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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



Amplifier offset-voltage in SC integrators
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During every clock-cycle a charge
packet of DQ2=-C1VOS is transferred
into the integrating capacitor C2

ÞThe accumulated charge will drive the 
output to either of the supplies and the
amplifier saturates Þ DC-feedback
is needed!



assume Vin =0⇒

Vout =
C1

C3

⋅Vos

DC feedback implemented with a switched capacitor C3.
Now the integrator output offset is limited to

SC integrator with DC feedback



Phase f1:
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Phase f2:

Offset free SC integrator

offset charge is not transferred into C2

Charge transfer equation:

Phase f1: offset is pre-sampled by C1

Phase f2: input voltage is sampled by C1 and
charge C1 Vin is transferred to C2

-
-



phase f1:

phase f2:

Offset free SC integrator

No charge transfer error!
Also gain error is eliminated!

exactly!    VC in1=DºD 12 QQ

Node is offset compensated virtual ground.
C1 samples against node Þ offset eliminated

A
A



Leakage currents of switches
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Example
offset! causes current Leakage

C in droop Voltage

!

Io doubles every 10˚C rise of temperature!

Leakage current I0 charges C2
Change of charge in C2 during one clock-cycle
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phase f1:

phase f2:
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Switch on-resistances in SC integrator

Phase f1:

Phase f2:

Z-domain transfer function:

Example:



MOS-switch

1. Switch open, VGS < VT

¥=Þ ONR

2. Switch closed, VGS > VT, VDS small
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region linear in transistor
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• gate impedance infinite
• gate-capacitance causes clock-feedthrough
• Cpar to substrate
• Vin, Vout limited
(VGS= VG-Vin > VT, VDD-Vin > VT Þ VDD-VT > Vin)
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CMOS-switch

Symmetrical design:
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VDD=4V

VDD=4.5V

VDD=5V
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Charge transfer:

Apply z-transformation:
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Effect of amplifier finite gain in SC integrator

Output voltage including finite amplifier gain

Transfer function in z-domain
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Charge transfer in SC integrator
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Charge transfer transient of the 4th order elliptical low-pass filter.
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After closing the switch the equilibrian is obtained
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Model of OTA-amplifier (voltage controlled current-source)

OTA

Voltage controlled current-source

OTA transfercurve

OTA output current:

(Depending on Va regions of operation: 
linear and slewing)
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I Small-signal settling (linear): II Settling with slewing:

linear settling after slewing
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OTA output current:



Charge transfer error
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SC integrator transfer function including linear charge transfer error
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Perform z-transformation

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:
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Non-ideal integrator:

In the SC integrator:

Thus magnitude error causes the shift of the 
pole and cut-off frequency, which can be
compensated by predistorting the capacitor
ratio
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integrator is lossy and has a pole

To analyse the biquad’s performance we insert
the lossy integrator into the SFG

Now the state equations are

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

b) closer of SW1 and SW3

c) non-overlap period between holding and 
integrating phases
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e) integrating phase

f) closer of SW2 and SW4

g) non-overlap period between integrating and holding 
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Release of switch transistor channel charge in SC integrator:



Vi

Ri

Ci

DQ2
DQ1

VGT

VC

Q

C

Vin Qa Qb

F F

C1

F F

Vin

C1'

R

W
2
LW

L

Cancellation of switch channel charge with a half sized transistor

Equalization of termination impedances of the switch transistor
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Semi-differential circuit using transistor Q6 to 
cancel Q5 channel charge:

Fully-differential circuit where channel charge
of equal sized switch transistors appers as 
a common-mode disturbance:
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The SC-integrator model for the system PSRR_analysis

30dB

80dB
PSRR-OPA

PSRR-SC

PSRR

Parasitic capacitor CP is order of tens of femtofarads
Integrator capacitor CI is order of picofarads

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



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

( ) ONR RkTS  4=w
The noise power is obtained by integrating over the noise bandwidth.
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Also the off-switch is noisy but the bandwidth is so narrow that
it is meaningless.

2) Switches has noise due to RON whose the noise density is

Resistivity of conductive channel causes thermal noise
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1) Amplifier have a) thermal noise (broad-band) and b) 1/f-noise (low-frequency)

Charge traps in oxide-silicon surface are slow causing 1/f-noise



Calculation of noise power
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Thermal noise

Integrated noise power over noise BW:

Amplifier noise density:

Noise power is obtained by integrating the noise density over the BW:
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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


