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. This work > WP2 — Novel composite operational amplifiers and key components
characterization “Characterization of high-quality linear components and switches to
improve ADC modelling and prediction”

- Charge injection (Q,,;) in CMOS switches
+ Modelling and simulation of Q,; in common ADC circuits by INTI

Q,,; traceable measurements at INRIM:
O Experimental setup
O Measurement methods
O Data processing
U

Results and uncertainty analysis
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Why Electronic Switches?

» Electronic switches are key components in mixed electronics

Analog voltage-controlled device and essential for building op-amp circuits,

integrators, sample & hold, peak detectors, etc.
FET & CMOS- most used, JFET- less used

W 2NA351

» Precise applications require electronic switches
|deally zero — ON resistance, without attenuation or nonlinearity
|ldeally « — OFF resistance, open circuit
Low leakage currents, negligible capacitance to GND
Low capacitance, negligible coupling to the control digital input

» Key parameters for switch selections
Voltage range — ON Resistance — Switching speed/frequency — Capa
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signal in

15V
nﬂ

control

citance

Charge injection — Switching time(Rise/Fall time) — Settling time, etc.

Break-before-make switching (BBM)
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Charge injection in CMOS switches e

. Simplified sample-and-hold circuit

Channel charge

injection QiniE

S
0O — ST O—e
VinT Oq,c;';:,‘», _ ,.,C% D | G O Closed - voltage on C tracks the input signal V;,
O | TV"“‘ Open = C,, holds its voltage until the switch is closed

G-Enable i

When the switch turns off > unwanted net charge transfer to Cy due to: ON—\_/—

channel charge injection: charge within the channel has to go somewhere...

clock feedthrough: overlap capacitance C4, between drain and gate v t_/_\_ AV
ou out

- pedestal voltage AV,

out

on the hold capacitor C,
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Simulation of common circuits (1) =

. Closed-loop sample-and-hold circuit

N
I

Vout

S/H output
voltage (V)

(Tepice’ INTI _ 2:
whilials C,, = 100 pF X
‘ ’ deal switch > C4, =0 5E |
CMOS switch > C,/ Cyy = 0.1

Voltage deviation of 250 mV (Q,,; = 25 pC)
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Simulation of common circuits (2) Q)

o—

. Front-End Integrating ADC _ _ _ .
Integrating Composite Operational Amplifier (I-COPA)

Input voltage: 5 V., 1 kHz square wave
8 samples per period

T
L.

7.5

6.0 |-

451
3.0

1.5F---

Qo
A

00}---

VOut-ICOF’A(V)

-1.5

e j ')
: / I-COPA output

-3.0

|||—|

-4.5

-6.0

_75 . 1 . 1 N 1 N : N
0.0 0.2 0.4 0.6 0.8 1.0

UTspice®
time (ms) '

- E::Gmg '
L INTI
; Voltage deviation up to 500 mV 'N RIM
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Measurement of charge injection Q

o True - 1
n e

Typical measurement setup reported on switch data sheets

P D device
Vino—AW\-o0—4 51 ~——0 : O

OFF

______ To measurement

Load capacitor C, 21 nF

it Vout Parasitic capacitances (Cp) neglected:

Full voltage V, , measured with
voltmeter/sampler

$

Q= CLxAV,,

vout / \ A vout

True8DIGIT Workshop — 15 May 2026

==
- —
u=
H
o —

}



Q,,, measurement setup

. Similar setup, but...

Ext. Trig

DUT CMOS

- Differential - voltage measured O BY ﬂ@;m

between D and S, instead of D and g% HI O —— S OFFf= D,

ground (lower magnitude, better S5 our| " _DI\Q Coc

DMM resolution) Hwm @ G

O o [ —:|C
N —|Cs L
Keysight 3458A as DMM in DCV digitizing mode Ve H Vee Vee
(1 V range, 100 kS/s, aperture time 1.4 us) L—
APS ¢—
ouT (e

« 3 calibrated in-gas standard AWG

capacitors Cg as load (C, = C), TRIG v,

- C5 =10, 100, 1000 pF

JI—)GalvanicaIIy isolated NI USB-GPIB-HS to PC

AWG: 0-3 V square wave, 1 kHz, trigger to DMM,;
Fluke 5730A calibrator to provide highly-stable DC input voltages

All traceable to primary standards!
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Q,,, measurement setup w0

'— o—

.Similar setup, but... - - 7R | =TT -5_

- Differential > voltage measured
between D and S, instead of D and
ground (lower magnitude, better
DMM resolution)

