Radio Design 101
Episode 1 - Transceivers and Filters

Slides downloaded from:
Companion videos at: (part 1)
and: (oart 2)

This material is provided by ecefiles.org for educational use only.

This episode, and the Radio Design 101 series of which it is a part, is based on a university-level senior-design course.
However, it is intended for anyone interested in learning the nuts and bolts of electronics and radio circuits. In the first
part of this episode, we focus on bandpass filters - including their application, design, and measurement. The second
half goes into filter design in depth, including an overview of impedance matching networks. Later episodes in the
series elaborate what is needed to create a full radio receiver — as well as how to do measurements, performance
assessments, and improvements. Three epilogues to the series cover the latter material in detail.
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Radio Design 101 series
Applicable to all Radio/Wireless Circuit Design
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Radio Design 101 series
Abstracted from a senior-design University class
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Outline of This Video

* Transmitters and Recelvers
PAart 1 * Impedances, Ohms Law, and \oltage dividers
* 1-pole Filters (Lowpass and Bandpass)
* Quality Factor ()
* Design Examples
* Intro to Impedance Matching
* Higher Order Filter Design

Part 2
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Receiver Design and Filters
From tuned-RF to Superhet and beyond...
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Outline of This Video

 EM Fields and Radio Architectures
Part 1 * Impedances, Ohms Law, and Voltage dividers
* 1-pole Filters (Lowpass and Bandpass)
* Quality Factor ()
* Design Examples
* Intro to Impedance Matching
* Higher Order Filter Design

Part 2



Ohms Law




Impedances
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\Voltage Divider

“The most important circuit in all of analog electronics” | ©
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Simple Bandpass Filter
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Outline of This Video

* Transmitters and Receivers
PAart 1 * Impedances, Ohms Law, and \oltage dividers
* 1-pole Filters (Lowpass and Bandpass)
* Quality Factor ()
* Design Examples
* Intro to Impedance Matching
* Higher Order Filter Design
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Filters

1-Pole Lowpass:
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Filters
“1-Pole” Bandpass:
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BPF Gain (or Insertion Loss),

Impedance, Phase, and Group Delay
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Filter Application Example

NanoVNA Demonstrations - Coax line reflections and Smith charts

| Megawattks

D PLAYALL | NanoVNA Calibration - When, Why, and How to cal a VNA
VT Megawattks

NanoVNA and Radio y
Frequency /

. NanoVNA - Measuring Impedances
Microwave Tech

i Megawattks

10 videos * 203 views * Last updated on Feb ’

Public ¥ (& NanoVNA - Measuring S21 and S11 of a small-signal Amplifier
\ Megawattks

Educational videos pertaining to the
amazing NanoVNA instrument, and . NanoVNA - Measuring RLC Components
more generally to radio frequency (RF) 1 ' Megawattks
and microwave technology underlying :
it, and the broader area of wireless
hardware design.
NanoVNA and TinySA for Radio Design
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Additional Resources
American Radio Relay League (ARRL)

Regulatory & | Public
Membership | Advocacy Service Technology G¢

Check out all of our
new ham resources!
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Coming In Part 2

Transmitters and Receivers
Impedances and Ohms Law
Voltage dividers (the most important analog circuits !)
1-pole FIlters (wowpass and Bandpass)

Quality Factor (o)

Design Examples

Intro to Impedance Matching
Higher Order Filter Design
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Part 1 Review

Abstracted from a senior-design University class

Semester Project. FM Broadcast Receiver
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Part 1 Review

1-Pole Bandpass filter
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Outline of This Video

* Transmitters and Receivers
PArt 1 » Impedances, Ohms Law, and \Voltage dividers
* 1-pole Filters (Lowpass and Bandpass)
* Quality Factor (Q)
* Design Examples
* Intro to Impedance Matching
* Higher Order Filter Design

Part 2



What’s “Q”
A key RF design parameter

- of resonant-circuits, filters, matching networks, etc.
- of underlying reactive components (e.g. L, C)

Q = X/R




What's it good for ?
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- Sets bandwidth
- Affects power and insertion losses
- Used in designing filters and matching networks



Parallel Resonant Circuit Q

 How do we pick L & C for desired

Parallel LC circuit center frequency fo and bandwidth B ?
1 Xo=2mf, L
fo - 1
2TVLC X =
0]

