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 Impedance analysis basics
* Performing impedance analysis with a Vector Network Analyzer (VNA)
* Impedance measurement methods

« Calibration techniques for ensuring accurate results
* Measurement examples

* Summary
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Definition of Impedance

Impedance (Z): Total opposition a device or circuit offers to the flow of AC

Imaginary axis

tia
X ZRX) Z = R+jX =|Z| cos @
R X X=|Z|sin®

1Z| AN
21= [Re +x2
0 0 = tan'1(X/R)
» Real axis
R

Unit of impedance: ohm ()
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Impedance parameter examples

L (Inductance)

['Om X =2xnfL = oL

w: Angular frequency (= 2f)

Inductive vector on
impedance plane

0 f=m—————

. X -X
Q = quality factor = = = &
R R
=tan@
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C (Capacitance)

|| ol -1
¢ 2nfC  @C

R “Xe

—W— —

i

ol
--=------|

Capacitive vector on
impedance plane

S I—

D = dissipation factor = 1
=tan §

Parasitic

* No real components are purely resistive or reactive
* Every componentis a combination of R, C and L elements

+ The unwanted elements are called parasitics

o Intrinsic C
AA T
w, 1 °
—| I— - unwanted _.«_l’ ’H;M\"‘_\
R and L of f\ 1
leads A=
unwanted R and C
of dielectric
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* Performing impedance analysis with a Vector Network Analyzer (VNA)
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Impedance measurements with a network analyzer

Ex. Keysight E5061B ENA (Option 3L3/3L4/3L5)

Features
» S-parameter test ports (5 Hz to 0.5/1.5/3GHz)
* Gain-phase test ports (5 Hz to 30 MHz)

» Impedance analysis capabilities (Option 005)
* Built-in DC bias source (up to +-40 VVdc)

* Supports connection with various test fixtures

Gain-phase test ports
(5 Hz to 30 MHz)

S-parameter test ports
(5 Hz up to 3 GHz)
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———— 0o 15 Hz upgto
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s12
S-parameter test ports

For network analysis of 1- or 2-port devices
(ex. filters, amplifiers, cables, antennas, etc.)

Network analysis: S-parameter test port (up to 3 GHz)

=i T m—
s -
S11 S
2 - 2 {
S21
-120dB
S22 i
J— 2 e e 10 H e — GHz B

Full 2-port S-parameter measurement

Broad frequency coverage with wide

dynamic range

KEYSIGHT
TECHNOLOGIES
Authorized Distributor

SENBERERERT
- INSYuUN ZETEEE Y

Inputimpedance (zin)=1 MQ/50Q  SOUICe
Attenuation (ATT) =20 dB / 0dB
. —

5 5 Hz to 30 MHz L
€9—°+ —b
+ O X @

Oy Oy

Gain-phase test ports
(5 Hz to 30 MHz)
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For evaluating low-frequency circuits
(ex. DC-DC converters control loops, op-amps circuits, etc.)

Measure
round transfer function
TIR=-AB
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Network analysis: Gainphase test port (up to 30 MHz)

Loopgain
0dB-t=~ =

Phase margin
!

1 MHz
S

- Sourceinjection
transformer

2020/6/30



2020/6/30

Impedance measurements with a network analyzer Benefits of a “combo” solution

IMPEDANCE ANALYSIS SOFTWARE (E5061B OPT.005) NETWORK ANALYSIS + IMPEDANCE ANALYSIS

Wireless interface)

. . N/
« Fully support basic impedance analysis functions SRS EEE TR x=
|
RF components (i.e. Inductor)

- Display impedance parameters § T D) — 0 S-parameters
. i i i i i M y

Calibration, fixture compensation 5§§§n5afigf)f>r ES = F;%J:'s Tix/sxi Databus
« Equivalent circuit analysis impedance  Amp gain & phase, '|'_2:\‘ [ T

