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Unlocking Measurement Insights for 75 Years

* Introduction

 Impedance fundamentals
 Measurement methods
 Fixturing and cabling
 Calibration and compensation

« Solution selection process
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* Impedance test environment
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Industry Distribution KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

O Electronic components

B Electrical equipment

O Communication equipment
O Education

B Government

3%
4%

5%

O Wholesale distribution
B Aerospace/Defense
11% . .

O Chemical/Material
B Automotive

B Other

Total 40 %
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Geographical Distribution KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

11%

39%
22%

0 JAPAN
m ASIA-AUSTRALIA

ONORTH AMERICA
O EUROPE

28%
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Profile: Component Manufacturers KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Impedance testing is done throughout the design and manufacturing
processes

» Material evaluation (ceramics, inductor cores)

* Ensures component performance and quality

* Production test

* Minimizes production failure rate
» Ensures that specifications are met

« Accuracy and speed requirements vary

.:::. Agilent Technologies Agilent Technologies
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Profile: EQuipment Manufacturers KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Incoming inspection

* Find defective components before they are used

» Quality assurance departments may use several types of
Impedance measuring instruments

 Circuit design

* Circuit evaluation

» Check all components on the PC board
 Probing required

Agilent Technologies
February 2014
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Profile: Education and Research KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Measuring material and component behavior over a wide
range of conditions

» Testing new and experimental materials

« Key instrument features:

 Wide range of capabilities

* PC connectivity for simplified data
collection and analysis

.:::. Agilent Technologies Agilent Technologies
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* Introduction
* Impedance test environment
« Challenges
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Current Trends In Test Requwements M’KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

« Higher frequencies

» High quality/low loss
« Smaller size

* Lower price

» Stable performance in various environments

.’::. Agilent Technologies Agilent Technologies
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Higher Frequency / Lower LoSsS
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KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Equivalent series resistance (ESR) is a key parameter

Impedance (Q)

10000

1000

100

10

0.1

0.01

Capacitor ESR

—a— Tantalum
EaIhm e —8— Aluminum
—o— MLC
HHH x i
il | i DUT: 10 uF capacitor
100 1000 10000 100000 1000000 10000000

Frequency (Hz)

Agilent Technologies

ESR <10 mohms
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Smaller SMDs

Multilayer ceramic capacitor

« Extremely small packages

* As small as 0.02 x 0.01 inches
* Require special test fixture
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* Introduction
* Impedance test environment
« Challenges

« Components tested
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Amplifier Circuit
Antenna

Battery

Cable

Capacitor, Ceramic
Capacitor, Electrolytic
Capacitor, Film
Connector

Diode

|IC Package

Inductor, IF/RF
Inductor, Ferrite Core
Inductor, Power
Inductor, Transformer

KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

HDD Head, Magnetic
HDD Head, MR
Material, Dielectric
Material, Magnetic
PC board

Relay

Resistor
Resonator, Ceramic
Resonator, Crystal
RFID

Switch

Transistor
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Capacitors

KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Ceramic (<10 uF)

0.1 pFto 10 pF

* Low D/high Q

» Wide capacitance
range

@:‘
i
Ceramic (>10 uF)

* 10 pF to 200 pF
 High capacitance

Electrolytic

*0.1UuFto0.1F
 High capacitance

I

Film
« 20 pF to 400 pF
* Low D/high Q
 High stability
* High reliability

Agilent Technologies

‘7%~ Agilent Technologies

February 2014




Inductors

KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Ny

RF/IF

* 100 kHz to 6 GHz
* Low D/high Q
* High SRF

« Small size

EMI
* 10 kHz to 1 GHz

* Noise suppression

* Power line
« Signal line

Power

» High current

 Switching freq.

‘7%~ Agilent Technologies

“R’b
Transformer

 Power trans.
to 120 Hz

« Switching trans.
to 1 MHz

» AC voltage
conversion

Agilent Technologies

February 2014




Agenda KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Introduction
 Impedance fundamentals
* What is impedance?
« Parasitics
* |deal, real and measured values

« Component dependency factors
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Definitioh of Impedance (2) “

KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

» Total opposition a device or circuit offers to the flow of AC

Imaginary axis
*]

;U ———————————— - -

» Real axis

Z

= R+jX = [Z|£0

R=|Z| cos 0
X=1Z]sin O
|Z|:‘/Rz + X2

0 = tan}(X/R)

Agilent Technologies

Agilent Technologies

February 2014



Real and imaginary
components are
connected in series

Real and imaginary
components are
connected in parallel

im il 3 7 -

Ry
jX
G
~AVW—
N ™

Vi

Series and Parallel Combinations KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Z=R+jX
(Impedance is easier to express)

_IRX Rx2 R2X

= = + |
R+jx R+x2 JRE+ X2

(Impedance is too complex)

