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e Introduction
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INTRODUCTION (1/2)

« Validation of PDN Is becoming more critical
« Tighter budgets
* More supply rails with more interaction

- Validation can be better done in the frequency
domain

* Supply voltages keep dropping
 Target impedance goes down

- There are multiple challenges in measuring low
impedances
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INTRODUCTION (2/2)

Challenges in low-impedance measurements

 Except measuring components in fixtures, PDN
measurements require cables to reach DUT

« Discontinuities of cable connections to DUT beyond
the calibration plane introduce big errors

« Discontinuity error can be reduced by Shunt-through
Two-port connection, but it creates a ground loop

» Some PDN components are sensitive to not only DC
bias, but also AC bias so that the instrumentation’s
test signal may alter the result
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AGENDA

* Frequency-Domain PDN Measurement Methods
« Handling the cable-braid loop error
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THE CABLE-BRAID LOOP ERROR (1)

The problem:

VNA

Reference pla ne N N Z connection Zconnection

q 1 [ 0 e —
VNA Sy AV v V]
ZuNA N N\ Z connection L Coaxial DUT = Z,
i H Transmitter cable
\J \J
Port 1 CoaXiaI DUT ZX Receiver
cable Port2:| A

\/
Coaxial
In 1-Port schemes the el
discontinuity of connection In Two-port Shunt-through schemes
overwhelms the low DUT the effect of discontinuity is largely
impedance removed but the two cable braids

create a loop.
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THE CABLE-BRAID LOOP ERROR (2)

VNA Port 1: R Rz  VNA Port 2:

The Is test current returning on the braids lifts the lower side of
the DUT. Instead of the DUT, we measure the cable braid
resistance.
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REDUCING THE CABLE-BRAID LOOP
ERROR

Source AC current

-------------------------------------------------------------------------------
*

/T~ v LE OUT
vr-ve H }—{) Lo }‘ —— Zyy F-Me—i o
: Ay 5 AAA External | 5

= Qb T vl R | et 1 - splitter
b2 3 * :
50 | A o A A

Va

The receivers are floated on Z;; and Z,,, which attenuates the
error by a factor of ~Z,/Z,,
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REDUCING THE CABLE-BRAID LOOP

L5061 Matwork Analyzer

8 Ackive ChTrace 2Mesporse 3 Shembss 4 Mrjindyis 5 luks Bk
SEl1 Ll:c Mag 10.00dA/ Ref’ - /0. 0008 [RT M

n Mag 1.
In rag 100omy e
in Mag 10

Mag 1.

ggomy/ et 0. 000y

D
 Frsh
e

RT Ztah]

. /Chl: S21

Gradually
improved

70 m) h

Source= 10 dBm

| 5 mohm

L 1 mohm

| IFBW=Auto / 30 Hz-lim

10kHz 10

10
MHz

Hz

10
Hz

10 kHz

S21 and |Z| measurement results with
S-parameter test port of E5061B-3L5

(a) Without core

(b) A clamp-on-type core is attached to test cable

(c) A large toroidal core is attached to test cable
(d) Test cable is turned three times around a large toroidal core
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10
MHz

1 fckive ChiTrace 2 Fesponse 3 Shembhas 4 Mirffnalysis 5 Ik Stale
TPL T4% LOG M4g 10, D00y ReT =70.0008 TAT]

ERROR

L3061 Metwark Anakyzer

DU T/ LTn Mag T.00mis REF 0:0000 TAT Zan]

© |1 109,00000 W -57.537 a0

- Trace-1: S21

Accurately

.00
""" measured /

° [ o0 eocoe we| 3, 03R mu f

_ Trace-2:

. | Accurately J

|Z| [ohm] [
(Linear scale%

measured |

» SUN

microsystems

5mohm

-1 mohm

MHz

S21 and |Z| measurement results with
gain-phase test port of E5061B-3L5
Without core or isolation transformer

Source=10 dBm (-5 dBm at thru cal)
Port-T: ATT=0 dB, Zin=50 ohm, Port-R: ATT=20 dB, Zin=50 ohm
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AGENDA

* Frequency-Domain PDN Measurement Methods

Calibration process and reference pieces
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Sun
CALIBRATION  gmume

Calibration standard |

“Paowet spltter

i

Short: e

Short Load

o o

&0 ohrm resistor
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HOME-MADE CALIBRATION AND
REFERENCE PIECES
Open: Short: Load:

Impedance magnitude [Ohm]

