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,PSHGDQFH�PHDVXUHPHQWV�DW�5DGLR�)UHTXHQFLHV��5)��H�J��WKH�*+]�UDQJH��DUH�TXLWH�FKDOOHQJLQJ��$W�WKHVH
IUHTXHQFLHV��SK\VLFV�FUHDWHV�VRPH�SUREOHPV�IRU�XV��7KH�ILUVW�PDMRU�SUREOHP�LV�ZKDW�WHFKQLTXH�ZH�ZLOO�XVH�WR�PDNH
WKH�PHDVXUHPHQWV��7KH�VHFRQG�PDMRU�SUREOHP�LV�GXH�WR�WKH�QHHG�WR�KDYH�IL[WXUHV�IRU�WKH�FRPSRQHQWV�ZKLFK�KDYH
VLJQLILFDQW�SDUDVLWLFV�DW�WKRVH�KLJKHU�IUHTXHQFLHV��7KH�WKLUG�SUREOHP�GURSV�RXW�RI�WKH�SULRU�WZR��L�H��KRZ�GR�ZH
FDOLEUDWH�DQG�FRPSHQVDWH�WR�JHW�VHQVLEOH��DFFXUDWH�UHVXOWV��������������������������������������������������

�

Making Quality RF Impedance 
Measurements

     Back to Basics Seminar

�����
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7KH�QHHG�WR�PHDVXUH�FRPSRQHQWV�DW�5)�LV�GXH�WR�WUHQGV�LQ�WKH�HOHFWURQLFV�LQGXVWU\��PRUH�DQG�PRUH�HTXLSPHQW
RSHUDWLQJ�DW�KLJKHU�IUHTXHQFLHV�DQG�ZLWK�PRUH�VWULQJHQW�UHTXLUHPHQWV��7KH�DGYHQW�RI�60'��6XUIDFH�0RXQW�'HYLFH�
FRPSRQHQWV�LV�JLYLQJ�FLUFXLW�GHVLJQHUV�WKH�DELOLW\�WR�PHHW�WKHLU�UHTXLUHPHQWV�LI�WKH\�FDQ�YHULI\�KRZ�WKRVH
FRPSRQHQWV�DFWXDOO\�ZLOO�ZRUN�LQ�WKHLU�FLUFXLWV�

�

Component Industry Trends
Driven by New End-User Equipment

VHS

321
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7 8 9

0* #
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�

1. Higher frequency operation
2. Lower loss components
3. Stable performance in wide  

environmental conditions
4. Chip Configuration
5. Lower price; higher reliability

Requirements for RF Discrete Components

1. Increased number of users
2. Longer operating time
3. Better durability
4. Smaller Size  
5. Lower price

Trends Requirements

�����
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)LUVW�ZH�ZLOO�UHYLHZ�WKH�EDVLFV�RI�LPSHGDQFH�VWDUWLQJ�ZLWK�GHILQLWLRQV��WKHQ�UHYLHZ�WKH�FRQFHSW�RI�SDUDVLWLFV��DQG
GHVFULEH�WKH�PRGHOV�WKDW�DUH�XVHG�WR�GHILQH�WKH�FRPSRQHQW�YDOXHV�WKDW�ZH�QRUPDOO\�XVH�

$IWHU�WKDW��ZH�ZLOO�UHYLHZ�DQG�SRVLWLRQ�FRPPRQ�LPSHGDQFH�PHDVXUHPHQW�WHFKQLTXHV�WKDW�DUH�DYDLODEOH��7KHQ�ZH
ZLOO�GLVFXVV�LQ�VRPH�GHWDLO�FDOLEUDWLRQ��FRPSHQVDWLRQ��SRUW�H[WHQVLRQ��DQG�IL[WXULQJ�

�

Agenda

Impedance Basics

Definitions

Parasitics

Models

Measurement Techniques

Calibration, Compensation, and Port Extension

Component Fixturing

Summary

�����
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7KLV�LV�WKH�GHILQLWLRQ�RI�LPSHGDQFH��3(5,2',&��LQ�WKLV�FDVH�PHDQV�DQ�$&�WHVW�VLJQDO�DV�RSSRVHG�WR�D�VWDWLF�RU�'&
WHVW�VLJQDO��6R��DPSOLWXGH�DQG�IUHTXHQF\�VKRXOG�EH�FRQVLGHUHG��727$/�LQFOXGHV�ERWK�UHDO�DQG�LPDJLQDU\
FRPSRQHQWV��7KLV�REYLRXVO\�DSSOLHV�WR�VLPSOH�FRPSRQHQWV�DV�ZHOO�DV�WR�FRPSOH[�'87��FDEOHV��DPSOLILHUV��HWF��%\
GHILQLWLRQ��LPSHGDQFH�LV�IRU�WKH�VHULHV�PRGHO��= 5�M;��ZKHUH�WKH�UHDO�SDUW�5�LV�WKH�UHVLVWDQFH�DQG�WKH�LPDJLQDU\
SDUW�;�WKH�UHDFWDQFH��6LPLODUO\��DGPLWWDQFH�LV�IRU�WKH�SDUDOOHO�PRGHO��< *�M%��ZKHUH�*�LV�WKH�FRQGXFWDQFH�DQG�%
WKH�VXVFHSWDQFH�

7KH�LPSHGDQFH�PHDVXUHPHQW�SODQH�FDQ�EH�YLVXDOL]HG�ZLWK�WKH�UHDO�HOHPHQW��RU�UHVLVWDQFH��RQ�WKH�[�D[LV�DQG�WKH
LPDJLQDU\�HOHPHQW��RU�UHDFWDQFH��RQ�WKH�\�D[LV��,GHDO�FRPSRQHQWV�ZRXOG�OLH�RQ�DQ�D[LV��&DSDFLWRUV�DUH�W\SLFDOO\
IRXQG�LQ�WKH�ORZHU�TXDGUDQW��ZKLOH�LQGXFWRUV�DUH�LQ�WKH�XSSHU�TXDGUDQW��7KH�PRUH�LGHDO�DQ�LQGXFWRU�RU�D�FDSDFLWRU�
WKH�OHVV�UHVLVWLYH�LW�ZLOO�EH��WKHUHIRUH�WKH�DQJOH�ZLOO�EH�FORVH�WR����R�RU����R�

�����5)���,PSHGDQFH�0HDVXUHPHQW�%DVLFV��*$��LPSHG���SSW
�

What Is Impedance?

O-

Z = R + jX = |Z|

= ARCTAN
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R
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■ Vector
■ AC signal
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7KH�DGPLWWDQFH�PHDVXUHPHQW�SODQH�FDQ�EH�YLVXDOL]HG�ZLWK�WKH�UHDO�HOHPHQW��RU�FRQGXFWDQFH��RQ�WKH�[�D[LV�DQG�WKH
LPDJLQDU\�HOHPHQW��RU�VXVFHSWDQFH��RQ�WKH�\�D[LV��$GPLWWDQFH�LV�RIWHQ�XVHG�IRU�FDSDFLWRUV�VLQFH�LW�KHOSV�WR�VLPSOLI\
WKH�PDWK��$GGLWLRQDOO\��LW�LV�FRPPRQO\�XVHG�IRU�PDWHULDOV�

�����5)���,PSHGDQFH�0HDVXUHPHQW�%DVLFV��*$��LPSHG���SSW
�

What Is Admittance?

O-

Y = G + jB = |Y|

= ARCTAN
B
G

|Y|
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7KH�TXDOLW\�IDFWRU�4�IRU�FRPSRQHQWV�GLIIHUV�IURP�WKH�4�DVVRFLDWHG�WR�ILOWHUV�RU�UHVRQDWRUV��)RU�FRPSRQHQWV��WKH
TXDOLW\�IDFWRU�VHUYHV�DV�D�PHDVXUH�RI�WKH�UHDFWDQFH��RU�VXVFHSWDQFH��SXULW\��,Q�WKH�UHDO�ZRUOG��WKHUH�LV�DOZD\V�VRPH
DVVRFLDWHG�UHVLVWDQFH�WKDW�GLVVLSDWH�SRZHU��ORVW�SRZHU���GHFUHDVLQJ�WKH�DPRXQW�RI�HQHUJ\�WKDW�FDQ�EH�UHFRYHUHG�
1RWH�WKDW�4�LV�GLPHQVLRQOHVV�DQG�WKDW�LW�DOVR�UHSUHVHQWV�WKH�WDQJHQW�RI�WKH�LPSHGDQFH��RU�DGPLWWDQFH��YHFWRU�DQJOH
WKHWD�LQ�WKH�PHDVXUHPHQW�SODQH��4�LV�JHQHUDOO\�XVHG�IRU�LQGXFWRUV�DQG�'�IRU�FDSDFLWRUV�

&DSDFLWRUV�PD\�KDYH�YHU\�KLJK�4
V��HYHQ�RYHU���������ZKLOH�D�4�YDOXH�RI�����LV�FRQVLGHUHG�YHU\�KLJK�IRU�DQ
LQGXFWRU���

�

What are Q Factor and D Factor?

Q = 

R 

Energy lost

Energy stored
=   

X

R

0 Q 

s

s

OO

Different from the Q associated 
with resonators and filters

The better the component, then

D = 
1 

Q 
, mainly used for capacitors

�����
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:HOO��WKH�DQVZHU�LV�VLPSOH��EHFDXVH�DOO�FRPSRQHQWV�KDYH�SDUDVLWLFV��7KH�TXDOLW\�RI�FRPSRQHQW�PDWHULDO�DQG�GHVLJQ
GHWHUPLQHV�WKH�SDUDVLWLFV��%DVLFDOO\�WKHUH�LV�QR�SHUIHFW�FRPSRQHQW�LQ�QDWXUH�OLNH�SXUHO\�UHVLVWLYH�RU�UHDFWLYH
GHYLFHV��7KH\�DOO�KDYH�SDUDVLWLFV�DQG�WKHUHIRUH�WKHLU�EHKDYLRU�GHSHQGV�XSRQ�WKHP��)RU�LQVWDQFH��DOO�FRPSRQHQWV
KDYH�IUHTXHQF\�OLPLWDWLRQV��

�

Why Do We Need to Measure 
Impedance?

Component Parasitics

�����
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/HW
V�H[DPLQH�D�UHDO�ZRUOG�FDSDFLWRU��7KH�GHVLJQ�DQG�WKH�TXDOLW\�RI�LWV�PDWHULDO�LQWURGXFHV�SDUDVLWLFV��7KHUH�DUH
XQZDQWHG�VHULHV�ZLUH�LQGXFWDQFH�DQG�UHVLVWDQFH�DQG�XQZDQWHG�UHVLVWDQFH�DQG�FDSDFLWDQFH�DFURVV�WKH�GLHOHFWULF�
)RU�H[DPSOH��WKLV�LV�D�UHDOLVWLF�FDSDFLWRU�PRGHO�WDNLQJ�LQWR�DFFRXQW�WKH�SDUDVLWLFV��&DQ�ZH�TXDQWLI\�WKHVH�SDUDVLWLFV"
&HUWDLQO\��7KH�TXDOLW\�IDFWRU�4�UHSUHVHQWV�VRPH�RI�WKH�FRPSRQHQW
V�QRQ�LGHDO�FKDUDFWHULVWLFV��7KH�KLJKHU�WKH�4��WKH
EHWWHU�RU�PRUH�LGHDO�WKH�FRPSRQHQW�

�

Real Capacitor Model
Includes Parasitics

�����
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)UHTXHQF\�LV�WKH�PRVW�VLJQLILFDQW�GHSHQGHQF\�IDFWRU��7KH�UHDFWDQFH�RI�DQ�LGHDO�FDSDFLWRU�ZRXOG�YDU\�OLNH�WKH�;F
FXUYH��:H�FDQ�RYHUVLPSOLI\�WKLV�UHDO�ZRUOG�FDSDFLWRU�PRGHO�E\�QHJOHFWLQJ�WKH�UHVLVWRUV�DQG�HVVHQWLDOO\�WDNH�LQWR
DFFRXQW�WKH�VHULHV�OHDG�UHDFWDQFH�;O�

