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3.2.4 ANALYTICAL APPROACH TO
RESOLVE FLOW GRAPHS

The “nontouching-loop™ rule is an analytical method for solving a Row
graph. This technique is fast, but it is very easy to forget and miss a few
loops. Although the topographical approach of resolving flow graphs takes
longer to do, it is very easy to remember. A few basic definitions have to be
understood before the nontouching-loop rule can be learned.

A *“path” is a series of branches followed in sequence and in the same
direction in such a manner that no node is touched more than once. The
“value of the path” is the product of the coefficients of the branches en-
countered en route. TRAT

Figure 3.2-18 shows the flow graph of a two-port network driven with a
signal source and terminated with a load. One path goes from the generator
to node b,; its value is sn. There are two paths from the generator to node
by. The values of these paths are sy and sul'151.

If a path starts and finishes in the same node, it is called a “loop,”
rather than a path. A “first-order loop™ is a path coming to a closure with
no node passed more than once. The value of the loop is calculated as the
value of the path, or the product of the value of all branches encountered
en route, .

A “second-order loop™ is defined as two first-order loops not touching
each other at any node. The value of a second-order loop is the product of

the values of the two first-order loops. Third- and higher-order loops are
three or more first-order loops not touching each other at any point. Their
values are calculated in the same manner as described above for the second-
order loop, that is, by multiplying the coefficients of branches encountered.

g Sw by
E»— - -

I \ Sn | S22 ) Ty

thsT'ﬂ:

Fig. 3.2-18. Flow graph of a two-port network with a
signal source and a load.

For example, in Fig. 3.2-18, there are three first-order loops (sul,, sal'z, and
Tgsal'L512) and one second-order loop (I'ys1s»l'r).

The nontouching-loop rule®® can be applied to solve any flow graph.
The equation in symbolic form is

Pl — L™ 4 LYW — LB 4+ .. ]
+ Pl = L) 4 L) — .. ]
+ Pl —ZL(D)P 4+ .. )+P(1—-..)+
T—-ZL()+ L) - L)Y + . ..

where SL(1) stands for the sum of all first-order loops, ZL(2) is the sum of all
sceond-order loops, and so on; Py, Ps, Py, etc.,, stand for the values of all
paths that can be followed from the independent variable, in most cases the
generator, to the node whose value is desired; ZL(1)™ denotes the sum of
those first-order loops which do not touch the path of P, at any node; ZL(2)®"
denotes then the sum of those second-order loops which do not touch the
path of P, at any point; ZL(I)}® consequently denotes the sum of those first-
order loops which do not touch the path of P; at any point. Each path is
multiplied by the factor in parentheses which involves all the loops of all
orders that the path does not touch. T represents the ratio of the dependent
variable in question and the independent variable.

The example shown in Fig. 3.2-18 can be calculated for two dependent
variables. One is the reflection coeflicient of the two-port network by/ay, and
the second is the transmission coefficient b,/E. In the first case, when b/
is to be found, the generator is not involved, so it should be neglected. The
solution is

T=

b _ Sn(l — sal's) + snlusn
a [ SnI'L

Su is the first path, Py, which has to be multiplied with 1 — ZL(1). sn[z is

*Lorens, C. S., A Proof of the Nonintersecting Loop Rule for the Solution of
Linear Equations by Flow Graphs,” Res. Lab, of Electronics, M.LT., Cambridge, Mass.,
Quarterly Progress Report, January 1956, pp. 97-102. R

* Happ, W. W., “Lecture Notes on Signal Flow Graphs,” from Analysis of Transistor
Clrewits, Extension Course, University of California, Catalog 834AB.
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Nontouching-Loop Rule

s.=. AoAm (1969)

Pl = ZL(D® 4 ZL2)D — ZL3)M 4 ..)

P

) FP(=ZL)P . N
I = ZL(1) + 2LQ2) — LAY F . . .

+ Py(1 — ZL(1)® + ZL2)? — .
Sum of all first-order loops

&7
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zL(1)
2L(2)

Values of paths corresponding to indices

PI’P2,PI

TL(1)W

Sum of those first-order loops which do not touch P,
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Sum of those n-order loops which do not touch P,, path

L)W

E L(n)(ﬂl)

Ratio of dependent variable in question and independent variable
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Ve = R~ = = BN = S'!.
Vo Z(Rt+") 2 -

A

wnere in = Zo

S Z°T$e

MAGNITUBE AND PHASE of Vw|[Ye <QoULdD S« T TASURTO
LoV TH A VECTOIR VourMmEToeR . W SuAaLLy SNLY MASNITUDE,
1S MEASURED WITrt A DIoDE. ! DETECTOR ACRESS Vi

Tvoc. < )Vr- \z o \ SH l?_

TTHUS A SIMPLE BRoAD BAND DEVICE To MEASULURE THE
NAGNITUDE 1= S oR Szz S ACH\=VED,. THHE MACNITVOE
o= So2) SR, Sz Cang s MEASURED WiTH A bDisbe
DETECTOR. ACRoSS ’V&_. A DEVICE ERNComPASSING THE
GQ\DGE) oErEcToR | TANe A LOGARITHMIC OISPLAY }S CALLED
A SCaLAR NETWORK, ANALYZEER, .

2) REFLECTOMETER W IiTH OIRECTIONAL CNELERS

Vi Ve Vi S Oy INCIOENTT
W——e > - | V- L, ReFLECTED
S 1 TTE
Zo ¥ |V, Vi by TRANSMITTED
DIRECTIONAL CTOUPLERS COUPLE ouT THE O. AND o wavEs
AND AGAIN | A VECTSR VouTMETER CAN GIVE S, ANS Se)
orR, DievpE ODETECTORS SwwveE ) Si1) ARD Sy .

3) SLoOTTreEo LNED

2.
ELECTRI< FIELD (FNQ’VP O ‘Vl ~ = CQ’*'RO) ZO"Z

PROSBE >

[~ AS PRASSE., 1S MovED .
- A i - 2 Ve = Crat + 18D %
( o
E s ’ - Veamt = QA \51) 2,
[ Vimax - ysw = 12+ lel - y+)0) _ )] = YSWR —|
Wlmw"v R jay\- )& Y= e o= )T Vswr + 1|
AT fPosiTion OF MINT MU P \_‘ = C\D = L& ~Low =TT ’“’c{b"'b—'

STHUS SOTH A SLOTTED LINE DETERMINES BoTH MAG M) TVOED
AnND PHASE ow A REFLECTION CoEFRmIC\ENT
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Aj VECTOR, NETUWORK ANALYZER,

NSTE THAT THE OINQIOENT Aup REFLECTED VeLTAGES

Vi AND V- PRODUSED BY THE DIRECTIONAL JoUPLERS N 2)

Can B MIXED (MuUuLmeLiaed) WIitHh A Commonl LOCALL OSCILLATOR
TO PRODUSE Lol FREQUENCTY RKREPLICAS WITH THE SAME
TompPLEX Ra™oO ., Va[Vw = Su

CoMmPLEX RATIO PROCTSHSOR
r-—T--"=-=-"-="====="
|
|
'

Vi o €%
Ve

.

|
- ]
| Lo FIAFC! RS %—»ams
' : qo0° |
AUJ

]

!

1 t
!

Ve coo @kt ) < Vicos (Wt +do) = WVa cooCar-ul)k+ ¢..-¢L]
2,

F+ (Wtule)) TEARMA

A VECToR ANALY ZER S CALIGRATECABLE , THAT 1S, ALMoSTT
ALL ERRCERS CAN B=E REMoOVE [BY REPLACING THE UNKNowr
NETWORK WIiTH T SINMMPLE FuT KNoWwN NETwWeRr =S .

