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Integrated Analog Systems L5
Nonidealities in SC-circuits



Non-idealities in SC integrators

» charge transfer error

* error charges from switches
* noise

* PSRR

Charge transfer error

« static error
» dynamic error

Caused by:

« amplifier gain

« amplifier bandwidth

« amplifier current drive capability (slewing)
« amplifier internal poles (doublet’s)

* parasitic capacitors

 channel charge of switches

« clock feedthrough in switches

Results in:

« offset

* gain error

« distortion noise

Fully differential configuration
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Amplifier offset-voltage in SC integrators
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During every clock-cycle a charge
packet of AQ,=-C,Vs is transferred
into the integrating capacitor C,

—=The accumulated charge will drive the
output to either of the supplies and the
amplifier saturates = DC-feedback
is needed!



SC integrator with DC feedback
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DC feedback implemented with a switched capacitor C,.
Now the integrator output offset is limited to

assume V. =0=
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Offset free SC integrator
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Phase ¢4: offset is pre-sampled by C,

Phase ¢,:
Phase ¢,: input voltage is sampled by C, and
charge C, V,, is transferred to C,
Charge transfer equation: C,
AQz = _C1 (V:n - Vos)' AQI Vin O |

AQz = _ClVin + AQ] = CIV()S ”

:_ClKn
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offset charge is not transferred into C,
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Offset free SC integrator
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Node @ is offset compensated virtual ground.
C1 samples against node @ = offset eliminated

AQ, =AQ =CV_  exactly!

No charge transfer error!
Also gain error is eliminated!
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Leakage currents of switches
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Leakage current |, charges C,

Change of charge in C, during one clock-cycle

AQ=1 -T
Voltage droop in C,

= AV, = =2

Leakage current causes offset!
Example

I, =1pA

C,=5pF =V, =05mV

Sew =1kHz

I, doubles every 10°C rise of temperature!
@100°C =V, =50mW!!



Error due to switch on-resistance
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ORI PN ORI

Settling during sampling the input Example:
V.=V (1-e""
c=Fll=e™) £ <01%= 1 <5

T 1
Sampling time t=— ;f.,.=—
2 T 1
=V =V (1 _ e—T/ZRUNc) - SRC >S5 few
=1MH.
The error in charge transfer is Jeu = R, <40kQ
C=5pF
AV _ V:ne—T/zRONC
AV ~T/2RonC
E=—=¢ )

V.,



phase ¢4:

Switch on-resistances in SC integrator
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Phase ¢:

V(nT) =V, (nT\1-e5¢) T, =——
.fclk

Phase ¢,:
Ag(nT +T/2)=Cp, (nT)(l — e TPRG )
— Avout — AQ/CZ :vout(nT + T)_Vout(nT)

Z-domain transfer function: c
. (1 . e-r/leCl )(1 . e—T/ZRZCl )5
H(Z) = 2
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R =R =R
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— ¢ :1—(1—6 T/zRC,) ~ 2€ T/2RC,

Example:

gﬁlOﬂ”uV::(ﬁg) =(ﬁ} ~7...10
T T

C =5pF f =1MHz
R ~20kQ2



MOS-switch
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Vin O—I—I—O Vout Vm o, o, I:l O Vout

1. Switch open, Vgg < V7

=R, =©
2. Switch closed, Vgs > V1, Vpg small - gate impedance infinite
= transistor in linear region « gate-capacitance causes clock-feedthrough
1 al, w » C . to substrate
R = ol :luCOX Z(VGS - VT) P ..
ON DS o Vin’ Vout limited
R, = ” : 20092...200kQ (Ves= Vg-Vin > V1, Vpp-Vin > Vi = Vpp-Vi> V)
/’lCOX L(VGS o VT)



MOS switch ON resistance

MOS-switch ON-resistance
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Symmetrical design:

R ~R

ON,N ON,P

‘V _VT‘:‘VGSP _VT‘
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L) A\ )

(N 235)

CMOS-switch

Not limited signal swings
(only by Vpp, Vss)

| | 1
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R = RONUN ) RONIP
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V
I/in,CM - Vout ~ ;D

half way between supplies
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Effect of ampilifier finite gain in SC integrator

Output voltage including finite amplifier gain
V0T )= Voo 0T )=V, (aT) a

Charge transfer: 5

el )= Velo = 1)+ 1)+, 1) | 0 = =

o

Apply z-transformation: —

1
I/ouz(z): ch(z)_IV;m(z)

V-2 Elee @) L) -0
Transfer function in z-domain !

