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Motivation
Switched-capacitor filters

+ Accurate transfer-functions

+ High linearity, good noise performance

- Limited in speed

- Requires anti-aliasing filters
Continuous-time filters

- Moderate transfer-function accuracy (requires
tuning circuitry)

- Moderate linearity
+ High-speed
+ Good noise performance
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G,,-C Integrators

transconductor v ]_0 _ Gm Vi _ (&) v
\ i ° sC; sC; \s/'!
v, @ ﬁ_o v, G
— R . ICI (th ="
Rm = Ky = ®© < Cl
lo = vaz

Use a transconductor to build an integrator
Output current is linearly related to input voltage
Output impedance is ideally infinite

* Note — an OTA (operational transconductance
amplifier) has a high G, value but not usually linear.
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Multiple-Input G,,,-C Integrator

— T c, °

Vo | 13 i
3 +Gm3 —
J:___
Vo= I G V.-G V,+G LV
o S_Cl( ml" 1 Ym2"2 m3 3)
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Example
- What G,, is needed for an integrator having a unity-
gain frequency of ,, = 20 MHz when C = 2 pF?

G

m

= 2nx 20MHz x 2pF
= 0251 mA/V

or equivalently,
G, = 1/3.98kQ

« which is related to unity-gain frequency by

2n x 20MHz =

3.98kQ x 2pF

| & ]
— &
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Fully-Differential Integrators
» Better noise and linearity than single-ended.

0, = =
ti
SC1 C1

« Use a single capacitor between differential outputs

* Requires some sort of common-mode feedback to
set output common-mode voltage

* Needs some extra caps for compensating common-
mode feedback loop.

.
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N
Fully-Differential Integrators
+ J—
) v, =1/s(2Cy)
Vi
V-O =—1,/5(2C))
p— + -
21, G,V, G Yo = Yo Vo
« Use 2 grounded capacitors
« Still requires common-mode feedback but
compensation caps for common-mode feedback can
be the same grounded capacitors
\ University of Toronto 70189 )
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Fully-Differential Integrators

i lc
- 7.
Vl' + o—+ +j \J_/ J_ - .
—d T %
i, C, ICP
y o= GmVi Gm
° " 5(C,+C,/2) P T (C, ¥C,/2)

* Integrated capacitors have top and bottom plate
parasitic capacitances.

* To maintain symmetry, usually 2 parallel caps used
as shown above

* Note that parasitic capacitance affects time-constant

.
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G,,-C Opamp Integrator

s 2 G
o 52C, C,

* Use an extra opamp to improve linearity and noise
performance

* Also known as a “Miller Integrator”
£
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G,,-C Opamp Integrator
Advantages
» Effect of parasitic caps reduced by opamp gain —
more accurate time-constant and better linearity.
» Less sensitive to noise since transconductor output
is low impedance (due to opamp feedback).
* G, cell drives virtual gnd — output-impedance of G,
cell can be lower and smaller voltage swing needed.
Disadvantages
* Lower operating speed because it now relies on
feedback
» Larger power dissipation
« Larger silicon area
University of Toronto 100189 )
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Example G,,-C Opamp Integrator

Vblas o— F—o Vblas
1
from transconductor from transconductor

* Alow input impedance on the order of 2/(g,§12rds) due
to common-gate input impedance and feedback.

J/
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First-Order Filter
ko
Vin(S) RO 175 ° out(s)
kls
« General first-order transfer-function
Vout(s) _ kls +k0
Vi (s) st o,
 Built with a single integrator and two feedins
branches.
* o, sets the pole frequency
\_ University of Toronto
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First-Order Filter

||CX sz
Vi), L F@T
in O_ED = . Vout(s)

A, G, = ky(Cy+Cy)

m

« Can show that the transfer function is given by

+ +
Vout(s) _ SCX+ Gml _ CA ¢ CA ¢ (5)
V() s(C,+Cyp)+G,, [ G,, J
S+
c,+C
\_ ? University of Toronto 130189 )
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Fully-Differential First-Order Filter

2CYX =
e

”Gml ich G2 |-

20, i

. G, = ky(C,+Cy)
Cy = CA(I _kJWhere (0<k;<1) G,y = 0,(C,+Cy)

+ Same eqns as single-ended case but cap sizes
doubled

 Can realize &k, <0 by cross-coupling wires at C_.

