EE247
Lecture 4

e Summary last lecture
» Lecture today:
— High Q high order filters
e Transmission zero implementation
» Example
— Effect of integrator non-idealities on filter behavior

— Various integrator topologies utilized in monolithic
filters
* Resistor + C based filters
» Transconductance (gm) + C based filters
» Switched-capacitor filters
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Summary Last Lecture

* Integrator based filters

— Signal flowgraph concept

— First order integrator based filter

— Second order integrator based filter & biquads
» High order & high Q filters

— Cascaded biquads

» Cascaded biquad sensitivity
— Ladder type filters
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Summary last lecture

* How to convert RLC filters to integrator-based filters?
— Label V & | for each RLC filter component

— Derive the state-space description for the network with
L & C described as (1/xs)

— Draw the corresponding SGF with all voltages
appearing as nodes and all currents represented by
nodes drawn close to their associated voltage-
branches are drawn & BMFs defined

— Convert all current nodes to voltage nodes by
multiplying by R* and scale BMFs accordingly

— Derive the filter block diagram
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Summary last lecture

First Order RLC Filter Conversion to Integrator Based Active

+Vy = Vo VizVin=Vo
Vipo i Moo-1 Vo
RSIl V(,:lfz i Vin T Vi-1 Vo
Vi, o sC 1 3 = 1
e LM e e
L L 17 Rs Rs_ SCR
Gt mmReE V1 > V;
Vi =1 Vo
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Summary last lecture

Second Order RLC Filter Conversion to Integrator Based Active
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Summary Last Session
Second Order Integrator Based Filter

Filter Magnitude Response
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Summary
Integrator Based Monolithic Filters

» Signal flowgraph techniques utilized to convert RLC networksto all
integrator active filters

» Eachreactive element (L& C) replaced by an integrator
* Fundamental noise limitation determined by integrating capacitor:

— For lowpassfilter: \/Ea/ak%
— Bandpassfilter: \/7= [ QKTT

where a isafunction of filter order and topology
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Summary Last Session
High Q & High Order Filters

e Cascade of biquads

— Highly sensitive to component variations = not suitable
for implementation of high Q & high order filters

— Cascade of biquads only used in cases where required
Q for all biquads <4 (e.qg. filters for disk drives)

» LC ladder filters more appropriate for high Q & high
order filters

— Less sensitive to component variations
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Summary

Integrated High Order Ladder Filters

Vo

+V3 3
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Va
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L4
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Summary Last Session
Example 5t Order Butterworth Filter

v -
. o
ac = 1v -1ohm ==

Rs  1ohm

C1 @.836MF

[Ga- o

ra
10hm

vz

=

AL
1

Ho =
-lohm =

AL
WY

c3 sLaE3nF

L = R
10hm = c4 25.75nF = _1ohm
o =
R 10H
RO o= = Rre
-10hm = €5 9.836nF == 10hm
—
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Summary Last Session
Max. Signal Handling by Voltage Node Scaling
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. . . = =
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Differential 5% Order Lowpass Filter

Min

VVV—

'
I

Since each signal and its inverse readily available, eliminates the need for

negative resistors!

Differential design has the advantage of even order harmonic distortion and
common mode spurious pickup automatically cancels
*Disadvantage: Double resistor and capacitor area!
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RLC Ladder Filters

Including Transmission Zeros

All poles
P Y VO
Rs L2 l L4 l
Vin ICl ICS ICS RL
Poles & Zeros  C2 C4 c6
| i s
L Yy Y Y . VO
RS L2 L4 L6
Vin =c1 =c3 Ee =c7 RL

EECS 247 Lecture 4: Filters

© 2004 HK. Page 14




RLC Ladder Filter Design
Example

« Design a baseband filter for CDMA 1S95 receiver with the

following specs.
— Filter frequency mask shown on the next page

— Assume any phase impairment can be compensated in the
digital domain
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RLC Ladder Filter Design Example
CDMA 1S95 Receive Filter Frequency Mask

w | G722 W

T

600k 700k 900k 1.2M
Frequency [Hz]
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RLC Ladder Filter Design
Example: CDMA IS95 Receive Filter

< Since phase impairment can be corrected for, use filter type with
max. cut-off slope/pole

- Elliptic
« Design filter freq. response to fall well within the freq. mask
— Allow margin for component variations

+ For the passband ripple, allow enough margin for ripple change
due to component & temperature variations

- Passband ripple 0.2dB
« Design to spec.:
— fpass = 650 kHz Rpass = 0.2 dB
— fstop = 750 kHz Rstop =49 dB

+ Use Matlab or filter tables to decide the min. order for the filter
(same as cascaded biquad example)

— 7™ Order Elliptic
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RLC Ladder Filter Design
Example: CDMA 1S95 Receive Filter

7th order Elliptic €2 C4 C6
i — I
— RV VYN Y'Y Y\ Y'Y Y\ Vo
Rs L2 L4 L6
Vin Im Ic3 =c5 Im .

