ee481 581 Chapter 4 notes.docx 1/85

Céa/ﬁff/ L/ Wi&/a&/am: NeTworlC Azqézf("r

e & ré

o en y //oé/em"rl //‘/c""f?) ‘)

0"'/)/ ’”%5/6{7[5/ I fa/mine/ 20:4/17674/'4(
5(4(4 as (/0/7(7’75/ Co.//&n7; fFoene, o

‘é«/ S‘ML’CI'/GMI# o/" éu ,'////’nj é/o&/(f RS
ey Mfeié/ 7o oo boessing o e
lA o/ef'a//f oF Jyese //'ecz_(,

U
/44/4/0 (€ NeTeorlt 7%@&//

fO/ Jhe mEL7
S0

Af//én'ze

-—5/*/{57‘”/: This come O«
/{a rn/ son Laé fm fhe /

//'/ z":/e/"“’léc du/ {7“"‘/" en7 %/7/".5"14

-2 /l/ofa/wa}/f cal o /aff/é/e 76 meaSare

l/b/ﬁyef sl/,/ w//w7f (@) o n—n—T

7/(!2 nemcte sy o 5/@ e s ("— 5.) (vavetSn //‘—)

IM/C/&/“” cc — )/;‘/574“‘(&/ é‘/ ﬁ/»’/a/ //eaufir,;/,

i /a%f /éﬂajr' )4/ AcC C/(Cp;['ZL_(
77/&)’5

‘ = ',é)f" ly material
L yn‘f//}/\f/'c /‘m/éé/ﬁncé c/-f é only #aa 4
= :E. yC/ 9 mnﬁ/}al)il wave
§ Wave 1mpedance 2 2.7 Yy TZW;\‘fE"?
- V/f ralso 0f’ l/o//‘tjg
- I’* o ch//&nf fn e
traveling wace

% &ha/ac 7"&/;57‘76 }mfé/m(e = go :';0;

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 2/85

%Z fm[f/anéé an /o/m/ G ce /%47/7'?/5;
‘/:)j:;

‘/"f' I-f mM ‘/, I;
A Some /W7 )
JCVJ‘CG

C/-\—-\/ /7 o
‘/' )J(

f . °

AR

s Ly
Af CQCLI /o/‘f' 0'[\ Yhe /et/}ce’/ we L(d(/e— Lo’
thcldeaT and re Fhected currea? ¥ l/'/ﬁfe
waveS, At fue fe/m/na/f (AKR ! /e?fe/&nce}
(f/f»ge, 14 ‘/‘e/mﬁnq///an&f)/ The ﬁﬁ/ cu/rmf-f
voltase for Yoe nt® Loviminal is

VAN VAS S (.24 )
I, :=IL"+21, [4.255)
=> (Quite Simifar To Our /44,(0/ carren] ¥
volfese egunlions ¥or Tls @ 2=0.

/e{we lmje/anae Z'- — \/d’
v 4 P
(<2 9) VoI5 [ Te=0 far all KFS

¢

That rs, drice /or?‘ or Termiqa/ J //a
Current ‘Iu while /e««/m) all oYher /0/73
ﬂ/@n —eltrcantted and meaScre ‘the 0/6’/1«6,'/044.‘7
Vo [Tase |V @ Yhe /ar’?"/farmma/ Ao

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 3/85
b/r Z Con 7L.

M?‘C R ‘f'%/f‘,{ s The )/\/nf }’m/&é/ﬂnéf 07(/%&
/"ﬂl’/(,,y" u// 4// pﬂw/ /DKY_LS O/M/Ca'/cvu'?ér/.

X 2 can be Thowst? o oy a Transter
4M/€/dnce }w’fween /0/7‘3’ 7 #J o.//
a// :977‘¢/f are open - c/ram.fz/
M{MJ Z'fj/ e cam related all /o/f/ferm,,.“/

&m/f&mzzf o (/o/ﬁ,jef usins The Mance
Mm_f/f)( [,23 >

[vi=[2][*] (4.25)

oAl
f'(/j 2u 22 774 rjjj
\/Z —= 2—‘3' Zz'}, 'ZZA/ Il
‘ 2 72 i
3 V// " L i Z-A/?’ v LI,VJ

= The volfases are Zéafo{j as well

as the cw//&nfr/ e, wﬂ//e}(,

=> TL:e )m/&g/ancf_( are wm//ex /’Ivzméz/_f'
a$ woel/ //V07'//u_(or5),

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 4/85

42 cont.
€Xam//¢ — Find The 2 /a/ame,‘lée/_r for The
fh/é—/O/f 7-"4/)67(1‘/&//(.

A2 —

(4]
Ky /CCL) I¢=77f7"IZ:I
IL
By KVL, —Gi v 0(za)+ f 2. =0

V
'.:‘Z;zé%zn:__'_— — Zc

——

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 5/85

/iZCo//f

_ | e
22‘( - fe’f “l?, P @ ) ZZ( = f/r —o

“r

V, = I, 2
20 = g = 2,
Zzz = Se? I =0o _ v
€ (. ) zZZ,/ _'Z; /l:f/o
7, =9
 Za [
Iav‘_ + 7 Vo
[ 2 e

V! %ﬂ t 2(, Z_c 1; 74
pust ¢ T=NeTorork
Vy 2o Zgtl L

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx

L/.Z Co/l?‘[
where migh? e vfe ;m/e“/“"ce /[E_Ymﬁﬁ/cc:?
= /t/éfwo//C.S Co-nnecfe/ ,‘,\‘ fé’fl'ej"

6/85

— em——

S N N R
T o > f—-o
ey [ZJ v, |7

1 7

Vv | ® S

I

| T
44
v [:Z] VA
O_T_——‘ﬁ __MI—D

KMC¢ /157‘0,/9//6 [Z”J 'S A sSeries u/:‘)%
Twoclt (3¢ Ve
Nnelwocl [2 ,Z) /-"l,”:I/ aﬂ/

LA aa/ﬂ/fﬁ.ﬂnj feoon /C(/L) we see 'hLal
(/,:(/,/7"({” an/ (/?/_:(/2/’7(_(/2//

rJ

W
w
H
oY

Iw\ MM%/’I/( 7[;fm (P 96’/—//

(i) [ eI ]
i Z’M %]

J

6\0(0/ Hﬂ f"me

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 7/85

4.2 cont, |
H! fﬁ;{zﬂ}[ ;]

F‘;/ Series ﬂefwdflcf/ e can f———‘/&—/ w/

fhe I'mfe/anw/fzz malrices oF the
lonpﬂ"v/a/ua/ nefwa//(f 7<> 9£7L a ser’es

G uialent impedance/(2] palsix.

e, Ez] - fZ']q»[Z”]hw

p—

I/\ A 5:'441'/0'/ 7415'4/0»4/ C/@’(:'/?? ac/m:‘#‘fﬂée

I«
‘Z% v T ___i—-/
(4 > K l/o '4;‘—‘0 Yor K * |

mafr‘fj o/r,“/e /or'f/f‘erm/nn/ J w,“fl, a
(/0/7L"‘j€ (/J WLli/e SAarfclrcw/f/nj a//
07716/ /0/7LJ (VM ;0) ﬁﬂ&/ 6/‘7§fmme /memf(«rg

The Séo/f—-c/rc‘,,;f Cunrrean? l; af'/ﬂf +.

A }{',,‘ is The a‘n/mf,a/w,’%nce @/off Py

V00 con be ﬁwz«pﬁ?‘ o as a Transfe

a/m/’#ance é@fween /0/7Lf ,1‘ ‘v{d,(

J

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 8/85

Usins The Fir e cam relate all poc?

Oﬂ/‘/énfj ¥ Va/féﬁjc!f l/ffnj m@ a/mi‘#ﬁﬂCc’

Mﬂff/‘/( [}/J '

(m=[av] o (#20

r;ﬂ (fe Vo o y
* - f/zv/ 23 . 9% ,7/
’I,«_l L K// Voo - .. Yon/ Lw]|

By wrtrin matt, [V1=[YT(2] =[2][Z)
= (112 W
o [2]-1 :[Y:( o Z?)

*’/43"”\ l/,, #—lj‘ are /éa‘fﬂff WI’H‘/Q

’C‘d G e C&M//a/( /I(Ambtf,(,

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx

L/( Z 60/17(,

{A/hé/-e m;jhf e use dd/m;%ncé /[}/J Mﬂ—ff—'/cef?

> /l/e,fu/o //(j' Conn ecf&/ [ Zﬂ/a//é/
IL; : _:_l;’ i 5! S é——Il
\ ;

+ + [Y'jf e : t

]
I e B ey

9/85

— | — mm— e

v
T
‘ \/( : I,” _:L—zr |
L .
‘ ! + Ie 1" T”_' |
- ( v Y %) ‘ -
-
i

— a—— — — —— —

;tfice ne-/'u/o//(j' [‘/ a,,/(l/”} Gré 6&/}/}8&7‘5/
74
¢ /4/a//6’/) (/,-;\.//: "’ and ‘/z:(é/:(/

Z o
lgy /éCL) J:-‘:I,/'f'l,_l/ and fZ:-—Q/”’IZ”,
Im m,.'fr/x vam w e 9&7L

() A LIl
[';’ ] [Y][\/] [V][v]

a &(0( V\{ 56«”\6

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 10/85

JERGErE

F Zd/df//g/ l’ldfa/of'/éf we Can at/a/ u/

7716 ﬂ/m;‘#ﬂnce /[}/]maff;cff chO ﬂte /n/,/m{.a/
/léfu/b//(f 7Lo ﬁg’f' o /q/a//e/ e m,‘;/qénf
&/m:‘#ar]ce /[S/J m ﬂf/l()(

Lo =l

(eneral notes }4/ f%z +[}/j maf/"cej
/) /l/’/off /lc7Lwa//( .‘M//fef 7%a7‘ [?] 4[}/]
matrices are NXN in 5iZe b

> .
/\/?'[/'«:a/) + /I/L//magma/}') = 2N Z“‘mﬁﬁef‘
o ﬁ/ej/eé’f of Frecdom,

?/\ IF The nelicorlt s /.z@,‘//aca/ [218‘) no

ac+‘;/€ G/eVl(/E( o NoN féoi//ﬂéa/ Mrf‘c’;/'a/(

/;/(6 féfl’l f'E'( of f/m_{maf) e jt‘iff(/mme%r/c o

reciprocal matrices w/ﬂm 20 =2 ad ’/"/g,:
= Can Swap /’”75' Y 9eT Same resa /i

3) LossleSS ,etiorks will have /a/c//
(mesinacy Zij and }{'J} Re (25} =Te(1 {=O.

