :
t" ‘ l( Let N « . ) A ' . . - ’
’:‘ I‘ ’ H 3 ——f ' y R
} f YA] bx ] ‘ . N
N ) N F v _ _._2_]_ ) , - ’ -
g \ HD] - X (3-39)
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where * ) . o
. ’ . \ . ‘
. a Ay 1s the input to the coefficient multiplier myy .
. st \* ! ° - /.
\ : Co of the digitaWtwo-port N.|,
A |
- e ' b, is the input to the scaling multiplier s,, and
. : E-l\"i‘s. the input to the \coef'ﬁ‘cient multiplier 8. ‘
Py > ‘ o ‘ !
) By the multiplicatign of chain matrices, the following relationships
can be derived:
) . "
‘ s e
- 35 Y V]
o 2 =
. . hb1s D.I K 0
s I ' S = T /
j [ / a]] 4 ITJz A2-1 Y
: ‘ : - b v K VI
: L 2oy L
: «
e - 1 ]
, 22 M3 A3 Y A
) b ve K 0
| 712 | 3 3] ] ‘
- 9‘ v 1
* . - 1]
o 33 Mg Mg Y )
: ‘/ b]3 :‘)4 K'4- B 0 _ L
— . @
{
. } o /
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- Therefore, ) C e «
“ay = w Y
. * 1s 1 .
3 ) . ‘ oo
. L P T /
- , —
: o T oM Y !
|
b+ = v Y i
. 1 2 (3.40) , ¢
b 312 = . }-‘3/ Y 4 -
. o B
| o bip = vy ¥
2 c
Qg = Ky Y , ’ '
- S S
- Since 1 52' and 53 Kave not yet been determined thelfolﬁng )
L re]ationsh’rps can be derived from Fig. 3.14:
, § X = a - .
ol ‘ . 1s 1 ’
;;: 391 = bz = V5t
* by = A, = MgY (3.4),
, i ) .
’ ; et bzt VPN .
\ bop = 313 = Y ’
From Equation (3.41); Hyy 1is determined as follows: I : /
§ N
H " i
, S, B LN |
| B S A
- ] /] N .

-

-
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- ) bHM can be determined as follows: ) |
« ‘g
%4 ~ , , { z -
Ny fs the digital two-port Ny, which is as shown in Fig. 1.7. . L
B Ffom Figs. 1.7 and 3.14, the following relationship can be derived: b
: ’ b,y - a ) ) . 3
: _ _2] 21 . . ’ =
If‘v. . /\-| = —— (3.422 . )
L n ,
From Equations (3.41) - (3.42)
/ -
. -V
& TR A'l - (u3 3) : ’ / o
! . . . . Al X m1] 111 :
. The following shows how Hc, is determined: .
o : From Fig. 3.14, the following relationships are obtained: “
P ' ‘ By = g - a25‘ -~ o
} L .- o (3.43)
- 3,5 = by g
i 7
- S From Equations (3.40) - (3.41), and (3.43), N
; ' o /
l hoo= =1 s ” % ) -
. El X X
; / X-b '
11
HE'IV =X
Therefore .
- ] HE1 ] - u] . ’ "4 i . i
‘ , I




N _ . R v -
' . - ¢ ‘ . . .
% . A ! [} > . -
—— .
) Y g T T S e et \ . ) 7.
‘ o - T‘ 2 W K VTR TI SUNIINEY T St paaenn st aaf k. n o ‘w._*..h‘ —ienkreey e o
. . . . < s 4
. ¢ -
.

; . ‘ ‘ \ _ 180
' - /
4 ~ n'. 3 ’ )
¢ After HA1’HDT and HE] have been determined, the first scaling
multiplier s, is evaluated as follows:
- /s Jl 1 )
¥ - ! 'I I
. max‘[“HA]Hm’”Hmllms“HE'IH,,,}
" L The following shows how s, is determined: ’ N ’
Consider N2' which is the digital two-port NE’ asishown in
Fig. 1.10. Let ~ - ‘
AZ .
‘ Hao- = -
b ’ '
4 - 22 .
Hpe = X (3.44)
i b /
H = 12 t
B E2 X -
where ) _ f
A, 1s the input to/the coefficient multiplier myp Of Ny, :
. - . %
by, 1s the input to the scaling multiplier S5, and by, is the . ‘

input to the reciprocal of Sos i.e., 1/52.

1

.k e e e

'

Since S has been determined, from Fig. 3.14,

by

a, .’ : S
. IR . . (3.45)
- , . s.l s.I '
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) ‘ HA2 is determined as follows: . .o T

A ’
. ' . / Z
f .

From the circuit of;tﬁe d1gi;a1 two-pbrt NZ’ and Fig. 3.14,/ the

following can be derived:

\

‘ . A
N . . .

: ‘ L .o # -a,-a : B (S
- : » I VAN < . .
¢ . Az = Z " m.‘zl / a (3.46) .};‘;‘

\\ o 4 . ] « gi;!
_From Equations (3.40), (3.41) and (3.46) . ’ Yy

- A - (" U3Y - \’4ZY) . ‘v
2 zZ-Myp

O

). From Equations (3.45) and (3,47) : ' S £

* o LY

E . K
°

. B o . ; oy =N-‘—A- _ S-l(“ U3 - ‘J4Z)
: .}~ - o TR X Hylz - my )

e

k3
5

Mol

s

: H.. is determined as follows:
2 E2 ) ) ‘

o . From Equations (3.40) and (3.45) e -

sty 40
373 = ,‘9"

k3 -3
? .V ::'
[ » L [}
S4V . ¥
., A A I

— E2 X U-I ,"7;

/ ! “
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!
5 ) 3
s ¢ v
X [
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| . After Hyo, Hpos and He, have been determined, S is evg]u&ted.as“ - |%
‘follows: ‘ ‘ : ' o ' '
o - | e I
- : : .. : .
s, = — ] —
2 , —
, - " ‘ max‘(”HAzll,.l|H52H@:’HH52H“‘}
'-;’ The other.scaling multipliers of Realization IA can be determined ‘
s stmilarly. ™ ;
‘ N : , : L ST y
- Table 3.10 summarizes the functions A(z) and B(z) for all kinds of \»,
o " digital two-pqrts. , 4
LT ' S B
; o . Consider Realization I1°A of the "HP -filter. Thesgcaled network
I oL N , h . »
; is as shown in Fig. 3.15. v /[/ S «
. The followin§ shows how s, 1s determihed: o
\o — ‘ ‘ ) ’ - ' . ; . .
\ ., Let ; . . /
: . : : A, . L PR : .
R Vs & = |
.t . °'b- .
G, = 2L . : | ‘ ‘
L | R T ' .
where' %o ' /
Ay 1is the input to the-coefficient multiplier myq of the digital K
# two-part i1. and %21 is the input to the séa11ng.md1tip1ier 52.‘ |
2 By.the'mulé;B}{fation'of chain matrices, the fo11owing reTationshjps

o
a A k]

-

~ "can be derived:’ /
N ( N -

, s
¢ \-
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TABLE 3.10

" SCALING OF STWDF STRUCTURES. | , ,'
\ ' .
. Network . " Az) © B(2) L
; [
\ Q - Py |
A m]
5
\ G - P
B m] T
Q, - P,
2 2 - -
ﬂ -P Z + P-l A
Np Z + *
\
' ‘ N : - P, - P,z
1 f — : :
: 1 °
‘ +
! \ P](mzzﬂ) - Pzz(z+m2) “ P] -.m.IA(z)
F L z(z'+m2) + m (m22+1) z+ m,
RV ' :
NAA m -
1
) o
\ A - 0. -
N Q2 P2 i
BB. m
. 1
1Y
- -
7 / :
~ "

L]
PO S . * 7 |y Py o T - T U e T TeTg S SR B . P . A
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(continued) -
Network . Alz) B(z)
- 4
\ ( ;\ r
-8 - P '
. -m,A(z) + P, + 2P, -
N i R G
: {
N -
DD ' z+ my
Nep A T 5 :
\ P1(m22+1) + Pzz(z+m2) P] - m]A(z)
“'FF z(z+m2) + m](mzz+1? z +m,
‘
’ 0
{-/ i -
/ - ..
; y
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| R At o S S I C N
b v K 6A i
[ P11 | ' o] Y] %
{ ~ | |
. n r - v H
| “1212 Mz M Y .
P12 Mz Mz || ° | |

L 4 L 1
Therefore, '
. i
| | oy = Y P
" _ - . p
» Y

o
—
~n

i

=
—
nN

o ¢ g e e PR

4

’ / ’ . = = q
R ) K=oy =¥ Y

= u . .
12 ‘ A (3.49)

|
o

13° V13

' Doy = 313 = W3
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From Equation (3.49), Gy, is determined as follows: §
T | ' / ‘
o -l e =
- D.l T ]J]-‘ l-ln ', ’ !
( - '
. ! ' if ' ' :
. - From Table 3,10, and Fig. 3.15, . o §
L ’ 3 | ) )
Q - P ‘
R (3.50) ,
- LI . :
- . : . ‘ y
where -+ I \ :
, P2 = a1 - 7
S Y
From Equations (3.48) - (3.50),,'6“‘ is determined as follows:
’— ) . ' G _ A]" ) b]] - a-'] N g Q.
, Y X- m”X
I e T !
o ™M R '
/N ! ’ , )
' . The first scaling multiplier. 9] is evaluated as follows: : X
. : S \/
- ‘ ,’ Sz' = — 1 -
g o maxd| [y s TGpylla), :
- \ . 1Ihe following shows how S5 is determined. - - . -t
Since S, has now been determined, from Fig. 3:15,
— : | W
N ~ -‘
4
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where

A2l is the input to the coefﬁcienf multiplier M
bzz is the input to the scaling multiplier S;, and

' ‘b]2 is the input to the reciprocal o°f,52, i.e., 1/%l

19

Prom Equaﬁ'lons (3.49), (3.51), GDZ {s determined as ‘fg‘i]]ows.

. b ‘

< R ] = .—22- = S .a_]_B. = ________S] "3
T D2 X 1a
-’ ~ . 11 . u]]
l o

From Equations (3.48), (3.51), .GEZ s determined as follows:

-

{ .. '
TSR Y

] 2
A, = -
2 Z -' m-lz
where '
- )
/ /
1 g‘ °
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] 322 : /

.P2=

. From Equations (3.48), (3.49), (3.51) and (3.52), Gyp 1s determined as

follows: ) . '
} " | A S.(- a,, - a,2)
o N i . - /G = 2 = ] 22 12
' S Rk aplzemp) ,
N \ ‘ -
“ . — . '- A ) - S](- V]3 - uleZ) ‘fg\
\ . ' upp{Z =)
\. : B
. ; After GAZ' GD2 and GE2 have been determined, 52 is evaluated as
\i © follows: , ' . ’ '
. .. T ‘ . s. = 1 .
2 = .
\ ‘ . maX{”GAz'i |wsl|GDz||msH(?‘52Hm}
\‘\\ - ﬂ
A\ " The other scaling multipliers of Realization II A can be evaluated
\ .
\& similarly.
A\ ", The scaling of the other six STWDF structures can.be accomplished
\ ; - S
\ by the same approach.
3.4 PRODUCT QUANTIZATION ERRORS '

When the product of a signal and a coefficient multiplier is rounded,
,pr&ﬂupt quantization errors result. These errors can be modelled as white

noisks. In studying the efféct of roundoff noises, the concept, of - PSD is

- !
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employed [1].

¢

Consider a discrete-time random process ‘x(nT) which has ,a‘prgbabﬂ-

" ity demsity function p(x;nT). The mean and the autocorrelation of X(nT)
T are def‘ined.as follows: “ v . i
v ) . * i
' E{x(nT)} = s xp(x;nT)dx o v
- ' : - )
. \ . !
- , r(KT) = E(X(nT)X(nT+kT) ,
/ : . /. : , :
*The -z transform of ?‘x(kT) is as follows:
R(2) = 207 (kT)]
- o
_ =1 (kDL T (3.83) S
AN - o
. . : ) . - v
{ . ‘Consider the sampled process x*(t) which is related to the Coe
discrete-time process X(nT) as follows: - ' .
' | / *(t) = ¢ x(nT) §(t-nT)
né-cn , ) R L4
’ ' B i ’ ' '\\ / !
- ll\ ‘: ' M ' . v ‘
’ The autocorrelation of x*(t) is as follows: ’
2 ’ () = ECx(t)x*{t+1)) \ ' |
% ‘ S L ®
“where - , ' ‘ o
- _ o= KT - [ . .
E’ ' . . . R B} ’ :, B L

* -
e g B el SRRV Y 1 1Y L vereee 5 M



b

Lo L

gt bewy

[}

. Consider a section of x*(t), which is defined as follows:

x*(t) * for |t] <To .
JCR
' 0. otherwise
The Four’iek transform of x.‘l‘.'o (t) is as follows:

L = F g ()

\
14

The PSD of the samr{l}gd process X*(t) may be defined as follows [1]:

C L
: |Xa, (3w)] |

S*(w) = lim E {—pr—— .

