


Dedication

If the Lord decrees that only ten names can be written in the
Book of the World’s Greatest Teachers, then

Ann Faulkner

McKinley Elementary School
Arlington, Virginia

Will most certainly be one of them.

Her sixth-grade classroom projects and demonstrations got me
started in electronics, a lifelong career.



Contents

Chapter 1
Introduction to Radio Frequencies ... 4
Units and Physical Constants .................cooooovvooo 7
Wavelength and Frequency ............ooo.oovvomvcomvo 7
SKINBFICCT ..ot 9
Chapter 2
RadioScience Receiver Basics .........oouveeevooeoereoooooo 18
Receiver Noise FIOO ........couvuiuiueieoeeoeoeeoees oo 19
Receiving System Example .............ovvovovereeoerooo 19
NOiSE EQUALIONS ...t 23
Thermal NOiSe: ..........ovvueveeeeeeerieeoo rrerereree. rvrana—. 23
Thermal Noise as a function of bandwidth: ... 23
NOISE FaCtOr: ..o e 23
NOISE FIGUIE: ...t 23
Noise Temperature: .................ocoveeeovomoeoeceoooo 24
Chapter 3
Some Useful Reciever CItCuits ..............ooouereroreooooooooo 26
RF ReCeIVEr MXEIS .....cuouveiveeieoeeeereeeeeeeeeeoeooooooooo 28
Linear vs. Nonlinear MiXers ..............ooevevvoroverooooooooo 28
The Receiver MIXET ......cocoveviuirimieieeeeeeeeeeeeeoeeeeooooeooeooeeooeee 32
Simple Diode MIXET ..........coeuiuereiureitieeceeeeeeresee oo 34
The Question of “Balance™ .............. Ferer et e e 35
Spurious Responses .................... e e e 35
Mixer Distortion ProducCts ...............oeceueeomeoeereoieeoooooooo 40

Intermodulation Products (IP) ...........coooovevoevomooooooo Y ()



RadioScience Observing
R T T e R
Third-Order Intercept POINt..........covvvviiimiinreniniintnee 43
Calculating Intercept POINES .......cccovceveiniiiniiiiininnnnen ceenenneans 46
IVILXEL JLOSSES c.vvvvrerersiissrrereeeessesssnnsesisssnnnrnsessressnnreesissinrnsssssasassinassess 47
NOSE FIGUIE -1 vvvrveeemsiseneesessaensssent st s 48
Noise Balance ........cccccocvveene ST SO EPPPRPOPPE 49
Single-Ended Active Mixer CIrCuits ........ocoveerniennenes e 50
Balanced ACtiVe MIXETS ....cvveevecreerrinivreissiersnnnnesssmneresianisssissnsns 52
GIDErt CEll MIXEIS vvveecveerireenrrerernesietessnsesassnessitossnssssnsssbassnnes 61
Passive Double-Balanced MiXers .....ccoveoieermineoneniseniinnnsne 63
DIplEXers ..[uceirieiiiienieneenes eeeeeeeeteeeateiaaeeesraetaeeraare s aae et aearanerens .66
Bandpass DIPLEXETS ..c.oveviiceriiiiuiinimninsinsssc s 68
DOUDIE DBM .ottt beete s sse st ssesnesmene e ssesas s sissee st aastsnn 70
Image REJECt MIXETS ...ovueurvreemicntsensisismrmniinsnssisisnsi e 71
VHE/UHF Microwave Mixer CirCuis .........coooeveimecnnnnnnnienesinnnees 72
Special CITCUILS ..oveveevrerecneemeinmeisieissssensncenises ceeveerre e nnes 74
Universal IF AMPHIIET .....ooovroviiiiriinir i 74
Logarithmic RF/IF Amplifier .......cc..cocoeeenes tirerrareere s 81
RETETEIICES| +.ververveereererieeeereessressesnesbosssaasaesarasas s sa et teab e s n s sst s ass s 82
Chapter 4
Lightning Observed .........cococonvinneann. reeentiesneens civrrererrere et annes 86
Types of LAZRINING ..ooovevriinieriiiiniemsessin s e 86
TS L1117 T ORI U R BN R 86
Some Lightning Detection HiStOry ... &9
SEOTTI SCOPE .evvrereereeresiresssesstsrsents et 91
RESUILS 10 EXPECE .vuceruirmrnrirrsiiiciesennnmninsssisn s vrveenreenns 26
Electric Fi¢ld MeasuremMent .....e.c.oerirresersssorsesismmiminesienessssaniis 96
Chapter 5
ULF/ELF/VLF Electronic CITCUILS ..voiiveeereioinmneennsneceisiinsssnaeees 102
Operational Amplifier Gain BIOCK ..o 102
DC Power |Distribution ............ccoeeeneens cerentesersesressanreeaeeisiareateeesnans 108
PAGE viii / Contents




RadioScience Observing

T e s s e £
e R i

FUAMIETT L SNesT Bemmeumene s aneny g g BRI e s
it annatis Rt it peail Sagen AL TR RN N RR RIS Gt ih s B B s an Y
ST s S e ﬁ%‘;&wﬁﬁimﬁ%mm shateiaiieiiy

Differential AMPHSIErs ..........couuuvvvoooooeeeeorooeoosoooooooooo 110
60 Hz Notch Filter ............coooooo Fr ettt e v b e eerreaas 112

Chapter 6

Magnetometer Sensors .............uveevoooveciroeo 114
Flux-Gate Sensors........... et e 114
Toroidal Core Flux Gate Sensor ... 117
A Practical Flux-Gate Sensor ... 118
Powering the Sensors.................... e e e 121
Calibration of the Sensors ... 123
Analog Interface t0 FGM-3........ooooveviooeecer 126
Digital “Heterodyning” ...............o..coovveomvooeoooo 128
A Magnetometer Project & Kit ...........oooowvevroooo 129
Sensor Head Mechanical Constraction ... 132
GradiOmMETErS .......ov.eoeerceireereseeeee s oo 134
Interfacing FGM-x Series Devices via Microcontrollers ....... .. . 137
ACKNOWIEAZMENLS .........oovveeeeenieteececi oo 139
REfEIeNCes ..vveeeeeeeceeeee e 139

