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Sem inar agenda

09 . 1 5 - 09.45

• Connector care and good practices -  Jamie Lunn

09 .4 5 - 10.45

• Network Analyser & S-Parameter basics -  Jamie Lunn

10 .4 5 - 11.15
• Coffee break & equipment hands-on

11 . 1 5 - 13.00

• Network Analyser calibration basics -  Jamie Lunn
____I 13 nn -14.00 I

I

• Lunch & equip
1
ment hands-on

14 .0 0 - 15.00

• Time Domain Reflectometry (TDR) -  Mark Bailey

15 .0 0 - 15.30

• Understanding measurements uncertainty and verification -  Jamie Lunn

15 .30 -  16.00

• Coffee break & equipment hands-on

16.0 0 - 17.00

• Basic amplifier measurements with a Network Analyser -  Mark Bailey

17.00
• Questions & finish
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Connector background: Why 50 Ohms?
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Cable loss verses impedance
The im pedance of coax is a function of the 
ratio of the inner/outer diameter and the 
dielectric material.
M inimum insertion loss is calculated out to be 
around

Peak Power Handling
The best peak power handling occurs at

30 Q k 53.5 Q.
The 50 ohm compromise
The mean between and 
50 Q is the com prom ise between power 
handling capability and signal loss per unit 
length for an air dielectric.

Loss versus impedance 
10 mm O «m eter copper co«.



Connector background: Why Different Connectors

Coaxial cables and connectors are designed to allow only one mode 
of propagation, TEM (Transverse ElectroMagnetic)

Above the cut-off frequency higher order modes can propagate 
interfering with the wanted mode (TE11).

Cut off Frequency is dependant on the connector dimensions.

f ,  (GHz) =
190.85 

{D + d)4Fx
for D and d in millimeters

Coax Cross Section

At higher frequencies the ratio D/d is reduced to increase the cut-off 
frequency. (example 3.5mm is 38GHz)
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Coaxial Connector Frequency OverView
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Common Test Equipment Connector Types

Type N (18GHz)

APC 7 mm (18GHz)

SMA (18 GHz)

PC 3.5 mm (26.5 GHz)

PC 2.92 mm, K Connector (40 GHz)

PC 2.4 mm (50 GHz)

PC 1.85 mm, V Connector (67 GHz)
_____________________________ A

OVDC, DC Coupled

_ _:>•!£
RF INPUT 50 QRFINP

ZdWj.

rIIBIR«»»«***
öS. /i

I
. nmmm

CJ -̂̂ TSudBrn 
OVDC, DC Coupled 

_  50 V PC. AC Coupled
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Type N & Precision 7 mm connector
Named after Paul Neill of Bell Labs after being developed In the 
1940's. The Type N (Navy) connector was developed to satisfy the 
need for a durable, weatherproof, medium-size RF connector with 
consistent performance through 12 GHz. Precislon Type N 
connectors are available up to 18GHz.

*Note: 75 ohm Type N designs have a smaller centre conductor and 
thus are not compatible with 50 ohm Type N connectors.

Max Frequency: 11 & 18 GHz
Dielectric: PTFE or Air
Outer Conductor: 7.0 mm
Recommended torque value:

12lb-inch (136N-cm)
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APC 7 or 7mm connector

APC-7 stands for "Amphenol precision connector", 7mm. 
Developed in the 60s jointly by Amphenal and HP, and is 
a sexless connector design. It provides the lowest VSWR 
and highest repeatability of any connector up to 18 GHz.

This connector has generally been replaced by Type N in 
most applications.
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Max Frequency: 18 GHz
Dielectric: Air
Outer Conductor: 7.0 mm
Recommended torque value:

12lb-inch (136N-cm)

SMA connector
SMA (Sub Miniature version A) and was developed in the 1960's by 
Bendix Scintilla Corporation. 50 Q SMA connectors are semi- 
precision, sub miniature units that provide good electrical 
performance from DC to 18 GHz.

These general purpose connectors are compact in size and 
mechanically have good durability. These are one of the most 
commonly used RF/Microwave connector.

Max Frequency: 12 GHz (18 GHz)
Dielectric: PTFE
Outer Conductor: 3.5 mm
Recommended torque value:

5lb-inch (56N-cm)
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PC 3.5 mm connector
A precision (expensive) connector, based upon the original SMA 
connector. lts design strategy focused on highly-rugged physical 
interfaces that would mate with populär SMA dimensions, allowing 
thousands of repeatable Connections.

This connector is fully compatible with cheaper SMA connectors but 
watch the tolerance of the centre pin of male SMAs

Max Frequency: 26.5GHz
Dielectric: Air
Outer Conductor: 3.5 mm
Recommended torque value:

8lb-inch (90N ■cm)
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PC 2.92 mm or K connector
Precision connector, developed by Mario Maury in 1974. 2.92 mm 
will interface to cheaper SMA and PC 3.5 mm connectors. Often 
called "2.9 mm".

The original mass-marketed 2.92 mm connector, made by Wiltron 
(now Anritsu). Named the "K" connector, meaning it covers all of the 
K frequency bands.
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PC 2.4 & 1.85 mm Connectors
The 2.4 (50GHz) and 1.85 (67GHz) connectors are mechanically 
compatible with each other, but neither one will interface onto an 
SMA, 3.5 or 2.92 mm connector. This is intentional, so it’s not 
possible to mix these expensive connectors in with less precise 
connectors such as SMA and cause irreparable damage.

Developed by Julius Botka and Paul Watson in 1986, along with the 
1.85 mm connector.

The 1.85 connector is often called the "V connector“ as it covers the 
V frequency bands
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PC 1.00 mm Connector
The coaxial cavity of this connector type has a smaller geometry to 
support the higher frequency.

The mechanical coupling and thread sizes have been designed to 
maximize strength and to minimize damage to the inner conductor 
during the connecting process.

This connector is not compatible with any other connector design.
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Max Frequency: 110GHz
Dielectric: Air
Outer Conductor: 1.00 mm
Recommended torque value:

3lb-inch (34N-■cm)



Construction of SMA/PC3.5mm connector

Male Female

Outer Nut

Air Gap

i
Reference

Plane

Outer thread

Inner Conductor

Dielectric/ 
Air Gap

i
Reference

Plane
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Alignment of coaxial connector
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Handling and Storage
Do’s

V  Keep connectors clean
y /  Use plastic end caps during storage

Don’ts

X Do not store connectors loosely together 
X Do not place connector face down on surfaces

Visual Inspection
Do’s

^ A lw a y s  Inspect all connectors carefully before each connection  

> /  Look for metal particles/contaminants and defects

X Never use a damaged connector -  Ever!!

<$>
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Don’ts



Contact Integrity and Concentricity
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Connector Cleaning
Use compressed air to dislodge any particles 

Use Isopropyl alcohol (do not use acetone) 

Use foam swabs, or lint tree cloth 

Clean connector threads



Connector Gauging

Do’s

y/ Clean and zero gauge before use 
y/ Use correct gauge type for connector 
y/ Use correct calibration block 
y /  Gauge all connectors before use

Don’ts

X  Use out of spec connector

<8>
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Making Connections

Do’s

>/ Align connectors carefully
>/ Make preliminary connection carefully

Do not use force!
>/ Only turn the outer connector nut... 
y /  Use a torque wrench to tighten 
connector (check torque setting)

X  Do not use pliers 
X  Do not tighten past torque wrench 
“break” point
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Damaged connector by not using correct tools
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Precision Calibration Kits and Cables
Precision Network Analyser calibration 
kits represent a substantial cost for 
replacement

E ach  S tan d ard  m u s t be  s to red  w ith  
p ro te c tiv e  c o v e r /d u s t co ver

E n s u re  a ll S tan d ard s  a re  kep t s to red  in 
th e  s u p p lie d  b o x

Do not connect to low cost/cheap cables 

Use connector savers where possible

<$>
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Future considerations -  Colour coordination*

Black

Brown

Red

Orange

Yellow

Green

Blue

Violet

Gray

White

18 GHz Type N connector

18 GHz SMA connector

20.0 GHz Precision Type N connector 

26.5 GHz 3.5mm connector 

40 GHz 2.92mm (K) connector

50 GHz 2.4mm connector

67 GHz 1.85mm (V) connector

18 GHz GPC-7 connector

< Reserved for future use>

110 GHz 1.0mm (W) connector

'IEEE Project Authorisation Request 
P1802 submitted for review January 

2009 & approved May 2009.

Colour coded connector

Connector Adapter, 2.92mm(K) to 2.4mm 

KEY: Yellow = 2.29mm K connector 
Green = 2.4mm connector

<$>
ROHDE&SCHWARZ Lunn I Connector Care & Good Practices I 23

References ______
Guidance on Selecting and 
Handling Coaxial Connectors 
used with Rohde & Schwarz

l Guidance on Selecting and Handling Coaxial Connectors Application Note 

used with Rohde & Schwarz Test Equipment

Rohde & Schwarz Application note 1MA99_0e

I Anamet connector guide

www.npl.co.uk/electromaqnetic/clubs/anamet/connector quide.pdf

I Microwaves101.com

www.microwavesl 01 .com/encvclopedia/connectors.cfm

I Interchangeable Port Connector System, Test Port 
Adapter System

Rohde & Schwarz Application note 1MA100_3e
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http://www.npl.co.uk/electromaqnetic/clubs/anamet/connector_quide.pdf




Rohde & Schwarz 
Vector Network Analysis 
Basics Training

Jamie Lunn
Vector Network Analyser Product Manager 
UK & Ireland

R&S, November 2015

RO HDE&SCHW ARZ

Agenda

I S-Parameter Basics 

I Formatting of complex data 

iSources of measurement errors 

i Calibration techniques 

I Enhanced calibration
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Agenda

I S-Parameter Basics

I Formatting of complex data 

i Sources of measurement errors 

I Calibration techniques 

I Enhanced calibration
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Reflection and transmission
Light wave analogy to RF-energy

Light wave:

Reflected 

Incident

RF:

Forward running 
wave I---------

V
Backward running wave

<$>
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DUT transmitted
wave

transmitted



RF Device Characterisation
Uni-Directional characterisation (one Path 2 port)

Reflected

Incident

Reflection

Transmitted

Transmission

<8>
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RF Device Characterisation
Reflection Parameters

Reflection , ^ K eJlected 
Coëfficiënt V,incident

Return Loss = -20 log (p)

VSWR-
Vmax _ 1 + p  
Vmin 1 - p

No reflectio n  

(Zl=Zo)
0

oo dB
1

F M  reflection
(Z,_= epen, short)

Reflection Coëfficiënt T

■ ■ i Return Loss

VSWR

±1

OdB
00
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RF Device Characterisation
Transmission Parameters

Transmission , x V
(T )  =

Coëfficiënt V.incident

Insertion Loss (dB) = -2 0 log V.transmitted

Vincident

= -20 log r

Gain(dB) = 201og
V.transmitted

V.incident

= 20 log t

R O H D E& SC H W A R Z Nov 2015 Vector Network Analyser and Calibration Basics 7

S-Parameter Basics
Characterising complex RF and Microwave Devices

i Low frequency techniques do not work for RF
■ The parameters H, Y and Z all require measurements to be made with 

the device terminated with open and short circuits

i Complex impedance computation is required
> Matching devices over a wide frequency range is hard

i Scattering (S) parameters are used to characterise RF and Microwave 
devices

<$>
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Transm
ission M

easurem
ents



S-Parameter Basics
Benefits of S-Parameters

i Easy to characterise devices at high frequencies 
i Avoidance of OPEN and SHORT measurements 
i Measurements can be done in a matched (practical) state 
i Avoidance of discrete current and voltage measurements 
i Relate to familiar measurements (gain, loss, reflection 

coëfficiënt etc)
i Easily cascaded to measure System performance 
i In case of a defined measurement-system it doesn’t make 

any difference to measure:

l Voltage I Electrical field strength
l Current l Magnetic field strength
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S-Parameter Basics
Realisation of Network Analyser Test set

Digital Section Processor/Display

RF Section Receiver/Detector

al j t (  ; f  b1 Meas I M e a s  I b 2

RF Test Set Signal Separation

a 2 I R e f

Signal Separation

&
Source

Incident Wave

Port 1 5Wave Reflected Wave

DUT

Incident Wave

A
Source

Port 2

<$>
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S-Parameter Basics
Definition of S-Parameter Matrix

Scattering-Parameters (S-Parameters) represent the 
relationship between scattered waves (a, b)

I S-Parameters represent reflection and transmission coefficients 

I S-Parameters are dimension free (units disappear when ratioed)

I These coefficients are based on a defined Line-system (usually 50 ohms)

<$>
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S-Parameter Basics
Definition of S-Parameter Matrix

Reflected
Waves

■'s

Measured 
Port of wave 

quantity

Port where 
measurement 

is made

Port where 
stimulus is 

fed

Incident
Waves
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S-Parameter terms (2 Port)

S„ = Forward reflection coëfficiënt (input match)

S22 = Reverse reflection coëfficiënt (output match) 

S21 = Forward transmission coëfficiënt (gain or loss) 

S12 = Reverse transmission coëfficiënt (isolation)

S-Parameters are complex linear power 
quantities. However we usually express them in 

a log-magnitude format

<$>
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S-Parameter terms (2 Port)

Input reflection coëfficiënt ■  Output reflection coëfficiënt S22

b2, forw

Port 1 Port 2

a.,=0

--------------f v

Cs" ,

— I / *

© ------------------

< ■ ................J

------ O a2
—

b,. rev
DUT

Port 1 Port 2

Reflection Coëfficiënt at Port 1 (Port 2 Matched)

h
S-U  = a~,=0

ü \

Reflection Coëfficiënt at Port 2 (Port 1 Matched)
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S-Parameter terms (2 Port) b 1 = S 11 a 1 + S 12 a2 

b 2 = S 21 a 1 + S 22 a2

Forward transmission coëfficiënt S, Reverse transmission coëfficiënt S<

Forward
Measurement

a,=0

Port 1 Port 2 Port 1 Port 2

Forward transmission coëfficiënt for Port 1 to Port 2 Reverse transmission coëfficiënt for Port 2 to Port 1

«1=0

<$>
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S-Parameter terms (2 Port)

Normally logarithmic values of S-parameters are used:

Return Loss:
RL =  —2 0  log\T\  =  —20 loglS^l  

Insertion Loss:
IL  =  —20 log\x\ =  —20 log\S21\

<$>
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Agenda

i S-Parameter Basics 

■ Formatting of complex data 

iSources of measurement errors 

I Calibration techniques 

I Enhanced calibration
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Display Formats and Diagram types
Cartesian format

Cartesian diagrams are rectangular diagrams used to display a scalar quantity as 
a function of the stimulus variable (frequency).