21 f, C




Parallel vs Series Resonators

Parallel LC circuit Series LC circuit
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I Xe X R

Z - Rp @ f=f, Z > Rs @ f = fy
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Outline of This Video

* Transmitters and Receivers
PAart 1 * Impedances, Ohms Law, and \oltage dividers
* 1-pole Filters (Lowpass and Bandpass)
* Quality Factor ()
* Design Examples
* Intro to Impedance Matching
* Higher Order Filter Design
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Recelver and Filter Design

Block Diagram
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Example 1: Pre-select Filter

Analysis :

L = 6.8 nH C =390 pF

1
— 100 MHz X, =X @ 100 MHz = 4.2
2L C ¥

R=50/|50=25 Q=R/Xo=25/42=56

=

100 MHZz

NanoVNA So... B = 2 = 1/ MHz

Port 1




Example 1: Pre-select Filter

NanoVNA
Port 2

A7 e I

N

Design. !

Start with desired fo and B
fo =100 MHz B= 17 MHz
Find “selectivity Q" needed:

__ fo _ 100 _
Q= B 17 6
Solve for Xo and then L, C needed:
Xo= o =2=42

Q

2 =6.7nH C-=

nfo nfoXo

L = =380pF



S21 Measurement
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Component Parasitics Issues

* Why is in-band insertion loss almost 4 dB ?
* Why is bandwidth wider than designed 17 MHz value ?
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Component Parasitics Issues

* Additional ‘parasitic’ R from inductor (and capacitor)
lowers effective parallel-circuit R, and hence Q

NanoVNA
Port 2

Inductor Parasifics !

Ideal Model

Model at RF
412 Ohms
= =10

Qinductor " 0.406 Ohms

Impedance vs Frequency So “BIG" = (]O) (4 ]2) =41 Ohms

Noft the ideal values
of infinity |




Capacitor Parasitics

* Why does response go back up at high
frequencies ?
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Filter Improvement

Use higher-Q inductor !

T PORT)

\
[

//VA-I
re

s
)|

N

e
Lo Al El e

ORT 2

o o

- i ot ( &’

P& ‘. X N

pr— | ©

o~ = .

X i

—

- <

) —~

i —p

— |

o~ 3 s

\J =

W By,

L] —

Bl

_

NOTE: L for a single turn inductor, or a wire is very roughly 20 nH per inch of length (or 1 nH / mm)
So 6.8 nHis less than one furn |



Example 2: RF Amp + Image Filter

7'load=3K L =160 nH C=16pF

Matching

fo = 100MHz X @ 100 MHz = 100
R = 15K So Q=1500/100=15

100 MHz

So.. B = = 6./ MHz
15

1 Take home assignment:. ©

whenclSuaaS 0.03 Redesign for 98 MHz center
and Z = R4 | Zyy Il Zes | Z'1pad And 20 MHz bandwidth.

(How realizable is required inductor ?)




System Level Testing

Videos from the NanoVVNA series.. .

@ YouTube
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anoVNA - Measuring S21 and S11 of a small-signal amplifier

1,763 views * Dec 21, 2020

Megawattks ANALYTICS | EDIT VIDEO

Measuring a small-signal RF amplifier with a vector network analyzer (VNA). Highlights need for
attenuators and shows how well the NanoVNA is able to calibrate through 20 dB of port 1

attenuation.

@ YouTube
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NanoVNA and TinySA for Radio Design

2,399 views * Feb 22, 2021

Megawatis! ANALYTICS | EDIT VIDEO

Using the NanoVNA and TinySA to illustrate how radio / wireless devices work. This video
concentrates on showing the front-end filtering and amplification in a superhet FM broadcast
band receiver design. It also overviews some key instruments that have become reasonably




Outline of This Video

* Transmitters and Receivers
PAart 1 * Impedances, Ohms Law, and \oltage dividers
* 1-pole Filters (Lowpass and Bandpass)
* Quality Factor ()
* Design Examples
* Intro to Impedance Matching
* Higher Order Filter Design

Part 2



Parallel vs Series Resonators

Parallel LC circuit Series LC circuit

Z- Rp@f=f Z-> Ry @f=f,
Z - 0 for s S for -0
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Physics Definition of Q

Coils and condensers [edit]

The other common nearly equivalent definition for Q is the ratio of the energy stored in the oscillating resonator to the
energy dissipated per cycle by damping processes:[81°I°]

def energy stored energy stored
Q=2r X ———————— =27 f, X
energy dissipated per cycle power loss

y=e%Msin(x)

A damped oscillation. A low Q factor — about 5 here — &
means the oscillation dies out rapidly.