Chapter 7

Sniffing Out Local Signal and Noise SOUICes ... 142
Bag Of THCKS......ceoveuvieereieeieeeeeee e s 144
RF Sleuthing Tools............. et resan e s e ter s e eme e raeans 144
RE DELECIOTS ...t 149
CONCIUSION ..o e 150

Chapter 8

Monitoring the Ultraviolet Radiation From the Sun .........oooooooooooo 154
Ultraviolet Radiation ............. ettt e e e neeeeveerbanaaetseeereneneraes 154
Global, Diffuse and Direct UV .......c..ooveeeevvvioeeoooooooooo 157
UV-B Radiometer Basics...........o.o.ooooveveeeieoreeeeoeeoeoooooo 159
A UV-B RAdiOMELLT -....cvuvviveeeeieeeeeeeeeoeeee oo 160

Contents / PAGFE ix




RadioScience Observi

BT re Trsvd. NP PSTIIE T ST IR Y, i ?wmfigggmwww a::ﬁ‘gwwgwwwgwwxngi:%“w*&w& S B B et S S
ad 5 TEEn SESRSE T2 Mg d T IR T Gl E Pl st ient R L PRt Eae e : tet i = SpEe e Y
TR R e S B el e

@

Using the RAGIOMETET .......vveceerisiininirisissn i

Chapter 9
Small RF Components Used in RadioScience Observing Systems ...... 174
Resistive AKENUALOLS .....cccovvrrernsivesinrmsensnes eieeasesseertissersesransnnttes 174
BALUN and Impedance Matching Transformers ........cccoovueunueeens. 180
COAKIAL SWILCHES v eeveeiveeieereeeeerrerie st 182
RF Power (Combiners and SPIELS ...c.voevriinimriennsnnieieens 182
Resistive COmMBINET/SPILET «vo.vvvervivmeeireniiiirnniite e 182
Transformer CombInEr/SPIILET .....ovvvreiiiiiiiiieeieiiissiireeeaees 184
Modified VSWR Bridge Combiner/Spltter ........coriveeriiniiiieniens 186
O0° SPIETfCOMBINET .ovvvvverussirinssssrsssenisessasssssssssssis s 189
Transmission Line Splitter/COmbiners ......cooveoreicvenimnsicanne 190
90° Transmission Line Splitter/CombINer ........cccooevreevivinmninieeenss 192
Hybrid Ring “Rat-Race” INEEWOTK ..oveevrieereeneerirensnenenrensssseasassannas 192
The RE Hybrid COUPIET ....ovvvciiiiiiiisniniinsmnsssssisns s 194
ApplcAtions OF HYDIIAS ...courumierinrmnisiesisisrsssnesm s 195
Phase-Shifted HyBTIAS ........oovvemniiirisssisisssn e 199
131 (S (5 £ 70 HERRT RIS BE R RS 201
Using a|Diplexer With 8 MIXeT ....oorevimmmiisimmesssnseeeses 202
Bandpaks DIPLEXETS ...vvevverriuecuimmsisssssimseissisemtisssssss s 204

Chapter 10
HE/VHE/UHF Low-Noise Preamplifiers ... 212
Noise and Preselectors/Preamplifiers v e sinssesineessisseseese 214
JEET PEESEIECHOT ..cvecveeeeurrvereerensessescinssnnn st 215
VHF Receiver Preselector ..o 219
MOSFEET PreselectOr ....oueerivrmmesmserrsesssrmmmssesmsssssisessnssssenssesissees 219

PAGE x / Contents



Broadband RF Preamplifier for VLF, I.LFand AMBCB ... 222
Push-Pull RE AmpUfiers ..o 225
The Push-Pull RF AMPREer ... 226

Actual Circuit Details ...........o.oouovvooreoeee 228

Variations on the Theme ...........cc...ooovvoveomeeooe 232
Broadband RF Amplifier (50-Ohm Input and Output) ... 235
Broadband or Tuned RF/IF Amplifier Using the MC-1350P ........... 237
VLF Preamphifier ...........ccovvuevoeeeeveneseesecosooeoooeoooo 239

Chapter 11
Radio Telemetry on a Budget ..............oooeoveeeeeoveoooooeooo 242
ANBNIES <o e 245

VHE/UHF Yai c..vvevvoneeeeeeeveeeeeseeeeoe oo 245

VHF/UHF Ground Plane Antenna ............o...ocovevovovovooooo 249

Vertical Collinear J-Pole ANtenna .............o.ocovoveovooooooooe 252

418 MHz Stick ANENNA «...oecvivniieeeeereeeeeeeeeeeeoeeeoo 253

Omnidirectional Normal Mode Helix ..............coovvooveooooooo 254

Axial Mode Helical ANtenna ...........cooveueeemvveoroeooooeoo 254

Coffee Can Microwave ANENNA...........ooooveeemvveresvsoosooe 256

Chapter 12

Finding Bearings on Earth—The Great Circle ...........oovovvoivoooion 260
Latitude and Longitude ............coououeveeeeecreeeeeeeeeeeeosoo, 260
The Great Circle ......oovvieiireeeueeeeeeeieeeeeeeeeeeee e, 263
ACKNOWICAZIMENT ...ttt 266
RETEIENCE ...ttt 266

Chapter 13

Vibration Detectors and SeiSmOZraphs .............cccoeveroveveeeeveeeeossnnns 268
Linear Differential Voltage Transformers (LDVT) ..c..coovvvvvvevenn 271
Differential Capacitor SENSOLS .......c.c.oveeeevveereeeeeeeeeeeseeeeeeenn 272
Lehman-type Seismometer Project..........o.ceevvveeeeeeeevoeeoeeei 276