.
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4 ™
Example
« Find fully-diff values when dc gain = 0.5, a pole at
20MHz and a zero at 40MHz. Assume C, = 2pF.
Hs) = 0.25(s +2n x 40MHz) _ 0.255 +2n x 10MHz (6)
(s+2nx20MHz) s+2nx20MHz
ky =025, ky = 2nx 107, 0, = 4mx 10’ (7)
+ We find
_ 025 _
Cy = 2pF x =55 = 0.667pF (8)
G, =2nx10 x2.667pF = 0.168 mA/V (9)
G,, = 4nx 10 x 2.667pF = 0.335 mA/V (10)
\_ % University of Toronto 150189 )
© D. Johns, K. Martin, 1997
~ ™
Second-Order Filter
_(’00
~0,/0
Vln(s)o— 1/s (DO 1/s oV()u[(S)
ki +kys
Vo(s) kst thks+k
H(s) = out™” _ "2 1 0 (11)
Vin(S) 2+ @, n 2
S E S (DO
\_ g University of Toronto 160189 )
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Second-Order Filter

e e

/] 7y

I mé / /
Vin+ o D + + ms Gml = (D()CA

Gm2 = 0“)()(CB + CX)

2Cy

B ooo(CB +Cy)

Om =T

ky
Cy= CB( —kz) where (0<k,<1) G, = (k,C)/ o,

G,s = ki (Cp+ Cy)

_-_. University of Toronto 170189 )
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Second-Order Filter
2( CX ) ( GmS ) [ GmZGm4 j
S| ==——|ts +
Vo) CxtCp CxtCp) \Cy(Cy+Cp)

S = =
Vin(s) Sz Iy G 3 n G1G 2
CytCy) \Cy(CxtCp)

(12)

* Note that there is a restriction on the high-frequency
gain coeff k, as in the first-order case.

 Note that G, , sets the damping of this biquad

* G,, and G, , form two integrators with unity-gain
frequencies of o,/s.
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Example

» Find values for a bandpass filter with a center
frequency of 20MHz, a O value of 5, and a center
frequency gain of 1.

« Assume C, = Cyz = 2pF

(DO
Tl 957G
H)= Vinls) 2. .% 5 )
S +s§+coo

where G = 1 is the gain at the center frequency.

ﬂ 7 University of Toronto 190189 )
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Example
- Since, o, = 2n x20MHz and 0 = 5, we find
ki = G2 = 2.513x10 rad/ 14
1 =05 =2 x10"rad/s (14)
- Since k, and k, are zero, we have C. = G, , = 0
* The transconductance values are:
G = w,C,= 02513 mA/V (15)
G, ,=,(Cy+Cy) = 02513 mA/V (16)
G 3=G,s=kCz=5027TpANV (17)
g University of Toronto 200f89
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Bipolar Transconductors
* 2 main methods
Fixed Transconductor with Gain Cell
» Larger input range, lower transconductance
- Create a transconductor with a fixed G,, value using
a resistor
* Tune the transconductance using a gain cell
Multiple Differential Pairs
« Smaller input range, higher transconductance
» Use 2 diff pairs to extend linear input range
* Tuning done by adjusting bias current

_-_. University of Toronto 210189
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Fixed Transconductors using Resistors

Vee Vee
11&) &11 11(% (%11
’l-_o o—1¢

$—o o—4¢ 01 iOl

vl.+°——':Q1 Qz?,h Vi+°_|:Ql Q2j_‘

. . .
RE/Z RE/Z WVE

21, iy = vl./(zre-i-RE) 1, D 1
: G, = 1/Q2r,+Rp) |

* Left circuit needs higher common-mode voltage

.
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Max Differential Input Range
» Determine when one of diff transistors turns off
 For example, find when Q, turns off in right circuit

- If 0, off, then all of 7, flows through R resulting in

V.. =1Rp (18)

i, max

* However, there is significant distortion at this point
since V,, is not constant

« Maximum input range might be half that resulting in

Vi,max - (II/Z)RE (19)
% University of Toronto 230189
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Distortion

« So far, have assumed V,. voltages remain constant
which is reasonable if », « R,

VT
re = ]_ (20)
E
implying
VT
Fe,max = T «Rp (21)
E, min
or equivalently,
%
T
Ig pmin” 7 (22)
E
g University of Toronto 240189
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Distortion

Example
* If Ry = 20kQ and V', = 25mV, then I . » 1.25 pA

How much is “much greater than”?