<$>
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Display Formats and Diagram types
Complex representation

75Q

»

f = 7,96MHz
Z = 75Q + j2n • 7,96MHz • IpH 
Z = 75Q +j50Q

<$>
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Conversion of Complex into Real Quantities

Conversion to different formats can be derived from the 
complex measurement value (Z = XREAL + jY|MAG)

T ra c e  F o rm a t D es c rip tio n F o rm ula

dB Mag Magnitude of z in dB |z| = sqrt ( x= + f  ) 
dB Mag(z) = 20 * log|z| dB

Lin Mag Magnitude of z, unconverted |z| = sqrt ( x-' + y! )

Phase Phase of z $ (z) = arctan (y/x)

Real Real part of z Re(z) = x

Imag Imaginary part of z lm(z) = y

SWR (Voltage) Standing Wave Ratio SWR = (1 + |z|) /  (1 -  |z|)

Group Delay Group delay, neg derivative of the phase response -  d <t> (z) / do (o = 2a * f)

<$>
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Display Formats and Diagram types
Polar format

Circles of constant

<$>
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Display Formats and Diagram types
Construction of Smith Chart

Using a mathematical rule it is possible to transform the Cartesian format into a circle format (conforming image)

<$>
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Display Formats and Diagram types
Smith Chart

Inductive Reactance (+jX)

Circles of constant 
Resistance (R)

Capacitive Reactance (-jX)

<$>
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Display Formats and Diagram types
Inverted Smith Chart

The inverted Smith chart is point-symmetric to the Smith chart

<$>
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Display Formats and Diagram types
Inverted Smith Chart (Admittance)

Inductive Susceptance (-jB)

Capacitive Susceptance (+jB)

<$>
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Presentation of Results
Reflection Measurements

Return Loss

VSWR

T rd  S D  dB Mag 5 dB / RefOdB Cal 1

m k i l l  l -l

Ch1 Center 2.2 GHz Pwr 0 dBm Span 500 MHz

Tro3 S B  SWR 1 U /  Ref 1 U Cal 3

m T
1

L

----4
Ch1 Center 2.2 GHz Pwr 0 dBm Span 500 MHz

5/26/2006, 11:45 AM
Ch1 Center 2.2 GHz Pwr OdBm Span 500 MHz

Input Phase

Input Impedance
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Presentation of Results
Transmission Measurements

Gain/Loss

Group Delay

Transmission
Phase

Transmission 
Phase Unwrapped

<$>
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Agenda

I S-Parameter Basics 

i Formatting of complex data 

I Sources of measurement errors

I Calibration techniques 

I Enhanced calibration
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Measurement errors in network analysis
Types of Measurement Errors

No Error 
Correction

measurement
errors

/  \
stochastic

errors
systematic

errors

^ \ /

Corrected by 
Calibration

Error sources:
- Unpredictable
- Improvement, but no correction 
possible:

♦  Signal to noise distance
♦  Compression of the receiver
♦  Stability of instrument
♦  Stability of test setup

Error sources corrected by „system 
error correction“:

♦  Systematic (constant) response 
of the external test set

♦  Systematic (constant) response 
of the internal test set

♦  [Drift corrected by re- 
calibration]
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Background of System Error Correction
I Transmission loss (cables, adapters, couplers, etc,) 
I Source match 
l Load match
I Directivity (of coupler or bridge)
I Crosstalk

I Mathematical/physical description of error terms by error 
model

I Basis for correction procedure compensating for error terms

I Calculation of error terms for later correction of 
measurement data

<$>
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Measurement errors in network analysis
Sources of systematic errors

Source

Directivity

Error sources for transmission 
measurement:

• R: Reflection loss (tracking)
• ^  Transmission loss (tracking)
• Dt Directivity at port 1
• Source match at port 1
• r2 Load match at port 2
• XF Crosstalk

Crosstalk

Source
Mismatch

• • aaaaV
Load

Mismatch

<$>
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Reflection measurements errors
Sources of error

1. Error due to Directivity 2. Error due to Test Port Match

Perfect

Termination

„Full One-Port" calibration (OSM) 3 error terms:

D := Directivity 
T := Reflection Tracking Loss 
f  := Port Match

<$>
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Reflection measurement error example
Worst case mismatch ripple

1 DUT return loss: -20 dB (=0.100)

1 Directivity of bridae: 35 dB (= 0.018)

1 Min. value: 0.100-0.018 = 0.082 (-21.7 dB)

1 Max. value: 0.100 + 0.018 = 0.118 (-18.6 dB)

l Measurement uncertainty: -1.4 dB to 1.7 dB

RO HD E& SC HW AR Z Nov 2015 Vector Network Analyser and Calibration Basics

Reflection measurements errors
One Port error model: Error model

NWA 1 Port Error Model DUT
D = Directivity

S = Source Match (mismatch) 

T = Reflection Tracking Loss 

Sir  = Measured return loss 

S11 = Actual return loss

SU'=D + T
l - S S u

*Assumes good termination at port 2

r  To solve error terms, we N 
measure 3 Standards to 

generate 3 equations and 
. 3 unknowns v

<$>
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Transmission measurements errors

-> 1. Forward Transmission Loss

-> 2. Mismatch-reflections DUT /  Port 1

-> 3. Mismatch-reflections DUT /  Port 2

-> 4.Multiport mismatch-reflections

-> 5. Crosstalk

Error contribution just by mismatch (multiple reflections): ~ 0.1 to some dB !
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Transmission measurement error example

Port 1 Port 2 Typical values:

r 7 DUT return loss: IS11I= IS22I = 10 dB
1

DUT trans, loss: IS12I= IS21I = 3 dB

Port mismatch: ir , l  = IF2I = 20 dB

Wanted Signal:
|E,|:3dB (0.70)

Error Signals:
| Erl | : -10  dB - 20 dB - 3 dB = - 33 dB (0.022)
1 Er21: - 3 dB - 20 dB -10  dB = - 33 dB 
1 Er31: - Neglegible

(0.022)

Worst-case calculation:
Min. value: 0.7 - 0.022 - 0.022 = 0.656 (-3.66 dB)
Max. value: 0.7 + 0.022 + 0.022 = 0.744 (-2.57 dB)

Measurement uncertainty: +0.66 dB to -0.43 dB

<$>
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Full 2 Port Calibration models
Two Port error model -  Complete description [TOSM]

Forward model ->
^Reference Plane

Ex r

Ed = directivity at error model A

Es = fwd source match

Ert =  fwd reflection tracking loss

El = fwd load match

E-p- = fwd transmission tracking loss

Ex = fwd crosstalk (port 1 to port 2)

Reverse model < -

P o r t  1  Error Model A r
Reference Plane

DUT 1 Error Model B Port 2 Ed. = directivity at error model B

Es. = rev source match

Ert = rev reflection tracking loss

El = rev load match

Ett = rev transmission tracking loss

Ex. = rev crosstalk (port 2 to port 1)
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Full 2 Port Calibration models
Two Port error model -  Complete description [TOSM]

Each actual S-parameter 
is a function of all four 
measured S-parameters

Analyser must make 
forward and reverse 
sweep to update any one 
S-parameter

<̂ >
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Agenda

I S-Parameter Basics 

i Formatting of complex data 

i Sources of measurement errors 

i Calibration techniques

i Enhanced calibration
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Definition of Calibration Standards

Through

Open

Short

HL

Match

T = Through (50 O, el. length)
Well matched 50Q through Standard 
Description of electrica! length, losses

O = Open
Above approx. 100MHz different from ideal Standard 
Description of electrical length, fring ing  capacitances, losses

S = Short
ln Coax-techniques good designs possible.
Description of electrical length, inductance, losses

M = Match
Broadband fixed match assumed to be ideal can use a model

<$>
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Definition of Calibration Standards
Calibration Kit Parameters

I Derivation of the „ideal“ corrected S-parameters Sxycorr from calibration kit 
parameters

■ Definition of the cal-kit parameters is an absolute requirement

i Accuracy strongly depends on the described cal-kit parameters 
■ Resulting uncertainty after calibration strongly depends on ... 
©  the accuracy of the cal-kit parameters  
©  the quality of the calibration Standards

Through

<9

Short Open Match

<$>
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Definition of Calibration Standards
Calibration procedures requiring fully specified Standards:

I Equivalent circuit model
■ Including (all) parameters affecting magnitude and phase
■ OPEN: Z0,Loss, Delay, Fringing capacities
■ SHORT: Z0, Loss, Delay, Inductance
■ MATCH: Z0 , (or known Z~ Z0), (Delay)
■ LINE/THROUGH: Z0, Loss, Delay

After calibration, the measurement trace 
corresponds to the response described 
by the parameters.

i S-parameter based description 
■ Includes automatically all (parasitic) 

effects

-> After calibration, the measurement trace 
corresponds to the S-parameters
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What calibration type shouid I choose???
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Available Calibration Types:
Calibration Type Standards Parameters Error Terms General

Accuracy
Application

Reflection
Normalization

Open or Short s „
(or S22. •••)

Reflection tracking Low to medium Reflection measurements on any port.

Transmission
Normalization

Through S12» §21 
(or S13,...)

Transmission tracking Medium Transmission measurements in any 
direction and between any combination 
of ports.

Reflection OSM Open, Short, Match1) S„
(or S22, —)

Reflection tracking, Source match 
Directivity,

High Reflection measurements on any port.

One Path Two Ports Open, Short, Match1* (at source port), 
Through2*

§11- §21 
(or S221- )

Reflection tracking, Source match, 
Directivity, Transmission tracking

Medium to high Unidirectional transmission 
measurements in any direction and 
between any combination of ports.

TOSM or UOSM 
(2-port, 3-port or 4-port)

Open, Short, Match1) (at each port), 
Through2>(between all combinations of 2 
ports)

All Reflection tracking, Source match, 
Directivity, Load match, Transmission 
tracking,

High Reflection and transmission 
measurements; classical 12-term error 
correction model.

TOM
(2-port, 3-port or 4-port)

Open, Match (at both ports), 
Through

All Reflection tracking, Source match, 
Directivity, Load match, Transmission 
tracking

High Reflection and transmission 
measurements.

TSM
(2-port, 3-port or 4-port)

Short, Match (at both ports), 
Through

All Reflection tracking, Source match, 
Directivity, Load match, Transmission 
tracking

High Reflection and transmission 
measurements.

TRM
(2-port, 3-port or 4-port)

Reflect (equal at both ports), Match, 
Through

All Reflection tracking, Source match, 
Directivity, Load match, Transmission 
tracking

High Reflection and transmission 
measurements, especially in test 
fixtures.

TRL
(2-port, 3-port or 4-port)

Reflect (at both ports),
Through, Linel, Line2/3 (optional), 
combination with TRM (optional)

All Reflection tracking, Source match, 
Directivity, Load match, Transmission 
tracking

High, high 
directivity

Reflection and transmission 
measurements, especially for planar 
circuits. Limited bandwidth.

TNA
(2-port, 3-port or 4-port)

Through, Attenuation, Symmetrie network All Reflection tracking, Source match, 
Directivity, Load match, Transmission 
tracking

High, lowest 
requirements on 
Standards

Reflection and transmission 
measurements, especially for planar 
circuits.
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Category of calibration styles

Standard Calibration

Default Calibration used for making a coaxial 
calibration with appropriate calibration kit.

Includes:
• Reflection Normalisation
• Transmission Normalisation
• Full One Port cal (OSM)
• One path Two Port calibration
• Full Two Port Calibration (TOSM)

All Standards must be fully described and must 
be highly repeatable

Enhanced Calibration

Used where traditional Coaxial Standards are not 
available or it is not possible to accurately 
describe the Standards to be used.

Includes:
• Unknown Through Open Short Match (UOSM)
• Through Open Match (TOM)
• Through Short Match (TSM)
• Through Reflect Match (TRM)
• Through Reflect Line (TRL)
• Through Network Attenuation (TNA)

Only partial information needed to describe 
Standards making them much more suited for, test 
fixtures, on wafer and freespace measurements.
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RO HD E& SC HW AR Z Nov 2015 Vector Network Analyser and Calibration Basics 45

Calibration Techniques
Differences between Standard Calibration Techniques

i ‘N orm alisation’ (Response Cal)
■ Corrects for Loss and test port match by one term
■ Fast (unidirectional) but not highest accuracy

i ‘One-path tw o-port’ considerably more accurate
■ Corrects for mismatches between VNA output and DUT input
• Measures DUT in forward direction only (S11 and S21)
■ Requires only one partial measurement

=> Twice as fast as füll two-port calibration
=> Important for Amplifier measurements

■ If port 2 of VNA is perfectly matched, similar accuracy compared to füll two port 
calibration (Can be improved further with matching attenuators)

i ‘Füll tw o-port’ calibration has highest accuracy
• Corrects for mismatches of VNA's test ports
■ Measures the DUT in forward and reverse direction
■ Requires two partial measurements
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Network Analyser Calibration
Measurement with Different Calibration Methods

START 10 MHz 1 GHz/ STOP 8 .5  GHz

Channel Ublueh 
Measurement of S21 
using the factory 
calibration
Channel 2(green): 
Measurement of S21 
using a normalization 
Channel 3(redh 
Measurement of S21 
using a full two-port 
calibration

Measurement of b2/a, 
of the filter
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Network Analyser Calibration
Special case for measuring amplifiers in compression

Error terms for 12 term  model used in full 2-Port correction cannot be 
measured correctly due to partial measurements.

Solution -  Uni-directional "one path tw o port" calibration, but w e must 
remove errors due to load match of the VNA
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Agenda

I S-Parameter Basics 

I Formatting of complex data 

I Sources of measurement errors 

«Calibration techniques 

■ Enhanced calibration
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Enhanced Calibration Techniques
M o t iv a t io n

I Coaxial connectors, commercial cal-kits - No Problem  with T O SM  ©
• 4 Standards required
• Com plete description of param eters (capacitance, length, loss etc.)
• But no Information on quality of calibration w ithout further check

I Calibration in test fixtures, on wafers - Prob lem s ©
• Individual Standards required
• Cal-kit parameters from individual TOSM Standards needed???

Solution
• Calibration techniques with a reduced num ber of Standards
• Use of calibration Standards which do not need accurate & full 

param eter descriptions.
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Enhanced Calibration Techniques
Techniques of Full Two-Port Calibration

Calibration procedure Number of 
Calibration steps

Special feature

TOSM 7 classical procedure

TOM (TSM) 5 inherent verification

TRM 5 Designed for test fixtures

TRL 4 High Directivity

TNA 3 Designed for test fixtures

UOSM 7 Similar to TOSM
Allows unknown THROUGH 
Includes „Adapter Removal“

• TOM, TRM, TNA pa ten ted  for R&S.
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Enhanced Calibration Techniques
TOM - Calibration Technique

Through T = Through (50 O, el. length)

< 1 > 0  = Open (el. Length, Capacitance & loss)
------r---1—mmm

Open M = Match (50 O, assumed to be ideal)

1
T

1
T

Match

o i  ►

Reference Plane

Calibration with known calibration Standards

Requires a well matched, low loss Through 
Standard with electrical length that may be different 
from zero.

The characteristics of all Standards must be fully 
known; the Match may have non-ideal 
characteristics.

Implicit verification with Short Standard can be 
made if using Standard coaxial calibration kit.
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Enhanced Calibration Techniques
TSM - Calibration Technique

Short I■hier
Reference Plane

ROHDE&SCHWARZ Nov 2015

T = Through (50 Q, el. length)

S = Short (el. Length, inductance & loss)

M = Match (50 O, assumed to be ideal)

I Calibration with known calibration Standards

I The characteristics of all Standards must be fully 
known; the Match may have non-ideal 
characteristics.

I TSM calibration can replace TOM calibration if no 
appropriate "Open" Standard is available, especially 
in the high frequency domain.

I Short is easier to realise in the higher frequencies

Vector Network Analyser and Calibration Basics

Enhanced Calibration Techniques
TRM/LRM - Calibration Technique

Through
—

—

r   ̂ v 1
1

Reflect

T = Through (50 O, el. length)

R = Reflect (Reflecting two port Standard)

M = Match (50 O, assumed to be ideal)

Calibration with unknown calibration Standard 
Reflect is allowed. No information about electrical 
length and capacitance is required.

Reflect Standard may be unknown (open or short), 
but must be identical for both ports („reflection 
symmetry“)

I Especially suitable for test fixtures with a fixed 
spacing (e.g. SMD components)

■ ■^

Reference Plane
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Enhanced Calibration Techniques
TNA: a Generalisation of TRM-Technique

1hrouglhi
ft

/ li
___1

Network

Attenuation
UTijl ^  ^  ii i

Reference Plane

T = Through (50 CI, el. length)

N = Network (Reflecting two port Standard)

A = Attenuator (50 O, >10dB attenuation)

I Calibration with 3 two-oort calibration Standards

l The cal-standard Network may be unknown, just 
approximately O PEN  or SH O RT characteristics. No 
electrical lengths or capacitance required. Must be 
symmetrical.

I The attenuation of the cal Standard Attenuator may 
be unknown. a good match is assumed

I Especially suited for test fixtures with a fixed 
spacing and on wafer measurements
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Enhanced Calibration Techniques
TRL/LRL: Narrow band High Directivity calibration

Through

Reflect

l  l

Reference Plane

T = Through (50 O, el. length)

R = Reflect (Reflecting two port Standard)

L = Line (50 O, Vn Wavelength longer)

I Useful for DUT's in test fixtures or on wafer 
calibration

I Cal Kit: TOSM Kit + TRL supplementry Kit, or 
customer designed calibration fixture

© High Directivity and Standards are easy to realise 
© Limitations for wideband calibration and coaxial 

Standards are difficult to handle
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Enhanced Calibration Techniques - UOSM
I 7 term calibration method, derived from TOSM. Allows "Unknown Through”

- Developed by R&S* and first introduced with the ZVB (2004)
- No characterisation data for THROUGH required

I Uses 4 Standards for 2-port calibration (Unknown Through, Open, Short, Match)
- Suitable for multiport calibrations

I Overcomes the non-idealistic effects of the THROUGH (even male-female)
- Unknown Through is characterized by full S-parameter matrix
- Matching of THROUGH is taken into account!

I Suitable for DUTs with different In/Out 
connector types and even different 
impedances.

I UOSM requires well described Open, -
Short & Match calibration Standards

c o
%
£

*) First described by Ferrero & Pisani in 1992 in IEEE Mwave * I

B I G P 2 0 E i © :  - G E 2

N 50 Q ( f )  
ZV-Z170 typ»c»l

3.5 mm ( f)  
ZV-ZI35 typital

N IO Q in  S.S mm (f)

n  ° P en 
U  (m )

n  Open 

U  (m )

I I  U nknow n 

T h ro u g h

o  S h o rt

b  (m )

e  S h o rt 

&  <m)

u  M atch 

M  (m )

„  M atch

M (m>

^  R e s ta r t Sweep 

on S td . Meas.
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Comparison of calibration styles

f e h l  S ta rt X00 kHz —  ̂    P w r-10 dBm Bw 1 kHz____________ ,________________________________ _ _______Stop 8.5 GHz
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Selecting a Suited Calibration Technique

I Crucial questions:
Regarding the test setup, which Standards can be designed the easiest way ?
For which Standard can I get the parameters with best accuracy ?