CMRR/PSRR Oscillator Cable loss, impedance
circuits Transceiver portimpedance

» Multiple measurement methods

Loop gain & phase

» DC biased impedance measurement Resonatorimpedance

(0to £40 Vdc, max 100 mAdc) L16l Rl

— — R 6.946244 0
<l 24.50000 pF — 5
Comparably accurate Co 3472367 - + + + Blue: network analysis
C 47. 7 pF L q
impedance measurements DC-DC converter phase margin, output impedance Red: Impedance anaIySIS
p Equivalent circuit analysis with the E5061B option 005 EMI filter frequencyresponse

Passive component (capacitor)impedance
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* Impedance measurement methods
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Impedance Analyzers & LCR Meters

m&ﬁ ib ———
* Auto balancing bridge method
* RFI-V method

_
T oiTie L -_o;._o:

v Dedicated to impedance measurements
v Best impedance accuracy

v' Covers low to very high impedance range
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Impedance measurement solutions

Impedance Analysis with Network Analyzers

. Series-though method '/
—» Reflection method
Shunt-through method

v'Impedance analysis capabilities built into a
vector network analyzer (VNA)

v'Solid performance / accuracy

v Covers very low to high impedance range
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Auto balancing bridge method

Range
resistors r

IDUT

Virtual
ground

Auto-balancing bridge method
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* 20 Hz up to 120 MHz (E4990A)
* Best accuracy (0.045 % typ.)

* Very wide impedance
measurement range

Keysight E4990A
Impedance Analyzer

RF I-V method

Source §

-- Test Head ---------
Current measyrement channel

Receiver

Voltage measprement
channel

ZDUT

RF I-V method

R JRINSYUN
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*1 MHz to 3 GHz (E4991B)

Less accurate than the auto-balancing
bridge; More accurate than the NA-
based reflection method

*Excellent stability by measuring
voltage & current with a single receiver

Keysight E4991B
Impedance Analyzer
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Impedance measurement range using a network analyzer

Wide impedance measurement range is covered with three methods with a networkanalyzer.

et Applicable impedance range
method with NA pp p g
Mid - High
saft s Iy P —
Mid
Reflection P ———

Low - Mid
Shunt-through

im 10m 100m 1 10 100 1k 10k 100k
s@ErpEREinpedance [ohm]

| Y
WUN cinssinas

7 mm test fixture

16201Aterminal adapter

Keysight E5061B
Vector Network Analyzer
S1=V;/Vg

><

-y
><<
—— 50Q
50Q 50
Zpyt @
VOV

Zpur= 50 x (1+S 11)/(1-S11)
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Reflection method with a vector network analyzer

Mid - High
Series-thru

| Mid
- Reflction P—

Low - Mid
Shunt-thru

Impedance

*5 Hz to 3 GHz (E5061B)

*S11 measurement with built-in directional
bridge in the analyzer

For low to mid- impedance range (ex. 1 Q
to 2 kQ)

Test fixtures with 7 mm connector
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Series-through method with a vector network analyzer

Series-through Series-through

with gain-phase ports

Series-thru

with S-parameter ports -
Mid - High
i 2 [P

Reflction P—

Low - Mid
Shunt-thru

Test fixtures:
16047E (leaded DUTs)
16034E/G/H (SMD devices)

Zour= (50 X 2) x ((1-S21) /S21)

Impedance

*5 Hz to 30 MHz (E5061B gain-phase
port)

*5 Hz to several 100 MHz (E5061B S-
parameter test port, Port 1 & 2)

*For mid to high impedance range (ex.
5 Q to 20 kQ)

«Test fixtures for gain-phase port
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Shunt-through method with a vector network analyzer

Shunt-through
with gain-phase ports

Shunt-through
with S-parameter ports

Mid - High
Series-thru

‘ Reflection

Mid

Power splitter

DUT

S21=V4/Vg
-

0Q
Y
50Q 500
e Zout| s °
N

Zp, = 50 x S21/(2 x (1-S21))
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Low - Mid
Shunt-thru

