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Introduction

Different Types of CTFs — Active RC and MOSFET-C

Active RC MOSFET-C

Basic single-ended integrator C

C

R

\/i n o WW > \/I n
N 0 Vout
i L

Basic fully differential integrator

0 Vout

-
Y

C Ve
| |
R i J: i
\/in+c MW ™ ——o Vs \/in+°_|_l ;b—o out+
\/in—c WW -~ —— Vout- \/in—c | L~ —2° Vout-
R
|
:: [
C Ve C
+ Good linearity + Insensitive to parasitics
+ Small number of active elements + Small number of active elements
+ Insensitive to parasitics
— Must drive low impedance loads — Must drive low impedance loads

No continuous-time tuning mechanism — Nonlinearity of MOS resistance
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Introduction

Different Types of CTFs - G_-C and G_-OPAMP-C

G, -OPAMP-C

Basic single-ended integrator

Basic fully differential integrator
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+ Fastest of all approaches
+ No need to drive low impedance loads + No need to drive low impedance loads
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+ Insensitive to parasitic capacitances

+ Small output swing transconductors

— Sensitive to parasitic capacitances — Largest number of active elements

— Nonlinearity of transconductor

— Additional poles = slow
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Active-RC filters

Active-RC Filters
Integrator 1st-order low-pass filter
Ro
e
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a Your _ _ 1 — a Your _ K
T(s) 2 v = T with t = RC T(s) 2 Vi T Tr L
with K = — 22 and W, = =
R4 R,C

= Assuming the OPAMP gain is large enough, active-RC filters offer
» good linearity

» low sensitivity to the parasitic input capacitance
(however the cut-off frequency may depend on the load capacitance)

= On the other hand they must drive low impedance loads which leads to higher
power consumption
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Active-RC filters

First-order LP Sections

Inverting Noninverting
R, R
W Vio—Mw % .
C L. > Ve
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Vjo—— = Lz R
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= The transfer function is given by = The alternative 1%*-order section shown
74 W, above does not introduce any
T(s) = V= KT o, inversion (K positive)
. R 1 /A W,
s withK = —=2and w. = — A — =
R, & " 9 T Rye I'es) V; S + w,
= Notice that the dc gain K is negative . - _ 1 o % and w, = %
1

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

First-order HP Sections

Inverting Noninverting

R> Vio I i 1
! || ‘ —o \/.
R, C —WW— %R >—t o

= rRE
= The transfer function is given by = The alternative 1%*-order section shown
A S above does not introduce any
T(s) = V.= e, inversion in the passband
. R 1 /A S
= withK = —=2and w, = — a 9
R, 0 W T ke I'(s) V; S + w,

= withK =1 +2and w, = —
R, RC

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

First-order All-pass Sections

Inverting Noninverting
R1 R
R, — MWW R ——WW—
ey >V v >,
R _L C
C % R
= The transfer function is given by = The alternative 1%*-order section shown
74 S — w, above has the same transfer function
T(s)2—=K v S —w
Vi S+ W, T(S) a Yo — K C
: withK=—1anda)C=% Vi st
= except that now the gain is positive
1

K=+1andwc=R—C

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

First-order Filters Based on the Inverting Amplifier

C1 Co

Vi Z1 ZZ . Vo —’-l_\)l—o—’-l_\)l—
\/Io—u—\NW}\—u—\MAﬁ\—u—o Vo
J_—+

| r>

= Other 1storder transfer functions can = For example replacing Z; and Z, by
be obtained from the inverting amplifier ~ parallel RC leads to

using impedances Z; and Z,, 74 s+ w,
= The transfer function is then given by I(s) 2 V. s+,
Z Y. , Cy
Vo _ 2 1 » WithK = —= = and w, =
T(s) £ VoL Ty, Wll c;’ 7 T Ryey 0 Ve
R, C3
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Active-RC filters

First-order Filters Based on the Noninverting Amplifier

V'°_>—»—o Vs Vlo_>—n—o Vo

Zz R2
——+—
Z G2
i —i—
= =R
= The noninverting amplifier can be used = The transfer function of the above
if positive gain is need circuit is given by
= The transfer function is then given by T(s) 2 Yo = g5tz
Z Y Vi Stw,
T() el 14222140 R _a(1_ 1
V; 7, Y, wthK =1+ Ry w, = Cz (R1 + Rz)
and w, = e,
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Active-RC filters

The General Second-order Filter Function

The second-order filter function, in its general form, is the following
a,s? + a;s + ag
s?2 + bis + by
= Realization of this function using active RC networks is of interest only in the case
that \/b—o > 0.5 by, i.e. when the poles of T'(s) are complex conjugate

= T(s) can be written alternatively in the general “biquadratic” (or biquad) form as

T(s) =

52 +%S+w§
T(s) =K i

W
52 +—ps+a)§
Qp

= where w, and w,, are the undamped natural (or resonance) frequencies of the

zeros and poles respectively, while @, and @,, are the corresponding quality
factors, or Q-factors

= The zero or pole frequency is the magnitude of the zero or pole, respectively, while
their quality is a measure of how near the corresponding zero or pole are to the jw-
axis in the s-plane

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

The Sallen-Key Single OPAMP Second-order LP Filter

= The most popular single OPAMP 2"-order LP circuit is that of Sallen-Key shown
above, which uses a noninverting amplifier with a single OPAMP

= |ts transfer function is given by
k/(R1R,C,Cy) K

v,
T(s) 2 —= =
Cos +(R161+R261+R262 SYRR, G0 S st+wp

= where k = 1+ Ry, /R, is the dc gain of the noninverting amplifier

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.

E P . I © C. Enz | 2024 Continuous-Time Filters (CTF) Slide 13




Active-RC filters

The Sallen-Key Single OPAMP Second-order LP Filter

|dentifying the coefficients gives the following design equations

K = k o — 1 0, = JR1R,C1Cy
RiR,C1C;’ P RiR,C.C;' P C,(Ry+R3)+R.C1(1-k)

= withk =1+ 22

a

= Since the number of unknowns is larger than the number of equations, some
components will have to be selected arbitrarily (or from other constraints)

= One popular choice is to choose k = 1 (R, = o) which corresponds to
operating the OPAMP as a voltage follower and hence use its full bandwidth

= The other resistances can then be selected equal, Ieading to

1 C1
,
R2C4C, p = RJC.Cy Op = C,

R1=R2=R,K=a)5=

The dc gain K/ a)g is restricted to unity which is usuaIIy nota problem for filter
design

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

The Sallen-Key Single OPAMP Second-order LP Filter

Vi +> v,
Co

= The circuit simplifies to the one shown above and the capacitances are given by

2
C; = 2% and C, = :
Rwy 2RwpQp
= The capacitance ratio can be calculated as
Cq
— = 402
C, @

= implying that for high Q values, the capacitors value spread can be undesirably
high, presenting difficulties in the implementation

= This limits the usefulness of this design to low Q filters
T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

The Sallen-Key Single OPAMP Second-order HP Filter

=
Cq c
L
R>
[ [
R, Ra

= Applying the LP-to-HP transformation we get the 2"d-order HP filter having a
transfer function given by

I(s) & v, ks? ks?