Contents / PAGE xi



RadioScience Observ%ng
ERREEE S R R S

Chapter 14
Searching for ET From Your Own Backyard .......c.cccvniiiiiinnns 284
What We're LooKing FOT ...cc..coccoviiiiiiinieiiienccie e 284
What You Il Need: The ANtenna .......c.cccovvmeemneeenineniiinninnenninnnn 285
What You’ll Need: The Low-Noise Preamp .....cocovevvineenininnnnn 286
What You’ll Need: The RECEIVET coooiveiiiiiiiiiiieiiee e 286
What You’ll Need: The COMPULET ......covvvvieinrimmniiinininnreienneeiianins 288
Putting It Alll TOZEthEr ........coeveiiieeiiinincieicniice e 289
What We've Heard SO Far ... veeiiim i 289
FINding QUL MOTE ..ot 291

Chapter 15
Electromagnetic INTErference ... .oreeneriieiniiiniiiiniti s 294
Tools for Finding EMI SOUICES ....c.ooceiiinieiiiminieeiiri e 298
RE DEIECTOLS .euvveeeerereerurreeereesanmrrrsssomsssansssesssressnrasssessssiassassssnisnasssss 301
Dealing With AM and LW Broadcast Band EMI.......cccoveniiiennenss 303
THE PLODICIN «.eeeeeeeeeeeeeeeeeeeireeesssseeaeesubssessraae s b b e s s e s ba s s s bata s 304
The AttenUALtOr SOIULION .eviveeiieeeecer i 309
The ANtenNa SOIULION .....vvvvrreeeeieererieeiie st rereenstssennsssaeaassaes 309
The Filter SOIULION vvecovvveeieeriiereeeesessensesinreessssse s snr e s rrsns s s eennnae e 309
SEUDS oo eeeereseeeeeeessseeseassbarreseseerss s b rraaa s s n s s e s r e s s et b et e n e e e 316
SHIEIAINE L Jovovereevreeeeecreesiaerirasss sttt 316
Expecteld RESUIES ....cuooiiinneirenncrsieinin e 317
Dealing With 60 Hz INTErference .......coocimriminerinsninmaininenee. 318
INOLCH TFIIEEIS .nvvvveeeeeeeeiisrnreeeeneresssonsassassssssassnssessbtnesessunnssssagaassannnes 319
Twin-T Notch Filter NetWOTKS ......covriiiiiminerieeniiiiiinenee 321
Active Twin-Tee Notch FIers ... 323
Noise Candeling Bridge ........coooereiveeeesees eeveebseestetsana s ssa s e 327

Chapter 16
Some Instrument Design RUIES .....ovivioiiveniiiccnene 330
A Design Brocedure ........ccooeeeeviceinninisins s 330

PAGE xii / Contents




RadioScience Observing

R R T Ry
Solving the (Right) Problem...............cooooooo 332
Determine Critical Attributes ...........oooooooovevorooe 333
Determine Critical Parameters and Requirements...............o............ 334
Attempt a Block Diagram Solation ..o 334

Apportion Requirements To The Blocks ... 334
Analyze and SImulate ...........oo..evvovveeevienrosee 334
Design Specific Circuits For Each BIocK ...........oooooooo 335
Built and Test The Circuits............veeeoevceoeooo 335
Combine the Circuits in a Formal Breadboard.................... .. . 335
Test the Breadboard ............c..ooueveoreeeeooneeooo 335
Build and Test a Brassboard Version ... 336
Design, Build and Test Final Version ..........o..ocovvooovooo 336
Deliver, install and use the instrument! ... 336

Chapter 17

Sensor and Antenna Resolution Improvement ... 338
Sensor Resolution Improvement (SR oo, 340

Titial THHALS ..o 343
Actual Circuit Trial ........ooovoveeveveonineeeeesoeeeoo 343
Single-Sensor Method.................o.eoceemreeeoeeeesoooo 344
ConCIUSION .......ooooiiiiiiiieieeeee e 346
REfETenCes ..........viiiiieieee e e 347

Chapter 18

Long Period Velocity Type SeiSmometers ...............ovwvovooeoeoooooon . 350
Technical Description of the Prototype Seismometer...................... 350
Technical Description of The Period Lengthening Device ............... 351

MeChanical...........coiiieeiiieeeeeee e 351
Electronic CirCUit .........ococvvvveineeuieieeieereeeeeeeees e, 353
Pendulum Responses of The Prototype Seismometer ..................... 353
Electronic Period Adjustment .............ccocoveeeveveeveieoooeoe 356
COMIMENLS ....voviiietee e 357

Contents / PAGE xiii



RadioScience Observing

Chapter 19

Improving VLF Performance of Your Shortwave Receiver................... 360
Reducing AM BCB Interference on VLE ..ccoieiiiinniiniinin. 361
Preselector/Preamplifier Project ... 363
Variations 0N the TREIME ....cccvevverriireriiiin i 369
CONCIUSION .. ovvtierreeiitieereererireerstee e eeravsssrrnenesnsesssaesesssssrnnseresssaness 371

Chapter 20

Antenna Transmission Lines and VSWR LOSS ......veveereeiniernenmennnens 374
THE PLODIEITL ....veeeeeeieeiirieeeeeeeieeeeeesonsissseeessrrvarressesssa s e s aesssnbannseeeen 374
SANAING WAVES c.coverririiriininisrsnise sttt 376
SCRIATIO +olereeeeeererreesseiseeeeesvssaaensseeeaasbssssrassenanraeaaasbaserastsssisssbneessns 377

Appendix A

Radio LuxemBourg BIFECt ........ccocomiiinnnncinenses 384

Appendix B

Science and JUNK SCICNCE .....covvvieeereciiiviriiaesinrieniennesrs e seriares s seenes 388
Is Scientific Knowledge Superior to Other Forms? .........coooeieinceies 388
Is Salt Water Taffy Being Distributed? ..o 390
SCIENETIC FIUAIES 1.vveeveeeereireerreseresieeeneerinesra s e s ess s eere s e rrs b 394
Some General AAVICE .....ccovereeerrrreeriimieriiiaerenee st 395
SO WHY BOHET? .....vviiciimeereiessessient st 397
PSEUAOSCIANCE «..neeeeneerenerrisrareeeeseereessessisssnrnsssassressesssssissessnnsnsnanraseses 398
BibHOZIAPIY ..ecvcveurmeunmrrerisneesestsentisnnassssn st 405