A VEcCcTOR ANALYEER CAN GBE REALIZED WITHAUT MIXING
IN A CoONF)EURATION K NownN AS A SIX~PORT ANAXLYZER

GJIHWCH 1S TLLUSTRATED 1N A XHomEwaer PROBUS N

e e,
Relerence
Signal
Display
-V'_ 1 Detector
S s
Signal
Source
ComeLEX
RATIO
K PROCESSOR
Silg(nn‘l:, ie&:r-ﬂon
1 lr 1 Local
I | Qscitlator
ve ! DuTtT ' v l
»a [ e T | re ]
& L——’T L _— )
DeVICE
UNDER
YEST

Sweep Output

A MORE COMPLETE DIAGRAM OF A VECTOR NETWIRK ANALYEER
IS SHownN ABoVE. A ViEw GRaPH ©F A CommMERCTIAL INSTRUMENT-
wiret., QE  SHowN IN  CLASS.
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IDEA L
BAMDPASS
FureRr
€, (t) ¥, &F
<, W%%M‘ - S . 5
—pl! AF
(‘.e(t) i N _s,

ﬁf%\ﬁw%% j

F!RST, CoNS0ER Uz =0
THE PowrsR SPECTRUM, Ig(-f), oF €,(X) IS bEFINED AS:

P )= B JV . wHERE F IS THE FrrER  CEnNTER
af =-o Af FREQUENCTY AND Af S THE QGANOW OTH

THE CompPLEX, RMS NOISE UVoLTAGE AMPLITUOE ‘l/,(.;)) Xy

RELATED TO P, () ™0 «J,R) 8Y. /2

2 : P
_ ' ~3
1yl = p ) V) = L e @)
/ ~T/2
E ~——x FouRIER CTomPonenT oF AJ, (£)
fz AT FREQUENSY £
T IS A Ranbom UVARIAGLE _'PT—_-. a ‘t/,z -[: [ -I/I'_ag -V, RS
sSomezrimes
— arirreN ¥,

CTompPLE X NoISE AMPLI TUVOES TAN  BE TREATED IN mMeST .@
CASES JUST AS CompLEX. SINUSOIOAL. AMPpLITVOES, -E.
= T = = z -
v, = Z 1, V=V, tV, , a,= % tZIL - ~ose wavs

>
2 {_Z-; AMPLIT VD E.
(e () ARGUMENT I3 (NOERSTOAD )

A EXCEPTtON Ay WHEN A Sum ofF VARABLES 1S SOUARED
THE RESULT DEPENOS ©oN WHETHER THE UVARIAGLES ARE

CORRELATED AS DESCRIBED BY CoRRELATION COEFFICIENT P

v, Vot P
J2 = Ve o )j’-'zle‘é' = Il =2
v | 1ve]
THUsS THE ToTAL PowER IN  THE  Sum ©F Two

oLTAGES , V, Ann TV, S

[Vt Ve l® - W, L‘%f+ 2 R )V V" |
. R

P =

= il I+ 2WITR] & 3o
R

IVMIE L I%2]% YE V) Ano Vo Arm
=3 LS UNCRRRELATED | £, =0

T =

— v +vet] IR V) AND VL ARE

- _ PERFECTLY CORRELATED |
Fra. =1



THERMAL N‘cwsgﬂ - JQOHNSow O ISE

as A QESISWQ @

P =qnT 5 v T
R, T = R =9RTR = @ TS INDEP ErOENT
=0 & =R oF F
NPT, ) B
- Y wrstere N ~torSE |
FLAT SPECrRum
2 2 -
aureasee - Yoc o LscR = AT = ax10”E! warrns/ue  FeR
PowER 2R < -

AE ,.3?“0"23 Te= T = 290k

“Mrrs/”g.;(
Voc= ©.13YR ~v/lHE For T =290k Lie = 430 RA[(HE
KT, = —17« oem/HZ - =719 oarn/mHz R

SHaT NOISE

2. -
;/Ioc, T, = 29 doec q=)6x10 " couoms
PoTENnrial _ = dv {
BARRIER = I R=2Z2 o ~r—
m PRe————
!
@V /RT QvieT
EXAMPLE:  ScHerTkY Oico& <= I (e ~1) Sa_ g e o o~/
2. . - XV T
Auareaslte . LR - 2 - RT - RT .
Power + 2 %< = - ,u.’: w>> T
NSISE TEMPRERATURE oOF GBIASED Oto0X . @ 1 = 0.5Smd
CEQuIvALENT RESISTOR = _1I PHYSICAL R = S0 oHmS
. TEMPERATURE ) 2. TEMPERATURE
o —
- REPRESEN TAT 1o~/ OF  NOISY NETWORKS
- R Z Fro e Voo, Fro
worsy | © O+ w~vase |t D ~oISE °©
Crner = = LESS = -LESS
NOISE
o—1 Souaces) o +— o -4 l—o
) k) . e e)
jd Plo L, j"\ QC; U T2kT, Ry  Ta=F(2s)
. =/
0,_—______—_.
> /YO GSE, fo& NOISE "_Q e NVorSE
—LESS = —LESS -—Fc —~LESS
(4) R) F)

StX  METH00S ©OF REPRESENTING A ~NOISY NETWORK
ALL ExcEPT (f) REPRESENT™ NeISE AT BeTH ReRTS
@) AND &) ARC MeST Common/

wHaT 1S THE GASIS OF THESE MooelS 7 - cewsioer (6)

Vo= 7?" I, + Z,z I, + W THEVENIN  THEOREM APPLIED
' TO AN AQTIVE ~NETWORK
Vp = Zpli t ZTa * Yo Y Avo TV, HAE QARRE(ATION Co&Fs = Lo

J v, = AlVe — BIz *+ Vi, } SAME  PRINUPLE. APPLIED Ta (&)

-T: = CVa - oI, * T, FevR NUMBERS , TALLED NoISE PARAMETERS

VESCTRIBE A NOISY NETWORK

onve  JET 'V.._,'t/.,) 'F‘@ 5 AWOTHER SET 7’“)1."")‘?4»'0
CCompesx)

. : \.//



EXAMPLE — CoRRELATION ©F Twae NOISE SoU/RCES
v3 —— D
%)% = '!‘alg l KL
V -
JxG u,q%*=o U =% +GY
Ve
Ix3 = L2y = vyt %%
[Ve I 1% %) Yy + e
’?x'}l 'Voﬂv‘,lz-ne I* TWel® yi+lsl™
_A EAW—u | R
Fevo ToTAL W IDELAND STRYT™ polLTAge
S~ NETWORK BELOWwW:

/R0 K

- 100K oNMm i - 1 sc0
, 77K T 3 C# [EN i Tee

n

 —

V’V\ 3 {4&1—& :\{4«/.37—7[0‘23;( T7x/0°5 = ZO.GmV/ﬁTE

Voc. = 3 Xe 'Vm — —Q/cuc Vi = / .Vw\
R +3Xe R =3f0c JwRCH]
[%c|= = 1 %el™ LN G N
Q.)ua,g +|) (—y.uvzc-n) kﬁl{e)l—r \ 2NRC

on . 2 -
J:mq af = [ f(ﬁfe)‘*'l -/m%

x t-o- ]
= N ray
°
1T;§*° IS THSE NoISE GANDUWIDTH O
2 THE w~NETWoRK
Voo = hs7x | x (2o 6) = 425 pogpv

-1

, - &.ZF3A/051 10 41 10”5

Y, = 3.26 pv
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)
IF oNE SET OF WNOIMSE PARAMETERS IS KwNownN, ANorHER S&ET
Canv BE FovNDO acyY WRITING Tw/d INOERPENDENT TOMPOLEX EQUATIONS

RELATING  TERMInAL ARIABLES AT ONE PorRT (<.a. P, L, R,,4, ,ER)
wrrrH  THE orHeER oRT  TERMINATED IN WHAT EVER SIMPLIFIES

) Anvac¥sis (Ca-o. OPEN , SHORT, : oR Z.) .