- " X(w) T1m ’ { 5} (3.54)

.

It can be shown that the following relationship exists [1]:

1

. . ,
N T = * : =
R,(2) L diTe F rx(r) S;(w).

wiere -
__\\_//.

R S ek - ') . (3.55)
The “z ‘transform of _the autocorrelaf’ion function ~of the di‘scre}:e‘-time
procéss i(«rﬂ) elva1uated on the um‘f circle |z| =1 1is equal to the
Foﬂrie‘r(transfrorm-of the autocorreiation of the samg]ed process x*(t),
and is equal to the PSD of the sampled process X*(t?. Hence, the PSD
of a djéérete-tim'é process x(nT) may be' defined as the z transform,
of 1, (KT) evaluated on the unit circv](e _{zl.\i:é.,

4
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T = Rx(2) (3.56)

s(eT) = sy(2)
: - Z=e

z=e™]
where

S*(eij) is used to denote the PSD of x(nT).

w

. 4
Consider the effect of the input process x(nT) at the output of a -
digital fi]ter, as shown in Fig. 3.16. It can be shown that the PSD

" of the output y(nT) is related to the PSD of the inﬁut x(nT) as follows [1]:

I~

{ T

S(2) = H(z) Wz Dsx) > L

. sy e™) - )2 s ey S (3.57)

/
.where

H(z) is the transfer function of the digital filter.

A multiplier m which produces product quantization errors can
be modelled, as shown ih Fig. 3.17. The quantized product Q [mv(n)] fis
as follows: ' f ' J
Qlmv(n)] = m v(n) + e(n)
where
m v(n) 1s the exact product without any quantization error, and

e(n) is the product quantization error, -

I

If the signal levels of the digital filteér are much larger than

. the quantization step, then the product quantization error e(n) can be

" considered as'a white noise process [1]. Assume that the PSD of e(n) is

B e STt e CNaming e R ENASTRY KRR ¢
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Si(equ) and the output noise PSD , at the output of tﬁé digital filter
is S ( JWT/. Then from Equa n (3.57), . .o

y
< D) =" [ J"”)l 3 (eJ"'T)  (3.58)
where ‘ ) . : S
) T ' | o Y(z) o
‘ He(2) = g

|

In evaluating He(z), X(z) is assumed to be 0.:,[) .

/ A . It can also be shown that if there are m@re than one roundoff

noise source, the total output noise PSD is ds follows:
S (M) = 1 s (), - (3‘59)
Y a1 Y o S

where ‘ ) Sé
N‘;js the number of roundoff nofse sources and

Syi(eJWT) is the output noise PSD due to each noise source
while all other noise sources are considered to ‘ o

be absent..
| i v
Hence, superpqsitfon can be apb]iedﬁin eva]uéging the total output noise.
PSD [1]. The following will dischés how to obtéin the transfer fﬁnctié%s
* -~ which are necessary for the evaluation of the qutpuit noise PSD for the
four types of realizations. The roun&off noise aﬁa1ysis of éhe HP

| " ‘filter is used as an example. The roundoff noise ana]ys1s of the other \ .

three. f11ters can be performed sim11ar1y

o

- '
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3.4.1 (Cascade Canonic Structure h [
" The details can be found in Ref. [11]. - o

For' the highpass casg,:the digital circuit of Fig. 3.18 produces

- the minimum roundoff noise~aé';ompared With~the other twenty-three realiza-

.~ tions due to the different combinations of the four sections of the HP - -

s filter. The values of the scaling mu1tiplier§u$r “as follows:

e

>
—
[}

0.01873575

AN
4 .
\

.0.1999450 : ' ‘

0.02624923 ()

\
>
w
]

0.07480238 e -y

>
R

L A. A L= 1.0

H

3

3.4.2 SFWDF Structure

AT

~

N TR A R N T, P e Py

. . ) . T p‘ N ) ! .
Fig. 3.19 shows the sources of roundoff noiseg for each type of

.
»

adaﬁtors. Fig. 3.20 is the roundoff noise model for each adapiof, .

where ‘ v .

-n
n
o
Lw
N -
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FI1G. 3.18 HIG!PASS FILTER CASCADE CANONIC REALIZATION
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PRODUCT QUANTIZATION ANALYSIS
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‘ ' . . S ,
:Y 'is the output of the digital filter. .
. ‘ % __— s ' i
For S1 - and Pl adaptors, +
N F = 0 e L . - . w U
Fq M _ P . : .
Table 3.11 summarizes the fbrmglas of the transfer functions, |
where . - ‘ e .
. - , A3 ' \ ¢,
F5 5 ’ ' -
- 3q . /
. -
The sources of the mundoff noises produced by the scaling mu1t1p11ers .
dre shawn 1n the scaled HP filter of Fig. 3.21, vgheré
.. B
B r = _J__. o? f -\2. 7
q [ ' . ’ q '!'0':!.
Sq ;
4!
Table 3.12 prov1des the transfer functions of the scaling mu]t1p]1ers.
Consider the first adaptor (S1 adaptor) of Fig. 3.21. For the s
purpose of roundoff néise analysis, X 1is assumed to be O.
From Table 3.11, ' \
T B,y T2l T
F S e—— = —T—-—-)-(-' — - i
£ 1 URyeR IRy = my QR R Fy =10
(3.61) :
where e, .
| ] F = f\_3_]. f'- -1 ;
s B =z -
31 : - i
- ’ - a }}
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FIG. 3.19 ROUNDOFF NOISES OF "ADAPTORS
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TABLE 3,11 ~J; :
ROUNDOFF NOISE TRANSFER FUNCTIONS (ADAPTORS OF SFWDF)

[

Adaptor | FEd; FFq
81 f e (Fsqu'])
q -F. -
| {( 2q S)(F 1)+ mTqU qu)(FsF]q 1)}
F! = qu qu [
Eq -
{k](F]q'])mzq qu - (qu 1)m1q} \
S2 where
— k1 _ {qu FSqu ZQFSFZQ + (mzq-l—Fs)}
{qu 2q( sF'lq'”} 4 —
7
Frg = Mg T2 :
, q -
. {(FZq - 'lq k2 m2q Zq(F 1}
. where ' "
koo (FeFaq1img
2
’{FZq(mlq'FsF]qu F]qu Fs’f]q'”}

gt ST T



)

/

" TABLE 3.11
(continued) '
Adaptor FEq’
B . Fy (1+R3) (
B9 (F, -R,)
29 3
,.
where
- Pl Ry = RyR, (mqu F ) = Riyq -
‘ (14F,)
“# R2 = S 1
(m] F q( +m'|q S)} ’
1+F
R ( 1 )
(1+Fs) /
‘ 2q(Ft1)
Fo = Fo = »
Eq Fq i
, (kan +hgoMyoF s Mag)
P2 where - .
. (F*1)
ko1 Mats = F +'"Zq s {m1q§F +1)

P,
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TABLE 3.12 ' )
-ROUNDOFF NOISE TRANSFER FUNCTIONS (SCALING MULTIPLIERS
- OF SFWDF) -
Scaling Multiplier Transfer Function
N : H
qr 37 B e Ak {'IF% }
t ' "1 !
A= \1/2/(51}])
r/ _
’ B, PRPICR)
Py qQ =2,3, cuuy 7 T = ;

PURPVTIN=IIL PR

o e o A AR A s
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By dividing the numerator and the denominator of Equation (3.61)

—

by F]], the fo11OW1ng results:

’

(Fe5.0)
. FalFs Fn

E1 °

(Fz,-F m-r—) + 3 (1-Fpy M(F FL)

But
A A
1. 11
~L =0 §
el AN )
Therefore ];
/
_ Foq F :
- Fgp = 2l s (3.62)

F2]‘ can be determined as follows:

(FaFg) + mygF(1-Fy)

_ Fhun Equat1ons (3 25).- (3. 26), and Fig., 3.21, the following

relat1onsh1ps can be derived

]

Co A
' ‘, s _ |
/ L Fp Bﬁq ,sq rq Fz(q-1) (3.63)
A, |
r 2q = S(q+1)r(g) T1(g+) (3.64),
Fyy can be determined by starting- from the output side of the

digital filter, and applying Equations (3.28),

-until in is obtained.

. The transfer function

(3.32) -and(3.64) repeatedly,,

e A A o m e+

v
- e S



.
:
.
.
L
f
H
:

¢ .
- Egi- S ','_ 8H2H3 ﬁ.t"Hz‘ f - ,(?.65)

C21

can a]so be detennined s1m11ar1y Hence, tggh;SEhgpff ﬁo{éé dué to the —

coeff1cipnt multiplier m1]_ of the first adaptor is as fo]]ows

IR _y"i.(ej”)ss.;.(ej“ctFE]teJ“ eI (3.66)
where E

S, (eJWTS is the PSD of a s1ng]e no1se source

Cons1der the roundoff noise produced by the coeff1c1ent mu1t1p11er

Mo of the second adaptor (P1 adaptor) From Table '3.11 and Fig.. 3.21,

Foy = B3 (3.67)
E2 7 "o2 . e

- Gy = S38p ew SgM, oo H7:..’ (3.68)_

where -
Ry _’ ("‘12 sFs) - RFiz.
7 O () _
Ry = |
. om0 - F12“"’“12F )}
N R, = - ~
OIS : ‘
‘and ’ ‘. . o~ ' : ‘o -
N T 1 '
F = .__.g. = . Z- e
] 832 - . :
. < ) j § L]
- / - 1

R VISI VP P S

t
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Fops Hys Hys oul, H7( can be evaluated by starting‘fnpm the output 'side of
the digjtal,filter and app]ying Equations-(B 27), (3.28), '(3.31), (3.32)
and (3’31) repeated1y. F12 can be evaluated by =tart*ng from the 1nput
side of the d1g1ta1 filter and app1y1ng Equations (3. 29), (3 33) and (3.63)

_ repeatedly.

Hence the roundoff noise due to UPRE as follows:

-

s@z(EJWT) ?‘S;ngWT)[Ing(ejWT)Gg(ejWlezl 'l-£§.695 .

The output noise PSD due to the other coefficient multiplters can —

be determined similarly. . = . ‘ ‘ ‘ I
» - .
Consider the roundoff“n3$§é produced by the scaling multipliers.
From Fig. 3.21, i o
.- Y ‘ . : ‘ ) “ " A
w1 = W PRI 5758H‘1H2 e By (8070) o
: _ ' -
Hence the output no1se PSD due to" sy 1is as follows:
JWT Wl e podWTy (2 . C -
Ll Sys1( u) 'l(e )['FM](Q )I’] (3~T]) .
Consider the last'séaling multiplier Sg» ‘ A .
—_ 0 R -
’ - - T C e L
Hence the output noise PSD due to Sg 1s as follows:
.o ) . E
L J 51: - ¢ - [

e et el e




jWT) g (eJWT

R yssl® ,
. ' - N

Tﬁe noise mode1~of the other scaling multipliers 1s as shown in

- " Fig. 3 22. The transfer functions which are requ1red for the eva]uation

»

of the output noise PSD due to the other scaling multipliers are summarized
' R

in Table 3.12. QOns1der the-noise produced by sz‘and ry From Table
3.12, S o s
‘ Bop M . A < W 7)
. N, ’ .
J 2 {1- F]? F21}
s T " :'h - :‘ + 6’ s
4 ’ .Bzz _ 52 H2 Fz-l ‘ ": ' .
\ W, “T-FyF, (3.73)
. SR - 21 12- .
° ¢ . »
Hence the'outputfnoige PSD due to sp s as follows: .
o . : B | . -
C e ¢ WTy _ o fodwTy 22 ( JwT wTy 2
s ; Sysg(e ) = Si(e )| N, (e )Gz(e 1 (3.74)
" where ‘ , . _
G, is given by Equation\(S.GB). The output‘noise PSD due to
1y 1is as follows: S B v

~

Syra(e™) = 53 (MIEE (M Dyt '(s.7s>

o\ <. The output noise PSD due to the other scaling multipliers can be
eva]uated sim11arly. it

-

v
-~ Hwinpen 22
. uey,;ﬁwm‘s *
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" 3.4.3 GIC Structure Coo

”

Detailed discussion on the roundoff noise gnalyéis of the GIC .-

f'étructure can be found in Ref. [1].