S)=—= —

V; 5 1 1 1—k) 1 2 L Wp )
LS +(R262+R261+R161 SYRR GG S Tg, ST

= where k = 1+ Ry, /R, is the dc gain of the noninverting amplifier

= The corresponding design equations are given below
VR1R2C1C;

1
wy = and @, =

JR1R2C1C;

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

The Deliyannis Single OPAMP Second-order BP Filter

Co
I
|
Ro
R1 CI1 """
Vi° W | >—»—o Vo
=R,

= A BP Sallen-Key 2"d-order filter is shown above with the following transfer function

1+KS
T(s) 2 22 = R\G; _ hs
V 2 Cl+C2_ K ) 1 _ 2 (l)p 2
o (Bad e trmGe to,5T@p

= where K =R,/Ry,andh = (1+K)/(R,C,)
= The corresponding design equations are given below

O = 1 andQ . +JR1R2C1C5
b R1R;C1Cy p R1(C1+C2)—RyC1K

H. G. Dimopoulos, Analog Electronic Filters, Springer, 2012.
T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

Multiple Feedback (MF) Single OPAMP Biquads

—1Y;

Vv
T(s) & -2

Vi Ye(Y, +Y, +Ys +Y,) + VsV,

Band-pass
C4-|— Cs Gs
G; —
Vinl G2 lvout
L
—61C3 - S

High-pass
C4= C3 G5
Vl C %Gz l\/ .
_G1G3 —C1C3 'Sz
Czcs : SZ + CS(Gl + Gg + 04) -S + G3G4_ C3C4 . SZ + GS(CI + C3 + C4) -S+ G2G5

63C4 ° Sz + 05(63 + C4) - S + GS(Gl + Gz)
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Active-RC filters

Multiple Feedback (MF) Single OPAMP Biquads

Low-pass High-pass Band-pass
% Lo, .l % ol %
G, Cs Cs
o I | ———i B ———j =
1 - C + 1 P
Vi l -|_ C2 lvout le 1 % GZ lvout le % G2 lvout
. _L_ o o _L_ o o _L_ ]
K K - s? K-s
H(s) = ——g ——— Hs) = ———— H(s) = ——g———
S +Q—p-s+wp SZ+Q_p s+ wp S +Q_p s + wp
Elements Low-pass High-pass Band-pass
Y1 G1=K/(Up C1=K GlzK
Qp(2w3 + K)
Y, C, = 2 G, = w,(2+K)Qp | G2 = 20,0y — K
p
Y3 G3 = wp C3 =1 C3 =1
Yy Gy = G3 Cy = C3 Cy = C3
Wy Wp Wp
Y. Ce = p Gg = ———— Gy = ——
° T 0,2w2+K) | T Q2+K) 20,

CPT[ o e a0

Continuous-Time Filters (CTF)



Active-RC filters

Block Diagram of a 2"%-order LP Transfer Function

~1 |
1
Q
Vie—p| K o —p 20 -0 oV,
()] < 2 S S S
(o) 7 T
= The 2"-order LP transfer function
K
/A K s
Tp(s) £ = =
Lp(S) V; Sz+%s+w§ (i)2+li+1
Wy Q wy
= can be rewritten as
s 2V _ ko 1s
(-U() o — (1)(2) l Q (U() (0] (0]

which can be implemented with the block diagram shown above
= This block diagram can easily be implemented with OPAMPS

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

From Block Diagram to Circuit Implementation

R’
-1 |l R
9 KR WW R= ﬁ R= C
@o
1 Vio— A@C) 1/(aC) |
Q vy 'l'l'l'l'l
JT_——+ J___+ >—<—o V0
QR'E roT 1
Vi° > K2 ¥ > (O] ' > (O] o Vo vvvvv ,
0)0 2 S S lllll
s [P L e I e e
(w_o> "o wy ° +—_L

= Using OPAMPs to perform the summing and integration operations, we obtain the
circuit shown on the right

= Straightforward analysis of this circuit shows that the function is realized with a
minus sign

= To avoid this, and also the use of a fourth amplifier, we make use of the OPAMP
difference circuit leading to the KHN (Kerwin, Huelsman, Newcomb) biquad shown
in the next slide

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

The Kerwin, Huelsman, Newcomb (KHN) Biquad

Ry

R4

R

1
]
R'l \ ym \ R
\/ic W 4 t s . W _
R R3/ ’ J—-_ / Vep J_—>—'

—o V|p

= The KHN offers the 3 different transfer functions LP, BP and HP

w§

Tp(s) & P = g
. Vi 52+%s+a)§

V WoS
TBP(S) — i = K, 0
Vi sz +20 0 05 + wd
2

VHP /
THP(S) — V. =K
l

w
s? +?05+a)(2)
2R, R

. 1 R
" Withwy =—,K' = and Q == (1+ 3)
RC RiR,+R{R3+R,R; Ri Ry

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

The Generalized Tow-Thomas Biquad

R
i C
—— [
j_ \ .5. \ A
RiZ TGE /\‘}O RE [ L1 r>_
Vic :

= A more versatile 3 OPAMPs biquad is the generalized Tow-Thomas shown above
= The transfer function is given by

C 1 (R r 1
A ¢ () trme
=y, NI S
R,C ~ (RC)?
= Clearly, it is possible to obtain any kind of second-order filter function by a
proper choice of the component values

= The choice is summarized in the table on the next slide

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

The Generalized Tow-Thomas Biquad

R
== ol
RiE 1 o[- > o >
'F T "= v, RE JT-_/ Ry E J___>_
Vie .
Type Conditions Comments
LP [C;=0 R{=R; = o
BP | C;=0 Ry =R, = Positive sign
BP | C;=0 R, =R; = Negative sign
HP | C;=C Ry =R; =Rz =0
Notch | C; =C R =R; =
Allpass |C; =C Ry =, r=R3/0Q

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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Active-RC filters

The LP and BP Tow-Thomas Biquad

R

Vi ° W \ ,‘,‘{,‘?‘,‘,‘ \ ul" N o
JT__/ o J__/ | o >—n—o VLP1

VBp = VLP2 J__ (negative)

T
T

| r
|

(positive)

= The particular LP and BP cases of the Tow-Thomas biquad are shown above

VBP woS VLP1 K
T =K sand Ty p(s =
1 R R
= Wherewy, =—,Q0 = —=and K = ——
RC R R,

= We see that R, sets the Q-factor independently of the center frequency w, and
R, sets the gain in the passband

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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MOSFET-C filters

MOSFET-C Filters — Linear MOSFET Resistors

= MOSFET-C filters are derived from active-RC filter where the resistors are
replaced by one or several MOS transistors

= MOSFET-C hence require linear resistors made of one or several MOS transistors
usually operated in their linear range and in Sl

= Linear operation is achieved by cancellation of even-order nonlinearities using
balanced signals with differential circuits

= Remaining odd-order terms are usually very small

= Several basic circuit principle for the implementation of linear MOSFET resistors
will be examined:

» Single device with balanced source and drain voltages
» Two devices with balanced drains and common source
» Four devices (bridge)
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MOSFET-C filters