EXAMPLE ~— RELATE () Awo (=)

SivcE NOINSELESS NETWoRKS ARE THE JSame WE CAnw EQuares S~y

Acrive PORTIONS r'3 (<}
) *wt. Fo J C:
EQuATE ‘V’ Wit ZFo on Poar Z -+ . o -
ANO  OPEN ON LoRrRT [ 1{ ‘ A ‘Pﬂ-l:
© O- ——)

EQuare  Vp u~vosR Same ConoiTtons
_Vz= - Im?o = (OJ'V\"' Lva. )m
THUS (,”\. — Vm - Im ?o Q"\ = 1’2 + Imzo
2( Zeo -2 {2e

foky CANM  ASe GE Fevwo N TERMS oF e Vi, Avo I

YOLTAGE AND CURRENT" INOISE GENERATORS , W, AN Tp, ARE
OFTEN EXPRESSED (v ~TERMS OF THEIR EOUIVALENT  NOISE
RES‘STANCE, Qm R Ca~ndyc T‘ANCE) Grv\_ HAavinE Same S rPUT

2 2
wHenw AT T =Te=290K P = Vo G = =EN
4RTe 9RTo
_ N
) NVOISE TEMPERATURE AND OPTIMuM SouvRCE /MPEOENcE G

THERE IS A VAWE ©OF SOURCE (£.2. GENERATOR) /MPECE~n<Ee. , %5,
WHICH MININISES THE TorAL NotSE OSUT oF A TWwWo~PoRT™ NETWOIRK
THIS oPTimum wvatve ©F 2Zs 1S  Zop

A ConVENIENT QUANTITY WHICH IS  PRoPoRTionalL. TO THE
ToTAL WNOISE ouUTr OF NETWORK IS THE NETWORK :
VOISE  TEMPERATVRE = T, AS SkHownN v  (F) .

Ton, 'S THE TEMPERATURE ©oF THE SovRQE RESISTANCE  wHicH

Woved PROODUCE  THERMAL WNoISE EOVAL TO THE TeraL Nols&
"~ ™E NETWORK ., THE TWO SoURCE + NETWORK CoNFICURATIONS

SHowN BEtoW HAVE THE SAME OUMPUT INOISE PowER:

[ © r——"‘———‘ °
~aISY ¢ ~OISE LESS

Zs NETWORK Bs NETwWoRK,
T=0 T=Tm

wE wrsel. <omPYTE Ton, AND Zo PN e TERMS oF THE
PARAMET ERS OF /MopEL (<) USING THE EQUIVALENT
S IVOISE RESISrANCE ANO ComnOUeTANCE ;, Rm ANO Gm) PREVIOUSLY

OEFIN ED



~

z9)

o —0

FInND Teon. AS A FunNCTioN ©OF RV\\,)G’m) .?4:0) A~vo Zs
TO GveE IDENTICAL 3SQUARE VolTAGE FRorvy ABoVE CIRCUVWITS

2 A
-Vrz = )'Vw\'f'fm'is\ = 'lez'r];rmlltlzslz"' Z&Im-v':zs

ARTo\Rs = AATo R+ 4hTo G |25 |+ 24KTs (RrGom R fo0s Es
2 .
Ton. = ’@é? To + G lZsl To + 2{RmEm To Ra Pai?s

e ,YA.M-.-Q AS IS THE CASE FoR Low FREQuencY (< IGMHE)
) TRANSISTORS
2 — .
Tz To( 222+ GmlEs]T) o ™o T = 2Te{ R

Some ExAmpLES -

ocvice | FREQ Yo | Ton | Zop | Trmin | Zs E Zop =i Ren |G = L ¥enl
v | VTs Al (FE | Konm =K il I Im
im 74y 10 KHEZ 20 | 4co0 7o 145,000] o AmP REF
Znarzs loo kHE / 1000 / 36 89T Loy NOIMSE ELECTRoNIC
2nv382)] |1oknE | 2.2 | 3.5 | 430 |o.29 |vFET o&sIe

PN363/ 10 KHE plel o.2 l/ege00lC. /4 1 mosceT MoOTCHENGACHER
AVD FITeHEN
wuEY, 1973

v THE CASE -f,;,#o orPrimum VALves ARe!

(Sm& VARARTOR APPLICAT IONS

) Z"Pl = 1 Row [Gun Xop Q\I Q"“ie’“ﬂ ‘r“”""sw PENEFIELD AND RAFUSE.

Tt = 2 Toy Ren G [ Ra 3 ) = (e 000> ] -2t

NOISE TEMPERATURE AS A FWCTIoN OF SoVuRCE /MPEDENCE.
CTANv  BE EXPRESSED I~V THE FotlowntmS FoRMS

WHERE pf = R Gop = Gm Rop 5 7:,“;,,\) Avo Zop ARE
FovR ~NOISE PARAMETERS OESCRIBING THE NETWORK

T = Tomin. +NTo | Zg ~ Zc:p]‘a

Rs RGP
— . = -1 -
T = Tt NTo | Ys = Yoo | S Ys=2Zs' Yep = Zop
65 G’OP
. = Zoo ~ 2,
T = Tt INT, ) T = e | s e = =22 __5F s
Q=112 0= el Zop + 2o
' CaN  GE RReVEN USING THE convDiTioN |3l £ | THAT:
> ! fes
i~ = 4ANTS T; = 2%k M2 e
N MAY BE ConSOEREC AS THE "criricacnvess Facror -

OF THE" NOISE [PARAMETERS, ~NoOISE GAvbw oTH o N1



&l
INUAR IANCE OF  Tmia, A0 N THRU  LOSSLESS NETUORK Q

&_—ﬁ LOSSLESS AnY r—e
. NETWORK P NETWOR K,

' -/

Yevan e,

! = ~N REF: MMGE) Y NOISE CHARACTERIZATION OF LINEAR

Z' + Z TWO FORTS  IN TEARMS oF INVARIANT PARAMETERSY
opt opt /EEE J.'OF SoL ST CIR., VoL Se-2, JUNE, 1967
T‘N:. .* TM e 37-40

NOISE TEMPERATURE CASCAOING FoRmueA

! Arey Any . 7 5 Te. AR=

o ~NErwortK
’VE7; RK Te NOISE TEMPE’RAT'UQES'
G, | ‘ Ton. ©F FIRST ANnD
| ¥ SEconD SrAGES

Z:ur'i
NOISE ©OF SJECOND STAGE CAN BE REFERRED TO INPYI OFS
FIRST STAGE B8Y DrribiNnG T2 ©r ARVAILABLE GAm/) 6,)
oF mRsT  srace. (THE AVAILABLE GAIN IS THE AVANASLE
SYUTPUT  PoWER DIVIOED RBY THE AUAILABLE PRow/ER OF A
SOUVRCE  OF IMPEOENTE Zs ; /T IS A FuNCTioN oF Zg )