I Examples
Cables:

Coaxial cal-standards applicable, minimization of calibration time expected.
=> TOSM/UOSM, TSM (verification), TRM

Wafer and PCB-boards:
Easy design of lines with different length. Offen symmetrie test ports.
=> TRL/LRL, TRM/LRM, TNA

Test fixture with fixed gap for DUT (no Variation of length possible):
Cal-technique with Standards of different length (TRL/LRL) not applicable.
=> TNA
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Waveguide Calibration Techniques
12 Term and 7 Term error models 

i Calibration Techniques
TOSM => T-OS-S-M (OS:= Offset Short, OPEN not realisable in 

TRM => TSM  

TRL, etc

i Standards
Through (mostly length=0)
Short ( or Reflect m ostly length=0)

Offset Short (el. length, transformation to OPEN)
Match 

Line(s)
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Special types of calibration
Automatic Calibration Units

Autom atically performs a tuil calibration on all 
ports using a series of electronic sw itches.

H ighest level of accuracy

Versions available up to 50GHz

Available in 2, 4, 6 and 8 Port versions
R&S*ZN-Z51 calibration unit.

User definable port configurations 

Connects to VNA via USB interface

R&S*ZN-Z152 calibration unit
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Reference plane offset
Embedding / De-embedding

i Where calibration Standards are not physically practical 
i Importing of S-Parameter file or network to offset the physical reference plane: 

■ Embedding -  Add additional mathematical networks to each reference plane 
(matching networks)

> De-embedding -  Removal of unwanted mathematical networks to each 
reference plane (test fixtu re removal)
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Reference plane Offset
Test Fixture Removal with ‘Direct Compensation’

i Shifting of physical reference plane with an undefined Short/Open circuit. 
i Using ‘Direct Compensation’ a frequency dependant transmission factor is 

calculated.

Step 1 -  Coaxial C alib ra tion

Step 2 -  M e a s u re m e n t o f 
te rm in a te d  fix tu re

Step 3 -  M e a s u re m e n t o f  

D U T w ith  corrected response

Shift o f reference plane by Test Fixture 
removal - Direct Compensation
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Any Questions??
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Appendix
TRL: Definition of Line

Phase shift caused by a LINE must not be equal to nxj/^ or 180° 
Length must ONLY be known for phase Information of ± 180°

- Limitations of frequency ranges
■ Calibration just in frequency bands
■ Frequency band depend on length of the LINE(t 

Praxis:

A ^ / ) = 2 0 ° . . . 1 6 0 °

f sSTART 360c

f s T O P 360c

—L - (20°+ 77*180°)
l(LINE)

——̂ (160°+ >?*1800)
h t l N E )

Extension of frequency range by 
adding calibration Standards:

MATCH & LINE 2 
= T-R-L|-L2-M
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Appendix
TRL: Standards & Frequency range

Step 1 : Frequency, Wavelength of interest
(U N E \)

M f )
4

Step 2 : W ith known lMne, frequency band(s) Af:

fS T A R T  = * - T —  (2 0 ° + "  * 1 8 0 °)360° /,

f s T O P
1

360° I,

aiNE) Frequency bands with n=0,1,2...
—  (160o + «*180°)

f=?
(LINE)

Step 3: Extension of
frequency range Line 1

To higher frequency range: Line 2
e -9- L(LINE2) = f (LINE1 ) ! 2(4) Match
To lower frequency range: 
Broadband Match I
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Agenda -  Time Domain Reflectometry (TDR)

I Introduction to TDR:
I What is TDR?
I What is TDR used for?

I Measurement considerations:
I Impulse and step responses 
I Unambiguous range 
I Resolution in time (and distance)

I Entering “Time Domain” on the R&S®ZNB VNA:
I Band pass and low pass transformation modes 
I Filter profiles or “Windows”
I Rise-time 
I Time domain gating 
I Export file formats

<$>
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What is Time Domain Reflectometry (TDR)?
I M easurem ent technique that observes the 

behaviour of reflected electrical waveforms 
propagating in a hom ogenous medium, from a 
known stim ulus. vm»**

l Performed in the tim e domain, hence for most applications this 
directly relates to distance.

<$>
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What is TDR used for?
I Cable fault location / distance to fault.

r Vin '  ,
M )time V,„„ J

O pen cab le  w ith  2 defects

time

I Impedance m easurem ent and mismatch, e.g. strip line/m icrostrip 
structures or test fixtures.

I Rise time.

I Balanced line performance, 
e.g. intrapair and interpair skews.

I Moving the reference plane across sources of m ismatch, e.g. 
connectors.
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TDR -  Time & frequency domain relationships

1 I _
f 2f 3f 4f 5f 6f 7f freq

Inverse Fourier transformation

F(co)= {ƒ (/)•£ > -""  dl

Fourier transformatio

f { t) = ~  \ F{o)) ei(J dco

RO HDE&SCHW ARZ Nov 2015 I Demystifying the VNA -  Time Domain Reflectometry I 5

Impulse and step responses

I The step response is the integrated impulse response
Track

PCB e.g FR4 \
1 1B

Stimulus Reflection
V

Impulse

time

Step

time

V

»
time

Resultant reflection  
can be negative

time

<$>
RO HDE&SCHW ARZ Nov 2015 I Demystifying the VNA -  Time Domain Reflectometry I 6

time



Unambiguous range (Unique range)

Increase number of 
points (increases 
sweep time) 
Reduce frequency 
span.

v
T

A A 
/ I

. /  \ .

Frequency 
span (GHz)

No. of 
points

Freq. step size, 
Af  (MHz)

Unambiguous 
time, A t (ns)

Unambiguous 
distance, (m)*

8 101 80 12.5 1.87

8 201 40 25 3.74

2 201 10 100 14.98

20 10001 2 500 74.9

* The distances assume speed of light 
propagation and are automatically 
calculated by the R&S®ZNB.

The unambiguous range accounts for 
the sum of the propagation times for 
the incident and reflected waves.
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Resolution in time (and distance)
■
1

U JT~“ * *

Increase resolution:
• Requires shorter 

pulse:
• Increase frequency 

span (doubling the 
frequency span, 
doublés the resolution).

C E H M J
Ref. plane

n

Frequency 
span (GHz)

Time
(PS)

Distance
(mm)

1 500 150

4

8

20

125

63

25

37.5 

19

7.5

E x a m p le s  o f  t y p ic a l re s o lu t io n .

Note: D is ta n c e  r e fe r s  to  s p e e d  o f  l ig h t  p r o p a g a t io n .
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Entering “Time Domain” on the R&S®ZNB VNA

Nov 2015 I Demystifying the VNA-Time Domain Reflectometry I 9

Band pass and low pass transformation modes

The VNA supports three types of time domain mode:

Band Pass Mode: A f

^ start f stop f

Low Pass Mode:

Image of positive values Calculated M easurem ent values
values

<8>
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Band pass mode t rj-rn-rn
^start ^stop f

“Band pass impulse” - default TDR mode on the R&S®ZNB.
I Useful for detecting impedance mismatches.
I Works with any set of equidistant sweep points.

Typical applications:
l Scalar measurement (phase is undetermined).
I Devices that do not operate down to DC, e.g., 

band pass or high pass filters.

No band pass step mode.

<$>
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Trace Config

Type

Band Pass Im puljt

• Low Pass 
m m I  Settings...

Impulse Response 

Normal Profile (| t

Side Lobe Level

Resolution Enh.

Low pass mode

Advantages (compared with

Requires:
• DC value • Harmonie frequency grid

Image of positive values Calculated Measurement values 
values

Note: No DC content when measuring 
band pass or high pass filters
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Low pass mode
M

< mm
J__

DC

Image of positive values Calculated 
values

Measurement values
“Harmonie griel”
I Measured points set at Af intervals.
I Creates calculated frequency values from DC to first measured 

point at Af intervals.
I DC value required

Reflection coëfficiënt value at DC for 
the System characteristic impedance:

I" Open “

I" short ^
I”  matrh 0

VNA adjusts the frequency step size: 
l Time domain resolution remains constant 
l Slight change to unambiguous range

VNA adjusts the stop frequency: 
l Slight change to time domain resolution 
l Unambiguous range remains constant

VNA adjusts the no. of points (sweep time) 1 
l Time domain resolution remains constant ' 
l Unambiguous range approx. constant.

I  ! The current grid is harmonie.

Set Harmonie Grid and r

Stop Frequency and 
Number o f Points

Frequency Gap and
Number o f Points

Stop Frequency and 
'  Approximate Frequency Gap

|  Continous Extrapolation

Close ü  Help

P  Type
I % l ow Pass Impuls*: ï

I  a  Impulse Response 
L  Normal Profile {I -
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Profiles or “W indows”
The finite sweep range of the frequency domain causes side lobes in 
the time domain.
Using suitable filtering, the time domain response can be optimised.

W indow Side lobe 
suppression

Relative 
Impulse width

Best for...

S U
\ M t! ■  1

13 dB 1

No Profilinq (Rectanqle)

43 dB 1.4

1.6

1.9

Response resolution: closely spaced 
responses of similar amplitude.

Compromise of pulse width and side 
lobe suppression.

Dynamic range: Separation of distant 
responses with different amplitudes.

1.2 ( @ 3 2  d B  s ide  lobe  User defined: trade-off between side 
suppression) lobe suppression and impulse width.
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Rise Time Time

Impulse Response Domain 1

Normal Profile (| * T im e____ J

Rise time is affected by:
l Frequency span
I Bandpass/lowpass mode (RtBpm = 2x RtLpm) 
l Impulse response profile (RtNormalprofile = 2x RtNoprofile)

l Increased side-lobe suppression => increased rise time.

M1 30.000 r 
M 2 30.000 r

226392 mU 
998.248 mU

Normal profile, Res. Enh. = 1 
No profile, Res. Enh. = 1 
Normal profile, Res. Enh. = 2

M1

I • II HMM 9
«•UuLd -M.0

Open c ircu it response

Type
Low Pass Step

Impulse Response 
Normal Profile (| £

Side Lobe Level

(32 dB

ip 6 Hz I

Resolution
Enhancement:
Mathematical linear 
prediction of the 
frequency range 
=> improved time
domain resolution.
(E xam p le : Res. Enh =  2)
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System impedance mismatch and measurement
I

Low pass
impulse:
• showing 

impedance 
mismatch

Low pass step
• measure 

impedance
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Measurement of a microstrip structure



Time domain gating
Provides a method of viewing the frequency response of a discrete 
part of the time domain, thus removing unwanted responses.

Frequency domain Time domain

transformation

CThmiii

tBSbu i  Pwr 0 dbnr bw IQ kHz

100C1 M icrostrip, te rm ina ted  in  5 0 0 .

Re-transformation
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“Time Gate” on the ZNB VNA

Applications:
• Removing the effects of:

• Test fixtures/jigs.
• Connectors.

• Antenna m easurem ents, 
rem oving:
• Unwanted reflections.
• Effects of adjacent 

antennas (cross-talk).
• Also use to assess RF 

perform ance of 
connectors or soldered 
jo ints, etc.
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Time domain gating - continued
100Q Microstrip term inated with on-board 50Q load

S11 measurement:
I Set up in the time 

domain
I Turn on time gate.
I Notch time gate set 

around the input 
connector.

I Revert back to the 
frequency domain.

I Result is the time 
domain gated 
frequency response.

<$>
R O HD E& SC HW AR Z Nov 2015 I Demystifying the VNA -  Time Domain Reflectometry I 19

File formats
Note: Saving an “.snp” file saves a normal frequency domain 
s-parameter file (no time gating).

Time domain is a formatted function applied to each trace.
To export the time domain and/or time domain gated results as 
seen on the R&S®ZNB screen:

Im po rt... Recall
Sets

E xp ort snp  Files P rin t

s ip
Active  Trace...

Trace j  
Data

s ip
P o rt 1... M o r e '

/

/

snp
Free C o n fig . . „

/

/

E xport

Asa i™

M atLab...
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Summary
Test requirements:
I Increase unambiguous range -  Increase number of points.
I Increase resolution -  Increase frequency span (bandwidth), or use 

“Resolution Enhancement’.

Time domain modes:
l Band pass impulse -  Scalar indication of the magnitude of the reflection 

coëfficiënt; use when DUT doesn’t operate to DC; no phase.
I Low pass modes -  Higher resolution; complex result; requires harmonie grid. 

I Impulse: good for resolving discontinuities.
I Step: recommended for impedance measurements.

Time domain gating:
I Useful for gating out unwanted effects in the frequency domain.

<$>
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Questions
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R&S Publications:
I App. Note, “Time Domain Measurements using Vector Network Analyzer 

Ft&S®ZVR’, 1EZ44.
I “Fundamentals of Vector Network Analysis”, Michael Hiebei,

ISBN 978-3-939837-06-0
I R&S®ZNB/ZNBT Vector Network Analyzers, User Manual.

I R&S®ZNB/ZNBT Vector Network Analyzers, O n-instrum ent “Help” .

R&S Application Videos:
I “Signal integrity of differential structures measured in the time domain using 
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I “Signal integrity - measuring rise time using R&S®ZVA with a true differential 

Signal (part 2 of 4)” - httPs://www.voutube.com/watch?v=YGHASkVQtwl
I “Signal integrity - measuring differential impedance vs. distance using 
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Agenda

i M easurem ent accuracy and uncertainty using the data sheet 

i Calculation of measurement uncertainty using the VNAM UC tool

i M easurem ent uncertainty using verification Standards 

i Measurement uncertainty using R&S T-Check 

i Summary
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Agenda

I M easurem ent uncerta inty using verification Standards 

i Measurement uncertainty using R&S T-Check 

i Summary

I Measurement accuracy and uncertainty using the data sheet

i Calculation of measurement uncertainty using the VNAMUC tool
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The problem with measurements...

Trc1 ---------- S21 dB Mag 5dB /R e f0dB  Cat 1

Measurement of 10dB attenuator to 4 
decimal places. What’s wrong here?

Ch1 Start 1 GHz Pwr -10 dBm Bw 10 kHz Stop 8.5 GHz

<$>
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What defines the quality of the measurement?

A measurement is ‘valid’ if 
it returns what it is 

expected trom a legitimate 
instrument setup. W hat is 
measured must also be 

relevant to the parameter 
being investigated.

Accuracy 1 Precision I Uncertainty
This describes how closely 
a measurement comes to 

the true value of a physical 
quantity. The ‘true’ value is 

the value that would be 
obtained by a perfect 

measurement. (for example, 
an ideal instrument without 

errors)

The number of significant 
digits to which a value has 

been reliably measured.
Repeatability refers to the 
spread of data under the 

same test conditions.
Reproducibility refers to 
the spread of data under 
different test conditions 

(instrumentation, climate, 
operator etc)

The uncertainty of a 
measurement is the doubt 
that exists about its value.

For any measurement -  
there is always a  margin of 
error which is a measure of 
the possible deviation from 

the true value.

The Quality of Measurements -  The Key Terms

<$>
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What can you see from the data sheet?

i Measurement accuracy
■ Conditional guidance based upon specific criteria such as 

instrument type, test conditions and calibration kit

i Factory calibrated system data
■ Default effective system data and absolute power values at the test ports available 

from a “preset” state of the instrument

i Effective system data
■ Instrument characteristics (such as directivity, port matching, tracking), resulting from 

the raw (uncorrected) data following the application of the system error correction.
■ Conditional on the instrument, it’s settings and the calibration kit used during the user 

calibration.

i Raw performance of the test ports
■ The uncorrected hardware properties, which effect the physical power waves
■ E.g. real match the DUT sees when looking back into the network analyser

<$>
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Data Sheet Measurement accuracy:
Transmission measurements

Measurement accuracy of the R&S®ZNB20
This data is valid between *18 *C and +28 *C, provided the temperature has not varied by more than 1 *C since calibration ValkJity of 
the data is conditional on the use of an R&S*ZV-Z235 calibration kit. This calibration kit is used to achieve the effective system data 
specified below Frequency points. measurement band width and sweep time have to be identicai for measurement and calibration 
(no interpolation allowed)

Accuracy of transmission measurements
100 kHzto 1 MHz +5 dB to -35 dB < 0.05 dB or < 0.5”

-35 dB to -50 dB < 0.1 dB or < 1°
-50 dB to -60 dB < 0.3 dB or < 5°

-< 0.05 dB or < 0.5”
-35 dB to -50 dB < 0.06 dB or < 0.6”
-50 dB to -60 dB < 0.1 dB or < 1°

10 GHz to 20 GHz +5 dB to -35 dB < 0 05 dB or < 0.5'
-35 dB to-50 dB < 0.08 dB or < 0.8”
-50 dB to -60 dB < 0.15 dB or < 1.5”

Specifications are ba< ïd on a matched DUT. a measurement bandwidth of 10 Hz and a nominal source power of-10 dBm.