* Use filter tables to determine LC values

— Table from A. Zverev, Handbook of filter synthesis,
Wiley, 1967
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RLC Ladder Filter Design

Example: CDMA 1S95 Receive Filter

Spec.
— fpass = 650 kHz Rpass = 0.2 dB
— fstop = 750 kHz Rstop = 49 dB

Use filter tables to determine LC values

— Table from: A. Zverev, Handbook of filter synthesis, Wiley,

1967
Elliptic filters tabulated wrt “reflection coeficient r”

Rpass=- 10 Iog(l_ r 2)

Since Rpass=0.2dB > r =20%
Use table accordingly
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RLC Ladder Filter Design

Example: CDMA IS95 Receive Filter

T RAAC
[2o7] ha |

Table from Zverev page #281 & - |

282:

Since our spec. is Amin=44dB
add 5dB margin & design for
Amin=49dB g

I A

11\ 1 “m
fig S “o |
1
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RLC Filter Frequency Response

*Frequency mask
superimposed
*Frequency 5

: :
response well

within spec. 15
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Passbhand Detall
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RLC Ladder Filter Sensitivity

The design has the same spec.s as the previous
example implemented with cascaded biquads

To compare the sensitivity of RLC ladder versus
cascaded-biquads:

— Changed all Ls &Cs by 2% in order to change the
pole/zeros by 1% (similar test as for cascaded biquad)

— Found the frequency response is most sensitive to L4
variations

— Note that by varying L4 both pole & zeros are varied
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RCL Ladder Filter Sensitivity

Component variation in RLC filter:
— Increase L4 by 2%
— Decrease L4 by 2%

5
—\ L4 nom
-15 H4-tow
—_ L4 high
D 2
()
S 35
2 \\
8 45
=
7 \ /_ —\\
-65 : ( :

200 300 400 500 600 700 800 900 1000 1100 1200

Frequency [kHz]
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Magnitude (dB)

RCL Ladder Filter Sensitivity
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Magnitude (dB)

Cascade of Biquads Sensitivity
Component variation in Biquad 4 (highest Q pole):
— Increase Wp4 by 1% ——_

— Decrease W, by 1% \
_— \
] !

2:2dB

-10

-20

-30)

-40

-50 High Q poles - High sensitivity

in Biquad realizations

200kHz 600kHz 1MHz
Frequency [Hz]
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Sensitivity Comparison for Cascaded-Biquads
versus RLC Ladder

« 7% Order elliptic filter
— 1% change in pole & zero pair

Cascaded |RLC Ladder
Biquad
Passband 2.2dB 0.2dB
deviation (29%) (2%)
Stopband 3dB 1.7dB
deviation (40%) (21%)

Doubly terminated LC ladder filters = Significantly lower sensitivity compared to
Cascaded-Biquads particularly within the passband
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RLC Ladder Filter Design
Example: CDMA 1S95 Receive Filter

7th order Elliptic  C2 c4 cé
il I— i}
L v Yy, ~Y Y - VO
Rs L2 L4 L6
Vin TCl Tcs ==C5 Tc7 RL

* Inlecture 3, designed the integrator based ladder filters without
transmission zeros

- Question:

How do we implement the transmission zeros in the
integrator-based version?
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Integrator Based Ladder Filters
How Do We Implement Transmission zeros?

C
A—
+Vp- Iy [V +V3- Vy A
Rs L2 Ig |
5
Vin =C1 =C3 RL
I2 Iy
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Integrator Based Ladder Filters
Transmission zeros

t\\//\% - |1 V2 +V3 R V4 |5
Rs L2 |3
Vin = (C1+Cy) T(G3+C) 3R
C C
—a a
2] "4Ci+C, 1y V2C3+Ca
- Replace shunt capacitor with voltage controlled voltage sources:
l1- 13 Ca
Vo = +
275(C1+Cy)  4Ci+C,
13- 15 Ca
= +
Va s(C3+C,)  2C3+C,
EECS 247 Lecture 4: Filters © 2004 H.K. Page 31
LC Ladder Filters
Transmission zeros
t\\//&\v' Iq V2 +V3 R Vg |5 Vo )
RS l L2 1, l
(C1+Cq) (C3+Ca) 3R
Vin C C
V4—a V2 a
Iy C1+Ca 1y C3+Cqy
Cy C,
Cl + Ca C3 + Ca
Vin 1M1 -1V, 1 V3 -1~ vy 1 W
1 1 1 1 1
Rs s(C1+Cy | Sk2 S(C3+Cy) RL
I1 1 I -1 I3 1 Iq -1
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Integrator Based Ladder Filters
Higher Order Transmission zeros