T (or Four e 2] &)

Tz Cor E) = T CRE) Y Sy

/N MoST MicRowAvE APPLICAT /oN S Zs = Pourgy ™= SO A~O
Gy = INSERTION GAIN N SO SHM SYSTEM

NOISE  FIGURE  NF, A~O NoISE FACTOR, < NF = Io—\o’% =
NSISE FIGURE | NF) USUALLY EXPRESSEO /i~ DB
s A Smeee 3 To 1 TRANSFORMATIoN  OF  Tp.
- NFE | Ton
= m 0.5 | 35K
NE = )0 Reg (14 ) A
2.0 t7To K
3.0 | 290K

T = To Qo™ —y)

I  MAS AN  ADOtTiIoNAL. INTERPRETATION IN TERMS oFf
THE SIGNAL- To - NoISE KRATIO OUT™ ©OF A NETWORK O/VIDED

t~TO THE SovRrRCE SIGNAL-TO~ NOISE RATIO WiTH Sovrge

NSISE = 290K

/
B NE = 10 Koy TN Non = RTo
CS/N)c\n—
(/v MoSr CasES Niw F 2ok Se THIS IS NeT Too APPLLAGLE )

. . i
~— - N



NOISE MEASURE , /M @

Tm oR NF 1S NoT A TOTAL /MEASURE OF THE

NOISE QUALITY OF A WNETWoRK  SINCE ITS AUVANABLE
\ G"‘"", G’q, OErEleMe:S THE i NEXT™ STrAGE CoNTRIBUTION.

—

BY AoOLInG LOSSLESS FEEDBASK TG A NETWoRK 8LeTH
Ton AND Go Ty BE DECREASED BuYlr A QUANTITY KkNown
AS  ~oI1SE MEASURE,, M, /S invuariAnT. (FoR  Examecs
AOOI1n G EXTREME [FFEEOGBATK ‘WHICH CownvEeTS OUrPvr—
OWRECTLY TO INPYT™ wittd No oTHER CoAMnNVECT foN TO
THE WNETWoRK Gives T, <o B8uI ALSS Gg =| )

T /T INUARIANCE  PRooF REF
M= !milo _ ) FHAUS AND ADLER, ? oPriImum NoOISE

) - G, I- &g PERFORMANCE OF LineAR AMPLFIERS
PrRac IRE | AuausT /9S8, pp.I1Si7-1S33

VoISE  TEMPERATURE 'm\m) OF AN INFINITE CASCADE oF
VETWoRKS  EACH WirH NOISE MEASURE, ™M, IS MT,.

Toaw = T, +T2 + 13 4+-.- = <,+_L+—L-+~-)¢= = MT,
S Gs2 1= /@-o~
NOISE MEASUREMENT™ @
Zs | { Unknow N GMP&F'E&.S -t < ——%
Ty .6 /MIKERS P ‘é’}Q V., o ToraL NotiSE
o ‘ AN T2 ;;,er& . o’; PaweER
Te . Ve
7/H = & (7;, + 772) G = R 3 x(TeTAL Recewer Gare) = "N-YS/“K
Vo= G (Te+Tiz) T AvD T ARE KNown TEMPERATURES
Two EasS , Two UNKRNoWNS
G= M-V Toe JorTy or Tp= -E .7
TH - TQ Y Y-
Y = W[|v. = ¥ FAR

IE TG << Ty THeN T ~ Tz

oR G A~vo T, CTAN  QE  MEASURED BY REMOVING
THE  FIRST STAGE  THEN T, = Tz- 7'2/6-,

IF 7] IS5 MEASURED AT FouR (ALVES oF Zs  THEN
FoUR NOISE PARAMETERS SucH AS T, N, An0 Loy ©F

NETWoRK 1 CAN BE OErerRmMineD.
Tu Awo T can BE PROYCED RBY A Sol!D STarre

. &
NOISE  GENERATOR Te = Tamsienr Tu = Te +290-10 &/e

ENR = EXCESS
. . o AOISE  RATTD ,
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TRANSMISStoN LINES
CTLASSIFICAT 0N
e O/RECToN TEM OUAS| - TEM TE o R Tm

7YPICcAL SHARPES

Coax
SrRiPLINE

'/ ey SLA8

VZZTe TR

MICRSSTRIP

@ COANA L

GAVEGUIDES

FUNCTIONS oF %

€, UNMFoR M € vAaaEes MAY VARY
TRANSVERS =

CranE

Zc}) rq AS <oNgTAN T S MALL- LARSE

VARIATION

VARIAT y o

FREAQUENCY RANGE
For PResAGATION

Q To N

a Te o0

S 7 <0

PHASE VELociTY
p) UF’

<ffen

fe=vp=C

Key VARIAG LES

2‘5: ¥

LONS 1TV IO INAL UVARIATION OF FIELODS CAN BE Pyr 1N ForRvV| !

va) = h

[}

I(3)

¥ Ly 73

WHERE

Xe

2y

CHARACTERISTIC

0

+ Xop

znfiq Ao =

AT TrENVATION

Spold

- Y :
e B~y e et

/MPEOENCE.

K*'Sﬁ = COMPLEX PROPAGATION CONSTANT

co~sr4~r-) ConoucroR ANO DIELECTRIC

CuUIDE WAVELENGTH

VELocuTY

Zqs ¥

n

Frq = 2rfjp ~= wl@ = PHAsE

= PHYSICAC LeneTH Cepr = EFFecriveE (vaguum) LenarH

= pL = ZTFA/A% = OUASE DELAY (RADMNS)

n

—Q/U,F, = T7Time OELAY

ARE OFTEN DIFFICULT To6 Gompure ‘ur Have
BreN PUBLISHED FoR A (W/OE VARIETY OF TRANSN)SSIoN
LINES AS  FuncTionNS OF  PHVSICAL OQMENSIONS

Avo €. SEE REF. OATA FeR ENGINFFRS | E.C. JoROon
7 T+ EOIT(ON, CHAPTreRsS 29 Avo o

\
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W AIVAR
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SR,
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SUAB ~ LINE ~ SIMPLE TO ANALYBE AND APPROXIMATES RLAL, LINES

ceITEET ~ b ~ ]~ 6D GD

StAd - liNeE TMICROSTR((® 3::‘3; <oax

Finog TEM Soeturion (Eg_ﬂaxo) FoR GEOMETRY AND EXCirArtroa/
SHown (E, =9)

Mmaxweerr. EQuarionN Fom TEM SL8-LNE Geomer’y ¥
= - ' x
VxE = —ywphH E}E{‘-_——%@p}iﬁ {
V-E= ple dEX = o '
e _,‘\ CTonoUET DR /
PaxH = (@ +y06)E DM .
( ¥ ) 3-3—‘5 = (_C"'"@'J)G) | 3% 5{1 H‘; 500
VeMH = O 3%!535 =6 / e S R
* Y A - 9 an DAy }Ax
usSING TPxA q,,(_g:;? __:h) + %( ),,. q3< _____:3. )
e WM E
A X = —AWN T = + (T 4+ 3 €) ({dn) Fx Soeve rFoR Eye
A% 23 THEN
H‘,} = ! , JE
1Y ar}
SolUTIONS ARE oF Form @
-
E, = E4 & L E.tx’é’ £,,E. DeTERMINED  GBY

