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CURRENT MEASUREMENT

Chemical / Mechanical

Electrical \

\ \
Photonic |~ DI T V()=RI(t)
/ O
Biological \ : Electronic
/ Magnetic current

measuring
instrument

Down to very low levels - Up to high frequencies

Problems/Error sources/Noise =~ mmm=) Precision/Resolution



LESSON GUIDELINE

Instrument architectures
- Passive (shunt) ammeters
- Active current-to-voltage converter

The TransImpedance Amplifier (TTIA)
- Signal precision, Bandwidth
- Noise considerations

Tips and Tricks on the connections
- Coaxial and triaxial cables
- Guarded measurements

15 min

25 min

5 min



HOW to MEASURE SMALL CURRENTS

DUT DMM

—————————————————————————

f 0 \\1 PASSIVE convertion of
| Y

CURRENT-1nto-VOLTAGE

(Shunt Ammeter, DMM)
DUT Feedback Ammeter .
— 1 ACTIVE convertion of
S CURRENT-into-VOLTAGE

with feedback circuit

(Electrometers, SMU, Current
amplifiers, Integrated lab-on-
chips)




PASSIVE current-to-voltage converter (Ammeter)

Voltage across the DUT changes (10nA, R, =100kQ — V, __=lmV)
""""""""""""""" . V,
DUT/ =V Meas Meas
5 — T~
IDUT l IE';rror A/D
% % Rshunt .
R, / Ideal voltage amplifier
\ w4 N Zin:OO Iin:O

To measure small [, ,; we need high value R, . but ...

shunt

Disadvantages :
Disturbs the experiment (Voltage burden)

Error in the measured current : I =V

S I Rpyr/R

/ RDUT

=100, measurement error due to the shunt is 1%

Error meas

shunt

mmm) R, the smallest as possible



Example of passive (shunt) Ammeters

Keithley 2001 7'2-Digit High Performance Multimeter

_______

E i Rsh unt
i RDUT i

If Ry ,=100kQ
error|, ., ~21A
>> Resolution

Rpur >1MQ

Default Burden R
Range™\ Full Scale Resolution Resolution | Voltage® shunt
200 pA J210.00000 A 10 pA 100 pA 0.25V ~1kO _
2.1000000 mA 100 pA 1 nA 0. |
20 mA  21.000000 mA 1 nA 10 nA 04 V
200 mA  210.00000 mA 10 nA 100 nA 05 V 2.5Q
2 A 21000000 A 100 nA 1 A 15 V
Keithley 6485 Picoammeter
52 DIGIT ACCURACY (1YR)!
DEFAULT  +(% RDG. + OFFSET) TYPICAL ANALOG RISETIME 3 Rshunt
RANGE RESOLUTION 18°-28°C, 0-70% RH RMS NOISE 2 (10% to 90%)
2 nA 10 fA 0.4 % + 400 fA 20 fA 8 ms
20 nA 100 fA 04 %+ 1pA 100 fA 8 ms
200 nA 1 pA 0.2 %+ 10 pA 1pA 500 ps
2 pA 10 pA 0.15% + 100 pA 10 pA 500 ps
20 uA 100 pA 0.1 %+ 1nA 100 pA 500 us
200 pA 1 nA 0.1 %+ 10nA 1 nA 500 s 10
2ZmA 10 nA 0.1 % + 100 nA 10 nA 200 ps
20mA 100 nA 01 %+ 1pA 100 nA 500 ps JQ