PAGE xiv / Contents







SRS SRR s b BT Em e s g £45

RiniEir e S

T e e R L bbbl
Fepotrenial Sl EiTrerty

- e

b4

cer

W
o
f
;
i
.
5
T
G
3
4

SR

¥
5
.

o
£
i
oL
i
:
.
i
A
.
-
;
¢
5
i
:
i
-
i
2
1

5
B

{3

Ledid

P

s
=
oy
£
2
3]
5
i
¥
z
2o
o
s
i
e
el pse oty
St
G #
5
ges
i
ped
143
i
5
I
5
il o b

& AHE

B4 BEE
srdwdndi ] hrmae Tl
% A% e s drayd il Bba
Sintiad ST :xé&’%g“:

freelelontd
S e

o
hoes
B5da ey

o pe

o)

wroop e T80
bl
et oy i,

Faaae
s

8IS fraka
G
e

rointn s o

s
v ¥ l”.: 38
£
i

Friitierts

2

i

2t

i

:

5

!

i

wgm
w:%ﬁ‘x
W“
I
i
FEr)
LELE
Foi e
i
T
Hi
i
‘&*gh
i
2y
Exd
it
e
|3 §9d
S
Fi
e
[Tt
doia
e
=
Tier
0
RAEE
i
5
4
>4
i

ptesadi it
e A Gk g, 0 E Y Ria i bl
sle e L e Hosiid el i
T aiE g SRR o S RN SR ana e L T
Ee et et s R L et
SRS i e T
i

S5
i
P

i
MH’%

AR,

.
SR S
55
T
i
]
fHe 5T
friheess
2
53
Fix
5
3
I
g
i
i
g o
gt
b
i
o5
H
3
2
3
£1
3
i
£}
iy
i
bt
et
74355
2umeria i iD
(H1iees

% Freeded i

Hang LErER L L

5§§§ > mi?k; “-"‘*w%g? Ferie g 5%

Tl e

ES;';;;;:M:‘%;;‘g«fa&:;g'i@u%ﬁ;;gm SEncotH

phslsisiLEORRGr st SELLEtIhioRis by

pritaloi et ts ep e Y = q

1 i 4 b

Biage 2 Simda MBI b N e
e Rl ae (et

z b ol

asit fronciiiiat ety

o ok o i B o Fe g ek SRR

Sfinig s s e Dt

; ol ibeb o i stend

fritepber bl P LA L )

Pt
f i

1}

By

A

Y G
£23
ey

by
Bl e g bl LH

EEE
i by
ek

S—
el SnT
£

CETEH
e

TEHIE

veadEpase e

& it int e R nge s T
e e ST
J s 3
Mt iy

G

frga 5
Erpesilt e ““g%sw,‘ St SR G
iR
g g i I f o
a “”?g_‘\?f;f;g%&“g* ;Q?gﬂﬁ;*g%t&:;;* S
Sy pRE e, L R EN L R I, e D
e i e
viaw‘,kggzis Fphyeiet

i :
Biha s g;“ww; fecd
Ll TR T

§ 4a
R
Pt b i et s Sk P

f T Bk e e e e T e
e e R
- e v, g
-

35 a0 BBl L S B s |
Shmlrshe e e ey

PAGE 2 / Preface

RadioScience Obser\:&Eg

el LT ST e L e I S
B a

The response to my book RadioScience Observing, Volume I was heart-
ening, to say the least. Readers from all over the world have contacted
me, and complimented the book. Some of them made suggestions for
material to be included in the second volume, and many of those sugges-
tigns are incorporated in this book.

dioScience Observing is a term I coined for a series of magazine ar-

series, especially since the articles appeared in different magazines and in
different countries. But, despite demographic differences between the

e of the things that atiracts people to RadioScience Observing is that
it s true science, but is open to accomplishments by amateur scientists.

ited chapters in this book is written by Forrest Mims, winner of the
estigious Rolex Award (which is given to amateur scientists who make
significant contribution). It is also about radio signals, so attracts the
sdqme people who are interested in ham radio, shortwave listening, scan-
nér monitoring, and radio propagation.

This volume expands the theme a littie bit because of recommendations
from the readers of the first volume. You will find chapters on electro-
njagnetic interference (including finding and suppressing same), seismog-
raphy, ultraviolet radiation, SETI, and geomagnetism.

1would like to thank the authors of three invited chapters: Allan Coleman
Chapter 18, “Long Period Velocity Type Seismometers”), Forrest Mims
(Chapter 8, “Monitoring the Ultraviolet Radiation from the Sun”), and
Drr. Paul Shuch (Chapter 14, “Setting Up for SETI”).

o~

Joseph J. Carr
PO. Box 1099
Falls Church, VA 22041, USA
E-mail: CARRIJ@AOL.COM
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Another problem with RF circuits is that the signals find it easier to
radiate both from the circuit and within the circuit. Thus, coupling ef-
fects between elements of the circuit, between the circuit and its envi-
ronment, and from the environment to the circuit become a whole lot
more critical at RF. Interference and other strange effects are found at
RF that are missing at DC and negligible in most low-frequency AC
circuits.

For these reasons, RF circuits are different from DC and low-frequency
AC circuits. When an RF electrical signal radiates, it becomes an elec-
tromagnetic wave. These waves include not only radio signals, but also
infrared (IR), visible light, ultraviolet light (UV), X-rays, gamma rays
and others. Before proceeding with our discussion of RF electronic cir-
cuits, therefore, we ought to take a look at the electromagnetic spec-

trum.

