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Networks are analog circuits, not computer
communication paths.

Testing filters, attenuators, splitters, couplers,
amplifiers, receivers, duplexers, mixers, and many
more device types

Network analysis is the characterization of a device, circuit, or
system derived by comparing a signal coming out of the device
with a signal applied to the device.
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Signal Analysis Characterizes an Unknown Signal

>

Unknown signal Signal analyzer
source

Network Analysis Characterizes an Unknown Circuit

(Device Under Test)

» DUT =
=

Signal analyzer

: Reference signal
Signal source
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Incident

Transmitted

Reflected

Transmitted

—

Incident

Electronic Device

Reflected
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Verify building block performance  Test before RF system
installation

Test for linear and non-linear

Ensure distortionless signal  distortion
transmission Flat frequency response

Gain compression
AM-PM conversion errors

Ensure good impedance match Efficient power transfer
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1 Utilize a stimulus/response test system.

Incident R | Device .
« under » Transmitted
Reflected test
Network analyzer Reverse tests: Move
receivers R, A, and B stimulus to other port
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Measure the amplitude and phase
ratios over the device’s frequency.

Forward and Reverse
Transmitted and Reflected

Transmitted
Incident

r vs frequency

B
R
Reflected A
Incident R
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Calculate application parameters from
the ratio data.

Transmission Parameters Reflection Parameters

Transmission coefficient, Reflection coefficient,
Tandt I"'and p
Insertion gain and loss Return loss

S-parameters S21 and S12 S-parameters S11, S22

_ Impedance, Z, R+jX
Insertion phase Admittance, A, G+jB

Group delay Standing wave ratio, SWR
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Present the results as numerical,
graphical, or data objects.

— @ ©&

XY plot Polar plot Smith chart

<>

Printed table Data file
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Incident Transmitted
:’ [} eecvoncoedcs [T} =—==p
Reflected

A vector network analyzer measures
relative amplitude and phase:

Reflected and Transmitted
Incident Incident

Page 11 -5 Agilent Technologies




1. Complete characterization of
linear networks -— > .
S11 822
*— < —o
S12

2. Complex impedance needed to
design matching circuits
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3. Complex values needed for
device modeling

4. Time-domain characterization

5. Vector-error correction

High-frequency trans,@stor model

AA [ AN
vy vy

4
1

"
~ T 7
(=)
3,

Base )
Collector
% Emitter
Mag
N
Time
Error
t\
Measured
Actual
<% Agilent Technologies
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Low frequencies (< 100 MHz)

Wavelengths are much longer LWaveIength .I
than the wire length.

Current travels down wires \/\/\
easily for efficient power

transmission.

_><_

Voltage and current magnitude Wire length
and phase are not dependent
upon the position along the
wire.
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High frequencies (> 100 MHz)

Wavelength is less than the length of
transmission medium.

Match the load and source to the

line’s characteristic impedance (Z,) Wa_\/flfigth
for maximum power transfer. N

When poorly matched, the
voltage and phase are «— Wire  ___,
dependent upon the position
along the line.
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Twisted-pair
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Source

Equivalent circuit of an ideal transmission line

Loss
Impedance
Delay

O-}e—e—h Z,

Coaxial cable
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Zym-G———————0- = Z,

Has common values: 50 Q (Ohms) and 75 Q

Describes the relationship between the voltage
and current traveling waves
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Normalized
values

1.5

14

1.3

1.2

11

50 ohm

standard \
|

1.0

0.9

0.8

0.7

0.6

Attenuation is
lowest at 77
/ ohms

Power handling
‘capacity peaks at
30 ohms

0.5
10

20 30 40

50 60 708090100

Characteristic impedance for coaxial airlines (ohms)
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Transmitter } Antenna

Source
Signal impedance

Cable

Load
Impedance
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1.2

1
Rq 0.8 ™~
Load N
power, *® / \\\\
R normalized o4 T

L [T ~——
0.2
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0 1 2 3 4 5 6 1 8 9 10

Maximum power is transferred
when R =Rgqg
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Maximum power transfer for
complex impedance requires a

conjugate match.
% | Zg=Rg+jX  Zg=Rg-jX

Ls=Z1~
Z.= 0.6 +j0.3
Z,*=0.6-j0.3

Page 22 Agilent Technologies




V source :> \M

<:: \ return — 0

The load match is perfect and no signal is
reflected back to the source.
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A
@ EF% Z, 1s not Z,
oV rotum X 0

The load match is not perfect and a signal is
reflected back to the source.

