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Why measure current: How to measure current:

* Protection e Shunt resistor
e Overcurrent limit e Current clamp
e Undercurrent limit * Magnetic sensor
» Efficiency and load monitoring  RC across inductor
Vin
CLode(k1)=10 . o
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Switch-node voltage and current: Compare waveforms:

12V input, 1.2V output * 10ADC load

. ; e 1.8uH 3.48mOhm inductor
Loss-less waveforms =517 us

e 11kOhm/47nF RC

15v V!ulfln} . 147 12V ﬁV!vc}-Vlvolut}}fS.AlBE-i’r : 14A
M M M M 124
10— A== - - [ IR CEEELEE I EEERCEEEELEE | EEEECEERELED
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- 4A 1 1 1
v
L 2a 2""“ """"""" - 4A
Y t t t oA o t t t 2A
6.500ms 6.505ms 6.510ms 6.515ms 6.520ms 6.500ms 6.505ms 6.510ms 6.515ms 6.520ms
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R2 [Ohm] C2[F] Rs [Ohm] Approximate.time
constant [s]
Probe-tip 1 17.8k 5.6n 10 100u
Probe-tip 2 8.45k 47n 1.18 400u
Probe-tip 3 16k 47n 0 800u
Probe-tip 4 34k 47n 1.18 1600u
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High current, low
ﬁ voltage, high loss

Low current, high
voltage, low loss




v |v:vc).v:vorjt))13.4af.3 . ‘ _. S8 lV[vc)-\.’:volljl})f?y.dﬂE-iﬂ ‘ -_
Probe-tip-1 Probe-tip-2

20V I e e -20A 20V - R 204

16V -16A 16V 16A

12v-| H12A 12v-| 124

8V - 8A 8V - 8A

Same DUT (10A DC) ([ S
. oV - : - 0A oV : - : 0A

Fo u r d |ffe r‘e nt RC N etwo r‘ks 50.000ms 50.005ms 50.010ms 50.015ms 50.020ms 50.000ms 50.005ms 50.010ms 50.015ms 50.020ms

o D C ave ra ge is t h e Sa m e 24V, 'V'VC}—V‘VO:J‘}}I’3.4EE—3 . 247 24V, ‘V‘Vc}—V'VO:.Il)}BABE—?v . 248

| Probedtip3 | | Probedip4 |

* ACswing varies L R USRS SO PSSOVl AN SN SN S I

1B ——————————————— - 16A 16V 164

R2 [Ohm] C2 [F] T e ---------------- --------------- 128 12V~ H12A

Probe-tip 1 17.8k 5.6n . A T A A P o
Probe-tip 2 8.45k 47n

Probe-tip 3 16k 47n R s e e v -
Probe-tip 4 34k 47n i i i

S%Yﬂl}ﬂms SU.Ut;Sms 50.01;Dm5 50.01;5rn5 SD.DZUn?: Stg‘.,fﬂl}ﬂms 50.065m5 50.01|Dm5 SU.U‘IISms 50.02Urr?:
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v : Nl\;rc}-\flvout}}B.AlS:E 3 :

35V

30V

asvd | b S SR R N L WO

. oA L I R icI(L1)=10 step param C2 list 1E-9,3E-9;1E-8,3E-8,1E-7
; ; ic V(Vout)=1.2

15\,!'_ R R R ke e R (R b L EEEEEEEEE S L EEEEEEEEE tran 5E_2 C L
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20V ; i i i
20.000ms 20.004ms 20.008ms 20.012ms 20.016ms 20.020ms
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RC Sense voltage [V] RC Sense voltage [V] RC Sense voltage [V]

0.01 0.005 0.003
0.008 0.004 0.0025
0.006 0.003 0.002
0.004 0.002 0.0015
0.001

0.002 0.001
0.0005

0 0
0
-0.002 -0.001 -0.0005
-0.004 -0.002 -0.001
-0.006 -0.003 -0.0015
-0.008 -0.004 -0.002