» Depends on how much distortion can be tolerated

o If Fo max = O-1Rg when Vi max = {1/ 2)Rg, the actual
output current is 3% from ideal linear response.

* Results in about a 1% THD (3 times better than peak
linearity error)

« Can use smaller input signals but then noise might
dominate

% University of Toronto 250189
© D. Johns, K. Martin, 1997
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Transconductance
» Use small-signal T-model for bipolar transistors
. Vi Vi (23)
l p=— i
ol rotTRptr,, 2r,tRp
where r, is small-signal emitter resist (», = a/g,,)
V V
T T
r,= — = — (24)
© g I
» Leading to
Iy1 1
G, =2 =— (25)
m v; 2r,* R
g University of Toronto 260f89




f ™
Example
* Given R, = 3kQ (i.e. G, ~0.333 md/V),
Vi max = £500mV, find I, so r, . <0.1R.
* We have r, ., <0.1R; = 300Q which occurs when
I _ Mmoo Tud (26)
E2,min - - o0
MmNy e 300Q
» For this same input voltage of 500 mV
500mV
Ipp ™ 0 167u4 (27)
\_ % University of Toronto 270f89
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Example
« Since I, = Ipp+1p,
I, = 167 +86.7 = 253u4 (28)
* Thus, a minimum bias current of 253u4 should be
chosen resulting in a nominal », and G,, given by
Vr
r, = — = 103Q (29)
I
1
= —n- = 0312 mA/V
G, IR mA/ (30)
« A 4 times increase in I, would improve distortion by
about 10 times but use more power.
\_ g University of Toronto 280189
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Linear Transconductor — Opamps

Vee
h & &1 1

G, = /Ry

I (El ED I "

« Feedback keeps input voltage across R

« Simple opamps used (typically single stage)
s
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Linear Transconductor — Constant Current

'O ® G, = /R,

O :'T 4_’:‘ O¢ for equal sized
o

current mirrors

QS
~
:7'L
[\
2
QS
AN
LA

|||—<

» Fix collector currents through diff pair using feedback
s

' University of Toronto 300f89 )
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Gain-Cell Transconductor
« Use a gain-cell to adjust output current

» Output current of gain-cell is a scaled version of
input current determined by ratio of two currents

« Gain-cell is a translinear circuit and is closely related
to translinear multiplier (also known as a Gilbert
multiplier)

« Gain-cell is highly linear

« Often requires the use of voltage level-shifters

_-_. University of Toronto 310189 )
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Gain-Cell Transconductor
TVCC
_ _ , é) ,
Lo, o, H JORNNOEN
J_ e ‘_o
VisT T'1s i
che o —ho 2k
[on RE
AN
I 21
I @ @ 1 (P 2 : _(L I,
| m — \R A\,
#a
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Differential Pair
A

.10, 0,
v
DI
? 1 v./ Vg
0
ZCZ - —VI/VT (31)
l1+e
* Relatively linear near v, = 0
1 1
G, = 5 = 1o (32)
m 2re 4VT
\ % University of Toronto 330189 )
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Differential Pair

* G, proportional to /,

* However, limited input range — when v, > 32mVpp,
THD>1%.

» Use multiple diff pairs to increase linear input range

« Conceptual — use 2 diff pairs with dc offset

» Actual — replace dc offsets by resizing transistors in
differential pairs

* Increases input range to v, > 96mVpp for 1% THD

\_ 1] University of Toronto 340f89 )
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Multiple Diff-Pairs

i1 Ties I Ticy
l l

ltc2 iic4

V1

=
K
&
E

Choose v, = 1.317V; 0

% University of Toronto 350189 )
)
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Multiple Diff-Pairs
I VCC
4 d) Iy d) i,
iy
. Ql Q3 Qz Q4 |
v, \14)( Mi1x Ix [ ax (7
° 81,
G = ——
@ I @ I m 25V,
g University of Toronto 360189 )
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Multiple Diff-Pair
* When v, = 0, 7 through 0, and Q, are 0.8/, and 0.2/,.

1 1

G = n (33)
" rel+r62 re3+re4
VT
el = Tea — 0.811 (34)
VT
r62=re3=m (35)
G = S (36)
m 25V,

« which is 28% larger than diff pair but uses twice the
current — same current results in 36% less G,

.