Vs Ca V. Gy v
= i l4 —i l6
& =l c, Ga
Convert zero I I :J;
generating Cs = =
in Cloopsto .
voltage- Vo Va Ve
controlled J_ l _I_
voltage sources (Cl i Ca) (C3 +C, + Cb) (C5 + Cb)
(© Ca
a
4C1+C, 2C3+C, b
4
Ve
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Higher Order Transmission zeros

+Vy - Vo +V3 - Vy |5 aT YG I7 Vo
Rs Iy =15 A1l Cik
T(C1+Ce) T(Ca+Ca* o) T (G5+Cp) 3R
Vin B, Ca RN #v, D
o] GHTE + Gy |i 4C5+Cp
%l'_ I Vg 4 =
= = = C3+Cb -
Ca Ca Cb G
C1+Cy C3+Ca % Cs +be
Vin 1V S1Ve 1 V3 L1 Vg1 Vs 1~ Vg 1 Vo
1 (SN IR N N (N S S
Rs S(C1+Cy | SL2 S(C3+Cq+Cy) | sL4 SCs+Cp)  TRL
|1 1 |2 = 1 |3 1 |4 - l |‘5 1 |6 - 1 |7
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Example:
5t Order Chebyshev Il Filter

T TR LT
TALLE 1187 telrmrmabe Ml Sedes st Dbl Stigissie] (Cisarieed |
LT — .IEIT!]_" th
RS i .11 n * 5" order Chebyshev I
R e T
f I & & & 2
bt -
o e + Table from: Williams &
i [y | Taylor book, p. 11.112
1 L'—'-_.. T
[==x] . + 50dB stopband attenuation
i Ll Ik i Bl £y o i [ _
[T] B i Tl 1.3 LT =11 C T T ° f-3dB =10MHz
a8 LN LRI [T IR T ASNE b+ 17 AN
[ Y] o] 1] Tian W [TITE] AR | e
W T TART Tl R 1) EHE TRAIT Ty
- L] s LEIA [ EEA (T3] M
e LD i) Lavs 1 isse = [ ]
L] - B - e I~ AR (S e BT - ¥
raar X3 TR Bann A ik
L il i Lgkys fyf e LNkl S8
[wnsi o =1 _EhiR (i T (1| s
LEs g = LA ->1] B =T e
LE Ay 03N Alas T Bl 1]
Axsa Bas i) 0813 L4317 Lien -1303
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Realization with Integrator

1 é‘/i'Vl_Vz + Ca

V, = % 2U 4 _Ca
' S(Ca+C1)§ R RH CatCy 3

Rs Rs
vi & W W
R* Cl+Ca
V2 - e —
Ca

v3 .———”—;{}*—- vi
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ac =

From:
lecture 3

5% Order Butterworth Filter

Rs  10hm
g —
B o
[
R 4 e
10hm = Ccz2 25.75nF == -10hm
o ﬂ
RS == = R4
-10hm = C3 21.83nF == 10hm
[ |
[ vs
e e
10hm == 4 25.75nF =I _10hm
‘ I
va @\
Rt 10hm
P ey
-lohm = CS 9.835nF = 1ohm
|7
B .
[
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vi -
Vs j; R1
ac=1v iy 10hm

Opamp-RC Simulation

Rs 10hm

c1 26.11nF

1M

Rr3
10hm

cs
-L.360F ‘(
v2

55
[

Lo

c2 11.05nF

/‘

RS
10hm

A
.
ca ﬁ N
[

for 27

R7
10hm

cs
awF T

s /
/.

c4 5044nr

Fior

va

Rra
-10hm

ZEAN
S somn

cs z.4asnr

.
T
o 2 N\
- AN
. \
R2 T \\
10hm 2w '\ w0r
W\ /7~
5 Y
\/
Y
|
Re o |
o
Ll —_—
V3 D
.
200 S
RA v .
Eo. i ~
L ‘
- .
i
freq [Hz]
o