—.......- _______= = = = ______________ .000

!  ... }  100 
s
f
1
1
2 «  
t

T yp ica l accu racy  o f  tra n sm iss ion  m agn itude  a n d  transm iss ion  phase m easurem ents fo r the R & S *Z N B 20  in  the fre q u e n cy  range  
from  100 k H z  to  2 0  GHz. A n a lys is  cond itions: S„ = S»= 0, cal. p o w e r- 1 0  dBm. m eas. p o w e r - 1 0  dBm.
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Data Sheet Measurement accuracy:
Reflection measurements

Measurement accuracy of the R&SSJZNB20
This data is valid between +18 "C and +28 ‘C provided the temperature has not varied by more than 1 ”C since calibration, Validity of 
the data is conditional on the use of an R&S*ZV-Z235 calibration kit This calibration kit ts used to achieve the effective system data 
specified below. Frequency points, measurement bandwidth and sweep time have to be identical for measurement and calibration 
(no interpolation allowed)

Typica l accu racy  o f  re flec tion  m agn itud e  a n d  re flection  phase  m easurem ents fo r the R & S *Z N B 20  in  the freq uency  range  
from  100 k H z  to 2 0  GHz. A n a lys is  cond itions : S,2 = S „  = 0, cal. p o w e r- 1 0  dBm. meas. p o w e r - 1 0  dBm.

<8>
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Data Sheet factory calibrated system data
Factory-calibrated system data
This data is valid between *18 "C and *28 *C. It is based on a source power of -10 dBm and a measurement bandwidth of 1 kHz.

Directivity 9 kHz to 50 kHz > 20 dB. typ 35 dB
50 kHz to 4.5 GHz » 30 dB. typ 50 dB
4.5 GHz to 10 GHz » 30 dB, typ 50 dB
10 GHZ to 20 GHz » 25 dB. typ 35 dB
20 GHz to 35 GHz »20 dB. typ 20 dB
35 GHz to 40 GHz > 15 dB. typ 20 dB

Source match 9 kHz to 50 kHz » 20 dB. typ 35 dB
50 kHz to 4.5 GHz » 30 dB. typ 50 dB
4 5 GHz to 10 GHz > 30 dB. typ 50 dB
10 GHz to 20 GHz » 25 dB. typ. 35 <fi
20 GHz to 35 GHZ » 20 dB, typ 20 dB
35 GHz to 40 GHz » 15 dB, typ 20 dB

Reflection tracking 9 kHz to 20 GHZ «0.5 dB.tvp. 01 dB
20 GHz to 40 GHz <0.5 dB. typ 01 dB

Transmission tracking 9 kHz to 20 GHZ <0 5 dB.typ 01 dB
20 GHz to 40 GHz < 0 5 dB typ 01 dB

Load match of the R&S*ZN64 and the 
R&S*ZNB8

9kHz to 50 kHz »10 dB, typ. 15 dB
50 kHz to 8 5 GHz » 20 dB. typ 25 dB

Load match of the R&S*ZNB20 100 kHz to l MHz > 16 dB. typ 20 dB
1 MHz to 2 GHz » 20 dB. typ 23 dB
2 GHz to 20 GHz » 16 dB, typ 19 dB

Load match of the R&S*ZNB40 10 MHz to 50 MHz »15 dB, typ. 18 dB
50 MHz to 2 GHz » 20 dB. typ 22 dB
2 GHz to 6 GHz » 16 dB, typ 18 dB
6 GHz to 10 GHz » 12 dB. typ 14 dB
10 GHz to 20 GHz » 10 dB, typ. 12 dB
20 GHz to 40 GHZ »8 dB, typ. 10 dB

Data Sheet effective system data:
^Performance defined by the quality of the calibration kit used

Effective system data
This data is valid between *18 'C and *28 *C. provided the temperature has not varied by more than 1 *C since calibration 
Frequency points, measurement bandwidth and sweep time have to be idendcal for measurement and calibration (no interpolation 
allowed). ^

The data is based on a measurement bandwidth of 10 Hz and system error calibration with artR&S*ZV-Z235\sirbration kiL

R»S'ZNB2Ö 100 kHz to 10 GHz 10 GHz to 20 GHz
Directivity 46 dB 41 dB
Source match '43 dB 38 dB
Load match 44 dB 40 dB
Reflection tracking 0.05 dB 0.05 dB
Transmission trackina 0 025 dB 0.035 dB

Effective system data of R&S®>ZV-Z235
The specified effective system data are established after performing a suitable system error calibration, e.g. TOSM. at a R&S®ZVA, 
R&S®ZVB. or R&S*ÏZVT vector network analyzer. using the characteristic data of the calibration kit, which are stored on a provided 
USB stick. This data is valid between +18 °C and +28 °C. at a measurement bandwidth of 10 Hz. and a nominal power o f-1 0  dBm at 
the calibration ports. The calibration kit is fully functional down to 0 Hz. with effective system data as specified below. although the 
data is only verified for frequencies as stated.

<$>
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Data Sheet raw test port performance

T h is  is important a s  it d e sc r ib e s  the R E A L  test 
port m atch that your dev ice  w ill s e e  w hen 
connected  to the network ana lyse r

Measurement Uncertainty and Verification (RSUK ver 1.0)

Example using the poster
Directivity = 40dB, \Sl t  \ = 20dB

Measurement uncerta inty as a function  o f the  d irectiv ity, tes t port match and measured return loss

Directivity and uncertainty

Measured return loss / dB

<8>
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Agenda

i Measurem ent uncertainty using verification Standards 

i Measurement uncertainty using R&S T-Check 

i Summary

I Measurement accuracy and uncertainty using the data sheet

i Calculation of measurement uncertainty using the VNAMUC tool
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Calculation of Measurement Uncertainty -  VNAMUC
When specific criteria is to be provided to understand the uncertainty

\ m  »JlLUÜfi
«  -  — 
3  —  ~  

S  —  ~

I <  fT"
I ^  Is.

l:

S < 8 >  ® .......- ------® Z Z ”"  Z Ü » ,  I imtwim-m  ‘Ja

i R O H D E & S C H W A R Z

amm

r

(Vector Network Analyzer 
Measurement Uncertainty Calculator)

Theoretical calculation of VNA uncertainty
• Based upon user selection of VNA type, measurement 

parameters, options, calibration kit and DUT properties

Communication directly with VNA
• Transfer of settings and measurement data

Performing VNA verification measurement
• Definition and handling of verification kits
• Performing VNA verification

Performing VNA T-Check
• Definition and handling of T-Check devices
• Performing T-Check verification

Documentation of results
(zooming, marker readout etc)

<$>
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Agenda

i M e a s u re m e n t u n c e rta in ty  u s in g  v e rific a tio n  S tan d ard s  

i Measurement uncertainty using R&S T-Check 

i Summary

I Measurement accuracy and uncertainty using the data sheet

i Calculation of measurement uncertainty using the VNAMUC tool
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Verification Standards...

>VERIFICATION<
W hen you w ish to check the m easurement accuracy of your “real life” 

V N A  test system  after user calibration (system error correction)

Performs evaluation of system properties of 
the VNA

Requires measurements on several 
Verification Standards (VS)

“Verification” means:
Comparison of the 

measurement results Sxx with 
the values specified for the 

defined verification Standards

Verification 
Standards: 

specified with 
tighter limits than 

the calibration 
Standards
Traceable!

Standards that 
are not used 

during the normal 
calibration of the 

VNA

For example:
Stepped 

line/through, 
attenuator, 

mismatch, offset 
short

Evaluation of 
uncertainty
(under given 
conditions)

Information on 
effective 

directivity, port 
matching, 

transmission/refl 
ection tracking

RO HDE&SCHW ARZ Measurement Uncertainty and Verification (RSUK ver 1.0)



Definition of Verification
Plausibility of test results from a device different to the device under test

• Known device, air-line or DUT supplied with characterisation data
• Calibration Standard not used for calibration (SHORT after TRM) } Provides a check 

not full verification

Measurement of SHORT:
Electrical length 
Phase measurement 
Attenuation

Trcl------ SU dB Hag 0.1 dB/ M  0 dB Cal 1

Chi Sun 100 kHz Pwr -10 dBm Bw 100 Hz Stop 8 GHz

Measurement of air LINE:
Ripple:
measure for effective directivity and port match 
Uncertainty of reflection measurement 
E.g.: peak-peak: 0.14 dB: 36 dB port match

<8>
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Reproducibility verses Verification

Why m u s t a  v e r if ic a tio n  S ta n d a rd  be  d if fe re n t fro m  
th e  c a lib ra tio n  S tanda rd?

• Calibration referred to the description data of the calibration Standards 
(length, attenuation, impedance etc)

• Measurement trace of a calibration Standard corresponds to the definition data.

trc_NATCH------  S il dB Map 10 dB/ R«f 0 dB Cal trt_SHORT------  S il dB Mag 10 dB/ Ref 0 dB ■

MATCH connected 
(by mistake)

/

SHORT connected 
(by mistake)

Chi Start 100 kHz Pwr -io  dBm Bw 10 kHz Stop 20 GHZ

Calibration step: SHORT but incorrectly 
applying the MATCH Standard

Trace corresponds = definition data of the SHORT

Calibration step: MATCH but incorrectly 
applying the SHORT Standard

Trace corresponds = definition data of the MATCH

No information on system performance 
gained by reconnecting a calibration 

Standard used during calibration

<$>
RO H D E&SC H W AR Z Measurement Uncertainty and Verification (RSUK ver 1.0) 18



Types of verification Standards:
R&S Verification kits Verification Standards 

defined by__________

• *.s1p and *.s2p files
• Uncertainty data

Mismatch
• 20 dB (Zq=60 

Ohm)
• Length ~ 15 mm

Stepped
Through

• 500  - 250  - 500
• Length ~ 30mm

^ Ü S E « i »  All RF measurement quantities traced
v v  ' s z y *  to National Metrology Institutes, e.g.

PTB (Germany), NPL (UK) etc

<$>
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Typical Impedance (S^) of verification Standards
Comparison with Short and Match calibration Standards

<%>
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Verification Software Tool VNAMUC
Performing & Analysis of verification

Handling of the verification kits 
VerificationImport of verification 

kit data
Automatic setup of 
VNA
Selection of Standard 
and measurement

Transfer of 
measurement data 
from VNA to 
VNAMUC tool

Comparison

Data of verification 
Standard measured 
on VNA including 
error bars.
Data specified for 
verification Standard 
plus error bar 
specified by PTB

Criterion for pass/fail decision

l̂ meas'̂ vsl ^ tJmeas+Uy5
(where X := measured / specified, U := uncertainty) 
Listing of all failing values

<$>
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R&S®VNAMUC Pass/Fail criterion

Error bar of 
verification Standard

Measurem ent value t  

taken on verification J 
Standard by VNA

1 2  3 4

Pass/Fail distinction of cases:

1. Pass
2. Pass with low probability for fail
3. Pass with increased probability for fail
4. Fail

Spec o f verification Standard
with specified 90%  probability error bar

Measurement on verification Standard 
with calculated 90% probability error bar

Ilses the uncertainty data from VNAMUC to overlay the error bars on the 
verification measurement from the VNA. If the measurement passes then the 
calculated uncertainty data can be applied to the current setup.

<$>
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Verification Measurements and Interpretation

Offset Short
• Verification of high reflecting measurements
• Verification of measurements with similar parameters: given by error bars

Mismatch
• Verification of low reflecting measurements
• Verification of measurements with similar parameters: given by error bars

Attenuator
• Verification of low reflecting measurements
• Verification of measurements with similar parameters: given by error bars
• Check for linearity

Stepped Through
•Verification mid range reflecting measurements
• Verification of measurements with similar parameters: given by error bars
• Check for linearity

<$>
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Verification Summary: Info from R&S®VNAMUC
Pass/Fail Information

• Can be read directly from R&S®VNAMUC tool
• lf all results are passed: Uncertainty graphs from R&S®VNAMUC are met

Inform ation on accuracy:

• Can be derived directly from the VS’s error bar constellation
• Accuracy can be estimated for a DUT similar to the connected VS

I nform ation on effective system data:

(Mis)Match: Directivity
(Offset)Short: Mismatch, Directivity, 
Reflection Tracking

Stepped Through:
Transmission Tracking, Linearity
Attenuator: Linearity

Case Result of 
Offset Short

Result of 
Mismatch

Directivity Source
Match

1 ✓ OK OK

2 S X OK Not OK

3 X X Not OK No
conclusion

4 X V Not OK No
conclusion

<$>
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Agenda

I M easurem ent accuracy and uncertainty using the data sheet 

i Calculation of measurement uncertainty using the VNAM UC tool 

i M easurem ent uncertainty using verification Standards

i Measurement uncertainty using R&S T-Check

i Summary
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R&S T-Check
The golden medium between investment, effort, and validity of verification

W hat is it?

• Gives a check of the system performance 
after a calibration

• Provides an indication that the specifications 
provided in the data sheet of the VNA can be 
met

How does it work?

• Uses the symmetry of the S-Parameters for a 
3-port device

• The deviation from symmetry (or reciprocity) 
gives a measure for the measurement 
uncertainty

• Calculated from what’s known as the CT 
factor (ideal device CT = 1)

_____ 1̂11̂21+̂ 12̂22!_____
J(l-|Sii|2-|Si2l2)(l-|S2i|2-|S22|2)
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R&S T-Check
The golden medium between investment, effort, and validity of verification

What are the benefits over a full verification kit?

• Only one device is required to be measured - Simple to use

• Lower cost than purchasing a full verification kit

Are there any limitations?

• Gives an indication as to whether the specification in the data sheet of the 
VNA is met

• Uses magnitude information, no information about the phase is provided

• Only provides a measurement for a given part of the Smith chart. T-Check 
has around 8dB return loss

• As all four S-Parameters contribute to the CT factor is not possible to 
ascertain what errors can contribute to a fail

<$>
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T-Check
The results screen

i cT gives the deviation in % from the specification

i Green range: Uncertainty as stated in the 
network analyser data sheet is met

>acceptable<

(The phase can be constructive or destructive 
giving the unknown yellow region on the graph)

i Pass/fail Interpretation not possible because 
T-Check only uses the m agnitude  
information.

i Gives indication that the accuracy curves from 
the data sheet are met for the given conditions.

r— MACftSMnasn

0 1 3 3 4 5 6 7 6  
(re<M ncy in  MN;

i:—

0 1  2 3 4 5 6 7 6
fr* *u *n cv  ■« GM; fur*n*m*o<

Vector Networt 
Anelyia
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Agenda

I Measurem ent accuracy and uncertainty using the data sheet 

i Ca lcu lation of measurement uncertainty using the V N A M U C  tool

i  M easurem ent uncertainty using verification Standards

i Measurement uncertainty using R&S T-Check

i Summary
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Summary:
i Network analyser accuracy after system error correction strongly related to the 

description and quality of the calibration Standards

i Re-connection of the Standards used during calibration offers no indication to 
the accuracy of the measurement

i The data sheet only gives an indication of accuracy under specific conditions

i Calculation of measurement uncertainty for given user conditions can be made 
with the R&S VNAMUC tool.

i Verification Standards can be used to derive a real life indication of accuracy
■ Comparison of real verses desired values (compared to national Standards)
■ Direct information on measurement uncertainty (for specific conditions)
■ Check for effective system data
■ Connection of all verification Standards for a full system verification

i Use of the T-Check for a quick, low cost verification of measurement accuracy

<$>
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Questions?



Agenda -  Basic amplifier measurements

1 Small Signal RF amplifiers -  key parameters 
l Practical measurement considerations
1 Example measurements with the ZNB

1 Step 1 -  Configuring the ZNB 
1 Step 2 -  Calibration

-  System error correction
-  Power calibration
-  Introducing “SMARTerCal”
-  Scalar power calibration
-  Check the calibrations

1 Step 3 -  Amplifier measurements
-  S-parameters -  Harmonies
-  Stability -  AM to PM conversion
-  Compression point / power sweep -  Power Added Efficiency

<$>
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Small Signal RF amplifiers -  key parameters

Complex input reflection 
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Capabilities of a vector network analyser (VNA)

A modern VNA is the most effective way to characterise a linear RF amplifier.
I Multiple VNA measurement Channels allow configurations with swept 

frequency and power, all within one measurement setup.
I The amplifier need only be connected to the VNA once for all tests, reducing 

connector wear and minimising errors.

Two calibrations are required:
I System error correction -  requires calibration Standards.
I Test port reference receiver and source power levels -  requires a power 

sensor.

<$>
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Practical measurement considerations

Frequency range?
VNA -  e.g. min/max frequencies. Harmonie measurements? 

Connector types and calibration Standards

PC 2.4 mm

PC 2.92 mm ■  40 GHz

SSMA ■  ;38 GHz;

PC 3.5 mm ^  26.5 GHz! ! !

dS
A U  PORTS

+ 77 dBm Rf MAX 
» V  DC MAX

Power levels?

• DUT input power -  maximise the Signal to noise ratio. Stay below 
the compression level of the DUT (pre-amp/attenuation may be 
needed).

• DUT output power -  must be significantly below the damage level of 
the VNA ports (attenuation may be needed).

What sweep 
resolution?

Compromise of:
• No. of measurement points or frequency steps per sweep -  More 

points/steps increases the time per sweep.

• Intermediate Frequency (IF) bandwidth -  highly selective and 
smaller filter bandwidths help to reject noise around the 
measurement frequency. Impact -> increased measurement time.