‘The Glcvstructure for the HP filter which‘ﬁroduees the minimum

; roundoff noise is as shown in Fig. 3.23, where

Al

Ay = 0.07207842
. "
Ay = 0.4340219
Ay = 0.08625245 | -
° . » o »
- ,A/ - A4 = 0.4045191 o | o
i R , .
- :  ag = 7.165220-
. , i ~ | . \
“ 3.4.4 STWDF Structure - ’

A

The roundoff noise sources for the various digital two-ports are

as shdqn,in Figs. 3.24 - 3.29, .

' , - ’

Consider the scaled HP filter STWDF IA structure of Fig.3.30,

e s T A Mk e AT s S et [ St

2 where - . ,

o Tq * 1%; v a=23, 0, 7
t ’ ’ N J o7 3 .
i For. roundoff noise analysis, X is assumed to be O, - S

By the multiplication of chain matrices, o '; - ¥




"

R

213

(3STON 4400NACY WAWINIK)
NOLLVZITY3Y 219 ¥3LTI4 SSVAHOIH

€2°¢ *8I4

2e, : |

N

!
i
ki

LY



[

Therefore,

-

N

11

aq =

byq =

u1'

ol

. 214

M l-a12 7
<1 P12

Az .Y

Ko 0

A3 Y

Kq 0

// 1
7(3.76)

Consi&gr the roundoff noise produced by 6. When the effect of the

roundoff noise of 8 is considered, all the other noise sources and X are

- .
assumed to be absent. From Fig. 3.30 and Eguation_(3.76). the following

" relationships are derived:
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cvams W...,,m,;m,,q_,_jw R = _ i A E
; : 222
a
. ° d | i
"o R “ Mgy - ea2$ = sz__ ' (3.77)_ 1
. . R . - K
] _ T.azs = b.TI = \)3Y§ ' (3.78)
~ b~ ' - “ - / B ‘
bog = ayp = Hgl (3.79)
By manipulating Equations (3.77) - (3.79), the following results:
. L A I
i o Gt :
\/‘ “’ B ! 'l ‘ >
| / a % Sl (3.80)
P : ev3 + U3
: Hence thg output no1/.°.e PSD du;. to 8 1s as"foﬂ’ows: -
‘ - - . N . N j ) K]
- jNT - . JwT e Y JWT 2
_ Sl 1"\ s MO )
i vhere S B
{ Y- ‘ A . - . s
; - Si(gij) is the PSD of a single noise —~
M L ‘ source. . T
r Consider the roundoff noise e;(n) “produced by the coefficient
- . » ‘
multfp'Her fﬁ]z of the digital two-port N2 as shown in Figs. 3.28 and
3.30. In consi der‘lné the roundoff noise o:f ‘“12‘ all the other noise
T~ . sources and X a're assumed to be absent. Hence from Fig. 3.30: - .
] <5 ) ‘ . N ‘ ‘

e ——— o e e eres AT s Sn
A




B A7 Ay i ol

J

) From Equatidn~t3.76),1~ - R : . S |
-] - . s . . . . : ) N ) .1—?\/ o - .
3 S EM At b0 . -(3.81)
‘ . From Figs. 3.28 and 3.30, the fo'l'lowing relationships can be &-" RN
. ) : . . . g -
. ° derived:. o . .\,1\\\\
. j . _]‘ _,'.".;] -1 o , L
“ o /0 Mgz B (mpz 1D - mpz ey, = g (3.82)
. -z o ) ) & ;
- B -1 -1 . ' "
: ) (z7'-1)E+ (-1+2"")D - 27 'ay, = b,, =0 o (3.83)
) pE 127 M T : :

-
by

” L P PR P Y o Asey

‘Let ., . - : ) ' J . ~
- E = f_ Y (3.85) L

D=f Y ° " (3.86) o

e o (3.87) - |

byp = f ¥ - - (3.88)

By substituting Equatioﬁsn(3.76). (3.85) - (3.88‘) into Equa’fions (3.81) - - /‘ '

(3.84), the following equations are obtained:

-




A . '224
. .) 1 ) 3
wfy +Aqfp =0 . (3.89)
: Moz fi o+ (m z"-])f L vt3 90)
122 TE T WMR mHTp Tt T T M2 V2 :
L) .
) + (271N - 27y - F, = 0 S q3.91)
E A R B REAAEE
¥ o )
f'} + f2 = u2.+'92 . ‘ (3v92.)

o

So]ving Equations (3. 89) - (3. 92) s1mu1taneous1y can provide the

va]ues of f . From Equation (3. 85), .

v,
¢ - N H -E- = fE
Hence the output noise 'PSD due to P is as follows:
o S " - |
Sp12te™ ) = si(ejf'.)tluEgeJ" )ﬁ . (3.94)

-

The transfer functions' for the roundoff noise sources produced by

the other coefficient mu1t1p11ers ¢an similarly be der1v%§%$ The relatTon-

’

ships are summarized in Tables 3,13 - 3.18. R

Consider the roundoff noises produced by the scaling hu1tip11ers
as shown’@n Fig. 3.30. ConS}der the first scaling multiplier S]f From

2

" Fig. 3.30, ' - )

Vo s e ey b g R

(3.93)

L
1 y

L e e
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—n e e

T e AT e R e e
‘

S

‘ manipuTa;ing.Equation (3.95), the following results, .

: Y
Y 1+8 .- o #
= - (3,96) ;
M s + s - A *
DR / _ /
‘ From Equations (3.76) and (3.95) - §3.96); s, '
Y 1+8 '
= (3.97)
- ﬂ{ 1-'3 + 9\)3 PR
¥ Hence the output noise PSD due to sq s as follows: ,
\ T . T T
| 5,67(eM) = 5, (eM i ()71 . (3.58)
S { B . M _ “ .
| : -
Frém Fig, 3.30, . S e o
| Y. 1 ' B
—HE 0 ‘\' ‘ .
Hence, the output noise PSD due to S is as follows: ‘ '
o - - \vu ’
. ‘ ‘ A
c | ‘ JWTy _ o (o WT E
L ' v sysa(e ‘) - Si(e )

— . -y o, 'S R




TABLE 3.13
ROUNDQFF NOISE TRANSFER FUNCTIONS (NETWORK

Noise
. Source

L]

E+ D= QZ - P2
z'lE + z']D -z
1

-z-

'Pz(m]fz'1m])

1

=P (-~ 1.7}
p] - Q'l = Pz(.‘z '1)

(Y

. d

E?z}tions

m]E + (-1-z']m])D + (m]+z']m1)P] =

4

#
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C o o . TABLE 3.14 - ¢
ROUNDOFF NOISE TRANSFER FUNCTIONS (NETHORK Ng)-
Noise ) : .
Source. ( Equations
L
E + D= QZ - Pz .
: =22 + z'1P1 - Q= P2(z'f]-1)
E . ‘
2 mE + (7 my-1)D + (my-z"Tm, )P, =
1 1 17 MM 7
Pymy=z"'my) ‘
N
B .d N
| ]
I's

»r




TR ey % ‘ ,/J
; : - . .
. r . S, - .
3 A
X .
L\
' LY

t

/ TABLE 3.15
ROUNDOFF NOISE TRANSFER FUNCTIONS (NETWORK NC) '

o Noise ., .
y .Source Equations ‘ , i
./ N s
T | S
/ s | |
/ E + D - Qz - P2 4 ¢ f
. !
S g(z"E+ 927D - g(z7)py - 0 = Pyl-glz”!) - 1) !
. SN, -1 _
- 9(z7 )mE + (-1-g(z" ")m;)D + (my+g(z” "Im,)P, =
E ; , g |
e Py(mytglz” my)
’ , S where .
-1 -1
_ 2 (mytz” )
g(z”") = 2
. (1"'“‘22 )
F + (m2+z'1)D'+ (-mz-z'1)P1 + (-z-mz)Q1 = §
g P( an -1 7‘ ' . | - ;
i 5= 2m,-2-2 ) , . j
R | D=0, -7 L v
g -D+mP, -m,Q, =0
1 117 ) i
1 \ , - 'i




ﬁ/;z?

TABLE 3.16
ROUNDOFF NQISE TRANSFER FUNCTIONS (NETWORK ND)
Noise — Equations
Source g
-z E + (<1-mz" )0 + moz7 TP, = myP
1 1 1 1 12
E

-z 1-1)E + (=1-z"1)p + z.“P] -0, =0

PPrQ=0*P

!

TABLE 3.17

ROUNDOFF NOISE TRANSFER FUNCTIONS (NETWORK NE)

Noise .
Source Equations
rp.'z']E + (m]z'1-1)D - m.‘z']P.| = myP, , h
E (e + (-0 - 27Ty -y = 0

1

P =0+ Py
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TABLE 3.18

| , A
ROUNDOFF NOISE TRANSFER FUNCTIONS (NETWORK N) ’ » ' I
Yo . - .
Sga:‘ze Equations | 1
{
| }
’%E+kﬁ+k21 miPy |
s
|
(-kg=1)E + kqD + k4Pl - Q=0 !
Pr+d =P+,
7/
Fo. (1-kg)F + kyD + kyPy = @y = 0
f Predy =P+
¥
| ;
Yo [ X 3
where ) i
(m]'m - ) i
; Ky = (-mz=2-1) ] 2
1 1 z+m . !
T { N 2 .;
(m MLZ ) I
-2 Mol My 1 ;
kg =27m * Z¥ 7,
‘Q -2 mz(l-z 2)
kg 7 21 -
/
d : e, mz'('l-z )
{




The roundoff noises produced by the other scaling multipliers'can

be determined as follows:.

o
From Fig. 3.30, the following relationships can be derived:

W}"E—»’:‘Tr;'“?- s T (3.99)
/ q ,
s B ,
N{ - Af? ‘E? 2 G =2, saey 7 (3.100)
q <
where - S » o,

A, B, f; aqd’f2 are determined as follows:

. ’ \ . ' i
‘ A bylq-1) + Bay(g=1) = 0 (3.101)
1 ‘ e u
aq = 1Y . (3.102)
( X big = 2" | (3,103)
. th

Hence the output noise PSD due to the g— sca11hg multiplier Sq is as

follows.

i

5psgl ™ =s(e3“)[|N (D17

' The output noise PSD due to the scaling muitiflier 1, is as follows:

231
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Syrq(e‘m) = Si(ej"T)[lﬁEq- (™))%

The above method of roundoff noise analysis can be applied to

the HP filter STWDF II A structure of Fig. 3.31, where r g
L ‘
rq= Sq [ q=2’3, ecay 7

For the purpose of roundoff noise analysis, X is assumed to be O,

Consider the digital two-port le. By the multiplication of

chain.matrices, the following relationships are derived: e
/ / , ’
- ~ - -
X i Myl 32
e | | AT B y
/ .
. ' N - N [
.. byo Mz M2 Y. x
| 222 V2 12 0 : oo
r L - b
- A * -
X M3 M3 28 »
/ - )
v /
L M3 <3] | Pis
ap Mg Mg L —
' ' 1 R R P 0 L o
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: Therefore, - ) ' , C I
t ‘ ’ / ,/
| SR Hypdgp * Aqbyp = 0 (3.104) f
/ \::: N ’/; ’ |
S\ 7 , - - . ' ,
;, ‘ b22 u.le +/ (3.105) 3
/s . ‘
\‘\ , ;t\ ~ ;322 = V12Y Lo A ‘ . $30106)
E LA EL R (3.107) !
./ ’ — , - .
’ i . a]] = u-l4Y h . (3.108L
. L A ‘
Ny, /15 the digital two-port Np. Consider the noise source e](n) of Np.
. Co From Table 3.17, the following equations are-obtained: D
) / ) ,
: My 2" E + (<14m z"])D .
, 12 nat % - |
: e My,2 Py =y, P,
127 P T2 % /
' A A=z P -g 0 :
% (e + (7D 174 '
z | 0 . S - P
i o S LRt rR, . . 7i>
i * Note that for le, . ' : 8
Py =3
L U =bp
/ Q; = byp ‘
- P2 = 22
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Therefore,

Let

M2

(z°

71

—

Lg+ (-1)p = 2

1

A ¥ By =t

E=fp

D=fpY
gy = f] Y
by, = 5 ¥

299 * by

2

2-1-1)D - m-‘za-‘z =c m-lz Z-

(3.109)
(3.110)

(3.11)

(3.112)

(3.113)
/

(3.114)

(3.115)

By substituting Equations (3 105) ;(3.106), (3 112) - (3.118) 1nto

obtained:

m]zzf

nfr *anfe =

o

=1.4v¢ -1 -1
SZ/ '])fE+ (Z "1)fD= Z \)-lz + ]J'Iz

RIS PRRC T

et

]

' Equations (3. 104) (3.109) - (3.11), the foTlowing re]at1onsh1ps are




- -

| Solving Equations (3.116) - (3.119) simultaneously provides fE.
" From Equatiof (3.112)

1.1 .
) HE = F ‘fE ' ) (3.120)
Hence the output noise PSD due to my, is as follows: ' -
€, ' s
R P G IR (TR UTE
.\. R -

b =

Consider. the -roundoff noise p}oduced by ¢. From Fig. 3.31,
/M, + $a18 = b]8 C . o (3.0121)
- , _ _ Y = §8 I .- (3.122)

From Equatibné (3.107),(3.121) - (3.122), the following transfer function ¢

can be derived: ¥
' Y __ SgMs R
' My = M3 g L
/ ~ / “" © .
Hﬂn;é the output noise PSD due to ¢ 1is as follows:: _ .

| oy g
SEMCORRICRRG bl

The noises produced by,the"sca]ing mu1t1p11ersrare as follows:

+Consider the noise produced by Sy. From Fig. 3.31,

/

b e e

et f s

D



‘where Si(eiwr) is the PSDyof a single noise‘source. andvsy(ej"T) is the

| = 237
/ ) .
M-] = a]] (3.123)
j U .
From Equations’ (3.108), (3.123), ’
> Yoo 1. ’
o Wy

Hence the output noise PSD due to S is as follows:

) JWT_ )

51 (&) = sy (ML)

From Fig. 3.31, thé 6utput noise PSD due to §3 is as follows: 3

ij) !