' University of Toronto 370189 )
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CMOS Transconductors
» A large variety of methods
» Best approach depends on application
« 2 main classifications — triode or active transistor
based
Triode vs. Active
« Triode based tends to have better linearity
» Active tend to have faster speed for the same
operating current
% University of Toronto 380189 )
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Triode Transconductors
* Recall n-channel triode equation

DS
Ip = “nCox<%/) (( Ves=Vi)Vps— _j (37)
where to remain in triode
Vps<Vey  Where V, .= Vig—V,, (38)

or equivalently, Vo>V, ¢+ 7V,

« Above models are only reasonably accurate (
* Not nearly as accurate as exponential model in BJTs

« Use fully-differential architectures to reduce even-
order distortion terms — also improves common-
mode noise rejection

\ ' University of Toronto 390189 )
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Fixed-Bias Triode Transconductor

« Use a small 7, voltage so VIZDS term goes to zero

din 7!
rDSE( D] (39)

a"DS
vDS=O

which results in

"ps ~ (“ncox(%/)(VGs_ Vm))_l (40)

 Can use a triode transistor where a resistor would
normally be used — resistance value is tunable

.
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Fixed-Bias Triode Transconductor

V
DD
T
1 1
1 1
o 0
Osl—1 R
V. V.
TR0, O
e
Iy =iy || 5; Lt
0; H——1—i00y Qyd——t——R O
o ] [ ¢
1
Gy = anox(pr)g(Vgs9_ th)
\_ % University of Toronto 410789
© D. Johns, K. Martin, 1997
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Biquad using Multiple Outputs
\
12Cy
L \( / .
2C, 2C,
Vo TS 1] ST Yow
ml I(ZCA G2 I(ZCB m3 .
I ' |
2Cy

Y
)I

« Can make use of multiple outputs to build a biquad
filter — scale extra outputs to desired ratio

 Reduces the number of transconductors — saves
power and die area

. *Above makes use of Miller integrators

\_ ' University of Toronto 420189
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e
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Varying-Bias Triode Transconductor

VCC T
Il(% ol

Lot ol

ﬂ 7 University of Toronto 430189
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Varying-Bias Transconductor
- gates of 0,, 0, connected to the differential input

* 0, and 9, undergo varying bias conditions to
improve linearity
« Can show

c - 4k ks T
" (kg + k) fl

k = anox(%/), (42)

1

(41)

where

- Note, G, proportional to square-root of 7, as

opposed to linear relation for a BJT transconductor.
ey

' University of Toronto 440189
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Drain-Source Fixed-Bias Transconductor

VZ
iD - Mncox(%y) (( VGS - th) VDS_ %Sj (43)

- If ¥4 kept constant, then i, linear wrt V¢

VCC
IICI) (I)]l

«— «—
—o o—¢

Lol

ko, 0,A—<

+
Vﬂ?tgl Vs Q2E‘?—v /2
V | ) m - l’lncox(r/zV)lVDS

1] University of Toronto 450189
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Drain-Source Fixed-Bias Transconductor

« Can realize around 50 dB linearity (not much better
since model is not that accurate)

* Requires a fully-differential structure to cancel even-
order terms

* V. sets V¢ voltage — rather than opamp with
feedback can use BJTs in a BICMOS technology

* Requires a non-zero common-mode voltage on input

« Transconductance given by

= 1o F) Vs (44)

Note that G, roughly proportional to bias current
since current roughly proportional to 7,
B

' University of Toronto 460f89
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Example

« w,C _=96ud/V, (W/L), = (W/L), = 10, V, = 08V,
and V., = 2V

— V. = 0.2V Case

G, =96 puA/V° x10x 02V = 0.192 mA/V (45)
I, = 96 pd/ v’ x 10((2—0.8)0.2—%2) — 0211 mAd  (46)

* Max v, — Vo >Vps = 02V Or Vg >VpetV, = 10V.
Since Vi, =2V, maxv, =2V,

— V. = 04V Case

* G, = 0384 mAd/V, I, = 0384 m4 and max input signal

swing is v, = 1.6 V (loss of signal swing)
s

' University of Toronto 470f89
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Active-Based Transconductors
« Active transistors are those operating in the active
region
» Active region also referred to as pinch-off or
saturation region
 In active region
2
I = Ki(VGS_ Vm) (47)
when Vp2Veoo-V, = Ve and Vo2V,
 Here, K;=(pn,C,./2)(W/L),
g University of Toronto 480f89
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CMOS Pair
v + O—| Qn 2
GSeq l ip = Keq(VGSeq_ Vteq)
- 0—|
QP
K KiKp Vieg = Vin = Vip