$V�D�FRQVHTXHQFH��WKLV�FDSDFLWRU�ORRNV�OLNH�D�FDSDFLWRU�LQ�WKH�ORZHU�IUHTXHQF\�UHJLRQ��7KH�SRLQW�ZKHUH�WKH
FDSDFLWLYH�DQG�LQGXFWLYH�UHDFWDQFH�DUH�HTXDO�LV�WKH�UHVRQDQW�IUHTXHQF\�DQG�WKH�FRPSRQHQW�EHKDYHV�OLNH�D�UHVLVWRU�
$W�KLJKHU�IUHTXHQFLHV��WKLV�FDSDFLWRU�EHKDYHV�OLNH�DQ�LQGXFWRU�

�

Reactance vs Frequency
Capacitor

|X|

Frequency

X = wL

X =
1

wC

L

C

������
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7KLV�GLVSOD\�VKRZV�=�DQG�WKHWD�RI�D�FDSDFLWRU�EHWZHHQ����0+]�DQG�����0+]��%HIRUH�UHVRQDQFH��WKH�SKDVH�LV�DURXQG
���R�DQG�WKH�FRPSRQHQW�HIIHFWLYHO\�ORRNV�OLNH�D�FDSDFLWRU��7KH�LPSHGDQFH�GHFUHDVHV�ZLWK�WKH�IUHTXHQF\�XQWLO�WKH
UHVRQDQFH�SRLQW��GXH�WR�WKH�LQGXFWLYH�HOHPHQWV�RI�WKH�FRPSRQHQW��1RWH�WKDW�DW�UHVRQDQFH��WKH�SKDVH�LV��R���SXUHO\
UHVLVWLYH��$IWHU�UHVRQDQFH�WKH�SKDVH�DQJOH�FKDQJHV�WR����R�VR�WKH�LQGXFWLYH�HOHPHQWV�GRPLQDWH��5HPHPEHU��ZKHQ
\RX�EX\�D�FDSDFLWRU��\RX�JHW�WKUHH�FRPSRQHQWV�

�

Impedance Measurement Example
Capacitor going through resonance

A: |Z|
A MAX  50.00    Ω
B MAX  100.0    deg

B: MKR   63 200 000.000 Hz
MAG       47.2113  mΩ
PHASE     659.015   mdeg

A MIN   20.00 START   10 000 000.000 Hz
 STOP  150 000 000.000 Hz

0

B MIN  -100.0   deg
mΩ

Capacitor
Characteristics

������
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:H�DOO�UHPHPEHU�WKDW�PRVW�LQGXFWLYH�FRPSRQHQWV�KDYH�SDUDVLWLFV�WKDW�DIIHFW�WKHLU�SHUIRUPDQFH�ZLWK�GLIIHUHQW
FXUUHQW�RU�YROWDJH�OHYHOV��7KLV�LV�GXH�WR�WKH�SK\VLFV�RI�WKH�PDJQHWLF�PDWHULDO�XVHG�LQ�WKHVH�GHYLFHV�

,W�LV�LPSRUWDQW�WR�XQGHUVWDQG�WKHVH�FKDUDFWHULVWLFV��)RU�H[DPSOH��VZLWFKLQJ�SRZHU�VXSSOLHV�DUH�YHU\�FRPPRQ�WRGD\�
7KH\�XVH�SRZHU�LQGXFWRUV�IRU�ILOWHULQJ�WKH�5),�DQG�WKH�QRLVH�SURGXFHG�E\�KLJK�FXUUHQWV��7R�PDLQWDLQ�JRRG�ILOWHULQJ
DQG�ULSSOH�DW�KLJK�FXUUHQW�OHYHOV��SRZHU�LQGXFWRUV�PXVW�EH�WHVWHG�DW�RSHUDWLQJ�FRQGLWLRQV�WR�HQVXUH�WKDW�WKH
LQGXFWDQFH�UROO�RII�GRHV�QRW�DIIHFW�WKH�SHUIRUPDQFH�

�

L vs. DC Current Bias Level
Power Inductors

Idc

L / %

0 50 100

0

2

-2

-4

-6

-8

-10

-20

������
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:KDW�\RX�VHH�DERYH�LV�RXU�EHVW�DWWHPSW�WR�VKRZ�\RX�WKH�VL]H�RI�VRPH�RI�WKH�VWDWH�RI�WKH�DUW�FRPSRQHQWV��:H�FDQ
ILQG�ERWK�5)�FDSDFLWRUV�DQG�LQGXFWRUV�LQ�WKLV�VL]H���������:H�DUH�QRZ�VWDUWLQJ�WR�VHH�FDSDFLWRUV� �WKDW�VL]H�������1

4
FRPLQJ�RII�WKH�SURGXFWLRQ�OLQH�

�

New SMD Components Have New Parasitics

$FWXDO�VL]H

�������QH[W�JHQHUDWLRQ�LV������

������
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%XW�\RX�GRQ
W�JHW�WKLV�VPDOO�VL]H�IRU�IUHH��,Q�RXU�FLUFXLW�GHVLJQ�ZH�PD\�VWLOO�QHHG�D�IDLUO\�KLJK�YDOXH�FDSDFLWRU��EXW�ZH
ZDQW�LW�LQ�D�VPDOO�VL]H��7R�DFKLHYH�WKDW��VRPH�FDSDFLWRUV�DUH�XVLQJ�QHZ�GLHOHFWULF�PDWHULDOV�WKDW�KDYH�D�KLJK
GLHOHFWULF�FRQVWDQW�ZKLFK�KDYH�RWKHU�SDUDVLWLFV��6R�IUHTXHQF\�LV�QRW�WKH�RQO\�IDFWRU�LQIOXHQFLQJ�WKH�EHKDYLRU�RI
FRPSRQHQWV��)RU�LQVWDQFH��WKH�$&�VLJQDO�OHYHO�LV�D�YHU\�LPSRUWDQW�GHSHQGHQF\�IDFWRU�IRU�WKHVH�60'
V���

'&�ELDVLQJ�FDQ�DOVR�FKDQJH�D�FRPSRQHQW
V�YDOXH��,W
V�LPSRUWDQW�WR�WDNH�LW�LQWR�DFFRXQW�ZKHQ�GHVLJQLQJ�FLUFXLWV��)RU
FKRRVLQJ�DQ�60'��'&�ELDV�YROWDJH�LV�D�FUXFLDO�SDUDPHWHU�WR�LQVXUH�WKH�ULJKW�SHUIRUPDQFH��7\SH�,,�60'�FDSDFLWRUV
DUH�PRUH�DQG�PRUH�SRSXODU�EHFDXVH�RI�WKHLU�KLJK�GLHOHFWULF�FRQVWDQW�PDWHULDO��OLNH�;�5��<�9�RU�=�8��ZKLFK�DOORZV
ODUJHU�FDSDFLWDQFH�SHU�XQLW�YROXPH��%XW�WKHLU�FDSDFLWDQFH�YDULHV�PRUH�ZLWK�'&�ELDVLQJ�WKDQ�IRU�7\SH�,�60'
FDSDFLWRUV�

�

C Variation with Signal Level

C vs DC Voltage Bias
Type I and II  SMD Capacitors

Vdc

Type I
(low K)

Type II

(high K)

C / %

0 50 100

0

2

-2

-4

-6

-8

-10

-20

������
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�

C Variation with Signal Level

SMD Capacitors, Various dielectric constants K

Vac

C

Low K

Mid K

High K

C vs AC Test Signal Level

������
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6LQFH�DOO�UHDO�ZRUOG�FRPSRQHQWV�KDYH�SDUDVLWLFV��ZH�PXVW�OXPS�DOO�WKH�UHVLVWLYH�DQG�UHDFWLYH�HOHPHQWV�RI�WKH
FRPSRQHQW�WRJHWKHU�LQWR�DQ�HTXLYDOHQW�VHW�RI�VHULHV�RU�SDUDOOHO�HOHPHQWV��7KHVH���FLUFXLW�PRGHV�DOORZ�WKH
LQVWUXPHQW�WR�LQWHUSUHW�WKH�PHDVXUHPHQW�GDWD�DQG�WUDQVODWH�LW�LQWR�LQGLFDWHG�YDOXH�DFFRUGLQJ�WR�WKH�XVHU
V
LQIRUPDWLRQ��PRGHO�FKRLFH��

,PSHGDQFH�FDQQRW�EH�GLUHFWO\�PHDVXUHG�OLNH�YROWDJH��IRU�LQVWDQFH��7KH�IXQGDPHQWDO�SDUDPHWHU�PHDVXUHG�E\�WKH
LQVWUXPHQW�GHSHQGV�XSRQ�WKH�LQVWUXPHQW�WHFKQLTXH��7KHQ�WKH�LQWHUQDO�SURFHVVRU�PDNHV�D�GLUHFW�FDOFXODWLRQ�WR
FRPSXWH�=��<��%XW�XVXDOO\�XVHUV�DVN�IRU�SDUDPHWHUV�OLNH�/��&��5��'�RU�4��ZKLFK�FDQ�EH�GHULYHG�IURP�VLPSOH�WZR
HOHPHQW�PRGHOV��VHULHV�DQG�SDUDOOHO�RQHV���7KHVH�DUH�DSSUR[LPDWH�PRGHOV�XVHG�WR�GHVFULEH�WKH�FRPSRQHQW
V
EHKDYLRU��/HW
V�VHH�KRZ�WKHVH�DSSUR[LPDWLRQV�KDYH�EHHQ�PDGH�

�

I-V Method Reflection Coefficient
Method

Measured

Direct

I, V

Z = 

Ls , Lp, Cs, Cp, Rs or ESR, Rp, D, Q

Calculations

Model based
Approximations

C

R

CR

p

p

ss

D U T ?

x,y

Z = Zo
1 +
1 -I

V

What Do Instruments...
Measure ?
         Calculate ?
                 Approximate ?

������
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7KLV�FRPSOHWH�FDSDFLWRU�PRGHO�UHSUHVHQWV�WKH�HIIHFWLYH�YDOXH�RI�WKLV�FDSDFLWRU��2EYLRXVO\��WKH�PRGHO�GHSHQGV�RQ
WKH�FDSDFLWRU�WHFKQRORJ\�DQG�LV�WXQHG�WKURXJK�H[SHULPHQWV�DQG�FLUFXLW�VLPXODWLRQ��,W�LV�SRVVLEOH�WR�PHDVXUH�WKH
JOREDO�=��WKHWD��5��RU�;�RI�WKH�UHDO�FDSDFLWRU��EXW�LW�LV�WRR�FRPSOLFDWHG�IRU�ZKDW�XVHUV�ZDQW�WR�VHH��7KHUHIRUH��DOO
LQVWUXPHQWV�KDYH�EXLOW�LQ�WZR�HOHPHQW�PRGHOV��L�H��5V��&V��RU�VHULHV�PRGHO��DQG�5S��&S��RU�SDUDOOHO�PRGHO��IRU
FDSDFLWRUV�

�

Circuit Mode

Requires Simplified Models

No L Capacitor Model

Complete Capacitor Model
Rs,Ls,Rp,Cp ?

TOO  COMPLEX

������
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/HW�XV�VHH�KRZ�WR�VLPSOLI\�WKH�PRGHO�DQG�FRPH�XS�ZLWK�WKH�EHVW�DSSUR[LPDWLRQ��/HW
V�DVVXPH�WKDW�WKH�OHDG
LQGXFWDQFH�LV�QHJOLJLEOH��7KHQ�WKLV�QHZ�PRGHO�FRQVLVWV�RI�D�SHUIHFW�FDSDFLWRU�DQG�D�VHULHV�UHVLVWRU��5V��DV�ZHOO�DV�D
SDUDOOHO�RQH��5S��8VXDOO\�5V�LV�LQ�WKH�RKPV�RU�PLOOL�RKPV�ZKLOH�5S�LV�LQ�WKH�PHJD�RKPV�RU�JUHDWHU�

)RU�ODUJH�&�RU�ORZ�LPSHGDQFH�GHYLFHV��WKH�ORVV�GXH�WR�WKH�VHULHV�UHVLVWDQFH�5V�LV�PRUH�VLJQLILFDQW�WKDQ�WKH�OHDNDJH
ORVV�GXH�WR�WKH�SDUDOOHO�UHVLVWRU�5S��7KHUHIRUH�WKH�6HULHV�0RGHO�LV�FRQYHQLHQW�IRU�ODUJH�FDSDFLWRUV��ZKLOH�WKH�3DUDOOHO
0RGHO�ILWV�WKH�VPDOO�FDSDFLWRUV��%XW�ZKDW�LV�ODUJH�DQG�ZKDW�LV�VPDOO"�7\SLFDOO\��ODUJH�FDSDFLWRUV�DUH�����X)�DQG
JUHDWHU�DQG�VPDOO�RQHV�DUH����X)�DQG�EHORZ��+RZHYHU��IRU�60'�FDSDFLWRUV��WKH�SDUDOOHO�PRGHO�LV�DOZD\V�EHWWHU
EHFDXVH�RI�YHU\�ORZ�FRQWDFW�UHVLVWDQFH��5V��DQG�LQGXFWDQFH��/V��2Q�WKH�RWKHU�KDQG��ZH�ZLOO�XVH�WKH�SDUDOOHO�PRGHO
IRU�ODUJH�LQGXFWRUV�DQG�WKH�VHULHV�PRGHO�IRU�VPDOO�RQHV�

�

Circuit Mode

Large C Small C

No L Capacitor Model

Series model Parallel model

Rs

Rp

C

Rs Cs
Rp

Cp

Small L Large L

Rs vs Rp , who wins ?