Page 24 -5 Agilent Technologies




Low frequency techniques don’t work

The parameters H, Y, and Z
require open and short circuits

Complex impedance computation is required

Matching devices over wide
frequency ranges is tough

Scattering parameters characterize RF and
microwave devices
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*Measured using a network analyzer

*Relate to familiar measurements

®Cascade to measure system performance

*Used in device simulation

S-parameters are the most efficient
tools for characterizing complex
devices at high frequencies.
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Traveling Traveling
waves waves

) Port 1 >} b,
d___Ja

2,

First number - Second number -
port where signal port where signal
emerges (to) is applied (from)
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Incident 821 Transmitted

Reflecte_ol> Port 1 Port 2 ‘Beflected
S S o [ S5,
|

Transmitted 912 Incident
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511 = forward reflection coefficient (input match)
S22 = reverse reflection coefficient (output match)

521 = forward transmission coefficient (gain or loss)
512 = reverse transmission coefficient (isolation)

Example: The magnitude of S21 is gain or loss

S-parameters are
Complex numbers
Linear values
Expressed in dB to see wide range of values
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Optimum power transfer between mismatched devices

Requires

/ Smith chart

S-parameters
S11 and S22
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Rectilinear Impedance onto a Polar Plane

Z =0
Inductive o
reactance Z, = infinity
Resistive 0
Capacitive <
reactance
Z =1,

Circles = constant resistance
Arcs = constant reactance
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Lowest frequency

-———

b

" o —-—

Highest frequency
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Device output impedance
=0.6 +j0.3

The conjugate match: the
numbers are the same,
but the reactance sign is
opposite

Conjugate impedance
=0.6-j0.3



Questions and Answers
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Network analyzer

Receiver R Receiver A Receiver B

7Y

Sgﬁe\‘g Port1 & Port 2

Input Output

Incident Transmitted
| ;: I
q | Electronic Device q

Reflected
Forward characteristics
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Receiver R Receiver A Receiver B

7Y

Source @ Port 1

Input Output

Transmitted Incident

|
<:- Electronic Device |

Reflected

Reverse characteristics
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InC|dent Transmitted

Reflected

Source

;; $ SIGNAL oo
$ SEPARATION |3<— | TESTSET

(R) (A)
! (B)

RECEIVER / DETECTOR

PROCESSOR / DISPLAY

INCIDENT | REFLECTED TRANSMITTED
\ 4
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Provides DUT Stimulus ‘S @)

SOURCE

SIGNAL SEPARATION
TEST SET

A 4

RECEIVER / DETECTOR

o Supplies stimulus, or incident S A—
signal, for testing

e Swept frequency or power

o Most analyzers sold today have
integrated, synthesized sources

nooooooo
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Signal Separation

?-Nﬂl-:»

=)

SIGNAL SEPARATION
TEST SET

RECEIVER | DETECTOR

A 4

PROCESSOR / DISPLAY

=) . Measures the incident signal for a reference
e Separates the incident and reflected signals

Splitter

Non-directional
Broadband

6 dB loss

Directional coupler

1 Directional

Microwave
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Signal Separation ?"'@"‘:"

SIGNAL SEPARATION
TEST SET

RECEIVER | DETECTOR

L 4

PROCESSOR / DISPLAY

e Measures the incident signal for a reference
m) « Separates the incident and reflected signals

Directional coupler Bridge
i Directional
3 2 . Broadband
Microwave Some loss
Low losses C"D Detecto
-- (@) Test Port
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Reference Reflection

Desired  receiver (R) _receiver (A) Desired
reference , __ Undesireda 4 ° |ofiected
Source - signal leakage : | signal
Incident - signal , N
}— %
@ > " g To DUT
Sends a small part of Sends a small part of
the incident signal to R the reflected signal to A
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Coupled port

A A
| |
Undesired leakage 1 —_ | Desired reflected
signal / \ signal

3
@ > | 25 / » Test port

Directivity is a measure of how well a coupler can
separate signals moving in opposite directions
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Device

Directiv

DUT RL =40 dB o
" >
s A s tit
= 30 5 |
E — Add in-phase
i X
B
60 A -
Frequency Vector Sum ! Q
| '(%
R A
Directivity

Add out-of-phase
® (cancellation)

ity

v
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SOURCE

SIGNAL SEPARATION
TEST SET
L 2
RECEIVER / DETECTOR

v
PROCESSOR / DISPLAY

Transmission Test Set (T/R)

S-parameter Test Set
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eFOrward measurements

only

R
eLimited calibration 4A6>®_ B
X S
Port 2
H

Forward
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e FOrward and reverse
measurements

e Extensive calibration
possible

Source

T

Transfer
switch

~MA

A
x(4® QB_WX

M-

Port 1

Forward
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Reverse

Agilent Technologies




R —
sﬁ:?-m?