€

! (J[?}ﬁ—J[?p)z (where V, >0 and Vip<0)

« Above circuit acts as a single transistor with
threshold 7, and parameter K,

2
\_ % University of Toronto 490789
© D. Johns, K. Martin, 1997
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Constant Sum of Gate-Source Voltages
ip ‘D2
| |
+°*'ZIQ1 QZIZ‘M
Vgs) - - VGs2
(matched devices)
(p1=ip2) = K(vgs1 *vgs2 =2V i) Vas1 = Vas2) (48)
K = (1,/2C, () (49)

* If Vg + Vg, = constant then linear transconductor

* Note — Differential output current linear but single-
ended currents have large second-order distortion.

.

\_ ' University of Toronto 500189 )
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Source-Connected Differential Pair
ip| ‘p2

(ip1=ipy) = 2K(Vep= Vs =Vi)(v)

G, = 2K(Vey—Vss— V)

_-_. University of Toronto 510189 )
Esu,e_ e © D. Johns, K. Martin, 1997

~
Source-Connected Differential Pair

* Input signal varies symmetrically around a common-
mode voltage

 Linearity limited due to square-law model being
inaccurate

* |n addition, even-order harmonics occur if the
difference between two drain currents not exact.

» Limited to less than 50 dB linearity

 Adjust G, by varying V,,

* In a short channel process, velocity saturation limits
transconductance variation

g University of Toronto 520189 )
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Inverter-Based

Vpp
Ver o_+|,j 0, CMOS pair
VGseql -
r I: Qla
Vin o F lll ?io:il_iz
V + L—‘ Qla
_ GSeq2 <
Vea = _VCI°—"tleb CMOS pair
Vss = =Vpp

teq
\ E ] University of Toronto 530189 )
© D. Johns, K. Martin, 1997
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Diff-Pair with Floating Voltage Sources

D1 'p2
! |

V1 ot o Vo (iDl_iDz) - 4KVx(V1_V2)

- + 5+ "
v - - J—
GS1- -VGs2 G, = 4KV,

VX + th’l Vx + th’l

« Writing a voltage equation around the loop
Vst~ Vet V) Tvsy =V + V) = 0 (50)

implying
vos1i tVesa = 2V V) (51)

* Thus, a constant sum of gate-source voltages occurs
— even if input signal is not balanced
B

\_ ' University of Toronto 540189 )
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Diff-Pair with Floating Voltage Sources

Vi=Ves1 TVt Vi = 2 (52)

V= Vesa TVt Vi = (83)
« Subtracting (52) from (53), we obtain

VGs1 ~Vas2 T 2(vp =) (54)

 Finally, output diff current found from (48)

\_ ? University of Toronto 550189 )
M ©D. Johns, K. Martin, 1997
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Approach #1
‘D1 ‘p2
| LJ Vop |
v v
: K nkK nK K 2
(n+ 1) (n+ 1)1,

VSS

(ip1—ipy) = (#}4@@1—%) G, = (#}4@

» Floating voltage sources built using large transistors
(n times larger with » typically greater than 5)

« Disadvantage — large bias current and moderate
linearity

.

\_ ' University of Toronto 560189 )
=)
el

© D. Johns, K. Martin, 1997




Approach #2

(ip1—ipy) = 4KqV (Vi =V,)
» Replace diff-pair transistors with CMOS pairs
* Now replace floating voltage sources with CMOS

pairs
\ % University of Toronto 57 0f89 )
)
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Approach #2
ip1 D>
ls Vbp ol
Qla Q2a
Vi e "2
0 0
lbl:“_‘ _”:l 2b
I i I
DIl D2
1
B Iy

V
sS
(ip;—ipy) = 4 /KquB(vl—vz) G, =4 /Keq]B
* G,, proportional to /I,

. *Requires a large power supply

\_ ' University of Toronto 580189 )
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Bias-Offset Cross-Coupled Diff-Pairs

VDD VDD
Q5 Q6
= el QzEJ: =
Vp - 0 0y g
_|':‘ 3 Vx ’:“_
0 ({) Igs
7
VsstVp o+E i 98
VB _
V _
E University of Toronto 590189 )
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Bias-Offset Cross- Coupled Diff-Pairs
i, = K(v{— ) +K(v, - ) (56)
iy = K(vy =V, .~ Vm) tK(v = V=V, — th) (57)
(i, —iy) = 2KVg(vi—v,) (98)
» The output diff current is linear wrt diff input voltage
* G, proportion to ¥, which is proportional to @
- Bias current, I, does not affect G, but does set
maximum (or minimum) output current available
gy _University of Toronto 600189 |
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BiCMOS Transconductors
Tunable MOS in Triode