0.00E+00  5.00E-06 1.00E-05 1.50E-05 2.00E-05 0.00E+00  5.00E-06 1.00E-05 1.50E-05  2.00E-05 0.00E+00 5.00E-06 ~ 1.00E-05  1.50E-05  2.00E-05
8k45-47nF_meas 8k45-47nF_sim 16k-47nF_meas 16k-47nF_sim 34k-47nF_meas 34k-47nF_sim
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RC Sense voltage [V] RC Sense voltage [V] RC Sense voltage [V]

0.045 0.045 0.04
0.04 0.04 0.035
0.035 0.035 0.03

0.03 0.03
0.025

0.025 0.025
0.02

0.02 0.02
0.015

0.015 0.015
0.01 0.01 0.01
0.005 0.005 0.005
0 0 0

0.00E+00 5.00E-06 1.00E-05 1.50E-05 2.00E-05 0.00E+00  5.00E-06 1.00E-05 1.50E-05 2.00E-05 0.00E+00  5.00E-06 1.00E-05 1.50E-05 2.00E-05
8k45-47nF_meas 8k45-47nF_sim 16k-47nF_meas 16k-47nF_sim 34k-47nF_meas 34k-47nF_sim
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2mV/

TmV—

OmV/— -

-ImV/—

-2m\V/-
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Rdc:
3 mOhm
10 mOhm
30 mOhm
0.1 ohm
0.3 Ohm
1 Ohm



ESR [Ohm] ESL [H]

1.E+03 2.00E-06
1.E+02
1.90E-06
1.E+01
1.80E-06
1.E+00
1.70E-06
1.E-01
1066.704,
2.94E- 1.60E-06
1.E-02 94£-03
1.E-03 1.50E-06
1E+2 1E+3 1E+4 1E+5 1E+6 1E+2 1E+3 1E+4 1E+5 1E+6
Frequency [Hz] Frequency [Hz]
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Current [A] Current [A]

b 12 Same DUT

' 10 Two different RC probe tips
v ’  Left plot: OA DC load
0: i * Right plot: 10A DC load
1 , Note: different scales

-2.00E-05  -1.00E-05  0.00E+00 1.00E-05 2.00E-05 -2.00E-05  -1.00E-05 0.00E+00 1.00E-05 2.00E-05
16k-47nF_meas 34k-47nF_meas 16k-47nF_meas 34k-47nF_meas
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dic l{L1)=10 icI(L1)=10
.ic V{(Vout)=1.2 .ic V(Vout)=1.2
tran 1E-2 2E.6  2E3 tran 1E-2 2E-6  2E-3
Vin L n M Vout vin - Mmemmaon R vout
‘ % L R2 c2 TC“"‘ -"|“-“ L R2 cz | ACout .. A0
PoE e A Ve T4 (1 VSR AN Y% L Taroeg (V)
, N ——] a70E4 - L7 °) ) VA il 2
100E3 . | . |10E-9 I 'T"m = 100E3 = |10E-9 T:10
. |
:L e | SomV \‘f:vc}r\l(vou()‘
PULSE(012 0 1E-8 1E-8 0.5E-6 5E-6) PULSE(0 12 0 1E-8 1E-8 0.5E-6 5E-6) <
| A0mV—
V(vc)-V(vout) RS RS "
3 / R3 l 1E6 l R4 L R3 < 126 < R4 30m-
"Wrong DC value ATRES T s e
_ Sonso amplifier input Sense amplifierinput | mme RN
B0mV—--- dooooe SRS s : : :
H I-f- H 10mY— oo rrrrrrrr
O S T R Assume symmetric sense amplifier input
Finite differential and common-mode impedance

V- H H H H
mv i i f f
9.00ms 9.02ms 9.04ms 9.06ms 9.08ms 9.10ms
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t f f
9.00ms 9.02ms 9.04ms 9.06ms