Z

Y=G+|B
(Admittance is easier)

.:::. Agilent Technologies Agilent Technologies
PR February 2014
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Impedance Plane KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

C
1 1
= oL I I X.= =

® | | ¢~ 2nfC~ @C

R -1 Xc
W— |
[ |
R
e |
o I
0 I
i
|
i
) |
IXrmmmmmm= -
(a) Inductive vector (b) Capacitive vector
on impedance plane on impedance plane
: X -X L 1
Q = quality factor = —— = — D = dissipation factor = —
=tan 0 R R = tan & Q
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Admittance Plane KEYSIGHT

TECHNOLOGIES

G Unlocking Measurement Insights for 75 Years

B jBc
G . Y
0 ! IBef=mmmmms
- 1 1
3 | I
i |
| 1
i 1
. 1 :
'JBL ————————— ]
Y G
(c) Inductive vector (d) Capacitive vector
on admittance plane on admittance plane
-B B 1
Q=— = — = tan o D= — = tand
G G Q
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Quality and Dissipation Factors KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Energy stored X .

*Q = 2 = —=  (inductors)
Energy lost R
*ASR=0,Q=> % (better component)
_ 1 R .

eD=— = & (capacitors)

Q -Xc
*AsR=0,D=0 (better component)
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Unlocking Measurement Insights for 75 Years

* Introduction
 Impedance fundamentals
* What is impedance?
» Parasitics
* |deal, real and measured values

« Component dependency factors
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Parasitics KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* No real components are purely resistive or reactive

« Every component is a combination of R, C and L elements
« The unwanted elements are called parasitics

-

AT ——o
—“—’\N\r—
_IVW_

Capacitor Equivalent Circuit

.:::. Agilent Technologies Agilent Technologies
PR February 2014



... I
™ lmm

Series and Parallel Models KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Capacitor Equivalent Circuit
=MA-T00 | o
M\

Rp Parallel Model

—\W\—

o—’V\/V-lcl—o °‘4| |E‘°

Low-Impedance Device High-Impedance Device
(Large C, Small L) (Small C, Large L)

Series Model

.’::. Agilent Technologies Agilent Technologies
e February 2014
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el I1s Correct? KEYSIGHT

TECHNOLOGIES

m il W A
Which Mod
Unlocking Measurement Insights for 75 Years

Rp

Ao P °‘4||?'°

Series model Parallel model

 Both are correct:
Cs=Cp(1+D?

 For alow Q (high D) device, one model will be more
accurate

* For a high Q (low D) device, Cs = Cp

.:::. Agilent Technologies Agilent Technologies
PR February 2014



Agenda KEYSIGHT
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Unlocking Measurement Insights for 75 Years

* Introduction
 Impedance fundamentals
* What is impedance?
« Parasitics
* |deal, real and measured values

« Component dependency factors
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|deal, Real, and Measured Values KEYSIGHT

TECHNOLOGIES

"""""""""

Unlocking Measurement Insights for 75 Years

* |deal value

» Excludes effects of parasitics
» Academic interest only

______________________________

 Real value | 1
| |

T Ll
 Takes into consideration the parasitics
* Frequency dependent

——————————————————————————————————————————————————————————————————————————

* Measured value

* The value obtained with =+ 04 | : % | | _«,M
and displayed by the § T

measuring instrument. et e T mmmmemeeosososeoooooes —
g Instrument Test fixture Real-world device

The goal of measurement: measured value very close to real value

.:::. Agilent Technologies Agilent Technologies
PR February 2014



Agenda KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Introduction
 Impedance fundamentals
* What is impedance?
« Parasitics
* |deal, real and measured values

« Component dependency factors
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Component Dependency Factors KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Measurement conditions that determine the measured
Impedance value

« Effects depend on component materials and manufacturing
process

 Four major factors:
« Test signal frequency
* Test signal level
« DC voltage and current bias
* Environment

.:::. Agilent Technologies Agilent Technologies
PR February 2014
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X versus Test Signal Frequency KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Capacitor

IX|

|
|
|
i
1 )

Resonant Frequency (o)
Frequency
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Example: Capacitor Resonance KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

T REF = me “5: 88275 8
(RT3 [=] - L=l
: N N N N N : N N : N N N : N N Dol N - N N N +900
N e S I N T AW STEESE kHz

—— IR

IAC
ET 49 kH=z OsC 588 mYolt 3TO

f

S
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C versus Test Signal Level KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

AC voltage dependency of ceramic SMD capacitors
for various values of dielectric constant (K)

AC A High K

Mid K

Low K

Capacitance change due to
: AC voltage dependence of
R K value

o
Vac

.’::. Agilent Technologies Agilent Technologies
e February 2014
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C versus DC Voltage Bias KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