VDD VN
19, ¢
@) 10 A—— N

)
S

(o) 1

1
Lo+ L
- - + +
vy v, v, Vi two differential inputs
_._. University of Toronto 610789
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BiCMOS Transconductors
Fixed-Transconductor with Translinear Multiplier
control
Vl o + 7 Iz+i2 I T(inputl) I
Vi - —j — +
1 _ Translinear -3 ° Vo
n gm2 (input2) | NMultiplier (output) e oy
Vo + T — 0
v-2 o - —j L=t i
¢
fixed transconductors
« Translinear multiplier used to tune transconductance
« Miller integrator used to maintain high linearity
g University of Toronto 620189
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BiCMOS Transconductors

Circuit GM Implementation

t"pp
131 d) R d} IBI
v A v
IBliix IBl+ix IVDD
i l Ip +132d> iR d)IBl +1p,
Ay
+ W\! V_
Vi Igy =iy Ip ti, =1
Y Lo
conceptual
I, Iy,
(Ig,—i)and (I, +i) 1 %
go to the translinear multiplier circuit
University of Toronto 630f89
© D. Johns, K. Martin, 1997
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BiCMOS Transconductors
Fixed MOS Gm with a Translinear Multiplier
VDD
Vet (vi/2) s Vey—(v,/2)
o :HQ IIZTQz QaTj: o H: :
[ I1- ixi i I+, V+ 4
V0°_h' ’—l_" 0 )
I—ixl ICI (output) ICI lfﬂx
= .| translinear =
controlo_ multiplier
(input 1)
(input 2)
05 Q6 Q7 0y
A : 5
VSS
E University of Toronto 640f89
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MOSFET-C Filters

* Gm-C filters are most common but MOSFET-C show
promise in BICMOS where power is important

« MOSFET-C filters similar to active-RC filters but
resistors replaced with MOS transistors in triode

» Generally slower than Gm-C filters since opamps
capable of driving resistive loads required

» Also rely on Miller integrators
* 2 main types — 2 transistor and 4 transistor

E ] University of Toronto 650189
© D. Johns, K. Martin, 1997
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Two-Transistor Integrators
i
rl i
‘}1191<>—J\/\/v——Rpl — ¢
i ;
P2V
szc p2’\/\/\, —l " > o v}’lO
Vs anA N J_> v
nlo \/\/\,ln2 Vx + ° "po
R 1 |1
v n i}
nle—W—~7;  C;
i po
VC .
Q 1 '0_ lpl lno
Vo1 O " G
0.1 i I
Vp2 22— [ LV
Q i _-|> no
Vn2 T + > Vpo
Q %) Vx
1 — |1
Vil o T 1 0
e !
% n
E ] University of Toronto 660f89
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Two-Transistor Integrators
* For resistor integrator

1
Vaiff = sR c, =V =)t E,C Cl(vpz ~Vv,5) (59)
* Negative integration — cross-couple wires
* For MOSFET-C integrator
-1
"ps ~ (uncox(%/)(vGS_ th)) (60)
leading to
Vdiff ~ ;(Vpl _vn1)+ 1 (VpZ_VnZ) (61)
sTps1Cr STps2Cr
-1
"psi ~ (Mncox(VV) ( Ve=Ve- th)) (62)
1
E University of Toronto 670f89
© D. Johns, K. Martin, 1997
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MOSFET-C Biquad Filter
7154
]
Ca 2| Ca
N G Ll N 11
+ o T A 71 > o+
v, €L + I . + | 1%
e [ X #G [ %
Gy LG C
11 —|_1_ 2 1| B
C
I— A Hcl _|_|__1_G5
04
E University of Toronto 680f89
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Four-Transistor Integrator

« Can improve linearity of MOSFET-C integrators by
using 4 transistors rather than 2
VCl

Lt
Ploy—, C;
Cc2 It

1
. Qn2 v
all transistors - ° "no
matched sz "

po

+
oT N

v

» Analyzed by treating it as a two-input integrator with

inputs (Vi = Vi) and (Vi = Vi) -

\ E ] University of Toronto 690f89
Esu,e_ e © D. Johns, K. Martin, 1997
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Four-Transistor Integrator
« If all four transistor matched,