7 \

Keysight 3458A as D|
(1 V range, 100 kS/s,

7EEE

» 3 calibrated in-g
capacitors Cg as

> Cs = 10, 100,

y

B =

Agilent 16380A

AWG: 0-3 V square
Fluke 5730A calibr: TSSOP-16 pin Eval board nput voltages

standard air capacitors

All traceable to primary standards!
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Measurement strategy: pedestal voltage RE)

o—

. 1 kHz switch ON/OFF frequency = 1 s measurement - 1000 transitions = 1000 pedestal voltages

18 i i i
16:- --------------------------------- % " P MATLAB algorithm to extract AV, for each switch transition
o %@ggg’@ ''''''' g gﬁggﬁgﬁg% %g 26 y y 1
12ty |+ % % % [ 24 1 ‘ |
210 % % j‘> _2p A it e
5| 2|
3 I T T NGET] SR T R D S ——
E °r DET: ‘ o %
? al %14 -
g UL S10F
15 20 25 ' 3 35 40 % sk S— N S 4
Time (ms) a 6l ; 3
Average and standard deviation of AV, Ap i B IS R
at fixed V,, and C, /1\': A o
0 1 1 1 1 1
(V. =1V and C, = 10 pF) 0.0 0.2 04T|me (Sg).e 0.8 1.0
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Qinj evaluation: 3-capacitance linear fit NS IE
—

out

Mathematical model > Q;, = (Cs+ Cp) - AV,

CS= Qinj ' (A\/out)_1 B CP_)yzaX'l' b

1000~ — Fit- y2=0.1 |
« Three ((AV,,)", C.) pairs - linear fit to extract Q, # _Experimental
and CP 800 -

« Orthogonal Distance Regression (ODR) with both x
and y uncertainties

600 -

400 -

* Q;,; and Cp and uncertainties from the regression

Standard capacitance Cs (pF)

200 -

« X2 to assess the goodness of the linear model

| | | | | |
60 80 100 120 140 160

Pedestal voltage reciprocal 1/AV,,: (V1)
ISTITUTO NAZIONALE
9 -I ERCA METROLOGICA
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Q,; of commercial CMOS switches (1) w0
300 : : : ‘ . . ‘ : — -y O —
. 200 _ ﬁ29-15£€irlig§?;al Data .o. Q Uspice’
ADG1413 and VishayDG441 [ = = = ~ i L
4 x SPST switches perIC = °r ven [°7 o b
+15 V / 5 V supply L — 8
o> wolt ) (@) =2PC @10y <50pC
D1 ) . ) ) Ir;put voltage (V)
1
s2 | —4— Vishay DG441LE. U(Qinj) = 20 pC @ |Qinj| =~ 200 pC
QDo 0o g 10 Vishay 3
. o o DG441 1
s 2N L
54 qé’
INa O[> 5 7 } { {\}”} % } U(Qinj) <= (.25 pC
D4 o
3 ef
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Q,, of commercial CMOS switches (2)

. Texas Instruments 4053 and Onsemi 4053:
« 3 x SPDT switches per IC

« * 3V dual supply

* Vi, limited below 3 V
« Two modes: Channel select / ENABLE

True

AV, 2 '-'

ANALOG
INPUTS/OUTPUTS

CHANMNEL-SELECT
INPUTS

| 1

YG—Q-—-

Y] iy

ZG—E-!—I-

3

7| ———a

X SWITCH

Z SWITCH

B‘ID

:A‘H T

ENABLE—

CQ

20 F | = P - Onsemi 4053 - Enable L/H Control T
. = & - Onsemi 4053 - Channel L/H Control :
%) 15| . | T @ T14053 - Enable L/H Control ;
3 0\ 3 = = T] 4053 - Channel L/H Control \
OE \ :
J 10t \ "%:%:%%
= >
S X ,i:i% T
g 5f-----i- v T S R e
Q &~ : oA
£ A \' A/ sz..-ei—- A— B A i
o 0F ‘A""-A A.‘-A"-A——ﬂ—;ﬂ;&-’
m o) -~ N - V ¢ I
14 o %\‘ - ”
S be-b I YOV 2 ;
e b __5_ ] . }"’_E \i\ s . 3__. s
— k- : | |
15 ,, | COMMON g F-£ 3 ‘% %__ ; |
OUTPUTS/INPUTS S-10F--=--1-- 1 ‘%“‘}* v}n } ,}_ g e
4 | ; %%\
et 7 A5} . - E e .
. ! 1 1 1 1 X 1 L 1 1 1 1 | X 1 1
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 15 2
PN 16 - Voo input voltage (V)
PIMN 8 = GND
PIN7 = Vee
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Switch temperature influence (1) e
4