The roundoff noises due to the other scaling multipliers can be evaluated

~ by using Equations (3.99) - (3.103). , | " { -

4 M)
3.5 COMPARISON .
N 8 . ,/

' “The cascade canonic, SFWDF, GIC and STWDF structures ‘of the four
filters as specified in Sect1on 3.2 are sca]ed according to the theory
presented in Section 3.3. The output noise Relative Power Spectral
Density (RPSD) of each structure is computed as-follows: |

“ N S (ejWT) . .
RPSD = 10 10910 { }
! ’ 1( )

Y . ’ >

W




tota1‘outgyt noise PSD due to all the multipliers of-a filter structure
which is computed according to the theory presented in Section 3.4.

The RPSD curves of the eight STWDF structures for each of the’
"four filters are as shown in Figs. 3.32 - 3.39, By considering the pass-
bands of the RPSD curves, the optimum STWDF structure for each filter is

.chosen as shown in Table 3.19. o
y ‘,’ ‘ ) r“

The optimum structures of the cascade«canguic. GIC and SdeF are
used to compare with the SFWDF structure of the same tiltert The RPSD |
’curves of the cascade canonic, SFWDF and GIC structures of the BS and BP
filters, in Figs. 3.42 and 3,43 are.reproduced from Ref. [12].
considering’ the pagsbands of the RPSD curves in Figs. 3.40 - 3.43, the
fol]owtng comparison can be made from' the poiut of view of product quﬁnti;a-

‘tion., ’

For the LP and HP filters, the GIC structure is the best cho1ce
wh1ch produces the: 1east amount of roundo%k noise in the passband The
" STWDF structure is the second cho1ce. The least preferred chaice is, the

cascade caﬁonic structure. N ‘ ;

For the BS f11ter, the STWDF structure is the best choice. The °
*‘GIC structure s the second cho1ce The Jeast preferred chaice 1s the

ISfHDF structure. . o _ r
< :
for the BP filter, the STWDF structure is the best choice. "The
“cascade canonic structure 1s the second choice. The 1east referred choice
is the SFWDF structurer \ \\\ |

’ % . I N
Table 3.20 summarizes the comparison.
% .
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TABLE 3.19
STWDF REALIZATIONS (MINIMUM ROUNDOFF NOISE)

Realization
Filter (Minimun Roundoff Noise)
HP IA
Lp - 1B
BS I8
BP IC
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T .3 1 201 |
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"R A R 1 2(118) ]
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3 4, L2 1(18) - i i
f { ? . R -
2 4 i e 3 1“?)‘ v
- i } ‘ 2 T ' - ’ '
1 1 M?n'quﬂm roundoff noise, . ~ : . ,
., . . . . - ° ¢
2 ‘Second to minimum roundoff noise. - S : .
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. «2 EONCLUSIONS

- and 1n two s camplement number representatwn Quantization is by rounding.

o

- .

2

Four filters (i.P, HP, BS and BP) have been. realized in four types

of digital filter structures namely, the cascade canonic, SFWDF, GIC, and

STWDF..

The network stmctures have been scaled using Jackson's method of scal-
ing [28]. . The effects of product quant1za0tion‘errors have been studied
by computing the RPSD of each net’\york' $tructure .
RPSD curves of ‘all the network structures uhich realize the same filter

are compared from the point of view of product quantizatiori.‘

For the LP and HP f11ters the GIC structure is the best choice
which produces the Teast amount of roundoff nolse in the passband The

: STNDF structure is.the second choice. The cascade canonic structure is

o & . . .
the least prefe.rred choice,. ) . , \ i

&\
~ ' ' @g(‘? L, Yot
For the BS. fﬂter, ‘the STWDF structure is the best cho1ce. The

1s the second choice and the SFWDF structure is the Teast

-

I
structure

arred choice. -_ | -
¢ ‘ - ."( *

‘ For the BP filter, the STNDF structure is the best choice.\ The
R

¢ - ‘ -

1]

"'the BS and BP filters while the GIC realization jprdduces minimum roundoff
- - o . - J
" noise for the LP and HP filters,

-The filters are assumed to be impTemented in fixed-point arithmetic.

The passbands of the \ '

Hence, the STWDF realization prpchc’es minimum rgundoff heise‘ for .
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CHAPTER IV

RUCTURES WITH RESPECT TO COEFFICIENT

QUANTIZATION
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CHAPTER IV . L K

: COMPARISON OF THE STRUCTURES WITH RESPECT TO COEFFICIENT
L . . QUANTIZATION :

4.1 INTRODUCTION

A When a filter with prescribed spec{fications is rea1ized by a
.djgitai filter structure, the coeffiqient multipliers are usually evaluated
,to a high degree of accuracy. If'the digital fiiter struc;ure,fs implé-
mented on a piece of dedicated hardvare, the coefficienf‘mu1t1p1ier;

are usually quantized to a limited wordlength; and thus thé_PerforMance

of the digital filter will be degraded.

‘

For example, consider the optimum cascade canonic strucfyre‘of the
ﬂ? filter of Section 3.4.1 which is as shown in Fig..4.1. The values of

the coefficient multipliers are as follows:

n

u




~—

s

*
H
14
.

.
N e e

The values of a7s b

1 b21, b'|2’ b22’ ]3 and b23 are as given in Table 3.2.
N1, N, and N4 are the second-order cascade canonic sect'lons as shown in
Fi,: 3.7(c). .'2

Fig. 3.1(b).

..he Tirst-order cauade canonic secticn, as showr. i

The transfec function of the cascade canonic structure can be

x_\‘

expressed in tenns of the coefficient mu1t1phers as foHows

H(z) = flz,myqamyy, Myps Mygs Mygs Mygs Myy)

\
4
Hz) = 38 - (n AT H(a) (8.
. where )
» Co ‘ Y, =1, -2
Hilz) = pb = LBt 2 e 1,0
' 1 - MygZ = = Moy
_ (4.2)
Y -1 ’
Hy(z) = 2= =2 : (4.3)
: R R P '
5 _“ :
Suppose the coefficient mu]ﬁpﬂ'eh are quantized, then the transfer
" function of Equa‘t‘Ion' (4.1) will be degraded as follows: ~ ~ T
Y

>

5 4 ,
Ho(2) = (1£i A*)(i§1~ﬂ;(2)) (4.4)

l
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: - where' "

. ! 1 2
Hi(z) = —& 2'z -z 2 1= 1,3,8
1 - m] L2 - mz,‘z"
: . 1 - 1 : .".-.l j

\‘ ) Hz(z) b

] - mi 22-
mi], mé], mié{lmi3, mé3, mi4 and méa are the quantized’coefficient

( . multipliers.

The frequency response of)the degraded transfer function of Equa-
tion (4.4) will be different from that of the transfer function of Equa-
tion (4.1). The degraded transfer function may produce a digital fi'lter which
does not sat1sfy the prescribed specifications or may cause stab1hty
problems. The effects of coefﬁ cient quantization can be examined by the

exact wordlength method, which is ‘described briefly as follows [1]:

Suppose the transfer functmn of a digxta] filter with the pre-

scribed- specif‘lcations 'is H(z), and its frequency response is as follows:

H(e‘ij) = M(w)e‘jb(w)

"' where

M(w) is the amplitude response without coefficient quantization.'

The effects. of the coefficient quantization can be examined in Fig. 4,2 [1],

A

where R , ) . ‘

'MI(w)/ is the 1Jea11zed amplitude response,
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' = ..
MQ(w) is the amplitude response with coefficient quantization,
\
ap "is the passband tolerance, and ' »
£

, ' %a is the stopband tolerance.

The ‘coefficient quantization error, &M, is as follows:

‘ ! " AM = M(N)-M )

From Fig. 4.2, Aﬂmax(w) whith/is the maximum allowable value oﬂ,gjm:>>

]AMI, is as follows: { g

o dp-IMW?-Mﬂwlfmzwiwp
, AMmax(") = | . (4.5)

1 60 [M(w) - MI(w)l for w>w,

The specifications of the digital.filter are met if

o

W ' (4.6)

L b lAMl <ﬂMmax

'By intreasing the coefficient wordlength and computing the corresponding
values of |aM|, the optimum coefficient wordlength by which Equation (4.6)

is satisfied can be dete:mined.

Another approach to compute, the optimum wordlength 1is the statfs-
tical wordlength method [29], [331, [34] The method assumes that the
digital filter is 1mp]emented in fixed po1nt arithmetic, and coeff1c1ent

quant1zation is by rounding. Hence, the cdéfficient quaytization errors can.
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be assumed to have a uniform probability density. The details of this

method are discussed in Section 4.3 of this Chapter. ,

%, | o {

The present thesis computes the statistical wordlength requirements
- of the four types of realization for the filters as specified in Section 3.2.
» Only the sensitivity of the coefficient mu]tip]iers is considered in the
compdtatibn of the statistical wordlength., The sens1t1v1ty of the sca]1ng
mu1t1p1iers is ignored because they produce only uniform shift in the

amplitude response. * Specifically, the topics are as follows:

Section 4.2 discusses sensitiv%tf analysis, which is required in

order tb‘compute the statistical wordlength. Two methods of sensitivity

analysis are discussed. One is the adjoint method, and the other is fhe
- approximation method. The adjoint method is used in the present thesis j . "%
to compute the statistical werdlength. "The approximation,method‘is used '

to confirm the results produced by the adjoint method. The adjoint method

of sensitivity analysis utilizes the transfer functions which are required v {}
for the roundoff noise analysis of the coefficient mu1tip1iersﬂ If the _ g%

adjoint and the approximation methods of sensitivity analysis produce '§

<

v
TACER AL rup iy, Tomyggeten ﬁ*‘-ﬂf’?ﬁb«‘(mﬁﬁm’ww&~vﬁ S e - L
. f
A

almost the same résu]té. then the roundoff noise analysis of the coefficient ?;J

muftip]iers is confirmed to have been performed correctly. A discussion-

of the sensitivity analysis of the cascade canonic, SFWDF, GIC and STWDF

structures then follows. l .

' The details of the staegstical wordlength method are discussed in N
Section 4.3. The statiseieal wqrdlength reduirements of the cascade canonic,, i
SFWDF and GIC ‘structures of the'LF, BS and BP filters have been evaluated
g {111, [12}. The statis£1eéf wordlength re?uiremenis of the STWDF structures

-
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N -
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of the LP, BS and BP filters, and of .the cascade céhon?c,'SFwDF, GIC and

STHDF structures of the HP filter are evaluated in the present thesis.

’
i

The curves of the statistical wordlength for the four types of

"~ realization of the filters are evaluated. By considering the-passbands qf

the curves, the statistical wordlength requfremenis of the four types of

realizafion foy each filter are compared.

o The adjoint method of sensitivity analysis utilizes the transfer
functions which are required for the compkfat1on of the output no1se PSD
of a filter structure. Comp]icated computét1ons are required in arder to-

o

compute the output noise PSD produced by the scaling multipliers of

the SFWDF and STWDF structures, as shown in Chapter III. The sens1t1v1ty

ana]ys1s of the sca11ng mu1t1p11ers of the SFWDF and STWDF structures by

L; the adjoint and the approximation methods is discussed in Sectidn 4.4 in

order to .confirm the roundoff noise ana1y51s of the sca11ng multipliers.

