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How to :

1 - Extend Bandwidth —» reach MHZ

Unavoidable  C; :1pF
parasitic

————— ||————-| — e o o o o e o = =
capautancei R, = 1GQ i \ \
| o

________________

2 - Extend Sensitivity — reach attoAmpeére (10-13A)
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J_Why working at higher frequencies ?

Go away from 1/f £ signal
noise of many g o
sensors/devices 8
=
110 100 ik 10K 100k 1N
Frequency (Hz)
1G . ,
> Poss
. . . T 100M 2 > R Eiing |
Track interesting physics ¢ CPE + R Fiing
that may be there g™ C
5 CPEDL
-g Q=10},|F./cm2
= 100k} | n=0.92 °

100m 1 10 100 1k 10k 21J0K _.iM
Frequency [Hz]

vﬁ)/\i(t) Ry

. . X o
Investigate capacitive = (@) = (_ (@) - joC
behaviour in nanodevices V(t)§ Cour : 1/joC
= Given a current at higher
resolution... frequency ... smaller C

can be measured
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| How to extend BW ? A guide for circuit designer

DUT IF\{V\
T — network B e N Wl
Y
I
I i
Compensated TR L
Transimpedance @ >_¢| _
Amplifier I %{C}
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|T — hetwork: transfer function

! C RC<I§ R, — strays are not important

() :
i | + 74 s(C.+ CR.||R
E | E Out:(Rf‘I'RC (c f) c” f

R. calibrated to obtain
(Cc+Cf) I:Qc”Rf = Rf Cf
\

Cc Rcz Rf Cf

Bandwidth limited by OpAmp !
Marco Sampietro- I
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|T network — low frequencies

___1_}_(__:_1‘_ _______
| | Rf >> Rc
= Vs f
DUT W15 VW\— j
R — R. (R.C.=R.C)

[ — \fcc -
Iin@ _ Ovout
L
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|T network - medium frequencies

C, |
No longer Current ratio as C_/C;
\\ negligibles (note : same voltage across)
_ \\{J\ _»
V >
A A~
DUT L ~
R RCCC — Rf Cf
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J_T network - high frequencies

Cf _ Current ratio as C_/C;
lg?y big » (note : same voltage across)
————— >
W m
,DUT Rf C -L:;Ft/ Rc RCCC = Rf Cf
i ﬁ'—\c—_—
| @ - 0 Vou
, 1N :
L ==
- = Rf-l_Rc
""""" \V/
Y j\f v
f V,
V, 7 f
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T — network: stability

| Cp:Cr,C, are GND to GND
| | (only 2 poles, and 1 zero)

|Gloop(s)| y

Fommmmmo- . f C:C 1 c _
E i Cp. _\ e
I — I ) / f

__________ \ g

low freq.
(<100Hz)
Design A(S)
" 1>S(;Rf @ with a pole
G s) = —A(s |
loop ( )(1 + sC Rf)(1>§<R ) 1+ SC R fr:(lqturggzy!
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|T — network: noise of the added section

o 4KT 4KT -R
= Cp PR 2
Ry (Rf +R¢)

\ J
|

LIKE A STANDARD AMP. NEGLIGIBLE

Howard, RSI, 70, p.1860 (1999): BW=17kHz, is, = 1.3fA/NHz up to 100Hz
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| How to extend BW ? A guide for circuit designer

T,

Compensated ur W
Transimpedance @TF>_¢| .
Amplifier Lo L]
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|Co

___________

mpensated Transimpedance Ampl.

c Integrator
| f Differentiator
A\ — R,
> Ry C VY
T C
L1 ~
. WAL
K7\
I N
C__—_
Vouli

.
)
.
o®
.
.
.
°®
eecccccccm
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Vout - Rf 1 + SCCRC

I, “R.1+ sCeRy
R
CCRC — CfRf
Needs carefull tuning of R,
V R
out _ Rt_f
Iin Rc

Carla, RSI, 75, p.497 (2004),
Ciofi, IEEE Instr.&Meas. 55, p.814 (2006)
Carminati, Analog IC Sig. Process (2013)
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Compensated Transimpedance Ampl.