END CoND ITIONS

~ X
ng_"—" & ¢ 3 _ E—Crfé

~ y= ‘/(c-+ AWE) (W)
A = \(
AWeN I o mo
T = E, X = - AN Ex iyl
2 - _—a - _.}w ~ ' = r
FR-4X o0 =0
) s Hey S IOE TR0 E
THE <uRRenT I _ | o ,] Sza8
o WInTH W /” choucrm(
IS Feunvo @Yy H=o
USinG PrH = J 1~ /NTEGRAL Fomm
~Hyew) = T To G(UE:

V= Ve D +u e’

Zq
Zo = ir\'\ , - IF T=o_ p=po, AND €cé6o a)=n,°=\g_»§=377
2:3“ 377‘_._"_\_. Zc_}egc °
AN

e, Ajw = 0133



SLAB8 — LINE  LOoSS =~ OiELECTRIC | Kg

ATTENVATION OUE To Qi&tecTRC (oss (T #0) IS cveNn IN
THE REAL PART OF THE POROOAGATION CONSIANT™

Xo= R & = &\/@‘*awe)%ww = R 3‘“\/5—;’—”*3;&- ~ ‘dé:f’_e‘g’

Kp = Sm WHerRE ’Y’ e /M = .@ = . = &
r4 YV & & Elp WE Ag
Xp = ,3\71; Lo, S W HERE Kown S = 0_%2 DIELECTRIC oSS TANGENT

(’Vor&l o 1S 1N UNITS OF Nspe&s/wwr LENG TYY

-2

A - Z£7.308 x Y For ANY TEM WNE — NoT~ OEPENOENTT
o8 % UPon GEOMETARY — INCREASES W TH f
Ar CoNSranvr Ao &
/MATERIAL. Xomn. S
AT 36/-&3 & FRom, REF_DATA FoR ENG.) E.C. JoRGoN
7MerH €D, o, 4-22
AL,Ox3 .00/ 7.8~ /0.5
~YeonN -0l 2.7- 3
EPoxY .027 3./
QUART Z r0000f 3.72
TEFLoN 1000 lS 2.1
Ert{ANo L . 25 6.5
SLA8 ~ LINE [0SS ~- c:oa/ot/c.r'o;q) X

ConDUCTOR  (OSS MUST BE CALCWATED 8Y PERTUYREATION METHO
(SEE FouvnD  FoR MIC. ENG., TOLLIN, P.T8)

THE MAGNETIC FIELD CALCULATED FoR THE L[oSSLESS TEM CASE, H% 3
/S USED TO CALCULATE A SURFACE CuRRENT, Kg.=H,, AvO

+ . METAL
THIS  GIVES 53 = ZWNK@ wHERS ZM: "'__:k_ Q= ConoycriviTyY
TS
JSKIN
THE PowWER (oST IN AN INCREMENTAL S =  pepre
LeveTH, dny, IS dpe-—&E H%w%-zxcf’,‘»} - Z
<)
wHERE £ =‘ZLQ°"‘E"'H‘3'N"’\ N .

/ wHeRe R~ I[65. 8
THIS GIVES Ko = R _ R _ R (N e

= = 7/
K Wz Z% o R 15 THE
'qoe = .68 r’v) k. 3 RESIS TANCE PER (/rreT

LENGTH
CToNDYCTOR, Tim - 3 R | Aog [~
S/ | GHg | pan | OHMS g‘} b = jom gl= 2,@.«.\::.
CoPPER SPa106 / 2./ |.co9 |o.r4
n " loo o-2 |.,0%3 7.3% T 1o ¢ Sfrm EaR. Cy
- STAWLESS | /41X 10® / 15.2 |.060 |to4
SresL too | 7.82|.60 |r0.4 S= 2.08micRons _g:l
GoAs n* / 160 {.41 /0.6 (Fons
(.ot omn-cm) /00 73 6.1/ 106 =

Rom = ‘°°’3\/‘ﬁT~ / C(,/q-

:"b X J



OTHER TEM LINES

) ALl TEM UNES HAVE PHASE VELoCITY © GRouP VELOGQITY = Yp
i ;
- W w oz S g = Mp - 2o Ao = &[5
Ye M uel— f 'el— = 30%/-5-5”.3
= “'80“/'§’c»43,
ALl Teno LINES, LrELECSTRIC LoSS /S Glven GY,
o LOSS TANGENT
Xy = )‘ Xow\s Ao & = QJe ={P°we& rFACTOR
3 OISSAPATION FACTOR
_ — 21.3 0@ _ 27.3 043, ,
Aog = T8 Xp = ;\3 A~ = % V6. Xar §
NoeT A Funcreoon/ or= LINVE DIMENSIONS
AlLL TEM LINES, ConvpucreR LoSS IS Given 3V
. = R’ WHERE R 15 7THE RESISTANVCE PER
< 22% UNIT LENGTH AND IS A FuNCTioN oOF
LINE SHARPE ANO OIMENSIONS
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Za= [-£L  w = S L= Zs(E ol 1+ - Yer
¥ e Lo Yic' (e < h Zalp ZgC
L C €r * 2
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Co,q,)(
Z / ‘Q old. €)r i"%
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¢ Zr Ver @ 233 | | s0
(oS5 3.350| 2./ S0
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AS Cg ~ C‘

s |
FoR §ld > 1.3 FoR OTHER Sfd SEE
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Jesvionel Group on Microwave Theory and Techniques.
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MicrosTriP  YHeseaY (SEE APPENDIX D)

THECRETICAL. ArnawvysSis OF QUASTI— TENM LINES ~ OUTLUINE

WHEN € oca VARIES » TRANSVERSE. ©OuANE AN EXACT,
CLOSTO FoRkM SolLLUTION S MAXWELL'S EBEQVATIONS MAS NeT
dEEN  FuND.,. NoeTE O)ereReENnT OlASE NEilcaitiES 1N ReqiensS
SE DIRFERENT € sR. N AND DIFEICULTY N TATIEVING BRoeuwlDARY

ConDriTion S,

FoR MICRISTRIC PROPAGATIEN 18 CRAIMARILY TEM AND  THE
RoLLouww & ACPROIXIMATION PRACEDURE. JHAS GBEEA Found VAawD!

D AS Il THE  TEM CASE | T 1S ASsumfaeEn  TAT

Z%-_-»‘L'/Ql AND A= )/‘(L'C' wHeee L' avo ¢! Aas vue

STATIC. INDUCTANCE AND
CACAC\TANCGE PER uNhT LENGTH

’
f,b c! ane ALSoe Co, THE CAPACITANCE €ER UN\T LENGTH

wiTH € = €q 5 T, ARE CALCULATED EITHER &Y ConFoRMALL
. MARPING OR, NUMERICAL METHOOS, A 'trRick™ 3s Thew
g . uUseo To FinND L’: SiNneE L' IS NoT™ A FuNcT)IoN oOF &
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G —_—
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MICROSTRIP Z% AND Qg
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OF Zq AN® Ve = ef{€e Havm s f
CALCULATED Y SEVERAL AUTHIRS .
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AT FEILLING Factor (ScHNEbER, @3TU, 48, SEP1A61, ¢ 2325)
e = %‘:= ™ {ex . Xomd: F raiSue =V, Er
Mo (&r=1) €a54
,r) - 377/(& Jp (x)