If the two methods of sensitivity analySms produce almost theui;;;\FEsglts,
then the roundoff noise analysis of the-scaling multipliers is confirmed.
The sénsitivity of the scaljng multipliers is not considered in computipg

)

the statistical wordlength requirements.

4,2 SENSITIVITY ANALYSIS t

Let the transfer function of a digffal filter which has N multipliers

" be H{z). The sensitivity of the myltipliers is as_follows:

AT (€3 R I I S

LTS - R

iy ]
g




my is a multiplier,
g? ) | ' ‘ . ' .
_The digital filter is as shown in Fig. 4.3. The sensitivity of
“ ‘ [,
the multiplier m; can be obtained by the adjoint or transpose method

as follows [1]: - / ) . L

. R T (%)

where

t

HBi(z) is the transfer function from the input X(z) of

i

the digital filter to the input of the mu1tip11er‘m1, and

He, is the transfer function from the output of my to the
output Y(z) of the digital filter.’ |

o

The frequency response of the digital filter is as follows:

r

. A
H(ejWT) = M(w)eje(W)
where’ _
Mkw) is the amplitude response, and
8(w) 1s the phase response. .
& .
iv ~ The sensitivity-of M(Q) with respect to variat1pns in m1[Ais as
. follows: S e
| n o - : 3 ~3; L
’ - s My T el
' ' My am o, X : ‘
i ) LT BN |
\ ' i , ‘ . , / ‘ hY N [y I( ,
’ / ‘ . hd \ — L N ‘7
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It can be shown that S" can'be computed as follows[1]:——

1mj o : {
. . sg = cos [o(w)] Re[S] (e%T)] + sin [o(w)] Im[sg{(e?“T)] . (4.9)
i 1 : , . _ .
where . ' \
srn (eNT) - st (2) T : (4.10) -

. i |z =¢ ﬂ . : ;

0 . A . ’ " a ) * \

) Hence Smi can be Eomputed by using the adjoint method, Equations

(4.9), and (4.10).:

a o "

The other appréach to compute Sm1 is.the apprpxjmatjon%method, !

kY
which is as follows: |
s
/ - M (w ) i « \ .
o ’s | l L - ,‘| , o)
X ‘ S,
4 l 1 @ / - .
where ’ , RN
M(w) is the emplitude response wjthoht variations in my,
“"M'(w) 1s the amhlitude response resulted from decre
B ' O is tﬁebsize of the decrement of m,.
v ‘ . : ¥ :
4 : o ¢ -6 ° }
. In the present thesis, am {s chosen to be 10' K ‘ T

The adjo1nt method is the exact method ofﬁsensitivity analysis which

.

. is used in comput1ng the statistical word1ength requ1rements of a digita]

filter structure,

. Jr
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o
v

)

_ed, The foHom ng shows the method to compute the S

‘in Fig. 4.1, The transfer function H(z) of the structure is as shown in

“ 1 la s o s
S .:a*rar.;};%;» P s o
T Sas N
. T

G

The appr‘oximation method is used to confwm the. adJomt method of‘,-seps1tivity

analys1s and the roundoff rioise analysis. of the coeff1c1ent multipiiers. .

\
The absolute values of SM1 of the coeffrtient mu1t1p11ers computed by ‘the

‘adjoint method are found to agree with- those computed by the approx1mation
method for the s1x most s1gmf1 cant d1g1ts for the four typesqf rea'l1zat10n.

_ Hence, the results obtained by the adaoint method of sens1t1v Yy ana]ys1s

i

and the roundoff noise analysis of the coefficient multipliers are confirm- L. g

# s

of the coefficient .
multipliers of the four types of realization. The l-‘P filter is used as an

examp]e. The sensit1v1ty analysis of the other three filters has been

Al

perfog'med simﬂar'ly . ) , '

© . 4,2.1 Cascade Canonic Structure - : .

. e . . o

1

i
- ¢

The optimum cascade canonic structure of the HP filter is as shown,

Equation (4.1). The circuit of N, is as shown in'Fig. 4.4. Consider the

sensitivity of the coefficient mul tip]ieh mygs which is calcutated by‘the‘ ] C_

adjoint method as follows:

Sh3(2) = (i (2)igg(2)

(\]AgGe4(2) ~H4(Z))p ) ’ . (4:12) .

. where-

s
B
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FIG, 4.4 HP FILTER CASCADE CANONIC REALIZATION
SECOND-ORDER SECTION : : "
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4
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3
|
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]
B
; 1
R \J
e .
LR
% ;
;

\ . S ST e
LY “’
S . R
i) g_z)) z 1 g e (a3
U o T -mpg2 - Moz o )
N \ ' ' !
- ‘ ¥ (z) -1, -2 ,
, ‘ - 1-22 +2 L :
- - gl F @ T T o (4.14)
-~ . 13 23 ,
C . . :
and: . \ ‘ , .

H.I(z), Hz(z) and H4(z) are as given by Equations (4.2) and (4.3).

r -

! \
The frequency response of the structure can be obtained from

Equation (4 1) as follows: j\;
. < i
i - . P . §
© H(e'™'Y = H(z) . , 2 ’
> . s = o7 \ - . B} %%
Therefore, / i
.5 4 e .' -
(e Ty < (a2 Hy(eh) (4.15)
: 'i=1 1=] ' X .
N ey < et S (a.18)

N
‘ _ ’

L
After the values of e(w) and 5213(;) have been determined,

SM1 can be evaluated by using Equations (4.9) and (4.10).' - )

¢ ' ®

S: can also be eyaluated by the approximatioh method. Let
13 )

o E} a * /

]

m = 10°%

5
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! .. . ,
% - -
; The coefficient multiplier Mg is replaced by mi3 _in Fig. 4.1. ' The
\E, .. , . . . , v
oo ._degraded transfer function of N3 is ag follows: .
# , { { , »
) - X -] -2 . .
Hi(z) =22+ 2 C L (4a7)
N ’ 3 1 - m} .. M.z . ;
[ . . 13 23 T
3
™ i [
— l jw _ N ,
| H3(e ) = Hé(z) {“: eJWT c .({.18)
. ‘
. The degraded transfer function of the digitajefilter is as follows:
5 ,
1) o ]
H'(z) = (121 A1) H](z) H2(z) H3(z) H4(z) (4.19)
‘where -/ -
Hl(z), Hz(z), and H4(z) are g{veh'by Equations -(4.2) and (4.3), and
| | .4
3 . Hé{z) is given by Equation (4.17).- / - .’
=f ~ S ‘
:é) -
i ‘The frequency response of the degraded transfer function is as
& - follows: *
‘éi . .o ’ 5 ) /
H (e = ()| . :
k ; ‘ | 7 = erT
5 . .
2 ( A1)H](eJWT)HZ(eJWT)Hé(eJWT)H4(eJWT)
=1
sal
: / - = Ml(w)eJe (W) (4"-20)
© L —

Then s*  can be computed as follows: .
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, sh| o= ﬁﬂ1L75§Liﬂl - (@21) 3
13 , - 4
¢ . | ,:‘ :
N, where b
: > am = 107 §:
N L - . g 5
, \:ﬁdn : S S
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13 ' ( , ~ © i
M(w) is as given by Equation (4.16). The sensitivity analysis of

the other coefficient multipliers has- been perfo?med'similar]y.

& 4.2.2 SFWDF Structure

4
Cons1der the coefficient mu1t1g11er m1] of the‘f1rst adaptor ) ;//‘ )

(S] adaptor) of the HP SFNDF structure of Fig. 3.21. Let the transfer -

funct1on from the 12put X(z) of the filter to the input- Al of my, be Hg.

From Figs. 3.3(a) and 3.21, HB can be derived as fél]ows:

\ ’ b !

i . e ¢ /
Hy = 5 Hy (Fpp=1) (4.22)
where ) ’ .
H and F, are as defined by Equattpn (3.35) and can be eva]uated by .,
. star ing from the output of’the filter and apply-
, ing Ezuat1ons (3.27), (3.28), (3.30) - (3.32), (3.34) /
j | , and (3.64) repeatedly. ‘ ' . .T)
- Let the transfer funct1on from the output of ™ to the output
Y(z) of the filter be HF’ which is as follows: /
HF = FE1G1 : ‘(4.23)
'] ‘ ’ - ) /
- ' /
- ;o ) .



- Fgy ahd 6, - are.as given by Equations (3.62) and (3.65) |
' ‘ ‘i espectively.
. V °% ‘ . /" ' *y

e /
_Let the transfer function of the SFWDF structure be H(z). After

HB and HF have ?een detérpQgedr 52]1 is eva]uatg&_as follows: '\
. ) |

1
)

. ‘.‘] H .= ) , ) ) . ' -
/ | ‘ Sml1 HB HF o '(4,24) |

I'd

-
-

The transfer function H(z) of the SFWDF structure can be expressed

e ,, !
as follows:
' P} ~
1"‘ ' Y(z 8 ‘ .
- : - H(z)= 55 = (1 s)( 1 Hy(2)) (4725)
) =] i= .T
:. N . ~ * . - f
' ! i °
" 4 ] [
g /S R ) 7 o o4
'Jlr H(ejw.r\)' = (.;[y S'I)( H] H1(ejWT)) . /
i 1 F
g ‘ = M(w)eje(w) . (4.26)
é‘ where ' -
! Hi(z) is as defined #n Equation (3.25) and can be evaluated by
; -
}Aﬁ starting from the output of the SFWDF structure and
applying Equations (3.27),(3.31) and (3.64) repeatgdiy. :

After 'Sg and o(w) have been determined, Sm11 can be evaluated
N -
'by using Equations (4.9) and (4.10).

C Sm can also be evaluated by the approx1m5tiontmethod. Let
- M ’ : '
'\\.4 . "',

.
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\ . — . 27]

4 ". ! MI
; , .
' = ' = . - . / . o ‘ . ) ’
\ — S F L B . - .
v ' . ) . ¢ ' ° | R ‘ .
£ - ‘ : ! |
o ) . ) ’ : o \} Am7= :Io-s \ . ' o E
/". . ' 1 //Q -v’ ’ o ) T ’ ‘
) . Replace m,, by my; in the first.adaptor of Fig. 3.21. The resulting ,
. | degraded t:.ransf'er func-tj'on is as follows: - o ' ‘ _ ,
/// -» ' ‘ . . 8 7. ‘ < .
T H(z) =o( 1 s)( 1 Hi(2), N (a2
- | / =1 1 4= o - «
/‘ g v dwT 8 7 IwT B ' A
. H'(e™) = (n s n Hi(e™)) .- : i
. /=1 i=1 o - TR
- . = , s " i \
* . /. o T = M (w)ed? (w) R (. 2¢'2:) 3 1
-~ oo - N ) : ‘
. where S T \ 3 . - @
/ , ] ‘ , i
H,‘i(z) ‘can be determined by starting from the output side of . oo
r ' . . .. - the digital filter and applying “Equatllons (3.27), -« |
1 ' . L Iz 1
- ’ . (3.31) and (3.64) repeatedly. ' :
. Iﬁ applying Equations (3.27),°(3.31) and (3.64), all the required’coeffi"cient
;- multipliers with the exception of My which is _rep’l.aced by Myps 3N
T , same as those in Fig. 3.21. ° L
" 3 R . ( '
.o M . . o
- S can be -determined as follows: ® ‘
m-|~| 4
} < . s u . . - f
g ' - L

y ' e . - )
; Mw) - M'(w . S , .
. ! ,99.29 ‘
. N . Am . . .. / ) ‘ y
, v R N ; , S // . -
] « . B . ) A o i -

L . '
The sensitjvity analysis of the other coefficient mu}’tiph’ers of

the SFWDF structure has been ‘performed similarly. -
T - . : . . B
. : _ D
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. e 4 Il
o 4.2.3 GIC Structure 5
S ’ u’ “n .

Considen\the coeff1c1ent multiplier m]? of the HP section N, of the

X 5
opt1mun GIC structure of the HP filter as shown in Fig. 3.23.

transfer functions can be:derived from Fig. 3.23, Ref. '[1], and Equation (3.38):

The following

/ | 0 et ' |
14m,,) (z-
(2= 5 = 5 e — 7
DT 2t mygmpgdzik (Tmygimag) '
' ) -0 ' ¢ .
N Ty - u e _
S H(g)=peEol . - f
-2 2 2 * My
, . ‘ . J J
v () (nE
Hy(z) = 5= = - '
f n R 2+ ("‘12"“22)Z b (T4my ptmap) L ,
’ i : N (a00) o
: 8 () (z-DE ‘. ‘ ‘
l S AL A ol
F ‘:M R /4 4 ( ]4"‘“24)2 + 1+m-‘ 4"?1124
» . e . - @
0 - 42 OIS |
E ’ 0 "2 (g rgg)g/ (M)
. N ,. ‘ . /‘.\ ’ . , , y L4 ¥ 1
- . Ys ' (241)(z-1) ’ i
’ T ° GF(Z) s = 2 3 : ~ ",
\ 2+ (mypmpp)z + (,1*?“12“22) " . t
5 where __— ) ;
,*) B {s the fnput to my,, and ! i
- "/" . ' i 4 ‘ .j
” F s the output \f my,. L ’ L0
f » _' ' The transfer functién of the GIC structure is as fol\ows:




/

3
] The sensitivity of my, can be computed as fo]lows:
o /
v H : :

-~

After o(w) *and s have beeniéetennined, SM
, M2 : LV
using Equations (4.9) - (4.10). '

—

can be evaluated by

The approximation method is. as follows: .