Linear MOSFET Resistors — Circuit Principle 1

WL
o ! I_T_I\VG s

N
V, ° V. © ,leucoxf

+V/2| Vo l S |-V/2
v Y v v
L

0

= Balanced operation of a single MOST biased in linear region and in SI
= Drain current: I = nf (Vp Yo +VS) (Vp = Vs) for Vs, Vjy < Vjp = L6710

n

= Linear operationif V), — Vs =V and V, + Vo = —2Vj resulting in
[=nB(Vp+Vg) - V=G-V=V/R
" withG =np(Vp + V) = (Vg — Vo + nlVp) = B(Vp — Vpo + (n — 1)Vp)

= provided |V| < max {ZVB; 7 Vc—VT0+(n—1)VB}

n

= Nonlinearity cancellation relies on precise voltage balancing
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MOSFET-C filters

Linear MOSFET Resistors — Circuit Principle 2

Ve
7
L L
+V/20 ) 1
. /4
¢—o Voux p = :L‘CoxT
| 1
~V/2 o—r JTL
Ve

= Two MOSFETs in differential configuration biased in the linear region and in S|
and with balanced input

Al2], —1_ =nBf(Vp+Vg) - V=G-V=V/R
" with G =nB(Vp + V) = B(Vg — Vro +nVp) = BV — Vpo + (n — 1)Vp)
= independently of the value of V,,,. provided

|V| < max {ZVB; 2 VC_VT0+(TL—1)VB

n

Ve=Vro+(n—1)Vp
n

}and Vg < Vs <

= Nonlinearity cancellation relies on proper voltage balancing and device
matching
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MOSFET-C filters

Linear MOSFET Resistors - Circuit Principle 3

V1°

Vaux
= Four MOSFETs in bridge configuration with all transistors identical and biased
in the linear region and in Sl

= |nput voltage includes a common mode component Vw in addition to the
differential term V withV; =V, + V /2 and V, = V;. — V /2 resutling in

Al2, =1 =BVer = Vo) V=06G-V=V/R
= with G=G;—G, =WV, —V.)where G; =1/R;fori = 1,2
= Does not depend on input common mode voltage V;. neither on threshold voltage
= Depends on the difference between the control voltages V.; — V.,
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MOSFET-C filters

Linear MOSFET Resistors - Circuit Principle 3

Pros Cons
+ Both even and odd harmonics are — Complexity, requires 4 matched devices
cancelled (assuming perfect device and two control voltages
matching and constant mobility) — Highly sensitive to mismatches (A and
+ Input signals V; and 1, do not need to be AVy)forR > Ry, R, (i.e. V., close to
fully balanced (they can have a non zero V:0)
common mode term) — Higher noise than for circuits 1 and 2
+ Resistance R is controlled by a differential excess noise factor y given by
voltage V.1 — V., 2R
+ R can be negative as well as positive y=R-G, =1+ R_z
+ Risinsensitive to Vro and common mode where G, is the noise conductance of the
noise resistances

= This is higher compared to y = 1 for
circuits 1 and 2
= Example withR = R, (R{ = R/2)
y=3
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MOSFET-C filters

MOSFET-C Filters — Basic Fully Differential Integrator

VC C

Il

| ‘ y Il
+\/in/2 ’ b +\> —o +\/out/2
—vin/2o—l>—TVr =~ Voul2

) Il

Il

Ve C

= Combination of a linear MOSFET resistor using the circuit principle 2 and a fully
differential OPAMP with a balanced output (incl. an output common-mode feedback)

= Assuming OPAMP with infinite input impedance and matched capacitances

Vou 1t Vou 1t
+2 =V, - [ L@drand -2 =V + - [[_ [ (v)dr

= Assuming infinite differential gain > V. = V_
t t

1 1
Vout = C j(l+(T) - I—(T))dT = “RC Vin(7)dt

= where R =G =LV, —Vpo+ (n—1)V)

= Note that fully differential OPAMP requires a common-mode feedback (CMFB) circuit
to set the output common mode voltage
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MOSFET-C filters

MOSFET-C Filters - OPAMP Requirements

Low output impedance (R, < Ryosrer)

High gain-bandwidth product in order to achieve:
» small errors in the filter frequency response

» accurate nonlinearity cancellation

= Fast and accurate output CMFB to maintain precise voltage balancing over the
entire frequency range where nonlinearity cancellation are important

= Modest input common-mode range and rejection capabilities (input common-mode
voltage is an even nonlinear function of the input signal)
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MOSFET-C filters

MOSFET-C Filters — The Tow-Thomas Biquad

R
""""" VBP a)o S
QR H (S) L2 —=K
v‘v‘gv‘ o VBP BP Vln SZ _I_ % S + (U(%
" C
R/K R —"_0 VL p K
\/inc YWW o - HLP (S) é =
S |, T
I I LP in S+ 0 S+ wg
L "
R T L/W
QR Q-L/W
WW ° Vgp+ — L Vep+
C C A C V, C
Vin+c WW W b o V . Vin+° [ 1 [ 1 ° V .
Vin—c MW i:x MW i,_c V::E_ Vin—c L] iyl_/w LT } ir> o thz_
R/K L/(W-K
i - WKl Q) S
C C Ve C Ve C
A'A'A'A'A' o V _ r b——o V _
R BP 1 [_‘Q-L/\N BP
e % LW
Ve
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MOSFET-C filters

Generic 15t- and 2"-order MOSFET-C Section

LG 162 15 T m
Ja O Tl o __lg|_4
4
ol 2 A o Y16 ‘2 MO |G|
= DA jiﬁx G5 |, >
] G o %y T Z LT Yy
T ’—"a—"—'"—‘ r ’—"'a—"'—"'— IZ"—"_"-—i
1 Gy 16, 1 165 ® 16,
>—|g\|1——4 I a B §
(a) (b)
2
H(S) S(Cl_c2)+Gl H (S) \) C2C3 +S(C1—C5)G3 +G1G3
1 - 2 =
sCr + Gy 52CyCy +5C,Gy + GoG;
Function Choice of element

R. Schaumann, Continuous-Time Integrated Filters in The Circuits
and Filters Handbook, Ed. W-K. Chen, 2nd Edition, CRC 2003

Bandpass G; = C3 = 0; C5 = 0 if non-inverting, C; = 0 if inverting

Low-pass C; =C3=C5=0
High-pass C; =Cs =G, =0
Notch C; = Cs

A||-paSS (Cl - Cs) ° G3 = _Cz . G4

EPI-I © C. Enz | 2024
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MOSFET-C filters

MOSFET-C Filters — Non-ldeal Effects

= Nonlinear distortions

» Device mismatch and signal imbalance = imperfect even-order distortions cancellation

» Departure from simple square-law model (due to mobility variation, moderate inversion
effects, etc...) = odd-order distortions

= Errors in the frequency response

» Extra phase shift in the integrators due to:
» finite OPAMP bandwidth
» distributed gate-to-channel and channel-to-bulk capacitances

