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%%% Solve LC values of a 5th elliptic-protype filter from its prototype transfer function %%%

clear

num = [0.09925290978182 0 0.678802037 0 1];

den =[4.35588444956411 6.57442818047024 10.87054489379894 9.078809643 5.82027 2)/2;

Filter = tf(num,den)

% Transfer function:

% 0.09925 s™4 +0.6788 "2 + 1

%

%2.178 s"5 +3.287 s"4 + 5.435 s"3 + 4.539 5

%%% create num(jw) and den(jw) in pol

for i=length(num):-1:1
numW(i) = j*(length(num)-=i

end

for i=length(den):-1:1
denW(i) = j”(length

end

%%% create num(-jw) and

for i=length(num):-1:1
numX(i) = (-j)"(le

end

for i=length(den):-1:1
denX(i) = (-j)"(le

end

%%% Determine num(jw)*nu

Tnum = conv(numW,numX);

Tden = conv(denW,denX);

tf(Tnum,Tden)
% Transfer function: F (i
% 0.009851 s"8 - 0.1347 s 0"'

% = - e
%47435"10-12875’\8+1237 ar 574 - 0.6099 s™2 + 1

%%% Notice! den(jw)*de n [ 550 SET it =0 %%%
Tden(6)=0; —— X

%%% Let Power transfer M [ J cient = MRC %%%

PTR = tf(Tnum,Tden) ;
MRC = 1-tf(Tnum,Tden) ;
[MRnum,MRden] = TFDATA(MRC.'V') ;
% o°o Change Magnitude of Ref‘cn coeffecient(MRC)ifr6m w domain to s domain %%%

R NENT

end
for r‘length(MRden) -1:1

st ALV TT S AINYNa Y

% Transfer finction:

% 4.743 570+ 12.88 "8+ 12.51 56 +5.113 s + 0.7477 52
%
% 4.743 s"10 + 12.87 5”8 + 12.37 56 + 4.454 s4 - 0.6099 s*2 - |

%%9% Determine Reflection coeffecient(RC) by select only lefi-half plane poles of MRC(s) %%%
RMRnums = roots(MRnums)

% 0

% 0

% -0.0000 + 0.9650i

% -0.0000 - 0.9650i

% 0.0000 + 0.9650i

% 0.0000 - 0.9650i

% -0.0000 + 0.6529i

% -0.0000 - 0.6529i

% 0.0000 + 0.6529i
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% 0.0000 - 0.6529i
RMRdens = roots(MRdens)
% -0.0966 + 1.0435i

% -0.0966 - 1.0435i

% 0.0966 + 1.0435i

% 0.0966 - 1.0435i

% -0.3659 + 0.7627i

% -0.3659 - 0.7627i

% 0.3659 +0.7627i

% 0.3659 - 0.7627i

% -0.5843

% 0.5843

Rnum = poly([RMRnums(1) RMRnums(3) RMRnums(4) RMRnums(7) RMRnums(8)]);
Rden = poly([RMRdens(1) RMRdens(2) RMRdens(5) RMRdens(6) RMRdens(9)]);

RC = tf(Rnum,Rden)

% Transfer function:

% s"5 +3.932e-006 ™4 + 1.358 "3 + 2.2
% ;
% $"5 + 1.509 s™4 + 2.496 s"3 + 2.084
%%% Determine Zin(s) by let Zings)s
%%% Remark that If let Zin(s
Znum = Rden-Rnum ; Zden = Rde
Zin = tf{Znum,Zden)
% Transfer function:
% 1.509 s +1.138 s*3 + 2.08
%
% 2 s"5 +1.509 54 + 3.85'
%%% Determine L2*C2 and
X = roots(num) ;
a=poly([x(1) x(2)]) ;

b = poly([x(3) x(4)]) ;
L2C2 =1/a(3)

L4C4 = 1/b(3)

%%% Solve for C1 %%%
%%% Beware! freqs command mu
%%% If use W only 1 point, the answer
Ynum = Zden ; Yden = Znum ; . ;
C1 = freqs(Ynum,[Yden 0].[sqrt(1/L2C2FSGHeHLACH)]
%C1 =[1.1579 - 0.0000i, 09 )

%%% Notice! C1 has small-eomplexvalucs so-neclectthom :,‘
clear x g

X =real(CI(1)); -~
clear C1 m

Cl=x
%%% Determine Z2 , and | willfemC] that get from L2G2 for the next step %%%

s SUHINUNINEINT

. ladder architecture %%%
ure is mininum C %%%

point. %%%

722 = tf(Z2num,Z2
% Transfer function:

%  1.509 5™ +.1.138 s/3 +.2.084 s’2.+ 0.9392.5 + —y of
A T D Sb e L AN 1A Y
% 0.2523°s85 91 44 ; 1.202 s +0.4391

%%% Rem@ve L2*C2*s"2 + 1 factor away from Z2den %%%

denx = roots(Z2den) ;

denx = poly([denx(3) denx(4) denx(3)])

% denx=[1.0000 0.7594 1.0151 0.3879 ] <<--- 111

%%% Beware!!! s"0 coeffecient of denx must equal to s™0 coeftfecient of Z2den %%%
denx = denx/denx(length(denx))*ZZden(]ength(Z2den))

%% % Solve for L2 and then C2 %%%

L2 = ( freqs(Z2num,denx, [sqrt(1/L.2C2) 0]) Y(j*sqrt(1/L2C2)) ;

clear x

X =real(L2(1)) ;

clear L2

L2=x

C2 =L2G2/.2

%%% Determine Y3 %%%

Y3num = denx ;
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[Y3den x] = deconv(Z2num - L2*[0 denx 0],[L2C2 0 1)
Y3 = tf(Y3num,Y3den)

% Transfer function:

% 1.184 5”3 +0.8989 s"2 + 1.202 s + 0.4591

%
%  0.5797 "2+ 0.4016 s + 0.4591

%%% Solve for C3 %%%

C3 = freqs(Y3num,[Y3den 0],[sqrt(1/L4C4) 1]) ;
clear x

x =real(C3(1));

clear C3

C3=x

%%% Determine Z4 %%%

Z4num = Y3den ;

Z4den = [0 Y3num] - C3*[Y3den 0] ;
Z4 = tf(Z4num,Z4den)

% Transfer function:
% 0.5797s"2+0.4016 s+ 0.4591 -

% )

% 0.1948 $73 +0.2138 s"2 + 0.418
%%% Remove L4*C4*s"2 + 1 fae
denx = roots(Z4den)
denx = poly(denx(3))
denx = denx/denx(length(de
%%% Solve for L4 and the

x =real(L4(1)) ;
clear L4

L4=x

C4 =14C4/L4
%% % Determine Y5 %%%
Y5num = denx ;

[Y5den x] = deconv(Z4num -
Y5 = tf{(Y5num,Y5den)
% Transfer function:

% 0.4183 s+ 0.4591

% 0.4591
%%% Solve C5 %%% i = - o
C5 = Y5num(length(Y 5dép)al A J
[C1L2C2C31L4CACS] = =
%%% 11579 1.1708 0.1831 1.7058 0.8 0532409110 %%%
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A 0.7-um CMOS ANTI-ALIASING FILTER
FOR NON-OVERSAMPLED VIDEO SIGNAL APPLICATIONS

Pairote Sirinamaratana and Naiyavudhi Wongkomet

L ey
-

Department of Electrical Engineering, Faculty of Engineering, Chulalongkorn University
Phathumwan, Bangkok 10330, Thailand ‘

ABSTRACT

This paper presents an anti-aliasing filter for non-ov:
digital video signal applications in 2 0.7um CMOS
The filter consists of a fifth-order elliptic low-p
third-order equalizer. A new high bandwidth a

transconductor which enables the filter to be imple
CMOS and its toning technique are p
simulation, the filter meets the desktop quality
digital video standard for 1Vpp single-ended.i

of transistor, resistor, capacitor, and temperature
been included in the design. The filter will be
pm CMOS. Power dissipation is estimat
single 5V power supply.

1. INTRODUCTI

Digital video signal processing has become incréasine iy co

=]
=]

because of the adoption of new applications sugh as YD.:E {;-f

HDTV format, and DV format in camcorders. Te
interface between the analog world and the digital
increasingly plays an important role. For PAL di
system, signal bandwidth covers from DC to §

requires 27MHz or 36MHz sampling rate for oversam;‘ﬁng_—;—

sampling rate for .fon-.w, |
pling "".'—"@F..—'—l,:‘?"i h

implementation and 13.5MHz
oversampling implementation.