. “s . ' B '
. \ia\ Re&]ace LIP of N3 1n'F1g. 3.23 by My o gs fo]]ows:A :

{
v - I

Tg = Mg = am

‘am = 10°® q ’ Co )
- Do\ ()1
H3(Z) == T T
— . ~ [~3

The degraded transfer function is as follows:

i

N
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Ggtiome
E
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'TR ] 5 " ! "' . ‘ >
H'(z) = (n Ai)H1(;)H2(Z)H3(Z)Ij4(,Z)

. ) ' i=1 .
L . “ ‘ ‘ . .
f A /. L] v

)

oo b B . .
hee™Ty = (oo )k (e T, (e Ty (eI Ty (3% T) L
1
= M (w)ed® (,W) ) (4.34)
1 ! . . :
Sm1 is computed as follows: . ‘ .
2 ) N
. > g “ -
- - SM b M(W) -‘M|A(V_J_)‘
- m-lz N Am o \
The sensiti\‘/i,ty, 6f the other coefficient multipliers has been ‘ ﬂ 1
B f . 'j; '
‘ determined similarly. - ] ,‘
. 4.2.4 STWDF_ Structure N
‘E - ) ”
] Consider the coefficient multiplier M of the optimum STWDF IA *’5
3 ‘ structu?;e of the . HP filter as shoyn in Fig. 3.30.- By the multiplication
i of the chain matrices, the following relationships can be derived: ' 1
§ ! ! : 4
k4 ¥
; T 3 i
ook vl [V
L0 L Vo1 <" L0 , =
- T . o ) '
2| - M2 ‘92 Y
- | : | . ,
P12l . Lvg o Kgpd _? -
RN . J
|
| pe
/ I &
! _:‘{;{
/ W, 2.
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i

-

] _ S|
/ 7
213 Moy ¢ Ag3
b ) ' f

13 V23 K2

/ - ;
Therefore, ) )

/ o

From Fig. 3.30,

2% B30z Gt

Id

(4.36) |

N, is the digital two-port NE‘ From Fig. 3.30, Table 3.10,

Equations (4.35) and (4.36)

Ty may 2

A .
2 Z-m~|2

B VA W A
’ Z - m12

where

A2 is the input to my 5

Therefore, from Equations (4.35) and (4.37),

S o e Sm ek o
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. ) A -“22 - T3 gt j
, Hy = = . (4.38)
. B ' X P2-|(Z"m12) . \ .
Let the transfer function of the STWDF IA structure be H(z). The
sensitivity of m is as f611ows: |
b 12 J
. H ) ’ - N
- - , S =H, . H , . S
. ) Mg, B E - S
' . ' -3 -
where !

‘ HB is as given by Equation (4.38), and

- .

He is as given by ﬁquation (3.93).

)

« “ ,’ .
The transfer function H(z) of the STHDF IA structure can be =

** determined from Equation (4.35) as follows:

: . Y1 . i
i b v, H(z) = = ‘
LY | <
; .
! H(eMT) = mwedt ™ T (4.39) N
4; ‘ ’ - ' “ ' J ) ]
%/~ ) After Sg and 8(w) have been determined, 521‘ can be eva1ua£ed by using- |
. 12 . 2 ‘

Equations (4.9) and (4.10).
. - o
SM can also be determined by the approximation method. In

. A‘ m
: 12 ‘
/ Fig.'3.30, replace my, by mi, as\fo!]ows: . ,
f g N ) ‘ ) A . ' r ]
) . Mg =M - om o ,
- | ) - | ‘ N
S ’ : Am =10 6 | I i
g . , B
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0

I ) ] ,/ 5, * ’
By the multiplication’of the chain matrices. of the digital two-

ports, the following is obtained:

. )
] ]
X M1 A1 Y :
g = 1 i [
, 0 o Vz'l Kz'l 0 /_’ i’
Therefore, !
] /.
X = uz] Y ~,\ - R . (4040)
\ ' 1
. p .
Hence, the degraded transfer functiar is as follows: o .
v
H'(Z;<\f v = T
: X. , u21 .
| Hl(ejWT), = ’M.(w)eje'(W) ) - | (4.41)
- . Therefore ‘Sg' can be determined as follows:
e :, "2 .. ?
M ~ {M(w) = M'(w) °
Mol ~ AM

S,

The sensitivity analysis of the other cbefficient multipliers of

2 : .
Realization IA and of the other seven STWDF structures has been performed

similarly.

4.3 STATISTICALQNQRDLENGTH COMPARISON

Consider a digital filter structure which has N coefficient
) A #




”~
\

mdltipliers Mys Myy oepy My. The transfer function of, the structure is

H{ z) and its frequency response is as followe: - .-

< “

i(ed¥Ty - M(w)eje(w) . 7
The sensitivity of a coefficient multiplier m, is gg;/ and it is cemputed,

. by the adjoint method. as shown in Section 4.2. St is defined as .follows:

*

{ . - Vv

S / IR | §
) w St=7 1 (S) (4.42)
LRI L SR

S

. [ ¢
In implementing the digital filter stru ture, the coefficient

. : .. o 5
multipliers are usually quantized.t8 a limited wordlength. ~Let L(bits) be .
:the required wordlength which can accomivdat e largest magnitude of the si |
quantized coefficient mul}id11ers. o A _ ' ?
. Refer to ?1g. 4.2. The coefficient wordlength problem is to-find . '%
. - * < P
an L $uch that . . ' - - ' L. :
o ’ - f\\“ 5°
oM < oM cbw)-. ‘
and hence the specifications of the f{lter aré satisfied. e o J
; ‘}4‘ . " o . . . ' " .’
One way to obtain the requ1red word1ength L is by the statistical o L

wpr&ﬁength approach [29].. The sensitivity of the scaling multipliers is -, . -
ignored in computing the statistical wordlength. The digital filter ’

structure is assumed to be 1mp1emented in fixed point ar1thmet1é and coeffic-

ient quantizat1on is. by rounding. o . .
4 + @ , * '

]

, The coefficient multiplier without quantizat10n~;én be represented -

~

as follows: ', o ¢




mi,

Qlm,] + am, S - (4.83)

.

Q[mi]\ is the quantized value of the exact coefficient
multiplief m; s and B

j am, s the coefficient quantization error. LA .

¢
~ . i

The quantized va1ue of theQargest coeff1c1ent mu1t1p11er magni-

tude can: be .represented in binary notatwn as follows:
. , ‘J' / 4 i ‘. ) . Pe
Q[max|m, |] = I b;2 : (4.44) v
" where s i S . : . g
b, andb ,# 0, and y 7/ - '
J "K j | o
! . ' ' ' . ’/’_\"“**’v\.\.{fr/ : , %
‘f J is chosen such that the hrgestcicbe{ficient multiplier %
3 . magnitude- in the digital filter Structure is within % |
; » ) ‘ T ‘ ' ’
i _ . the range # and 'Y, /1 : o \ . 3.
1}; ‘ t . - ) B ) . . ) -g;' 1‘
o ,Tab'les 4, 'l - 4.4 summ&r‘lze tie va1ues of J for the four types of realiza- . - il‘ |
: . t1on of the four fﬂters " Then the required wordlength L can be computed . '
- ' s : T
\ , a | follows: v ﬂ )
o - + A LY .
U . Leasd+K ’ (4.45) -

The extra sign b1t is fiot included in the required w'ord]g_ngth L. :

®

- B ;

_The pr abﬂity dens1ty of the coefficient quant'xzatwn error

Lo &M, ma be assumed to be umform, j.e.,
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1 . -
. - for < A, < 9 -
;o o p(am;) = q _%. . ] 2 - (4.46)
0

otherwise

>

where : : (/K—“\\ ~

q is the guantization step, and is related to K as followss

, q = K. - ‘\\\//. - (4.47)

¢

. It can be shown [29], [1] that ,' BN :

\ A V ' - ’
™~ . | aM| 5:AMmaX(w) o ’ ‘

with a confidence factor y given by

’ ' ‘ M Ix . )2 ' +
g y=2 gl X2 g
Yo 0
v . ‘
provided that L. is chosen as follows:
’ - . ' x] ST
, L>Lw) =1+J+Tog, (4.48)
_lu/T? Mo (W) .
) . C .

where

- .L(w) s termed the statistical wordlength.

In the'present thesis, X1 is choseg to be 2, which corﬁespond§ tos

a confidence factor y of 0,95, AMmax(w) is chosen to be 0.02.

The curves of the statistical wordlength L(w) of the eight §fWDF
structures of the filters are evaluated and are as shown inyFigs. 4.5 - 402,

The curves of the statistical wordlength of fhe‘optimum STWDF structures as

i
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. . VALUES OF ¢ QF THC WP FILTCR STRUCTURES

Structure

Cascade Canonic

SFWDF ‘

éIc . . .
STWDF (Efght structures)

TABLE 4.2
VALUES OF J OF THE LP

/

FILTER STRUCTURES

Structure

Cascade Cgkonic
SFWDF

GIC )
"STWDF (Eight structures)
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e \ TABLE 4.3 .
. " VALUES OF J OF THE BS FILTER STRUCTURES
' Structure J-
, .
- Cascade Canonic - -1 ‘
SFWDF -1 /
GIC , . -1, .
STWDF (Eight structgrgs) -1
\
- TABLE 4.4 ,
) , VALUES OF J OF THE BP FILTER STRUCTURES - B
¢ . :
;! : / \Structu re J
i -
. Cascade Canonic . ¢ 0
. ] SFWDF ' -1
© GIC ‘ -1
f ‘ STWDF (Eight structures) -1 -
! /
, -
, e, / | o
‘rs.-‘l" 4
:%?ij ¥
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L
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/ SFWDF structure.

indicated in Iab1e 3.20 are usgd to compare with those of the SFWDF, the

'roptimum cascédp cangnic, and the optimum GIC structures of the same filter.

The curves of L 'qgsc ae cahonic,‘SFwDF and GIC structures of

the BS and BP \filters ofFigs. 4.15-4.16 are reproduced from Ref. [12].
By considering thé~pasSbands of the statistical wordlength curves of
Figs. 4.13-4.16, the fo]]owi7g comparison can be mage from the point of

view of coefficient quantization.

- ‘
For thelHP ff]ter, the maximum\va1ue of the statistical wofd]ength

L(w) is the Towest 1n the cascade canonic structure, second to the lowest

in the SFWDF structure, and the highest in the STWDF structure. The

average value of L(w) over:theqpassband is the lowest. in thé GIC structure,

second to. the lowest in the SFWDF structure, and the highest in the STQDF

structure.

For »fi]ter, the maximum value of L(w) is the lowest in the

GIC stfuctufe, second to the lowest in the STWDF structure, and the highest.

" in the SFWDF. The averave value of L(w) over the passband is the fowest‘ '

in the GIC structure, second to the lowest in the cascade canonic structure,

.

second to the highest in the STWDF structure, and the highest in the
. . X e

-

' ) 4
For the BS filter, the maximum value of L{w) is the lowest in the

- STWDF structure, second .to_the lowest in the SFWDF structure and the highest

in the cascade danonic structure. The average value of L(w) dver the lower
passband is the Towest in the STWDF structure, second to the lowest in
the SFWDF structure, and the highest in the cascade canonic structure. The

average value.of L(w) over the upper passband is the lowest in the GIC

—
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structure, second to thé lowest in the STWDF structure, and the highest in

L

the cascade canonic structure.
. \ /

! For the BP filter, the maximum value of L(w) is the 1owest 1n
the STWDF structure, second to the lowest in the GIC structure, and the
highest in the SFWDF structure. The average value of L(w) over the pasgi
band is the lowest in the STWDF structure, second to the lowest in'the;GEC‘,;

structure, and the highest in the cascaue canonic structure.