B _ 1

Vige =V —V (v,.—v ) (63)
diff
po-Tno gy CpopL n

ps = (uncox(%V)(VCI - ch))l (64)
Distortion

* Model for drain-source current shows non-linear
terms not dependent on controlling gate-voltage

» All even and odd distortion products will cancel

« Model only valid for older long-channel length
technologies

 In practice, about a 10 dB linearity improvement

.
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Tuning Circuitry
* Tuning can often be the MOST difficult part of a
continuous-time integrated filter design

* Tuning required for cont-time integrated filters to
account for capacitance and transconductance
variations — 30 percent time-constant variations

» Must account for process, temperature, aging, etc.

» While absolute tolerances high, ratio of two like
components can be matched to under 1 percent

» Note that SC filters do not need tuning as their
transfer-function accuracy set by ratio of capacitors
and a clock-frequency

\ _-_. University of Toronto 710189 )
Ezu,e“ A -5 © D. Johns, K. Martin, 1997
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Indirect Tuning
transconductance-C filter
V. 14
A ? 1;\{' ? ., out
extra
transconductor n V
plus e Cntl
tuning circuitry

* Most common method — build an extra
transconductor and tune it

« Same control signal is sent to filter’s transconductors
which are scaled versions of tuned extra

* Indirect since actual filter’'s output not measured

.

\_ ' University of Toronto 720189 )
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Constant Transconductance

cntr

« Can tune Gm to off-chip resistance and rely on
capacitor absolute tolerance to be around 10 percent

% University of Toronto 730189 )
=)
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Frequency Tuning
foc,
S H#2
L L CI
y. 1 L
B
l _Gm > Rl Vcnt.
[ I e
= T¢1
Gm - clkcm V [ - =
cntr

* A precise G, /C ratio set — time period needed

» External resistance replaced by SC equivalent

.

EZ University of Toronto 74 of 89
=)

J
A Tan

© D. Johns, K. Martin, 1997



Frequency Tuning

Retorors Phase | Lowpass Vena
Clock Detector | Filter
Voltage-
Controlled
Oscillator *
(VCO)

* Use a PLL to tune 2 integrators which realize a VCO
« Once VCO set to external freq, then G, /C of VCO is
set to correct value

» Choice of external clock freq is difficult.
— Leaks into filter if within passband
— Poor matching if too far from passband

E ] University of Toronto 750189 )
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Q-Factor Tuning

Most industrial applications do not presently use Q-
tuning and rely on matching

» For very high-performance circuits, may have to also
tune Q-factor as well as G, /C ratio

« Can use a magnitude locked-loop

« Can use adaptive filtering techniques where filter
output is directly observed

« Example: look at step response for a square-wave
type input (i.e. digital transmission signal)
— slope determined by time-constant
— peak determined by Q-factor

E 7 University of Toronto 76 of 89
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Dynamic Range Performance
 Linearity limits the value of the largest useful signals
* Noise limits the value of the smallest useful signals

» Linearity and noise together determine dynamic
range of a filter

 Integrated continuous-time filters are often seriously
impaired by their dynamic range performance

Measures

« Total Harmonic Distortion (THD)

» Third-order intercept point (IP3)

» Spurious-Free Dynamic Range (SFDR)

E ] University of Toronto 770189 )
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~

Total-Harmonic-Distortion (THD)

Ve 4 Vot Ve + .,
THD = 10log| 2213 "4 in dB (65)
/7
*V— amplitude of the fundamental
* V,, — amplitude of the i'th harmonic component.
Ve AVt Vot ..
THD = J h2  h3 T hd T 100 in % (66)
Vy
» Typically, only power of first few harmonics used
since distortion components usually fall off quickly

% University of Toronto 780189 )
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THD Limits

« THD will give be optimistic if harmonics fall in
stopband

* However, if a lower fundamental frequency is used,
then THD is optimistic as distortion often degrades
with high input frequencies

* Would like to measure distortion with input signals
near the upper passband edge.