The electromagnetic spectrum (Figure 1-1) is broken into bands for the
sake of convenience and identification, although there is some fuzziness
on the exact boundaries of the different bands because different authori-
ties place the band edges at different points. The full spectrum extends
from the very lowest AC frequencies and continues well past visible light
frequencies into the X-ray and gamma ray region. The extremely low
frequency (ELF) range includes AC power line frequencies as well as
other low frequencies in the 25 to 100 Hertz (Hz) region. The U.S. Navy
uses these frequencies for submarine communications, The very low fre-
gquency (VLF) region extends from just above the ELF region, although
most authorities peg it to frequencies from 10 kilohertz (kHz) to 100
kHz; at least one text lists VLF from 10 kHz to only 30 kHz. The low
frequency (LF) region runs from 100 kHz to 1000 kHz (or 1 MHz),
although again some texts put 300 kHz as the upper limit on the LF. The
medium wave (MW) or medium frequency (MF) region runs from
1 MHz to 3 MHz according to some authorities, and 300 kHz to 3 MHz
according to others. The AM broadcast band (540 kHz to 1700 kHz)"
spans portions of the LF and MW bands. The high frequency (HF)
region, also called the shortwave bands (SW), runs from 3 MHz to
30 MHz. The very high frequencies (VHF) start at 30 MHz and run to

BRI RAsE by
‘%%ﬁ“ wsil

ggg‘:x% w§§"f§; ¢

,&* i 3@

S
i *ﬁﬂxw&ﬁﬁ“ §§§§§§§3
%

Eee :
HE L i
.§ gkiﬁ;&:&s oy mf’iﬁ %w& g%g@%%%ﬁi;i

& gs%ﬁaﬁ%ﬂg&ﬁﬁﬁ%mﬁ%&iwmygm%

%ﬁ}gﬁ* 4 @3?«%&1 iggg%

!gﬂ ‘t?&g&i& W\W!& ! %
%3%3&%&%3&&%%;&%&%

3

i
gzw%g “”‘%%*i‘?%“’i’?? % s &g:\g .
%%%% FHIL x@wm e &%%L%

1 ELEy % % i
i @ﬁ“wiﬁi@%&%ﬁ i
*mst e
”3» ii&i ¥ Bk
. o i i i
;%%%‘ Fans) %5%?@%3 3’ Qi;%a geﬁ%
%h% i wm%ﬁz

gy's
i
m

%ﬁ
freil
;PJ’

en e
: %%zg* %%gﬁiaiwz;i;;ﬁ

b Fevts
sean %m&%%ﬁx’%s

tier
2 s
m%zi%izﬁ
Tl %J%

? »@»
xm

&t»%‘ g‘sg *M @
ﬁ
i %‘%’& f;%gg;?%ﬁ%%zzv

mkam

!&ﬁ‘ﬁ%
tirteals ;»%%g. Hitih
2

&iﬁ« s B
W S

&
B

%%%%% P zz* i ;*ggé* :
%‘E&%M . Liyasany

I
e

e
g
A
i R
B

Sainnt

piret
Ak

i
*.’ﬁ%m 4 ;&i H
i &;%*mm%% i
Sl i agéi’??«fiﬁ =

Elid

Introduction to Radio Frequencies / PAGE 5



RadioScience Observing
S TLELAt L TR EELEAT Y SR T LR Ry
s e e e
FRrity & S 4 G e B Al -
Bt e
S atias e e
e ; sl 2 Zig ﬁig‘f?i‘ii e Whisllers & AM BCB Shoriwaves
i TR e spneres
e e
i o e e
it i‘g&jgigﬁf§§§§§3 S uLF ELF VLF LF By HE
i cisifn o o srinitailiinee
e e i
et e e e
Fllets st =§-§$§§§§§§§§;w 100 1 10 100 300 3
G s i e $4ad 05 KH; KHz MHz
f;?ﬁ" §§’§§ﬁ§}; e ehan "?5“*' i Hz KHz KHz 3
Sidnn R s
i il b el N
s B
e Piptrail Brtanene
: el e
i shnilimEE s e Ry
i e nh s
it Srirantitiataniin i Snort I
B i REgin ot 4 ortwaves
; 5 St i
j biy s s ‘*‘zmx:ﬁﬁ%ygig Microwaves MM Waves
: ind §§§§§§§§§§§:gg§é - HE Low Hiew UHF SHF EHF
{ SR R
It G LIEE e TRRARAGT . P A
Hierr §::§§§§§§§§§§ =~
PiaHael s i AL 30 100 300 i 30
s it MHz MHz tlHz GHz GHz GHz
Hy Dol
st LI e
i St
: e Serigii
: e Sy
EEpln Jp iy ¥is Ban,
T s s e
i peLLe Rpraieliningt
3 2 it oirTomenli s
i R

¥ becsagedt
j sttt s
i e i X e

PET O e L et euding s FA COSMIC
§§§§ %f§§§%§§i§§§:§:§x§§§§§§g INFRARED INFRARED Vs ULTRAVIOLET |  GAMMA RAYS oo
2% ST IR At Rl 1y IR
HaE ] ! %EE?”«??%:?*%% iR R X-RAYS
HiE, A p o e
;ﬁ?m' hiete Gggsx “w;é% 1:: Hz Hz Hz Hz
e &g@g& ’i‘iﬁi‘zw}fiii?!izég"i
S b b Pt o
sEriERAiag, Hei i feenaliio il
Ehi e
fdiet e
i el n e
it ednl . .. e
: Woiiin 300 MHz. This region includes the FM broadcast band, public utilities,
TEEnEL; W . :
oo i b LR . . he

il gome television stations, aviation users, and amateur radio bands. T

£ Sigseihiisnan . . .

SRt yltra high frequencies (UHF) run from 300 to 900 MHz, and include

R dinte )
o 534 B s
Frminesdt  many of the same services as VHE.
SRR
Sotd M sk 0 d S ERb g T
St e S
5 e e . . . . . .
SEmEEEE The microwave region officially begins above the UHF region, at 900 or
- &;‘:3% SRat “i#u‘aq%& ikl .

& i HE R G .