The comparison-of the statistical wordlength requirementd of the

four types of realization is summarized in Tables 4.5, 4.6. From the

' tables, it can be concluded that for the LP fi1ter, the GIC structure is'

the best chuice which is least sensitive to coefficient quantization. ‘The

¢ SFWDF structure is the last choice which is most sensitive to coefficient |
quantization The second choice depends on the criterton used, The STWDF
structure is the second choice 1f the maximum va]ue of L(w) is used as the
criterion. The second choice is the cascade canonic ¥tructure if the
average value of L(w) is used as the criterion. The third_ghoice\is the -
cascade canonic structure if the maximum value of L(w) is used as the

criterion. The STWDF structure is the third cho1ce 1f the average value

of L{w ) is used as/the criterwn i

~ For the HP filter, the SFWDF structure is the second choice and
the STNDF.structure is the last choice. The best choice is the cascéégiT
canonic structure if the maximum value of L(w) is used as the criterion. The
GIC structure is the best choice if the average value of L(w) is used as

the criterion.
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_significant digits. Hence, the roundoff noise analysis of the scaling
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For the BS filter, the best choice is the STWDF structure while !

the last choice is the cascade canonic structure.

For the BP filter, the best choice is the STWDF structure while

the second choice is the GIC structure.

4.4 SENSITIVITY ANALYSIS OF SCALING MULTIPLIERS

The ad§o1pt method of sensitivity analysis utilizes the transfer
functions which are ‘required in computing the oﬁtpu; noise PSD of a digital
filter structure.~Complicated calculations are‘reguired in order to
compute the outp:;\;;qse PSD due to the scaling multipliers of the SFWDF '
and STWDF structuré;. The sensitivityAanalysis of the scaling multipliers

of the SFWDF and STWDF structures by the adjoint and approximation'méfhods

+is performed in order to confirm the roundoff noise analysis of the

scaling multipliers, as shown in Chapter III,

If the two methdds of sensitivity analysis produée almost the
same rgsul?s; then the roundoff noise analysis of the scaling mu1t1p11ers
of the SFWDF and-STWDF structures is confirmed to have been perfonﬁe&
correc;fy. The absolute values of the sensitivity of the sca]ing multipliers
of the SFWDF and STWDF st?uctu;es computed by the adjoint method are found
to agree with those computed By the approximation method for the six most ?)
multipliers of the SFWDF and STWDF structures are confirmed. The
sensitivity analysis of the scaling multipliers of the cascade canonic
apa the. GIC structures is nof performed because the roundoff noise ané1ysis

of these scaling mu]tiplfers’invo]ves simple bomputations. The sensitivi%y/

. '
Y
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TABLE 4.5
STATISTICAL WORDLENGTH COMPARISON - MAXIMUM VALUE. OF L(w)

v

~ Cascade ‘
\ Filter Canonic - SFWDF GIC STWDF

HP o 2 | 3 4(1A)

-
7

LP 3 : 1 2(118)

BS 4 { 2 3 i(18)

BP _ 3 4 1 2 }(IC)

1  Lowest i 2 .Second to lowest

3 Second to highest 4 Highest

=
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. . TABLE 4.6
‘STATISTICAL WORDLENGTH COMPARISON (AVERAGE VALUE OF L(w)
"OVER THE PASSBAND)
Filter Cascade SFWDF 6IC STWOF
Canonic
HP 3 2 1 4(1A)
LP 2 4 1 3(118B)
Lower : .
Pass- 4 2 3 1(18)
band / \
BS - ’
Upper )
Pass~ 4 .3 1 2(1B)
band | | . i
BP 4, 3 -2 1ae) .
1 Lowest ' 2 Second to lowest ;
'3 Second to highest 4 ' Highest . . ' : 'f
/ L |
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of fﬁe scaling mu]tib11ers of all the structures is ﬁtt considered in

-computing the statistical wordlength L(w). The fo\ldwingﬂgbows how to

compute the sensitivity of the scaling multipliers of the SFWDF and STWDF
i )

structures,

. 4.4.1 SFWDF Structure

—_

Consider the SFWDF structure of the HP filter of Figr 3.21. The

transfer funétion’ﬂ(z) of the structure 4s as shown in Equation (4.25). *

The frequency response of the structure is as follows: {
. 8 7 . '
HEeMT) = (1 s (1 H (™)) (4.49)
L coq 1
i=] i=1
H(eT) = mw) o320 - (4.50)

Consider the scaling multiplier 52.' Let the transfer function

"

from the input X of the filter to the input 821 ofi s, be HB' From -
Fig. 3.21, HB can be derived as follows:

A\ .
- \‘\.JiBw: S.I H1 (4.51)
where
b o el
Ry
and -

H1 can be determined by starting from the output of the
structure and applying Equations (3.27),(3.31) and
(3.64) repeatedly, \ f /
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Let the transfer function from the output'bf 5, to the output - Y N\

of the structure be H, whicﬁ is as fo]]oWs:
. B ‘
- _22 ; ‘
where ‘
B . '
G, and —%g are as given by Equations-(3.68) and (3.72) °
2 ‘
respectively.

The-sensit1vity of Sy is as follows:

IS 2
After 52 and 6(w) have been determined, SE can be evaluated by -
.2 2 / ‘
applying Equations (4.9) and (4.10). ,

52 can also be deférmined by the approximation method. Replace

n

2 1 ' ,
55 in Fig. 3.21 by sy, which*is as follows:

| — -~

52

am = 10_6

/

The resulting degraded transfer function of .the SFWDF structure is as

follows: .
: /
12) = sy sl SR H(2)
H! = I s, )(n
b4 S-l 52 i=3 S1 i=1 1VZ | .
bWT v, 8 7 v T Loy 500 (W)
H (e?"') = 5, 5,(m s;)(m Hle )) =M (w)e
i=3 =]

e
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where T - L :
]
Hiéz) can be evaluated by starting from the output of the

/ filter and applying Equations (3.27), (3.31) and
~ (3.64) repeatedly.

In applying Eqdqtions (3.27), (3.31) and (3.64) all the required scaling:

. t > -
multipliers exéépt Sy which is replaced by S,y are the same as those in-
. Fiq, %.21. Sr ;can be determined as follows:
. 1 | -
-““\\ ‘“SM - |Mw) - M'ng
(52 ~ Am
\ ‘
| | Lo
. Consider the scaling multiplier r2'- Let the transfer function
' from the input X of the filter to the input By, of r, be Gg. From
fig.,3J21, GB can be determined aé follows: /
‘ Gg ™™ 545, Hy Fpp , (4.53)

]
/

wherg. ]
' Hy and Fq, are as defined by Equation (3.25) and can be evaluated
by starting from the output side of the filter and applying Equa%ions
(3.275;(3.28),(3.3]),(3.32) and f3.64), repéated]y.

Let the transfer function from the output of VZ to the output Y

of the filter be Gg, which is as follows: " )
e (Baay -
G = Gz('ﬁﬁz)’ , (4.54)

D PR T R g~ gy e X TR e T R g L T i [ Fa——
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. where BH
. Gy and Ngg are as given by Equations (3.68) and (3.73) -
2 ‘ ' ,
respectively.
' Hence, 512 can be determined as follows:
- sl =g, g )
. or =

Sﬂ can be determined by using Equations (4.9), (4.10).
2 ] .

N

SM can also be determ{ned by the appfoximation method. . Replace

ry ' . g

r2 in Fig, 3.21 by ”2. whiéh is related to r, 'as follows:

T

; o = Tp-om ] E é
Iy am = 1078 3
i . A
§ The value 6f 52 is kept unchanged. The resulting degraded tfansfere
% function is as follows:
% ‘ ’ / "ét
4 - “ /8 7 : ;g
¢ H'(z) = (1 s)( 1 Hi{z)) %
g:‘ ; =l f=1 E
; T 8 T T 3e" (w)
; . W(e™) = (1 s)(n Hi(e™) =Mm(we
§‘ Lo i=1 =l : o i
S where :?
E " § o : A
s Hi(z) can be determined by starting from the output s;d% of the VY
' fiiter and applying Equations (3.27),(3.31) and- e
. e
' . e
/ (3.64) repeatedly. S : B
, \ f‘v\. ‘
"7
/
IR ol e s oot \
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/ In applying Equations }(3.27)1,(3.31),‘and (3.64), the required values of g‘%
_— ’ . ’ ' ‘ 5
all the scaling multipliers exddpt ros which is replaced by rys are the ‘i
B same as those in Fig. 3.21, ‘S': is determined as follows: g
n{ ' r .2 f . ‘ 5
L . ¢ j:ﬁ‘.
T M| - M) - W Gu) i
: ) |7l - Am '
- 4 - ;? . .
i The sensitivity-of the other scaling multipliers has been determined
' similarly. ‘
4.4,2 STWDF Structure, c
" The STWDF IA structure of the HP Cfilter is as shown in Fig. 3.30,
The chain matrices of the scaling multiplier pairs Sq and . rq can be
- derived from Fig. 3.30 anﬂ are as follows: ‘
Fo 1 ‘
f;;; ¢ boiat ) — 0 : a
' J 2(g-1) 5. o 1q |
%‘ - o = - ’ ? q = 2[;'- . ,7 /
%ﬁ; ’ - (1) 0 T Pq
?%' v 4 CO
.{il . . . _f (4'55)'
;‘ 9 v ., . y . )
¢ : |
2 By -thé rhu'ltipHca‘f:‘ion of chain matrices, the foHJom ng relationships are ' '
if obtaihed: . . |
; . ] - - ‘
w / - X - .‘ < 1
..,.»;m:&;amumﬁmwkvmwu—wwww~ L v n b s et e et bt e < ’i“



"o !

t Toe -

b

£ ACTAR R At eryen wasmers - R et e .?—W
_ - ® 305
. \‘ L J
/ - " e
X Ll] A] . Y ~
- 0 \)] \ K]‘l G \
\ .
\ a2 u2 A2 Y .
b12 ./‘ vyt °|c2 0 -
. .
* Therefore, ’ .
) X 5w ¥ (4.56) ..
. -\ a12 = ],12 "Y‘ " ) ' (4-57)
. / byp = v, Y L (4.58)
rom E on (4.56), the transfer fulr{ction of Realization IA is asw 1 -,
follows: S . | . K
] SV "
. H(z) = o = -.-1— d
v} L] -
. wT ; ‘
H(e™T) = M(w)ed®™) (4.59)
From Fig, 3.30, and Equation (4.57), -
PN a usY . .
12 72
n Dy = === e . (4,607
3, 52 % , Y.
Consider fhe scaling multiplier 52 of‘ Fig. 3.30. Let the transfer :" .;.
Sfunction from the input X of the filter to the input .b~21 of 52 be
HB",;‘which is derived from Equations (4.56),(4.60), as follows: - /




L

{ LT - -
.{"“, ' \ o i o . ) , \. ' ko i _5
CoT ) b i ' . - ’ 4 N
' 2] 2
B Hy, = == = {4.61) -
| - B X 52 P] ~ .
. Let the transfer functi on from the output of S, to the output Y
° of the filter be Hes which is as follows: - o 9; -
i
He = %s
.where
Wg_ is as given in Equation (3.99). )
. . ) , S ]
- Hence SI 45 as follows: o ) ,
2 . - - N . /
H _ »
\ ”Ssz = HB HF x
N 522 can be determined by using Equations (4.9), (4.10), ‘
7 SM can also be evaluated by the appr;oximation method. Replace
s 2 ' ! o
52 in Fig. 3.30 by S, as follows:
3 1 . , )
! ) / §p = 52 - Am :
' ' ) am =100 - .

A'I'( the other scaling multipliers remain unchanééd. Theréfgre, the
- . , . 1
_ deg\raded chain matrix corresponding to the 'scaling multiplier pair S, and

is as follows:

-
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\
By the mu]tip]icat1on of cha1n matrices, the degraded transfer -

funct1on of the filter is obiained as follows:

t

X Wyt }\3 Y
0 V3 K3 0,
{ v ’
gy = L= 1 . {
| o H'(z) = ¥ W . '_{Y
< H'(eij) - - M'(w)eJe (w) :
<f u3 Z= eJWT
. Therefore, ’
SM' o |M(W) - M'(w)
) 5,| ~ o

-

Consider the‘sensitivity analysis of the scaling multipli

From Equations (4.56),(4.58), anleig. 3.30, S@ can -be determined as

S

follows: . s B L /////E///. ‘f

///
Ho Py TNy ' ’
h, P - CDqk) L e

-

r
EY‘Z
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.- ) - where.

- o ﬁ%ﬁ is as determined by Equation (3.100).

[ ¥ 3 Sﬂ "can be determined by using Equations (4.9), (4.10).
2 .

j | M can also be determined by the aﬁprox1mation'method. Replace

!
H

T Lyt S R PR .:“-»:,‘“1‘

G e Sy

M . AL, .

EARIPR T S
e W ey f?;!:v f
R -

.