Impedance

*5 Hz to 30 MHz (E5061B gain-phase
port)

*5 Hz to 3 GHz (E5061B S-parameter
test port, Port 1 & 2)

*For very low impedance range (ex. 1
mQ to 5 Q)

*Home-made fixture or RF probes are
required for DUT connection.
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0, H . .
10% measurement accuracy with S-parameter test port 10% measurement accuracy with gain-phase port
. . [ ——GP Series (T 500_20dB, R 1MQ_20dB) —— GP Shunt (T 50Q_0dB, R 50Q_20dB) |
‘ = Portl Reflection ~ ===Portl-2 Shunt === Portl-2 Series ‘
1M ‘ ‘ 1MQ
100kQ ) Q
| Series-through oo
10k = with S-parameter port 10k Series-through
R — ‘ £ e with gain-phase port
£ s
o ]
100Q [ s . = - 2 1000
g Reflection | g
g wo =g s (with Port 1) ! w g wa T
E e 25 = =
c 10 - 5 10
2 a  —  — ) i  ——
o
—=amu 100mQ
4 [ Shunt-through = = 0 [ Shunt-through
. 10mQ . .
with S-parameter port = with gain-phase port
1mQ
100uQ
1Hz 10Hz 100Hz  1kHz 10kHz 100kHz 1MHz 10MHz 100MHz 1GHz 1 amz 10Hz  100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100MHz 1GHz 10GHz
Frequency (Hz) Frequency (Hz)
; :m;‘;‘Lsyez’gasé‘eo"‘“r;?r"isa“ﬁ‘;ﬁ:i_vew low impedance at low frequencies. gy nplemental performance data (SPD). Representsthe Supplemental performance data (SPD). Representsthe
value of a parameter that is most likely to occur; the 11, Affected b ZP value of a parameter that is most likely to occur; the
KEYSIGHT NS SERRIE ISR expected mean or average. It is not guaranteed by the - Aflected by 20 PR of resicual Ny e e TF St IS AT 35 7S expected mean or average. It is not guaranteed by the
TEeHmoLoses YUN G nszamaa product warranty. WUN Sinisnag e
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« Calibration technigues for ensuring accurate results
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of NA
(type-N)

—H

/

7 mm test m
fixture ‘ :

Calibration for reflection method

Residual impedance &

AN stray capacitance

O

ToPort1  16201A Terminal adapter Ww 7 mm Connector

]

v 2
Semi-rigid cable

* Low-loss capacitor cal improves phase uncertainty ofload 7 mm test fixture
standard at high frequencies by measuring an air capacitor
whose phase angle can be regarded as ideal 90degree. 16201Aterminal adapter

:> Open/short compensation

‘ Phase shift at

Ei 50 Q coax section

:> Port extension

(Electrical length compensation)

Open/short/load calibration + optional
low-loss capacitor calibration (*)

. Open
. Short
. Load

KEYSIGHT

TECHNOLOGIES

Authorized Distributor

SENBERERERE
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Calibration for series-through method
Series-through with gain-phase port Open/short/load 5 o_ Open
(5 Hz to 30 MHz) r

calibration . —0——o0— Short
—A —o-W—o— Load
4-terminal-pair
fixture | [ %1 Zour® H_El HE‘J \
T[ R LFOUT
t 1 T
l 50 Q input 1 MQ input _ Source
[ E5061B gain-phase port J E5061B-720

50 Q resistor set

Series-through with S-parameter port
(5 Hz to several-100 MHz)

____—— Open compensation

SOLT (Short/Open/Load/Through) calibration

KEYSIGHT SRR E BRSNS
cooces JPINSYUN EEREEERS

Authorized Distributor

Calibration for shunt-through method

Shunt-through with gain-phase port 1. Response-through calibration
(5 Hz to 30 MHz)

= b

2. Open/short/load calibration

HEh HEH “Eh For measurements of greater than
>1Q, phase, or ESR over 10 MHz
Open Short 500