* Need an intermodulation test!
Example
* A 21MH:z lowpass filter is being tested

* A 5MH:z input signal has harmonics at 10, 15 and 20
but then fall in the stopband

« Want to test the filter with a 20MHz input

E ] University of Toronto 790189 )
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~
Third-Order Intercept Point (IP3)
* Here IP3 is described as third-order distortion often
dominates in fully-diff circuits — can also define IP2
« Consider
v () = ayv, (0 +ayvo () +agv () +apyi @O+ ... (67)
* The linear term is q,
* a,, ay, and a, determine second, third and fourth
order distortion terms.
* In fully-differential circuits, all even terms small and
typically a; dominates
v, (O =av, (f)+ a3v?n(t) (68)
% University of Toronto 800f89

Ezu,r‘; [ 5 © D. Johns, K. Martin, 1997



Third-Order Intercept Point (IP3)
* If v, (r) is a sinusoidal
v, (f) = Acos(wt) (69)

v, (1) = a,Acos(ot) + %A3(3 cos(w?) + cos(3mt)) (70)

- Define H,, and H,, to be the amplitudes of the
fundamental and third-harmonic terms

v (1) = Hpy cos(ot) + Hp;cos(301) (71)

« Since typically, (3/4)a3A3 «a4, then approximate

_-_. University of Toronto 810f89
© D. Johns, K. Martin, 1997
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Third-Order Intercept Point (IP3)
Amplitude of third-order term is

dz 3
Hpy = 24 (73)

Unfortunately, distortion term lies at 3w for a single
sinusoidal input and thus we resort to an
intermodulation test

Consider now

v, (f) = Acos(wt) +Acos(w,1) (74)
« Can show that
In, = a4 (75)
3613 3
% University of Toronto 820189
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Third-Order Intercept Point (IP3)

- The fundamental appears at o, and o,

* The third-order term appears at 20, - o, and 20, - o,

* As 4 increased, fundamental rises linearly while
third-order term rises as a cubic.

* Every 1dB increase in signal level increases the
fundamental by 1dB but the intermod term by 3dB.

* There is a 2dB worse intermod ratio for every 1dB
increase in signal level.

» Third-order intercept defined to be the point where
third-order term will equal fundamental term

» Not physically possible (but an extrapolation) since
other distortion terms will start to become important

.

' University of Toronto 830f89
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Third-Order Intercept Point (IP3)
(dBm) 4

OIP;t

\ third-order
Intercept-point

% University of Toronto

» input level 4
1Py (dBm)

compression of
fundamental and
intermodulation
products
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Third-Order Intercept Point (IP3)

* Knowing IP3 is useful to determine what signal level
should be used for a certain intermodulation-ratio

Example

- If 0IP, = 20dBm, what output signal level should be

used such that the third-order intermodulation
products are 6048 below the fundamental?

» Since we obtain a 2dB improvement for every dB
drop in output signal level and we want a 60dB
improvement from the intercept point, we need to
lower the output by 60/2 = 30dB

» The output level should be —-10dBm

\ E ] University of Toronto 850189
Esu,e_ e © D. Johns, K. Martin, 1997
4 N

Spurious-Free Dynamic Range (SFDR)
(dBm),

. third-order
: intercept-point

/1, inputlevel 4
/ npy,  (dBm)

0.
(noise floor)

2
SFDR = 5(OIP3~N,)

\_ g University of Toronto 860189
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SFDR

» Spurious-free dynamic range (SFDR) is the SNR
when the power of the third-order intermodulation
products equals the noise power.

« If the signal is larger, the distortion dominates
« If the signal is smaller, the noise dominates

« Actual dynamic range is 3dB lower since noise and
distortion are equal

E ] University of Toronto 870f89
Esu,e_ e © D. Johns, K. Martin, 1997

Example

« At an input signal level of 0dBm, an intermodulation
ratio -404B was measured in an filter with a gain of
2dB.

« Since performance worsens by 2dB for each 1dB
increase in signal level, the intermodulation ratio will
be 0dB at an input level of 20dBm. Therefore,
[1P3=20dBm and OIP3=22dBm

* |f one desires an intermodulation ratio of —454dB then
the input should be lowered by 2.5dB or equivalently,
it should be at a level of —2.5dBm

« If the noise power at the output is measured to be
~-50dBm, the expected SFDR is found by

SFDR = %(22+50) — 48dB (77)

o 88 of 89
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Example

* In other words, the intermod ratio should be 48dB for
the distortion power to equal the noise power.

* In intermod of 48dB is obtained for an input signal
value of -4dBm and an output signal value of -2dBm

« A higher level implies that the distortion dominates
while a lower signal level implies that the noise
dominates.

» Signal-to-noise+distortion (SNDR) equals 45dB.

ﬂ 7 University of Toronto 890f89
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