N

3y S R

T by
Ty in Fig. 3.30 by Y‘é, which is as follows: , ¥

. Py = ry = &m . ) :

Lo ' am = 10'6 _ !
A11 the other sca11ng mu1t1p11eri’9re the same as those in Fig. 3. 30

Therefore the degraded chain matrix corresponding to the scaling multiplier

pajr‘sz and ré is as fol]oqs: . . L

ol

N
f
LY
T T P SV

N : ' ' (4.68)

By the multiplication of cha1n ﬁb{glges’ the degraded transfer

function 1s as follows:

-
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. Hu(ejw ) = _]__l eij = M l(w)eje (w)
' Therefore, . . | ~ .
: wl M) - M) |
: . S | = Am
: 2
y: . )
5 ‘ : .
;,, The sensitivity‘ana1y§is of the other scaling multipliers of the
: N i -
N IA structure and of the other seven STWDF. structures has been performed :
- similarly.

[ ¥ . > y :
/))’: g N . ~— ':f. i
i 4.5 CONCLUSIONS e
y LIS
g@ Two methods of sensitivity analysis have been presented. One- ‘ b
3 s is .the adjoint method and the other is the approximation method\ The 1

" e .
ez, T e o

sensitivity analysis of the coefficient multipliers of the four types of

realization by the t&g\methods is illustrated in Section 4.2. The

),
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o
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3?‘ ‘absolute.va1ues of the sensitivity of the coefficient multipliers computed
e / - :
i, by the adjoint method have been found to agree with those computed by the N

" approximation method for the six most significant digits for the four

types of realization. Hence, the results obtained by the adjoint method

i

g

S

ofesensitivity analysis and the roundoff noise analysis of the coefficient

multipliers in Chapter III are confirmed.
o - 2

‘ The adjoint method of sensitivity analysis has been Used in ’ Y
computing the stat1st1ca1‘word1ength requirementS/ﬁf the four filters, The ‘ﬁ%

>

oA it L A— .
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filters are assumed to be 1mp1emented in fixed point arithmetic and ,”

-coefficient quantizatién is by rounding. By considering the passbands of
‘ v

the statistical wordlength curves, the following comparison is made from

the point of view of coefficient quahtization, ‘ ‘

-

For the LP filter, the GIC structure is the best choice which is
least sensitive to coefficient.quantization. The SFWDF structure is the

last choi

ich is most sensitive to coefficient quantization. The

econd choice depends on the criterion used. The STWDF structure is the . -
second chgicé if the maximum value of the statistical wordlength L(w)

. over the passband is used as the criterion. The second choice is the.
cas€aqe canonic structure if the average value of 'L(w) over the passband

is used as the criterion. The third choice is the cascade can

A s e

J structure if the maximum value of L(w) is used as the critgrion. The
§: STWDF structure is the third choice if the average value/of L(w) 1is usgd
k3 as the criterion. '

2

For the HP filter, the SFWDF structure-is the second choice and

‘the STWDF structure is the last choice. The best choice is the cascade

%ﬁ‘ canonic structure if the maximum value of L(w)" is used as th% criterion. ~
i@ The GIC structure is the best choice if the averagé value of L(w) is

- ‘ _

i 5 used as the criterion.

" For the BS filtgr, the best choice is the STWDF structure while

. / :
the last choice is the cascade canonic structure.

N
. b \ .

DAL
= 1i;J”P!

For the BP filter, the best choicelis the STHDF structure while

the second choice is the GIC structure,

5



Hence the STWDF_realization -of the BS and BP filters, and the GIC

realization of the LP filter are least sensitive to coefficient quantization.
The cascade canonic realization of the HP filter is.the best chaice if the
maximum value of L(w) 1s used‘as the criterion while the GIC realization of

the HP filter is the best choice if the average value of L(w) is used as.
/

- the criterion., ‘ —
The sensitivity analysis of the scaling multipliers of the SEWDF and
= the STWDF structures has been performed in order to confimm the roundoff
noise analysis of these scaling multipliers in Chapter III. In éomputing
the statistical wordlength, the sensitivity of the scaling multipliers is not

considered. :
\\ “r
The absolute values of the sensitivity of the scaling multipliers
ks of the SFWDF dnd STWDF structures computed by the ;%Joint method have been

found to agree with those computed by the approximation method for the six

! :“4}

. ki

b3 iy

most significant digits. Hence, the roundoff noise analysis of the.scaling %

. &

. multipliers of the SFWDF and STWDF structures is confirmed. , ;%

; - :
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CHAPTER V
CONCLUSIONS

2.1 CONCLUSIONS

A digital filter with prescribed specifications can be realized

in a variety of digital filter structures. The choice of a structure

tions, computatioﬁal efficiency, the degree of parallelism, and other

factors.

-

The STWDF realization is one of the iany structures avai]ab]é. The
computer-aided analysis of the STWDF structures, the roundoff noise
comparison and the coefficient sensiiivity comparison of the STWDF struc-
tures with the cascade canonic structure, the SFWDF structure and the GIC

structure have been accomplished in the present thesis.

*-\ -
The chain matrices of the digital two-ports of the eight STWDF

structures have been derived. ‘The elements of the chain matrices are
expressed in terms of the coefficient/multipliérs of the digital two-ports
.and the;‘; variable. The chain matrices are used to derive the coeffic- -
ients of the digital filter transfer function, and for the 'roundoff noise

,and coefficient sensitivity analysis of the STWDF structures.

~— An qriginal computer-aided analysis package of fhe STWDF structures
has been dej}ﬂoped for the minicomputer PDP 11/45 GT-44 Graphics System.
The analyshs package is very useful in providing the details of the various

STWDF structures which can be derived from a doubly terminated LC Yadder.

« The analysis package proV{aes the chain matrices of the digital two-ports

"~ depends on the roundoff noise, coefficient sensitivity, 1imit cycle oscilla-

ox



of the STWDF structures which are very usefuﬂ in roundoff noise and

coefficient sen51t1v1ty ana1ys1s

EY

The elements and values of the doubly terminated LC 1adéer can be

entered on a CRT display through the interactive graphics capability of a

Tlight pen. The analog LC ladder is then transformed into’ STWDF Qtructures

us1ng the techniques of References [6] - [9]. Transformed LP and HP STWDF

structures which utilize the well-known analog filter frequency transforma-
tion [27] and wave techniques [6] - [9] can be obtained from the analysis
package. Transformed BP and BS STWDF structures with variable centre

frequency and bandwidth [26] can also be obtained. ' P

‘The port resistances, the coefficient multipliers, the chain

matrices of the digital two-ports and the coefficients of the digital filter

. transfer function which are obtained through the multiplication of the

chain matrices of the digital two-ports are provided by the packaye. The
analysis package provides numerical valués of the amplitude and phase
responses which are obtained by substituting 2z = eleT in the transfcr
function. The curves of the amplitude anu phase responses'can'bé'plotted
on a CRT display. Specific amplitude and phase responses at any point on.
the curves can be obtained. Portions of the curves can be enlarged to pro-

vide detailed examination.

The roundoff noise comparispn'of the STWDF structures with the
cascade'canonic, thé SFWDF and the GIC structures ﬁas been accomplished.
Four filters (LP Butterworth, HP Chebyshey BS Elliptic, and BP Elliptic)
have been designed and realized in the above four types of reallzat1on

The filters are assumed to be implemented in f1xed_pofnt arithmetic and in

AN
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two‘srcomp]emeny number representation. Product qzantization and coefficfent /

quantization are by rounding.

Formulas which are required for signal scaling and for the evaluai
tion of the output noingPSD [1] due to the coefficient multipliers and ii
scaling multipliers have been derived. The structures are sca]ed’according
to the theory due to Jackson E28]. Tye RPSD [1] of each structure is

computed. By considering the passbands of the RPSD curves of the four typés

~

of realization for each filter, the following comparison has Been made ffom -

the point of view of product quantization.

e For the LP and HP filters, the GIC structure is the best choice

which produces the least amount of roundoff noise in the passband. The
STWDF structure is the second chbice. The cascade canonic structure is the

least preferred chaoice.

L'e
1

For the BS filter the STWDF structure is the best choice} The GIC -
structure is the second choice and the SFWDF structure is the least pre-

<

ferred choice. / o )
‘ /

For the BP filter, the STWDF structure is the best choice. The

cascade canonic structure is the second choice and the SFWDF structure is

~ the least preferred choice.

Hence the STWDF realization prodices minimum roundoff noise for the
BS and BP filters while the GIC realization produces minimum roundoff noise
for the LP and HP filters. )

. / K
The coefficient sensitivity comparison of the STWDF structure

/
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with the cascade canonic, the SFWDF, and the Gic\strﬁctures ha§ beeﬁ
‘accomplished. The sensitivity analysis of the coefficient multipliers of
~the four types of realization bywthe adjoint method [1] is performed.

The statistical wordlength requirements [29].of each realization are

computed. By considéring the passbands of 'the statistical wordlength,
curves qf the four iypes qf realization for each filter, the following .
comparison has beert made from the point of view of coefficiént'quaniiza-

tion.

For the LP filter, the GIC sﬁructqre is the best choice which is .
l;ast sensitive to coefficient quant{zatioh. The SFWDF structure is/thé
least preferred choice which is most sensitive to foefficient quantiza--

.tion. fhe §econd choice and the third choice depend upon the criterion
used. The STWDF structure is the second choice 1f the maximum value of
the statistical wordlength L(w) over the passband is used as the criterion.
The second choice is the cascade canonic structure if the average value

of L(w) over the.pgssbénd is used as the criterion. The third ghoice is
4 !

" the cascade tanonic structure if the maximum value of L(w) is used as the

criterion. The STWDF structure is the third choice if the average value

3
'

of L(w) .is used as the criterion.

R : /
For the HP filter, the SFWDF structure is the second choice aﬁd

the STWDF is the -least preferred -choice. The best choice is the cas%ade

canonic structure if the maximum value of L(w) is used as qcf criterion,

n\ihe GIC structure is the best choice if the average value of L(w) is used

as the criterfon. .. — !

P

£
P
]
Yy
&
&
@
ky
f,
&
¥



®

»
o de b el i

T o

316

For the BS- filter, thé best choice is the STWDF structure while

the least preferred choice is the cascade canonic structure.

For the BP filter, the best choice is the SfNDF structure while

S

the second choice is the GIC structyre,

Hence, the STWDF realization of the BS and BP filters, and the GIC
realization of the LP filter are least sensitive to coefficient quantiza- -

tion. The cascade canonic realization of the HP filter is the best choice

if the maximum value of L(w) is used as the criterion while the GIC

_realization of the HP fiTter is the best choice if the average value of

L(w) is used as the criterion:

Therefore, the STWDF realization of the BS and BP filters, and
.the GIC realization of the LP filter are the Qest structures which produce
minimum round%ff noise and are Jeast sensitive to coéfficient quantization.
The GIC rea]izat%on of the HP -filter is best in both roundoff noise and
coefficient sensitivity properties if the average of L(w) is used as thev

criterion,

The adjo%nt method of sensitivity analysis utilizes the transqu
' functions which are required for roundoff noise analysis. The sensitivity
analysis of the coefficient multipliers of the four types df realization
and of thé scaling multipljers of the SfWDF and the STWDF s%ructures h§s~$1so

been performed by the approximafion method.

The absolute values of the sensitivity of the coefficient and
scaling multipliers computed by the adjoint method have been found o agree
with those computed gy the approximation method for the six most sigpificant

digité. Therefore, the roundpff noise analysis of Chapter III and the
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‘ - adjoint.method of sensitivity analysis of Chapter IV are ‘confirmed to v - B
. . ] Lo
- 2 have been performed correct1@. , - . '§
i L. Lo . e ‘ . - 1 . :;é
o . 5.2 AREAS FOR FURTHER RESEARCH o . o f
p Further investigations could be carried out in the areas of two- %
. dimensional STWDF structures. A computer-aided analysis package of the i
two-dimensional STWDF structures could be developed. |
The roundoff noise and coefficient sensitivity compa}ison of the ‘E
. two-dimensional STWDF structures with other structures, such as the direct . -
) and the SFWDF structures, should be performed. . ' )
3 hd . - ‘
éa - . Both one- and two-dimensional waDF ;tructures; like any other.
' §f~ # structures, are éubject to the éffects of limit cycle oscillations. Limit o
¥ : '
: cycle bounds should be- deduced for the STWDF structures.
%i, : ~ Since the present thesis shows that,the STWDF. realization of the BS
%% ' and BP filters ﬁossesses the best roundoff.ndiSe and coefficient sensiti~"
w oo vity properties, the STWDF structures of the BS and BP filters should be = -
~?§§‘_ considered for implementation on LSI circuits. - ) /.
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