Fast
measurements?
Minimised impact 
of noise?

RO HDE&SCHW ARZ Nov 2015 I Demystifying the VNA -  RF Amplifier Measurements I 5

Example measurements with the ZNB
Aims of the exercise:
1. Configure the ZNB with two channels:

1. frequency sweep
2. power sweep ___________________

2. Efficiently calibrate for system error 
correction and power levels.

3. Measure the amplifier performance:
• füll 2-port S-parameters • stability
• 1 dB compression point • harmonies

Device under test (DUT):
FREQUENCY GAIN MAXIMUM DYNAMIC VSWR

(MHz) (dB) POWER RANGE (:1 )
(dBm ) Typ.

Output NF IP3
Flatness1 (1 dB Compr.) input (dB) (dBm)

II i . T yp . Mln. Typ. L U (no damage) iyp. Typ. In Out

20 3000 19 14 ±22 +8 +8 +13 3.8 +22 1.4 1.6

ZJL-3G+

m * f

M ini-C ircuits R F  
am plifier
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Step 1 -  Configuring the ZNB
For this example, minimum settings required on the ZNB network 
analyser are:

PRESET

Channel 1 Channel 2

Start frequency 1 GHz Start power .......... . -25 dBm

Stop frequency 3.5 GHz Stop power 0 dBm

Source power level -20 dBm CW frequency 2 GHz

Number of points 201 Number of points 201

IF measurement bandwidth 1 kHz IF measurement bandwidth 1 kHz

" 'V '
Quickly configure for S-parameter 
measurements using the 
“S-parameter W izard”

s-ifSfamdfirir wi/arn
Test Setup

C hanging th e  test se tup  a f te r  fin ishing the w i/a rd  m ight requ ire  a new  calibration.

m o i
’ÖfpiQ OM]‘fr‘ 0*" 'P

DUT: Balanced 1 port
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Step 2 - Calibration
Purpose:
To define measurement reference 
test cables to the DUT, providing:
I Full system error correction 
I Corrected power levels

planes at the interface of the VNA

Required:
R&S ZNB SMARTerCal -  software tool that manages the 
calibration process. Couples system error correction with 
scalar power calibration:
I Calibration kit -  manuai or auto 

calibration unit and torque Spanner.
I Power sensor -  power alignment of 

reference receivers.
I “Flatness calibration” of the RF power 

source - requires 50 Q or DUT.

SMARTerCal

Start... 
(Cal Unit)

(Manual)

<X . *

<$>
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Step 2 -  Calibration. “R&S ZNB SMARTerCal”
The R&S ZNB supports the SMARTerCal calibration tool...

Combines system error correction with scalar power 
calibration to provide vector corrected wave-quantities 
(enhanced wave quantities)

All encompassing routine
Scans all configured tracés and channels to provide an all 
encompassing calibration technique in one easy connection. 
Particularly suited to frequency Converting Setups

Minimal connection of 
power sensor

Power sensor connected to a nominated test port. Power 
reference is transferred to all test ports via the system error 
correction.

Correction for power 
sensor reflection 
coëfficiënt

System error correction is used to measure the gamma of 
the power sensor to correct for absolute power mismatch.
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Step 2 -  Calibration. Example
SMARTerCal - Using a manual calibration kit and power sensor:

1. Calibration Type: PUOSM 
(Power, Unknown through, Open,
Short, Match)

2. Select connector type and 
calibration kit (defines the cal 
Standards)

o
PTOSM PUOSM

n

PTRL
o
PTOM

ö
PTSM

SM ARTerCal

S tart...

ö
PT RM

n

PT NA

n

A dapter

(C al U n it)

x V  S tart... 
(M a n u a l)

_________________________________“ ________________________________________
Q  R epeat...

P o w e r M eter P o w e r P ort C alibrate
Pm tr 1 Port 1 | i  ®  all Channels

3. Step through calibration, applying each 
Standard and the power sensor.

4. Apply the SMARTerCal calibration.

5. Perform source power flatness 
calibration.

[pI
-25
Offs

V4 P 2 0
... 0 dBm 25 ... 0 dBm
et: 0 d B ___ __ Off*et: 0 dB

Source Source
Flatness Flatness

<$>
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Step 2 -  Calibration. Scalar power calibration
A  sca la r power calibration can be performed without using SM ARTerC a l.

Power Cal •  | '“ 'X '" ’ ■■  *■> power Cal | ■ |«J* Power Cal 1

Power 1  Meas. Receiver J |  Meas. Receiver
Flatness Cal Port» Flatness C Pon.

Source Port Source Port

m . f ©  "C _ 
r

P© "G

j Please ronnert Power Meter to Port l anti press 'Start Cal Sweep'. j f j ' '  Please connett Port 1 wllh caHbralion sUndard open (or short) 
Vl>  and press 'Start Cal Sweep'.

^ jj .  Please ronnert Port 1 with Port 7 and press Start Cal Sweep'.

s  i s f  r a » * *  Swct-p"1*1 H < ^ * l
s Start Cal H l  * w  

Sweep )Tcancel {Eg Help

A power sensor is used to perform the scalar power calibration:

• Source level and reference receiver on source test port -  power sensor
• Measurement receiver on source test port -  Port 1 reference receiver
• Measurement receiver on receiving test port - Port 1 reference receiver

<$>
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Good practice -  Check systematic error calibration
1. Known through

I S21 - Are loss and phase sensible values? 
Use “Trace Statistics” to measure 
delay/length.

I S11/S22 - 50 Q on Smith chart? Sensible 
return loss?

2. Match (50 Ü)

______ E a T r c l o E H l  P h ase

Statistics (S21)
Phs Dly 84 .699 ps 
El Len 25.392 mm

-0.02 dB 3 GHz 
-0 03 dB

_______________ï ____________________ ........................... T ...... -------- 4 *

2 GHz 
-61.09°

-91.55°M2
—- I __

3. Reflection (open/short)
I S11/S22 -  50 O on Smith chart.
I S11/S22 -  Compare return loss 

measurement with the match data (.sip).

I S11/S22 -  Smith chart. Note the applied 
offset to get back to the reference plain.

'  741^.000000 GHZ 76.731 m£2
-J122.322 Q 

_____ '  "  . 650.558 fF
•Ml 'J.OOOpOO'GHz 145.246 kfi 

J75.902 kO 
. / \  \  6.040 pH

.30.888 ps

rini...fflflfam

Statistics (S ll)  '■ . 
Phs Dly 30.875 ps
El L*n 9.256 mm

<$>
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Good practice -  Check power calibration
Connect a known through. Observe the wave quantities in the frequency  
and power domains:
l ‘a1’ source Port 1 
l ‘b2’ source Port 1

Cal Power... 

T ransm.

•M
M

2.000
2.000

000 GH
000 Gl

Z -20.C
Z -20.C

0  dBm
1 dBm

W
1

1
l _____ ______

Coefficients... 

g  Switcii oft

______ Flatness Cal

P b . 1  dB

I r - ..H
1 1 Power Meter

______

Pmtr 1 ! i

Ser«: 130446 

Power

SUrt 1 GHz Pwr 1OdBm ü y u kHz ilop 3. i  GHz

Meters... 

Auto Zero

Ready for measuring? Turn off the RF sources and connect the DUT.

<$>
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Measurements: S-parameters

Characterisation of linear parameters:
• Gain • Return Loss
• Gain flatness • Voltage Standing Wave Ratio (VSWR)
• Reverse gain or Isolation • Complex impedance
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Measurements: S-parameters, Stability
T rc 2 S 21 dB  M ag j Trc9 K ( 2 1)

T rc io j i Lin Mag T r c l l U 2(21)
Un Mag 
Lin Mag

Stability

30 r m :
______ h

1 .5 0  
11 1.5C

3HZ 19 
GHZ 1

.59  dB 

.0 6 2  U

i
f,

11 1.5C 
11 1 50

GHZ 1 
GHz 1

.142  U 
; , . ,

,______ I ____ _
— — i___

■
-15

- _____

*— __ —

111 — ------ 2 —■
1 u

n a d ...... -  ... j

K -

ßalanced Ports

PI P2o o

Uses the com plex S-param eters to calculate stability factors:
• K, Rollett stability factor
• ijp input stability factor
• p2, output stability factor
Device is unconditional stable when K> 1 and y1> J\ or p2> 1
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Measurements: Compression point / power sweep
Linear power sweep to measure 
DUT’s linearity over a wide power 
range (>100 dB with extended power 
range Option). Allows measurement 
of device compression point.

Power calibration needed to measure 
absolute wave-quantity value.

“Trace Statistics” -  Simple method of 
measuring a User defined 
compression point value.

<$>
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Measurements: Harmonies

Modern VNAs allow the source and receiver frequencies to be offset, allowing 
measurement of harmonies.

With the source providing a fundamental frequency, the receivers can be set 
to measure 2nd and 3rd harmonies. Requires power calibration.

ZNB Option:

I ZN B K4 Freq Conversion

<$>
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Measurements: AM to PM conversion
Trc7 F H 1  dB Mag 3 dB/ Ref 0 dB Cal

-17 Ml
•R

-1 5 .0 0  dBrt
-1 2 .0 0  dBr

i 18.40  dB
1 -3 1 .5 9  ®

2 MT 1.00 dB ' ö.32 5

M1
▼

--23----------

PMout, , /dB)
/  X

AMin /
1l /

\ x v w — - - -
_ tr

- . . ----------

.3 5 «............ ..S.tatistics.iS2U......... .....
-37

Cmp In 
Cmp O u t

■7.97 dBm  
9 .5 9  dBm

I Start -60 dBm Freq 2 GHz Bw 1 kHz Stop 0 dBm |

Amplitude Modulation (AM) to Phase Modulation (PM)
• Measure of phase deviation caused by amplitude change.
• Important in Systems using QAM, and/or pre-distortion.
• Stimulus = Power sweep.
• System error correction & power cal => Vector corrected wave quantities.
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Measurements: Power Added Efficiency
ZNB Option:

I ZN B B81 DC Inputs

P A E  =
PrO U T

D C

out
Port 7 I i

irci4 Esinn «ui Li« Mag Trcl3,

DC measuring inputs and a 
small value precision resistor 
provide a measure of DC power.

Requires RF power calibration.

G tU  S tort 1 GHl

___—
j 1.12 GHz 
1 1.12 GHz

12.467 V 
12.015 V

1.Ï2 GHz
1.1 2 GHz 

1 ----------

8.765 mu
>! '»4 dB

Stop 3.5 GHz 1

Port 1 ;

Ranges
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dB or not dB?
Everything you ever wanted to know 
about decibels but were afraid to ask... 
Application Note
Products:

i Signal Generators i Network Analyzers 

i Spectrum Analyzers i Power Meters 

i Test Receivers i Audio Analyzers

True or false: 30 dBm + 30 dBm = 60 dBm? Why does 1% work out to be -40 dB one time but then
0.1 dB or 0.05 dB the next time? These questions sometimes leave even experienced engineers 
scratching their heads. Decibels are found everywhere, including power levels, voltages, reflection 
coefficients, noise figures, field strengths and more. What is a decibel and how should we use it in 
our calculations? This Application Note is intended as a refresher on the subject of decibels.

Note:

Please find up to date document on our homepage

http://www.rohde-schwarz.com/appnote/1MA98
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1 Introduction
%, dB, dBm and dB (pV/m) are important concepts that every engineer should 
understand in his (or her) sleep. Because if he does not, he is bound to be at a 
disadvantage in his work. When these terms come up in discussions with customers or 
colleagues, he will have trouble focusing on the real issue if he is busy wondering 
whether 3 dB means a factor of 2 or 4 (or something eise). It is well worth the effort to 
review these concepts from time to time and keep familiar with them.

While this Application Note is not intended as a textbook, it will help to refresh your 
knowledge of this topic if you studied it before or provide a decent introduction if it is 
new to you.

When it comes to writing formulas and units, we have followed the international 
Standards specified in ISO 31 and IEC 27 (or else we have indicated where it is 
common practice to deviate from the Standard).



Why use decibels in our calculations?

2 Why use decibels in our calculations?
Engineers have to deal with numbers on an everyday basis, and some of these 
numbers can be very large or very small. In most cases, what is most important is the 
ratio of two quantities. For example, a mobile radio base station might transmit approx. 
80 W of power (antenna gain included). The mobile phone receives only about 
0.000 000 002 W, which is 0.000 000 002 5 % of the transmitted power.

Whenever we must deal with large numerical ranges, it is convenient to use the 
logarithm of the numbers. For example, the base station in our example transmits at 
+49 dBm while the mobile phone receives -57 dBm, producing a level difference of +49 
dBm -(-57 dBm) = 106 dB.

Another example: If we cascade two amplifiers with power gains of 12 and 16, 
respectively, we obtain a total gain of 12 times 16 = 192 (which you can hopefully 
calculate in your head -  do you?). In logarithmic terms, the two amplifiers have gains 
of 10.8 dB and 12 dB, respectively, producing a total gain of 22.8 dB, which is definitely 
easier to calculate.

When expressed in decibels, we can see that the values are a lot easier to manipulate. 
It is a lot easier to add and subtract decibel values in your head than it is to multiply or 
divide linear values. This is the main reason we like to make our computations in 
decibels.

2.1 Definition of dB

Although the base 10 logarithm of the ratio of two power values is a dimensionless 
quantity, it has units of “Bel” in honor of the inventor of the telephone (Alexander 
Graham Bell). In order to obtain more manageable numbers, we use the dB (decibel, 
where “deci” stands for one tenth) instead of the Bel for computation purposes. We 
have to multiply the Bel values by 10 (just as we need to multiply a distance by 1000 if 
we want to use millimeters instead of meters).

a = 10 - log 10

/ n ' l

V̂ 2
dB

As mentioned above, the advantage of using decibels is that the huge range of the 
signals commonly encountered in telecommunications and radio frequency 
engineering can be represented with more manageable numbers.

Example:

Pi is equai to 200 W  and P i is  equa l to 100 mW. W hat is the ir ratio a in dB?
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Why use decibels in our calculations?

^  p  \
a = 10- log l0 -L  dB = 10 • log]0(2000)dB = 33.01 dB

P> j\ r2 J
Of course, before dividing these power levels, we have to convert them to the same 
unit, i.e. W or mW. We will not obtain the correct result if we just divide 200 by 100.

Nowadays, we use base 10 logarithms almost exclusively. The abbreviation for a base 
10 logarithm is lg. In older textbooks, you will sometimes see the natural logarithm 
used, which is the base e logarithm (e = approx. 2.718). In this Application Note, we 
use only the base 10 logarithm, which we abbreviate with Ig without indicating the base 
further on.

Of course, it is also possible to convert decibels back to linear values. We must first 
convert from dB to Bel by dividing the value by 10. Then, we must raise the number 10 
(since we are using a base 10 logarithm) to this power:

If we refer an arbitrary power value to a fixed reference quantity, the logarithmic ratio of 
the two values yields a new absolute quantity. This quantity is defined as a level.

The reference quantity most commonly used in telecommunications and radio 
frequency engineering is a power of 1 mW (one thousandth of one Watt) into 50 Ohm.

The general power ratio Pi to P2 now becomes a ratio of Pi to 1 mW. The logarithmic 
ratio provides the level L. According to IEC 27 the reference value had to be indicated 
in the level index:

Example:

a =  33.01 dB, w hat is P W P 2 ?
A fte r firs t com puting 3 3 .0 1 /1 0  = 3.301, we obtain:

A  = 1 o3 301 = 1999.9 
P7

2.2 What does dBm mean?

L = 101g dB'P( re 1 mW) { \m W

or the short form:

For example 5 mW corresponds to a level of Lp/imw = 6.99 dB.

1MA98_12e Rohde & Schwarz Everything you ever wanted to know about decibels but were afraid to ask... 6



Why use decibels in our calculations?

To denote the reference of 1 mW, the ITU introduced the unit dBm. This unit is more 
common than the IEC 27 terminology, and will be used throughout this paper. With 
this, our example reads as follows:

L p=  101g
' 5tiiWN 
V1 mW  J

dBm = 6.99 dBm

To give you a feeling for the orders of magnitude which tend to occur, here are some 
examples: The output power range of Signal generators extends typically 
from -140 dBm to +20 dBm or 0.01 fW (femto Watt) to 0.1 W. Mobile radio base 
stations transmit at +43 dBm or 20 W. Mobile phones transmit at +10 dBm to +33 dBm 
or 10 mW to 2 W. Broadcast transmitters operate at +70 dBm to +90 dBm or 10 kW to 
1 MW.

2.3 What is the difference between voltage decibels and 
power decibels?

First, please forget everything you have ever heard about voltage and power decibels. 
There is only one type of decibel, and it represents a ratio of two power levels Pi and 
P2 . Of course, any power level can be expressed as a voltage if we know the 
resistance.

p  -  U±_ and P  =
1 ”  R x R 2

We can compute the logarithmic ratio as follows:

f  p. ) ( u , 2 R , 'j
a = 10 • lg dB = 10 • lg

1^2 J J

Using the following 3 familiar identities,

tog(.rv) = y-tog(x) 

log (xy) = log (x) + log ( v)

We obtain (again using Ig to mean the base 10 logarithm):

f  p\ 1

<N

r A
a -  10 • lg dB = 10 - lg 1 2

1^2 J l^ 2 2 RJ
dB = 20 - lg 'E O

v^2 ,
d B -1 0  1g

R,
dB

v"2 y

Note the minus sign in front of the resistance term.