DC bias voltage dependency of
type | and Il SMD capacitors

AC A

Type |
COG or NPO (Low K)

Type
X7R,Y5V, or Z5U (High K)

L Capacitance change due to

DC voltage dependence of K value
—

DC bias voltage

.:::. Agilent Technologies Agilent Technologies
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L versus DC Current Bias KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

DC bias current dependency of
cored inductors

AL A

Inductance roll-off due to
0 ..~ magnetic saturation of inductor core

L
DC bias current

.’::. Agilent Technologies Agilent Technologies
e February 2014
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C versus Temperature KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Temperature dependency of ceramic
capacitors for different K values

High K

i >

25 Temperature (°C)

.:::. Agilent Technologies Agilent Technologies
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TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

e Introduction

* Impedance fundamentals

 Measurement methods
* Popular methods

* Instrument functions
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Popular Measurement Methods KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

« Auto-balancing bridge
* RF |-V
* Network analysis (reflection coefficient)

* Less popular methods
* Bridge
* Resonant (Q meter)
* |-V (probe)

.:::. Agilent Technologies Agilent Technologies
PR February 2014
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Measurement Method ConS|derat|ons M’KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Method and instrument selection criteria
* Theory of operation

« Advantages and disadvantages

.’::. Agilent Technologies Agilent Technologies
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Method and Instrument KEYSIGHT

TECHNOLOGIES

Selection Criteria

Unlocking Measurement Insights for 75 Years

1) Frequency
2) DUT impedance These determine the most

suitable method
3) Required measurement accuracy

4) Electrical test conditions
These determine the proper

o) Measurement parameters instrument and test fixture

6) Physical characteristics of DUT

.:::. Agilent Technologies Agilent Technologies
PR February 2014



Finding Impedance from FrequeAncy

N~

KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Reactance Chart

Q 7 Q
7 £ 7 0 NS
D 6 B & G S S o
10M — 2 NS
2% Q\\\’z\
1M - NS
160K % X
100K - > N\
~—~~ O/(\
Q
% 10K - 9, N @
(9
e ® N
@© 1K - 7, N
o] 20 Q
@ 160 S
e 100 - 7 N
£ N >
10 - % R
20 QQ*
S
1- N\
100m -

1 10 100 1K 10K 100K 1M 10M 100M 1G

Frequency (Hz)

Agilent Technologies

Agilent Technologies
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Frequency and DUT Impedance KEYSIGHT

100M
10M
M

100K
10K

BN
A

100

Impedance (QQ)
o

100m
10m

Im

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

The area of 10%
measurement accuracy
for each method is shown

Auto-Balancing Bridge

I

7

|
10 100 1K 10K 100K 1M 10M 100M 1G 10G

Frequency (Hz)

.:::. Agilent Technologies Agilent Technologies
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Measurement Method ConS|derat|ons M’KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

 Method and instrument selection criteria
 Theory of operation

« Advantages and disadvantages

.’::. Agilent Technologies Agilent Technologies
e February 2014
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Auto-Balancing Bridge Method (1 of 2) M’KEYSIGHT

Unlocking Measurement Insights for 75 Years

Virtual ground

QIO
V

\%

Rr
—
|r
>—4
V
V,= - IR, v 9

\%

V, -V,R
/ = — =
|, V,

.:::. Agilent Technologies Agilent Technologies
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Signal Source

Vector Ratio Detector

Buffer

Amp b ¥ | resistor

Range

Sourc

) resistor

Integrator

Phase
detector

0°/90°

Modulator Power
am

Auto-Balancing Bridge

D
Hc Lpo Vil

Auto-Balancing Brldge I\/Iethod (2 of 2) M’KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

ATT HA/D »To digital section
Rr (Edut /Err)
Names of terminals
Hc | Hcur | High current
Hp | Hpot | High potential
Lp | Lpot Low potential
Lc | Lcur Low current

Agilent Technologies
February 2014




M

od (1 of 2) KEYSIGHT

TECHNOLOGIES

I'TY I N .
Unlocking Measurement Insights for 75 Years

Current detection

R

RI2
Voltage R DUT
detection
R =50Q

High-Impedance Test Head

V R |V
/) = = —
X~ > (5 )

.:::. Agilent Technologies Agilent Technologies
PR February 2014
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RF I-V Method (2 of 2) KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Signal Source
QAL Test Head
0SC /?
Etr | V/I Multiplexer Vector Ratio Detector
‘ I ch. Mixer
gt TQ ? o [
IF Am
\V4 | Edut P