1.E-02
9.E-03 - f—
8.E-03 -

2.5-mOhm in-line

7.E-03 -
6.E-03 -
5.E-03 -
4.E-03 -
3.E-03 - _\\/
2.E-03 -

2.5-mOhm tile

1.E-03

0.E+00

1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
Frequency [HZ]
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ERROR IN TILE-STYLE REFERENCE PIECE

Impedance magnitude and phase [Ohm, degree]

1.E-02 160
9.E-03 - + 120
Phase >
8.E-03 - + 80
7.E-03 1 /Simulated T 40
6.E-03 - 0
5E-03 Measured =~ 40
“—7— Magnitude
4.E-03 - \ + -80
g o i 3.E-03 | Simulated 1 120
Resisior? Resiiord
2.E-03 - Measured + -160
+ -200
: : -240
Rsnurce th 1E+05 1E+06 1E+07
Node 1 m (2) w (3) Frequency [Hz]
—
|
Vi
FJ'D |
1'\: I R1
v |
|
|
| L1
|
|
Node 0 !
|
< e
Resistor 1 & 2 Resistor 3 & 4
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»  Evaluating bypass capacitors with DC voltage bias
and constant AC signal
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MODIFIED SHUNT-THRU METHOD FOR
MEASUREMENT WITH DC BIAS &

CONSTANT AC

Conventional shunt-thru method

with 50 ohm inputs
W |
50
| [ '
\Y%

Zdut = 25 x S21 / (1-S21)

Shunt-thru method with

High-Z inputs

VW * 1
T 50
vdut =— | DC bias
‘ Zdut @ ——source

—_——
I

1

l 50 ohm !

1

I

Open Short Load

Calibration

* Hi-Z receivers can receive DC bias up to 40 Vdc.
 V; monitors AC voltage across DUT (=Vdut).
* Need 3-term cal in Z-domain.
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MEASUREMENT CONFIGURATION
WITH E5061B GAIN-PHASE TEST PORT

E5061B-3L5

0

T: Zin=1 Mohm

R: Zin=1 Mohm @ @ DC bias ‘f
source

1AC+DC ATT| [ATT €

i _\AR}\IA_ Tconnectori | . ] @—IX ®—|X,

________________________________ I__|

Rl 50 to 100 ohm \ : : T R LEOUT Port-1 Port-2
1 50 % 1 N " y —_—
ALy . S-param. test port
oruse power spiter | Gain-phase test port " P
Calibration

d=gh dES dEae

Open Short Load
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EVALUATING BYPASS CAPACITORS
WITH DC VOLTAGE BIAS

Capacitance measured with 10 dBm fixed AC leve! [F] 121 measured with 10 dBm fixed AG level [Ohm]
B.ES 1.E+2
7ES 4 DC bias [V}
1.E+1 4= —0
B.ES —1
—2
5.E-5 4 1.E+0 -
4 E-5
3ES5 1E-1 1
2E-5 4
1.E-2 1
1.E-5
0.E+0 T T T 1E-3
1.E+2 1.E+3 1E+4 1E+5 1E+8 1E+2 1E+3 1E+4 1.E+5 1.E+6 1.E+7
Frequency [Hz] Frequency [Hz]
B.DE-us—f"”fr
. . . 7.0E-05-
MLCC (Multi-layer Ceramic Capacitor) measurement - om0
with DC bias c 0E.05
Test freq: 100 Hz to 10 MHz 4.0E.05 1.E#S
AC level: 10 dBm fixed source setting 2 0E.08 1E+4
DC bias: 0to5 Vdc '
2 DE-05 |43
1.0E-05- Frequency (Hz)
0.0E+0D rerrrrrr—rr1 1.E+2

0 1 2 3 4 5
D bias V]
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EVALUATING BYPASS CAPACITORS
WITH CONSTANT AC SIGNAL LEVEL (1)

RI ( 50 to 100 ohm)

V; monitors Vdut as )
20*Log(Vdut*2/50) 1 _
—— Zdut DC bias
Vdut ——_source
\Y4

— Pre-measurement for making constant-AC sweep table

»

Rl 10 to 50 ohm

Initial _ AC level Next
source setting across DUT source

Freg-1 -20 dBm Trig -23 dBm setting Trig
Freqg-2 | -20dBm > -24 dBm > (-20 + 3) dBm ) Repeat steps b and ¢
: : : (-20 + 4) dBm a few times. (... And then
; perform measurement.)