_V,(2)_ —(c/cN+(1+C,/C) /4] 'z

M) ) T a) e C) 4]

when 4 = oo = we obtainidealintegratorin z-domaini.e.
_-(G/C)

z—1

H (z)

out



Finite amplifier gain A, causes gain and phase error
Insert z = e’ into H(z)
_=(C/C)e” !
j2sin(at/2) 1+(1/4 )1+C,/C,)— j(C /C,)/2A4 tan(wt/2)
ideal z-domain integrator error-term

H(ej(ot)

He )=o) 1- m(a))l— jo(o)

m(a))z magnitude error
9(60) =phase error

ml@)= - jo (1+ o j (@) 0()a
oo)= LG | L G/G (Q —>(1+m(w))£a(1+ijg
C

B 24, tan(a)T/2) " A,0T




Charge transfer in SC integrator
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100mV/div

2us/div

Charge transfer transient of the 4th order elliptical low-pass filter.




Charge transfer transient
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The current equations for nodes (1) and 2) ()= c

eliminating % = we obtain charge transfer equation

CC,+C,C+C,C, dV,

“rour “Vour "4l 1 =0
dt dt G, @ ourlt)

V,.r(t)is solved from eq. (1)

VOUT(t): VOUT(t = 0)+ %[V; (t)_ I/a(t = 0)]




Calculation of initial voltages V,(t=0) and V5 ,1(t=0)
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V,(t=0)

Ve
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Before switching the capacitor voltages are
To obtain this a charge transfer between the capacitors occur

Ver \Ve, and Vg 1 G (V(;l V(= O)): CVe, + GV, (6 =0) =V, (¢ =0))
After closing the switch the equilibrian is obtained (2) C; (V& ~Vour (T = O)): GV + GV, (6 =0) V(£ =0))
between the charges of the capacitors From these we solve the initial conditions
ch+Va(t:O):V0UT( :O) Va(t:O)and VOUT(t=0)
Charge balance at nodes (1) and(2) CC +COC ce
— V — 0 - _ 172 1L ° 1~ o o
AQ,, =-AQ,, t=0) CC +CC+CC, T CC.+CC,+CC, o)
- Ach = AQCL
V(=0)= S5 rEG 2 (v, —vi,)

= +
CC +CC.+CC. " CC+CC +CC,



Model of OTA-amplifier (voltage controlled current-source)
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Ry

o _
OTA
o +
OTA transfercurve
]oul 4+
Bl +
- Va,SAT
| —
Va,SAT V
___BISS

Voltage controlled current-source

(Depending on V, regions of operation:

Bl;V, >V, sir

linear and slewing)

oO——O O
T ]out
Va @ Vout
(@, ® O
Iout :f(Va)
OTA output current:
— Bl;sV, <V, sur
L =38V Vasar <V <V, sur
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O_+O J; ° Iout :f(Va)
Va i Ioul i
Cl : @ : pr— Vow
e B
OTA transfer curve
Lo
Blg+  —
Va,SAT
| |
Va,SAT V
T | —Blss
OTA output current:

_BISS;Va < Va,SAT
]out = nga;_I/a,SAT < I/a < I/va,SAT
BISS;I/a > I/a,SAT

| Small-signal settling (linear):

assume ‘Va (to)‘ < Va,SAT = [OUT (t): nga(t)

CC,+C,C +C,.C, dV,(t)
C, dt
solving V. (¢):

+g,V,(t)=0

CC+CC+CC

Il Settling with slewing:

L.eff C2
En_0GBW
L.eff
v, () =V,(0) "
V0t
V.(t=0)-
Va,SAT—
T/2 t

assume |V, (¢, ) >V, g = L (t)= £, Bl
CC, + Cécl +C,C, dgt(t)(i) BI =0
solving 7, (¢):
B-1 B-1
V)=V (=0)F—5-t ;SR =——-55
CL,@./.‘/’" CL,e_/f
slew -period: B.1
a(TSR)‘_ a,SAT ‘V( )‘ C = 'TSR
L.eff
L a (t - OX - Va,SAT
— fsr T B ) [SS ) L.eff
linear settling after slewing
V)<V, o Le t>T,