. . .\
The non-oversampling implementation r!nols the requirements

for the analog-to-digital converters, but reg
filter with sharper cutoff. The stopband at-8} H
40dB attenuation and better than 10 bits linears presents a steep
challenge to CMOS implementation bccausggh-ordcr filters
with sharp frequency selectivity are Vvery sensitive to parasitic

poles and zeroes (or phase error) of the integratorgF example,
i
“@

in a fifth-order elliptic low-pass filtery i grat
pole or zero at 100 times the e
passband distorted by. 0.32dB. In rec v

filters for non-oversampled video si&ls ‘have been implemented
on BiCMOS {1], [2] whereas CM implementations [3], [4]

suffers from the tradeoff between linearity and bandwidth
This paper presents Qtiﬁr{g}l@c I g«m
quality of CCIR 601 ‘digital "video Standar 1] “for “non-

oversampled PAL digital video system in a 0.7um CMOS
technology. This specification is achieved despite the use of a
low cost CMOS process due to the introduction of the new high
bandwidth and high linearity transconductor and its tuning
technique.

0-7803-7761-3/03/$17.00 ©2003 1EEE

a Unit Consumer | Desktop Industrial | Broadcast

\ Y %/Dsg 2 05 0.25 025
l:‘ { co +2) 10 10 5 2

{ Ganri n 15 05 025 0.15

Group ns(+,-) 80 35 20 10

Stopband dB(+: 30 35 w0 40-60

50 55 >60

ality levels of CCIR 601 digital video
ifications, differential gain (DG) and

1 of merit are used to measure linearity
‘than the harmonic distortion and are
PAL system as:

Il signal gain @ 4.43MHz, V=0) -
al gain @ 4.43MHz, V=0.7Vpp)
of system @ 4.43MHz, V=0) -

ITECTURE

nedits, fifth-order elliptic filter is

qu lower filter order than other
[ ilters; unfoﬂtely, its group delay does not meet
the requirement. Therefore;"a third-order equalizer is needed to
equalize the group delay. The transfer function of the equalizer
can be curve-fitting feature of MATLAB

i rmined by using
aliasing Jespite 'the Singleended nature’ of Wideo signals, the filter is

implemented fully differentially to improve linearity and
common-mode npise rejection. ThereforeJan input amplifier is

qui vertytheyinputifr i differential.
glsl,ﬁQamaﬁﬁﬂu 0 a?pﬁn er the signal
ending it off=chip to a L

Figure 1 Block diagram of the filter
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Figure 6 describes the proposed high bandwidth and high
linearity transconductor, which is adap!ed from the conventional
transconductor in Figure 4(b). To improve the linearity of the,
resistor degeneration is added as shown in figure 6(b). Due to
fabrication tolerances in transistors, resistors, and capacitors, the
transconductor must be tunable; hence, the transconductor is
modified to the one shown in figure 6(c). Mr2, Mr3 and Mr4 are
selectable switches for coarse tuning while Mrl operates in

Sth Eliptc Fiter By Doubly-terminated LC Ladder Archit triode region for fine tuning the transconductor. The resistor

values are bmary-wexghed as shown in the figure 6(c). The fine-

Figure 2 The fifth-order elliptic low-pass filter using tuning range is a bit larger than the coarse-tuning step to allow
doubly-terminated LC ladder architecture some overlapping.

the added complexity, the transconductor bandwidth
inadequate so a compensation capacitor Cc is added in
ith: the gate capacitance Cg of the input devices to
cess phase.

L X

el

or in figure 6(c) can be simplified as shown in
small-signal equivalent circuit shown in
alysis shows that the transconductor has one poIe
ed below

== s | o (tsRCD)
o 9= . {H.\'(Cg-i-Cd))
sing ) 1 gmi+1/R

Ky

IFLF architecture [5] le isiat higher frequency than the zero so C, in
Figure 2 and 3 show the filter 2 A : iﬁ parallel with Cg, pulls the pole down to
architecture is chosen for the elliptic filter begause i ler S“, d . Even though process variations cause the
component mismatches and parasitic poles/ j 'S , erfect, the addition of Ce still results in
better than biquads architectures. The equali i | i ent. The compensation capacitor Ce is
using n integrator loop inverse follow-th onductor in the elliptic filter only because the .
architecture (IFLF) [5] since it requires only less sensitive to phase error.

and minimum components. the transconductor largely depends on transistors

Mr!l operates in triode region and has the

Fy AR N
4, CIRCUIT DESCRIPTION - ch stic equation as expressed below
: v, -v,~v)-v2] @)

g s

4.1 Integrator . ‘ :1 ‘
The transconductor in the in[ggra‘ (S the buildiag bl m_ll)|"lt‘.!llll-’l-ﬂlll.l_l"i s) it can be shown that