==
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Seventh Order Differential Lowpass Filter
;/inT Including Transmission Zeros

l

[
11

- e S
- . I
ELEUPPTE bk 13 el)

td - - - d
K 1t —II 1
D] al ITd
H 1t —I 113

Transmission zeros implemented with
coupling capacitors
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Effect of Integrator Non-ldealities on Filter Performance

N Ideal Intg.
E log [H(s)|
R
Vi —oV,
L = i Wo
i
opamp DC gain=%¥ v E
|
_W [}
H(s)= — ——
S [0 ) N
Wo=1/RC
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Ideal Integrator Quality Factor

_ "Wo_ "Wo
Ideal Intg. H(s)= s jw
Since Q is defined as: H (jw) :W
_ X(w)
% RW)
Then: intg.
QI deal ¥
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Effect of Integrator Non-ldealities on Filter Performance

Ideal Intg. Real Intg.
log |H(s)| log|H(s)|

H(s)= 0

S
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Effect of Integrator Finite DC Gain on Q
log|H (s)

a

(in radian)

-90%

Example: PY/ w, =1/100
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Effect of Integrator Finite DC Gain on Q

* Phase lead @ WO

->Droop in the passhand

Droop in the passband

Magnitude (dB)

1
Normalized Frequency
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Effect of Integrator Non-Dominant Poles

log|H (s)|
y i ]
90— @

S

©
o

©
o
ol

T~ (in radian)

Example: w, /P2 =1/100

w
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Effect of Integrator Non-Dominant Poles

—)
=

Peaking in the passband

Magnitude (dB)

1
Normalized Frequency

Phase lag @ WO

->Peaking in the passband
In extreme cases could
result in oscillation!
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Effect of Integrator Non-Dominant Poles &
Finite DC Gain on Q

log|H (s)

¥
- Arctan & Yo
.......................... i=2

-00%

Note that the two terms have different signs
-> Can cancel each other’s effect
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Integrator Quality Factor

-a

a S S
o Swo)(1+ pz)(1+ pS)"'

Real Intg. H(s)» (

Based on the definition of Q

and assuming that: Wo 1 @& a>1
P23,.....

It can be shown that in the Qi ntg. 5 1
vicinity of unity-gain-frequency: real 1 ¥ 1

E YY) é L

a Ci=2h

Phase | / Wo
€q \a9
Qw, praR
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Example:
Effect of Integrator Finite Q on Bandpass Filter Behavior

dB dB o
“ 0.5 Wlead at w°intg ar 05 \Pexcess gl Wointg
,\ A
N/ \
[ \
L 6 \
6 [/ \Ideal
k!
\
-16F
-6+ \\
\
\ \
/ \
_26L // \\ \ -26L \
09 0 T 05 10 i
o w
W “o
Integrator DC gain=100 Integrator P2 @ 100.W,
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Example:

Effect of Integrator Finite Q on Filter Behavior

(-] - -
ar (05 \Plead 25 %xcess) il w°img

— Verror o Wojntg.= O

-6} o ——

74 \
/

S16F
26l 7/
— 1 J
09 1.0 (N
i)
Wo

Integrator DC gain=100 & P2 @ 100. W,
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Summary
Effect of Integrator Non-ldealities on Q

intg. _

Q|dea| =¥

intg. 1

Qeal ” 1 ¥
7_W ai
a "5

Amplifier DC gain reduces the overall Q in the same manner as
series/parallel resistance associated with passive elements

Aﬁmplifier poles located above integrator unity-gain frequency enhance
the Q!

— If non-dominant poles close to unity-gain freq. - Oscillation

Depending on the location of unity-gain-frequency, the two terms can
cancel each other out!
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Various Integrator Based Filters

Continuous Time
— Resistive element based
e Opamp-RC
* Opamp-MOSFET-C
* Opamp-MOSFET-RC
— Transconductance (Gm) based
« Gm-C
* Opamp-Gm-C
Sampled Data
— Switched-capacitor Integrator
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Integrator Implementation
Opamp-RC & Opamp-MOSFET-C & Opamp-MOSFET-RC

C
Vi n Vi r:/tuneJ.
|
R
VO
¥ Opamp-MOSFET-C Opamp-MOSFET-RC
Vo _ -Vo where wy=
VI n S ReqC
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Integrator Implementation
Gm-C & Opamp-Gm-C

GmC-OTA Intg.

Vo _ -W G
70: _"o where Wozim
Vin s C
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Integrator Implementation
Switched-Capacitor

=

G

—T=1/f

felk C
fsignal< fclk Vp = CCI S dndt

Main advantage: Critical frequency function of ratio of Caps & clock freqg.
-> Critical filter frequencies (e.g. LPF -3dB freq.) very accurate
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