Test Transducer
Port \

9
. DUT
DC Bias 7y Eﬁ@ R Edut
Current Det. A 2 Etr -1
Eo_?_

3% Agilent Technologies Agilent Technologies
5 February 2014



Network Analysis Method o KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

V v Reflected buT

Signal V. <
x <« r
0SC V —>
Incident
N\ Signal Ly

Directional Bridge V., Zy - Z,
or Coupler

=]
[
[

.:::. Agilent Technologies Agilent Technologies
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Measurement Method ConS|derat|ons M’KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

 Method and instrument selection criteria
* Theory of operation

« Advantages and disadvantages
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Auto-Balancing Bridge

Auto-Balancing Bridge

5
(0]
2
-‘3 | Network An.
(0]
* Advantages g 7‘3
« High accuracy over a wide impedance range Frequency (Hz)

» Wide frequency coverage (LF to HF)
« Variety of fixture selections

« Disadvantages

« Higher frequency ranges (>110 MHz) not available

.:::. Agilent Technologies Agilent Technologies
PR February 2014



« Advantages

Impedance (Q)

» Excellent HF and RF performance (< 3 GHz)
« High accuracy and wide impedance range

« Variety of fixture selections

« Disadvantages

 Lower frequency range is limited by the
transformer used in the test head

Auto-Balancing Bridge

|NetworkAn. >

Frequency (Hz)

Agilent Technologies

Agilent Technologies

February 2014
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Network Analysis

PR

Auto-Balancing Bridge

|NetworkAn. >

- Covers highest frequencies (2 3 GHz) Frequency (Hz)

* High accuracy around the characteristic
Impedance of the analyzer (Z,)

Impedance (Q)

« Advantages

* Only method able to measure multiport devices

« Disadvantages

» Recalibration required when measurement frequency
Is changed

* Narrow impedance measurement range

3% Agilent Technologies Agilent Technologies
5 February 2014
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Summary of Measurement I\/Iethods

Auto-Balancing Bridge

S
[¢]
3 _
-g | Network An.
8 [/ :
E
Frequency (Hz)
Method Frequency Impedance Terminal # of
Range Range Connections Ports
Ato 1 Z<100MQ | 4 inal pai
i mQ<Z< Q -terminal pair,
BaBIe(rjlcmg 20 < f < 110 MHz (10% acc) NG P 1
riage
0.2<Z<20kQ
RF |-V 1 MHz < f < 3 GHz (10% acc) 7 mm 1
Eﬂ%i 2300 kHz 222, 7mm,N-type | N>1

Agilent Technologies

Agilent Technologies
February 2014
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Measurement Methods
and Agilent Products

KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Measurement Method

Agilent Product

Frequency Range

Auto-Balancing
Bridge

Network Analysis

4263B LCR Meter

E4981A C Meter

E4980A Precision LCR Meter

4285A Precision LCR Meter

4294 A Precision Impedance Analyzer

E4982A RF LCR Meter
E4991A Impedance/Material Analyzer

ENA Series
Vector Network Analyzers

PNA Series
Microwave Vector Network Analyzers

100 Hz to 100 kHz spot
120 Hz, 1kHz, 1 MHz spot
20 Hz to 2 MHz

75 kHz to 30 MHz

40 Hz to 110 MHz

1 MHz to 3 GHz
1 MHz to 3 GHz

5 Hz to 20 GHz

300 kHz to 1.1 THz

Agilent Technologies

Agilent Technologies

February 2014




Agenda KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

e Introduction

* Impedance fundamentals

 Measurement methods
* Popular methods

e Instrument functions
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| evel KEYSIGHT

TECHNOLOGIES

OSC

RS RS Unlocking Measurement Insights for 75 Years
— AN He
Vs 7X
6/ Vs Vs ZX VX = ————Vs
Rs + Zx
(a) High terminal is open (b) DUT is connected to the
high terminal
VX
Vs = OSC level +
VS .......................

Rs = source resistor
Test voltage decreases

for low impedance DUT

iRs > /X
(c) VX versus Zx

.:::. Agilent Technologies Agilent Technologies
PR February 2014



DC Bias KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Virtual ground

(potential = OV) g JR_p\ Leakage current
Rs  Zx f Rr Rs ~wv—¢ovl\5<\;\, W
MWA—_ T aAAY, i
: DUT
DC bias Cp
source

Bockre ] >
L S e

(a) Simplified diagram of measurement with DC bias (b) When the DUT's Rp is low, leakage
current decreases the DC voltage
applied to the DUT

The 4294A and some impedance analyzers can automatically regulate DC
bias voltage or current across DUT according to the monitored bias levels.

.:::. Agilent Technologies Agilent Technologies
PR February 2014
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Ranging KEYSIGHT

Multiplier TECHNOLOGIES
A N
N Unlocking Measurement Insights for 75 Years

Range resistors

ér % A/D
S >

(a) Ranging is done by changing the range resistor
and multiplier of the vector ratio detector.