Va(t) = Va,SAT exp(_ Cg—m ) (t —

L.eff

r, )j



Charge transfer error

Relative charge transfer error:

. AO(t =0)-AQ(T)
AQ(t — oo)

AQ(t > ©)=CV,

| assume [V,4(t=0)| < V, sat

AO( )~ A0(T)=C, ,()=CV, =0k

Error with small signal settling \. =V,
8w & p
=|e= CinKn . eCL,E :eCL,e :| ((ka) T — 1
CinV;n 2fCLK

= Only gain error i.e. linear settling-mode!
Il error with slewing
assume |[V.(t=0)>V,,

cV (114
in C;

a,SAT "
-e

cr

in in

= &=

TSR = f(V ):> Slewing causes non-linearity!

1243



ERROR

1.0 C T T T 1 T T T I
- gm=1,25us
1.0E-1L 25
- 3,75
1.0E-2 E
| 50
1.0E-3 L
- 6,25
10E-4 L 75
- 875
1.0E-5 E 10,0 11,25
0,1 1
VIN/Va,sat

Charge transfer error with the conventional OTA.



SC integrator transfer function including linear charge transfer error

N =

—Em.rp
AQ.,=Cyv. (nT )(l—e Cue j s fon =

our

= AV = % =v,,, (nT+T)-v,, (nT)

2

%vm(nT)(l —eé:”‘mj = vOUT(nT+T)—vOUT(nT)

2

Perform z-transformation

% v, (Z{l B ecl'mj = Your (Z) "2 Vour (Z)

2

. ‘}‘(})L((ZZ)) (l _ e&mj

- z—1

o
CZ

Linear error causes only gain error!
Slewing causes also phase error!!



Non-ideal amplifiers in biquad

Magnitude error m(w) causes only capacitor
ratio error in the integrators.

Ideal integrator:

H(s)="¢

Non-ideal integrator:

)=~

In the SC integrator:
1 (C
—(1+m) G —-(1J
H (S): TCZ = T CZ
5 S+ 00 S+ 00

Thus magnitude error causes the shift of the

pole and cut-off frequency, which can be
compensated by predistorting the capacitor
ratio

Q—>(1+m)Q
2 C2

124

For amplifier finite gain:

1 e 1
m~A—:>a)p— 1—A— @,

0 0

A=60dB =1000
Aw
= —2~0,1%
wp
Wy
Ko wo/Q
Wy
/f\ | 1+m() o | L)
P 1 s+ol (L '\j"/ 1 s+ol
Vi

Kl +K2S

O VOM[
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1+m(w)
/ s+l

K, +K,s

a)o/Q

l1+m(w)

s+ol

O VOMf



Phase error due to amplifier finite gain (from integrator analysis):

phase error (w):  H(S)=-

integrator is lossy and has a pole GAT
— CI/C2
AT
To analyse the biquad’s performance we insert
the lossy integrator into the SFG

1 1
— >
S " S+65

Now the state equations are

(D Vl(S):_Sja |:a)oV0UT(S) £, I/zni|

Ol

_|_

@ Vpls)=—— [(m+K2s>vm+%vm<s>—wom(s)}

S+,
From these we may solve the transfer function Your with the lossy integrations

in

The poles are given by the denomitors, which is

Sj+(a£20 +é‘i1+é‘i2JSp+(a)j+%5”+5ﬂé‘izj:O




with the ideal amplifiers :

§2 4+ %

S+’ =0

Thus the phase error distorts the pole Q

w, o,

QO' - +é;l +é‘12
o : C,
with ideal integrator o, =
1C,
5, _ |
= L=
a)O AO
dividing with
1 1 51'1 512
—~—+—+
Q Q a)o a)o
. 1.2
O 0O 4, Example :0 =15

= Q' =14.56
A:looo} ¢



Effect on the pass -band gain at center frequency
S=jo, S'=w
the denominator is given by

1
o S

o

0

At center frequency the gain depends on the Q - factor

S2+[a5j5+a)§ ~ ‘; S H(S~jo )