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya




ee481 581 Chapter 4 notes.docx 11/85

%3 m& fcaﬁeﬁnj /%af//ix
> The }m/e/mce o ad miWance /4/"”“’%‘/«( 7[;/'/

/f/””‘@a/ USase a.f/ Mlcrowace bc'!jm&nc/ff,

-2 07[\”2&/6 USE are wsza/c /(nown asS fca#fi//is
/ﬂ/amé’]ffff méfa/e éafea/ on }ﬂ¢¢‘¢/¢f\7;

VA F/ecfe//{ca%/C//’ffnn{m/ﬁ/ waves

- 7116.;@ 56&17723///7) /4/am&7é/_f arée (/é//
ﬂeéf'//\

;M/offa/’f ﬁ/ Micren kil cnj/( y

&Om/é/'ﬂé/@ 7‘7 (/u//enfj ?‘f/o/f'ajaf PN

carcnil an a/}/f/!. < $v

{
&/V‘lh‘ \ P %
Z‘/Tglﬂ"& . J:,J\/’
‘f"l';-r : ‘%O/Q\
ANWND p — ;0 e, ;

- - Zo /
SR ( device /!

( Q (‘K/IIA'/T

f/efe) an are The Com//efx Qm///fn[/a/ a%‘ /%c
/&/fﬁye o allés )ng,‘g/e,mf c\f Yhe /0(7(:('

L/hé/eaf, (/,,,/ are The @M//&/( am//’fuz/f_r 0/

The vo [fese LoneE /67[/567‘6// SJJ«Z%@/«,;{ o

@rhgfﬁ,‘,-\j qé;‘om 7‘%(, /0/7?,

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 12/85

43 con
/?5)’,,,,,, /19 7‘%9 /,/m/a& 7‘?//;7‘45 :‘m/x/ance 0/

2l The Tl s connected Yo ﬂla/oﬂﬁ’ /< e
Same, 5, 2o, The scalleciny (ur: <°)

/é/dﬂt%ﬁfj are detined as
/|
5‘3 :W V=0 fcall 3#K
naff"; Si; is The ratze of The vo Ve 5E
prave emersing Lron /orf 4 e o én fciden?
wave [@ /or'fj whe, The it~ ciden? teaves

atl éf// olher /0/7? are Tero. ,//acy‘/‘aa/éxj
/Oft’ should Liave

(44 /)

Tlal means all ofhe~
M”‘f&L‘@‘/ TG/ana.‘]L/oMJ//om/f +o ﬂ,/w',/
reflections (foc=1) or unwavited iofald.
= S:,;; e The refleclron coel?. @ /0(7«-4/
(u// ﬂ'// oﬂle/%orf: ﬁ/m;n;,fe/Jj /'.c,/ /:(,4‘ :{‘/

7> /(’;:J' (s G %fﬁnfm;fjl\@ﬂ &6#/&[5;471 74’m
/of'fj fo /orfa" (%/a//fﬂzlef/wff

%_tacwﬁé/)) /€ T{J = S,g’ .
/1/0764,’ I‘F a// olbher /ﬁ/fj aré ﬂ/OT?L?/M/anéf,J/

Thena The Lo (Fase fca#e/a//emefﬁfﬂj
.A,em Yhe oﬂor'f i s S’)Mply Je,v[«‘ne/ by f,,,,‘ o f,,:)',

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 13/85

4,3 cont
Once The 5//4‘/ame7/’e/j ar @ [(roannm /mu;ufez/

or Co”k/vﬁ(\&/)/ e Canm a/eg/;e me {Cq#errnj
o [57 P, /e/ﬂf'ﬂj 2/\4/;/&.«.7" crn A

;&6‘( #M&O}%fe)[‘/gcfe//ffqnfm /M Vp/ﬁja (aves
l/(’_] O‘;[ Sl?, C e 5//‘/ | [//f
Vi Sel Spp VAL

~ | ]

\l

4 §

‘ \

/- /1
W U Sw 5y oo S| W

or (-[I] /o)

# S-paamelers difer from 2- and V-

/4/61»«67/?/_5 .,\/Lnere 7713 07%&/ /offs’ & re

0/6/’ "C/‘f'éh/?lta/ o~ 544(‘%"6{(/‘5(4/7{6/ -/_L'/J'
Can ée &fl?z'}ca/ asS Some a/e,//ceJ may

not orll co/raoﬁ/ w/onT Joacl 7’2rm,',.,,7§a,,_5
e.8,, Seme transisTor 0m//"746f—f.

& M95VL o Flen §*/4/am¢f;/§ are m&aSh/zeé
(&, uUuSe a vector netoorll aaa /}/Z—e( (‘l//l//?)/
o ‘(Cvun/ é)r 5fmm/a76'anf. /’/owe/e/j [ Some
(fimf/e) casSes, 7746'/ Can ’ée comﬁn%fo/
ana /y‘fwh//t/

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 14/85

42 cont:
eXaM//e" F/n/ 7%@ S"/a/ameﬁ/j ycf The

s, s f(/e 7-/ Ne 1,./&//4 SAOWA.

('

5,275 200 ﬁjfﬂ
( |
Rt | T
foct ! fort?
571 S, = ﬁ: / , = ferminate fof‘fz
e \/lf' Vz =0 l,-// /oad 21 ?0/75\/\
VAL
_ A5 JON /ON

= |
{ -
2h

-7 [
L;,: = /0 F zpo//(/oﬁ'f) = 0+ 596497
:é?.é‘/?/\, _
5 - //" — 2’4/1 "% _ é?.éL/?’?S
T T 4T 62.647¢ 7S

S T T0036772

EZ_;] S22 = ‘—-’ /‘/ = Termaate /"/7" /
!

A load 2> %=75n
_'//>gnce 7‘Z|€ T-neTworl /s Symmef//cj

fzz =5, ""00367?2

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 15/85

Lf/; Conl

@ 52( - —\{zi:/ = /43&'/1 Ter mira ~7e /u./TZ
Vrlurse /2 =2 =75

= l/z- W(// é& ﬂ& 1/0/74156 acroSS ZL,

\e/ifv)i /0 /9N Ut=0
-——— ———o——AANV—
+ + | T -2 =75
%0375,/L V wazw‘/» Vz'_'\{?:—) Z‘, % -
—_— e {

_— o —

lf’:o o ref/e&fim>
ﬂ%" = 20([(jo17S) = $9.649A
g}’ Lo /%a se 5/,(,/;_5-;‘/')

B s p _ 57.647
Vooo = ‘/'(',2;}70)’ V/( $9.67 +/">

= 0.85692V,
gy (/o/faje a//'r/‘j,u./] aﬁai‘/\)

VL’ = 1/7,00 (%o) = 0.956%7 Vi [%)

= 0756675V, = 0,755667S (1+] )|/*
\/2_’ ] -0.037
& . - | 2072771377

/5‘{2 ‘ g’/ §ymmcf/y) —S:;z::’SZI =0.7277
-0.0370 07277
[Sj :{0.7277 »0-0370J

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya




ee481 581 Chapter 4 notes.docx 16/85

4,3 conT.

fa//ff// ;7T was Mﬁﬂ_ﬁo/’@/ Thet 54','56} on//
when o1/ 07%M/a/75? Gre Terminaled ;o pyalctod
foadS. Whet bagpens i Thal IS o7 Frae ?

ch:f CX amine a 2 -/fo/'f ﬂ.efn/o//C (,‘/ég/g

we ShorT éifa-,f/off 2.

+ & e Hected

t/.I:' e jncldent

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 17/85

%3 C&/rf:

So /\/:‘/\j @ Lor V" gives

- S
M& _ 2! 1//7‘

V/L\/C&\ e Can fMéS‘f,ﬁfﬂlz /('7L° @
‘/‘ /: S,.'( l/,+’5'2{§ZI >(//7‘

/+§zz
| 7 ' Si2 Sz
s =% _ _ S22z
A R XS

OéV/Onj/y') f;/ ;t-f/( WLIW /0/74 Z ¢ {Aoffz//

U
ﬂé 5"/arame7Le.c§ oF Me ﬂg'?(h/af/é‘or
device cfo A/o’/’*éémj@ ) Soad(S) or
, The
| /wf pefleclon coe tFicienS C; g

f/amSm /1SS /o coe 144'6 "M7—Lf /4;" cdan

Source /‘rh/e/ance(‘S'), /’/owaf/f/

éLl&r\je w//oa//(f) 44/ S onrce ;m/ﬂ//ﬁ/?&!;(‘
*/45;«.4'%6,( = &a‘/e a /;r\@a/ ne%wa//( o

0/6(//(,6.

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 18/85

L/(j C‘«onﬁ

j:’\ 5*3¢7L,v/‘ ‘/,Z /‘7(' c—aS yé{ert/e/ leaf [3’;]
C(/la/ CVJ m@f/ ‘ce S are!