INPUT VOLTAGE BURDEN: all ranges except <ImV on 20 mA range

1000 times
better




Beware 1n your experiment of Vi 4.,

V. [— DUT ——s i —
D 2.
Vbur#Vin Rehunt
st < :

The effective voltage applied 1s
different from what expected




NOISE 1n passive (shunt) Ammeters

DUT
L — VMeas
/ 3
A/D
lout
‘b 51(f) =
________________________________ R e Amplifier and ADC very stable over time and temperature
In commercial DMM R, .. adds negligible noise (on 1Hz BW)
Maximum
Default Burden
Range  Full Scale m Resolution Voltages Rshunt
200 A 210.00000 pA 10 pA 100 pA 0.25V -1 kO 4 p A
2mA 21000000 mA 100 pA 1 nA 031V
20 mA  21.000000 mA 1 nA 10 nA 04 V ¢ '
200 mA  210.00000 mA 10 nA 100 nA 05 V 250 80 pA
2 A 21000000 A 100 nA 1 A 15 V
Larger R, is beneficial to S/N : ~oc—2UT__ o /R
g shunt . N KT shunt
\/ R - BW
shunt



Bandwidth of PASSIVE I-to—V CONVERTER

Despite small Ry, . (that would permit high operating frequency),
resolution is ensured only at very low BW

DUT _——
| +
- Iput A/D
DUT with high output resistance
Maximum
Default Burden

Range  Full Scale m Resolution Voltage® Rshunt

200 uA 21000000 pAN_10 pA 7 100 pA 025V ~1kQ — BW=6.25 Hz

2 mA  2.1000000 mA 100 pA 1 nA 031V
20 mA  21.000000 mA 1 nA 10 nA 04 V i
200 mA  210.00000 mA 10 nA 100 nA 05 V 250

2 A 21000000 A 100 nA 1 uA 15 V




LESSON GUIDELINE

15 min

The TransImpedance Amplifier (TTIA)
- Signal precision, Bandwidth 25 min
- Noise considerations

5 min



HOW to MEASURE SMALL CURRENTS

———————————————————————

B

_______________________

ACTIVE convertion
CURRENT-into-VOLTA
with feedback circuit

(Electrometers, SMU, Curre

amplifiers, Integrated |
chips)




The ideal TRANSIMPEDANCE AMPLIFIER

Vo) =-ipyr(t) R,
O

Practically does NOT move (ideal) : NO voltage Burden

Very low input impedance, i1deal for absorbing currents
(1.e. 1deal for practical sources with low Ry !)




CURRENT SENSING with a TRANSIMPEDANCE AMPLIFIER

W ——
) 0
B A = gl

Stay ~ fixed

sensitivity = large R; precision = stable R;

... for a large range of Ry and Cyqyp



CURRENT SENSING with a TRANSIMPEDANCE AMPLIFIER

~o——0 V,())=-ipyr(t) R,

Q)
50
|||—|
X >
Il
\"/
/

_______________________

Ex. :inyr 2nA — Ry= 100kQ —> V.=2001V — Vp= 20V (Burden)

To be compared with previous:

5Y%2 DIGIT ACCURACY (1YR)!
DEFAULT  +(% RDG. + OFFSET) TYPICAL ANALOG RISETIME 3 R

RANGE RESOLUTION 18°-28°C, 0-70% RH RMS NOISE ? (10% to 90%) shunt
2 nA 10 fA 0.4 %+ 400 fA 20 fA 8 ms 100 k2 Viurpen: <200pV
Higher «amplification» Less noise of following stages

P —
Ex. - ipyr 20A = ®;= 100MQ —{V,=200mV )-> V1= 21V (Burden)
\/ \/




FRONT-END of most quality INSTRUMENTS

Picoammeter SMU

DC mput voltage can be set at your will




FREQUENCY RESPONSE : ideal case

Unavoidable parasitic C
capacitance = ---- - f_.

. R¢
Vout(t) = _IDUT(t) ’ 1+ SRfo
A
Vout Rf
Limited
bandwidth .

.. but ~ independent of setup

1

- >
\ f
ZTERfo

R=1GQ, C;=IpF =5 1= 1lms




STABILITY CONSIDERATIONS

Gloop(m) A ZAZ(S)

7

o Cror

=
/
87

To pAmp

Rpur + Rf 1+ STopamp 1+ 5Cror RRDUTRf



STABILITY CONSIDERATIONS

Gloop(m) A A(S)
/ C; helpful
for stability

AR 1 Cl4sCR, D
Gloop(s): 0-*DUT . f AN f

Rpur + R 1+8To00mp 1+8(C; +Cror) RpurRy
put T Ry




NOISE ANALYSIS - PARALLEL NOISE

High R, 1s
beneficial

Vo s

Feedback resistor R;

f_ may have 1/f noise

_____________________________




Voltage
fluctuations ..