1
H(S ~ jo )a—

The error in Q- factor causes errors in the gain

|H(s=jo,) ¢

TS =jw,) 0

_ Q1. 9
= Aa[dB] = ZOIOg( Q‘) 20 logEI +2 y ]

o

Example: Q=15

= Aa =0,26dB
A=1000



Release of switch transistor channel charge in SC integrator:
I it
| ®1 Qin = Cinvin CQ | | 2 lel 0 3,—| 4 2

Vin Q, - @2 RV

o ? > . %Qz
a1 — Vo
Q, |— +
e) integrating phase

Q =C, V q3+Q

a) holding phase
=l a0 L
2 ] N :
m/wi L SR S
+ N
b) closer of SW1 and SW3 f) closer of SW2 and SW4
C | | Qin = Cinvin'q3+q4
- I
! Qin+| | Q- 4 iy C,
2 | 3 >/_° y
Q.n+ =q, + out

Qin+ | | Qin- 4‘
Qin+ =CinVin+q1 + _° VOUt i
Q,-=q,
— g) non-overlap period-between integrating and holding
phases
Q= Cinvin'q3+q4

Q, =C,V, *+q;
c) non-overlap period between holding and
integrating phases
S - I I > L% o |
2 in 3 4 Cz
Vin /Q"]\ | | \| &1 - .y
Q I; + out

2 Q. Q 3|—| 4 C,
e > 3
T
d) opening of SW3 and SW3

|_
/O\

d) opening of SW2 and SW4



Cancellation of switch channel charge with a half sized transistor

D D
1 1
W Qa Qb
L ——C

Equalization of termination impedances of the switch transistor

v <<

T

Ve

i

AQ,

in

Q

\&

AQ,

)




Cancellation of switch charge with fully-differential circuit topology

Semi-differential circuit using transistor Qg to

cancel Q; channel charge:

.
d,
C, 1
e
b, ¢14| Q,
_I_Q1 C,
| | +v' =
‘1’14{ Q, w/L =1 - +
d)ll /

Fully-differential circuit where channel charge
of equal sized switch transistors appers as
a common-mode disturbance:

AV
JL\ |
| S

| />
Vot /I I I
AV




The SC-integrator model for the system PSRR_analysis

~1
= - Cun Vi, + & AVsup
1—-z7 C, C,

Vour (Z ) =

Parasitic capacitor C; is order of tens of femtofarads
Integrator capacitor C, is order of picofarads

=>PSRR is reduced into order of 30-40 dB!
(Amplifier PSRR is better than 80dB)

ouT

PSRR A

80dB 2A,

30dB

PSRR-OPA
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The model for the power supply coupling in the SC-integrator
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Noise in SC-circuits

1) Amplifier have a) thermal noise (broad-band) and b) 1/f-noise (low-frequency)

Resistivity of conductive channel causes thermal noise

Oy 8 7
@DfN N nggn Veq®
o < : ) | | 2
Charge traps in oxide-silicon surface are slow causing 1/f-noise |: .
2 (o]
Nen _ B S
of fW-L
Ron
2) Switches has noise due to Ry whose the noise density is T —
S.(w)=4kT R,, W (O B
The noise power is obtained by integrating over the noise bandwidth. T
N,=|S w)do=|S5,(w dw
= [Su (W (@)dor = [, (@) 1
. kT — a)3dB —
el Ron©

Also the off-switch is noisy but the bandwidth is so narrow that
it is meaningless.



. Calculation of noise power

St Amplifier noise density: ¢ — 8KT + 5
“ 3g, 2fC_  WLK'
Thehqal noise T \
________________ E\ . Thermal noise 1/f-noise
far Noise power is obtained by integrating the noise density over the BW:
10kHz....1MHz _ _
v =[S, (I, (Y dr + [, (VH, Y dr
H, 0 o 7
S3as S3a
~ |S, UV, (Y df + [s, (N, () df
0 1
s =B BT e _Gew—_E
| f -~  WLf 3g,, 27xC,
f3dB \
| | o {1 f < Lo
H, o V., Integrated noise power over noise BW.: v 0 f>f..
V2 =BT Gew + L nGBW
y (~> 3g,, WL
" SkT B
= + -1ln ==
s 3C, WL C,




Noise folding in the sampled system

Amplifier bandwidths (GBW) are typically 5-7 times larger than the clock frequency

=> Noise folding occurs from several side-bands increasing the noise level at the signal band