/) /m/*c//(/ ltmhjl(ﬂhf/fof /o_rf/gff ﬂcfwar/{r

7/) S/mm@f//c aéo,,,f MC, /harl/; ;//ajan dz/
for recifrocal ne Toorls, ‘e, 2y =20

for [S] matrices, a reciprocal sofoorle witf

hove [s{=(s7% (4.98) |
where The “t7 fndicaToc The malrix fransgose
(9/\40:75'@/1, ‘e, [Sj (s alS? Spmmmelric aben?
The main C(C'ﬁjona/f

6/ [Sj Mﬂfff’cefj 7‘11& %eﬁfgéovj /Zu:z/' a
é{{/é.fj‘ ﬂe%wo//( MuJ7L kﬂc/c an 0V(/a//

a,‘/erq‘pe /Om/(’/

foy = % e {CIEI = O
U/ Jends T

(T[T =[] or (57615 s

W{/Aefe [(/fz [‘ (T ] lc Ve Mnt‘f/tﬁ'«/lf maf//)(

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 19/85

%360/;75
Lef:f AIAKMP/ CXAen /INnE (7(/)

[s1°[s]" = [u]
Ffu Sie v S ff,, Siz ==~ S, ey

Szt S22 Sen S21 Sza Syw Y,

= \\ : ‘; ' ! O \
| o | O .
SMU Spa SV (Sl 5y < | l

t
’

- -

(S Ser oo sy )[5X s SS K
Siz S22 SNZ 52/’f 5‘3; _ \
! N ' . , N - N
‘ \\L “ 4‘ \\ . O
_S/IV fw (T S’/Vﬂ/ 51\/(* ;/V/‘/
:—:7 Mw/ﬁ//(/ 0w/ / WI'?% M/wmﬁ / o1 mf /'//(
VK ﬁ@f" 5;(;11%*52/52/*#—“’5/1//%/*:/
\/jI{] 96/}6/;{6 m,«r ,‘M/A&j‘:
A
2 S/(/\ gl;;.k = / ‘(é%/ /Q;C Zl Ill/l/ (4'53“)
=1
That is, The /of/fo/ucf o7 any colammmn oF
[Sj 0/1‘77/ 7%@ wm//él,wnjuja%oféj‘Zan/hm”
IS ej(/zor/ o one [/) or alos’f/e’!f neteor k.

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 20/85

Y43 cont, ,
:>/I/¢9X7j Mw/f/%/y Ot / (A/;ﬂ\ C&/wmﬂ Z o .
7%6 L/’/f fe jef‘

)/1 /z '/'521527, + "';A//fxx/z = O
\M‘.L" Qene/a/) Y is /n\f/'a_r.

N
.
/(5:/ Sci Sy, O forall i3 (453b)

mc:f fs‘j 774:9 c/o'f ﬂfoﬁ/ucf 07[ 6?/7(/ @a/u,m/, ﬂ?p
[S} w i Th ﬂze Qm//é/( CO/)J MjaJ% 0/‘ anollier

C&/an ‘s Z2e-so /0) ‘(10/ a /0f5‘/855/ /167%,/4//(,

,__;va —c hml/e a /ofS‘/ij’ ﬂefwo//( 7Zw¢7
g a/f@ fec,f/foca/),"f‘) [57;fg]/t h e

/05'5‘/655‘( ngtfgy* _ ((/1]
e (ST =[]

u 7.1"'5. /Cé/)/ﬁ ﬂ:c aa/a/c'ﬁ‘ana/ﬁene/a/reju# !

g §AIC %/Z =0 ?Qﬁr 0// /f'(fj

k=l

The dof produc? of any row of [51vitt ue

Com//ex @njuja‘fe OFQA}/ ofhe, row is Zero /0),

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 21/85

%géon%.
€X0M//é" Forlier 1T cas Yommd Yhel

[s]- ~0.037 0,7277]
07277 ~o0.03F
120/ Ocn

Zo ?75.45*/‘%——?2;::’«? 2.= 7S

O - ~ -

[gj [0 037 0.72777 — [Sj = /{gé;/raca//

07272 <0.,037

Z.e 7L:Y C&eC/C '7‘79 Sec /‘7[’ m/S‘ /43764/&//( I'c /offégf
by @M/%?L/‘f\j (L/g//)

[sT¢0s7" = [u]
foo 037 0-72771—0.@? 0.7277j (1 e7
07277 =-0.037 \|0.727272 -0.037 — Lo |

(‘0.037)z+0.72?72 (-0.033)0. 727 2+0.7272(-0.037) g [‘ O}
— o

2 2 l
0.727 2(-0.033)¢[-0.037) 072722 072772 +(0.03 7)

05309 ~0.053Q ;Z
{-0.05385 £5309 ] 27&[
WoT Joss fess !

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya




ee481 581 Chapter 4 notes.docx 22/85

%3 60.47‘:
;A ¢ f?lf/vlj /Ze{él/éﬂéé //ﬁnéé__

& When we &/37(/\;‘\&/ 5‘—/4/%44 Fo s for o clecae

/‘67[5/_%66///4@,(&/7176 Vs /'nc«/
2 /4&/&

[onesS welé jekofz/ w70

€ 0% (arbitcacy selection) o focal:on
of o, Have [S(-matrix.

¥ IT is very common for The /?f?[é/e/zce//ﬁnc’_(
fo Mmove away Lo The taihial selechs.,
M ere The f—/dfamejz'e/g e e measSired)
Selined. tly ] Add 15 Cconneclionrs amd/or
adaptors \peed (ST (-maTrix.

‘/-}'I ?{ ¥ 0.
s, ol gt
S A A
-/ - [
oyZo U v)
t
=0
2, ;,?, 2,
o
[~

9 0 ©
Al % t/,,".o /l///of_r

A~ A (
Pr, 2ol it | fort peTworl
) o . n 9
. 2% —
n=on

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 23/85

fer The debiniVyon of [ST maFrices (440)

v {=[sI{(v3.  @s7)

e Wanf Yo /57&@/”""/’6

(v{ :[5’][\/“}} (4.57)

/r&é/ﬂé/)/ w/ﬂ ounl o5 0/ extra worll,

# Assuming fhe reterence ylanes hace
moved oulward alons Jfoss /eSS 71,5
we can Turn To TL 7’Z1eo// here
The /éasof vo SFuse U(?) is Sivem

. _ 1 p2
(/[2):%*@71'@2 + e‘)ﬁ (Z';l/)

ﬁfwafcﬂ ba c Cea ,/
E ;
+ ]
2o, f vl ﬁ
f =
z=-X =0

'7(' (ém/ﬁfl'ﬂj )%0_( c,‘/;)% onr 54}][\7‘6//(?7[8?03’156
//anef 9eome7Lf)/j e ge'f'

6,
AR A S (A

(/n—/: e e-“jégnjﬂ _ l/,l/ 6@‘(9,« (4/.555)

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 24/85

So/ins (4.55a) « (4.5SL) For W7

<

o] yietts

-'9,. +/
(/ﬂ'f’_:dd 14’

- +16, ,_y
"=
\U/ /wf in maleix 74;(/1

/l/«ou/) Subs Fitute thece ;,\7% (‘/576')

o 03[ S

M /7La/// W/O'Ajh é/ The inperse of
7716 ?[i'rS?l /44@7L//X#7L& 3€7L

~ C . | p
[ 4 ] t I [gj o ‘% [\/ ]

* IhverSe 07[61 c/ ajaﬂa/mﬂ‘/' S a c/aje/m/
Vhaff:& W’ﬂ‘ €“CA é/ajana/ e;/emmf ;-m/e/“feﬂf

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 25/85

4.3 cont
éém/ﬂ/f'/\j m;f c?juh?(/‘f)/? vt /‘/-5'75) e

[ s } [ .Ja,jfsj [ J(asé)

Mu/f’/’/)w‘nj ou? This pa ] 71X 57'4@7%9/' /kk/f
77“2 e/emenfj OY[ [S’] 7L0 ée

¢ SICE NS}
win

mna €

I:n Yhe case maf M= N (a/mnj Jl(ajana/))
e 3C+ 5 /;;"qn &J,

b\/L):‘&A 7"&//5 us Yhe /Aa,fe ot Son 1S

5;'/7[%2/ b‘/ T(,t/,‘ce mgg €/£C7L//‘Cﬁ/ /‘f"j/%
/"’/ = ﬁn when [he ﬁrm/nm///ﬂﬂe N 5/1)7[74:’0)/

f.e.) va./)/—"f/:‘/ ;/if?éance 74/ a,/at/éf,

1244
/1/07(6/ mir is (/e/y {i"m:‘/ﬂf 7‘0 /"[Q):F/")E’J Ig
ﬁ/ fe)l\/e&ﬁ&n c,oe)é/z;'c,'en 7,:.( Q/Oﬂﬁ
/055/555 7Ll ,/

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 26/85

6{ 3 Ca/l'f,

exaﬂ‘//@ — Lé’—ff consider The ccar/ier exam//e
0f a resisfive T-neliorlt ;m/émmft/
so That /or‘f | is connecTed To The
rest oF Yhe circadT é/ o/ Com /0/13
PSATL w/ =20 000%% wad poc? 2 s
coanected by a [2cm /¢nj s TL w/
‘{/; - Z'/X/dgmé . AsSume e ;[fezmznc/

07pa/era From o5 L4 ECHE, F:na/['gf]'

le— feon ~s) oA Jon Je— [ 2com—3]

—_— -0 5
75 75
‘7;2'/”06% zon Vp = 2. 1x0%%
--—6 — -—— ~—0- -_—- -
for'/'[ Pt
We llaow [SY _[~0:027 03277
0.7272 -0.037