In most cases, the reference resistance is equal for both power levels, i.e. R1 = R2 .
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Why use decibels in our calculations?

Since

1 0  - l g  ( l )  =  0

we can simplify as follows:

a = 10-lg
\ P 2 j

dB = 20 • lg ' ! L ' dB (simplified for Ri = R2 !)

This also explains why we use 10 lg for power ratios and 20-lg for voltage ratios.

Caution: (Very important!) This formula is valid only if R1 = R2 . If, as sometimes 
occurs in television engineering, we need to take into account a conversion from 
75 Ohm to 50 Ohm, we need to consider the ratio of the resistances.

Conversion back to linear values is the same as before. For voltage ratios, we must 
divide the value a by 20 since we use U2 and decibels (20 = 2-10, 2 from U2, 10 from 
deci).

p  a l  dB

^ -  = 1 0 ^
P2

j j  a/dB

u 2

2.4 What is a level?

As we saw above, dBm involves a reference to a power level of 1 mW. Other 
frequently used reference quantities include 1 W, 1 V, 1 pV and also 1 A or 1 pA. 
According to IEC 27, they are designated as dB (W), dB (V), dB (pV), dB (A) and 
dB (pA), respectively, or in field strength measurements, dB (W/m2), dB (V/m), 
dB (pV/m), dB (A/m) and dB (pA/m). As was the case for dBm, the conventional way of 
writing these units according to ITU is dBW, dBV, dBpV, dBA, dBpA, dBW/m2, dBV/m, 
dBpV/m, dBA/m and dBpA/m. These units will be used in this paper.

From the relative values for power level Pi (voltage Ui) referred to power level P2 

(voltage U2 ), we obtain absolute values using the reference values above.

These absolute values are also known as levels. A level of 10 dBm means a value 
which is 10 dB above 1 mW, and a level of -17 dB(pV) means a value which is 17 dB 
below 1 pV.

When computing these quantities, it is important to keep in mind whether they are 
power quantities or voltage quantities.

Some examples of power quantities include power, energy, resistance, noise figure 
and power flux density.
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Why use decibels in our calculations?

Voltage quantities (also known as field quantities) include voltage, current, electric field 
strength, magnetic field strength and reflection coëfficiënt.

Examples:

A p o w e r flux density o f 5  W /m2 has the fo llow ing level:

P U W  I  m
2 = 10-lg

^5 W/m2 ^ 
v lW /m 2y

= 7 dB (W/m2)

A voltage o f 7 p V  can also be expressed as a leve l in  dB(pV):

= 16.9 dB (//V)Luntiv — 20 • lg
lp V

Conversion from levels to linear values requires the following formulas:

g/dB

p  = 10 10 PreS

or

»/dB

t/ = 10 20 -uref

Examples:

A pow er level o f -3 dB(W ) has the fo llow ing pow er:
-3

p = 10>° 1 W =0.5-1 W = 500 mW

A voltage level o f 120 dB(pV) has a voltage of:

120
C7 = 1 0 20 • l p V  = 1000000-lpV  = lV

1MA98 12e Rohde & Schwarz Everything you ever wanted to know about decibels but were afraid to ask. .. 9



Why use decibels in our calculations?

2.5 Attenuation and gain

The linear transfer function a»n of a two-port circuit represents the ratio of the output 
power to the input power:

Fig. 2-1: Two-port circuit

The transfer function is normally specified in dB:

a = 10 1g — dB
Pi

If the output power P2 of a two-port circuit is greater than the input power Pi, then the 
logarithmic ratio of P2 to Pi is positive. This is known as amplification or gain.

If the output power P2 of a two-port circuit is less than the input power Pi, then the 
logarithmic ratio of P2 to Pi is negative. This is known as attenuation or loss (the 
minus sign is omitted).

Computation of the power ratio or the voltage ratio from the decibel value uses the 
following formulas:

p  al dB

Pi

or

j j  a/dB

^  = 1 0 ^
U ' (for Rout = Rin)

Conventional amplifiers realize gains of up to 40 dB in a single stage, which 
corresponds to voltage ratios up to 100 and power ratios up to 10000. With higher 
values, there is a risk of oscillation in the amplifier. However, higher gain can be 
obtained by connecting multiple stages in series. The oscillation problem can be 
avoided through suitable shielding.

The most common attenuators have values of 3 dB, 6 dB, 10 dB and 20 dB. This 
corresponds to voltage ratios of 0.7, 0.5, 0.3 and 0.1 or power ratios of 0.5, 0.25, 0.1 
and 0.01. Here too, we must cascade multiple attenuators to obtain higher values. If 
we attempt to obtain higher attenuation in a single stage, there is a risk of crosstalk.

1MA98_12e Rohde & Schwarz Everything you ever wanted to know about decibels but were afraid to ask... 10



Why use decibels in our calculations?

2.5.1 Series connection of two-port circuits:

In the case of series connection (cascading) of two-port circuits, we can easily 
compute the total gain (or total attenuation) by adding the decibel values.

Filter Amplifier Mixer IF Amplifier
-0.7 dB 12 dB -7 dB 23 dB

Fig. 2-2: Cascading two-port circuits 

The total gain is computed as follows:

a =  a, +  a 2 +  ... +  a n 

Example:

Fig. 2 -2  shows the input stages o f a receiver. The to ta l ga in  a is com puted as fo llow s: 

a = -0.7 dB + 12 dB - 7 dB + 23 dB = 27.3 dB.
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3 Conversion from decibels to percentage 
and vice versa
The term “percent” comes from the Latin and literally means “per hundred”. 1% means 
one hundredth of a value.

l% o f  x  =  0.01-x

When using percentages, we need to ask two questions:

■ Are we calculating voltage quantities or power quantities?
■ Are we interested in x% of a quantity or x% more or less of a quantity?

As mentioned above, voltage quantities are voltage, current, field strength and 
reflection coëfficiënt, for example.

Power quantities include power, resistance, noise figure and power flux density.

3.1 Converting % voltage to decibels and vice versa

x% of a voltage quantity is converted to decibels as follows:

a  = 20 • lg —  dB 
100

In other words: To obtain a value of x% in decibels, we must first convert the 
percentage value x to a rational number by dividing x by 100. To convert to decibels, 
we multiply the logarithm of this rational number by 20 (voltage quantity: 20) as shown 
above.

Example:

A ssum e the output voltage o f a tw o-port c ircu it is equal to 3%  o f the input voltage. 
W hat is the attenuation a in dB?

a =  20 • lg —  dB = -30.46 dB 
& 100

We can convert a decibe l value a to a percentage as follows:

a/dB

X = 100%- 10^ö~

Example:

Calculate the output voltage o f a 3 dB attenuator as a percentage o f the input voltage.
-3

x = 100% -1020 = 70.8 %

The outpu t voltage o f a 3 dB attenuator is equal to 71% o f the inpu t voltage.
Note: A ttenuation m eans negative decibel values!
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3.2 Converting % power to decibels and vice versa

x% of a power quantity is converted to decibels as follows:

a = 10-lg —  dB 
100

To obtain a value in decibels, we first convert the percentage value x to a rational 
number (as shown above) by dividing the number by 100. To convert to decibels (as 
described in section 2), we multiply the logarithm of this rational number by 10 (power 
quantity: 10).

Example:

Assum e the output pow e r o f a tw o-port c ircu it is equa l to 3%  o f the input power. W hat 
is the attenuation a in dB?

3 %-P = 0.03-P

a = 10-lg —-  dB = -15.23 dB 
100

We can convert a decibel value a to a percentage as follows:

«/dB

*  =  100%-10 10 

Example:

Calculate the output pow er o f a 3  dB  a ttenua tor as a percentage o f the Input power.
-3

x = 100 % • 1010 =50.1%

The pow er a t the output o f a 3  dB  a ttenua tor is h a lf as large (50% ) as the input pow er. 
Note: As above, attenuation m eans negative dec ibe l values!

3.3 Converting % voltage more or less to decibels

x% more (or less) of a value means that we add (or subtract) the given percentage to 
(or from) the stading value. For example, if the output voltage U2 of an amplifier is 
supposed to be x% greaterthan the input voltage Ui, we calculate as follows:

U 2 = U l +*% •{/, = t/, 1 +
100,

If the output voltage is less than the input voltage, then x should be a negative value. 

Conversion to a decibel value requires the following formula:
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a = 20 ■ lg 1 +
100.

dB

Note: Use a factor of 20 for voltage quantities.

Example:

The outpu t voltage o f an am plifie r is 12.2% greater than the inpu t voltage. W hat is the 
gain in decibe ls?

a =  20-lg 1 + 12.2
100

dB = 1 dB

Note that starting with even relatively small percentage values, a given plus 
percentage will result in a different decibel value than its corresponding minus 
percentage.

20% more results in +1.58 dB 

20% less results in -1.94 dB

3.4 Converting % power more or less to decibels

Analogous to the voltage formula, we have the following for power:

P2 = Px + x % ■ Pt = Px l +
100

Conversion to a decibel value requires the following formula:

a = 10 - lg 1 +
1ÖÖ

dB

Note: Use a factor of 10 for power quantities.

Example:

The outpu t po w e r o f an a ttenuator is 20%  less than the input power. W hat is the 
attenuation in decibels?

(
a = 10-lg 1 +

-2 0
100

dB = -0.97 dB « -1 dB

As before, we can expect asymmetry in the decibel values starting with even small 
percentage values.
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4 Using dB values in computations
This section demonstrates how to add power levels and voltages in logarithmic form,
i.e. in decibels.

4.1 Adding power levels

30 dBm + 30 dBm = 60 dBm? Of course not! If we convert these power levels to linear 
values, it is obvious that 1 W + 1 W = 2 W. This is 33 dBm and not 60 dBm. However, 
this is true only if the power levels to be added are uncorrelated. Uncorrelated means 
that the instantaneous values of the power levels do not have a fixed phase 
relationship with one another.

Note: Power levels in logarithmic units need to be converted prior to addition so 
that we can add linear values. If it is more practical to work with decibel values 
after the addition, we have to convert the sum back to dBm.

Example:

We want to add three signals Pi, P2 and P3 with levels of 0 dBm, +3 dBm and -6 dBm. 
What is the total power level?

Px = 1010 = lm W
3_

P2 =1010 = 2  mW
-6

P3 = 1010 =0.25 mW 

P  = Pl + P2 + Pi =3.25 mW

Converting back to decibels we get

- P l X m W = 101g
3.25 mW 

1 mW
dBm = 5.12 dBm

j

The total power level is 5.12 dBm.

4.2 Measuring signals at the noise limit

One common task involves measurement of weak signals close to the noise limit of a 
test instrument such as a receiver or a spectrum analyzer. The test instrument displays 
the sum total of the inherent noise and signal power, but it should ideally display only 
the signal power. The prerequisite for the following calculation is that the test
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instrument must display the RMS power of the signals. This is usually the case with 
power meters, but with spectrum analyzers, it is necessary to switch on the RMS 
detector.

First, we determine the inherent noise Lr of the test instrument by turning off the Signal. 
Then, we measure the signal with noise uot. We can obtain the power P of the signal 
alone by subtracting the linear power values.

Example:

The d isp layed noise U  o f a pow er m eter is equa l to -70 dBm. W hen a s igna l is applied, 
the d isp layed value increases to Uot = -65 dBm. W hat is the p o w e r leve l o f the s igna l in 
dBm ?

-70

Pr = 10 10 mW = 0.000 0001 mW

Ptot =  10 10 mW = 0.000 000 316 mW

p  = p,n, - p ,  P  = 0.000 000 316 mW -  0.000 000 1 mW = 0.000 000 216 mW

-’PUmW 10-lg
0.000 000 216 mW 

1 mW
dBm = -66.6 dBm

The signal power level is -66.6 dBm.

We can see that without any compensation, the noise of the test instrument will cause 
a display error of 1.6 dB, which is relatively large for a precision test instrument.

4.3 Adding voltages

Likewise, we can add decibel values for voltage quantities only if we convert them from 
logarithmic units beforehand. We must also know if the voltages are correlated or 
uncorrelated. If the voltages are correlated, we must also know the phase relationship 
of the voltages.

Fig. 4-1: Addition of two uncorrelated voltages
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We add uncorrelated voltages quadratically, i.e. we actually add the associated power 
levels. Since the resistance to which the voltages are applied is the same for all of the 
signals, the resistance will disappear from the formula:

u  = J u ,2 + u 22 +.. .+un2

If the individual voltages are specified as levels, e.g. in dB (V), we must first convert 
them to linear values.

Example:

We add  three uncorrelated voltages L-\ =  0  dB (V),
Z_2 = -6  dB(V) and L3 = +3 dB(V) as fo llow s to obtain the total voltage U:

t/,/dB(V) _0_

£ƒ, = 10 20 -U ref = 1020-1V = 1V
t/2/dB(V) -6

£/2 =10 20 -Uref = 1020-1V = 0.5V
r/3/dB(V) _3_

U3 = 10 20 -Uref = 1020- IV  = 1.41 V 

U  = ^ U 2 + U 2 + U 2 = a/ i 2 +0.52 +1.412 V  = 1.75 V

A fte r converting U to dB(V), we obtain:

Lunv = 20log dB(V) = 4.86 dB(V)

If the voltages are correlated, the computation becomes significantly more 
complicated. As we can see from the following figures, the phase angle of the voltages 
determines the total voltage, which is produced.

Fig. 4-2: Addition of two correlated voltages, 0° phase angle

Blue represents voltage Ui, green represents voltage U2 and red represents the total 
voltage U.
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Fig. 4-3: Addition of two correlated voltages, 90° phase angle

Fig. 4-4: Addition of two correlated voltages, 180° phase angle

The total voltage U ranges from Umax = Ui + U2 for phase angle 0° (in-phase) to 
Umin = Ui -  U2 for phase angle 180° (opposite phase). For phase angles in between, 
we must form the vector sum of the voltages (see elsewhere for more details).
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In actual practice, we normally only need to know the extreme values of the voltages,
i.e. Umax and Umin.

If the voltages Ui and U2 are in the form of level values in dB (V) or dB (pV), we must 
first convert them to linear values just as we did with uncorrelated voltages. However, 
the addition is linear instead of quadratic (see the next section about peak voltages).

4.4 Peak voltages

If we apply a composite signal consisting of different voltages to the input of an 
amplifier, receiver or spectrum analyzer, we need to know the peak voltage. If the peak 
voltage exceeds a certain value, limiting effects will occur which can result in undesired 
mixing products or poor adjacent channel power. The peak voltage U is equal to:

U —U j + U 2 + + u n

The maximum drive level for amplifiers and analyzers is usually indicated in dBm. In a 
50 Q system, conversion based on the peak voltage (in V) is possible with the following 
formula:

" P ! \ m W = 10 lg
r  T j2 
— — 103 

V50Q

\

dBm
V

The factor 103 comes from the conversion from Watts to milli Watts

Note that this power level represents the instantaneous peak power and not the 
RMS value of the power.
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5 What do we measure in decibels?
This section summarizes some of the terms and measurement quantities, which are 
typically specified in decibels. This is not an exhaustive list and we suggest you consult 
the bibliography if you would like more information about this subject. The following 
sections are structured to be independent of one another so you can consult just the 
information you need.

5.1 Signal-to-noise ratio (S/N)

One of the most important quantities when measuring signals is the signal-to-noise 
ratio (S/N). Measured values will fluctuate more if the S/N degrades. To determine the 
signal-to-noise ratio, we first measure the signal S and then the noise power N with the 
signal switched off or suppressed using a filter. Of course, it is not possible to measure 
the signal without any noise at all, meaning that we will obtain correct results only if we 
have a good S/N.

N

or in dB:

S/V=10-lg — dB 
N

Sometimes, distortion is also present in addition to noise. In such cases, it is 
conventional to determine the signal to noise and distortion (SINAD) as opposed to just 
the signal-to-noise ratio.

SINAD = — —
N  + D

or in dB:

SINAD = 10 lg S -  dB 
N  + D

Example:

We w ould like to m easure the S/N ratio for an FM  radio receiver. O ur s igna l genera to r 
is m odu ia ted  a t 1 kH z with a suitable FM  deviation. A t the loudspeaker output o f the 
receiver, we m easure a p o w e r level o f 100 mW, which represents both the s igna l and  
noise power. The noise power, which is m easured next, m ust be subtracted from this 
quantity  to determ ine the s igna l power.

We now  turn o ff the m odulation on the s ignal genera to r a nd  m easure a noise pow e r o f 
0.1 p W  a t the rece iver output. The S/N is com puted as follows:

1MA98„12e Rohde & Schwarz Everything you ever wanted to know about decibels but were afraid to ask... 20



What do we measure in decibels?