Bl i . ell
b : 1000 megahertz (MHz) depending upon source authority. One may w
Ml Gl i 1 . i .
fiitaiites PRt ot iRint bl s . -
i 5,@:‘5:3%3;?@3&233355;5‘? “#iiT agk how microwaves differ from other electromagnetic waves. Micro
B i I R Rt . .
et agidt bt ad! i
Lot B waves almost become a separate topic of study in RF because at these

5 g B Py %4 - & - -
it gt il e . . .
@E§%§z§§iz;%:”ff;’§§*%z§§?§3§§§§§§3§§§§§§§§§%§‘ frequencies the wavelength approximates the physical size of ordinary

SrgRte i ST IR uE el SEED R Ll e x 3

[Fecsiati o pein L - CaiRi T (o tbeg e ol ot . : 8
nEnaiel e ejectronic components. Thus, components behave differently at micro
Shpantie ittt Sl e . . - ~
SRR S i ;@‘gﬁy ave frequencies than they do at lower frequencies. At microwave fre
smpasta il adn s s e . .
Ebis B4 Ewe han srdsiyny i w;;% . _
g e guencies a half-watt metal film resistor, for example, looks like a com
Bt b smaﬂ;w;g}w,ww PE bl . ..
IR e i%&x:a:a%iz : : 1 SUrprisin ]_
i %‘ﬁ%ﬁ“‘%}&iéﬁiﬁgéiif’i‘%ﬁﬁ&%iiﬁ i plex RLC network with distributed L and C values...and a surprisingly
i g st T e B e in istri immense
%;‘55;?51?§»€f;$§§f§§z§s§§§§§§§%§§§§ggzsgﬁgﬁ‘fs different R value. These tiniest of distributed components have i e
I T s ‘ . e . : ignore
55 e significance at microwave frequencies, even though they can be ig
Sl as negligible at lower RF frequencies.
i
ki

PAGE 6 / Introduction to Radio Frequencies




RadioScience Observing

DT RS AR M S e et e o b o IR A et e 4
e gﬁs,,%*’az;&”@3@@%@%’%@&@%@5@%&%Qﬁﬁé@%%%%& ‘%%?%"%3?%’%%%“?{%‘“@“

i ss LRI L A GEEEe et Saavetsbe %&%m%hm,wﬁ%:,. i) §§§ i i%;%%ém?i
.. . Ll

Before examining RF theory, let’s first review some background and i S :
! o SRt EReRL ]

fundamentals. %;ﬁgﬂwggiggggg%w R

Sl

Units and Physical Constants B

k4

In accordance with standard engineering and scientific practice, all units G -;%gﬁ%%m%&{ﬁ?%%ﬁﬁa%% :
i .,,.;s._a%,; i R 3@”’;@? .%% 5 Y

Ay
%

Fhid

TR
Sy
sty

in this book will be in cither the CGS (centimeter-gram-second) or MKS ity
(meter-kilogram-second) systems unless otherwise specified. Because g
the metric (CGS and MKS) systems depend upon using multiplying pre- w; zw%;i’%ﬁ%ﬁ S e
fixes on the basic units, we include a table of common metric prefixes & %gf;&:?; i
(Table 1-1). Other tables are as follows: Table 1-2 gives the standard %ﬁgﬁw;%gﬁ%ww:i i}
physical units; Table 1-3 shows physical constants of interest in this and %;‘f;tgig%%%x
other chapters; and Table -4 lists some common conversion factors. ﬁs%ﬁmﬁgﬂ?g e
o s

17 1

e % PR TRE AR T3]

Wavelength and Fre uenc e e
s R Htle

srsttbeniitoamiliusin i,

e LEEeL R LA Pt

4 ey

£
18 i ]
fLeisivt i xa»g%“’ﬁw@%

For all forms of wave, the velocity, wavelength and frequency (see Fig- i‘*ﬁg};ﬁ,’g?;%%}ié;i‘;a;%}g‘ﬁiz&%;ﬁxg“_% -’_‘;%'
ure I-2) are related such that the product of frequency and wavelength is gﬁ:“'iﬁ%g’%{wwg‘?i«;z«fﬁ%gw s
i i

2

. . . . . fii e M E‘;«@%a
equal to the velocity. For microwaves this relationship can be expressed SR
_ Beslaiie oy .
. e e e
in the form: iis*&%?%mmf% T
T T e
Al 'gﬁ;w.pg At satt el
snbnimial s nte it
friEg L D
CiEn e e
L S e
£ 13

s 3
¢ = AFe (- HEsEse
o ¥
% o i
AEgheapany ey e

Where:
A is the wavelength in meters

F is the frequency in hertz (Hz)
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SYMBOL
F
Q
S
S/m
A
j
E
(volt-second})
Hz
H
m
g
W
Q
8
m/s
v

e
e

Units
UNIT
farad
coulomb
Siemens
ampere
weber
hertz
Henry
meter
gram
watt
o
second

i

le (watt-sec)

i
volts/meter

i
Siemens/meter
meter/second
volt

S0 gk e R
FREBIT
jou

ST
iyt

e
3

3
i

g2¢

Frequency

2t

Erd

QUANTITY
Capacitance
Electric charge
Conductance
Conductivity
Current
Energy
Inductance
Length

Mass

Power
Resistance
Electric Potential

Field
Flux li
Time
Velocity
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3-30MHz
30 - 300 MHz
300 - 1000 MHz
1000 - 2000 MHz
2000 - 4000 MHz
4000 - 8000 MHz
8000 - 12000 MHz
12 - 18 GHz
18 - 27 GHz
27 - 40 GHz
40 - 300 GHz
above 300 GHz

FREQUENCY RANGE

- WX

BAND
DESIGNATION
HF
UHF
Ku
K
Ka
illimeter
Submillitneter
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Whatever else you say about radio receivers, one fact remains true: ra-
: dio signal reception is basically a game of signal-to-noise ratio (SNR). I
i ; discussed SNR extensively in RadioScience Observing Vol. 1, so will
S not do so again here. We need to discuss the matter of SNR as it affects
e fiis . . . . .
SUn RIS receiver system design. As part of this exercise we will make a couple of
H DS e . : .
St Bt R iR calculations of noise factor for receivers.
mnimam el
St I
s e The problem is that a noise signal is seen by any amplifier or receiver
R . . o :

s fallowing the noise source as a valid input signal. Each stage (amp or
LI . . . . . .
S, ot receiver) in the cascade chain amplifies both the signals and noise from