___________

G

Integrator
Differentiator

R

L AAN— R, Vour . Rr 1+ sC.R,

C. — NN\ I TR 1+SCRs

$

‘ (/
‘)- + CCRC — CfRf

/‘/ Needs carefull tuning of R,

.............. \ S/ Carla, RSI, 75, p.497 (2004),
~ 904 OR Ciofi, IEEE Instr.&Meas. 55, p.814 (2006)

S g Carminati, Analog IC Sig. Process (2013)

N\
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J_NO R and R. - SIGNAL OK

Integrator Differentia

ain

\ Gain
G

Log f

| ~N

Stable, easy to be set,
linear, no calibration
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J_NO R;and R -

C.

CpurtC

P

Cd
Gloop(s) = —A(s) Cpyr + iCp + C;
Ci=1pF R,=100kQ
—\N\—
i

GBP = 60MHz

BANDWIDTH OK

out

¢

C;
|G|009| ﬂ Cpyr + Cp + C; No stability
o problems

C

i
CDUT + CP + Cl\

GBP

T GBP
Easily in the MHz range

|Gain|

DUT













J_NO R.and R. - NOISE OK

Minimum possible Only R, along signal path in addition to OpAmps
Noise !

R, = 100kQ

W\

\
Il : V
C4=100p|. o

)
K
|
|
4
|l
AN
~
-
7~ N\
O
N———

Same equivalent input noise !
W)
(-
_|
| - - |
. |
@
D 1
8<
wm
@
QO

Equivalent to 1GQ
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J_NO R, and R, - OpAmp SATURATION

C:i

e |
\ [

DUT A ] VOu
— _|__/ C, ___out

1 We need
V. (t)=—11,dt
ou (1) Cij d" @ to reset !

Unavoidable OpAmp saturation !
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Pulsed reset

||
C,= 1pF R,=100kQ
lgc I —VW\V—
— \
S ] I

Dﬂ_ C”,I/I"“/ 1 - VOUt
— _|__ C,= 100pF -

Limited time for measurement :

------------------- If 1,,=10nA, V=10V

3MHz 1

| r T, =1ms

Axopatch 200B
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CI Rd
[
1l M\
—_—> I I
IDC — Il VOUt
+ A E—
L S
DC current =
H(s) =
collected RDC High DC gain
rough Roc —‘VV\/—l — fr%m A tg B

-\ [IFs)

H(s) ACTIVE ONLY at very low frequencies |

—h Y

Very Low value
1

G.Ferrari et al., Rev.Sci.Instr., 78, p. 094703 (2007)
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|DC current reset : signal path

C Ry

T ;L_>‘A £d4f>_vout

H(s) 1
Rpce |
B
[IH
- S
Zero gain of H(s) from Ato B _L (\ )
at signal frequencies \\
| N

A >
Very Low value \\ f

\
H(S) NOT active when signal is present
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DC current reset : stability remarks

f

. >
Rpc fy \\! ‘1/3’ f

\
\
\

m
= A
| |H(s)| !
—_ ,  signal
- : ' bandwidth
>.A = \ 5
-_I-_ Gloop . @ R I —

Rpc N STABILITY imposes the
same number of poles

, _ and zeros in H(s)

! signal

bandwidth C, R,

! —_—>

i -20dB/dec

0dB ! \ f A

f ' ] B

p '

DC discharge <—

G.Ferrari et al., Rev.Sci.Instr., 78, p. 094703 (2007)
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|DC current reset : noise

Rd
— 1pg
’I’;T E Classic transimp. amp. with the
\t/ same bandwith (Rz=800k(2)
— o e
g 100f |
o) ; ;7
9 - Measured noise )7 ,
2 zi ey Cin+Ci) ]
— 10f LA AN A = 7D
E’ —j‘i\ﬁ_}\WM2 \Ther_or_etical
8 I irf_,_ +_(_|j prediction
| Rec Ry \ Cq
Yoo T o0 kM
Input equivalent noise:  Rpc big Frequency [HZ]
e2(C Y 4T(C
IR TV, 2 2 2~2 € | |
i2 ~i? +e20*(C, +C,) 02 ?C2 4 in2| Mi | 4 i
q n nl in [ n2 | 2
Rd Cd Rd Cd
O Y/, — _
N negligible for Y

Same as a classical TIA Ry >100kQ Reduced by the gain C4/C,
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|DC current reset : |, monitor