THE. <CONDUCTOR ATTaENUATION
CONSTANT, X, CAN SE

Bottom of strip

CAalLcu LATED RVSAY  THE WAL

PCEATUVRBATION METHGD
(WHEELER , PRaC \RE 30, SEP )42,

jTop of strip
x

LITTTTTTTTTTTCCSSSITN

. X43%) /_J Jp(x)
Ground
plane
Apg = B-68 X, = %:’“Eﬁ.A(wlk) <&
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HER?E A s GweEWN BeLow/ Sketch of the current distribution on microstrip conduclors.
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Fig. § — Normalized conductor attennation A = ah/R, in dB per ohm
for n standard microstrip with ¢, = 1. The partial derivative dw/at is n function
of the conductor thickness ¢ and given by enuations (40) and (11). The con-
ductor attenuation for partial dieleetric filling is a = (eers)'* a. ns given by
equation (3).
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ANALYSIS 1S SIMILAR FTo SLAB-LINE TEM CASE on » (@D
ExcepT EIWTHER B, =0, HyFo (CTE Selumons) oR Hx=o, Ey+o
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MAXWELL'S EQUATIONS. THE RESULTING SolLUTIONS AR
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Reference Table of Rigid kectangular Waveguide Data and Fittings

| Recommandod Cut-oft tor

i Operating Range TE10 Mede SAN
L -~ o TEro Mode - -~ ~ FLANGE DIMENSIONS (inches)
1 ’ ; T Tiwsica  Thewrkcal ] 1 E) E_
. ) o peww tleoua :
o = T £ EE 5. Repi Reepi rating st || = 2 § = B 4
x § 82 SE £ 2T b2y Ag Jowest to s ghest x 5 =2/ 3= "5
; = g £ EE 22 v Y highest oy || = £ OF BEL SO =
‘ = c8 H s x> v @/ || =3 °g g me W ome
. L os)
; wh Jo  Ac & INCHES
: 2300 032049 93686118 0256 11684 160-1.05 168-L17 153.0-2120  .051-031 ((2300  Atum. 23.000-11.500 0020 23376-1.876 020 0.188
i : A ’
: 200 -035053  8565-56.56 0281 10668 1.62-106 168-118 1200-1730  054-034 [| 2100  Awm. 21.000-10.500 0020 21.376-10876 .020 0.158
; 1800 0410625 73114796 0328 9144 160-105 L67-118  93.4-1319  .056-038 || 1900 201 Alum. 12000.9000 0020 182509250 020 0.125
} 1500 049075 61183997 0393 7620 161-105 162117  676-933  .069-050 |[ 1500 202 Alum. 15000-7.500 0015 152507750 015 0.125
} 1150 06409 4684-3123 0513 5842 160-L07 182118 350538  .128-075 | 1150 203 Alum. 11500-5750 0015 117506000 015 0.125
: o715 075-112 39852676 0605 49.53 161108 170-L19  27.0-385  .137-095 || 915 204 Aum. 97504875 0010 10000-5125 010 0.25
; Toom 096145 31232067 0766 3912 160-L06 166-118 172241 201136 || 770 205 Awm, 77003850 0010  7.9504100 010 0.125
60 L LIZL70 26761763 0908 3302 162007 170-1a8 19172 a2 eso (83 Brms AUAT 65003250 0010 66s0-3410 010 0080
510 145220  2067-1362 1157 2591 160-L05 L67-L18 75107 510 5100-2550 0010  5260-2710 010 0.080
A0 W 170260 17631153 1372 214 L6106 L0138 5275 s || a3 J0f Brams A3A% 302150 0008 44602310 008 0080
u0 220330 1363908  17% 1727 158105 17812 3345 S-S0 ae 12 B 3HY 34061700 0005 3560-1860 005 0080
S 260385 ILS3IS9 2078 1443 160-105 1677 2232 MR- ) ggq 4% Brms B B 5540.130 0005 3000-L500 005 0.080
§ 29 33049 903612 2577 1163 156105 162117  16-22 229 22%-L145 0005  2418-1273 005 0064
18 € 38558 759502 3152 9510 160-108 167-109  la20  2LM U g 13 Prass 18T WAy g20872 0005 2000-.000 005 0064
( 159 490705 612425 3711 8078 151105 152-113  079-10 159 15500795 0004 17180523 004 0064
z 137 525820 512386 4301 6970 147105 148117 056071 51230 | gy 33 Bass 438 M4 1370622 0004 15000750 004 0064
¢
. 412-321 51 Brass 528
L [ U2 X 70500 4223 529 STO0 LIS LSLLD 0%0M 2320 n2 §) Brass 328 Sl liz20457 0OM 12500625 004 0064
102 7.05-100 102 320 Brass 143¢ 1483 1020-0510 0003 11480638 .003 0.064
W X  B20-1240 366242 6557 4572 160-106 168118 020028  C4SR4R( w0 7 B 408 39 oo0400 0003 10000500 0.003 0.050
{ 7 1000-1500 299-200 7868 3810 157-L05 184117 01703 % 07500375 0003 08500475 0003 0.50
' 951431 81 Brass S4IA 419
6 Ku 124-180  242-166 9485 3160 153105 155118 002006  — — || 62 — Aum - — 06220311 0002 07020391 0.003 0040
6.14-5.36 07 Siver — =
i 1500-2200 200135 1157 2590 154-105 158-118  0.080-8.107 s 05100255 00025 05%0-0335 0.003 0.040
‘ 207-148 53 Brass S96A 595 :
€ K 80N LG-LI M7 2134 L-106 16118 0M30058 176426 || 42 121 Aum 38A 597 040010 00020 0S0-0250 0003 0040
XA 2 HYEl -~ -—
U 22003300 136091 17328 1730 157-105 162-L18 0034-0048 34 B 1530* 03400170 00020 0420-0250 0003 0.40
' - - — Brass 600A 593
28 Ky 26504000 113075 21081 1422 159-105 165-117 00220031 — — || 28 — Awm. — — 02800140 00015 03600220 0.002 0.040
; 21.9-15.0 8§ Siiver — —
2 Q 33005060 081060 26362 1138 L60-105 LE7-LU  00M-000 5o ne| 2 T Shw 3 0240112 00010 03040082 0002 0040
19 40006000 075050 31357 0955 1.57-105 163-116 00110015 19 Brass  1529% 01830094 00010 0.268-0.174 0002 0.040
15 V50007500 060040 39853 0752 160-L06 L67-117 0006300090 ooyl 15 5y S ¥ ong007 00010 0228015 0002 0.040
? 12 60009000 050033 48350 0620 L61-105 166-L18 0004200080 g3zo || 12 3y oo ¥ uz2-0061 00005 02020141 0002 0.040
10 75001000 040027 59010 0508 157-L06 161-118 0.030-0.0041 1 Bras 1528 01000050 00005 0.180-0.130 0002 0.040
$  %000-M4000 0333-0214 73840 0406 164-105 175-L17 0001800026  152-99 v 28 SV 1soe 0080000400 0.0003 01200080 0001 0.020

7 110.00-170.00 0272-0.176 90.840  0.330 1.64-1.06 1.77-1.18 0.0012-0.0017 163-137 T 0% ﬂ';l" 1525¢ 0.0650-0.0325 0.00025 0.105-0.073 0.001 0.020

$ 140.00-220.00 0.214-0.136 115750  0.259 1.65-1.05 1.78-1.17 0.00071-0.00107  308-193 s a5 Sver 1524+ 0.0510-0.0255 0.00025 0.031-0.066 0.001 0.020