Source impedances to the two input terminals are different
Rc compensation resistor balances the source impedance




.tran 1E-2
.8E-6 3.48E-3
Vin L1. 185 A R1

v R2 c2 R3 L2
T | A A Ve i

11E3 47E-9 ESR ESL

C2 with parasitics

PULSE(0 12 0 1E-8 1E-8 0.5E-6 5E-6)
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Vout
[ |

Cout

" Ta70E-8

-100dB— --

-110dB— --

-120dB:

0dB:

-10dB—--

-20dB—--

30dB—--

40dB— -

S50dB—--

-60dB—--

-T0dB—--

-80dB—--

-30dB—--

100Hz
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f
1KHz

f f
10KHz 100KHz 1MHz

f
10MHz  100MHz 1GHz

1 nH ESL
ESR stepped through:
10 mOhm
100 mOhm
1 Ohm
10 Ohm




Current-sense voltage across C2

0.034

0.033

v Noise can be picked up:
OOOZ: * in connecting wires
0.029 * in RC probe tip

oo / Ferrite absorbers can
0.027 — reduce noise

0.026

0.025
0.00E+00 5.00E-07 1.00E-06

Time [s]
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V2 SNRy, 7Z\2 SNR;,
B=———||VDIV};-10 10 + (—) -VDIV;-10 10 |- (=In(1—-F))
I . m . \/? l V R_S‘ I ( )

e B is the bounds on the error, in Q such that for a measured impedance Z:
|z — 12| < B
with a certainty of F/100%.

e Zis the actual impedance being measured

* R, is the resistance of the sense resistor used to measure the transient current by inferring the current by a voltage
measurement across the resistor.

* VDIV, and VDIV, are the volt/division settings of the oscilloscope channels measuring the voltage and the voltage
across the current sense resistor, respectively.

* SNR, and SNR, are the normalized signal-to-noise ratios of the oscilloscope channels measuring the voltage and the
voltage across the current sense resistor, respectively.

® M is the number of averaged measurements.

e K is the number of points in the acquisition

e | is the amount of transient current injected used to stimulate a voltage transient, and thus an impedance.
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Typical Noise Statistics on Impedance Measurements. Voltage
Measurement Noise Density at 20mV/div (on the left) and Voltage
Measurement Normalized SNR at 20mV/div (on the right).

Voltage Measurement Noise Density Voltage Measurement Normalized SNR
—97.5
27.5 . .
\ / Zero-impedance noise floor:
: \ 25.0 ——
_-1025 / K /
]| =TI AT Y
E _ = T ¥n
g 105.0 < 200 . V@VDIVV -10 10 o1 —
= o limB = —— -y/—In(1—F)
g -107.5 fus Z—0 I-+/M-VEK
: N : i
-112.5 /
\—/ \ 12.5 /
-115.0 100
-117.5 1
7.5
10° 10° 10% 10° 10? 10? 10* 10°
frequency (Hz) frequency (Hz)
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Typical Noise Statistics on Impedance Measurements. Current
Measurement Noise Density at 50mV/div (on the left) and Current
Measurement Normalized SNR at 50mV/div (on the right).

Current Measurement Noise Density Current Measurement Normalized SNR

—100 —_—\ > /Jh

\\ * 7 Zero-impedance noise floor:
% -110 % ® _%
g \ z 40 / . \/EVDIV{Z/ - 10 10
\ // S EA I S
: —125 \ E 30
) N . /

—-135 \,\ j: ‘/

o mirequency tHz]]l-04 o o 10‘;requency tHz)m‘1 o
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Relative spectrum of output ripple [dB]
-60

-70
-80
-90 lr" : L.J
-100

-110 —3-phase ——6-phase
-120
1.0E+02 1.0E+03 1.0E+04 1.0E+05

Frequency [Hz]

Low-frequency spectral density of output ripple for a three-phase
and a six-phase DUT.
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Top view of a three-phase evaluation
board.