SMD

������
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6LQFH�WKH�XVHU�WHOOV�WKH�LQVWUXPHQW�ZKLFK�PRGHO�WR�XVH��WKLV�LV�D�VRXUFH�RI�PHDVXUHPHQW�GLVFUHSDQF\��)RUWXQDWHO\�
ERWK�PRGHOV�DUH�DOZD\V�FRUUHFW�DQG�UHODWHG�WR�HDFK�RWKHU�WKURXJK�WKLV�PDWK�IRUPXOD��)RU�ORZ�TXDOLW\�GHYLFHV��RQH
PRGHO�LV�DOZD\V�D�EHWWHU�DSSUR[LPDWLRQ��ZKLOH�KLJK�TXDOLW\�RU�ORZ�GLVVLSDWLRQ�'87V�H[KLELW�LGHQWLFDO�VHULHV�RU
SDUDOOHO�YDOXHV��'������

�

Which Model is Correct ?

Both are correct

One is a better approximation

For high Q or low D components,
Cs Cp

C

R

CRC  = C  (1 + D  )

p

p

ss
s p

2

������
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,PSHGDQFH�DQDO\]HUV�KDYH�PRUH�VRSKLVWLFDWHG�PRGHOV�WKDW�MXVW�SDUDOOHO�RU�VHULHV�WZR�FRPSRQHQW�PRGHOV��6KRZQ
KHUH�DUH�ILYH�PRGHOV�ZKLFK�FDQ�WHOO�\RX�WKH�YDOXH�RI�HDFK�RI�WKH�HOHPHQWV�LQ�WKH�PRGHO��)RU�H[DPSOH��PRGHO�'
�ORZHU�OHIW��LV�XVHG�IRU�FDSDFLWRUV��%\�WDNLQJ�WKH�FDSDFLWRU�WKURXJK�UHVRQDQFH��WKH�DQDO\]HU�FDQ�GHWHUPLQH�WKH�YDOXH
RI�/��&D��DQG�5��

7KLV�OHWV�XV�EHWWHU�XQGHUVWDQG�WKH�FRPSRQHQW�DQG�SUHGLFW�LW
V�SHUIRUPDQFH�LQ�RXU�FLUFXLW��7KHVH�PRGHOV�FRYHU
UHVLVWRUV��KLJK�DQG�ORZ�YDOXH�LQGXFWRUV��FDSDFLWRUV��DQG�UHVRQDWRUV�

�

Equivalent Circuit Analysis Yields 
More Accurate Models 

A

L

Ca

R

B

Ca

L R

C

Ca
L

R

L Ca R

Cb

L Ca R

ED

EQUIVALENT CIRCUIT MODE
SELECTED  :  D

EQV R  38.6347  m
EQV L  2.19795   nH

EQV Ca  82.1028  nF
EQV Cb            F

������
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7KH�LPSHGDQFH�DQDO\]HUV�HTXLYDOHQW�FLUFXLW�IXQFWLRQ�DOVR�DOORZV�\RX�WR�PRGLI\�WKH�YDOXHV�RI�HDFK�RI�WKH
�VXE�FRPSRQHQWV��DQG�VLPXODWH�WKH�UHVXOWV��7KLV�LV�XVHIXO�LI�\RX�NQRZ�WKH�FRPSRQHQW�ZLOO�EH�ORDGHG�E\�DQRWKHU
FRPSRQHQW�LQ�WKH�FLUFXLW�

�

Equivalent Circuit Analysis Yields 
More Accurate Models 
Two-Way Tool: Analysis and Simulation

Analysis based on
Measurement Data 

Simulation of equivalent 
parameters 

A

L

Ca

R

B

Ca

L R

C

Ca
L

R

L Ca R

Cb

L Ca R

ED

EQUIVALENT CIRCUIT MODE
SELECTED  :  D

EQV R  38.6347  m
EQV L  2.19795   nH

EQV Ca  82.1028  nF
EQV Cb            F

A: |Z|
A MAX  50.00  k

B:

B MAX  180.0 deg

MKR  11 745 304.816 Hz
MAG     38.2172  m

-3.00318   deg

A MIN  20.00   m
B MIN -180.0  deg

START         100.000 Hz
 STOP  40 000 000.000 Hz

PHASE

0

������
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1RZ�OHW
V�UHYLHZ�WKH�PRVW�FRPPRQ�LPSHGDQFH�PHDVXUHPHQW�WHFKQLTXHV�

�

Agenda

Impedance Basics

Measurement Techniques

Calibration, Compensation, and Port Extension

Component Fixturing

Summary

������
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7R�VLPSOLI\�WKH�GHFLVLRQ�SURFHVV��WKH�IROORZLQJ�FULWHULD�FDQ�EH�XVHG�LQ�VHOHFWLQJ�WKH�PRVW�DSSURSULDWH�WHFKQLTXH�IRU
\RXU�DSSOLFDWLRQ��5HPHPEHU�WKDW�VRPH�WUDGH�RIIV�PLJKW�KDYH�WR�EH�PDGH�ZKHQ�VHOHFWLQJ�WKH�EHVW�WHFKQLTXH�

�

Measurement Technique Selection Criteria

Frequency

DUT Impedance

Required measurement accuracy

Electrical test conditions

Measurement parameters

Physical characteristics of the DUT

������

5)���,PSHGDQFH�0HDVXUHPHQW�%DVLFV



6OLGH����

&RPELQLQJ�WKH�IUHTXHQF\�DQG�'87�LPSHGDQFH�FULWHULD�LQWR�WKLV�JUDSK�KHOSV�YLVXDOL]H�WKH�FRYHUDJH�RI�HDFK
WHFKQLTXH��7KH�DXWREDODQFLQJ�EULGJH�SURYLGHV�WKH�ZLGHVW�PHDVXUHPHQW�UDQJH�ZLWK�KLJK�DFFXUDF\��7KH�QHZ�5)�,�9
PHWKRG�LV�DQ�H[FHOOHQW�FKRLFH�IRU�KLJK�IUHTXHQF\�LPSHGDQFH�PHDVXUHPHQW��1HWZRUN�DQDO\VLV�FRYHUV�WKH�KLJKHVW
IUHTXHQF\�UDQJH��EXW�LW�LV�GHVLJQHG�WR�ZRUN�DURXQG����2KPV�DQG�LW
V�LPSHGDQFH�UDQJH�LV�UDWKHU�QDUURZ��7'1$�DQG
5HVRQDQW�WHFKQLTXHV�GR�QRW�VKRZ�XS��VLQFH�LPSHGDQFH�LV�QRW�WKHLU�SULPDU\�PHDVXUHPHQW��

�

Measurement Techniques
     (vs impedance and frequency)

Frequency

10M

1M

100K

10K

1K

100

10

1

100m

Im
p

ed
an

ce
 

(O
h

m
s)

10m

1m

100M

100K 1M 10M 100M 1G Hz10G

Network Analysis

RF I-V

10 100 1K 10K

I-V (Probe)

Auto Balancing Bridge

������
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:KHQ�ZH�DUH�FKRRVLQJ�D�WHFKQLTXH��LW�LV�LPSRUWDQW�WR�XQGHUVWDQG�WKH�DSSUR[LPDWH�YDOXH�RI�RXU�'87��7KH
LPSHGDQFH�FKDUW�LV�D�VLPSOH�ZD\�WR�VHH�WKRVH�YDOXHV��7KLV�LV�D�ORJ�ORJ�JUDSK�JLYLQJ�WKH�LPSHGDQFH�RI�YDULRXV�SHUIHFW
FDSDFLWRUV��SXUHO\�VXVFHSWLYH��YHUVXV�IUHTXHQF\�

�

 Impedance Chart
(impedance of C vs frequency)

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

10M

1M

100K

10K

1K

100

10

1

100m

1m
F

10m
F

100m
F

100uF

10uF

1uF

100nF

10nF
1nF

10pF
100fF

1fF

Frequency (Hz)

Im
p

ed
an

ce
 (

O
h

m
s)

100pF
1pF

10fF

Z=1/(2πFC)
For C:
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)RU�LQVWDQFH��D��Q)�FDSDFLWRU��EROG�GLDJRQDO��H[KLELWV�DQ�LPSHGDQFH�RI�����2KPV�#���0+]������.2KPV�#���.+]
DQG������2KPV�DW���*+]��,W�LV�LPSRUWDQW�WR�UHDOL]H�WKDW�LPSHGDQFH�YDULHV�ZLWK�IUHTXHQF\��7KLV�LV�ZK\�D�ZLGH
LPSHGDQFH�UDQJH�LV�FULWLFDO�IRU�PDNLQJ�FRUUHFW�LPSHGDQFH�PHDVXUHPHQWV��%XW�PRVW�FRPSRQHQWV�DUH�QRW�RQO\
UHDFWLYH��EXW�DOVR�UHVLVWLYH�RU�ORVV\��7KHUHIRUH�WR�SURSHUO\�FKRRVH�WKH�LQVWUXPHQW�ZLWK�WKH�DSSURSULDWH�LPSHGDQFH
UDQJH��ZH�PXVW�NQRZ�WKH�JOREDO�LPSHGDQFH�RI�WKH�'87��WKH�UHVLVWLYH�SDUW�$1'�WKH�UHDFWLYH�RQH��5HPHPEHU��PRVW
LQVWUXPHQWV�PHDVXUH�5�DQG�;��= 5�M;��DQG�RQO\�WKHQ�FDOFXODWH�&S�RU�&V�DFFRUGLQJ�WR�WKH�PRGHO�FKRVHQ�

�

 Determining Measurement Accuracy
Find Z value you measure, then see accuracy chart.