Range 2

A

A 4

Range 1

(b) Hysteresis in the range boundary prevents
frequent range changes caused by noise

.:::. Agilent Technologies Agilent Technologies
PR February 2014
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Level Monitor

KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Digital ALC
Amplitude
control Y DUT X /\I;/r\/ Err |
>
A —O ‘ A/D """"""""" > CPU
o > Edut
VX
................................. v VX — Edut
Analog ALC -
IX =——
Rr

.’::. Agilent Technologies Agilent Technologies
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Measurement Time and Averaging KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Sampling data
acquisition time

Ts ‘
Vector component
7%% extraction & calculation
dlgltal Err (00)
Err Sampling Err (90°) CPU
Edut A/D > DSP Edut (0%)
T Edut (90°)
A/D conv. clock
Random 1
noise \Ts
I |

.:::. Agilent Technologies Agilent Technologies
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Agenda KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Introduction

* Impedance fundamentals

* Measurement methods
 Fixturing and cabling

« Calibration and compensation

 Solution selection process
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Fixturing and Cabling o KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

LF impedance measurement

« Terminal configuration
e Guarding

RF impedance measurement

« Terminal configuration in the RF range
« Test port extension in the RF range

.:::. Agilent Technologies Agilent Technologies
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Terminal Configuration KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Types of configuration

m Two-terminal (2T) configuration
m Three-terminal (3T) configuration
m Four-terminal (4T) configuration
m Five-terminal (5T) configuration

m Four-terminal pair (4TP) configuration

.:::. Agilent Technologies Agilent Technologies
PR February 2014
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Terminal Configuration KEYSIGHT
TECHNOLOGIES
TWO_termInaI (2T) method Unlocking Measurement Insights for 75 Years
Lc Lp Hp Hc
0 o
______ NNNA_
— _! l_ —
- II DUT II -
= 7. = .
=) <2
B 3
< >
1Im 1CI)m 10I0m 1 1IO 1(I)O 1IK 1CI)K 1OIOK 1II\/| 1CIJM

Typical Impedance Measurement Range (Q2)
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Terminal Configuration KEYSIGHT

TECHNOLOGIES

Th ree-te rm i n al (3T) m eth Od Unlocking Measurement Insights for 75 Years
G Lc Lp Hp Hc

-
:> =I =
— _l
\__\&
< >
Im 10m  100m 1 10 100 1K 10K 100K 1M 10M

Typical Impedance Measurement Range (Q2)
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Terminal Configuration KEYSIGHT
TECHNOLOGIES
FO u r-te rm i n aI (Ke IVi n y 4T) m eth Od Unlocking Measurement Insights for 75 Years
Lc Lp Hp Hc y ] Heor Lc,
M1 M2 l\flllig)g(netlc
o < O R RN . . ‘:.._-
] \/V\"| N Coupling, M™%
| \a
! Test current
! : DUT I |
I: I C J—
\:" :,I = \:\ :,I =
<_ _| <_ _
1 |
\4 VvV
< >
Im 10m 100m 1 10 100 1K 10K 100K 1M 10M

Typical Impedance Measurement Range (Q2)
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Terminal Configuration KEYSIGHT

TECHNOLOGIES

Five-terminal (5T) method
G L L,

:

|
|
DUT ]
|
_/¢_ —— - _—— - _I
I.
= =1
<:/ _l_
/\, 1
<— |
\/
< >
Im 10m 100m 1 10 100 1K 10K 100K 1M 10M

Typical Impedance Measurement Range (Q2)
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Terminal Configuration KEYSIGHT

TECHNOLOGIES

M utu al | n d u Ctan ce error Unlocking Measurement Insights for 75 Years

X Magnetic
3 iti flux

Coupling, M
For mQ DUT Ping
N
Test current

L. Lo Hp H,
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Terminal Configuration KEYSIGHT

TECHNOLOGIES
Four-terminal pair (4TP) method

H Magnetic

—
(9]
—

©
I

p Cc
o e e
‘-/ current \ ‘<
g :: :‘ :. :’ :. -"'u:"\‘
. . : RN 3
1|1 M=0 b N
> Test
current

| center = | shield

< >
Im 10m  100m 1 10 100 1K 10K 100K 1M 10M

Typical Impedance Measurement Range (Q2)
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Terminal Configuration KEYSIGHT

TECHNOLOGIES
Four-terminal pair (4TP) simplified schematic

Auto-Balancing Bridge Type Instrument

7 v, ~
W [ o

Interconnect outer
shielding conductors

...".:::.';,. Agilent Technologies Agilent Technologies
S February 2014



im il 3 7 -

Fixturing and Cabling o KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

LF impedance measurement

« Terminal configuration
« Guarding

RF impedance measurement

« Terminal configuration in the RF range
« Test port extension in the RF range

.:::. Agilent Technologies Agilent Technologies
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uarding (1 of 3) KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Stray capacitance and leakage current

Auto-Balancing Bridge Type Instrument

Stray Capacitance

Voltage Difference —}- Stray Capacitance

Leakage Current (l,oq)

Idut = Imeas + IIeak

.:::. Agilent Technologies Agilent Technologies
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Guarding (2 of 3) ' KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Guard Mechanism and Solution

Auto-Balancing Bridge Type Instrument

A V)

Guard § | L —7~_ ! ! Ve
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Guardlng (3 of 3) | KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Key Points to Consider

(a) Minimize impedance of guard line. (b) Do NOT connect the guard terminal
directly to the ground conductor.