DUT

NOISE ANALYSIS - SERIES NOISE

.. produce an additional fluctuating
current that mixes with signal

___________________________

____________________________

VGsij

1 5i(H)

Si =SV(

Rpyt + R

Rpyr

;

have 1/f noise

f— OpAmp (S,) may /

]

.. so does the
ate VOLTAGE

Standing current has
MICROFLUCTUATIONS ..

Thermal (Johnson) noise
Flicker noise

A 4




NOISE ANALYSIS - SERIES NOISE : Effect of CAPACITANCE

.. produce an additional fluctuating

current that mixes with signal e
Voltage
fluctuations ..

, Nqise increases with
Keep ALL capacitances small !~ pa c1TANCE

/

Noise increases
with frequency

>f

HF measurements are less resolved




Design RULE 1n nano-bio-sensor experiments

nano/micro sensor

NOls‘erms oC CDUT @Camp

Parasitic should go nano...so ELECTRONICS should go nano

... ideally merging into the sensor

M. Carminati, et al., Sensors & Actuators B,. 174, (2012) 168-175



Effect of INPUT CAPACITANCE on NOISE

250MQ
oUT Istrumental noise can be very low
_________________ 5 8&7/- TN .(if no DUT. nor cable .connected.)
lour Roird irrespective of being a chip or bulky
' i

___________________

%mm
— 1P POLIMI Pe7
N s
Z |
= I
g =
i 100f§_ ..... JE/ I . our chipl i
o) : = Axopatch 200B W
8 g 10f fiﬂn
c ; : z’ W”"
T IO ANN ety T B : i
o i : theoret|cal yol . MMW
= L : : = ’
3 : - predEctlon =l A
: : : c 1 I o] i
foo 1k 10k 100k ™ S : -
B
E A T R AT Pt

Frequency [HZ]

10k 100k 1M
Frequency [HZ]



Reading specs of a commercial TIA

100 €2
1 kQ
10 kQ
100 kQ
1 MQ
10 MQ
100 MQ

andwi
(3dB

Mziximum
Input\m- |input cur-

pedange |/ent

1V

cut-off) (G1,G2=1)
100 V/A 50 MHz 50Q | z10mA |
1 KV/A 50 MHz 50 Q +1 mA
10 KV/A 8 MHz 50 Q ‘imopA
100 KV/A 1.5 MHz 1000 | |+10pA
1 MV/A 250 kHz 300Q [ |+1pA
10 MV/A 25 kHz 2\|1.6kQ[ [L100nA
00 MV/ 12 kHz 70/ |Mona
1 4kT Voutlmax=
f_ = = |5
34B = 21RCs R¢
Ex: C;=1pF | Ex: R=100kQ
R~=100kQ) | —> 400fA/NHz
— 1.6MHz
v
Z. ~ f
in —
1- Gloop



SUMMARY : spectrum of produced current noise

AW
____________________________ >/

| | 4kT O

r—‘am szzz.ygm / @ vo(t)
L4 < -+

| Stot(f) f y

2
C TOT




SUMMARY : spectrum of produced current noise

2
C TOT

This noise sums up to the
Cror  dielectric noise of Crp

f




SUMMARY : spectrum of produced current noise

=
ST /

| SItot(f)




SUMMARY : spectrum of produced series noise




HOW TO MINIMIZE NOISE

Shortest
possible
connection

————————————————————

Highest possible R

value @

__________________

Carefully
designed sensor

1/f

lbu @ — .
! Roc\ Good design

47 Cror (or choice) of OpAmp

Goal : reduce the
area (noise) !