,delerrpining the performance of the. fi t, C ) L v, - V) 3)
transconductors, such as shown in Flgurcjave,hlgh bimdwmﬂt. T ot i R . )

but not enough linearity to meet the cc . \Q._v =V,

More complicated circuits [1], {2], [7), a Flgurc 5 have better

linearity but insufficient circuit bandwidth. This result shows that Id is proportional to Vp ; hence, Mrl
behaves like a linear resistor. In our design, we choose the

m?m T tﬂ‘ﬂﬁo avoid short channel effects.
ti nea omes from the input device M1. It can

be derived from simple square law of saturatcd MOS transistor
that

TR R e e

ﬁ%ﬁﬁ =N (Ee (0«
‘ ﬁ 2 Io :

where Io is the bias current of M1 and iy is the fully differential
(9 Reguisted Reistor Degunerati ® Crons-coupled regurvied Triode MOS Vs shows that increasing the bias current of M| improves linearity.

small signal current and K is a constant parameter. This equation

Figure 5 Examples of high linearity transconductors
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In this design, id/Io needs to be around 0.25 to achieve a THD of
0.03% THD for the transconductor.

The drawback of increasing the bias current lo, however, is the
frequency response degradation. As lo is increased, the size of
M1 has to be increased to keep Vdsat constant. This results in
larger gml, Cd, and Cg, which according to Eq.1, moves the zero
to a lower frequency. But since the pole frequency is largely
unaffected, this leads to more phase error for the integrator.

4.2 Tuning circuit

The transconductor in figure §(c) can be coarse tuned by
switching Mr2, Mr3 and Mr4 and fine tuned by calibratin
voltage of the triode Mrl. For convenience, the gate v

these four transistors (Vtl, Vi2, Vt3 and Vtd) are g from
a single calibration voltage, Vcal, as shown in Fig\&;
Figure 9 shows the circuit for generating Vtl,
Vcal is divided into 8 uniform segments from 0.

3-bit flash ADC to control Mr2. Mr3 and
the residue from quantizing Vcal.

comparators in the flash ADC to switch
these comparators should have some hy.
easily implemented as shown in Figure 10, Tra
hysteresis comparator is a switch that is
comparator output is high; consequently,
offset due to unbalance input differential pair.
comparator output is low, Msw is tu [+)
differential pair becomes balanced so the comparator
offset.

(2) Simple

4.3 Input & Output amplifier

The function of the input amplifier is to convert the single-ended
video signal input to a differential signal with appropriate
amplitude for the filter. The amplifier consists of three parts as
shown in Figure 11. In the first part, the video input signal is
converted to current by R1. This current is forced to flow
through transistors M1a and MIb as a differential current. The
second part receives the current via M8a and M8b and converts
the current to differential voltage by dropping across R2a and
R2b. The third part is the common mode feedback circuit.

utput amplifier, shown in Figure 12, amplifies and buffers
fierential video signal output from the filter before sending
1 n analog-to-digital converer. Its gain depends on
R2 and RY. The two output buffers are
age operational amplifiers that can drive

e ¢ T
re'8 Relation between Vtl. Vt2, Vi3, Vi and Vcal

for coarse tuning

Transconductor

(b) Improved linearity
Transconductor

(c) Proposed
Transc

Figure 6 The

gml(Vi- V1)

_T_C d

() Simplied Gm core (b) Equivalent circuit
Figure 7 The simplified proposed transconductor

el um

5

" I Te V&2 V13 Vi4
E

ToVtl
e

tuning
[
i

Figure 9 Circuit diagram of the funing circuit
4 gram of fgming

Hysteresis NMOS Hy

P

is PMOS comp
Vin+ < Vin- + Nooffset
Vint > Vin— -+ Negative offset

Figure 10 Hysteresis comparators
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T & | : 6. CONCLUSIONS
[ R M Mib o ! Troe n . e
Vin Vref ! This paper demonstrates that an anti-aliasing filter for non-
i 3v“f A —MSb oversampled PAL digital video system that meets the desktop
' P quality of CCIR 601 digital video standard can be implemented
» ® ! in a 0.7um CMOS technology.
1 :Single-eaded Volta PartII: Part I : Output
P:?Fuﬂy li'gf’&rmﬁal Cuneg: 1to V convertor CMFB g:?lit 7. REFERENCES
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