9
poig )y of oo

O, = p £ =912879 (1x:57) = 0.419875 rud = 24
0, = fo b= 41987712 x/6%) = 0.502655 red = 28.8°
(90 _t2yo0
/} [ o |[-eesz 07277 [e ’ %es]
[5 - o e_szﬁgo 07277 _0.037 ) e)
— 0.037 e'J'Zl/ 0,72776-3270 e_)fzt/o o
- 2087  29.4° _126.8°
032729 —0037 &7 269 o oY

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya




ee481 581 Chapter 4 notes.docx 27/85

%/«3 00/7717
exam//e conl. —

—

07277274 9" _g,037 oV2F8 208
(. -j48° _;S2.9°

—0.03763 0'72778) ‘
0.7277895;2'%0 0037 & ‘SAC’

.

t

_p.037/)-46° 0.72772/-52.%°
072772 [-528° _p. 027 [-S76°

——

£Sj = 0-037&_32" 0.72772/-52.9°
O0.72772(-52.8°  po37/122.4°

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 28/85

43 cont
Sja/hmeff/f a.q/ 7:-,"6,/4‘”,,,3(, Kﬁvi./e/

ﬁ ///ujf/mft 72:5 /5/6176'@»454// éefwcem
5774/«”1.47‘:'/; a/r/ 7La.mé’-a¢/e/n§¢ /&w:f /‘%4‘;
Con{,'a/e/ 71!6 7LL‘/0-—/0/7L ﬂefh/a//( fASf/?let/
bé+wdeh o ﬁ&nemfaf,’j COnﬂe&W 7‘9 /0/7—/)

ﬁmké/ A e féét&/'/da&/j &Oﬂﬂwﬁfo’fz'
PorT 2

Wwi=o

V,-.
o ([ =\ S \/fj 57‘
t7renn [\/ z [ ][ }b/e :"7
V'/:S;( (/,*+§nl/7f
Voo =S l/"f+§7/7/\/7/+
/\/97L€] ov7L ﬁoff /) Vhe 7L;)Ln/ c/a/f“?& Vs
=Ty
él/ld me '/_&‘/r\e —averasge /0««/9/ e

2
/o= p - ot vl
Lot = Ylinc Lref —*2"‘2‘: =y

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 29/85

% 360/! 76

e———————————

However, al forT 2, fre Yobul/ coffase is

o
%/:%f+%'::%'
a$ e /Lave o ;z:wa?‘&élef‘/ /‘9"/’

ST
/thf?f - é,é/ + /éj-l;rang - z
20 :

220

* Kaﬂf:‘f/fr’ 7Zl@ /'ﬂwe’/ fm?‘?o aF/e)(LCﬁ/
Fo incident al fort ( W//o/flmmﬁlg/

v~ |z
K,rer_“"i'ii: /l/l/ _/‘/,’/2
T
P R T R
2%o

ﬂlé/l/ /1071’3, 7‘1‘&‘/) 24 /off Z ma?lléﬁaé e
Y=o

¥
W'y,

fyre# / U/._

ﬁ VJ,,OV /511 /

7-14,“7‘7 1'5} 7‘74,6 /c/ﬁﬁ‘ue /f/n&?e‘ar\ h‘m@vaacrqj@

goer AT fo/?"/ ejua/{ /f,,/—l’wlwm
yof-/-' 2 s mafcétéé/«

P2

S

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 30/85

73 conT:
t Lonsider The ratso of Yhe power inc den]
ﬂf/o(f/ ﬁ 771& /Ower’ f/anfmltﬁg//céz'wzrg/
‘7Ll9 /o/'f P

emm—— - z _ l
//Z)t/hnf 2o _ /(/z / :/—{’/7;—'/
/I)l‘nc - /l//*/t ] /(/,f/ %f
7%
gy 0/87[4‘/):7‘/"0;/)} §I :_[—/l//
| ‘ Vi'lyt=o0

/é'ﬁmnf

= /s

WIJ i€

——

ﬂ"‘ ‘s, the ﬁfucfon/fe/& Soe 7/‘,,,.@ Py
ff&(ﬂfm:#dﬁfan‘g?[c;/&/ 740;»«/8/7’/

joner
o /a/f 2 eguals /gz(/ hen /°”7LL
[ s mﬂ'f&éé/

DTE we Swap the perts o et the foad

an/ 7%e/a7"0/ a” € éﬂn;qe&fé/ Wl Mu/é/

e /LJMf /l/“ = /gzz,/z and fﬂff’"g 5@[

/LJIﬂC 7/}’/,&

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 31/85

. S 7.
L/ —~ ‘¢/¢a a/" b 6o o wSe

= fow, e Lave 4

/jzr',,‘/z ér\/ /;A‘J/Z 712 ,‘/172///&7‘ or
Feblied

| //25/1.674/0W€/ VK/OVS Mné/t’/ m &

(,&/t/ 7L/;’/Lf
Wext, whal pelaTronslips mish’ botd

'/'p\/a—/arf,qe.fwa//( £ /oSf/fJ‘7

‘f/we AP
:’9/;;0»4 /L/‘ S-/)) o€ exfec,f ng +o ée‘un/?é///f

[s1¢(s]" =[u]
x
[i‘ ?:L?( [fu sf;'] :[‘w cj?
[f,( S2i ][u* $2" z [ Z
Siz S Set S
f,(f,,*n"fu 521 = /511/ 521/ =/ @

5!7/§|7, *’gzz 27, = /§ZZ fl/ —’/ @

dné/
S5t S 523‘ =,

S22 S rseesu’ = O

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 32/85

7T @ V@ Aré€ Q/Wh/f f/we ‘/(;r /of_(/s’.f_f
T(A/a -—/o(f /Iefh/o//Cf. ﬁ/@wet/e// )C;/

Our c:'f&vu'f/ ~l Carm See ffza/’@
IS a §7£h7L£mm7Lc9/ JOﬂfcfl/,a%ﬂn &F%V£7

e, fowrr yetfected ¥ p e T s meVed = /0CF
’ .@ por ! Lo poc? (1oL

/(/o%e/ Hp/orf 2 pere li?‘ m,,ﬁéle// @D 4@
Wom_/é/ cFhll be true, b7 ne? o 57‘?:7_4

onN wﬂgg/(/“f/‘&/\ OF/&GA/C(/

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 33/85

%3 60/17:
&eﬂe,/a //.Z-eé/ ;Ca?%er//\j %f/ﬂméfé/f

Ll/hﬁf 1‘7[\ mé OLIQ/C‘C??/”S 714‘6 ,‘m/gg/ﬁrﬂCG(S-)

2:7); af MC VariLeae /of'fj aré /707L
?

¢

ﬂéée{fﬁ/"/}/ Ylie Sae

=> fome ne 5/67[:‘;4;7(/'0/;! are ﬂee/gg/
/'Ip we MIIA 7“0 /(e‘ff o /Ou/e/ f%,,\/
/€ /&ﬁ'énfélfﬂr’

xf*L¢7LJ Cons 6/8/ ﬂze 7[//0W/ﬂj ﬁ,/o—/aff

nelworll citrewi 7"f /of” foct T
|
("Q” &3’”
«-t 20)(

-~

—~O—"

- ¢
v

/l/ouj ch = /l/’+/L

T
’ 2 21 /é')trmj - /Vz /
- & 2 2o
|
220, ¢

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 34/85

%3@471‘
L&o/ﬁ.‘nj- T /ﬂwe/ fﬂ/?a_f a Garn

7 M
) ref - > %01 l/" : /2
I ine lyteo Jyrt® - r /Sl/
2 Toy
4s betore Hone—er, )
Jvp~l” [z
/Z)tfanf/ - ___‘%jfﬁi-— _ /Zf_’ﬁ-
/i S s [/l
I ine l/z ’i’%—;? _ﬁ

s nel Vhe Same.

> W would lile & ne— el o
of S-pacameters Thal o eef
S |© (17 Thic case /§Z,IZ’> a4s o
way Yo 9(;% relattve Jrer A o
beTween /orfs ] mateted Jonds
For The esuation above, ol i e

say s, | = .

Ml oo

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya




ee481 581 Chapter 4 notes.docx 35/85

4,3 con.
T}} i S /éa/f 7L0 c/e?qn/nj Sorma li pee? ‘Lnt’

ﬁm//,fu;/ef ﬁwra/ Fhe /a-’ff 25y

+
o
Zo,N )

ﬁq/ O o /,'z—e/ /Wn./é’/p.m//,ﬂt/f_f ﬂ‘«/ﬁ/
[P«pm ﬂ:e /9/7“5 as

L=
’\ [g)'ﬂl

:> We can no.- c/e/fne 7&ﬂfra/'%cai

S "Wﬁ & me?z'd’/f as

S, = b
5T & | gm0 fer all K#E]

V'-/hefe (e 57%’// ma'f&/\ all 07%‘3//0‘/7‘3
7‘7 /fé‘/ﬂn% haves bé;nj :‘A&//&yff'

/mﬂ%é 48{ Gare We/ pnecessa r,‘/}/ The 54»44&)',

:> Fm/ﬂt’e/) A€ 6/87[//18 7716 mn%/z‘x

c7hation [51 = [5} [a}

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 36/85

/l/.au/j al So e /o~f7L 4
| Vo= Vh t VA~
Ta= g [
Substitu fens in a,\/?;:l/n* cond b,‘,fé,:"fu;
e 9el |/

" Z dn ?'on T bﬂ,/l)zen
I.= 4o = ba F‘]

O

\/x//‘S&/‘/e ?c’f an ﬁﬁ// bn

A, = am[(/fzo/ :(

bn = 2/‘,}_;_ [V Zonl:a]

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya




ee481 581 Chapter 4 notes.docx 37/85

%Za/r?i
e ill not use n, by andfor genccalizad

J ,
belause our Y Ly

f}?a/ameﬁ’/r el
r// LI“‘/C Sam e Céﬂ/éé?énsfc /'H/t‘f%mce
o boTh /ar’t( as it moss of ur

d&:/acéj /’/«9w€v€/ 7‘7/1e/ ﬂeg/c/%o
bé Mfﬂ%&neﬁ/ as ﬂﬁ/ 7Ll4/r1 m/ /A many

i O A
Jllwaff/‘onf e 7Llf\j.r o1 mMiC o

/1 gf’,,./o//Z 771(9&\(/,

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 38/85

A5
//ow Ceorn e Méafwfc/fc’fff“/”/”’"eﬁ‘r?