Freg-N -20 dBm -40 dBm
(-20 + 10) dBm
a) Set source level b) Measure Vdut. c) Change
to target level. source level.
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EVALUATING BYPASS CAPACITORS
WITH CONSTANT AC SIGNAL LEVEL (2)

(a) Source level = 10 dBm fixed

H 50618 Network Analyzer

(b) Applying constant AC (5 mvrms at DUT)

3 [50610 Natwork Analyzer

titwe Chilisce ZHegonss JStmis A Majdesyss Sinats St - Ladeclyirae 2Fegonse 3 Stms 4 Mafposin 1 Instr Sate
Trl T/R LDg Mag 20.00d0/ mef -20.0060 [F1 Zr] P /R Lin Mag 5.000u7 Ref -i0.00u [F1 Zr) Tr :L T/n Log Mag 20.00608/ refl -20.00d8 [FL Zr] " Lin Mag 500007 Re f =10.00u [FL zr]
8000 .00 o e T oo [ Lo 3008 LI

T [+1 100.00000 wx 26,620 dB

2 1.0000000 kMz  9.4750 do 1. 0000oed kII 9768 IJ
S5 R 10.000000 kkz -9, 034 de ! 10. 400600 kn: 11! 41 mu
_ | 40 398.1071F kH2  -%1.36 dB o .. | 4 39BA0TT LH 1,736 .rm-s

12| (chm)

gHg'JIOD‘VIH‘f 30, 00dEm

AC level across DUT
- (=20*Log (Vdut”*2/50) )

knz 10,519 dB
y3 10 GOO000 iNi -9.1416 d8
449, 64?20 knz -58.138 do

i Tal605938 bn

4196‘?&” 1.2 m

| 106.6700000000 HZ
113, Hz
| 120.0110000000 Hz

S5 126, 6510000000 HZ
& | 135,3520000000 Hz

9 141.2 HZ

8 130, Hz

il 139, Hz

10] 168, Hz
Al 177 Hz

AC level applied to
DUT is not constant.

Constant-AC sweep
table created by
pre-measurement

201 segments
100 Hz to 10 MHz.

 SUN

microsystems

5 mVrms is constantly
applied to DUT
in this freq range.
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EVALUATING BYPASS CAPACITORS
WITH CONSTANT AC LEVEL AND DC BIAS

MLCC measurement with constant AC level and DC bias

Capacitance measured with 5 mY at DUT [F]

T T
1E+4 1.E+5

Freguency [Hz]

T
1.E+3

Improvement with constant AC
@

/,’-“Cap\acimmmadwimmdﬂmﬁxedﬁcw[ﬂ \
‘\\ TES N A r'r-' fIl
E"’i“" S PeBss “f-'.lll
S5ES SN il ../,. _ﬁ'ﬂ:__,___‘_._. j"ljl
S u-"q_— — LT JJI|
I M e

2ES ‘“‘“““-——H_-_—_-';ﬂ"'_ .

1E5

4E5

0E+D

\ 1E42 1£42 ) 1.é+4___ 1645 1E48
With fixed source setting...

/

DesignCon 2010, Santa Clara, CA. February 4, 2010

1.E+6

100 Hz to 10 MHz
5 mVrms constant at DUT
0 to 5 Vdc

|Z] measured with & m\ at DUT [Chm] Test freq:
1.E+2 :
DC bias [V]: AC le_vel'
— 0 DC bias:
1.E+1 o
1.E+D -
1.E-1 7
1E-2 4
1E-3
1E+2 1E+3 1E+4 1E+5 1.E+6
Frequency [Hz]
5.0E-05+4
4 DE-054
3.0E-05
2. 0E-05

1.E+7T

1.E+5

1.E+3

Frequency (Hz)

1.E+2
01 23 4 5

DC bias [V]
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APPLYING HIGHER CONSTANT AC LEVEL

Gain = x10 (=20 dB)
Input Output
®, >

7

4-quadrature amplifier

(NF HSA4101, DC to 10 MHz
Zin=50 ohm, Zout=1.5 ohm + 0.5 uH)

\

T: Zin=1 Mohm -
R: Zin=1 Mohm

Coax
cable

Coax

Ri=100 ohm /2w  cable

(high-power resistor)

Tr3 Cs real 10.00pU/ Ref 45.00p0 [FL Equl PRI T Log Mag 10.00de/ rRef -30.00dEm

93000 50, 00000 Az 49.442 j0 20-99 1750, 50000 Az -26.917 dam

gs.ggy | 2 1.0000000 kHz 47.344 U 10.pg | 2 1.0000000 kHz -26.938 dbm
(H9M 13 10.000000 kHZ 45.217 U .