A s e s s+ e

Lam.
4 170.00-260.00 0.176-0.1)5 137.520 0.218 1.61-1.05 1.69-1.17 0.00052-0.00075  384-254 aom f‘"::' 1526* 0.0430-0.0215 0.00020 0.083-0.062 0.001 0.020
3 220.00-325.00 0.136-0.032 173.280 0173 1.57-1.06 1.62-1.123 0.00035-0.00047 512-348 3 Silver 0.0340-0.0170 000020 0.156dis. 0001 ~
*Contact Fiange

Microwave Development Laboratories, Inc. + 87 Crescent Road * Needham Heights, Mass. 02194 - Tel: (617) 449-0700 - TWX 617-444-26¢

design / development / production of microwove components and sub- blies

Printed in U.S.A, Feb, 19¢
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ATreENUVATION O©F CYToFF WAVEGUIDE, @

~¥
WAVE TRAVELING iV 3 OIRECT/ION HAS  Y(3) = Y. e 3

wrH Y= /—-w"sy + (2rt/ne)™

wiep = wWerCapo = -m)zf‘sh
2T/ (1 Ine) = (€r/Ae)" = (2T Y, =
Y-

= —i{] ) = €nOrelne)> = 3}:/)— e (/5N Fe=

UAVEGUIDE /S CUTOFF (a’ Reac) I/

1) waveLensT™™ Il VACUUM § N P Re(€w
(=14

2) WAvELENGTH N MEDIA, Ao VEm > Ae
LoADING A WAVEGUIDE W iTH DISLUECTRIC DECRCASCTS TR

CUTOFR FREQUEFNCY, To CrRAPAGATE A QvEN TRzgLENCY
THE., WAVEGCUIDE. CAN TS SMALLER JIF FILLED WIiITH OigLEcTrRiC

FoR § << §c F/5c ]‘ 2<0-‘°<5)X'>\c.
€ =]

20 lcma ¥ = S4.5 a8 PeR Ac o) S4.2 o

0.5 97.2 48

o9 23.77 48

c.9s )T7.0 ub

o.939 7.7 &8

B > a _

WAVEGUIDE  OGSTACLES

UIED To PROVIDE  REACTANCES FoR FHTrERS AN MATCHI NG I~

QWAVECwIOE » N MICROITRIR, STUgS AWN0 Smawt. LumpED
ELEMENTS ARE USED FoR THESE PURPoSLS .
¥y * f
AUMBER, ©F ELEMENT VALUES i
EQuivAaLe~NnT CIRCUIT™? —
¥ .
§rmmmr——

GENERAL | LOSSLESS CASE  ~ 3

SYmmerRiC | X, = Xp -2 |
et

rH"V) “’["'Xz‘:o -i )

[«
ANALYSIS METHOD — MoOE MATCHING ~ —

THE ouNOARY CoNOITIONS IN THE VICiamiTY oF THE 08SrAclE
ARE MET Ry F/€LDS WHICH ARE THE Sum <& THE

INCIOENT  ModaeE AnO OTHER mMoDES WHICH ARE USUALLY
CuroFE AnD TRAVEL IN QorHd OIRECT /oNS. THE REFLESTED

ANO TRANSMITTED INipENT MOOE AMPLITUDES GHWE S) AND Sz)
AND [TENCE THE ESUIVALENT CIRCUITT ELEMENT [ALVES,

I
P
s

THE svPUT™  AOMITANGCE OF A STRUCIURE /iy /W CBSTACLE
AN ALSO BE REWATED T© ELECTRIC ANO MAGNETIC ENERGY, Wy Ao a/,..\)
S7ToRED /N CUToFF MeOEGS.

FYIVIT = R+ Zaed (We + Wh)
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EXAMPLE ! THIN /NOUCTIVE

Lt INCIOENT TEo mMooE
THE ConDrrioN Q@F ZERO E‘J Qv
THE CoMUCTrING AnNE 1S MET

a/rrd A Sum ofF TEm\o MOOES.

RIS

o/
THE

THESE  STroRE AN EXcCESS
MAGNETIC. ENERGY AWND
EQUIVALENT
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L iew/
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bt v/
o TR
/M ao STrerenD
A{-‘ EvercY
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OCESTACTLE EOQWVIVALENT <IRQuUIT™S @
CFRaMm MARCUIITZE, WG HANOBROK | M-IT. RAD LAB VoL 1a)

Sec. 521 INDUCTIVE 0BSTACLES 225 . STRUCTURES WITH ZERQ THICKNESS [Sge. 54 ’
) 100 g snecysapamsa A —— e A . !
s ' e e e s 5 :
i / ammranatral - ¥
r i ; / :
{ r =1
\NRRE
E %/ \e
&t d —-I ;
a = 3 T
Cross sectional view 3 = \ WS S
E -\&i \\\‘b——ﬂ-m
= 3 = M e =20

X\\ir 3 :p...
N ot

o e

il

Equivalent circuit

Equivalent circuit

8/

= —o-

Y.
| I — ‘

Cross sectional view

20 ol a2
{ 4
P a
e F1a. 34<2.—Relative of crcular ap
F1a. 5:2-5.—8: of asy ieal inductive window in r jar guide. - .
08 \ . . % ol jed ? It {——o
LEECREE ET / @ +~ @ Zy iXq Z,
Y 7z | o
Xa Ag: —]
os Lo A T 2 0
Z, 2a - %)
Yy - 14 13 3.4t 141
X! RSN $ ;
Ly A s
0.4 Zo 2a 3
X R % =20 020 g
£, A [ S 0 3
Zo 2a 14 Z, s _
03 N A =
.15
3 12 ' ;
s 1.0 -
=
02 : " 0.10 S
i : t
i
; 3
4 v :
3 o o By Q
»,/l' o1 - o dnd 005 ]
- . B = >
. Fi ) F = SR n Se e ™
' \(? . S Zu -;:E a
3 L " Semeasas 5
ERNuy rt 1 + usilda;
0 31 HE TS i HHH o
o 0.05 0.10 0.15 020 025
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a
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Fi1a. 5:11-5.—Circuit parameters of centered inductive post in rectangular guide.



THICK PoST N RECTANGULAR  UWAVECUIOE. @

C FRom MARCUVITEZ | 1°. 27')
o 5-14. Post of Varizble Beight in Rectangular Guide.—A centered

" metallic cvlindrical post of variable height with axis parallel to the

dominant-mode electric field (Hic-mode in rectungular guide).