SIGNAL SEPARATION
TEST SET

L 2
» RECEIVER / DETECTOR

L 7

PROCESSOR / DISPLAY

Scalar Network Analyzer Vector Network Analyzer
— w@ﬁk
WWW Y

Broadband Narrowband

Page 47 Agilent Technologies




eMarkers

eLimit lines

ePass/fail indicators
eLinear/log formats
«Grid/polar/Smith charts

Sﬁ:l?/-?

SIGNAL SEPARATION
TEST SET

A 4

RECEIVER / DETECTOR

A 4

PROCESSOR / DISPLAY

CH1 Soq log MAG 10 dB/ REF 0 dB 1_-1.9248 dB
CH2 S12 log MAG 10 dB/ REF 0 dB 1_-1.2468 dB
A 39.470 000 MHz
PRm
Duplexer Test - Tx-Ant and Ant-Rx
Cor

L~ NT |

0000
= 0000
o9
0O 0||loo 000
O ||oc ocooo

|

ASS

/ A

80.435 000 MXZ

PRmM V /

Ny

V PAls
Hid
CH1 START 775.000 000 MHz STOP 925.000 000 MH¢
CH2 START 775.000 000 MHz STOP 925.000 000 Mz
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Port 1 Port 2

| Electronic Device

Where do we start?

*Understand the application requirements

°List the measurement parameters required

*Specify the minimum test equipment set
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Port 1 Port 2

;’ [} eecvoncoerce [T} =—==p

Device under test (DUT)

*Two port device

®Active or passive

°Linear or non-linear performance
*Wide or narrow frequency response
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Insertion gain and loss S-Parameters S,, and S,,

Transmission coefficient, T and < Group delay
Insertion phase

Impedance, Z Return loss

S-parameters S,, and S,

Reflection coefficient, I and p

Standing wave ratio, SWR
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Power Transmitted

Insertion Loss (dB) = -10Log

Power Incident

=-10 Log Vransmitted = -20 Log Vransmitted

VIncident V

Incident
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Limits with guardband Specification limits

10.8
10.6 —
104
Insertion 10.2

loss, dB 10.0
0.8
0.6
0.4

9.2
9.0

100 MHz 12 GHz
Frequency
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Return loss (dB) = -20 Log

Voltage Reflected |

Voltage Incident

=-20 Log()

Voltage Reflected

where O =

Voltage Incident
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Specification limit

28
Return gg
loss, od
dB
22 —
20
100 MHz 12 GHz
Frequency
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i E max
I Emin

Standing wave ratio or Voltage Standing Wave Ratio

Emax 1+p
SWR = VSWR = Emin = o

No reflection Full reflection
(Z, = Z,) (Z, = open, short)




Network analyzer

Input Output

q| : Electronic Device P 2 »
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Network analyzer

Input Output

— ||||||||| T <\_§-

Enabled by the
network analyzer’s
Internal test set.
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Measured Actual
_ Measurement :
device el device
performance performance
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Calibration

Systematic
Predictable

Random
Uncorrected

Unpredictable

Drift
Re- System changes after calibration

calibration Can be fixed
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R A B

Crosstalk

Drrectivity - 22
@@J s 3
= d out -

Frequency res’.;(;\\s.,e\—\ Source Load

ereflection tracking (A/R) Mismateh Mismatch
¢transmission tracking (B/R)
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Directivity
Crosstalk
Six Error Source match
Terms Load match

Transmission frequency response
Reflection frequency response

Complete characterization of a two port
device requires forward and reverse
measurements, for a total of 12 error terms.
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Scalar Network Vector Network

Analyzer Analyzer
Uncorrected Response Uncorrected ‘ 2-Port
Normalization
N Response 1-Port
l Normalization *
Enhanced Enhanced
reflection response
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1. Measure the calibration (impedance) standards.