“i© previous stages, and also contributes additional noise of its own. Thus,
o . . . " - .
‘% in a cascade amplifier or receiver chain the final stage sees an input sig-
spnindiiinn nal consisting of the original signal and noise amplified by each succes-
il gl el . . . . .
GChEaEE s give stage plus the noise contributed by earlier stages. The overall noise
Gamniin factor for a cascade amplifier is caleulated from Friis noise equation:
s |
i F, -1 F, -1 Fy-1'
iR, = F 4l 4 2 +ot x 2-1)
Gl G1G2 Gl1G2...Gy,
st
i
o fian Where:
i fesis ) .
ik F_is the overail noise factor of N stages in cascade
it F, is the noise factor of stage 1
i . ]
edin i e F. is the noise factor of stage 2
Hinnen et e 2
i . .
E F_is the noise factor of the nth stage
G1 is the gain of stage 1
i . .
i G2 is the gain of stage-2

:-352‘1%' ‘3 3 B .
i G_, is the gain of stage (n-1).
af?i“.?ny’?f??i‘f*’gt?;»‘i“%u%«

PAGE 18 / RadioScience Receiver Basics




Simgrmad LEEny
sihiimrnis

s i)

5y
i

A
S e ey e L BT

22

'8

RadioScience Observing

[
s BF., 2T BE 4o PR e B PR~ T TR
Sof SFEETS £3E285F Z£%9ils $23
o el QL H . = = = 2 5 9 o 2 R =
L A 7 L T S g5 o — =
2% B 558088 :m.mnpoucwmm .ﬂ..ww..eﬂpmu £33
. 588 Z2Y¥5 3 2as oS o% EEES 8T 5 = 3 &
H g = 55 L =] - o 8 > wo R o
g oE2e 2 S =2 6.9 S0 2382%450 22028058 o
v oZ o 885G 5 ET SESEST S B8E€sSas > =
eS8 poglgE ECEo® g 2E“ g =g 0D
B OZEESEC >S5 2CEE Sago2obd ERAN
HE g = 5 20 - = HE » 28 S =g 2w
i g ©F ﬁraoea o0 gw B .m.mcl,o g =
o9 23 Egcoom S 2 5 48 °E T g2 g% g PR
iel hMm oo BED fﬂwﬂwmmo ‘mmﬂmwﬂkem g4 %
i k =8 = o = O @, @ 2o o Ry
oo =30 O S5 = eb O S o=29 .25 = g~ z
#oo5n 8 B D 8 .= tn.IOH.Vem =T g2 o mn
gaoemora B o) = =5 by = < S ‘
CEEs cggact SESSIEE 2921053 o 1i7
t34.4 — . L ) .
9 Q SHrply.tmb et.wdﬂr(\o .mm = O m — !
S 9 g I I S E . B oS ED =5 w2 ;™ S oo
B Feagee 2585 25mN ELEST B =]
285 E8t83& cS5H2589 5£23E°E B £%2
“ B2 2 TLE_-E G cEEE88°2 Z2E83EgES .
EE: $E35SE o« z233%scR: S5Eif: 3 553
H oo 83 g o, o g = e B o= — 2 & B by B = b
o B23 Ez2%¢f 8 25geisTE gEfIEgt 258
i P e S=282% - ZE"ceglg% HPog oS o B3
FECECN cExE2 = 8fgf53.f Szfzecg E EJE
= I~ o2 S ekl PLEEESEE mEoWgyy @ g2
1A s S R M)n.l = e B.C.mg@V ﬂroswen 28 8
s ﬁsm L] o O © . T O e W
i g 88 9fZasg 2 fzBEZBRSQ gLz s @ 9w 3
7 EEE EAGFEb g s S8:8Efvos £%85zic & Sac
= B3 e &2 3282 > ©°L828073 swr,mm,zm @ =g&7
L9288 5882 cLg2fgle £JDECEE 2.8 %
s o@moB Orﬂy,tn\r - SRS o8 2 g°5 5 .S 286" e zZ2w3
e o _— = s 82 Em @ =S SE L %8 SELozuB = ==&
g8 2 n.,punbed btﬂTerS = O C%.ﬂ ] % <
588 gTF5=€: 2 $3cS8EEE: sEc£80 2 2R
o =2 G en S c W - (-] -] R mr oo N 8
e L < R = : B oas OCWOtW v Ortman @ 53
Ao . 23 A= o S 2RE8g LT 228 & 55 W -
s el = o @ A S <o c & ©
EE mmmmmm.@ g 23i22i5% 2i-tE28 8 S5
. 2 SIS # EREESE88c EEERBE. B REH

RadioScience Receiver Basics / PAGE 19



”
S nsi il

s T SESEEI DT e
el & ik
@ﬁg#&ia%ysw‘é"”%’;igyﬂa&tﬁ‘_ % "’“’*’”‘i;‘ sonels <

i
it

r
% snhan

=-iat hande

e
ey I

w5

to boost the antenna signal. It is common practice to place the LNA at
the antenna terminals (e.g., at feed horn port) so that is does not have to
overcome the loss of the transmission line. The receiver may or may not
iR have an RF amplifier, but in this model an RF amplifier (A2) is used. The
" mixer is then used to convert the RF signal to the IF used by the receiver.
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ss of the coaxial cable transmission line can be a significant cause of
nopise in the system. The cable loss is usually expressed in decibels (dB),
and is taken from the manufacturer’s data sheets if no actual measure-
ents are available. Typically, the manufacturer will provide a chart that
HE rdlates loss in decibels per meter (AB/m) or decibels per hundred feet
dB/100-1t) to frequency.
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] when the following specifications are used:
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R T vary the noise figure parameters, it becomes apparent that the first

stage dominates. Let’s do a little ceterus paribus* cxercise in which one
noise figure is changed by 1 dB. If the preamplifier noise figure is in-
creased to 3.2 dB, then the overall noise figure rises to 3.36 dB. Increas-
ing the transmission line noise figure to 3 dB only raises the noise figure
2.47 dB. Increasing the RF amplifier noise figure to 4 dB increases the
i - overall noise figure to 2.46 dB. Finally, increasing the mixer noise figure
B R 2.41 dB, let’s tabulate the results:

f Wekeating
g sty ahady g

or a 1-dB increase in noise figure, the overall noise figure changes to:

Stage New N.E. (dB) Change
Low-noise amplifier 3.20 +0.8 dB
Transmission line 2.47 +0.072 dB
RF amplifier 2.46 +0.062 dB
Mixer 241 +0.012 dB

Niote that the increase in overall noise figure is greatest for the first stage

in the chain, and that the change for each succeeding stage is less than
far the stage before. The lesson here is to put as much effort as possible
into the first stage in order to reduce the noise figure overall.