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

10M

1M

100K

10K

1K

100

10

1

100m

1m
F

10m
F

100m
F

100uF

10uF

1uF

100nF

10nF
1nF

10pF
100fF

1fF

Frequency (Hz)

Im
p

ed
an

ce
 (

O
h

m
s)

160

100pF
1pF

10fF

Z=1/(2πFC)
For C:
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:H�FDQ�ILOO�RXW�WKH�LPSHGDQFH�FKDUW�E\�DGGLQJ�WKH�/�YDOXHV�WR�LW�DV�OLQHV�SHUSHQGLFXODU�WR�WKH�&�YDOXHV�

�

 Impedance Chart
(impedance of C & L vs frequency)

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

10M

1M

100K

10K

1K

100

10

1

100m

1m
F

10m
F

100m
F

100uF

10uF

1uF

100nF

10nF
1nF

10pF
100fF

Frequency (Hz)

Im
p

ed
an

ce
 (

O
h

m
s)

100pF
1pF

10fF

Z=2πFL

Z=1/(2πFC)
For C:

For L:
10

nH

1n
H

10
0p

H

10
0n

H
1u

H

10
uH

10
0u

H
1m

H10
m

H
10

0m
H

1H
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7KH�DXWREDODQFLQJ�EULGJH�WHFKQLTXH�HVVHQWLDOO\�PHDVXUHV�WKH�YROWDJH�DFURVV�DQG�FXUUHQW�WKURXJK�WKH�'87��2I
FRXUVH��WKH�VLPSOLILHG�VFKHPDWLF�ORRNV�PXFK�VLPSOHU�WKDQ�LW�DFWXDOO\�LV��$Q�LPSRUWDQW�SRLQW�LV�WKDW�ERWK�WKH�YROWDJH
DQG�FXUUHQW�PHWHUV�DUH�YHFWRU�PHWHUV��PDJQLWXGH�DQG�SKDVH��

7KH�SKDVH�UHODWLRQVKLS�EHWZHHQ�WKHVH���PHWHUV�DQG�WKH�DELOLW\�RI�WKHP�WR�DFFXUDWHO\�VHSDUDWH�RXW�WKH�LQ�SKDVH�DQG
TXDGUDWXUH�FRPSRQHQWV��HVSHFLDOO\�VPDOO�UHDO�SDUWV�LQ�WKH�SUHVHQFH�RI�ODUJH�UHDFWLYH�YDOXHV�LV�FULWLFDO�WR�DFKLHYLQJ
DFFXUDWH�UHVXOWV��

7KH�DXWREDODQFLQJ�EULGJH�LV�E\�IDU�WKH�EHVW�WHFKQLTXH�IRU�PHDVXUHPHQWV�EHORZ�DERXW����0K]��,W�SURYLGHV�WKH�PRVW
DFFXUDWH�PHDVXUHPHQWV�SRVVLEOH�DQG�KDV�WKH�ZLGHVW�LPSHGDQFH�PHDVXUHPHQW�UDQJH��$�ZLGH�UDQJH�RI�$&�DQG�'&
VWLPXOXV�FDQ�EH�DSSOLHG�WR�WKH�FRPSRQHQW��,Q�DGGLWLRQ��EHFDXVH�WKLV�LV�D�ORZ�IUHTXHQF\�WHFKQLTXH��LW�LV�WKH�VLPSOHVW
PHDVXUHPHQW�WHFKQLTXH�WR�XVH��%XW�ZH�RIWHQ�QHHG�WR�JR�KLJKHU�LQ�IUHTXHQF\�

�

 Auto Balancing Bridge Method
Theory of Operation

V

-

+

2

V1

DUT

V  = I   R2 2 2

Z = 
V

I

1

2
 = 

V R

V

21

2

H L R2

I2

Virtual ground

I
I = I2

������
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$QRWKHU�OLPLWDWLRQ�RI�WKH�DXWREDODQFLQJ�EULGJH�WHFKQLTXH�LV�LW
V�DELOLW\�WR�DFFXUDWHO\�PHDVXUH�KLJK�4�YDOXHV���

7KH�4�YDOXH�VKRZQ�RQ�WKLV�VOLGH�LV�DERXW�����5HPHPEHU�ZH�VDLG�4�YDOXHV�FDQ�JR�WR�RYHU���������0RVW�LPSHGDQFH
PHDVXUHPHQW�WHFKQLTXHV�ZLOO�KDYH�WURXEOH�WU\LQJ�WR�PHDVXUH�4
V�RI�HYHQ��������EHFDXVH�WKH\�KDYH�WR�VHSDUDWH�RXW
WKH�LQ�SKDVH�DQG�TXDGUDWXUH�FRPSRQHQWV��%XW�WKHUH�LV�RQH�WHFKQLTXH�ZKLFK�XVHV�D�GLIIHUHQW�DSSURDFK�DQG�FDQ�JLYH
YHU\�JRRG�PHDVXUHPHQW�UHVXOWV��,W
V�FDOOHG�WKH�UHVRQDQW�WHFKQLTXH�

�

High Q Measurements are Difficult

R

L

Q =
R

X
L

=X
L ω

������
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7KH�UHVRQDQW�WHFKQLTXH�SXWV�WKH�'87�LQWR�D�UHVRQDQW�FLUFXLW�ZLWK�NQRZQ�FRPSRQHQWV�LQVLGH�WKH�LQVWUXPHQW��7KH
LQVWUXPHQW�VRXUFH�SXPSV�FKDUJH�LQWR�WKH�UHVRQDQW�FLUFXLW�XQWLO�LW�UHDFKHV�HTXLOLEULXP��$W�WKDW�SRLQW��WKH�4�FDQ�EH
FDOFXODWHG��7KLV�WHFKQLTXH�LV�WKH�RQH�XVHG�E\�4�PHWHUV�VR�LW
V�VRPHWLPHV�FDOOHG�WKH�4�PHWHU�WHFKQLTXH�

��

�

Resonance (Q Meter) Technique 
Theory of Operation

Tune C so the circuit resonates

At resonance X   =  -X  , only R   remainsD C D

V~
OSC

Tuning C
 (X c) V

L (X  ), RD DDUT

e I= e
Z

X  =      =             (at resonance)C V
I

R  V
e
D

Q =        =        =
|V|
e

|X  |
RD

D |X  |
RD

C

������
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7UDGLWLRQDO�4�PHWHUV�WRRN�TXLWH�D�ELW�RI�WLPH�WR�DFKLHYH�UHVXOWV��7KH\�ZHUH�YHU\�PDQXDO�DQG�UHTXLUHG�WKH�SODFHPHQW
DQG�UHPRYDO�RI�YDULRXV�FRPSRQHQWV��+RZHYHU��WKH�GHVLJQ�RI�PRGHUQ�DXWRPDWLFDOO\�WXQDEOH�DLU�FDSDFLWRU�VWDQGDUGV
DOORZV�IDVW�DQG�YHU\�ORZ�HUURU�PHDVXUHPHQW�RI�KLJK�4�RU�ORZ�'�FRPSRQHQWV��,Q�ORZ�'�FDSDFLWRU�WHVW��LW�LV�VWLOO
GLIILFXOW�WR�DFKLHYH�KLJK�DFFXUDF\�PHDVXUHPHQWV�GXH�WR�WKH�QHHG�IRU�YHU\�VWDEOH�UHIHUHQFH�LQGXFWRUV�DQG�GXH�WR�WKH
YHU\�ORZ�'�YDOXHV�WKDW�WKH�FRPSRQHQW�PD\�KDYH�����������7HVWLQJ�FKLS�RU�60'�FDSDFLWRUV�UHTXLUHV�VSHFLILF�WHVW
IL[WXUHV�ZKLFK�KDYH�VWUD\V��SDUWLFXODUO\�VWUD\�FDSDFLWDQFH��ZKLFK�LQIOXHQFH�WKH�YDOXH�RI�WKH�WXQLQJ�FDSDFLWDQFH���

6KRZQ�KHUH�LV�WKH�WKHRU\�RI�RSHUDWLRQ�RI�D�UHODWLYHO\�QHZ�WHFKQLTXH�FDOOHG�YHFWRU�UHVRQDQW��7KLV�WHFKQLTXH�SURYLGHV
DXWRPDWHG�4�PHDVXUHPHQWV�DQG�DOVR�SHUIRUPV�D�WUDQVIHU�IXQFWLRQ�ZKLFK�DOORZV�WHVW�IL[WXUH�UHVLGXDOV�WR�EH
UHPRYHG�E\�FRPSHQVDWLRQ�DQG�IRU�WKH�PHDVXUHPHQWV�WR�EH�PDGH�UDSLGO\�

�

Vector Resonance (Q - Adapter)
             Theory of Operation

Automatic tuning

~
OSC

Tuning C

L,X RD D

DUT

2

VH VL

Transfer function H(  ) yields Q

Q
(  ) =

Q (1-     LC) + j    LC
2

VH

VL

=H

Vector
Voltmeters

(at resonance      LC=1) 

������
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$OVR�QHZ�LV�WKH�PHDVXUHPHQW�WHFKQLTXH�FDOOHG�5)�,�9��,W�DFKLHYHV�PRUH�DFFXUDWH�PHDVXUHPHQWV�RYHU�D�EURDGHU
LPSHGDQFH�UDQJH�WKDQ�WKH�WUDGLWLRQDO�UHIOHFWLRQ��1HWZRUN�$QDO\]HU��WHFKQLTXH�ZKLFK�KDV�KLVWRULFDOO\�EHHQ�XVHG�DW
KLJKHU�IUHTXHQFLHV��$W�WKLV�WLPH��WKH�5)�,�9�WHFKQLTXH�LV�OLPLWHG�WR�����*+=�

�

Wide Frequency Range: 1 MHz - 1.8 GHz
Good Accuracy: Basic Accuracy 0.8%
Wide Z Measurement Range: 0.1 - 50 k ohms (at 
10% accuracy)
Employed by:

HP 4291B (1 MHz - 1.8 GHz)
HP 4286A (1 MHz - 1 GHz)

New RF I-V Measurement Technique

������
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,Q�WKH�VLPSOLILHG�VFKHPDWLF�IRUP��WKH�5)�,�9�WHFKQLTXH�LV�TXLWH�VWUDLJKW�IRUZDUG��:H�KDYH�D�VRXUFH�ZKLFK�SURYLGHV
WKH�VWLPXOXV�DFURVV�WKH�'87��7KH�YROWDJH�DFURVV�WKH�'87�LV�GLUHFWO\�PHDVXUHG�DQG�WKH�FXUUHQW�WKURXJK�WKH�'87�LV
FRXSOHG�ZLWK�D�FXUUHQW�WUDQVIRUPHU�DQG�WKHQ�JRHV�WR�D�FXUUHQW�WR�YROWDJH�FRQYHUWHU�ZKLFK�WKHQ�JRHV�WR�DQRWKHU
YROWPHWHU��$JDLQ�ERWK�RI�WKHVH�YROWPHWHUV�DUH�YHFWRU�YROWPHWHUV��$OWKRXJK�WKLV�LV�D����2KP�V\VWHP��WKH�WHFKQLTXH
KDV�D�YHU\�JRRG�LPSHGDQFH�PHDVXUHPHQW�UDQJH�ZLWK�TXLWH�JRRG�DFFXUDF\�

�

V2

V1 DUT
V  = I * R2

Z = 
V

I

1
 = 

V   R

V

1

2

R

I

RF I-V Technique
Theory of Operation

������

5)���,PSHGDQFH�0HDVXUHPHQW�%DVLFV



6OLGH����

6LQFH�KLJK�IUHTXHQF\��KLJK�DFFXUDF\�PHDVXUHPHQWV�DUH�WRXJK��ZH�QHHG�DOO�RI�WKH�KHOS�WKDW�ZH�FDQ�JHW��7R�KHOS�XV�D
OLWWOH�PRUH��WKHUH�DUH���WHVW�KHDGV��RQH�WKDW�LV�RSWLPL]HG�IRU�KLJKHU�LPSHGDQFHV�DQG�RQH�RSWLPL]HG�IRU�ORZHU
LPSHGDQFHV��&KRRVLQJ�RQH�WHVW�KHDG�RYHU�WKH�RWKHU�ZLOO�FKDQJH�\RXU�LPSHGDQFH�UDQJH�RI�FRYHUDJH�E\�DERXW���RUGHU
RI�PDJQLWXGH�

�

RF I-V Technique
Theory of Operation

Vi

Vv

Ro

Ro

Vi

Vv

Ro

Ro DUT DUT

Voltage Current
VoltageDetection Detection

Current
Detection

Detection

High Impedance Test Head Low Impedance Test Head

������
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7KH�1HWZRUN�$QDO\VLV�PHWKRG�PHDVXUHV�WKH�UHIOHFWLRQ�IURP�WKH�'87�RI�DQ�LQFLGHQW�ZDYH��7KLV�LV�QRUPDOO\�GRQH
XVLQJ�D�GLUHFWLRQDO�FRXSOHU�LQ�D�7�5�RU�6�SDUDPHWHU�WHVW�VHW�

�

Network Analysis Method
Theory of Operation

DUT

V

VINC

R

V

VINC

R Z  - ZL O

Z  + ZL O

==

������
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7R�UHYLHZ�WKH�FRQFHSW�RI�UHIOHFWLRQ�RI�PLVPDWFKHG�LPSHGDQFHV��ZH�FDQ�ORRN�DW�WKH�ERXQGDU\�FRQGLWLRQV�IRU�VRPH
'87�LPSHGDQFHV��2I�FRXUVH��SUDFWLFDO�'87
V�ZLOO�KDYH�PRUH�FRPSOLFDWHG�UHIOHFWLRQV�

�

Network Analysis
     Example Waveforms

Example VInc and V R

V -V INCR =

VINC

V R

VR

V R V VINCR =

VR = 0 (Z  = Z   ) L O

(Z  = 0)L

(Z  =    )L
OO

������
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7KH�UHIOHFWLRQ�WHFKQLTXH�SURYLGHV�YHU\�JRRG�DFFXUDF\�LI�WKH�'87
V�LPSHGDQFH�LV�QHDU����2KPV��EXW�LW�IDOOV�RII
UDSLGO\�DV�ZH�PRYH�DZD\�IURP�WKDW�FHQWUDO�LPSHGDQFH��7KLV�JUDSK�VKRZV�WKH�H[SDQGHG�UDQJH�WKDW�FDQ�EH�FRYHUHG
E\�WKH�5)�,�9�WHFKQLTXH�

,Q�KLVWRULFDO�KLJK�IUHTXHQF\�FRPPXQLFDWLRQ�V\VWHPV�FRPSRQHQWV�RIWHQ�RSHUDWHG�QHDU����RU����RKPV��EXW�WRGD\
V
V\VWHPV�UHTXLUH�RSHUDWLRQ�RYHU�D�EURDGHU�UDQJH�RI�FRQGLWLRQV�DQG�IUHTXHQFLHV�VR�ZH�FDQ�VHH�PRUH�FRPSRQHQWV
RSHUDWLQJ�DZD\�IURP����RU����RKPV��$OVR��LQ�WKH�PHDVXUHPHQW�RI�PDWHULDOV��H�J��GLHOHFWULF�PDWHULDOV��ZH�FDQ�QRW
H[SHFW�WKH�LPSHGDQFH�UDQJH�WR�EH�DQ\ZKHUH�QHDU����2KPV�

�

Impedance [Ω]
Range

Freq.[Hz]

RF IV Method  vs. Reflection Method

100K

10K

1K

100

10

1

0.1
1M 10M 100M 1G

RF I-V 
Method

Reflection Coefficient 
Method

1pF

100K

10K

1K

100

10

1

0.1
2G

1nH

(Network Analyzer)

������
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7LPH�'RPDLQ�5HIOHFWRPHWU\�DOVR�UHOLHV�RI�WKH�SULQFLSDO�RI�'87
V�UHIOHFWLQJ�ZDYHV��%XW�LQ�WKLV�FDVH��LW�LV�QRW�ORRNHG
DW�LQ�WKH�IUHTXHQF\�GRPDLQ�EXW�LQ�WKH�WLPH�GRPDLQ��/RRNLQJ�LQ�WKH�WLPH�GRPDLQ�OHW
V�XV�XQGHUVWDQG�WKH
FKDUDFWHULVWLFV�RI��'87V��OLNH�IL[WXUHV��3&�ERDUG�WUDFHV��FDEOHV��HWF�ZKHUH�ZH�ZDQW�WR�ILQG�GLVWULEXWHG
FKDUDFWHULVWLFV�DQG�GLVFRQWLQXLWLHV�

�

TDR  Theory of Operation

V

VINC

R Z  - ZL O

Z  + ZL O

==

Z L

DUT

Oscilloscope

Step Generator

VV
INC R

Series R & L

Parallel R & C

0
t

������
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+HUH�ZH�DWWHPSW�WR�SURYLGH�D�VLPSOH�VXPPDU\�IRU�EHVW�WHFKQLTXH�VHOHFWLRQ��8VXDOO\�IUHTXHQF\�LV�WKH�ILUVW�GHFLVLRQ
IDFWRU�WR�XVH�ZKHQ�FKRRVLQJ�D�PHDVXUHPHQW�WHFKQLTXH��7KHQ�FRQVLGHU�WKH�RWKHU�FULWHULD�


�'87�LPSHGDQFH


�5HTXLUHG�PHDVXUHPHQW�DFFXUDF\


�(OHFWULFDO�WHVW�FRQGLWLRQV


�0HDVXUHPHQW�SDUDPHWHUV


�3K\VLFDO�FKDUDFWHULVWLFV�RI�WKH�'87

2IWHQ�WKH�'87
V�LPSHGDQFH�UDQJH�LV�FRPSOHWHO\�LJQRUHG��ZKLFK�OHDGV�WR�ELJ�GLVFUHSDQFLHV�ZLWK�WKH�PHDVXUHPHQW
UHVXOW�H[SHFWDWLRQV�

�

Simple Selection Rule Summary

Auto balancing bridge,
low frequency, f < 40MHz

Network analysis,

Resonant, high Q and low D

TDNA, discontinuities and distributed
characteristics

high frequency, f > 1.8 GHz

RF I-V, high frequency impedance measurement,
1MHz < f < 1.8GHz

������
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7KLV�WDEOH�JLYHV�D�OLVWLQJ�RI�GLIIHUHQW�+HZOHWW�3DFNDUG�SURGXFWV�DQG�WKH�WHFKQLTXHV�WKDW�WKH\�XVH��6HOHFWLQJ�WKH
SURSHU�LQVWUXPHQW�IRU�D�VSHFLILF�PHDVXUHPHQW�PD\�QRW�EH�D�WULYLDO�WDVN��$V�ZH�KDYH�EHHQ�GLVFXVVLQJ��PDQ\
SDUDPHWHUV�QHHG�WR�EH�FRQVLGHUHG�WR�PDNH�WKH�FRUUHFW�FKRLFH�

�

Measurement Methods and 
HP products (1)

Auto Balancing 
Bridge

(Four-Terminal Pair)

Resonant (Q-Meter)

RF I-V

Measurement Method HP Products Frequency range

HP 41941A Impedance Probe 
(withHP 4194A)

HP E4916A Crystal Impedance/LCR Meter
(with Opt.010)

HP 42851A Q Adapter ( with HP 4285A)

10KHz to 100MHz

1MHz to 180MHz

10Hz to 40MHz

5Hz to 13MHz

20Hz to 1MHz spot

100Hz to 10MHz spot

75KHz to 30MHz

75KHz to 30 MHz

HP 4263B LCR Meter

HP 4284A Precision LCR Meter

HP 4192A LF Impedance Analyzer

HP 4194A Impedance/Gain-Phase
Analyzer

HP 4285A Precision LCR Meter

HP 427xA LCR Meters

HP 4286A RF LCR Meter

HP 4291B Impedance/Material Analyzer

100Hz to 100 kHz spot

1 MHz to 1 GHz

1 MHz to 1.8 GHz

I-V (Probe)

������

5)���,PSHGDQFH�0HDVXUHPHQW�%DVLFV



6OLGH����

�

Measurement Methods and 
HP products

Network Analysis 
(Reflection Coefficient)

Measurement Method HP Products Frequency range

300KHz to 1.3GHz/6GHz

130MHz to 13.5GHz/20GHz

45 MHz to 100GHz

5Hz to 500MHz

100 kHz  to 500MHz

100 kHz to 1.8 GHz

HP 8751A Network Analyzer

HP 8752C/8753E RF Network Analyzers

HP 8510 Network Analyzer

HP 4395A Network/Spectrum Analyzer
with HP 43961A Impedance Test Set

HP 8719C/8720C Network Analyzers

HP 4396B Network/Spectrum Analyzer
with HP 43961A Impedance Test Kit

HP E5100A/B Network Analyzer 10kHz to 300MHz

������
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7KLV�PHDVXUHPHQW�KDV�EHHQ�PDGH�ZLWK�WKH�+3�����$�,PSHGDQFH�$QDO\]HU�ZKLFK�LV�DQ�DXWREDODQFLQJ�EULGJH��)URP
��0+]�WR����0+]��WKH�PHDVXUHPHQW�ZDV�YHU\�VWDEOH�DQG�VKRZV�WKH�SDUDOOHO�FDSDFLWDQFH�ZLWK�YHU\�KLJK�UHVROXWLRQ�
7KH�YDULDWLRQ�RQ�WKH�IXOO�IUHTXHQF\�UDQJH�LV�OHVV�WKDQ�����I)��7KHUH�DUH�VRPH�IOXFWXDWLRQV�LQ�WKH�ORZHU�HQG�EHFDXVH
RI�WKH�KLJKHU�LPSHGDQFH�RI�WKH�FDSDFLWRU�

�

Auto Balancing Bridge

A: Cp
A MAX  13.00    pF
B MAX  350.0    m

B: D MKR   1 006 570.375 Hz
 Cp       10.0742     pF

A/DIV   500.0    fF START       1 000.000 Hz
 STOP  40 000 000.000 HzB\DIV   50.00    m

D

������
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7KLV�PHDVXUHPHQW�KDV�EHHQ�GRQH�RQ�D�����0+]�1HWZRUN�$QDO\]HU��,Q�WKH�ORZ�IUHTXHQFLHV��WKH�LPSHGDQFH�RI�WKH
FDSDFLWRU�LV�IDU�HQRXJK�IURP�WKH����2KP�V\VWHP�LPSHGDQFH�WR�YHU\�FOHDUO\�GHPRQVWUDWH�WKH�LPSHGDQFH�UDQJH
OLPLWDWLRQ�RI�WKLV�WHFKQLTXH��&ORVHU�WR����2KPV��WKH�UHVXOWV�DUH�VLPLODU�WR�WKH�RQHV�JLYHQ�E\�WKH�RWKHU�WHFKQLTXHV��,Q
WKH�KLJKHU�IUHTXHQFLHV��ZH�VWDUW�WR�VHH�WKH�UHVRQDQW�IUHTXHQF\��$FWXDOO\�WKLV�LQVWUXPHQW�GRHV�QRW�JR�KLJK�HQRXJK�LQ
IUHTXHQF\�WR�YLVXDOL]H�WKH�UHVRQDQFH�SRLQW��EXW�DW�OHDVW�JLYHV�VRPH�XVHIXO�LQIRUPDWLRQ��IXUWKHU�DQDO\VLV�ZRXOG�QHHG
WR�EH�GRQH�XVLQJ�D�KLJKHU�IUHTXHQF\�LQVWUXPHQW��

�

Network Analysis

A: REF
13.00p

 [   F   ]

B: REF MKR   1 018 519.448 Hz
 Cp       10.7531p     F

  DIV START    100 000.000 Hz
 STOP 500 000 000.000 Hz500.0f

D

IMPEDANCE

180.0
 [   F   ]

RBW:   3 KHZ  ST: 6.15 sec  RANGE: A=   0, T=   0dBm
36.00

  DIV

������
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1H[W�ZH�ZLOO�GLVFXVV�WKH�WRSLFV�RI�FDOLEUDWLRQ��FRPSHQVDWLRQ��DQG�SRUW�H[WHQVLRQ��7KHVH�DUH�FULWLFDO�WRSLFV�WR
DFKLHYH�DFFXUDWH�PHDVXUHPHQWV�DW�5)�IUHTXHQFLHV�

�

Agenda

Impedance Basics

Measurement Techniques

Calibration, Compensation, and Port Extension

Component Fixturing

Summary

������
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)LUVW�ZH�QHHG�WR�XQGHUVWDQG�WKDW�&RPSHQVDWLRQ�LV�GLIIHUHQW�WKDQ�&DOLEUDWLRQ��/HW
V�VWDUW�E\�GHILQLQJ�&DOLEUDWLRQ�

&DOLEUDWLRQ�LV�WR�GHILQH�D�UHIHUHQFH�SODQH�ZKHUH�WKH�PHDVXUHPHQW�DFFXUDF\�LV�NQRZQ��VSHFLILHG��DQG�WUDFHDEOH�WR
QDWLRQDO�ODERUDWRULHV��7KLV�SODQH�LV�FDOOHG�WKH�&DOLEUDWLRQ�3ODQH��7KH�FDOLEUDWLRQ�SODQH�LV�XVXDOO\�DW�WKH�81.12:1
WHUPLQDOV�RI�RXU�PHDVXULQJ�LQVWUXPHQW��2Q�DQ�DXWREDODQFLQJ�EULGJH�SURGXFW��WKHVH�WHUPLQDOV�DUH�RQ�WKH�IURQW�SDQHO
DV���%1&�WHUPLQDOV��)RU�D�5)�,�9�RU�QHWZRUN�DQDO\]HU�LQVWUXPHQW��WKH�WHUPLQDOV�DUH�ORFDWHG�DW�WKH�WHVW�VHW�

$QRWKHU�GLIIHUHQFH�LV�ZKR�VHWV�WKH�FDOLEUDWLRQ��)RU�H[DPSOH�WKH�FDOLEUDWLRQ�RI�DXWREDODQFLQJ�EULGJHV�LV�GRQH�DW�WKH
IDFWRU\�ZKHQ�WKH\�DUH�SURGXFHG�DQG�LV�XSGDWHG�ZLWK�UHJXODU��H�J��\HDUO\��FDOLEUDWLRQ��)RU�WKH�KLJKHU�IUHTXHQF\
WHFKQLTXHV��LW�LV�WRR�GLIILFXOW�WR�PDNH�LQVWUXPHQWV�ZKLFK�FDQ�KROG�WKHLU�FDOLEUDWLRQ�RYHU�WLPH�DQG�GLIIHUHQW�VHW�XSV
�FRQQHFWRU�YDULDWLRQV��HWF����,Q�WKRVH�FDVHV�&DOLEUDWLRQ�LV�DFWXDOO\�GRQH�E\�WKH�XVHU�QRUPDOO\�WKURXJK�WKH�WKUHH
VWDQGDUGV����2KPV����6LHPHQV��DQG����2KP�ORDGV��7KH�XVHU�LV�DFWXDOO\�GRLQJ�WKH�FDOLEUDWLRQ�XVLQJ�WUDFHDEOH
VWDQGDUGV�

�

To define the "Calibration Plane" at which 
measurement accuracy is specified and traceable

What is Calibration ?