SN = 10 - lg
100 mW-0.1 juW

0.1 juW
= 59.99 dB

To determ ine the S INAD value, we again m odula te  the s igna l genera to r a t 1 kH z and  
m easure (as before) a receiver pow e r leve l o f  100 mW . Now, we suppress the 1 kH z  
s igna l using a narrow  notch filter in the test instrum ent. A t the rece iver output, a ll we 
now  m easure is the noise and the harm onie distortion. If the m easured value is equa l 
to, say, 0.5 pW, we obtain the S INAD as fo llows:

SINAD - 1 0  -\g
100 mW -0.5 /vW

0.5//W
= 53.01 dB

5.2 Noise

Noise is caused by thermal agitation of electrons in electrical conductors. The power P 
which can be consumed by a sink (e.g. receiver input, amplifier input) is dependent on 
the temperature T and on the measurement bandwidth B (please do not confuse 
bandwidth B with B = Bell).

P  = kTB

Here, k is Boltzmann’s constant 1.38 x 10-23 J K 1 (Joules per Kelvin, 1 Joule = 1 Watt- 
Second), T is the temperature in K (Kelvin, 0 K corresponds to -273.15°C o r -  
459.67°F) and B is the measurement bandwidth in Hz.

At room temperature (20°C, 68°F), we obtain per Hertz bandwidth a power of:

P = kT lU z  = 1.38 -10-23 WsK~' • 293.15 K • 1 Hz = 4.047 • 10“21 W

If we convert this power level to dBm, we obtain the following:

LP /lm W /lH z 10-ig
V

4.047 *10~18 
lmW

mW \
dBm = —173.93 dBnVHz

J
The thermal noise power at a receiver input is equal to -174 dBm per Hertz bandwidth. 
Note that this power level is not a function of the input impedance, i.e. it is the same for 
50 Q, 60 Q and 75 Q Systems.

The power level is proportional to bandwidth B. Using the bandwidth factor b in dB, we 
can compute the total power as follows:

b = l0 - lg
B 

1 Hz
dB

Lpnmw = -174dB m  + Z>
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Example:

A n im ag inary  spectrum  ana lyzer that produces no in trinsic no ise is se t to a bandw idth  
o f 1 MHz. W hat noise p ow e r will it d isplay?

b = 10 • lg 1 MHz 
1 Hz

\
dB = 10 • lg 1000000 Hz 

1 Hz
dB = 60 dB

Lp/ ImW -174 dBm + 60 dB = -114 dBm

The noise power level, which is displayed at room temperature at a 1 MHz bandwidth, 
is equal to -114 dBm.

A receiver / spectrum analyzer produces 60 dB more noise with a 1 MHz bandwidth 
than with a 1 Hz bandwidth. A noise level of -114 dBm is displayed. If we want to 
measure lower amplitude signals, we need to reduce the bandwidth. However, this is 
possible only until we reach the bandwidth of the signal. To a certain extent, it is 
possible to measure signals even if they lie below the noise limit since each additional 
signal increases the total power, which is displayed (see the section on measuring 
signals at the noise limit above). However, we will quickly reach the resolution limit of 
the test instrument we are using.

Certain special applications such as deep-space research and astronomy necessitate 
measurement of very low-amplitude signals from space probes and stars, for example. 
Here, the only possible solution involves cooling down the receiver input stages to 
levels close to absolute zero (-273.15°C o r-459.67 F).

5.3 Averaging noise signals

To display noise signals in a more stable fashion, it is conventional to switch on the 
averaging function provided in spectrum analyzers. Most spectrum analyzers evaluate 
signals using what is known as a sample detector and average the logarithmic values 
displayed on the screen. This results in a systematic measurement error since lower 
measured values have an excessive influence on the displayed measurement result. 
The following figure illustrates this effect using the example of a signal with sinusoidal 
amplitude modulation.

1 MA98_12e Rohde & Schwarz Everything you ever wanted to know about decibels but were afraid to ask... 22



What do we measure in decibels?

R e f  -2 0 d B m  A t t  5 d B  S W T  10 m s

Fig. 5-1: Amplitude-modulated signal with logarithmic amplitude values as a function of time

As we can see here, the sinewave is distorted to produce a sort of heart-shaped curve 
with an average value, which is too low, by 2.5 dB. R&S spectrum analyzers use an 
RMS detector to avoid this measurement error (see [4]).

5.4 Noise factor, noise figure

The noise factor F of a two-port circuit is defined as the ratio of the input signal-to- 
noise ratio SNin to the output signal-to-noise ratio SNout.

^ s n ,hZ7 __ i n

~ SNout

The signal-to-noise ratio S/N is determined as described above.

If the noise factor is specified in a logarithmic unit, we use the term noise figure (NF).

NF  = 10 • lg dB
SNoul

When determining the noise figure, which results from cascading two-port circuits, it is 
necessary to consider certain details, which are beyond the scope of this Application 
Note. Details can be found in the relevant technical literature or on the Internet (see [3] 
and [4]).
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5.5 Phase noise

An ideal oscillator has an infinitely narrow spectrum. Due to the different physical 
effects of noise, however, the phase angle of the signal varies slightly which results in 
a broadening of the spectrum. This is known as phase noise.

Fig. 5-2: Phase noise of an oscillator

To measure this phase noise, we must determine the noise power of the oscillator PR 
as a function of the offset from the carrier frequency fc (known as the offset frequency 
f offset) using a narrowband receiver or a spectrum analyzer in a bandwidth B. We then 
reduce the measurement bandwidth B computationally to 1 Hz. Now, we reference this 
power to the power of the carrier Pc to produce a result in dBc (1 Hz bandwidth). The c 
in dBc stands for “carrier”.

We thus obtain the phase noise, or more precisely, the single sideband (SSB) phase 
noise L:

dBc is also a violation of the Standard, but it is used everywhere. Conversion to linear 
power units is possible, but is not conventional.

Data sheets for oscillators signal generators and spectrum analyzers typically contain a 
table with phase noise values at different offset frequencies. The values for the upper 
and lower sidebands are assumed equal.

P

B

p  1
P = 10-le ----------- dBc

[ P c P / l H z J
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Offset SSB Phase Noise

10 Hz - 86 dBc (1 Hz)

100 Hz -1 0 0  dBc (1 Hz)

1 kHz -1 1 6  dBc (1 Hz)

10 kHz -123 dBc (1 Hz)

100 kHz -123 dBc (1 Hz)

1 MHz -144 dBc (1 Hz)

10 MHz -160 dBc (1 Hz)

Table 5-1: SSB phase noise at 640 MHz

Most data sheets contain curves for the single sideband phase noise ratio, which do 
not drop off so monotonically as the curve in Fig. 5-2. This is because the phase 
locked loops (PLLs) used in modern instruments to keep oscillators locked to a 
reference crystal oscillator result in an improvement but also a degradation of the 
phase noise as a function of the offset frequency due to certain design problems.

When comparing oscillators, it is also necessary to consider the value of the carrier 
frequency. If we multiply the frequency of an oscillator using a zero-noise multiplier
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(possible only in theory), the phase noise ratio will degrade proportionally to the 
voltage, i.e. if we multiply the frequency by 10, the phase noise will increase by 20 dB 
at the same offset frequency. Accordingly, microwave oscillators are always worse 
than RF oscillators as a general rule. When mixing two signals, the noise power levels 
of the two signals add up at each offset frequency.

5.6 S parameters

Two-port circuits are characterized by four parameters: Sn (input reflection coëfficiënt), 
S21 (forward transmission coëfficiënt), S12 (reverse transmission coëfficiënt) and S22  

(output reflection coëfficiënt).

The S parameters can be computed from the wave quantities ai, bi and a2 , b2 as 
follows:

b 2 0  b .
5  - AC — —L°12 — *->22 —

a \ a  2 Cl-f

Wave quantities a and b are voltage quantities.

If we have the S parameters in the form of decibel values, the following formulas apply:

sn = 20 -lgSn dB 5;,, = 20-lg£21 dB

512 = 20- lg S12 dB s22 = 20 • lg Si-, dB

5.7 VSWR and reflection coëfficiënt

Like the reflection coëfficiënt, the voltage standing wave ratio (VSWR) or standing 
wave ratio (SWR) is a measure of how well a signal source or sink is matched to a 
reference impedance. VSWR has a range from 1 to infinity and is not specified in 
decibels. However, the reflection coëfficiënt r is.

The relationship between r and VSWR is as follows:
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l-V S W R
r  =

VSW R =

1 + VSWR 

1 +  r

1 - r

For VSWR = 1 (very good matching), r = 0. For a very 
(mismatch or total reflection).

r represents the ratio of two voltage quantities. For r in

ar = 20 • lg
f r '

V i J
dB

(or the other way around:)

high VSWR, r approaches 1 

decibels, we have a r

a r I  dB

r  -  K)- ^ -

ar is called return loss.

For computation of the VSWR from the reflection coëfficiënt, r is inserted as a linear 
value.

The following table shows the relationship between VSWR, r and ar/dB. If you just 
need a rough approximation of r from the VSWR, simply divide the decimal part of the 
VSWR in half. This works well for VSWR values up to 1.2.

VSWR r ar [dB]
1.002 0.001 60

1.004 0.002 54

1.006 0.003 50

1.008 0.004 48

1.01 0.005 46

1.02 0.01 40

1.04 0.02 34

1.1 0.05 26

1.2 0.1 20

1.3 0.13 18

1.4 0.16 15

1.5 0.2 14

Table 5-2: Conversion from VSWR to reflection coëfficiënt r and return loss a,

Note that for two-port circuits, r corresponds to the input reflection coëfficiënt S11 or 
the output reflection coëfficiënt S22.

Attenuators have the smallest reflection coefficients. Good attenuators have reflection 
coefficients <5% all the way up to 18 GHz. This corresponds to a return loss of > 26 dB 
or a VSWR <1.1. Inputs to test instruments and Outputs from signal sources generally 
have VSWR specifications <1.5, which corresponds to r < 0.2 or r > 14 dB.
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5.8 Field strength

For field strength measurements, we commonly see the terms power flux density, 
electric field strength and magnetic field strength.

Power flux density S is measured in W/m2 or mW/m2. The corresponding logarithmic 
units are dB (W/m2) and dB (mW/m2).

L
s n w / m 1

10-ig
1 W/m2

dB (W/m2)

L
S / l m W / m 2

101g '  S 
 ̂1 mW/m

\

j
dB(mW/m 2)

Electric field strength E is measured in V/m or pV/m. The corresponding logarithmic 
units are dB (V/m) and dB (pV/m).

L
E I W I m 2

20 lg
'  E/{W/m ) " 
v l/(V/m)

dB(V/m)

^EHiiVIm2 2 0 'lg
£/(pV /m )

dB(//V/m)
l/(pV/m)

Conversion from dB (V/m) to dB (pV/m) requires the following formula:

L , =L  , +120 dB
E/ l f i V / m 2 E l l V I m 2

Addition of 120 dB corresponds to multiplication by 10® in linear units. 
1 V = 106 pV.

Example:

-80 dB (V/m) = -80 dB(pV/m) + 120 dB -  40 dB(pV/m)

Magnetic field strength H is measured in A/m or pA/m. The corresponding 
logarithmic units are dB (A/m) and dB (pA/m).

Lm\Aim — 20 ■ lg
f ///(A/m)  ̂

l(A/m)
dB(A/m)

L 'H / \ f j A/ m -  20 • lg
///(//A/m)
l(//A/m)

dB( //A/m)

Conversion from dB (A/m) to dB (pA/m) requires the following formula:

^ H H u A / m  ~  L h  / \ A l m + 120 dB
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Example:

20 dB(pA/m) = 20 dB(Mn) -  120 dB = -100 dB(A/m)

For additional information on the topic of field strength, see [1],

5.9 Antenna gain

Antennas generally direct electromagnetic radiation into a certain direction. The power 
gain G that results from this at the receiver is specified in decibels with respect to a 
reference antenna. The most common reference antennas are the isotropic radiator 
and the A/2 dipole. The gain is specified in dBi or dBD. If the power gain is needed in 
linear units, the following formula can be used for conversion:

GtdB, G/dBD

Glin = 10 10 o r Glin=  10 10

For more details about antenna gain and the term antenna factor, see [1].

5.10 Crest factor

The ratio of the peak power to the average thermal power (RMS value) of a signal is 
known as the crest factor. A sinusoidal signal has a peak value, which is 2 times 
greater than the RMS value, meaning the crest factor is 2, which equals 3 dB.

For modulated RF signals, the crest factor is referred to the peak value of the 
modulation envelope instead of the peak value of the RF carrier signal. A frequency- 
modulated (FM) signal has a constant envelope and thus a crest factor of 1 (0 dB).

If we add up many sinusoidal signals, the peak value can theoretically increase up to 
the sum of the individual voltages. The peak power Ps would then equal:

( u ,+ u 1+...+u,)!
s R

The RMS power P is obtained by adding up the individual power values:

D u 2 u 2 u 2 u 2
p  -  —  = - L-  + —2— + ... + ——

R R R R

We thus obtain a crest factor CF equal to:

CF =
Ps

P
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C F = 10 • lg — dB
F B P

The more (uncorrelated) signals we add up, the less probable it becomes that the total 
of the individual voltages will be reached due to the different phase angles. The crest 
factor fluctuates around a level of about 11 dB. The signal has a noise-like 
appearance.

Fig. 5-5: A noise-like signal with a crest factor of 11 dB

Examples: The crest factor of noise is equal to approx. 11 dB. OFDM signals as are 
used in DAB, DVB-T and WLAN also have crest factors of approx. 11 dB. The CDMA 
signals stipulated by the CDMA2000 and UMTS mobile radio Standards have crest 
factors ranging up to 15 dB, but they can be reduced to 7 dB to 9 dB using special 
techniques involving the modulation data. Except for bursts, GSM signals have a 
constant envelope due to the MSK modulation and thus a crest factor of 0 dB. EDGE 
signals have a crest factor of 3.2 dB due to the filter function of the 8PSK modulation 
(also excluding bursts).

Fig. 5-6 shows the so-called Complementary Cumulative Distribution Function (CCDF) 
of a noise like signal. The Crest Factor is that point of the measurement curve, where it 
reaches the x-axis. In the picture, this is at appr. 10.5 dB.

<8>
RBW 10 MHz

K e f  - 1 5 . 2  dBm  A t t  10  dB AQT 6 2 .5  tns

------

V

C e n t e r  1 GHz 2 d B /  M e e n  P u r  ♦  2 0  dB

Fig. 5-6: Crest factor measured with the Signal Analyzer R&S®FSQ
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5.11 Channel power and adjacent channel power

Modern Communications Systems such as GSM, CDMA2000 and UMTS manage a 
huge volume of calls. To avoid potential disruptions and the associated loss of 
revenue, it is important to make sure that exactly the permissible channel power PCh 
(where ch stands for channel) is available in the useful channel and no more. The 
power in the useful channel is most commonly indicated as the level Uh in dBm.

c h l l m W = 101g ! c h

lm W
dBm

This is normally 20 W or 43 dBm.

In the adjacent channels, the power may not exceed the value Padj. This value ACPR 
(Adjacent Channel Power Ratio) is measured as a ratio to the power in the useful 
channel and is specified in dB.

A C PR  = 10 lg
/

V
dB

Here, values of -40 dB (for mobile radio devices) down to -70 dB (for UMTS base 
stations) are required in the immediately adjacent channel and correspondingly higher 
values in the alternate channels.

When measuring the power levels, it is important to consider the bandwidth of the 
channels. It can be different for the useful channel and the adjacent channel. Example 
(CDMA2000): Useful channel 1.2288 MHz, adjacent channel 30 kHz. Sometimes, it is 
also necessary to select a particular type of modulation filtering, e.g. square-root- 
cosine-roll-off.

Modern spectrum analyzers have built-in measurement functions, which automatically 
take into account the bandwidth of the useful channel and adjacent channel as well as 
the filtering. For more information, see also [4],

R e f  37.7 dB m * Att 5 dB

* R B W  30 kHz
* V B W  300 kHz
* S W T  1 s

Offs
— a o-----

ït 53 d

~ j o
O
S SL

~ l °

-  -  è o -----

—  8 O-----
------- h

C e n t e r  1 GHz 2 . 5 5  M H z / Span. 2 5 . 5  M Hz

Tx Channel W-CDMA 3GPP FWD
B a n d w i d t h 3 . 8 4  M H z P o w e r 42 ,.39 d B m
Adjacent Channel
B a n d w i d t h 3 . 8 4  M H z L o w e r -71 ..36 dB
S p a c i n g 5 M H z U p p e r -71 ,.38 dB
Alternate Channel
B a n d w i d t h 3 . 8 4  M H z L o w e r -7 2  ..27 dB
S p a c i n g 1 0  M H z U p p e r -72 ..15 dB

Fig. 5-7: Adjacent channel power for a UMTS signal, measured with the Signal Analyzer R&S®FSQ
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5.12 Modulation quality EVM

Ideally, we would like to be able to decode signals from digitally modulated transmitters 
with as few errors as possible in the receiver. Over the course of the transmission path, 
noise and interference are superimposed in an unavoidable process. This makes it all 
the more important for the signal from the transmitter to exhibit good quality. One 
measure of this quality is the deviation from the ideal constellation point. The figure 
below illustrates this based on the example of QPSK modulation.