’) 5541/a/ M&f{/;/&//( 4/1%/}/ 2E /S-ﬂ//?)
¥ HeaSure cf_g,/,‘é /Majn;ﬁzé/f olf

g’/ﬂfﬁm‘iff/—(

2) Veetor WeT vork Aoalyzer (VIVA)
¥ Weasu e b o)t /najn/fu;/g ~ /Aﬂfe
01[,(—’/&/4/»4::7%/_(

*J‘ /g/wformamce /I/éfvt/#//( /%/’“/)’Z'Ff-f (//‘//7)
are also (/ﬂ//?_gj ﬁqﬁ/ﬁ&ﬁ/\j //9/

20 MHz 100 kHz
1sT IF 2ND IF
Sy S20) Ref.
Y (511 Sp2)
'I
Ref X
et. [ Sample
Port = Y
Device | 2 IF det. L= and
O under O amp hold
Port b and
est )
| input X
A selector Test ] A/D
™ det. Y1 conv.
& FWD RF (8,1, $22) ‘ i
REV .e source
} ) Computer
processing
) (S220 Sy 199 and error
Harmonic MHz correction
generator ¥ <.
Phase Panel .
lock control Display
e RF source and test set e IF processing >l Digital processing ——>]

Microwave Engineering (Fourth Edition), Pozar, Wiley, 2012, ISBN 978-0-470-63155-3.

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx

%}Conf
NWote Hial a VA is « very COM/ACQfgﬁ(

39/85

frmnfm,‘#f/ ftn/ réceieer f/crffcm u//

l/'f/)/ fo/éfrﬁ‘cafo%/ fijna//ﬂvéeffr‘nj
C o pgo H! /77(»65,

= Méﬂf&t/émcmif ﬂﬂf a/e,qg {/,"’f&cff/y ﬁf
Kf/m,‘crorn/ﬁu/e #5744&4’,5,*&‘('} use mixe

‘fb MmovEe 5/0'4//! Yo meach /914/::/ )[‘lewW&f"f
-:) ﬂfle é)j /gaj'ar\//)ée/ )4/ jjjﬂa//fﬂédff/;j

C»&/‘tél’ﬁﬁ‘ér /s Cﬂ/xéfh)f'dﬂ/ r‘,€u bvanf 70

FCrmO € as Man/ SPnrcEs &F Crre~ o

UnanTed Sisnals
The Sollowrins sectson fealures s/ des
Lrom w Weysish] Technolosier Weliorl
Knalyze Basics’ Training e fverable

SWS-797E.pdf spuaotf

| 1997
Note He«//& V- Pacleard —2 /49?/%4/

ZaW

CD—/Zeyfij/lf 72’&14140/ﬂﬁiff

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya




ee481 581 Chapter 4 notes.docx 40/85

Keysight Technologies
Network Analyzer Basics

Training Deliverable

T L | ||
n * 'sti
S5
SR
A

KEYSIGHT

TECHNOLOGIES

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 1.

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx

Complex ]

Response tool

| Simple

84000
Ded. Testers
VSA
SA
VNA
TGISA
SNA
NF Mtr.
Imped. An.
Param. An.
Power Mtr.

Det/Scope

Compr'n

Intermodulation
Distortion

EVM
ACP
Regrowth
Constell.
Eye

_____

Pratocol

I )

I 1

¢ ==k = ——— e I

L] 1 1

! 1 I

[ [ S s i {

1 1 1

Fo L= s e ] !

1 I I

E el [ i i v =] 1

1 1 I 1

1 ! 1 1

r=—--1p----- IS S I

I 1

’.‘““[ Measurement plane |- -!

1 T T T 1

i s e

I I I 1
Noise  2-tone Multi- ~ Complex  Pulsed-

tone modulation  RF

Stimulus type

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya

41/85

Device Test
Measurement Model

Here is a key to many of the
abbreviations used at right:

Response

84000
Ded. Testers
VSA

8400 series high-volume RFIC tester
Dedicated (usually one-box) testers
Vector signal analyzer

SA Spectrum analyzer

VNA Vector signal analyzer
TG/SA Tracking generator/spectrum analyzer
SNA Scalar network analyzer

NF Mtr. Noise-figure meter

Imped. An. Impedance analyzer (LCR meter)
Power Mtr. Power meter

Det./Scope Diode detector/oscilloscope
Measurement

ACP Adjacent channel power
AM-PM AM to PM conversion

BER Bit-error rate

Compr'n Gain compression

Constell. Constellation diagram

EVM Error-vector magnitude

Eye Eye diagram

GD Group delay

Harm. Dist. Harmonic distortion

NF Noise figure

Regrowth Spectral regrowth

Rtn Ls Return loss

VSWR Voltage standing wave ratio

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 4.



ee481 581 Chapter 4 notes.docx

Incident
R
Reflected

A

REFLECTION

Reflected A

Incident ~ R

AR

S-Parameters Impedance,
Si1. Sy Reflection Admittance
Coefficient R+jX,
Lp G+jB

:‘ —
B

TRANSMISSION
Transmitted ~ B
Incident B

Gain / Loss /

S-Parameters
S5iSin Transmission
Coefficient
T,z

Insertion
Phase

R
\\ Group
Delay

42/85

High-Frequency
Device Characterization

Now that we fully understand the relationship
of electromagnetic waves, we must also
recognize the terms used to describe them.
Common network analyzer terminology has
the incident wave measured with the R {for
reference) receiver. The reflected wave is mea-
sured with the A receiver and the transmitted
wave is measured with the B receiver. With
amplitude and phase information of these
three waves, we can quantify the reflection
and transmission characteristics of our device
under test (DUT). Some of the common mea-
sured terms are scalar in nature (the phase
part is ignored or not measured), while others
are vector (both magnitude and phase are mea-
sured). For example, return loss is a scalar
measurement of reflection, while impedance
results from a vector reflection measurement.
Some, like group delay, are purely phase-
related measurements.

Ratioed reflection is often shown as A/R and
ratioed transmission is often shown as B/R,
relating to the measurement receivers used
in the network analyzer

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 14.
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Reflection Parameters

Let's now examine reflection measurements.
The first term for reflected waves is reflection
coefficient gamma (' ). Reflection coefficient is
the ratio of the reflected signal voltage to the
incident signal voltage. It can be calculated
as shown above by knowing the impedances
of the transmission line and the load. The
magnitude portion of gammais called rho (p).
A transmission line terminated in Z, will have
all energy transferred to the load; hence

V. .=0and p=0.WhenZ is not equal to Z,
some energy is reflected and p is greater than
zero. When ZL is a short or open circuit, all
energy is reflected and p = 1. The range of
possible values for p is therefore zero to one.

Since it is often very convenient to show
reflection on a logarithmic display, the second
way to convey reflection is return loss. Return
loss is expressed in terms of dB, and is a scalar
quantity. The definition for return loss includes
a negative sign so that the return loss value is
always a positive number (when measuring
reflection on a network analyzer with a log
magnitude format, ignoring the minus sign
gives the results in terms of return loss).
Return loss can be thought of as the number
of dB that the reflected signal is below the
incident signal. Return loss varies between
infinity for a Z, impedance and O dB for an
open or short circuit.

As we have already seen, two waves traveling in
opposite directions on the same transmission
line cause a “standing wave”. This condition
can be measured in terms of the voltage-
standing-wave ratio (VSWR or SWR for short).
VSWR is defined as the maximum value of the
RF envelope over the minimum value of the
envelope. This value can be computed as

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 15.
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Transmission Parameters

Transmission coefficient _ is defined as the
transmitted voltage divided by the incident
voltage. If [Vynel > Vingl the DUT has gain,

and if [Viang < [Ving, the DUT exhibits attenua-
tion or insertion loss. When insertion loss

is expressed in dB, a negative sign is added

in the definition so that the loss value is
expressed as a positive number. The phase
portion of the transmission coefficient is called
insertion phase. There is more to transmission
than simple gain or loss. In communications
systems, signals are time varying —they occupy
a given bandwidth and are made up of multiple
frequency components. It is important then

to know to what extent the DUT alters the
makeup of the signal, thereby causing signal
distortion. While we often think of distortion as
only the result of nonlinear networks, we will
see shortly that linear networks can also cause
signal distortion.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 17.
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relatively easy to obtain at high frequencies
-- measure voltage traveling waves with a vector network analyzer
-- don't need shorts/opens which can cause active devices to oscillate or self-destruct
relate to familiar measurements (gain, loss, reflection coefficient ...)
can cascade S-parameters of multiple devices to predict system performance
can compute H, Y, or Z parameters from S-parameters if desired
can easily import and use S-parameter files in our electronic-simulation tools
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Why Use S-Parameters?

At high frequencies, it is very hard to measure
total voltage and current at the device ports.
One cannot simply connect a voltmeter or
current probe and get accurate measurements
due to the impedance of the probes themselves
and the difficulty of placing the probes at the
desired positions. In addition, active devices
may oscillate or self-destruct with the connec-
tion of shorts and opens.