B ™
| —1 —

@ | oo

1
T :
Conductor

Ground
m& Conductor
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Fixturing and Cabling o KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

LF impedance measurement

« Terminal configuration
e Guarding

RF impedance measurement

« Terminal configuration in the RF range
« Test port extension in the RF range

.:::. Agilent Technologies Agilent Technologies
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Terminal Configuration KEYSIGHT
|n the RF Range TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

) Z| 1
Coaxial One Port Measurement 12l

{1 put |

wWA— |4
Residual Yo ||
Impedance |< Zs

The measured value is also affected by a
number of conditions surrounding the DUT:

éNon-coaxiaI
Test Fixture
Electrical [~ 1 T* « Ground plate

Length iCg « Terminal layout

v

» Dielectric constant of the insulator

Test Port * Other conditions
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Fixturing and Cabling o KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

LF impedance measurement

« Terminal configuration
e Guarding

RF impedance measurement

« Terminal configuration in the RF range
« Test port extension in the RF range
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Test Port Extension in the RF Range KEYSIGHT

TECHNOLOGIES

Calibration plane extension
Test Port

Port Extension

R

(a) Port Extension

Low ldut

ss Current

Bypa
—

(b) Low impedance DUT (c) High impedance DUT
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Agenda KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Introduction

* Impedance fundamentals

* Measurement methods

* Fixturing and cabling
 Calibration and compensation

 Solution selection process
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Calibration KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Compensation # Calibration

Defining the "Calibration Plane" at which measurement
accuracy Is to be specified.

Z Analyzer | Standard Device

LCR Meter 100 Q '
< 100 Q)

Calibration Plane
(Measurement accuracy is specified.)
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Calibration

Cable Correction

KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Extending the Calibration Plane using specified Agilent

cables. (Agilent 16048A/B/D/E)

LCR
Meter

Calibration Plane

LCR
Meter

Agilent
Measurement
Cable

- =L L _

Calibration Plane
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Measurement Cable Extension KEYSIGHT
Induced Error TECHNOLOGIES

Cable length correction |

Unlocking Measurement Insights for 75 Years

DUT

Cable
Extension

Hc | Hp Lp | Lc Rr

0SC Edut \/

— Err
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Induced Error

A il

Measurement Cable Extension KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Cable length extension in the low frequency range

Sourceresistor pUT Cable

L
H Cable
Source resistor DUT L
A
H
Zhc ZIp

S

(a) Extended cables connected to High and Low
terminals

(b) Effects of cable extension

Zhc: An impedance determined by the capacitance
connected to the High terminal (H). This impedance
decreases the test signal level and degrades accuracy.

Zlp: An impedance determined by the cable
connected to the Low terminal (L). This impedance
decreases the input impedance of the amplifier and
decreases the measurement accuracy.

3% Agilent Technologies Agilent Technologies
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Compensation KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Reducing the effects of error sources existing between the
DUT and the instrument's "Calibration Plane".

Fixture,

Z Analyzer, ' Cables, _

LCR Meter | Scanner efc. m 2 types of compensation:
1
1 .
: S - OPEN/SHORT compensation
! 20 100 O - OPEN/SHORT/LOAD compensation
|

+Z Q ! |

|
:
|
I
:

Calibration Plane
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Compensation KEYSIGHT

TECHNOLOGIES

OPEN/SHORT Compensation

Unlocking Measurement Insights for 75 Years

Basic Theory Test Fixture Residuals

/W\
Residual Stray

Impedance (Zs) Admittance (Y0)

He GJ— Rs Ls

| {
o G_I_T’\/V\r—m —

| Zm Co —— Go Zdut

POTH —

| Test fixture residuals
Zdut = Zm - Zs
1-(Zm - Zs)Yo
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Compensation KEYSIGHT
TECHNOLOGIES
OPEN/SHORT Compensation