¢ 1s-order modeling of distributed RC effect by
G S a time constant in the V/| transfer function
1 Capo ==-i= R——CG =32 Caso 1 1
po—JflL—0s = Do—é—M—O—oS TRC:g'R'(CG+CB):g'R'”‘W'L'Cox:
| CBDj ::'g:: Cs ::::CBSj i Lz X i n-L2
ST | "6 w-(Vp+Vy) 6 u-(Vg—Veg+nVy)
B
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Outline

= |ntroduction

= RC-active filters

= MOSFET-C filters

= G, -C filters

= Source-follower CTFs
= Noise in CTFs

= Automatic tuning
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G,,-C filters

Differential Pair in Weak Inversion

1.0 1.0
I I 0.8} 0.9
Vi 0.6} | 0.8
Md 0.4] ! {07
]
' ° 0.2} i 10.6
Viz 2, 2 00 : o5 & —— i,y (left axis)
-~ | T —— g (right axis)
: -0.2f : 0.4
IOd — 11 — 12 -0.4¢ : 10.3
]
Zlb = 11 + 12 -0.6} 7 i 10.2
/ ]
Vig 2Vyy — Vi —08/ : 0.1
-1.0 - 2 - : : ' : 90
Vi Vi =20 -15 -10 -05 00 05 10 15 2

= |n weak inversion, the normalized differential output current is given by

;2 foa _ . ith ., & _Vid
loa = 5, = tanh(v;y) with v;; £ Uy
= and the normalized transconductance by
G I
2 =2 =1 — tanh?(v;y) With G,y 2 G,,(0) = —2
Gmo nu

= Although it offers the highest current efficiency G,,,,/(21;), it has the smallest
linear range (= 4nU; = 155 mV)
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G,,-C filters

Differential Pair in Strong Inversion

1.2

I I 1.0}
0.8}
Vito—| — 0.6}

Vin 0.4}

0.2}
2l
.8 00}

)| -0.2}
loa 21, = I Bl
2, =1, + I, _osl
Via =2Vii = V; -1.0 .
Vii + Vi BT )

2

= |n strong inversion, the normalized differential output current is given by

— I,y (left axis)

(S J— g,, (right axis)

A
Vic &

Via _ _ Via  _ Via
nVpssat Nn(Vp—Vs) Vg—Vro—nVs

2
. I 14 .
lod = ZLIZ = Viq 1- (id) for |vid| < \/§W|th Vig =

= and the normalized transconductance by

Gm _ 2-v} 21y 21y 21

. 201y
= = with G0 = 0) = / = = =
Im = Gono a2, mo & Gm(0) n nVpssat n(Vp=Vs) Vg—Vro—nVs
l

= The linearrange (= V; — Vo, — nVs) can be extended by increasing the
overdrive voltage V; — Vi, at the cost of a lower current efficiency
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G,,-C filters

Differential Pair in All Regions of Inversion

1.2
I A ;
y 1.0f
vi1 ] 08¢ —— 1C,=0.01
in r q .
Ve 2/ 0.6¢ —— 1Cc,=0.30
b ol IC,=1.00
0.2}
| ; IC,=3.00
[ el ] .8 0.0} ‘"
od = 11 2 PPy IC,=10.00
~0.4f q
Via = Vis —Viz o6k —— 1C,=100.00
Vi + Vi —0.8:— —— Weak inversion
Vie & = 8|
-1.0}

= The normalized differential currenti,; £ I,4/(2I,) can be calculated versus the
differential input voltage v;; £ V;4/(2nU7) in all regions of inversion defined by
the quiescent inversion coefficient IC, = I, /Ispe.

= The above plot illustrates how moving to strong inversion extends the linear range
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G,,-C filters

Linearization Based on the Overdrive Voltage V; — V¢

A
I I,
Vi1o—||: —
Vin
Vie® 21,
Ig =151,
Via Vi1 —Vio n=12.1.7

= Basically does not change the shape of the |-V characteristic, but scales the input
voltage according to V; — Vg

Slide 41 E KV
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G,,-C filters

Differential Pair Degenerated with Resistor

1.0
0.5

I = 0.0

-0.5

2ly

-1.0

10

A £ . .

log =1 =1 O o6
A 04 1
Via =Vii —Vio @E :
0.2F !

0.0—

= Not appropriate for low-voltage

"l P . I © C. Enz | 2024 Continuous-Time Filters (CTF) Slide 42



G,,-C filters

Differential Pair Degenerated with MOSFET

o o

1 Y 115
Mial Ve |[M1b
vie—l - [woph— ve

= Linearization based on degenerating MOS resistor using circuit principle 1

= (Can achieve good linearity provided
» Input voltage V;,, is balanced

» M1a and M1b are in separate wells connected to their own source to avoid substrate
modulation (G,,,s1 = 0)

» The transconductance G,,; of M1a and M1b is much larger than the drain-to-source
conductance G40 = Gso Of M2 (Grryg > Gryso)

G.. A log = ©IL1—I
m = . — . ]
Vld Vll_VLZ

= 2G s fOr Gy, > Ggo
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G,,-C filters

The Krummenacher Differential Pair — Principle

ID1

‘ M1
Via

= Degenerating resistor implemented with two MOSFETs operating in the linear
region and controlled by the inputs

= M1 and M2 in saturation
= For V;, close to 0, M3 and M4 are in the linear region

= When V;; > 0 becomes larger, M4 enters in saturation whereas M3 remains in

the linear region

F. Krummenacher and N. Joel, JSSC, June 1988.
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G,,-C filters

The Krummenacher Differential Pair — Strong Inversion

= M1 and M2 in saturation and M3 and M4 in the linear region for v;; < v,

. , v2 2a24+2a+1
lod = Vid ° —jdforvid<vkwherevké\/ o +_ tha_1+ﬂl)}3

Iod Gmo Gml _ 2ﬁllb
21p b 1 B n
4p3

= M1, M2 and M4 in saturation, M3 in the linear region for v;; = vy,

1

1+(avi)?(1-3) |
iodzg 1+(avid)2(1—§)+2avid\/1— i ( b) Wlthbé3+ﬁ

b B3

= The transconductance G,,, defined at V;; = 0is 1 + B;/(4L5) times smaller
than the transconductance G,,,; of the normal differential pair

N. Joel, PhD Thesis, EPFL, 1992.
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1.0

G,,-C filters

0.8F

0.6r

lod

0.4+

0.2+

— Bi/Bs
B1/Bs
Bi/Bs
— Bi/Bs

1.10

O.%_

EPI-I © C. Enz | 2024

1.0

1.00

i2

1.05¢

g i
oy 0-95
0.90

0.85¢

0.8%.