« Purposely-designed T-controlled heatsink onto the IC, thermoelectric Liquid Chiller and PT100

Study Q,,; dependence on temperature T ~ 15°C - 40°C

0.620 F
40
0.619 |
> 0.618 | 435,
uJ (2]
D 0.617 ADG1413 °
= — 4305
S 0616k Vi,=10V E
™ — a
© 0615} Cs =10 pF 1 8
o [1)]
Q =
% 0.614}
420
0.613 F
0.612 I | | I I | | | 915
0 100 200 300 400 500 600 700
Time /s
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12

Charge injection Q) (pC)

Switch temperature influence (1)
_

300

200

100

—-100

=200

-300

-400

Study Q,,; dependence on temperature T ~ 15°C - 40°C

Purposely-designed T-controlled heatsink onto the IC, thermoelectric Liquid Chiller and PT100

—— T=15°
T=24°

—— T=33°
—— T=41°

O 000

ADG1413

o

o]

]

o
|

o

[=)]

=

o
T

o

[=)]

=

]
T

Pedestal voltage / V
o
>
=
o
T

ADG1413
V., =10V

C. =10 pF

AQinj ~ 1 - 25 pC 0.614 -
/ 0.613
S | | | | | | | |
-10.0 7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0 0.612 [ , |
Input voltage Vs (V) 0 100
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Switch temperature influence (1)

300
200

100

—-100

Charge injection Q) (pC)

=200

-300

-400

Study Q,,; dependence on temperature T ~ 15°C - 40°C

Purposely-designed T-controlled heatsink onto the IC, thermoelectric Liquid Chiller and PT100

_—*— T=15"°C
I T=24°C
—— 1=33°c  ADG1413
—— T=41°C
lk(Z?hﬂ =~ 1 - :255 F)(:
1150 —%5 —éﬂ —i5 Ob 25 Sb £5 ldﬂ

Input voltage Vs (V)

12

Charge injection Q) (pC)

=10

=12

-14
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Q. uncertainty budget (1) w0

L
. Mathematical model > C, = Q,; - (AV,,)"'-Cp —»y=ax+Db
Three (1/ AV, , C, ) pairs
f _ AV, (=1/x) uncertainty sources: Cs (=y) uncertainty sources:
: L Repeatability (Type A)  Calibration
s O Digitizer gain and non-linearity = Temperature dependence
) O Digitizer resolution (=40 pV) Q Time drift
e O Capacitor discharge d AC-DC difference

Pedestal voltage reciprocal 1/AV, (V1)

Q,nj uncertainty by propagating the input uncertainties through the ODR algorithm p

- finally scaled by sqrt(x?) to take the goodness of the linear model into account
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Q,, uncertainty budget (2)

14

Uncertainty source u(x;)

;i (Q1nj)/Qinj (70)

1pC = anj < 30pC

Cg : Standard capacitance

Calibration @ 1kHz (Type B) 0.011 0.001 0.002 — 0.002
Temperature effect (Type B) 0.011 0.001 0.002 — 0.002
Time drift (Type B) 0.009 0.004 0.004 — 0.004
AC-DC relative difference (Type B) 0.013 0.009 0.011 — 0.011
AV : Pedestal voltage measurement

Repeatability @ 1 s (Type A) 1.583 0.329 0.091 — 0.011
Digitizer gain (Type B) 0.002 0.001 0.001 — 0.001
Digitizer non-linearity (Type B) 10.95 1.187 0.313 — 0.030
Digitizer resolution (16 bit) (Type B) 3.709 0.398 0.112 — 0.011
Capacitor discharge time (7) (Type B) 0.215 0.230 0.130 — 0.088
Combined standard uncertainty

u(Qrnj) 11.67 1.315 0.368 — 0.095
Goodness of statistical fit

X2 0.342 — 0.008 2.084 — 1319
Scaled combined standard uncertainty

us(Qrnj) / Qo = /X2 - (Q1nj)/ Qrnj 6.820 — 0.118 0.532 — 3.446

— -
True —

N gy O —
5=

Two Q, ranges

Negligible

Mostly
dominates

Incomplete model
for high Q;
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Open-Access paper on IEEE TIM =
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. https://ieeexplore.ieee.org/abstract/document/11270954

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 74, 2025 1508811

Metrological Assessment and Simulation of Charge
Injection Phenomena in CMOS Electronic Switches

Bruno Trinchera, Paolo Durandetto, and Ricardo Iuzzolino

For further info contact the authors -
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