3 10.000000 kHz -26.954 dEm
e mT

75. 00 >4 26.186678 kHz 44.630 pu 0. 000 =4 26.1B6E7F lu- > rlem

. AC voltage across DUT
- (=20*Log(Vdut”2/50))
5. oop '] -30.00[!—hﬁ 4

. _ e ¥ 10 mVrms is constantl
Capacitance (F% y

N o applied to DUT
ﬂ in this freq range.
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o

e  Evaluating inductors with DC current bias
o
o
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EVALUATING INDUCTORS WITH
DC BIAS CURRENT (1)

1-port reflection method with bias tee (Test freq: 1 MHz to 1 GHz, DC bias: up to 5 Adc)

3 [50610 Natwork An r

Open/Short/Load cal ¥

at fixture : gu'r
Short 50 ohm vy : SR ARLR LR
Chlp Chlp i ‘

__________________________

DC
current | 16192A SMD test flxture

— [1-- M|
162008 DC bias adapter :|:

-
-

121 (ohm). -

0. 000 }_——_—i:-—_.:,;—

Ferrite bead measurement
Testfreq: 1 MHzto1l GHz
DC bias: 0to 2 Adc
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EVALUATING INDUCTORS WITH
DC BIAS CURRENT (2)

1
| «— 2-port full cal —»

|
| DC
S11 ! S21 > ! S22 block
- ! +— g1 — ! Q
0 R To E5061B
E5061B —| L_@ = - porto
port-1 '
|
Choke/:/v Inductance (Pl-network method) [H]
coil-1 — current | coil2  1Es
B cT 1. '
ass 1 v
yp | : 1E-6 -
! DC current |
yLEEETL e
6.E-T 1
—T1_ (Ydut| T AET 1
V1 Y2 — 20Adc .
> s el __2sade 1 UH power inductor
—30ade || measurement
— — I n—l
Zdut=1/Ydut=50((1+S,,)(1+S,,)-S1,S,)/(2S,) 050 — L EeT 1E+8

Frequency (Hz)
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o
° DC-DC converter measurement
o
o
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DC-DC CONVERTER MEASUREMENTS (1)

E5061B with option 3L5

—1

Vi|n
S A P LE]
T | o Error Amp.

| I PWI\/I
X Vre@

Power -

supply
| c3
E C2 g
: ) [ T Connect to
| DC-DC ; [T~ chassis GND
! converter T) (optional)
! under test 3
E R1 b R Port-T: Zin=1 Mohm
: - / Port-R: Zin=1 Mohm
! TP1
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DC-DC CONVERTER MEASUREMENTS (2)

Loop gain and phase [dB, deg]

50 180
. ] Gain
Loop stability measurementofa 4 : 135
Linear Technology LTM4617 | N oo
evaluation module - T s
——3120 FRA +0
10 - ——E5061B
—— 3120 FRA + -45
.............. 0 - —E5061B
...... - -90
10 - 135
-20 -180
1.0E+03 1.0E+04 1.0E+05

Frequency [HZ]
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DC-DC CONVERTER MEASUREMENTS (3)

Loop gain [dB] Loop phase [deg]
60 200
50 ——-45dBm
——-35dBm 150
40 A ——-25dBm 100
30 | ~———-15dBm
——-5dBm 50
20 A
0
10 4
0. -50
210 - -100
-20 -150
-30 -200
1.08+02 1.08+03 1.0E+04 1.08+05 1.0E+06 L.OE+02 1.0E+03 1.0E+04 LOE+05 1.0E+06
R level [dB] T level [dB]
0
0
-10 A
-20 A
_30 .
-40 -
_50 4
0 | ——-45dBm
——-35dBm
-70 A ——-25dBm
80 4 ~———-15dBm
——-5dBm
-90
1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06
Frequency [Hz] Frequency [Hz]
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DC-DC CONVERTER MEASUREMENTS (4)

Output impedance magnitude (on the left) and phase (on the right) of a
15-A 1V DC-DC converter

Phase of impedance [degree]

100
80
60 | Powered

Impedance magnitude [Ohm] 40 -
1.E+00 T T T \ \ 20

0
-20 -
-40 -
-60 -

— Unpowered
1.E-01 ~

<—— Unpowered

1E-02 - 80 |

-100
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

1.E-03 1 Frequency [Hz]

Powered

1.E-04
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
Frequency [HZ]
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e  System-level measurements
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SYSTEM-LEVEL MEASUREMENTS

Impedance magnitude [Ohm]

1.E+0
1.E-1 -
Power OFF
1.E-2 /
1.E-3
\ Power ON
1.E-4
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10
Frequency [Hz]
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SUMMARY

Semi-floating ground reference greatly reduces cable-braid error
MLCCs may exhibit dependence on AC bias as well
Scripts can help to keep AC level across DUT at user-defined levels

Gain-phase test port can measure both loop margin and output
iImpedance of DC-DC converters
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