= Residual G,,, ripple is minimum for 5, /B3 = 6.7
= Linear range extended by ~2x without degradation of the current efficiency

Krummenacher Differential Pair — Strong Inversion

compared to normal differential pair with the same bias

=5 -
=6 G = dlod . Gm
=7 m - -
=8 dvid Gmo
— B4/B3=5
B./B;=6
Bi/Bs=7
— B4/B;=8
— B4/B;=6.7
0 0.2 0.4 0.6 0.8 1.0
Vi
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G,,-C filters

The Krummenacher Differential Pair — Strong Inversion

1.0 1.0
0.8 L ~0.9
0.6 X ~0.8
0.4 \ ~0.7
0.2 \\ 406 BG)
0.0 \ 05 &
0ok IC4=1C,=10 loa
) /B3=6.8 O
04} Bw?d. | o3
0.6 ~gmempledp | 0.2
0.8 /L —gmkumdn  \ 7|01
10 | .7 | T S 0.0
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Vig [VI
= Simulation with full EKV model for IC = 10
= Residual G,,, ripple is minimum for 8, /5 = 6.8
= High current efficiency since no additional current branch
|

Good noise performance

F. Krummenacher and N. Joel, JSSC, June 1988.
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G,,-C filters

The Krummenacher Differential Pair - Weak Inversion

Vi o——i oV Ay
1 1 2 loq =1p1—Ip

Via 2Vii —Vio

= |n WI, the differential current is then given by

, I,4 evid — 1 e?Vid — 1
log = — vy — : :
2l pvia 114 Kevfdl—c:— . e?vid 4+ (2 + K)evid + 1

= withK 2 B, /B4

Iod Gmo
" andiog =5 " loa = 1y — Loy Via = 5 " Via, Via = Via = Viz

EPFI: © C. Enz | 2024 Continuous-Time Filters (CTF) Slide 48



G,,-C filters

Krummenacher Differential Pair - Weak Inversion

1.0
08}
—— BJB,=0
0.6f BBy =1
3 Byl =2 '
h 0.4+ Bi/B3=3 g _ led _ Gm
— BiB3=4 m — —
dvid GmO
0.2t
0.0 1 2 3 4 5
Vig
I I — FBilPs=0
1 2 BBy =1
M1 M2 BBy =2
e S [V e BB, =3
[ — B4/B;=4
M4 L
Iy Iy

= Residual G,, ripple is minimum for 5, /B = 2
= Linear range extended by ~2x
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G,,-C filters

Multi-tanh Linearization - Principle

l4 I>
V”°_| B1 KB1 —
Vi
Vi2®

> Vig

= Controlled offset voltage in weak inversion V, s = nUr - InK
= Combination of two pairs with opposite offset voltages

> Vg

yYi|\/

A
A

Voff Voff

H. Tanimoto, M. Koyama and Y. Yoshida, JSSC, July 1991.
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G,,-C filters

Multi-tanh Linearization — Example

1.0
0.8}
— pilps=1
0.6} BilBs=3 )
3 o ?;ﬂa:? led Gm
0.4} 113 — —
— Blp=3.73 gm d ) G
Via mo
0.2} 14

= For N = 2 the residual G,,, ripple is minimum for K = 5, /5 = 3.73
= Linear range extended by almost 2x

Pilps=1
Bilps=3
Plps=5
Blps=T7
Pl p3=3.73

EPI-I © C. Enz | 2024
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G,,-C filters

Linearization Based on MOSFET in Linear Region

= Particular case of square-law difference where the difference is done inside the
same MOS transistor

= Achieves excellent linearity at the cost of higher noise factor

i 0
Ve[
| -
Y Ib=le-IR -
Vs—Vio ©
o—[ | Vo<~
vl |
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G,,-C filters

Linearization Based on MOS in Linear Region

= M1 in the linear region I, = SV}, (VG — Vpo — %VD) for V, < Vp = L6110

n
= The transconductance is hence given by G,,, = BVp

= Linear range defined by Vipin = Vo + 1 -V and Vi, g5 limited by mobility
degradation

= I/, must be maintained constant to avoid any distortion
» Cascode transistor and maximum G,,, s for given current (i.e. weak inversion)
» Distortion due to residual variations of V/;,

= The PSD of current fluctuations due to thermal noise (non-stationary) is given by
Snp = 4kT G, with G, = G, = BV — Vip)

= resulting in a noise excess factor given by

Gy _ B(Vg — Vro) _ Vemin + AV — Vg > q

Gbn f?Vb .Vb B

= Usually much larger than one since Vp < Vimin + AV — Vg Where AV is the
signal amplitude resulting in a linearity versus noise trade-off
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G,,-C filters

Linearization vs Current Efficiency (1/2)

log = 11)1—11)2 Ip1
PR

lq

Via 2Vi1 = Vo
I

G, =—1
Vmax

Linear range

Current efficiency

Vimax Gm/lq
Weak inversion 2nUr 1
2nUr
Strong inversion Ve — Vro 1
Ve — Vro
Degenerated R-1, 1
R-1,

EPT[ oo e 20
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G,,-C filters

Linearization vs Current Efficiency (2/2)

Maximum G,
for a given +1-

c_:\L/Jrrent /\

max

2nU; -1

7
A\

-,
! - oy,
1 - I,

|7 1
___________________ - _

1
1 >

1 Vmax
2nU+

Reduction of G, for
a given current

= Current efficiency G, /1, degrades proportionally to the increase of the linear

range

= Results in power consumption increase for a required G,,,

EPI-I © C. Enz | 2024
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G,,-C filters

Linear Model of OTAs

= An OTA can be modeled by the simple linear model given below

Vn =T Cic+ G

, g Y (S) - m
in+ o—] T~ —o out+ m+o_@_0 ) Godg Cod o " I+s- Tp
in-o0—__~~—oout- “:> Vinl Co= lvid % v, = = y

in—o—@—o o out- SV — 4kT L

<, &

= Simple Spice implementation

= C.
(V(out2)+V(out1))/2
" } , C \ WW—e o out1 Rl’l = GL
Vi l Co= —— P EE R, l<> Ro1 m
in2 o X Gm- V(1) G
in2 } \ out2 Ct =T —m
Ro2 p p 7

T Co-  Guly-(V(in1,in2)~Vies)
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G,,-C filters

First-order OTA LP Filters

Vi°_ém o\, V' Vs,
= = C3= G
1. T

= The transfer function of the above = The above alternative offers a dc gain
circuit is given by different than one
Vo W Vo W
T(s) 2~ =K T(s) 2 —=K
(S) Vi S + W, (S) Vi S + W,
= with K = 1 and w, = <2 = with K = ™ and w, = 2
C1 GZ C3

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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G,,-C filters

First-order OTA LP Filters

AAAA
vy

Gs

—i
]

= Another 1st-order LP section is shown = The above circuit introduces an
above with a transfer function given by additional zero

0) |74 S+ w

I'(s é_O_K - T(s) 2 2=K—*%

) Vi S+ W () Vi S + w,
= with K = anda)C:M n WIthK——wZ=@andwC=G—m
m+63 C3 Gz C1 C1

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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G,,-C filters

Generic Single OTA Filter

= All the previous circuits can be derived from the generic circuit shown above which
has the following transfer functions

T (S) a Vol _ GmYZ
Ty v, 4L+ LY +G6,Y,
v G (YL +Y.