Unlocking Measurement Insights for 75 Years

Hc 3 Rs Ls HcO— Rs Ls
E — MW\ ~
Hp 1 I_IpO_Z1 Co Go | SHORT
Yo Go OPEN 445
Lo O COT%, R I I
\
O— . Lc O—
Le Yo = Go + joCo Zs = Rs + joLs
(Rs +jols << — +1j®CO ) SHORT Impedance << Rs + joLs
(a) OPEN measurement (b) SHORT measurement
VA
1 Zm-Zs
Zm Yo :IZdut Zdut =
1- (Zm - Zs)Yo

(c) Compensation formula
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Compensation KEYSIGHT
TECHNOLOGIES
OPEN/SHORT Compensation Issues

Problem 1: Difficulty in eliminating complicated residuals

Unlocking Measurement Insights for 75 Years

SCANNER DUT

- AP £
AC e 1
A =

Stray capacitance

I
LCR Meter N g Residual i
a0 A esidual inductance
INT
”LTML\_ é Residual resistance

N\

Complicated residuals

Problem 2: Difficulty in eliminating Phase Shift Error

Nonstandard length cable*

LCR Meter T T— DUt
-

*Or none-Agilent cable Test Fixture
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Compensation KEYSIGHT
TECHNOLOGIES
OPEN/SHORT/LOAD Compensation

Unlocking Measurement Insights for 75 Years

Basic Theory
l1 |2
O AB o
Measurement <C D >
Instrument V1 V> Zdut | DUT
Unknown 2-terminal
ZXm

pair circuit

Zdut=(AxV2+Bx12)/(CxV2+Dx12)=(Ax Zxm + B)/ (C x Zxm + D)

where Zdut = V1/I1 and Zxm = V2/I2
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Compensation KEYSIGHT

TECHNOLOGIES

OPEN/SHORT/LOAD Compensation

Unlocking Measurement Insights for 75 Years

Basic Theory
Zstd (Zo - Zsm) (Zxm - Zs)*

Zdut =
(Zxm - Zs) (Zo - Zxm)
Zo : OPEN measurement value
Zs : SHORT measurement value
Zsm : Measurement value of the LOAD device
Zstd : True value of the LOAD device
Zxm : DUT Measurement value

Zdut : DUT Corrected value

*These are complex vectors. Conversions to real and imaginary
components are necessary

.:::. Agilent Technologies Agilent Technologies
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Practical Compensation Examples KEYSIGHT

TECHNOLOGIES
P racti Cal Exam p I eS Unlocking Measurement Insights for 75 Years
(A) (B)
|
Test
Fixture

' Agilent Test
CABLE LENGTH | Leads
OPEN/SHORT CORRECTION l
------------------- (1a) (1b)————-----]1 ——-- -

| 0 e
—=— OPEN/SHORT Fixture
DUT (2b)=========" i

DUT
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Practical Compensation Examples KEYSIGHT

TECHNOLOGIES

P ractl Cal Exam p I es Unlocking Measurement Insights for 75 Years
(C) (D)

111
Non-Agilent

Agilent Test
CABLE LENGTH || | eads
CORRECTION
Cable 11| 1) (1d) == == ===~ - ] ———————
.
Fixture OPEN/SHORT/LOAD SCANNER
OPEN/SHORT/LOAD
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Compensatlon In RF Range KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Error Source Model

Yo =joCo + Go
Zs =joLo + Ro

77777 ; L_"ﬂa i Non-Coaxial Part L—ALDCO Lo
W/// ///////@I

Coaxial Part

Ro
Lo, Ro
l \ Electrical Length
Test Fixture
To Test Port
(a) Typical test fixture configuration (b) Simplified equivalent circuit model

.’::. Agilent Technologies Agilent Technologies
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Compensation in RF Range KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Compensation for coaxial and non-coaxial portions

Yo = joCo + Go

Electrical Length Compensation

Electrical Length

Simplified Equivalent
Circuit Model
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Port Extension

KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

Test Port Extension Cable

-— OPEN/SHORT/LOAD Calibration
Electrical Length Compensation

OPEN/SHORT Compensation

‘ Test Port
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Agenda KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Introduction

* Impedance fundamentals

* Measurement methods

* Fixturing and cabling

« Calibration and compensation

« Solution selection process

.:::. Agilent Technologies Agilent Technologies
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Step 1: Find Impedance (1 of 2) Fmpedance |
« Determine: 'V'ejthi’d
» Approximate C or L value of DUT trument
 Typical measurement frequency I
Fixture

* Find impedance using an admittance chart
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Step 1: Find Impedance (2 of 2) —
l ..... s

» Use this admittance chart to find impedance Method
from capacitance or inductance value [ ]
Instrument
1
Fixture
1M =
‘@ 100K - Example: a 1 nF capacitor at 1 MHz has
E an impedance of about 160 ohms
Q KT e 7 % e T e
) 0,,;\ -
e 1K = . \
CU R
T 100 %
Q %
§ 10 7,/%
14 ;:%
100m =