DUT

For measurements of |Z|, Lor Cin
low frequency range

Shunt-through with S-parameter port
(Up to several-100 MHz or GHz range)

SOLT (Short/Open/Load/Through) calibration
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TECHNOLOGIES RINSYUN ::E:']{Ebﬂ?iﬁgﬁﬁa

Authorized Distributor

2020/6/30

13



Agenda

Measurement examples
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Example 1) Characterizing 100 nH inductor

Reflection method delivers comparable results with dedicated impedance

analyzers.
35607 60
Quality factor (Q) "
3 =T | £ AL ( : L e
Ls (H) a0 _/ ]
15607 11
P E50618 30 | V' 1Ly
y
50508 — Reflecnon‘ # | |
4294A (4 avg) 0 .l Wi |
0508 I A
< ( _ E4991A (8 avg) 10 2 III l
15807 : : : : | o+ - 8 .
10 kHz 100 k im oM 100M 1GHz 10 kHz 1040 k ™ oM 100 M 1 GHz

ES0G1B
Reflaction |
42944 (4 avg )

E49914 (8 avg)

E5061B ENA setup:

Setup: 10 kHz to 3 GHz, -10 dBm source power, 30 Hz IF bandwidth. Reflection method.
Calibration: Open/short/load calibration & low-loss capacitor calibration, port extension, open/short compensation.

Q(EILE”Y“SOEEGITE R" |SYUN zis'f;%'tﬂﬁEiﬁﬁ*E%ﬁﬁil‘Si
Authorized Distributor

mARRARAS
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Example 2) Characterizing 10 nF capacitor

Series-through method delivers comparable results with dedicated impedance
analyzers for moderate impedance range.

cp

) e

Phase

D

4

|
] KHZ e g e T

E5061B ENAsetup:

1.0E-08 Cob (F B
9.5E:09 P (F)
9.0E:09 MMNA""-‘«»‘
85809 T~ E50618
8050 J — Series»‘through
. 4294A (4 avg)
7.0E-09
100 Hz 1 10k 100k 1M  10MHz
010 R —
Dis ipation factor (D)
0.08 /
S
006
004 / E5061B
41 — Series-through
002 | ——
W 4294A (4 avg)
000 '
0.02 ! - - .
100Hz 1k 10k 100k 1M 10MHz

kHz

Setup: 100 Hz to 10 MHz, 0 dBm source power, Auto IF bandwidth (20 Hz limit). Series-through method with

gain-phase port. Calibration: Open/short/load calibration.

Example 3) Characterizing 200 uF capacitor

Shunt-through method with appropriate calibration technique delivers

comparable results with dedicated impedance analyzers.

25804 ] 0.040
Rs (=ESR iError with response through
20E-04 = = ! Cs (F) 0.035 Q ( ) / calibrationin higher frequency
0.030 ( )
15E-04
Gain-phase (Thru cal 0025 Gain-phase (Thru cal
10E-04 —— Gain-phase (Thru cal) 0020 A ; N a\}n—p ase (Thru cal)
— Gain-phase (OSL ‘\\\ Py — Gain-phase (OSL cal)
50E05 0.015 - —
- — S-parameter port (SOLT i S-parameter port (SOLT
=) 0.010 cal)
0.0BH00 o 42941 8 42947 8
r WA 0.005 avg)
-5.0E05 T T T T 0.000 T T T
1k 10k 100k 1M 10MHz 1k 10k 100k 1M  10MHz
10 MHz

IGHT

A ERRIGHT

Authorized Distributor

E5061B ENA setup:
Setup: 1 kHz to 10 MHz, 0 dBm source power, Auto IF bandwidth (20 Hz limit). Shunt-through method.
Calibration:
- gain-phase port: Response through calibration or Open/short/load calibration (T-portATT = 0 dB)

- S-parameter port: SOLT calibration + port extension. Large magnetic core attached to test cables.

SBINSYUN 2

RIERREEHE
HRARAT
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Example 4) Characterizing crystal resonator
Impedance analysis software computes the equivalent circuit of DUT from

measured impedance results.