C
I
I

C''s
A | d Rpc as BIG_- as possible
D J de = low noise
By R E .
DC( —

- — R not too big
= large dynamic of I

H(s) AC out
([ Rpc doesn’t affect BW
—_ I
Ve = - Rpe lpe Very good !
|T(f)4
Rpc C_de
- ~ Ci |
\ h=C8Pe Cjc

p
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Mo

Gain [()]

current reset . examples

Components on a board

1G

],

100M 1.8Hz - 1.4 MHz
S - >
[ -~ "
| \

10M

\
| Classic TIA with 3
IML o aSS:IC wi \

- e same noise
' \
| \

100K Lt o v

100m

10 100 1k 10k 100k 1M 10M

Frequency [Hz]
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Integrated Circuit (ASIC)

<€ >
50kHz — 35MHz
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DC current reset : Integrated circuit

|
Signal 50kHz — 35MHz
foc < 30kHz
Ly i
IDCI % * Vour i
Adaptive ¢ R;=230kQ

Pseudo-resistor
Ry = 25mV/15c

Constant H(s) at
medium freq.
(Phase margin > 45°)

E. Guglielmi et al., "High-Value Tunable Pseudo-Resistors
Design," in IEEE Journal of Solid-State Circuits, vol. 55, no.
8, pp. 2094-2105, 2020

=24-M,

Current reducer (x24) to

obtain a large resistor (6MQ)

STm BCD8sP 0.18-ym
Supply voltage : 1.8V
11 parallel channels
Current cons. : 5 mA/ch

F.Zanetto et al. “Wide Dynamic Range Multichannel Lock-In Amplifier ...”,
IEEE SOLID-STATE CIRCUITS LETTERS, VOL. 3, 246-249, 2020
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Tunneling current reset

Use tunneling through the
MOSFET oxide to reset

When V=0V
no tunneling f
NO noise
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|Tunne|ing current reset : sensitivity OK

Leakage current
In a IC Is much
less than 1aA
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Tunneling current reset : sensitivity OK

Resolution

I[deal minimum noise

Response is obtained by applying a voltage between metal ring and input electrode
(see inset figure). Voltage is decreased from —0.1V to —0.5V and then increased from
0.1V to 0.5V in steps of 0.1V, producing current steps of approximately 200 aA.
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S

Additional material




J_The challenge of high value resistors

single MOSFET connected in

transdiode configuration B /\/_AB\ A
® o
A |
. |
B T A +—P+_ o PJ
{ o N well

T Exponential of

C PN junction
Parabola of N
MOSFET

B +— Vg, ——A High equivalent
T3 resistance

N+ P-I-' — U

\ N wel loq = 25MV / Ipc

E. Guglielmi et al., "High-Value Tunable Pseudo-Resistors Design," in IEEE Journal of Solid-State Circuits, vol. 55, no. 8, pp. 2094-2105, 2020
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|Toward Integrated Circuit - ASIC

Parallel back-to-back Ratiometric topology
to obtain symmetric response to compensate for non-linearities
& 020
B l A 1 [ ¥ Same voltages
-1 _'6 e acCross pseudo-
- —® resistors
(1)
Vin(t) Ili, — A .
l__ ’J\/\/\/' — 1= (D)
R, © [TT
=t =

iin(t)
100

V(1) High value resistor :
Rior = I_(t) =100 x R; small current i (%)
out

- : with large voltage V,(t)
F. Gozzini et al., Electronics Letters 42, 1069-1070 (2006)
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If W, =100 x W, m) Ii,,(t) =




How to make the Differentiator

m
fd +
|] |G|00p|
1] 1
VVV RdCfd
V. Ryq
Int A®s)
- A _ A(s) _VOUt GBP
Ce | —5 .
® 6))
= RyCy C
Constraints: fd
( —BW = - GBP—12
27Ry Cfd =BW = 1:z|GIoop = 1:plT(s) Cd + Cfd
Ca\°
) Rd (E) —3 Req noise
GBp 11 : 2
\ Car + Cy ” 2R Cryg » GBP > 2nB Ci\/Req noise Rd
Example:
R=47kQ
Chose : C=1.5pF  Request: Regluise=1GQ gy, =2pF
C=220pF BW = 2MHz GBP|opamp>260MHZ
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