See:



Introduction to Matching Networks

Use LC networks and series vs parallel resonance viewpoints
to convert one load resistance to another !

!"& To 50 Ohm Load Viewed from load (series resonant circuit view):
: Xo 400 :

Rs 50

Viewed from amplifier (parallel resonant circuit view):

N =P
Q= an Q—XO

= Rp=0Q Xo =Q%Rs =3.2KOhms

NOTES: This is approximate. In general: Rp = (1+Q?%) Rs
Only works well near resonant frequency fo



Matching Networks in Filters

Use matching networks to make filters more “realizable”
and compatible with different source/load impedances...

Rsource

50 Ohms

L'=L| Lmi || Lmo




Outline of This Video

* Transmitters and Receivers
PAart 1 * Impedances, Ohms Law, and \oltage dividers
* 1-pole Filters (Lowpass and Bandpass)
* Quality Factor ()
* Design Examples
* Intro to Impedance Matching
* Higher Order Filter Design
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More Bandpass Filter Examples

2-pole preselect BPF, plus matching
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Coupled Resonator Designs

Simplified 2-Pole Coupled-Resonator Design Just add a second identical
LC resonator and swap 0 Ohm

resistor with a small capacitor Cec
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Coupled Resonator BPF IC
Using On-chip “Spiral” Inductors

Magnetically coupled resonators:
k~ 1/Q
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Ceramic IF and BAW RF Filters
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Topic Review

* Transmitters and Recelivers
Part 1 * Impedances, Ohms Law, and Voltage dividers
* 1-pole Filters (Lowpass and Bandpass)
» Quality Factor ()
* Design Examples
* Intro to Impedance Matching
* Higher Order Filter Design

Part 2



Possible Radio Design 101
Future Videos

Impedance Matching Network Design
Amplifiers

Local Oscillators
Mixers

Demodulators
Frequency Synthesizers




Book Recommended in Class

Books » Engineering & Transportation » Engineering

RF Circuit Design 2nd Edition
by Christopher Bowick (Autho PR —

¥ 97 ratings

CHAPTER 1

Look |ns.de l Components and Systems

Wire - Res s ~ Capaditors ~ Inductors ~ Torods al Induc 5 ctical Windi

CHAPTER 2
Resonant

Same Defint e ) oac f t mpedance Transform

(K WITH JOMN BLYLER AND CHERYL AJLUNI

Coupling of R Circuits - Summary

CHAPTER 3
Filter Design

Background - Modern Filter Design - na on and the Pa = ifter Types - Fn
Impedanc aling - Filter D e Dual Network — B 8 r = Summ

Bandp ure n Filter ©

CHAPTER 4

art - Imped

=
4 CHAPTER 5
e S I | I The Transistor at Radio Frequencies
RF Traw Aateris The T or Equivalent Circust Y Parameters - S Para Understanding RF

Tr o Data Sheets mmary

Impedanc
lac n Nety Dealing With Complex Loads
i : . Ma

ing on the - an Summary

CHAPTER 6
Small-Signal RF Amplifier Design
A best-seller now thoroughly revised Some Definitio Transistor Beasing — D
Two new chapters on RF Front-End
Design and RF Devign Took
CHAPTER 7
Perfect for the practical, hard working RF (Large Signal) Power Amplifiers
RE profesvionst RF Power Transistor Characteristics — Transistor Biasing — RF Semiconductor Devices — Power Amplifier Design
Matching to xial Feedlines — A matic Shutdown Circuitry — Brox and Transformers - Pract nding Hints
Summary

\) CHAPTER 8
Newnos

RF Front-End Design
Higher Le of Integration — Basic Rec Architectures — AD
Software Defined Radios ~ Case Study—Modern Communication Receiver

CHAPTER 9

RF Design Tools

Design Tool B s — Design Language n Flow — RFIC Design Flow Example - Simulation Example 1
Simulation Example 2 - Modeling —~ PCB Design - Packaging ~ Case Study ~ Summary




Thanks For
Watching !
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