TZ(S) a 02 m( 1 2)

Vi Y.Y, + Y Vs + Yo Vs + G Y,
= The above 18-order sections are obtained by replacing one of the admittances by

a capacitor, one by a conductance and the remaining one either by a short or an

open resulting in two passive component 1st-order sections
T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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G,,-C filters

The Tow-Thomas OTA-C Biquad

— V%1
Vite i
C1

o+
3

N

L 4

° Vo2

C2 Gm3

Viz

..|_|

Vi
= The Tow-Thomas filter can also be realized with OTAs as shown above

= The various transfer functions are given by
(5T + kp)Vig + Vip — kpVis

ol ™= SleTz + kzzSTl +1
- Vit = s11Vig + k22571 Vi3
0z SZTlTZ + kzzSTl +1
. G C C
= with k22 — ﬂ, 11 = _18nd Ty, = 2
Gm2 Gm1 Gm2

= This circuit is simple and has very low sensitivity and low parasitic effects

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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G,,-C filters

The Feedback Lossy Integrator OTA-C Biquad

o
3
w

Vi

= This is a variant of the previous Tow-Thomas lossy integrators OTA biquad where
the input of G,,,» has been connected to its output (making it lossy)

= The output is then given by
(st + kop)Vig — (ko — D)Vis

o1 ™ SleTz + kzzSTl + 1
Vi + (kg — sty Vi
02 SZTlTZ + kZZST1 +1
. G C C
= withk,, =1+ 7, =—andt, = —=
22 Gmz 1 Gm1 2 Gma2

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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G,,-C filters

Outline

= |ntroduction

= RC-active filters

= MOSFET-C filters

= G,-C filters

= Source-follower CTFs
= Noise in CTFs

= Automatic tuning
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Source Follower CT Filters

Source-Follower Continuous-Time Filters

in LN
—o V/out 1] ° Vout
= ? = C_
1 1
o GmSI‘AVO o oﬂAVG o
Gm'AVin Gm'AVs
AVinl ’ % §§ Gds % CLlAVout AVinl ’ % § Gds % CLlAVout
A AVout Adc AV A
H(s) & AV = - 5 H(s) & AI;)ut _ ch
W, i 1+ a)_c
ac Gms + Ggs s n dc = G, + Gy =1
o Oms + Gas _ lm G + Gas _ G
¢ CL CL wC — CL = CL

S. D’Amico, M. Conta, and A. Baschirotto, JSSCC, Dec. 2006.
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Source Follower CT Filters

Source-Follower 2"d-order LP Filter

' ' Vbb Ib. Ib. Vbb
Vin+°—||£ Mic,/2 M4IE||—o Vi Gm1AVe1 Gma AVia Cii2
Cq/2
. . AV, AV, Vout+© T Il dk ° Vout-
Gm2'AVg2 Gm3'AVag3
My EIE ZE Ms Cyl2 Vinso—lg My M Ma plF— Vio-

Vout+© H ° Vout- AVouis© H ° AVout- Il
by by 2Ib
? Cal2 ? G, G Cal2

Folded structure
(double well process)

AAAAA
vy

AAAAA
vy

= The differential transfer function assuming G,;;; = Gz = Gz = Ga = Gy,
and neglecting the output conductances gives a 2"%-order LP filter

1 . G C

H;(s) = with w, = == -2

d( ) (i)2+ S 41 0 [C.Cy Cy
Wo woQ

= The transfer function slightly changes if the transistors are in the common

substrate due to the substrate effect
S. D’Amico, M. Conta, and A. Baschirotto, JSSC, Dec. 2006.
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Source Follower CT Filters

A Fourth-Order SF Continuous-Time Filter

Vbp

C1of2 4

Cxl2

p )

rill

.

Vout+© H

Ibvr

° Vout-

Ibwr

Vipso—d Cnl2 IHHV‘”’? Co0l2 ?

L

1 Of =+t T
no D@f"l?am= 3508 /N
D ol 1i3<§,_g=‘!0rMHz
g e
© -
=
= 30
Q.
=
T o} o
-50
ios 10’
Frequency(Hz)

S. D’Amico, M. Conta, and A. Baschirotto, JSSCC, Dec. 2006.

HD3 (600mV, @3MHz)

Technology CMOS 0.18um
Die Area 0.26mm?x2
Power supply 1.8V
Current consumption 2.28mA
Power consumption 4.1mW
DC-gain -3.5dB
f 10MHz
f ;45 tuning range +40%
IRN 7.5nV/ Hz
Vin,noise 24uV
DR (HD3=-40dB) 79dB
in-band 1IP3 (f,=3MHz, f,=4MHz) 17.5dBm
1dBcp SdBm
-40dB

I:PI-I © C. Enz | 2024
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Source Follower CT Filters

Super-Source-Follower (SSF) Filters

Vbp

Vb1 O—dlf‘M3 y
G2 1
t d M. H(s) = VR
(w—o) +(U0Q+1

Vin°_||£ M = Cq

1 ° Vout ,G G Gy C
Vizo—| M4 = C> 0 C1C, Q Gmz2 C1

= |tis important to put M1 into a separate well to avoid any substrate effects
= The dc gain accounting for the output conductances is given by

G
1+ G—3
Hdc = =1
G , Gy
1+ c-tC
m2 ml
» forG; K G and G K Gy
M. De Matteis, A. Pezzotta, S. D'Amico and A. Baschirotto, JSSCC, July. 2015.
B
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Source Follower CT Filters

Fourth-order Low-pass SSF Filter

M3a MLZ] . A i
D—{ E,,Za wanll }—“ D_{ EM e, /le. " }_q Parameter Biquad, Biquad,
sl voutp  voutm
') N ‘ j Poles Frequency — fj 33 MHz 33 MHz
. e, e, . Mic m1d
VIR o c ¢ M@Hﬂﬂm _[ ;éa e, — Poles Quality Factor - Q  0.5412 1.3066
o = ; gm, 1.8mA/V  1.8mA/V
o ea £ + ol e | gm, 1.8mA/V  1.8mA/V
: ; C 15 pF 6.2 pF
. _ C 4.4pF 10pF
Biquad; - K - _ ~ Biquad,
O T T T 0 T T T T
——Nominal
-10 Min 4
—Max —_
o --—=Ideal g-20F 1
B-20+ g
o L | 1
g 30 § 0l |
5-40+ . -*é
= g | |
-50 - .1 =-60
.60 - NE L\A . . N I
l T ' ‘ iy -80 et i f A Pt AR AN
10° 10’ 108 0 5 10 15 20 2t
Frequency - [Hz] Frequency - [MHZz]

M. De Matteis, A. Pezzotta, S. D'Amico and A. Baschirotto, JSSCC, July. 2015.
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Source Follower CT Filters