1 SItot(f) f )
£
y £




RESONANT NOISE-CANCELLING option

W10-20 -
< 10” 7
g 10~
%10-23_ //,’/ _
210_24'/ \
| | R
10%m 100M
Frequency [Hz]
DUT | A\
U/
lout _|:+
100k
= 10k
o
Goal : T R
. 8 3 AR
Increase impedance to : |
. £ 100! S~
reduce noise current
M qoom

Frequency [Hz]



RESONANT NOISE-CANCELLING option

%‘ 10—20 - /§
T 402

>

‘»

& 10%

©

©

§ 107

> without L L= 5uH (Q=40)

5 10"

2 ]
@ 10%

1M 10M 100M

Frequency [HZ]

In real (Q) systems :

— [27f(Cy, + Cp)]?
Si(fres) ~ e121 1(;2 +

Thermal noise given by energy loss

It works only at resonance :

1

fres =

21,/ (Cin, + Cp)L

. without L

L =5 pH (Q=40)

TV
Frequency [HZ]

G.Azzellino et al. «Resonant noise-cancelling current front-end for high
resolution impedance sensing» IEEE Proceedings I2MTC, 2018, pp.1-6



LESSON GUIDELINE

15 min
25 min
Tips and Tricks on the connections
- Coaxial and triaxial cables
5 min

- Quarded measurements



Source-Measure Unit (SMU)

Coaxial cable

a. Configuration

Shield _

@ n% E S
o I
Center

conductor

b. Connections

@ Center conductor (HI)

‘L Shield (LO or ground)

The same wire carries voltage and
measures current

A

IDUT

v

D

U

T
L

+

VDUT

Force Vr
Measure I,




Leakage currents with COAX cable

IDUT

Shield to GND |4 v/
DUT

D

U

T
JT_ Force Vr
Measure I,




Advantage 1in using a TRIAX cable

Triaxial cable

a. Configuration

Outer
shield Slot (1 of 3)

&

1 | +0.00001e0
% G ! _
i hont S
nections :."_"‘"‘,i;/@ i B o
Center conductor (HI) I’ |
@ Inner shield (LO or GUARD) ' —
N\ Outer shield (chassis ground or LO) I
— DUT Ak
< 74

V])UT //\\ \ |
(O N4 leak

DUT JS Ileak Xl

e VDUT

IDUT

\4

D

U

T
JT_ Force Vit
Measure 1¢



GUARDS and NOISE

IDUT T Ileak
UN-GUARDED I, >
Vour B buT - B -
D .
Metal strips and ground plate
—  of circuit board, FLOATING
I IDUT .
GUARDED but , J AN—
Vour LS buT \< B |

To be minimized
— for noise

Do not forget dielectric noise of the board (see 1st lesson)



Noise sources : Triboelectric effect

Frictional motion
at boundary due
to cable motion

Conductive

lubricant in
Outer Outer low noise
Jacket — Shield cable
Conductor
Reported effect up to nA

How to reduce :

Isolate measurement from vibration;
Tape cables to a stable surface;
Minimize cable length;

Use low noise cable.

MMMMMMMMMMMM



In conclusion ...



Things to remember (1)

Read currents with a
TRANSIMPEDANCE AMPLIFIER

DUT

I RN
Al +—0

' %RDUT ECT:_ —— / Low output

impedance

sensitivity = large R,
precision = stable R;
gain independent of Cpyp



Things to remember (2)

Be aware of mnput capacitance : KEEP C__  SMALL

for lower noise

stray

Increases with
frequency

D
W
h
)

If possible design your own IC-TIA v @’

bias



Things to remember (3)

Triaxial cable

a. Configuration

Outer
<hield Slot (1 of 3)

Inner N
shield %@
\ &
Center

conductor

b. Connections

Center conductor (HI)
@ Inner shield (LO or GUARD)

N\ Outer shield (chassis ground or LO)

IDUT

'”-*% B
ID%k
VDUT m\\ L |
i |
VDUTJ5 L. :
= x1 VDUT

||I — C O

Use TRIAX for ultra-low current measurements when
single wire carries V and measures |
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