Clearly, some other way of characterizing
high-frequency networks is needed that
doesn’'t have these drawbacks. That is why
scattering or S-parameters were developed.
S-parameters have many advantages over the
previously mentioned H, Y or Z-parameters.
They relate to familiar measurements such as
gain, loss, and reflection coefficient. They are
defined in terms of voltage traveling waves,
which are relatively easy to measure.
S-parameters don't require connection of
undesirable loads to the device uncer test. The
measured S-parameters of multiple devices
can be cascaded to predict overall system per-
formance. If desired, H, Y, or Z-parameters
can be derived from S-parameters. And very
important for RF design, S-parameters are
easily imported and used for circuit simulations
in electronic-design automation (EDA) tools
like the Keysight Technologies, Inc. Advanced
Design System (ADS). S-parameters are

the shared language between simulation

and measurement.

An N-port device has N? S-parameters. So, a
two-port device has four S-parameters. The
numbering convention for S-parameters is that
the first number following the “S” is the port
where the signal emerges, and the second
number is the port where the signal is applied.
So, Sy is a measure of the signal coming out
port 2 relative to the RF stimulus entering port
1. When the numbers are the same (e.g., Sy4),
it indicates a reflection measurement, as the
input and output ports are the same. The
incident terms (a4, a,) and output terms

{by, by) represent voltage traveling waves.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 22.
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Measuring S-Parameters

S, and S,, are determined by measuring the
magnitude and phase of the incident, reflected
and transmitted voltage signals when the out-
put is terminated in a perfect Z, (a load that
equals the characteristic impedance of the test
system). This condition guarantees that a, is
zero, since there is no reflection from an ideal
load. S, , is equivalent to the input complex
reflection coefficient or impedance of the DUT,
and S,, is the forward complex transmission
coefficient. Likewise, by placing the source at
port 2 and terminating port 1 in a perfect load
(making a, zero), S,, and S,, measurements
can be made. S,, is equivalent to the output
complex reflection coefficient or output imped-
ance of the DUT, and S, is the reverse
complex transmission coefficient.

The accuracy of S-parameter measurements
depends greatly on how good a termination
we apply to the load port (the port not being
stimulated). Anything other than a perfect load
will result in a; or a, not being zero (which
violates the definition for S-parameters). When
the DUT is connected to the test ports of a
network analyzer and we don’t account for
imperfect test-port match, we have not done
a very good job satisfying the condition of a
perfect termination. For this reason, two-port
error correction, which carrects for source and
load match, is very important for accurate
S-parameter measurements (two-port correc-
tion is covered in the calibration section).

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 23.
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S11 = forward reflection coefficient finput mateh)
S22 = reverse reflection coefficient foutput match)
S21 = forward transmission coefficient (gain or loss)
S12 = reverse transmission coefficient fisolation)

Remember, S-parameters are inherently
complex, linear quantities -- however, we
often express them in a log-magnitude format
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Equating S-Parameters with
Common Measurement Terms

S-parameters are essentially the same param-
eters as some of the terms we have mentioned
before, such as input match and insertion loss.
It is important to separate the fundamental defi-
nition of S-parameters and the format in which
they are often displeyed. S-parameters are
inherently complex, linear quantities. They

are expressed as real-anc-imaginary or
magnitude-and-phase pairs. However, it isn't
always very useful to view them as linear pairs.
Often we want to look only at the magnitude
of the S-parameter (for example, when looking
at insertion loss or input match), and often,

a logarithmic display is most useful. A log-
magnitude format lets us see far more dynamic
range than a linear format.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, top of page 24.
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Network and Spectrum Analyzers?

\
2 Measures £ Measures
E known signal unknown
L} -
signals
L | W .
Frequency Frequency

Spectrum analyzers:
— measure signal amplitude characteristics
carrier level, sidebands, harmonics...)
— can demodulate (& measure) complex signals
— are receivers only (single channel)
— can be used for scalar component test (no
phase) with tracking gen. or ext. source(s)

Network analyzers:
— measure components, devices,
circuits, sub-assemblies
— contain source and receiver
— display ratioed amplitude and phase
(frequency or power sweeps)
— offer advanced error correction
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What is the Differnce
Between Network and
Spectrum Analyzers?

Now that we have seen some of the measure-
ments that are commonly done with network
and spectrum analyzers, it might be helpful to
review the main differences between these
instruments. Although they often both contain
tuned receivers operating over similar frequency
ranges, they are optimized for very different
measurement applications.

Network analyzers are used to measure compo-
nents, devices, circuits, and sub-assemblies.
They contain both a source and multiple
receivers, and generally display ratioed ampli-
tude and phase information (frequency or
power sweeps). A network analyzer is always
looking at a known signal {in terms of frequency),
since it is a stimulus/response system. With
network analyzers, it is harder to get an (accu-
rate) trace on the display, but very easy to
interpret the results. With vector-error correc-
tion, network analyzers provide much higher
measurement accuracy than spectrum analyzers.

Spectrum analyzers are most often used to
measure signal characteristics such as carrier
level, sidebands, harmonics, phase noise, etc.,
on unknown signals. They are most commonly
configured as a single-channel receiver, with-
out a source. Because of the flexibility needed
to analyze signals, spectrum analyzers general-
ly have a much wider range of IF bandwidths
available than most network analyzers. Spectrum
analyzers are often used with external sources
for nonlinear stimulus/response testing. When
combined with a tracking generator, spectrum
analyzers can be used for scalar component
testing (magnitude versus frequency, but no
phase measurements). With spectrum analyz-
ers, itis easy to get a trace on the display, but
interpreting the results can be much more
difficult than with a network analyzer.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 26.
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Generalized Network
Incident Transmitted

—?w@:} Analyzer Block Diagram

Reflected

SOURCE

Here is a generalized block diagram of a
network analyzer, showing the major signal-
X processing sections. In order to measure the
g._ _.é SRR $§ incident, reflected and transmitted signal,
SEPARATION ] .
four sections are required:

REFLECTED TRANSMITTED .
INCIDENT (R (Al i8) - Source for stimulus

— - Signal-separation devices
- Receivers that downconvert and
detect the signals
- Processor/display for calculating
and reviewing the results

RECEIVER | DETECTOR

PROCESSOR | DISPLAY

We will briefly examine each of these sections.
More detailed information about the signal
separation devices and receiver section are in
the appendix.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, bottom page 27.

Source
— Supplies stimulus for system
— Swept frequency or power The signal source supplies the

— Traditionallv NAs used semsrate soures stimulus foroqr stimulus-response test sys-
y P tem. We can either sweep the frequency of the

— Most Keysight analyzers sold today have source or sweep its power level. Traditionally,

integrated, synthesized sources network analyzers used a separate source.
These sources were either based on apen-loop
voltage-controlled oscillators (VCOs) which were
cheaper, or more expensive synthesized

=N sweepers which proyided higher performgnce,
™S |88k 088 especially for measuring narrowband devices.
g 5|8 83 888 Excessive phase noise on open-loop VCOs
€] ©

degrades measurement accuracy considerably
when measuring narrowband components over
small frequency spans. Most network analyzers
that Keysight sells tocay have integrated, syn-
thesized sources, provicing excellent frequency

resolution and stability.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 28.

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx

— measure incident signal for reference

/

RECEIVER | DETECTOR

— separate incident and reflected signals

splitter
D [
$
directional
coupler
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Signal Separation

The next major area we will cover is the signal
separation block. The hardware used for this
function is generally called the “test set”. The
test set can be a separate box or integrated
within the network analyzer. There are two
functions that our signal-separation hardware
must provide. The first is to measure a portion
of the incident signal to provide a reference for
ratioing. This can be done with splitters or direc-
tional couplers. Splitters are usually resistive.
They are non-directional devices (more on
directionality later) and can be very broadband.
The trade-off is that they usually have 6 dB or
more of loss in each arm. Directional couplers
have very low insertion loss (through the main
arm) and good isolation and directivity. They
are generally used in microwave network ana-
lyzers, but their inherent high-pass response
makes them unusable below 40 MHz or so.

The second function of the signal-splitting
hardware is to separate the incident (forward)
and reflected (reverse) traveling waves at the
input of our DUT. Again, couplers are ideal in that
they are directional, have low loss, and high
reverse isolation. However, due to the difficulty
of making truly broadband couplers, bridges
are often used instead. Bridges work down to
DC, but have more loss, resulting in less signal
power delivered to the DUT. See the appendix
for a more complete description of how a
directional bridge works.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 29.
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Detector Types

The next portion of the network analyzer we'll
look at is the signal-detection block. There are
two basic ways of providing signal detection in
network analyzers. Diode detectors convert the
RF signal level to a proportional DC level. If the
stimulus signal is amplitude modulated, the
diode strips the RF carrier from the modulation
(this is called AC detection). Diode detection is
inherently scalar, as phase information of the
RF carrier is lost.

The tuned receiver uses a local oscillator (LO)
to mix the RF down to a lower “intermediate”
frequency (IF). The LO is either locked to the
RF or the IF signal so that the receivers in the
network analyzer are always tuned to the RF
signal present at the input. The IF signal is
bandpass filtered, which narrows the receiver
bandwidth and greatly improves sensitivity
and dynamic range. Modern analyzers use

an analog-to-digital converter (ADC) and
digital-signal processing (DSP) to extract
magnitude and phase information from the

IF signal. The tuned-receiver approach is
used in vector network analyzers and
spectrum analyzers.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 31.
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— higher noise floor
— false responses
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Narrowband
(tuned-receiver) detection

i ™
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— high dynamic range
— harmonic immunity

Dynamic range = maximum receiver power - receiver noise floor
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Comparision of
Receiver Technigues

Dynamic range is generally defined as the
maximum power the receiver can accurately
measure minus the receiver noise floor. There
are many applications requiring large dynamic
range. One of the most comman is measuring
filter stopband performance. As you can see
here, at least 80 dB dynamic range is needed
to properly characterize the rejection character-
istics of this filter. The plots show a typical
narrowband filter measured on an 8757 scalar
network analyzer and on an 8510 vector
network analyzer. Notice that the filter exhibits
80 dB of rejection but the scalar analyzer is
unable to measure it because of its higher
noise floor.