Z Analyzer
Standard Devices

 50

Calibration Plane

  50

������
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�&RPSHQVDWLRQ��UHGXFHV�WKH�PHDVXUHPHQW�HUURU�LQGXFHG�E\�WHVW�IL[WXUHV�EHWZHHQ�WKH�'87�DQG�WKH�FDOLEUDWLRQ
SODQH��:KHQ�D�'HYLFH�8QGHU�7HVW��'87��LV�GLUHFWO\�FRQQHFWHG�WR�WKH�FDOLEUDWLRQ�SODQH��WKH�LQVWUXPHQW�FDQ�PHDVXUH
LW�ZLWKLQ�WKH�VSHFLILHG�PHDVXUHPHQW�DFFXUDF\��+RZHYHU��WHVW�IL[WXUHV�DUH�XVXDOO\�FRQQHFWHG�EHWZHHQ�WKH
FDOLEUDWLRQ�SODQH�DQG�WKH�'87�LQ�DFWXDO�PHDVXUHPHQWV��DQG�WKH\�GHJUDGH�WKH�WRWDO�PHDVXUHPHQW�DFFXUDF\�E\�WKHLU
UHVLGXDOV��7KHUH�DUH�WZR�W\SHV�RI�FRPSHQVDWLRQ�WHFKQLTXHV�WKDW�QHHG�WR�EH�GLVFXVVHG��23(1�6+257�DQG
23(1�6+257�/2$'�

�

Definition of Compensation
To reduce the effects of error sources existing
between the DUT and the instrument’s "Calibration Plane".

Z Analyzer
LCR Meter

Fixture
Cables
Scanner, etc.

100 Ω

+Z Ω
Z Ω DUT

100 Ω

2 types of compensation

- OPEN/SHORT compensation

- OPEN/SHORT/LOAD compensation

Calibration Plane

������
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23(1�6+257�FRPSHQVDWLRQ�LV�WKH�PRVW�SRSXODU�FRPSHQVDWLRQ�WHFKQLTXH��,Q�23(1�6+257�FRPSHQVDWLRQ��WKH
UHVLGXDOV�RI�D�WHVW�IL[WXUH�FDQ�EH�PRGHOHG�DV�DQ�HTXLYDOHQW�FLUFXLW��6LQFH�=V����<R��VWUD\�DGPLWWDQFH�<R�FDQ�EH
PHDVXUHG�ZKHQ�WKH�WHVW�WHUPLQDOV�DUH�RSHQ��5HVLGXDO�LPSHGDQFH�=V�FDQ�EH�PHDVXUHG�ZKHQ�WKH�WHVW�WHUPLQDOV�DUH
VKRUWHG��7KHQ�WKH�'87�PHDVXUHPHQW�GDWD�=P�LV�FRPSHQVDWHG�E\�WKH�FDOFXODWLRQ�XVLQJ�23(1�DQG�6+257
PHDVXUHPHQW�GDWD��WKHQ�WKH�WUXH�YDOXH�=GXW�FDQ�EH�REWDLQHG��1RWH�WKDW�HDFK�SDUDPHWHU�KDV�UHDO�DQG�LPDJLQDU\
FRPSRQHQWV�

�

Open / Short Compensation

Residual Impedance Error Eliminated

Open Short

Calibration Plane

������
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6LPSOH�2SHQ�DQG�6KRUW�FRPSHQVDWLRQ�GR�KDYH�OLPLWV��7KH�ELJJHVW�LV�WKH\�GR�QRW�FRQVLGHU�WKH�HOHFWULFDO�OHQJWK�RI�WKH
IL[WXUH��RU�FRQQHFWLRQ�SDWK��ZKLFK�ZLOO�FDXVH�SKDVH�VKLIW��$V�ZH�NQRZ��SKDVH�VKLIW�LV�YHU\�FULWLFDO�WR�RXU�4�DQG�'
YDOXH�DFFXUDF\��7KHUH�PD\�DOVR�EH�RWKHU�FRPSOLFDWHG�VWUD\V�LQ�RXU�IL[WXULQJ�

$W�ORZHU�IUHTXHQFLHV��WKHVH�DIIHFWV�PD\�QRW�EH�VR�ODUJH��EXW�DW�KLJKHU�IUHTXHQFLHV��WKHLU�DIIHFWV�DUH�DOPRVW�FHUWDLQ�WR
FUHDWH�HUURUV��(YHQ�PLOOLPHWHUV�RI�XQFRPSHQVDWHG�HOHFWULFDO�OHQJWK�ZLOO�FUHDWH�PHDVXUHPHQW�SUREOHPV�DW���*+]�

�

Compensation Concept

Test Fixture
Residual Impedance
 (Z shift)

Electrical Length (φ Shift)

DUT

Calibration Plane

Cable

������
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23(1�6+257�/2$'�FRPSHQVDWLRQ�UHTXLUHV�WKH�PHDVXUHPHQW�GDWD�RI�D�VWDQGDUG�GHYLFH�ZLWK�D�NQRZQ�LPSHGDQFH
YDOXH�LQ�DGGLWLRQ�WR�WKH�23(1�6+257�PHDVXUHPHQW�GDWD��7KH�UHVLGXDOV�RI�D�WHVW�IL[WXUH�DUH�GHILQHG�DV�D
IRXU�WHUPLQDO�QHWZRUN�H[SUHVVHG�ZLWK�$��%��&��'�SDUDPHWHUV��$VVXPLQJ�WKDW�WKH�LPSHGDQFH�PHDVXUHPHQW�YDOXH�RI�D
'87�ZLWK�D�WUXH�YDOXH�=��EHFRPHV�=��DW�WKH�WHVW�WHUPLQDOV��WKH�IROORZLQJ�HTXDWLRQ�FDQ�EH�GHULYHG�
�����

=�� ��$
9��%
,������&
9��'
,��
���������� �����

����� ��$
=��%�����&
=��'�
�������� �����

�����ZKHUH�=�� �9��,��DQG�=�� �9��,�

�

OPEN/SHORT/LOAD Compensation

- Basic Theory -

Zdut
A B

C D
DUTV 2V1

Unknown 2-terminal

Impedance
Instrument

I1 I2

pair circuit

������
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23(1�6+257�/2$'�FRPSHQVDWLRQ�LV�HIIHFWLYH�WR�VROYH�SUREOHPV�ZKLFK�FDQQRW�EH�FRUUHFWHG�ZLWK�23(1�6+257
FRPSHQVDWLRQ�

�

Eliminates phase shift error

Maximizes correlation between  instruments

Eliminates complicated residuals

OPEN/SHORT/LOAD Compensation

������
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1HWZRUN�DQDO\]HUV�DQG�ROGHU�LPSHGDQFH�DQDO\]HUV��OLNH�WKH�+3�����$��GR�QRW�FRQWDLQ�FRPSHQVDWLRQ�FRUUHFWLRQ�
7KH\�RQO\�KDYH�SRUW�H[WHQVLRQ��7KLV�PHDQV�WKDW�WKH�'87�LV�EHLQJ�PHDVXUHG�ZLWK�WKH�UHVLGXDO�LPSHGDQFH��7KDW
OLPLWV�RXU�DELOLW\�WR�VHH�WKH�UHDO�FRPSRQHQW�SHUIRUPDQFH�

�����5)���,PSHGDQFH�0HDVXUHPHQW�%DVLFV��*$��LPSHG���SSW
��

Advanced Compensation in 4291B

DUT

DUT

Residual Impedance

HP 4291B HP 4191A
Delay* + Open / Short Delay* only

*Delay = Port Extension

������
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7KLV�LV�DQ�H[DPSOH�PHDVXUHPHQW�RI�D�FDSDFLWRU�PDGH�ZLWK�DQG�ZLWKRXW�FRPSHQVDWLRQ�IXQFWLRQV�

�

Measurement Example Using 
Different Compensations

CH1 | Z|               T&B  2 k,  200 m
CH2 Theta                36 /  REF 0 

    START  1 MHz                            STOP  1. 8 GHz
    OSC  500 mV                                  BI AS OFF
Hl d

Delay Only

Delay + Open/Short

������
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$V�ZH
YH�DOUHDG\�WDONHG�DERXW�KLJK�4�PHDVXUHPHQWV�DUH�YHU\�GLIILFXOW��7KH\�DUH�HYHQ�PRUH�GLIILFXOW�DW�KLJK
IUHTXHQFLHV�

�

High Q Measurements at High 
Frequencies are Particularly Difficult

R

             
L

Q =
R

X
L

=X
L ω

������
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3KDVH�DQJOH�UHIHUHQFHV�DUH�YHU\�LPSRUWDQW�WR�JHW�JRRG�PHDVXUHPHQW�UHVXOWV��7KHVH�UHIHUHQFHV�DUH�VHW�E\�WKH�XVHU
ZKHQ�FDOLEUDWLRQ�LV�SHUIRUPHG��7KH�PDLQ�LVVXH�LV�WKH����2KP�ORDG���,W�LV�DOPRVW�SXUHO\�UHVLVWLYH��EXW�QRW�TXLWH��7KDW
VPDOO�GHJUHH�RI�SKDVH�VKLIW�HUURU�PDNHV�D�SUREOHP�IRU�XV�

�

OPEN LOADSHORT

Z = Z
Phase = 0

O

?~

X

R

Z

Q = tan θ

θ

New Technique to Measure High Q
at High Frequencies

Available in HP4291B/4286A 

������
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7R�LPSURYH�RXU�UHVXOWV��WKH�+3�����%�DQG�����$�XVH�DQ�DGGLWLRQDO�HUURU�FRUUHFWLRQ�WHUP�IRU�WKHLU�FDOLEUDWLRQ��7KLV
LV�D�ORZ�ORVV�FDSDFLWRU��$FWXDOO\��ZH�GRQ
W�FDUH�DERXW�WKH�&�YDOXH�RI�WKLV�FDSDFLWRU��EXW�RQO\�LWV�SKDVH�DQJOH��,W�LV�DQ
DOPRVW�SHUIHFW����R��7KLV�OHWV�XV�ILQH�WXQH�WKH�FRRUGLQDWHV�PDNLQJ�D�KXJH�GLIIHUHQFH�LQ�VSHFLILHG�4�DFFXUDF\�

�����5)���,PSHGDQFH�0HDVXUHPHQW�%DVLFV��*$��LPSHG���SSW
��

+

OPEN LOADSHORT
Air (low loss)

Capacitor

Z = Z
Phase = 0

Z =

Phase = -90
O

jwC
1

?~

X

R

Z

Q = tan θ

θ

New Technique to Measure High Q
at High Frequencies

Available in HP4291B/4286A

������
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+HUH�ZH�FDQ�VHH�WKH�VSHFLILHG�DFFXUDF\�ZLWK�DQG�ZLWKRXW�WKH�VSHFLDO�FDOLEUDWLRQ�WHFKQLTXH��7KH�+3�����$�LV�DOVR
EHWWHU�GXH�WR�LWV�PRUH�DFFXUDWH�5)�,�9�PHDVXUHPHQW�WHFKQLTXH��EXW�WKH�PDLQ�LPSURYHPHQW�FRPHV�IURP�WKH
DGGLWLRQDO�FDOLEUDWLRQ�WHUP�

7\SLFDO�PHDVXUHPHQWV�PD\�KDYH�EHWWHU�UHVXOWV�WKDQ�WKHVH�VSHFLILHG�DFFXUDFLHV��EXW�IRU�4
V�RYHU������WKH�UHIOHFWLRQ
WHFKQLTXH�ZLWKRXW�VSHFLDO�FDOLEUDWLRQ�LV�QRW�OLNHO\�WR�JLYH�XVHDEOH�UHVXOWV�

�

High Q Measurement Comparison
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Specified Accuracy
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7R�YHULI\�WKDW�RXU�QHZ�WHFKQLTXH�LPSURYHV�UHVXOWV��ZH�WRRN�D�VDPSOH�FRPSRQHQW�DQG�PHDVXUHG�LW�XVLQJ�ERWK�WKH�5)
,�9�ZLWK�VSHFLDO�FDOLEUDWLRQ�DQG�WKH�YHFWRU�UHVRQDQW�WHFKQLTXH��ZKLFK�KDV�D�GLIIHUHQW�WHFKQLTXH�IRU�DFKLHYLQJ�KLJK
DFFXUDF\�4�PHDVXUHPHQWV��

�

How Accurate is the New 
Calibration Method?