The bottom line is simple: Use low-noise stages throughout your sys-
tem, but especially in the very first stage. The result of adding a noisy
preamplifier to the front-end of the system will be to reduce the overall
noise figure. This occurs because the overall system noise figure is ab-
solutely dominated by the noise figure of the first stage.
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T is the temperature 1n
T

iscussed
ise temperature of systems. They are di
R is the resistance 1n 0

AKTR V/VHz

allow you to calculate the thermal no

factor and no .
RadioScience Observing, Volume 1.
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These equations

-23 T/o
K is Boltzmann’s constant (1.38 x 10* J/°K)

V_ is the noise potential in volts (V)
N
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Noise Equations
Thermal Noise
VN
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Thermal Noise as a function of bandwi

Noise Factor
Noise Figure
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RadioScience Observing
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B who wish to “roll their own” RadioScience Observing receivers. Figure
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In some receivers, there is some form of post-processing taking place.
This might be additional filtering, or it might be sorting out signals by
splectrum analysis. In other cases, in order to increase the dynamic range
of the receiver, or to convert the output to dBm power units, the post-
priocessor will consist of a logarithmic amplifier. An example is provided
later in this chapter.

Finally, there is a detector or demodulator stage that is used to recover
any information on the signal. For example, a simple envelope detector
il i is|used for AM signals, a discriminator (of several types) is used for FM
. signals, and a product detector for SSB signals. In many RadioScience
Observing receivers an envelope detector is used, but is followed by a
time-averaging integrator stage to produce a DC level proportional to
th]Einput signal level.

d8dieykadiog g

i

Now let’s take a look at the mixer circuits...the heart and soul of the
regeiver systemn.

RF Receiver Mixers

: Mixer circuits are used extensively in radio-frequency electronics. Ap-
i;iii;gf s plications include frequency translators (including in radio receivers),
Hiiiesl gamodulators, limiters, attenuators, phase detectors and frequency dou-
blers. There are a number of different approaches to mixer design. Each
of these approaches has advantages and disadvantages, and these factors

are critical to the selection process.

Linear vs. Nonlinear Mixers

i
i

LSS EE LTI P4

Feyniagn

The word “mixer” is used to denote both linear and nonlinear circuits.
Ahd this situation is unfortunate because only the nonlinear is appropr1-
ate for the RF mixer applications listed above.

So what's the difference? The basic linear mixer is actually a summer
circuit, as shown in Figure 3-2A (the schematic symbol is in Figure
342B). Some sort of combiner is needed. In the case shown, the com-
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R B : The implication of Equation 3-1 is that there will be a large number of
ata ot net 3% % " .
i ¢ (m, n) frequency products in the output spectrum. Not all of them will be
g e useful for any specific purpose, and may well cause adverse effects.
S¢ why do we need mixers? There are other ways to generate various
i frequencies, so why a frequency translator such as a heterodyne mixer?
“  The principal answer is that the mixer will translate the frequency, and in
s process transfer the modulation of the original signal. So, when an
e signal is received, and then translated to a different frequency in the
it SR raceiver, the modulation characteristics of the AM signal convey to the
g S iz new frequency essentially undistorted (those who know that there are no
S simRd e istortionless” circuits please refrain from snickering). Perhaps the most
i Einhacet common use for mixers, in this regard, is in radio receivers.
T he Receiver Mixer
S

SHlE The vast majority of radio receivers made since the late 1920s have been
superheterodynes. The process of heterodyning is the translation of one

Siniil frequency to another by the use of a mixer and local oscillator. Figure
5 316A shows this application of mixer in block diagram form (this is an

i 3
i
i

expansion of Figure 3-1).
g e
i@ sriinn . .. . T
it Wi The antenna picks up a radio signal of frequency F,_, and mixes it with a
] i sl lgcal oscillator signal F, . This produces a number of new frequencies in
& £ = the spectrum defined by Equation 3-1, but those of principal interest are
AT ; e cases where (m, n) = (1, 1); i.e., the sum and difference frequencies
ba e £ 1E IRLE
R ~
e F..+F andF-F .

b e e

ne of these second-order products will be selected by an IF filter, and
e other is rejected. Why would receiver designers use this approach?
e principal reason is that it is very much easier to design the receiver
uping this approach. It is much easier to provide the gain and selectivity
iltering needed to make the receiver work properly at a single frequency.
his frequency, regardless of whether the sum or difference product 1s
sed, is called the intermediate frequency (IF), or F. The high-gain
ages, and the bandpass filtering, are all provided in the IF stages.
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aﬁ : ency, but today the sum frequency is often selected. It is quite com-
on to find high-frequency (HF) shortwave receivers with a doal-con-
rsion scheme in which F,_is first up-converted to the sum frequency,
d then a new mixer down-converts it to a lower second IF frequency.

snsnl Af one time, it was universally the practice to select the difference fre-

1e sum or difference second-order products are selected for the IF, but
e other frequencies don’t simply evaporate. They can cause serious
oblems. But more of that later.
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imple Diode Mixer

jgure 3-6B shows a block diagram circuit for a simple form of mixer.
Although not terribly practical in most cases, the circuit has been popu-
lar in a number of receivers in the high UHF and microwave regions
since World War II. The two input signals are the RF and LO. The L.O
signal is at a very much higher level than the RF signal, and is used to
switch the diode in and out of conduction, pr