Fig. 5-8: Modulation error

To determine the modulation quality, the magnitude of the error vector Uerr is 
referenced to the nominal value of the modulation vector Umod. This quotiënt is known 
as the vector error or the error vector magnitude (EVM) and is specified as a 
percentage or in decibels.

We distinguish between the peak value EVMpeak occurring over a certain time interval 
and the RMS value of the error EVMrms.

Note that these vectors are voltages. This means we must use 20-lg in our 
calculations. An EVM of 0.3% thus corresponds to -50 dB.

EVM •100%
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5.13 Dynamic range of A/D and D/A Converters

Important properties of analog to digital (A/D) and digital to analog (D/A) Converters 
include the clock frequency fdock and the number of data bits n. For each bit, we can 
represent twice (or half, depending on our point of view) the voltage. We thus obtain a 
dynamic range D of 6 dB per bit (as we have already seen, 6 dB corresponds to a 
factor of 2 for a voltage quantity). There is also a system gain of 1.76 dB for 
measurement of sine shaped signals.

£> = 20-]g(2n)+1.76dB

Example:

A 16-bit D/A converter has a dynam ic range o f 96.3  dB + 1.76 dB -  98 dB.

In practice, A/D and D/A Converters exhibit certain nonlinearities, which make it 
impossible to achieve their füll theoretical values. In addition, clock jitter and dynamic 
effects mean that Converters have a reduced dynamic range particularly at high clock 
frequencies. A converter is then specified using what is known as the spurious-free 
dynamic range or the number of effective bits.

An 8 -b it A /D  converter is specified as having 6.3 effective bits a t a c lock frequency o f 1 
GHz. It thus produces a dynam ic range o f 37.9  dB +1.76 dB =  40  dB.

For a 1 GHz clock frequency, an A/D converter can handle signals up to 500 MHz 
(Nyquist frequency). If we use only a fraction of this bandwidth, we can actually gain 
dynamic range by using decimation filters. For example, an 8-bit converter can achieve 
60 dB or more dynamic range instead of only 50 dB (= 8 • 6 + 1.76 dB).

Based on the dynamic range, we can compute the number of effective bits as follows:

Example:

D l dB -1.76

2"  =10  20

We obtain:

7  D l dB - 1.76 A

log,o 10 20 D / d B - \ . 1 6
20 _  D l  d B 16

k>g,o(2) 20 log 10 (2)
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Example:

How many effective bits does an A/D converter have with a dynamic range of 70 dB? 
We com pute as follows:
70 d B -  1.76 dB  = 68 .2  dB  and20 logw (2 ) = 6.02  

6 8 .2 /6 .0 2 =  11.3
We thus obta in a resu lt o f  11.3 effective bits.

5.14 dB (FS) (Full Scale)

Analog to digital Converters and digital to analog Converters have a maximum dynamic 
range, which is determined by the range of numbers they can process. For example, 
an 8-bit A/D converter can handle numbers from 0 to a maximum of 28 - 1= 255. This 
number is also known as the full-scale value (nFs). We can specify the drive level n of 
such Converters with respect to this full-scale value and represent this ratio 
logarithmically.

et =  20 •lg
f  \  

n

V U FS j

dB(FS)

Example:

A 16-bit A /D  converte r has a range o f values from 0 to 2 '6 - 1 = 65535. If we drive this 
converter with the voltage which is represented b y  a num erica l value o f 32767, we 
have:

a = 20- lg
32737
65535

dB(FS) = -6.02dB(FS)

If the converter is expected to represent positive and negative voltages, we must divide 
the range of values by two and take into account a suitable offset for the zero point.

5.15 Sound pressure level

In the field of acoustic measurements, the sound pressure level LP is measured in 
decibels. LP is the logarithmic ratio of sound pressure p referred to a sound pressure 
po = 20 pPa (micro pascals). Sound pressure pO is the lower limit of the pressure, 
which the human ear can perceive in its most sensitive frequency range (around 
3 kHz). This pressure level is known as the threshold of hearing.

Lp = 20-lg
\ P o j

dB

Lp
p  = 1020 Po
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5.16 Weighted sound pressure level dB(A)

The human ear has a rather pronounced frequency response, which also depends 
on the sound pressure level. When measuring sound pressure, weighting filters 
are used to simulate this frequency response. This provides us with level values, 
which come closer to simulating human loudness perception compared to 
unweighted levels. The different types of weighting filters are known as A, B, C 
and D.

FREQUENZ/H z

Fig. 5-9: Weighting filters A, B, C and D and the frequency response of human hearing

The A filter is used the most. The level measured in this manner is known as Lpa and is 
specified in units of dB(A) to designate the weighting filter.

A difference in sound pressure level of 10 dB(A) is perceived as roughly a doubling of 
the volume. Differences of 3 dB(A) are clearly audible. Smaller differences in sound 
level can usually be recognized only through direct comparison.

Example:

O ur hearing range extends from 0 dB(A) (thresho ld  o f hearing) up to the thresho ld  o f 
pain  a t about 120 dB(A) to 134 dB(A). The sound  pressure  leve l in a very qu ie t room  is 
approxim ate ly 20  dB(A) to 30 dB(A). Using 16 data bits, the dynam ic range o f a m usic  
CD can reach 98 dB, suffic iënt to sa tis fy  the dynam ic range o f the hum an ear.

1MA98_12e Rohde & Schwarz Everything you ever wanted to know about decibels but were afraid to ask... 35



A few numbers worth knowing

6 A few numbers worth knowing
Working with decibel values is a lot easier if you memorize a few key values. From just 
a few simple values, you can easily derive other values when needed. We can further 
simplify the problem by rounding exact values up or down to some easy to remember 
numbers. All we have to do is remember the simplified values, e.g. a power ratio of 2 
corresponds to 3 dB (instead of the exact value of 3.02 dB which is rarely needed).

The following table lists some of the most useful numbers to remember.

6.1 Table for conversion between decibels and linear values

Power ratio Voltage ratio
dB value Rough Exact Rough Exact

0.1 dB ± 2 % +2.3 % 
-2.3%

±1 % + 1 .1 6 %
-1 .1 5 %

0.2 dB ± 4 % +4.7  %  
-4.5 %

±2% + 2 .3 3  %  
-2 .23  %

0.5 dB ± 1 0 % + 1 2 .2 %  
-10.9 %

± 5 % + 5 .9  %  
-5 .5 %

1 dB ±  20  % +25.9 %  
-20.5 %

± 1 0 % + 12 .2  % 
-1 1 .9 %

3 dB 2 1.995 1.4 1.412
0.5 0.501 0.7 0 .798

3.02 dB 2 2.0 1.414 V2
0 .5 0.5 0.707

CM—

5 dB 3 3.16 1.8 1.778

j__________________; 0 .33 0.316 0.6 0 .5 62

6 dB 4 3.98 2 1.995
0 .25 0.25 0.5 0.501

10 dB 10 10 3 3 .162
0.1 0.1 0.3 0 .316

20 dB 100 100 10 10
0.01 0.01 0.1 0.1

40 dB 10000 10000 100 100
0.0001 0.0001 0.01 0.01

60 dB 1000000 1000000 1000 1000
0.000001 0.000001 0.001 0.001

Table 6-1: Conversion between decibels and linear values

From this table, you should probably know at least the rough values for 3 dB, 6 dB, 
10 dB and 20 dB by heart.

Note: 3 dB is not an exact power ratio of 2 and 6 dB is not exactly 4! For 
everyday usage, however, these simplifications provide sufficiënt accuracy and 
as such are commonly used.
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Intermediate values, which are not found in the table, can often be derived easily:

4 dB = 3 dB + 1 dB, corresponding to a factor of 2 + 20% of the power, i.e. approx. 2.4 
times the power.

7 dB = 10 dB -  3 dB, corresponding to 10 times the power and then half, i.e. 5 times 
the power.

6.2 Table for adding decibel values

If you need to compute the sum of two values specified in decibels precisely, you must 
convert them to linear form, add them and then convert them back to logarithmic form. 
However, the following table is useful for quick calculations. Column 1 specifies under 
Delta dB the difference between the two dB values. Column 2 specifies a correction 
factor for power quantities. Column 3 specifies a correction factor for voltage 
quantities. Add the correction factor to the higher of the two dB values to obtain the 
total.

Delta dB Power Voltage
0 3.01 6.02

1 2.54 5.53

2 2.12 5.08

3 1.76 4.65

4 1.46 4.25

5 1.19 3.88

6 0.97 3.53

7 0.79 3.21

8 0.64 2.91

9 0.51 2.64

10 0.41 2.39

11 0.33 2.16

12 0.27 1.95

13 0.21 1.75

14 0.17 1.58

15 0.14 1.42

16 0.11 1.28

17 0.09 1.15

18 0.07 1.03

19 0.05 0.92

20 0.04 0.83
Table 6-2: Correction factors for adding decibel values
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Example:

1. Suppose we w ould like to add po w e r levels o f -60 dBm and  -66 dBm. We subtract 
the dec ibe l values to obtain a difference o f 6 dB. From  the table, we read o ff a 
correction fac to r o f 0 .97  dB. We add  this value to the h igher o f the two values, i.e. 
-60 dBm  (-60 dBm is g rea ter than -65 dBm!) an d  obtain a to ta l po w e r o f -59 dBm.

2. W hen we sw itch on a signal, the noise d isp layed by  a spectrum  ana lyzer 
increases by  0.04 dB. From the table, we can see that the leve l o f this s igna l lies 
abou t 20  dB be low  the noise leve l o f the spectrum  analyzer.

3. We w ould like to add  two equal voltages. This m eans that the leve l difference is 0 
dB. The to ta l voltage lies 6 dB (value from the table) above the value o f one  
voltage (= tw ice the voltage).

6.3 Some more useful values

The following values are also useful under many circumstances: 

i 13 dBm corresponds to URMS = 1 V into 50 ü 

i 0 dBm corresponds to URMS = 0.224 V into 50 O

i 107 dB (pV) corresponds to 0 dBm into 50 ü

i 120 dB (pV) corresponds to 1 V

i -174 dBm is the thermal noise power in 1 Hz bandwidth at a temperature of
approx. 20 °C (68 °F).

6.4 Other reference quantities

So far, we have used 1 mW and 50 O as our reference quantities. However, there are 
other reference Systems, including most importantly the 75 O system in television 
engineering and the 600 O system in acoustic measurement technology. The 60 O 
system formerly used in RF technology and the 600 Q system in the United States with 
a reference value of 1.66 mW are now rather rare. However, it is easy to adapt the 
formulas given above to these reference Systems.

Table 6-3: Additional reference Systems
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6.5 Accuracy, number of decimal places

How many decimal places should be used when we specify decibel values?

If we increase a value x, which is a power quantity, specified in decibels by 0.01 dB, 
the related linear value will change as follows:

jr+0,01 x_ 0 ,01 x_

x dB + 0.01 dB = 1 0 ~ ^  =1010 10 10 =1010-1.0023

This is equivalent to a 0.23% change in the power. Voltage quantities change by only 
0.11%. These minor changes cannot be distinguished from normal fluctuations of the 
measurement result.

Accordingly, it does not make sense to specify decibel values with, say, five or more 
decimal places, except in a few rare cases.
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7 Smartphone Apps
To ease calculations as the ones done in the preceding chapters, Rohde & Schwarz 
provides a range of apps for tablets and smartphones.

At present, versions for Android, iOS und Windows Phone are provided for you free of 
charge on the respective app portals. To find them easily, please use search terms 
“Rohde“, “Schwarz“, and “dB“, “Calculator“ or "Field Strength" and "Estimator". If you 
are reading this application note on a smart device, simply dick on the following link for 
direct access into the Rohde & Schwarz app landing page.

1. dB Calculator

The dB Calculator App comprises five independent calculation tools. dBm Calculator, 
Voltage Calculator, Unit Converter, dB Converter and VSWR Converter.

• Android:
https://play.google.com/store/apps/details?id=com.rohdeschwarz.dbcalculato
r
iOS:
https://itunes.apple.com/app/id489100786 

■ Windows Phone:
https://www.microsoft.com/store/apps/9nblggh0fwcd

2. Pulsed RF Calculator

Modern spectrum analyzers as the R&S®FSW offer high sophisticated Personalities for 
this measurement task. If such an analyzer is not available, the App Pulsed RF 
Calculator might help you to find appropriate spectrum analyzer settings and to 
calculate the so-called pulse desensitization for correct measurement of the pulse 
signal amplitudes.

• Android:
https://play.google.com/store/apps/details?id=com.rohdeschwarz.pulsedrfcal
culator
iOS:
https://itunes.apple.com/app/id969034080 

■ Windows Phone:
https://www.microsoft.com/store/apps/9nblggh5xn5c

3. Field Strength & Power Estimator

The App calculates power flux density, electric and magnetic field strength from the 
transmitted power, associated frequency and gain of the transmitting antenna.

Additionally the input power into a receiver with 50 Ohm input impedance is calculated 
from the gain of the receiving antenna.
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The App automatically converts power flux density into electric and magnetic field 
strength.

Depending on the transmitted frequency, various parameters influence the received 
power and field strength like non-line-of-sight propagation, polarization change, 
reflection, and multi-path propagation. Additionally antenna VSWR and cable losses 
have to be considered.

The Field Strength and Power Estimator does not consider these impairments. It 
assumes conditions that are close to the best possible theoretical values. This is why 
we say the program is an Estimator, not a Calculator.

■ Android:
https://play.google.com/store/apps/details?id=com.rohdeschwarz.android.po
werestimator
iOS:
https://itunes.apple.com/app/id364229792

■ Windows Phone:
https://www.microsoft.com/store/apps/9nblggh0fwb1

4. Power Viewer Mobile

With Power Viewer Mobile, you are able to use Rohde&Schwarz®NRP-Z Power 
Sensors with your Android smartphone or tablet.

- Android:
https://play.google.com/store/apps/details?id=com.rohdeschwarz.android.nrp
driver

5. Wireless Communication Calculator

The Rohde & Schwarz Wireless Communications Calculator App is an essential part of 
any wireless engineer's toolkit. Featuring all of today's most important and populär 
cellular and non-cellular Standards, we cover them all from A to Zigbee. Just enter the 
technology and band of interest, and we do the rest. Enter a channel number and we'll 
provide the correct downlink and uplink frequencies in both numeric and graphic 
format. Low, mid, and high channels are also shown for a quick reference. In the 
"power" mode, we give you the maximum UE power allowed for that dass device, or, 
in the case of GSM, power versus PCL/Gamma.

• Android:
https://play.goog!e.com/store/apps/details?id=elcom.wccandroid

• iOS: (currently not available)

■ Windows Phone:
https://www.microsoft.com/store/apps/9nblggh5xmzf

6. Aviation RF Link

The App Aviation RF Link allows quick calculation of the forward link from a ground 
station to an aircraft. Based on the RF power of the ground station, the tool calculates 
the distance with a given field strength to be achieved at the aircraft antenna or 
calculates the field strength at a given power and distance to the aircraft.
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The tool calculates the path loss based on line-of-sight (LOS) conditions and does not 
take into account multipath propagation on the ground.
In addition to the RF path, the tool calculates the radio horizon based on the given 
height of the aircraft and the ground station. If the calculated LOS is lower than the 
distance that can be achieved with the given radio conditions, this is indicated by a red 
dot on the LOS tab. In this case, the radio horizon is the limiting factor and not the RF 
link budget.
The line of sight is calculated in accordance with ICAO Annex 10 Vol. V.
The default for the antenna gain of 2.14 dBi corresponds to an Omni-directional 
antenna.
The default for the field strength of 75 uV/m corresponds to the ICAO recommendation 
for minimum reception at the aircraft antenna.

• Android:
https://play.google.com/store/apps/details?id=eu.tarienna.android.aviationlink 
iOS:
https://itunes.apple.com/app/id421145880

To check out all other available Apps from Rohde & Schwarz on different App 
portals, just click on the following links depending on the device you are using.

■ Android:
https://play.google.com/store/apps/developer?id=Rohde+%26+Schwarz+Gm
bH+%26+Co.+KG
iOS:
https://itunes.apple.com/developer/id364229795

■ Windows Phone:
https://www.microsoft.com/de-
de/store/search/apps?q=Rohde+%26+Schwarz
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may only be used subject to the conditions of use 
set forth in the download area of the Rohde & 
Schwarz website.

R&S® is a registered trademark of Rohde & Schwarz GmbH & Co. 
KG; Trade names are trademarks of the owners.
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Rohde & Schwarz GmbH & Co. KG
Mühldorfstraße 15 | 81671 Munich, Germany 
Phone + 49 89 4129 - 0 | Fax + 49 89 4129 -  13777

www.rohde-schwarz.com
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