Compare with HP 42851A Precision Q Adapter
Widely Used (Industry Standard)
High Q Measurement Accuracy
75 kHz - 30 MHz

HP 42851A

�

������
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7KHVH�DUH�WKH�UHVXOWV�IURP�RXU�H[SHULPHQW��:H�FDQ�VHH�JRRG�FRUUHODWLRQ�EHWZHHQ�WKH�PHDVXUHPHQW�WHFKQLTXHV�
7KH�UHVXOWV�DUH�VWLOO�QRW�LQ�SHUIHFW�FRUUHODWLRQ��EXW�ZH�NQRZ�4�PHDVXUHPHQWV�DUH�YHU\�VHQVLWLYH�DQG�HYHQ�UHPRYLQJ�
UH�LQVHUWLQJ��DQG�UH�PHDVXULQJ�WKH�VDPH�FRPSRQHQW�ZLOO�JLYH�PDQ\�SHUFHQW�RI�GHYLDWLRQ�
�

�

Good Data Correlation
- HP 4291B vs. HP 42851A -

Freq.
[MHz]

HP 4291A HP42851A Delta [%]

1 225.4 235.8 -4.4
2.5 164.8 176.8 -6.8

4 220.5 230.1 -4.2
7.9 221.9 235.7 -5.9
10 235.8 251.2 -6.1
25 233.3 254.8 -8.4
30 232.2 263.0 -11.7

������
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2XU�ODVW�PDMRU�WRSLF�WR�EH�GLVFXVVHG�LV�FRPSRQHQW�IL[WXULQJ�

�

Agenda

Impedance Basics

Measurement Techniques

Calibration, Compensation, and Port Extension

Component Fixturing

Summary

������
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:KHQ�ZH�DUH�WU\LQJ�WR�PHDVXUH�60'�FRPSRQHQWV�RU�GLHOHFWULF�RU�PDJQHWLF�PDWHULDOV��IL[WXULQJ�EHFRPHV�RQH�RI�RXU
PRVW�LPSRUWDQW�LVVXHV��$V�ZH�NQRZ��FDOLEUDWLRQ�RI�RXU�5)�LQVWUXPHQWV�OHDYHV�XV�ZLWK�DQ�$3&����RU�RWKHU��LQGXVWU\
VWDQGDUG�FRQQHFWRU��%XW�WKH�FRPSRQHQWV�DQG�PDWHULDOV�KDYH�YHU\�GLIIHUHQW�JHRPHWULHV�

:KHWKHU�\RX�DUH�WKH�XVHU�RI��VWDQGDUG��+3�IL[WXUHV�RU�QHHG�WR�GHVLJQ�\RXU�RZQ��VRPH�WRSLFV�QHHG�WR�EH�XQGHUVWRRG
WR�DFKLHYH�DFFXUDWH�UHVXOWV��/HW
V�ORRN�DW�VRPH�RI�WKRVH�

�

SMD and Material Test Fixtures
       a critical need for good results 

0
10
mm

������
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2I�FRXUVH�23(1�DQG�6+257�FRPSHQVDWLRQ�DUH�LPSRUWDQW��0RVW�LPSRUWDQW�IRU�WKH�23(1�LV�WKDW�WKH�FRQWDFWV�EH�LQ
DSSUR[LPDWHO\�WKH�VDPH�SRVLWLRQ�WKDW�WKH\�ZLOO�EH�LQ�ZKHQ�WKH�FRPSRQHQW�LV�LQVHUWHG��7KH�6+257�LV�WKH�WRXJKHU�RI
WKH�WZR��7R�KHOS�JHW�D�JRRG�VKRUW�FRPSHQVDWLRQ��ZH�VXSSO\�JROG�SODWHG�ORZ�UHVLVWDQFH�ORZ�LQGXFWDQFH�VKRUWLQJ
EORFNV�ZLWK�RXU�IL[WXUHV��WKDW�DUH�VLPLODU�JHRPHWULHV�WR�FRPPRQ�60'�FRPSRQHQWV��,I�\RX�GR�QRW�KDYH�D�JRRG�VKRUW�
LW�PD\�EH�EHWWHU�WR�DYRLG�GR�WKDW�FRPSHQVDWLRQ�WKDQ�GRLQJ�D�EDG�FRPSHQVDWLRQ��,W�LV�HDV\�WR�GR�D�EDG�VKRUW
FRPSHQVDWLRQ��XVXDOO\�WKH�SUREOHP�LV�QRW�WKH�UHVLVWDQFH�EXW�WKH�LQGXFWDQFH�

(OHFWULFDO�OHQJWK�FRPSHQVDWLRQ�LV�DOVR�LPSRUWDQW��:LWK�WKH�+3�5)�,�9�LQVWUXPHQWV�DQG�IL[WXUHV��\RX�FDQ�FKRRVH�WKH
IL[WXUH�PRGHO�QXPEHU�IURP�D�VRIWNH\�PHQX��7KHQ�WKH�LQVWUXPHQW�ZLOO�DXWRPDWLFDOO\�FRPSHQVDWH�IRU�VRPH�RI�WKH
IL[WXUH�SDUDVLWLFV�LQFOXGLQJ�SRUW�H[WHQVLRQ��L�H��GHOD\��

�

SMD Fixture Compensation

OPEN Compensation
Same Distance

SHORT Compensation
Same-size Shorting Device
16191A/2A/3A/4A furnishes 

(1 x 1 x 2.4 mm)
(1.6 x 2.4 x 2 mm)
(2.4 x 2.4 x 3.2 mm)
(2.4 x 2.4 x 4.5 mm)

������
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)L[WXUH�FRQWDFWV�VKRXOG�KDYH�DQ�DSSURSULDWH�DQG�UHSHDWDEOH�SUHVVXUH��<RX�SUHIHU�D�SRLQW�FRQWDFW�DQG�WKH�FRQWDFW
PDWHULDO�VKRXOG�EH�GXUDEOH�DQG�ORZ�UHVLVWDQFH��*ROG�LV�D�JRRG�FRQWDFW�PDWHULDO�GXH�WR�LWV�ORZ�UHVLVWDQFH�DQG�ODFN�RI
R[LGDWLRQ��EXW�XQIRUWXQDWHO\��LW�LV�QRW�WKH�PRVW�GXUDEOH�

�

Good Contact
Stable & High Pressure
Low R material

Point Contact

SMD Fixture Requirements

������
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7KH�SRVLWLRQ�RI�WKH�'87�LV�YHU\�LPSRUWDQW�WR�DFKLHYH�UHSHDWDEOH�UHVXOWV��6LGH�KROGHUV�RU�JXLGHV�DUH�RQH�DLG�KHUH�

�

SMD Fixture Requirements

Accurate Positioning of DUT

Contacts

Holders

������
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7KLV�VOLGH�VKRZV�WKH�PHDVXUHPHQW�RI�D��Q+�LQGXFWRU�ZLWK�D�YHU\�VOLJKW�GLIIHUHQFH�LQ�SRVLWLRQ�

�

Measurement Example Using 
Different DUT Positioning

�

DUT: 2 nH

Position:
 0.3 mm difference

������
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&RPSRQHQW�SRVLWLRQLQJ�LVVXHV�KDYH�EHFRPH�PXFK�PRUH�LPSRUWDQW�DV�WKH�FRPSRQHQWV�DUH�EHFRPLQJ�YHU\�VPDOO�
)RU�WKDW�UHDVRQ��+3�ZLOO�VRRQ�LQWURGXFH�D�QHZ�VHW�RI�IL[WXUHV�IRFXVHG�RQ�WKHVH�VPDOO�GHYLFHV��7KH\�HOLPLQDWH�WKH
SRVLWLRQLQJ�YDULDQFH�WKDW�ZH�H[SHULHQFHG�ZLWK�WKH�SULRU�IL[WXUHV��7KHVH�VKRXOG�EH�DYDLODEOH�QHDU�WKH�HQG�RI������

�

New RF Component Precision Fixtures

For new smallest SMD devices:
0603 EIA, 1608 mm
0402 EIA, 1005 mm

Improved measurement repeatability due
     to standardized component positioning 

������
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�

HP16196A/B SMD Test Fixtures

New RF Component Precision Fixtures

������
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$W�WKH�EHJLQQLQJ�RI�WKLV�SDSHU�ZH�GLVFXVVHG�WKH�SDUDVLWLFV�GXH�WR�VLJQDO�DPSOLWXGH��7KLV�PHDQV�ZH�QHHG�IL[WXUHV
WKDW�ZLOO�VXSSRUW�WKRVH�KLJKHU�YROWDJHV�DQG�KLJKHU�FXUUHQWV�

�

Fixtures Need to Support Wide 
Level Coverage (AC & DC)

DC Level

L 

Low µ

High µ

������
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+3�KDV�DOVR�LQWURGXFHG�D�'&�ELDV�DGDSWHU�ZKLFK�VLWV�RQ�WRS�RI�WKH�5)�,�9�WHVW�VHWV��,W�UHSOLFDWHV�WKLV�SODQH��VR�DOO�RI
WKH�VWDQGDUG�IL[WXUHV�FDQ�VLW�GLUHFWO\�RQ�WRS�RI�LW�

�����5)���,PSHGDQFH�0HDVXUHPHQW�%DVLFV��*$��LPSHG���SSW
��

Fixtured DC Bias Solution

Ext.DC Bias Source
Input Connector

APC-7 Test Fixture
HP 16200A
External DC Bias
Adapter

Impedance Analyzer
 (APC-7 Connector)

������
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7KLV�VKRZV�KRZ�FRQYHQLHQW�LW�LV�WR�PDNH�PHDVXUHPHQWV�DQG�WKH�YDULDWLRQ�WKDW�ZH�H[SHFW�IURP�DQ�LQGXFWRU�

�

Measurement Example Using the 
 HP 4291B with HP 16200A

CH1  L s                2 0  n H/  REF  6 0  n H
CH2  Rs                 1 0  /  RE F  2 0  

    ST ART   1  MHz                               ST OP  1  GHz
    OS C  5 0 0  mV                                  BI AS OF F

C o r

C m p

H l d

C o r

C m p

Hl d

Ls RsDC Bias Current:

0 A

2 A

0.5 A

1 A

0 A

2 A

0.5 A
1 A

������
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:KHQ�XVLQJ�WKLV�IL[WXUH�ZH�DJDLQ�QHHG�WR�GR�FRPSHQVDWLRQ��7R�DVVLVW�ZLWK�WKDW�ZH�SURYLGH�VRPH�DGGLWLRQDO�VKRUWLQJ
DQG�ORDG�GHYLFHV�WR�GR�ORDG�FRPSHQVDWLRQ�DQG�UHPRYH�WKH�DGGLWLRQDO�DIIHFWV�IURP�WKH�'&�ELDV�DGDSWHU�
�����������������������������������������������������������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
����������������������������������������������

�

Special Compensation Aids for
DC Bias Adapter

OPEN/SHORT/LOAD
for 4291B+16200A+Fixture

16200A furnishes
Shorting Device (4ea.)
Load Device(51ohm, 4ea.) 