R
o 4 :
WA T | — = Fa
¥ =l \
al i Phase

E5061B ENA setup:
Setup: Center frequency 14.4 MHz, -19 dBm source power, 30 Hz IF bandwidth.
Reflection method using 16201A + 16092A 7 mmfixture.
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Example 5) Adding DC bias
The built-in DC bias source is used for characterizing a ceramic capacitor with a
strong dependency on the applied DC voltage.

Frequency sweep
(100 Hz to 30 MHz)

+10%
DC bias sweep

(-10 to +10 Vdc,
CW=10 kHz)

+10 Vdc

KEYSIGHT SEBHRIEXEEE
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IR Drop by dynamic load

Large
DC-DC decoupling Middle and Small
converter capacitor size capacitor IC

GrdPlane  —

Power Plane | 1 | | 1 111 |

AV = Al X R

by IC consumption PDN Impedance

Voltage =
AV IR Drop current g
pall 2
“/—M _ s
= XL
£
=
g
Time Time DC TkHz TNHz 100MHz  1GHz Freq.
IR Drop noise Current change

Large PDN impedance measurement at IC
DC-DC . iddl d I .
converter decou_pllng Middle and Smal position.
capacitor size capacitors
Plane | - 1 | E—
poer | ] 1 ]
Plane
PDN impedance
DC-DC Large
Convertor decoupling Middle and Small Capacior and
Loop-gain capacitor size capacitors inductance
= N ————— —T— —T—
: 3
PON 2] RN L ’
! - Size / position of bypass cap
100 mohm -PCB Layout
10 mohm - DC/DC convertor loop gain
1mohm
DC 1kHz 1MHz 100 MHz 1GHz Freq(Hz)
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Example 6) Output impedance of DC-DC converter

Extremely low-impedance measurement (in mQ range) can be achieved with
shunt-through method using gain-phase port.

£33
.
b4
T d
R&T : 50 Qinputs
Insert 1 mF capacitors for DC i
DUT blocking when DUT’s output - » }
voltage exceed 5 Vdc (up to 10 \
Ry FeedbackLoop Vdc or so). el A1 O A = Ao ma il il
supply g 1
; L 11a 1 e
\ Load| | Ammuartap s R
T ! T B .. Converter Converter
g OFF ON
Solder SMA receptaclesto i

DUT's output port

10Hz 10 MHz

E5061B ENAsetup:

Setup: 100 Hz to 10 MHz, 10 dBm source power, 10 Hz IF bandwidth). Shunt-through method using gain-
phase port. T: Zin = 50 ohm, ATT = 0 dB, R: Zin = 50 ohm, ATT = 20dB
Through calibration performed with -10 dBm source power

Select the best method for your applications

Frequency | Impedance | Recommended method Example DUTs
range range and test port
<100 mQ Shunt-through method with | DC-DC converters,
gain-phase port (to 30 mid or large bypass
MHz); S-parameter test port | capacitors, power
(above 100 kHz) distribution networks (PDNs)
o 1Qto 10kQ | Reflection method with S- Inductors, transformers, 9 5‘ \;]
elow
arameter test port resonators SN
MHz P P Ay Shl
>10 kQ Series-through method Small capacitors, resonators,
with gain-phase port (up to inductors and transformers RS T T N1 |
30 MHz); S-parameter test \
port (up to 300 MHz)
<100 mQ Shunt-through method with | Small bypass capacitors,
S-parameter test port PDNs
Above 100
MHz 1Qto2kQ Reflection method with S- RF Inductors and capacitors,
parameter test port other RF passive _,* @i‘
components
KEYSIGHT |2 =ERHRIENIRELHT
i WUN Gpinizamng
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Agenda Summary

*Impedance analysis capabilities on a network analyzer

. offer greater versatility on your R&D bench.

: * Select the most appropriate impedance measurement
. method and calibration technique depending on your
5 application.

* Summary
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