Frequency (Hz)
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R e : . 4 . — V. b
Step 2: Choose Measurement Method N
...... 8.
Method
- l
10M - Instrument
1M Auto-Balancing Bridge l’
100K 1 Fixture
@ 10K -
g o I
e 10 -
r %
100m —
10m —
Im

|
1 10 100 1K 10K 100K 1M 10M 100M 1G 10G

Frequency (Hz)
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Step 3: Select Instrument pESa—
- Determine test conditions: M:;d
- Measurement parameters (R,C,L,Z,DandQ) . -
* Frequency (range, swept or fixed) E:.Instrument
* AC signal (voltage/current, range, swept or fixed) e
- DC bias (voltage/current, range, swept or fixed) Fixture

- Identify desired display and analysis functions:
* Display: graph?
» Analysis: market, limit lines, equivalent circuit analysis?

« Identify other needs (speed, interface, price)

* Refer to selection guide to choose best instrument (
, PIN 5952-1430E)

3% Agilent Technologies Agilent Technologies
2 February 2014


http://cp.literature.agilent.com/litweb/pdf/5952-1430E.pdf
http://cp.literature.agilent.com/litweb/pdf/5952-1430E.pdf

M ol A A |

Step 4. Select Test Fixture (1 of 2) mpedance

» Determine fixture model number group by knowing Mﬁ;d
DUT type and instrument connector type: ;
Instrument Connector Type Instrument

BNC (< 110 MHz) 7 mm (S 3 GHz)

Lead Component _ @ 16047A/D/E, 16060A

16092A {  Fixture

SMD Component 7 | 16034E/G/H, 16044A 16192A, 16194A,

~ 16334A 16196A/B/C/D. 16197A
Other Shape or Size 16089A/B/C/D/E ‘ None
Extension Cable R 16048A/D/E/G/H ‘ None
DC Bias 16065A/C, 42841A, 16200B

42842A/B/C, 42843A

Probe x 16095A, 42941A ‘ 16094-65000
Material Q A 16451B, 16452A ‘ 16453A, 16454A
Others 16314-60011 (Balun) ‘ None

Agilent Technologies

Page 100 G February 2014
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Step 4: Select Test Fixture (2 of 2) —
i |
 Determine additional conditions: Mejthfd
* Frequency range Instrument
- Impedance range ol
 DUT shape and size | Fixture
. Location of electrodes e
* DC bias

* Cable extension
* Temperature

» Refer to selection guide to choose suitable fixture
(Accessories Selection Guide for Impedance Measurements,
P/N 5965-4792E)

.:::. Agilent Technologies Agilent Technologies
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http://cp.literature.agilent.com/litweb/pdf/5965-4792E.pdf

Product Selection Process Summary M’KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

« Step 1: Find impedance

* Frequency
« DUT value * Step 4: Select test fixture
« DUT and connector types

« Step 2: Choose method -
* Test conditions

* Frequency range
* Impedance range
* Accuracy

» Step 3: Select instrument

* Frequency range
* Impedance range
* Accuracy

.:::. Agilent Technologies Agilent Technologies
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For More Information KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights for 75 Years

* Literature

e Impedance Measurement Handbook, Lit. No. 5950-3000

* Agilent Impedance Analyzers, LCR Meters and Test Fixtures, Selection Guide,
Lit. No. 5952-1430E

o Accessories Selection Guide for Impedance Measurements, Lit. No. 5965-4792E

e 5 Hints for Successiul Impedance Measurements, Lit. No. 5968-1947E

» Solutions for Measuring Permittivity and Permeability with LCR Meters and
impedance Analyzers, Lit. No. 5980-2862E

e Internet

» http://www.aqgilent.com/find/impedance

e http://www.agilent.com/find/impedance-accessory

.:::. Agilent Technologies Agilent Technologies
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http://cp.literature.agilent.com/litweb/pdf/5950-3000.pdf
http://cp.literature.agilent.com/litweb/pdf/5952-1430E.pdf
http://cp.literature.agilent.com/litweb/pdf/5965-4792E.pdf
http://cp.literature.agilent.com/litweb/pdf/5968-1947E.pdf
http://www.home.agilent.com/agilent/product.jspx?cc=US&lc=eng&ckey=1000000382:epsg:pgr&nid=-536902439.0.00&id=1000000382:epsg:pgr&cmpid=92877
http://www.agilent.com/find/impedance-accessory
http://www.agilent.com/find/impedance-accessory
http://www.agilent.com/find/impedance-accessory
http://cp.literature.agilent.com/litweb/pdf/5980-2862EN.pdf
http://cp.literature.agilent.com/litweb/pdf/5980-2862EN.pdf

Thank you!

Yileht Kevaignt Adolfo Del Solar

/' yo— Application Engineer
i “ adolfo_del-solar@agilent.com
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