2. Compute and store the error-correction terms.

3. Measure the DUT and apply the correction data.

Calibration standards are devices whose
characteristics are precisely known.
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e Requires many standards in a cal kit

e One port - for reflection calibration

e Two port - for full reflection and
transmission calibration

A Typical Cal Kit

Through Line

One port cal Two port cal
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(Normalization)

e Simple to perform
e Only corrects for tracking errors

o Stores the reference trace in memory.
Divides measurement data by reference data.
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1- Port or 2 - Port

e Must measure amplitude and phase

e Requires more calibration standards

e Accounts for all major sources of systematic error

X\b

SHORT | L

OPEN — m S

LOAD T S
Through Line
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Reflection Measurements

*Directivity
*Source match
*Reflection tracking
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One-Port Calibration
0
L 2.0
o Before 1-port calibration [
B 20 - i
" / 1.1
(7p) E
@) N -
— _
C 40 - - :
) _
D \V = 1.0 %
e :
60 - After 1-port calibration [
- 1.001
6000 12000

MHz |
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Forward Reverse
Measurements Measurements
1 Directivity 7
2 Crosstalk 8
3 Source match 9
4 Load match 10
5 Transmission frequency response 11
6 Reflection frequency response 12

]

SHORT @ o
OPEN i
LOAD -

i

Through Line U E ) .
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Stum = Ep . S20m ~ Ep Eg)
_ ERrr RT'

S2um —Ex  Stam EX')
\

_EL
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Soim —Ex  Siom —Ex’

)¢ )

S - Epn S -Ep'

Epp RT
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12a Soom —Ep
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Soom —Ep' Stim — ED
) +E7
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Err'

Stom —Ex'
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Erp

S —
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Epr RT
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Err'

To determine any one of these four values on the left, all must be measured.
Luckily, you don't need to know these equations to use vector network analyzers.
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*Measuring non-insertable devices

® Adapter substitution and adapter removal

*Enhanced response calibration

®Calculating measurement uncertainty after
two port calibration

®°Electronic calibration

*TRL calibration

www.Agilent.com/find/....
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New forthe PNA

 Extended frequency range to 70 GHz!
* Fully integrated solution
* 10 MHz to 67 GHz specified performance
* 67-70 GHz typical performance
* Dynamic range > 96 dB at 67 GHz
* Test on-wafer or in-fixture devices
* Plus all PNA platform benefits

» Test mixers and frequency converters @6

 Microwave ECal electronic
calibration to 67 GHz

uuuuuuu
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ENASEreguency ConverterzMeasurements

® Highest Accuracy

* Industry’s only fully match-corrected power calibration
* Industry’s only vector-mixer calibration

® Convenient
* |Intuitive user interface

ooooo Shruluz Pawer Frequency

. . m rput | EEENORER |Stat/Stop | | 2700100000 GH | 3700100000 GH: Ea'ﬁ“‘ﬂte
* Eliminates external attenuators Y T ___—l

v [ hepeur 1 s oo Jstatsior =1l 10000000w:  [100000004Hz | 0o
* External LO’s controlled by VNA *

Stat/Stop |~ | 500100000MHz | 1500100000 GHz | __ Input

* SNA speed with VNA accuracy
* Much faster than using spectrum N o

analyzers or power meters S 3700100000 o St 1500100000 B
y p Power: -28.000 dBr

Start: 2200000000 GHz
Stop: 2.200000000 GHz
LO  Power 9.000dBm

L0g &1 £ 2 Load... Save... Cancel

Source:  Configure
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EREEAgilent EmailiUpdates 8]

Subscribe Today! ?‘U \ ‘

Choose the information YOU want. }_,L e

Change your preferences or unsubscribe anytime.

Keep up to date on:

Services and Support Information Events and Announcement

- Firmware updates - New product announcement
- Manuals - Technology information
- Education and training courses - Application and product notes
- Calibration - Seminars and Tradeshows
- Additional services - eSeminars
Go To:

www.agilent.com/find/emailupdates
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eSeminar Series

RF Balanced Device Characterization

Part | — January 14, 2003
Part Il — January 23, 2003

Topics Include

- Measurement Alternative Comparison

- Mixed-Mode S-parameters

- Interpreting Measurement Results

- Test Fixture Considerations for Balanced Devices

- Introduction on How to Design Circuits Using Mixed-Mode S-parameters

Register at: www.agilent.com/find/RFBalance
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