In the case where the scalar network analyzer
was used with broadband diode detection, a
harmanic from the source created a “false”
response. For example, st some point on a
broadband sweep, the second harmonic of the
source might fall within the passband of the
filter. If this occurs, the detector will register
a response, even though the stopband of the
filter is severely attenuating the frequency of
the fundamental. This response from the
second harmonic would show on the display
at the frequency of the fundamental. On the
tuned receiver, a false signal such as this
would be filtered away and would not appear
on the display. Note that source subharmonics
and spurious outputs can also cause false
display responses.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 34.
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Transmission/Reflection Test Set

Source

ST oA

FRONC

Port 1 Port 2
] our |

— RF always comes out port 1
— port 2 is always receiver
— response, one portcal available

S Parameter Test Set

Source
Transfer switch

ORI

Port 1 Port 2

Fwd ZeEIEsy Rev

— RF comes out port 1 or port 2
— forward and reverse measurements
— two port calibration possible

T/R Versus S-Parameter
Test Sets

There are two basic types of test sets that are
used with network analyzers. For transmission/
reflection (T/R) test sets, the RF power always
comes out of test port one and test port two is
always cannected to a receiver in the analyzer.
To measure reverse transmission or output
reflection of the DUT, we must disconnect it,
turn it around, and re-connect it to the analyzer.
T/R-based network analyzers offer only
response and one-port calibrations, so mea-
surement accuracy is not as good as that
which can be achieved with S-parameter test
sets. However, T/R-based analyzers are more
economical. For the 8712, 8753 and 8720
families, Keysight uses the ET suffix to dencte
a T/R analyzer, and the ES suffix to denote an
S-parameter analyzer.
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S-parameter test sets allow both forward and
reverse measurements on the DUT, which are
needed to characterize all four S-parameters.
RF power can come out of either test port one
or two, and either test port can be connected
to a receiver. S-parameter test sets also allow
full two-port (12-term) error correction,
which is the most accurate form available.
S-parameter network analyzers provide more
performance than T/R-based analyzers, but
cost more due to extra RF components in the
test set.

There are two different types of transfer
switches that can be used in an S-parameter
test set: solid-state and mechanical. Solid-
state switches have the advantage of infinite
ifetimes (assuming they are not damaged by
too much power from the DUT). However, they
are more lossy so they reduce the maximum
output power of the network analyzer.
Mechanical switches have very low loss and
therefore allow higher output powers. Their
main disadvantage is that eventually they wear
out (after 5 million cycles or so). When using a
network analyzer with mechanical switches,
measurements are generally done in single-
sweep mode, so the transfer switch is not
continuously switching.

S-parameter test sets can have either a
3-receiver (shown on slide) or 4-receiver
architecture. The 8753 series and standard
8720 series analyzers have a 3-receiver
architecture. Option 400 adds a fourth receiver
to 8720 series analyzers, to allow true TRL
calibration. The 8510C family and the PNA
Series uses a 4-receiver architecture. More
detailed information of the two architecture

is available in the appendix.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 36.
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Processor/Display

The last major block of hardware in the
network analyzer is the display/processor
section. This is where the reflection and trans-
mission data is formatted in ways that make
it easy to interpret the measurement results.
Mast network analyzers have similar features
such as linear and logarithmic sweeps, linear
and log formats, polar plots, Smith charts, etc.
Other common features are trace markers,
limit lines, and pass/fail testing. Many of
Keysight's network analyzers have specialized
measurement features tailored to a particular
market or application. One example is the
E5100A/B, which has features specific to
crystal-resonator manufacturers.

mmmmmmmmm

........

e |

rm -
RECENER| DETECTOR
PROCESSOR  DISPLAY

— markers

— limit lines
— pass/fail indicators
— linear/log formats ' S
— grid/polar/Smith charts

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, top page 37.
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Systematic errors
— due to imperfections in the analyzer and test setup
— assumed to be time invariant (predictable)
Random errors
— vary with time in random fashion (unpredictable)
x — main contributors: instrument noise, switch and connector repeatability
Drift errors
— due to system performance changing after a calibration has been done
’ — primarily caused by temperature variation

Errors:

SYSTEMATIC

Unknown
Device

Measured
Data

RANDOM
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Measurement
Error Modeling

Let’s look at the three basic sources of mea-
surement error: systematic, random and drift.

Systematic errors are due to imperfections in
the analyzer and test setup. They are repeat-
able (and therefore predictable), and are
assumed to be time invariant. Systematic
errors are characterized during the calibration
process and mathematically removed during
measurements.

Random errors are unpredictable since they
vary with time in a random fashion. Therefore,
they cannot be removed by calibration. The
main contributors to random errar are instru-
ment noise (source phase noise, sampler noise,
IF noise).

Drift errors are due to the instrument or test-
system performance changing after a calibration
has been done. Drift is primarily caused by
temperature variation and it can be removed by
further calibration(s). The timeframe over which
a calibration remains accurate is dependent on
the rate of drift that the test system undergoes
in the user’s test environment. Providing a sta-
ble ambient temperature usually goes a long
way towards minimizing drift.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, bottom page 40.

Crosstalk

Directivity SR
A l : 7
{
T X

Frequency response
— reflection tracking (A/R) Source Load

— transmission tracking (B/R) Mismatch

Six forward and six reverse error terms yields
12 error terms for two-port devices

Mismatch

Systematic
Measurement Errors

Shown here are the major systematic errors
associated with network measurements. The
errors relating to signal leakage are directivity
and crosstalk. Errors related to signal reflec-
tions are source and load match. The final
class of errors are related to frequency
response of the receivers, and are called
reflection and transmission tracking. The full
two-port error model includes all six of these
terms for the forward direction and the same
six (with different data) in the reverse direction,
for a total of twelve error terms. This is why we
often refer to two-port calibration as twelve-
term error correction

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 41.
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— Process of characterizing systematic error terms
-- measure known standards
-- remove effects from subsequent measurements
— 1-port calibration (reflection measurements)
-- only 3 systematic error terms measured
-- directivity, source match, and reflection tracking
— Full 2-port calibration (reflection and transmission measurements)
-- 12 systematic error terms measured
-- usually requires 12 measurements on four known standards (SOLT)
— Standards defined in cal kit definition file
-- network analyzer contains standard cal kit definitions
-- CAL KIT DEFINITION MUST MATCH ACTUAL CAL KIT USED!
-- User-built standards must be characterized and entered into user cal-kit
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What is Vector-Error
Correction?

Vector-error correction is the process of
characterizing systematic error terms by
measuring known calibration standards, and
then removing the effects of these errors
from subsequent measurements.

One-port calibration is used for reflection
measurements and can measure and remove
three systematic error terms (directivity, source
match, and reflection tracking). Full two-port
calibration can be used for both reflection and
transmission measurements, and all twelve
systematic error terms are measured and
removed. Two-port calibration usually requires
twelve measurements on four known standards
(short-open-load-through or SOLT). Some
standards are measured multiple times (e.g.,
the through standard is usually measured four
times). The standards themselves are defined
in a cal-kit definition file, which is stored in the
network analyzer. Keysight network analyzers
contain all of the cal-kit definitions for our
standard calibration kits. In order to make
accurate measurements, the cal-kit definition
MUST MATCH THE ACTUAL CALIBRATION

KIT USED! If userbuilt calibration standards
are used (during fixtured measurements for
example), then the user must characterize

the calibration standards and enter the infor-
mation into a user cal-kit file. Sources of more
information about this topic can be found in
the appendix.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 43.
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Error Adapter
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I ! Es = Source Match
S11 I Sty 7 !
M 1 S11y = Measured
| Eqr ]
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To solve for error terms, we .
11A
measure 3 standards to generate S =B Bt
3 equations and 3 unknowns 1-Es S11a
— Assumes good termination at port two if testing two-port devices
— If using port 2 of NA and DUT reverse isolation is low (e.g., filter passhand):
-- assumption of good termination is not valid
-- two-port error correction yields better results
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Reflection: One-Port Model

Taking the simplest case of & one-port reflec-
tion measurement, we have three systematic
errors and one equation to solve in order to
calculate the actual reflection coefficient from
the measured value. In order to do this, we
must first calculate the individual error terms
contained in this eguation. We do this by
creating three more equations with three
unknowns each, and solving them simultane-
ously. The three equations come from measur-
ing three known calibration standards, for
example, a short, an open, and a Z, load.
Solving the equations will yield the systematic
error terms and allow us to derive the actual
reflection S-parameter of the device from our
measurements.