1mm x 0.5mm
1.6mm x 0.8mm
2.0mm x 1.25mm
3.2mm x 1.6mm

������
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7KH�ODVW�QHHG�WKDW�ZH�ZLOO�GLVFXVV�IRU�IL[WXUHV�LV�WKH�QHHG�WR�GR�HYDOXDWLRQ�LQ�WHPSHUDWXUH�FKDPEHUV��7KH�+3�����%
KDV�WHVW�KHDGV�WKDW�PRYH�WKH�PHDVXUHPHQW��FDOLEUDWLRQ�SODQH��LQWR�WKH�RYHQ��XS�WR����R�&���$OVR�DYDLODEOH�DUH
VSHFLDO�IL[WXUHV�GHVLJQHG�DV�ZHOO�WR�RSHUDWH�LQ�WKRVH�HQYLURQPHQWV��7KHVH�IL[WXUHV�KDYH�VSHFLDO�VSULQJ�ORDGHG
FRQWDFWV�WR�DYRLG�SXWWLQJ�H[FHVVLYH�RU�WRR�OLWWOH�SUHVVXUH�RQ�WKH�FRPSRQHQWV�DV�WKH\�H[SDQG�DQG�FRQWUDFW�
6RIWZDUH�LV�DYDLODEOH�ZKLFK�OHWV�WKH�����%�FRQWURO�WKH�WHPSHUDWXUH�FKDPEHU�ZLWKRXW�WKH�XVH�RI�D�3&�RU�RWKHU
FRQWUROOHU�
������������������������������������������������������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������������������������������������������������������
��������

�

Temperature Chamber Testing

Turn Key Solution
High Temperature Fixtures
High Temperature Cable 
and Test Head

Chamber Control Software

HP-IB

'

LINE

O I

7 8 9

4 5 6

1 2 3

0 . -Entry
Off

Back
Space

ACTIVE 
CHANNEL

MEASUREMENT

SWEEP

INSTRUMENT 
STATE

ENTRY

MARKER

Start S top

Center Span

Rmt

G/n

M/

k/m

x1

Preset

Recall

Local

Save

System

Copy

Marker

Utility

Marker

Search

TriggerSourceSweep

CalBw/
AvgScale

Ref

Meas Format Display

Ch 
1

Ch 
2

+30dBm 
Max!

  0Vm  
Max

AVOID STATIC 
DISCHARGE

HP 4291B 

HP 16453A Fixture

Test Station

Temperature Chamber

Option 013/014 
High Temperature 
Test Heads

������
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������������������������������������������������������������������������������������������������������������������������������������������������

�����������������������������

�

Agenda

Impedance Basics

Measurement Techniques

Calibration, Compensation, and Port Extension

Component Fixturing

Summary

������
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7KDQN�\RX�IRU�DWWHQGLQJ�RXU�VHPLQDU��:H�KRSH�\RX�KDYH�OHDUQHG�VRPH�LQIRUPDWLRQ�WKDW�ZLOO�KHOS�\RX�DFKLHYH�EHWWHU
5)�FRPSRQHQW�PHDVXUHPHQW�UHVXOWV�

������������������������������������������������������������������������������������������������������������������������������������������������
��������������������������������������������������������

�

Summary

RF Impedance Measurements are Challenging

Use Equivalent Circuit Analysis and Models if 
Possible or Understand Limits of Other Models

Choose Best Measurement Technique

Calibration, Compensation, and Port Extension 
are Critical;  They Must Be Understood and 
Performed Correctly

Custom Fixture Designers Need to Consider 
Many Factors

������
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������������������������������������������������������������������������������������������������������������������������������������������������
�����

������������������������

�

Making Quality RF Impedance 
Measurements

     Back to Basics Seminar

������
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������������������������������������������������������������������������������������������������������������������������������������������������

���

�

Appendix

     Back to Basics Seminar

������
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�

Impedance Analyzer / LCR Meter Selection Guide (P/N 
5952-1430E)
Impedance Measurement Handbook   (PN 5950-3000)  
[soon to be available on www.hp.com]
Accessories Guide for Impedance Measurements (PN 
5963-6834E)

Key Literature

������
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7KLV�LV�DQ�PHDVXUHPHQW�H[DPSOH�WR�VKRZ�WKH�HIIHFWV�RI�WKH�23(1�6+257�/2$'�FRPSHQVDWLRQ��,Q�WKLV�H[DPSOH��D
���S)�FDSDFLWRU�LV�PHDVXUHG�ZLWK�WKH�+3����$��H[WHQGLQJ�LWV�WHVW�WHUPLQDOV�XVLQJ�WKH�+3�����(����PHWHU�FDEOH�
ZKLFK�FDQQRW�EH�FRUUHFWHG�ZLWK�FDEOH�FRUUHFWLRQ�IXQFWLRQ��$V�VKRZQ�LQ�WKH�SORW��WKH�23(1�6+257�/2$'
FRPSHQVDWLRQ�FDQ�UHPRYH�WKH�HUURUV�ZKLFK�FDQQRW�EH�FRUUHFWHG�ZLWK�WKH�23(1�6+257�FRPSHQVDWLRQ�

�,I�WKH�WHVW�WHUPLQDOV�DUH�H[WHQGHG�ZLWK�D�ORQJ�FDEOH�DW�D�KLJK�IUHTXHQF\��D�ODUJH�SKDVH�VKLIW�ZLOO�RFFXU�DQG�WKH
PHDVXUHPHQW�FLUFXLW�FDQ�EH�XQEDODQFHG��7KLV�SUREOHP�FDQQRW�EH�VROYHG�HYHQ�ZLWK�WKH�23(1�6+257�/2$'
FRPSHQVDWLRQ��

�

OPEN/SHORT/LOAD 
Compensation Effects

)
(

1

2

C
-m

ea
su

re
m

en
t 

er
ro

r 
[%

]

Frequency [kHz]

800 1000600400200

OPEN/SHORT compensation

OPEN/SHORT/LOAD compensation
)
(

3

������
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,W�LV�LPSRUWDQW�WR�XVH�D�SURSHU�/2$'�GHYLFH�IRU�DFFXUDWH�PHDVXUHPHQWV�

:KHQ�PHDVXULQJ�WKH�'87
V�YDULRXV�LPSHGDQFH�YDOXHV��LW�LV�UHFRPPHQGHG�WR�XVH�D�����RKP�WR���NRKP�GHYLFH�DV�D
/2$'��EHFDXVH�WKH�/&5�0HWHUV�,PSHGDQFH�$QDO\]HUV�FDQ�RSWLPDOO\�PHDVXUH�WKLV�LPSHGDQFH�UDQJH�ZLWK�EH�EHVW
DFFXUDF\�

:KHQ�PHDVXULQJ�D�'87�RI�RQH�LPSHGDQFH�YDOXH�LW�LV�UHFRPPHQGHG�WKDW�WKH�/2$'�KDYH�D�LPSHGDQFH�YDOXH�FORVH�WR
WKDW�RI�WKH�'87�

�

LOAD Device Selection

- Consideration 1 - 

When you measure DUTs which have various impedance values,

Select a LOAD device whose impedance value is 100Ω ~  1kΩ.
 

When you measure a DUT which has only one impedance value,

Select a LOAD device whose impedance value is 
close to that of the DUT to be measured.

������
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7KHUH�LV�QR�UHVWULFWLRQ�WKDW�D�LQGXFWRU�PXVW�EH�XVHG�IRU�LQGXFWDQFH�PHDVXUHPHQWV��RU�D�FDSDFLWRU�PXVW�EH�XVHG�IRU
FDSDFLWDQFH�PHDVXUHPHQWV�

6LQFH�WKH�/2$'�GHYLFH�PXVW�EH�VWDEOH��FDSDFLWRUV�RU�UHVLVWRUV�DUH�EHWWHU�VXLWHG�WKDQ�LQGXFWRUV��,QGXFWRUV�DUH�PRUH
VXVFHSWLEOH�WR�HQYLURQPHQW�FRQGLWLRQV�OLNH�KXPLGLW\�DQG�WHPSHUDWXUH�

:KHQ�PHDVXULQJ�ORZ�ORVV��ORZ�'��KLJK�4��'87V��LW�LV�QHFHVVDU\�WR�XVH�D�YHU\�ORZ�ORVV�/2$'��7KH�/2$'
V�WUXH
YDOXH�PXVW�EH�NQRZQ�DFFXUDWHO\�

:KHQ�PHDVXULQJ�WKH�/2$'
V�WUXH�YDOXH��LW�LV�LPSRUWDQW�WR�XVH�D�WHVW�FRQGLWLRQ�ZLWK�WKH�KLJKHVW�DFFXUDF\��������������������

�

Select pure and stable capacitance or resistance

LOAD value must be accurately known.

 loads (low D capacitors - i.e. mica)

LOAD Device Selection

- Consideration 2 - 
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Scanner Measurement in QA
Port Extension Method
Residual Impedance Compensation of Meas Path

Handler System in Production 
Data Correlation with QA 
Easy System Integration
Contact Check Function for Reliable Testing 

Multi-Path Compensation

������
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Solution for Discrepancy in 
Measurement Values

MULTI Channel
OPEN/SHORT/LOAD Compensation Function

Compensation Data #1

Compensation Data #2

Compensation Data #N

Ch.1

Ch.2

Ch.N

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Non-V
olat

ile

M
em

ory

Stores each
Channel
Compensation
Data

HP 4284A
HP 4285A
HP 4278A
HP 4279A

#301
#301
#301

128ch
90ch

256ch
16ch

������
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Effectiveness of Load Compensation 
for Multiple Different Paths

D

C

CH3
CH1

CH4
CH2

CH6CH5

D

C

CH5

CH3

CH1

CH4

CH2

CH6

Without Load Compensation 
on each channel

With Load Compensation 
on each channel

������
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No Metal Parts Near DUT

Test Signal

Magnetic Field

DUT

Metal Part

Eddy Current

SMD Fixture Requirements
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Characteristic Impedance: 50 ohm 

APC-7

DUT

Fixture

D

d

Use the right
dielectric material
for 50Ω characteristic
impedance

Zo =            log
√εU
138 D

d

SMD Fixture Requirements

������
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SMD test fixture example
HP 16192A

Contacts

DUT

Holders

Teflon Stage

������
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5)�,PSHGDQFH�UHIHUHQFHV

+3�/LW��1XPEHU 7LWOH

��������� ,PSHGDQFH�0HDVXUHPHQW�+DQGERRN
���������( /&5�0HWHU��,PSHGDQFH�$QDO\]HUV�DQG�7HVW�)L[WXUHV�6HOHFWLRQ�*XLGH�
���������( $FFHVVRULHV�6HOHFWLRQ�*XLGH�IRU�,PSHGDQFH�0HDVXUHPHQWV�
���������( (IIHFWLYH�,PSHGDQFH�0HDVXUHPHQW�8VLQJ�23(1�6+257�/2$'�

&RUUHFWLRQ
���������( (YDOXDWLQJ�7HPSHUDWXUH�&KDUDFWHULVWLFV�XVLQJ�D�7HPSHUDWXUH�

&KDPEHU�	�WKH�+3�����$���
���������( 3HUPLWWLYLW\�0HDVXUHPHQWV�RI�3&�%RDUG�DQG�6XEVWUDWH�0DWHULDOV�

XVLQJ�WKH�+3�����$�DQG�+3������$
���������( 3HUPHDELOLW\�0HDVXUHPHQWV�XVLQJ�WKH�+3�����$�DQG�+3������$
���������( (OHFWURQLF�&KDUDFWHUL]DWLRQ�RI�,&�3DFNDJH�XVLQJ�WKH�+3�����$�DQG�

WKH�&DVFDGH�0LFURWHFK�3UREHU
���������( 2Q�&KLS�6HPLFRQGXFWRU�'HYLFH�,PSHGDQFH�0HDVXUHPHQWV�XVLQJ�WKH

+3�����$
���������( 0DWHULDOV�&KDUDFWHUL]DWLRQ�ZLWK�D�1HZ�'LHOHFWULF�6SHFWURPHWHU�%'6�

�����DQG�WKH�+3�����$
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