* Three independent outputs: combined
e Current-mode control

Power in )
e 12Vinput
[ vows | & o e 1.2V output
o § - O | e 3x15A maximum current

i
t

Transient injector at each output

lout3 lout1

()} @ W s ((w))
&= @ve  OQutput2 ==

- b : =hE o
Transient connections 3= ;
injector -t & M

A - .‘; - »

(on the el L = BsF e ToDUT

H B i - A—
back Sldg) S ’ q ® & @ Drive signal - Rate Rsense

L 91I0u12
Vout2

load

DEesicnCon ez !

WHERE THE CHIP MEETS THE BOARD




Impedance magnitude [Ohm]

Impedance magnitude [Ohm]
1.E+00 1.E+00
top-bot ——top-top ——top-injector top-bot ——top-top ——top-injector
OFF vs. connection Leon :
LE01 ON vs. connection
1.E-02
10 dBm VNA source power =
Three connection options
1.E-03 1.E-04
1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+3 1E+4 1E+5 1E+6 1E+7
Frequency [Hz] Frequency [Hz]
k_lj(;)::a.%ﬁu < BU I k Impedance magnitude [Ohm] Impedance magnitude [Ohm]
o capacitors v LE02
e o ([0 B ) 4
I(!,‘j e [l e ——0A —10A —20A —30A 40A f ——0A —10A —20A —30A 40A /
e=*> &8 Output2 AV A YA A
Transient connections ‘\A\/ ‘ / A / v4
injector _ bV \
A= 1.E-03 1.E-03 y
(on the =1\ - o) T r
back side) g ’ q ‘ %ffﬁ?"j SacaV
’ | [ Ol TOP-injector vs. DC load TOP-injector vs. DC load
out2
12Vin . 7Vin
1E+7 ‘ 1E+3 1E+4 1E+5 1E+6 1E+7
Frequency [Hz]
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load
1.E-04
1E+6

1E+3

1E+5

1E+4
Frequency [Hz]




Output impedance vs.

AC test current with
OA and 20A DC load.
AC pulse current:
0.3App
1App )

3App
10App
30App

WHERE THE CHIP MEETS THE BOARD

Impedance magnitude [Ohm]
1.E-02

s

Output impedance vs.
DC load current with

1App test current  B) e

——0A_DC —10A_DC —20A_DC —30A_DC —40A_DC

1.E-04
1E+2 1E+3 1E+4 1E+5 1E+6
Frequency [Hz]

Impedance magnitude [Ohm]
1.E-02 1.E-02

OA DC load

Impedance magnitude [Ohm]

20A DC load

1.E-03 1.E-03
—OADC_OA3AC —O0ADC_1AAC —0ADC_3AAC ——20ADC_0A3AC ——20ADC_1AAC ——20ADC_3AAC
——0ADC_10AAC 0ADC_30AAC ——20ADC_10AAC 20ADC_30AAC
1.E-04 1.E-04
1E+2 1E+3 1E+4 1E+5 1E+6 1E+2 1E+3 1E+4 1E+5 1E+6

Frequency [Hz] Frequency [Hz]
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Output voltage [V] Output voltage [V]

1.23 1.183
1.22 OADC_10Apulse
1.182
1.21 20ADC_10Apulse
1.2 20ADC_20Apulse 1.181
1.19
1.18 1.18
1.17
1.179
1.16
1.15 1.178
1.14
1.177
1.13
-5.00E-05 0.00E+00 5.00E-05
-1.2E-04 -8.0E-05 -4.0E-05 O0.0E+00 4.0E-05 )
] Time [s]
Time [s]
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current sharing magnitude

|
|
0.3375 1|
I
0.3350 - !
0.3325 1|
|
| = phaze 0
0.3300 1 |
| = phaze 2
0.3275
10k Frequency [Hz] 20k
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current sharing magnitude