When measuring reflection two-port devices, a
one-port calibration assumes a good termina-
tion at port two of the device. If this condition
is met (by connecting a load calibration stan-
dard for example), the one-port calibration is
quite accurate. If port two of the device is con-
nected to the network analyzer and the reverse
isolation of the DUT is low (for example, filter
passbands or cables), the assumption of a good
load termination is not valid. In these cases,
two-port error correction provides more accu-
rate measurements. An example of a two-port
device where load match is not important is an
amplifier. The reverse isolation of the amplifier
allows one-port calibration to be used effectively.
An example of the measurement error that can
occur when measuring & two-port filter using
a one-port calibration will be shown shortly.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 44.
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Before and After
One-Port Calibration

Shown here is a plot of reflection with and
without one-port calibration. Without error
correction, we see the classic ripple pattern
caused by the systematic errors interfering
with the measured signal. The error-corrected
trace is much smoother and better represents
the device’s actual reflection performance.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 45.
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Forward model

J Port 1 Ex Port 2 l
|
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Epr Sz,
Ep =fwd directivity EL =fwd load match

Es =fwd source match Err = fwd transmission tracking
ERT = fwd reflection tracking Ex =fwd isolation
Ep = rev directivity EL =rev load match

Es' =rev source match
ERT = rev reflection tracking

ETT = rev transmission tracking
Ex = rev isolation

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

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

— Luckily, you don't need to know these
equations to use network analyzers!!!
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Two-Port Error Correction
Reverse model
Port 1 Port 2 . .
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C, T RT
e D ot S ED ) S Ex S all four measured S-parameters. The network
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s ED g S ED gy g gy S B Sam B you don't need to know these equations to
RT “RT r T lll
2D SinED .y StinEx S =B use netwark analyzers!!!
S200 = Eg. Egr SR kg Byt
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Stim=Ep | Spom=Ep" _, Spim=Ex . Stam—Ex
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Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 46.
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UNCORRECTED RESPONSE
o h o—0O
thru

— Convenient
— Generally not accurate -
] Dut ]
— No errors removed -
— Easy to perform
— Use when highest
accuracy is not required
— Removes frequency

ENHANCED-RESPONSE

— Combines response and 1-port
— Corrects source match for transmission measurements

response error

1-PORT FULL 2-PORT
-W“"‘ -muur mtm-
=
-N"'" -muh ﬁmm-
oo -

thru

— For reflection measurements
— Need good termination for high
accuracy with two-port devices
— Removes these errors:
Directivity
Source match
Reflection tracking

= [T =

— Highest accuracy

— Removes these errors:
Directivity
Source, load match

Reflection tracking
Transmission tracking
Crosstalk

. Test Set (cal type) SHORT (T
Reflection I'-"I
TIR S-parameter
(one-port) (two-port)
OPEN ]
— Reflection tracking Qf Q/
— Directivity Qf Qf LOAD twwl
— Source match Qf
— Load match ®
| Test Set (cal type)
Transmission TIR S-parameter
(response, isolation)  (two-port)
«~  error can be corrected
— Transmission Tracking Q/ Qf
error cannot be corrected
@ — Crosstalk Ve <
* enhanced response cal corrects for source *
¢ match during transmission measurements — Source match v Qf
— Load match Q/
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Errors and Calibration
Standards

A network analyzer can be used for uncorrected
measurements, or with any one of a number of
calibration choices, including response calibra-
tions and one- or two-port vector calibrations. A
summary of these calibrations is shown abave.
We will explare the measurement uncertainties
associated with the various calibration types

in this section.

Calibration Summary

This summary shows which error terms are
accounted for when using analyzers with

T/R test sets {(models ending with ET) and
S-parameter test sets {models ending with ES).
Notice that load match is the key error term
than cannot be removed with a T/R-based
network analyzer.

The following examples show how measure-
ment uncertainty can be estimated when
measuring two-port devices with a T/R-based
network analyzer. We will also show how
2-port error correction provides the least
measurement uncertainty.

Keysight Technologies Network Analyzer Basics, 5965-7917E.pdf, page 48.
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Microwave Laboratory Equipment and Practices

You will discover that making microwave/RF circuit measurements is quite different than
measurements at lower frequencies. For example:

» We will use a vector network analyzer (VNA) to make both magnitude and phase
measurements of S parameters rather than other equipment used with DC and lower
frequency circuits. By its nature, a VNA makes frequency domain measurements.

» We will take precautions against electrostatic electricity.

» We will use precision connectors and special tightening tools (torque wrenches) in
order to get accurate and repeatable measurements.

» Calibrations will be done before taking measurements to remove systematic errors
from data.

For this class, we will use a Keysight ES063A ENA Series Network Analyzer (see below).
This VNA has a possible measurement bandwidth from 100 kHz to 8.5 GHz.

i
AN KEYSIGHT e
.................

Po:n Type N to m:n
(i - SMAadaptor — ; <

Note that the ES063A is a two port VNA with type N connectors. However, we will
typically use a Type N to SMA adaptor to match our cables. For one port calibrations, we
will use an Agilent 85033E 3.5 mm Calibration Kit. (below).

85033E

3.5 mm
CALIBRATION KIT
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Types of Coaxial Connectors

There are many types of coaxial connectors used to serve a variety of uses, i.e., frequency
range, voltage, power handling capacity, PCB mounting, etcetera. Some commercially used
connectors include-

» BNC (Bayonet Neill-Concelman, Bayonet Navy Connector, or British Naval
Connector)- 1950s vintage. These are usually made to match cables with
characteristic impedances of either 50 Q or 75 Q. They are usually used for frequencies
lower than 4 GHz (<2 GHz in my experience) and voltages below 500 V.

» TNC (Threaded Neill-Concelman or Threaded Navy Connector)- 1950s vintage.
These are usually made to match cables with characteristic impedances of 50 Q or 75 Q.
They are usually used for frequencies lower than 11 GHz (<8 GHz in my experience)
and voltages below 500 V.

» Type F (sometimes called RCA). 1950s vintage. Typically used with 75 Q RG-6 or
RG-59 coaxial cables for television applications. They are usually used for frequencies
lower than 2 GHz and voltages below 500 V.

» Type N. 1940s vintage. Named after Paul Neill of Bell Labs. Typically used with 50 Q
or 75 Q coaxial cables. Originally, they were usually used for frequencies lower than
11 GHz, but now can go to 18 GHz. They can handle voltages below 1000 Vs and
power levels up to 500 W at 2 GHz.

» SMA (SubMiniature version A)- 1960s vintage. Typically used with 50 Q coaxial
cables. They were usually used for frequencies up to 18 GHz, but some can go to 26.5
GHz. They can handle voltages below 375 to 500 Vs (depends on cable). While SMA
connectors use a Teflon or PTFE insulation, they are compatible with 3.5 mm
connectors. Probably, the most common/popular microwave connector.

Some metrology-grade (i.e., high precision, lab settings) air-dielectric connectors include-

» APC-7 (Amphenol Precision Connector-7 mm or 7 mm)- Typically used with 50 Q
coaxial cables for frequencies up to 18 GHz. Genderless.

» APC-3.5 (Amphenol Precision Connector-3.5 mm or 3.5 mm, sometimes called K
type)- Typically used with 50 Q coaxial cables for frequencies up to 26.5 GHz.
Compatible with SMA connectors.

> 2.92 mm (sometimes called K type)- Typically used with 50 Q coaxial cables for
frequencies up to 40 GHz. Compatible with SMA connectors.

» 2.4 mm (sometimes called V type)- Typically used with 50 Q coaxial cables for
frequencies up to 50 GHz. Not compatible with SMA connectors.

> 1.85 mm (sometimes called V type)- Typically used with 50 Q coaxial cables for
frequencies up to 67 GHz. Not compatible with SMA connectors.

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya
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The picture below shows a few of these connectors.

Microwave Engineering (Fourth Edition), Pozar, Wiley, 2012, p. 134, ISBN 978-0-470-63155-3.

When using threaded RF/microwave connectors, users will typically finger tighten the
connector before using a torque wrench to finish tightening. For example, the torque wrench
(gold handle) from the Agilent 85033E 3.5 mm Calibration Kit is for a torque of 0.9 N-m or 8
in-lbs. Torque wrenches are used to get repeatable connections. In many cases, open-ended
box wrenches are used to provide mechanical support to the connector and resistance to the
torque wrenches. It is possible to over tighten a connector which can cause damage.

Some considerations when making RF/microwave coaxial connections-

» Be clectrostatically grounded (i.e., wrist strap). In addition, I like to tap the
shield/exterior of the connectors together before making the connection.

» Inspect connectors to ensure there is no debris inside. If there is debris, remove using
canned air (at an angle) or lint-free cleaning ‘Q tips’ with rubbing alcohol.

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 4 notes.docx 63/85

» Carefully line up the connectors (and cables) before beginning to finger tighten. If you
feel any resistance, back off, and try again. Do NOT force the connection as you may
cross thread the connector which destroys/ruins it!

» Finger tighten the connectors. Then, use the appropriate torque wrench as well as open-
ended wrench (if needed) to finish tightening the connection. I.e., hold the torque
wrench beyond the ring/groove and tighten until you feel it begin to ‘break’ at the knee
or hear it click. The open-ended wrench is used to hold the non-moving part of the
connection.

» Use the appropriate torque wrench as well as open-ended wrench (if needed) when
disconnecting a connection to avoid inadvertently damaging the connector(s).

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya
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e Table 4.1 (below) gives the [ABCD] parameters for some common two-port
networks.

TABLE 4.1 ABCD Parameters of Some Useful Two-Port Circuits

Circuit ABCD Parameters
© z © A=1 B=7
o o
O l O
A=1 _
Y B=0
C=Y D 1
o [ o)
o o
7o B A = cos Bt B = jZysin B¢
0= ] 0 C = jYO sin BE D = cos B¢
N
o o
A=N B—O1
C=0 = —
N
o 0
Y. ]
° T L€ T © A=1422 B=—
" Y '3 Y
Y Y Y
| ’ C=Vi+h+2 D=1+l
‘ Z VAVA
AT 2 a=1+Z B=2)+2Z;+ “2
;2 “3
Z
o x o 3 Z3

e Table 4.2 (following page) gives conversions between [S], [Z], [Y], and
|[ABCD] parameters for two-port networks.
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