Benchmark

Parameters This work [4] [6] [71 [10] [11] [12] [13] [14] [15]
Technology [nm] 180 130 180 130 130 90 130 130 180 180
Supply voltage [V] 1.8 1.2 1.8 1.2 0.55 1.2 1 1.2 1.8 1.5
Order 4 4 4 6 4 6 5 2 6 6
Topology SSF-based Active-gn-RC ~ SF-based  SF-based  Active-g,-RC  Active- RC  ActiveRC  OTA-C  Active RC g, C
fo [MHz] 33 11 10 280 113 255 20 200 500 13.5
Power [mW] 1.38 142 4.1 012 35 228 7.5 20.8 4.1 435
Power/Pole [mW] 0.34 3.55 0.88 0.26 I 0.02 1.5 10.4 0.68 0.73
T1P3 [dBm] 18 -1 21 7.5 11 10 14 26 14 15.9 22
fima. [MHz] 1-14 0.5 2 1 2 60 0.27 149.7 5 1
Tinaar Mo 0.03 - 0.42 0.04 0.2 0.004 0.18 0.24 0.014 0.75 0.01 0.074
In-Band Integrated Noise [pVrwms] 45 36 237 368 110 200 232 494 293 335
Area [mm?] 0.14 0.9 043 0.06 0.52 0.018 1.53 0.5 0.23 1
FoMam [dB()] 171.1 - 159.8 159.5 164.6 175.9 151.9 168.2 158.4 147.6 167.7 155
FoM [dB(I™)] 155.9 - 156 146.1 157.6 151.4 144.4 162 139.7 146.3 147.7 143.7

[4] S.D'Amico. V. Giannini. and A. Baschirotto, “A 4th-order active-Gm
-RC reconfigurable (UMTS/WLAN) filter.” IEEE J. Solid-State Cir-
cuits, vol. 41. no. 7, pp. 1630-1637, Jul. 2006.
165 —— e —————rr ——— —————r T [5] S. D'Amico, V. Giannini, and A. Baschirotto, “A 1.2 V=21 dBm

OIP3 4th-order active-gm-RC reconfigurable (UMTS/WLAN) filter
8 This Work (1 ) with on-chip tuning designed with an automatic tool.” in Proc. 31st
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Noise in CTFs

Equivalent Noise Bandwidth

Px = Sout

(0)-2B,

___________

I I >

+f, +B, f

= The equivalent noise bandwidth of a low-pass noise PSD is defined as the bandwidth B,, of an
ideally low-pass filtered white noise having the same value S,,,;:(0) (at f = 0) and the same

power P, than the original noise

B _1 1
"7 2 50 (0)

+

3 Pout
Sout(f) - df = 25,0

= |f the input noise is a white noise of PSD S, the output noise is then given by S,,,: (f) =
|H(f)|? - S, and the equivalent bandwidth only depends on the transfer function

LSS S (O SN o
B = 3 OIS, L H(P? S5 df = oo JIH(f)I af

(00]
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Noise in CTFs

Equivalent Noise Bandwidth of a 15t-order LP Filtered White Noise

i

= The equivalent noise bandwidth of a 1s*-order low-pass filtered white noise with
a cut-off frequency f is given by

+ 00 + 00

Bn=j il =fc°j o =%fc
0

1+ (f/fc)? 1+ x*

N— —

_I
2
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Noise in CTFs

Noise Bandwidth of Various Filters

Type Noise Transfer Function Noise Bandwidth
1 w
(o
1s-order LP 145 "
a)C
! Q
2"-order LP N ( s )2 a)04
wp * Q Wy
S
wo * Q )
2"d-order BP > > -0
145 o ( S ) 4Q
wp * Q Wy
1+ )
2n-order LP Wy wo-Q L (@0
(with zero) 4 w,

2
S S

14 +( )
wo * Q Wy

1. In the case of the bandpass filter the dc gain H,(0) is zero and should be replaced in the above
definition by the gain at the resonance frequency which in the above case has been set to one.

= =1 e
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Noise in CTFs

Higher Order Transfer Functions

3rd-order LP
2
I H . nZS +Tl1$+n0
" jr—
Noise transfer function: H,3(s) e rdoTrd e
: - 1n2d,do+n3dsdo+nddsd,—2n,ngdsd
= Noise bandwidth: B, = 212®%1do¥Nid3dotNodsdy—2NyNods o
n3 Ty ds(dydq—dsdg)dy
4t.order LP
' - Nn3s34n,s2+n,s+n
= Noise transfer function: H,.(s) = 3 2 1517

dss*+dss3+d,s2+ds+dy

Noise bandwidth:

B - 1nidzd3+2n3n,dyd,dg—nidyd,do—n3dadidog—nidadsdg—nddadsdy+2n,ngdadsdo+nidsd,
n4 Ty da(dad?—dzdyd,+d3dg)d,

A. Dastgheib and B. Murmann, “Calculation of Total Integrated Noise in Analog Circuits,” TCAS |, vol. 55, no. 10, Nov. 2008.
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Contribution of 1/f Noise to the Total Noise Power

= The PSD (single-sided) of an amplifier including the 1/f noise component can be written as
fr )
S =Sy {1+—

= where S, is the white noise component and f;, the corner frequency (frequency at which the 1/
noise becomes equal to the white noise)

= The noise power assuming the noise is filtered by a 15-order low-pass filter having a cut-off
frequency f is the given by

+00
Sn(f)
Vz = J n -d
N TN (A
= We then can define an equivalent noise bandwidth B,, including 1/f noise defined as
+00 + 00 + 0o
[ YRR dx dx
meg =] 1+(f/fc)2'df_fc'oj St | are
Xp

= wherex 2 f/f.and x, 2 f,/f. < 1.ltis convenient to choose f, = 1 Hz

fk fe fe n fe
Bu="f+ 1+<f€)] fc+fk1n<f€>=§fc+fk1n(1HZ>

= We see that the contribution of 1/f noise to the total noise power is scaling only with the Inf;
whereas the white noise scales proportionally to f.

EPFI: © C. Enz | 2024 Continuous-Time Filters (CTF) Slide 74




Noise in CTFs

Thermal Noise — kT /C Noise

R (noiseless)

) C==JVC

R

(noisy)

O
|
||
&~
N
+—
(D

= The variance of the thermal noise voltage V.. across C is given by
+ 00

V2 = 4kTR j af — AKTR - B, = 4kTR - — _ KT
¢ 1+ 2rfr)?2 no 22nRC  C

= This result can be obtained directly by applying the equipartition theorem
= Average stored energy in C is given by W = %C - ﬁ

= Since resistor R and capacitor C are in thermal equilibrium and there is only one
degree of freedom, we have
W =kT/2

We then get C-?=kT=W=%T

E P I- I © C. Enz | 2024 Continuous-Time Filters (CTF) Slide 75



Noise in CTFs

Thermal Noise in Passive Networks — The Nyquist Theorem

Noisy
passive
network
(R,L,C)

Z(jo)

Noiseless
non
disspative
network
(L,C)

Z(jw)

= The power spectral density (PSD) of noise voltage V;, is given by

BB

Su, (f) = 4KT - RZ(j27]))

= The variance of voltage 1/, is then given by
+ 00

=

0
= Or we can use the Bode theorem given in the next slide

H. Nyquist, “Thermal Agitation of Electric Charge in Conductors,” Physical Review B, vol. 32, pp. 110-113, July 1928.
A. Papoulis, Probability, Random Variables and Stochastic Processes, 1% ed., pp. 362-363, 1981.