0.36 7

0.34

0.32 7

0.30

=
e o o o o o e ol e e ] e

10k Frequency [Hz] 100k

DesicnCon e ‘f JAN 30-FEB 1, 2018



Six phases of DC-DC

[ converter'/
Transient
injector
.\ e 12Vinput
L
)% / output e 1.05V output
Input power
POREl N connections « Digital control
L
./ * 200+A max current
I
Bulk capacitor array 1 Bulk capacitor array 2 Bulk capacitor array 3
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Impedance magnitude [Ohm] Impedance magnitude [Ohm]

1.E-02 1.E-02
—1A-D50 —3A-D50 10A-D50 . .
—_30A-D10 100A-D10 0Alssine 100A-D10 ——SS-30ADC-sine ——SS-70ADC-sine
—O0A3-sine —1A-sine —3A-sine
—10A-sine ——SS-30A-sine ——SS-70ADC-sine

Various test conditions:
e Small-signal VNA
1603 e Small-medium-large
signal AC
e Small-medium-large
signal pulse

1.E-03

1.E-04 1.E-04
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Frequency [Hz] Frequency [Hz]

DEesiGNCON'‘EZT < 37 JAN 30-FEB 1, 2018

WHERE THE CHIP MEETS THE BOARD




current sharing magnitude current sharing phase

oy
c | |
T 0.30 A i 1
: ' 1) 1 o
w 1
= 0.251 i \ ANV L _ i
o) i = 0+ \’r\ﬁ / Mﬁm’&:}f{'
2 020+ ! o “\MJ !
<) i 5 —20- :
1

5 0151 i S 20 i
S l g T !
£ 0104 T 2 —60- ==z
= = phase 2 = phase 2
g 0.05 phase 3 —80 phase 3
g‘ = phase 4 —— phase 4
E 0.00 T T T E’hasl'a 2 —100 4 T T T pr"asl‘2 2

102 103 104 105 102 103 104 105

Frequency [Hz] Frequency [Hz]
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Six-Phase DUT: Current Sharing, Time Domain

1 s

5.00 A/div
200 psidiv

1ms

F1 InductoD.
5.00 Aldiv, 00 A/div 5.00 A/div
200 ps/div 200 psidiv 200 psidiv 200 p~!dw 200 ps/div

5.00 Aldiv 5.00 A/di
200 ps/di
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current sharing magnitude current sharing magnitude

i i
1
0.25 | 0.185 i
1 1
1 I
H 0.180 1 ;
1 1
_ ! _ | e Controlled system
g 0201 | g 0175 |
: i 2 i .
£ i g 0170 M/V\J/W aCtIVIty
——T————————
B "'"""'""“—"vwv""-: ‘s :
5 5 i
£ 0151 }_—W : R £ 0.165 1 WWW .
¢ . sl £ | * Six-phase converter
g ( 3 0.160 1 !
) i 5 i . .
o ]
E o0 : E o1ss. ! * Monitoring mode
i i /
: — phase 0 MM: — phase D
1 — e 0.150 4 i I
| brare 3 ' prase 3
: — Ehasad 1 — phase 4
0.05 1 : phase 5 0.145 : phase 5
10000 12000 14000 16000 18000 20000 10000 12000 14000 16000 18000 20000
frequency (Hz) frequency (Hz)
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Time constant mismatch of RC sense circuit can be compensated for in DSP engine

Few steps of fixed RC time constants cover full practical range

Finite probe input impedance requires balancing of source impedance

Resistor in series to RC capacitor can help suppress high-frequency noise

Small-signal, large-signal, frequency domain and time-domain results agree within

the bounds of linearity as long as connections are the same

DesicnCon e ‘f JAN 30-FEB 1, 2018

Monitoring mode can test current sharing vs. frequency of live DUTs
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Thank you!
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