S0, () df = 4kT - [ (zG2Rf)} - df
0
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Noise in CTFs

Thermal Noise in Passive Networks — The Bode Theorem

Noiseless Cw Noiseless Co
— non \ : non \
disspative disspative
——— network ' network
(L,C) (L,C)
1 _ 1 .
— = lim[s - Z(s)] — = lim[s - Z(s)]
Co, s—© o S0

= The variance of noise voltage V}, can be obtained without computing the integral

by using the Bode theorem stating
VZ = kT e — 2
o Co C,

= Where C, and C, are define as follows

H. W. Bode, Network Analysis and Feedback Amplifier Design, van Nostrand Company, New York, pp. 281-282, 1945.
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Noise in CTFs

Nyquist and Bode Theorems — Example (1/2)

L(jo)
RE ==C lvn
= The impedance is given by
Z(jw) 1 B R B R ~ wR?*C
Vo) = R T jwC ~ T+ jwRC ~ 1+ (@RCZ 1+ (WRC)?
. 4kTR
= And hence Sy, (f) = 4kT - R{Z(j2rf)} = T (WRC)?
= The noise variance is then given by
+ oo + 0o
_szs (f)-df=4kTR-j Y _ 4kTR-B
n Vn 1+ (2nf1)? "
0 0
= 4kTR ! = ll
- 22nRC C
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Noise in CTFs

Nyquist and Bode Theorems — Example (2/2)

Co=C Co=?
I . 4 O \ ® o
I @ O ¢ o
L dimls 2] = lim—n =1 L imfs - 2(9)] = lim—— = 0
c, T amls 2 =M pe T g T amls 2 = pe =

= Noise variance of a 18*-order RC circuit using Bode theorem results in

VZ = kT | — | = gy [1 ol—kT
o Co Col C - C
= Just by circuit inspection without any integration!

= However, unfortunately only applies to passive circuits!
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Noise in CTFs

Passive RLC Low-pass Filter

vl cI lvout H(s) & Yout _ ! > With wy = — and Q =

1
Vin 1+wZQ+(i VIC R AC

RE 1 F,Jt R + sL

7(s) =
(8) =T sRC T 52LC

! = lim|[s - Z(s)] =l

| | - Coo S C
L Co=?
000, o
1 1
CT — =lim[s-Z(s)] =0
— o S0
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Noise in CTFs

Passive RLC Bandpass Filter

| A Vout — wZQ 1
V,-nl LE C== lvout H(s) = Vo 1+%+( 0)2 with wy = \/_and Q = R\f
°' " Z(s)
‘ O‘J sL
R% L% C= lvnout Z(S) = I
* o 1 + Sﬁ + SZLC
C.=C
| ' °
—_ 1 1
L% “T J — = lim[s-Z(s)] ==
I : o Coo S—00 C
C():?
L 1
L% T ‘J — =lim[s-Z(s)] =0
® o 0 s—=0

Ve = kT - | == =| = kT - |2 — 0| =%

Co  Co
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Noise in CTFs

Noise in G, -C Tow-Thomas Biquad

Gm1=Gm2=GmandC1=C2=C

D
t In
i _LC Q’H s Ynout _ 1 wo
T %!m Rmz (S) = —_- —

|4 1
H(s) 2 ;ut = 5
m <i> +——+1
Wo woQ
: _ Gm _ Gm
with wy = - and Q = o
a Vnout 1 . 1
le(S) = L. Gn (i)z_l_ s o
wo woQ

) 2
InZ Gm (i) + S +1

wo woQ

W
Riys(s) £ ;wut = Ry (s)

n3

Syz = I[Rm1(OI? - St + IRm2 (F)I? - (Slnz + Slng)

S1,; = 4kgT - yn; - Gy fori = 1,2,3 (ignoring flicker noise)
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Noise in CTFs

Noise in G, -C Tow-Thomas Biquad

= Considering only thermal noise, the equivalent noise bandwidth for noise sources
1,1, I,,, and I,,5 are given by
Wo

B, =0Q- andBn2= n3=T

= The corresponding output thermal noise voltage is given by

1 Yn1ksT
Vnout = 4kgT - Yn1Gm 5 " Bp1 = -
1 Yn2ksT
Vnout Lol = 4kgT - Yn2Gp - GY%’L By = - C
= The total output thermal noise voltage

ksT
Vnout C (anQ + Vn2 + yn3)
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Automatic tuning

Component Accuracy and Automatic Tuning Control

= Component mismatch on-chip remains small
» =~ 0.05%

AR
) _~20
P )0

AGm

> ~ 10 9% (often due to bias current mismatch)

m

= However, absolute errors can be very large
» RC time constants only accurate to 20-50 %
» C/G,, time constants even less accurate
= Tuning control circuit is needed to obtain 1-5% accuracy in filter time constants

= Tuning control circuits rely on tight matching between a reference circuit in the
control loop and the filter to be tuned

= An external clock signal of precisely controlled frequency is commonly used as
reference signal
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Automatic tuning

Simple SC Control Circuit

V.,
control Vcon trol

Clint R . . ‘ In Cint R;
|—<—MNvToto filter Gn —"——JWWToto filter
Viet i> —-|-_ ” Vrefl -?L_ {SC" __|._ -
SN o> ]
_r o o fo 1

= Assuming an ideal OPAMP we then have
Vre S
IR — Rfand ISC — fC - C - Vref

= The circuit imposes that I = I, and hence

R C—1
f

Cc
= Accuracy is limited to a few percent by

» clock feedthrough in the MOS switches
» OPAMP or OTA offset and speed
» Imperfect matching between R, C in the control circuit and R,C’s in the filter
= For G, -C filters, the MOSFET resistor is simply replaced by a transconductor

Courtesy F. Krummenacher.
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Automatic tuning

PLL with Voltage-controlled Filter (VCF)

_|_...._|_...._|_

signal in —», Main Filter — signal out

I_I
L
r
I_I
I_I
I_I

tuning bias

2"-order T L

filter filter
section —| — loop-filter=integrator

< L refclock in

= The phase of the auxiliary filter output signal is compared to that of the reference
clock signal and the tuning bias is adjusted until the two differ by a predetermined
value (i.e. T /2)

Courtesy F. Krummenacher.
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Automatic tuning

PLL with Voltage-controlled Oscillator (VCO)

signal in —»|

_|_...._|_....__

Main Filter
J S R N N

— signal out

2" order
harmonic
oscillator

tuning bias

3|SC. % —

<

refclock in

= The frequency (i.e. phase variations) of the oscillator’s output signal is compared
to that of the clock reference signal

Courtesy F. Krummenacher.
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Automatic tuning

Example of G, -C Filter with Automatic Tuning

2nd order harmonic oscillator

85MHz E l i

hase [* ! '

NI | Eom .Gnl 29m 9m ‘
Do—» P | ! F.%p —’E35p. 0t

: ( :
J > |ye . 0%

e to “slave" filter

_40 -

L F. Krummenacher and N. Joel, JSSCC, June 1988.

Y0D

p-channel

—-

- < Pm Vout

-——

n-channel
< +
=

ltm-.us

!

‘Dul

L\| |
M3,1_p I_“ Ll

VSS bias string

1 T2=-10°C, Irae = 84 pA
2. Ta= 259%, Ipjaz= 96 HA
3 T.= 60;‘\[, J3!35=H2uA

15 20 25 30
Frequency [MHz]
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