L,

-z, =X,
- —T o— b—
T @_td
ry T |
4.3 ! £ | z, Xe Z
N ]
5 ! 1
T T T T
Cross - Sectional View Top View Equivalent Circuit |
Fic. 5-14-1. !
Eguivalent-circuil Parameters. Ezperimental.—~The equivalent-circuit X
parameters at the terminal plane T bave been measured in rectangular a.
guide of dimensions ¢ = 0.90 in. and b = 0.40 in. The measured data A SHuN T |
are tabulated below as a function of 2/} for a number of post diameters d §
and wavelengths \. For posts with 2 fiat base: REACTTANCE |
d = fin., A = 34 em, ) = 2.000 in.
R/ Gn) | 0.249] 0. ‘97i 0.746 0.571 0.921] 0.934 | 0.983 | 1.000
Xu/Ze 0.005 0.010) o.ou[ 0.017 0.018 0.015 | 0.020 | 0.020
X./Ze | =6.481 —1.015] —0.804/ —0.035! +0.016; 0.031 | 0.151 | 0.241
d/& d = frin, A = 3.2 cm, A = 1.763 in.
=.07 abGny| 0.254| 0.505| o0.736| 0.829 | 0.043| o0.961 | 1.000
Xu/2Z4 0.006 | 0.011] 0.017| ©.018| 0.021| 0.022 | 0.023
Xo/Z, | —6.20i | —0.906'| —0.122 | —0.028 | +0.083 | 0.112 | 0.277
P . d = frin, A = 3.0 cm, A = 1.561 in.
) k kb an)y| 0.2460 0.504 0. szs, 0.755{ 0.784) 0.845] 0.508 ) 1.000
; g Xi/Zs 0.005! 0.013] 0.016 0.015 0.019, 0.021 0.022 | 0.025
X./2, 6.384 —0.763 —0.277 -0.033' —0. 017‘ +0.047] 0.088 | 0.341
d = }in, A = 34 cm, A = 2.001 in. —
] ;Xb -SCR’ES - : y Zq
a/b (in) 0.258 0.507 0.758 0.882 0.970 |  1.000 y ~ .
Xu/Z4 0.016 0.035 ' 0.054 0.065 0.073 l 0.076 REARTANCE
X./Z4 -3.179 | —0.606 l -0.147 | —0.052 | +0.028 0.107
o2
Q’/Q d = fin, A = 32 em. A, = 1.764 in. ] 4 j
= ,[4 #wpan)| o2s| o0501| o7 | o0.834| 0.882| 0.965 | 1.000 (-0 X\/A
X2, 0.017 | 0.038| o0.061| 0.068| 0.673] 0.081 | 0.085
XeiZo | =3.37 | =0.501 | =0.129 | —0.058 | ~0.020 | +0.040 | 0.126 -
d = }in, ) = 3.0cm. ) = 136 in.
h/b () 0.240| 0.488| 0.745] 0.818] 0.923] 1.000
XoiZs 0.019 0.04¢ 0.069 ‘ o.m-," 0.086 | 0.098
X./2Z, ~3.333 | ~0.596 | —0.109| -—0.050 +0.027 ., 0.147
d=3in, ) = 3.4 em. ) = 2.000 in.
h/b (in.) 0.252 0.499 0.760 0.925 1.000
Xu/Z, 0.047 0.101 0.174 0.227 0.256
X./2 -1.775 —0.468 -0.166 —0.053 +0.026
d/q d = tin, ) =32cm, ) = L76Lin.
=,29 MG 0.262 0.505 0.755 0.880 0.924 1.000
¢ XolZs 0.052 0.111 0.181 0.240 0.267 0.291
Xu/20 -1.717 | —0.477 | -0.182| -0.088| =—0.038 | +0.033
§ d = Lin, A = 3.0 em, A = 1561 in.
N R/b Gin) 0.250 | o0.502| o0.730| 0.8 o0.940| 1.000
j Xu/Zs 0.056 0.121 0.211 0.270 0.300 0.335
: Y X2, ~1.850 | —0.494 | -—0.179 | =—0.085|. —0.040 | +0.023
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TRANSMISSION LINES 1N  THE TimE Oamar~

- WHY IMmPoRTANT T
1) FoR ANALY SIS OF PULSE SISNALS AS IN HIGH SPEED CTomPvrelS
" 2) TImE - DOMAIN REFLECTOIMETERS
8) 7ime - GATING AS APPLIED N INETWIRK AnALY 2ZERS (HP®SI0)
o 7TWO APPRIASHES
/) OIRECT IMPULSE ©OR STER  TIME-DOMAIN ANALYSLS

2) FOURIER TRANSFOR/N OF SINUSOIDAL, STEADY STATE ANMALYSIS

OIReECT - TIME DoMAIN ANALYSIS

MAXWELL'S EQUATIONS  ARE WRITTEN /N  TIME OERIVATIVE
Form [1E, Px &)= — 2 nHE)
C ) 2 7

THE wAVE EQUATION O A TRANSMISSION LINE OsComeS

Y Y 9%V wrnere U (L,3) & THE
23 L= VoLTACE ON THE LINE
wrrM SolurronsSs
Uce,3) = U, &=17)+ U_(£+7) e 3/u
) — /
?%C,Q‘ ®&,3) = ?/.(. (t-7r)— UL (t"‘”) . o= Yeru

Uy x) A~o U (L) ARE ARBGITRARY FuncTronNsS

ConSroeRr A Semi~ W11 T™E T = LINE  DRivEN BY ‘U‘s ) @

Rg I (%) Rg Tt)
b s e ————_} > O ———
Us &) r’U #) —> = N &) T‘U(x) Zq
T I T .
aJ_ (t) e 0o FoR XA < RowD-TRIP DELAY Teo A REFLECTIONS
Ve (£) = =23 A5 (2) ’
?s'f‘ Rs
CoNSIDER ~NEXT THE OTHER END OF THE LiNE
23, I
24 . O
]’U ) = 2% T‘U Re
&

T1HAEVEN 1N EQurvAatEN T

'U.,.-*‘U. - q)

¥ U.* - U = (/Zs
N R,

/v TImE Oomarn/S

>

AR,

U = Of.‘ﬁg"za
R&*Zs
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EXAMPLE — STEP FUNCTION RESPoNSE OF TRANSMISS o - LINE @
TERMINATED WITH A RESISTOR

So o L
—a &— () USE SouRCE-~ LINE EQUIVALENT CIRSUNT
t Zy=Zo=So | To FwND Ay t) = AUy (1,0)+ U. (1,0).
(DUst) & 2 Y B NOTE W_(%,0) =0 FaR £ % 2% SINCE
| | LINE IS INCTIALLY DEAD AND THAT
2 — —— Yq(t) witt QE AFFecTen gy . UNTIL
Xz 2T. [ ”
= S Ue = L
4 C s (L) = 44.,(;(;) UNIT STEFR 'Us o U' =50 AY f
‘ Y= Y2 @)
s [ ) ©sXs2r
lo .23 USE LINE-LOAD EGUIVALENT CIRCUIT
A . s To FIND Na(k) Ave U_()T Ug () =, (2,8)
+ 2% 3~ £ ,
Up (L) Uy = Yz -2
Tz -33'§ 2“"‘ z 2: ..:3
! = U= ~. 167
=) L o<ckts ™
s Ly L= T/2 ALTERNVATIVE. 1K/ LoAD RS Res:gru/;:
. > H n - Ka-tg =~-33
Ve = I ady wHers Tl ReTE,
c - 3

Ui a3tz

o~ TR M=o

S0 o
ol _ x> 27-' ,=+33 Mp= U, ~U. = .S (e cwwcs-)
Sl m= o= o (OR weTE =0 Se AUy =o
EXAMPLE — ADD SHunT CAPACITOR To TERMiNATION (W ABoVE CASE @
So
—A——gy D——
D NO cHANGE FRoM ABSVE EXAMPLE
2%=Z°'=SO Uil & =
g v, 4 = 25
= Ay [ @ LINE - LOAD EQUIVALENT CRQUIT IS
Oy . 2“+¢ Ug J‘C %R
2y @ I b
'0) gf_z Ty (X)0) = Uy (X=T) Frup g
— > Ua S /mvir1ALLY © ANMO MuST BE
e - CHARGED THRY A TIME ConsranT,
"~ = RE& .C 7o A Fivar
< [ o PRS-
}@f R%Zo ; R+2,
Pg VerLracae = -z%—z-o"
‘~(t"1')/7'=
-—-ﬁ_— 3 - -" 4 —
U_(%,) " Uptt) = R s dhey (£-%) (-2
S . R-%s L. (2,0) = Ug (&) — Uy (£,0)
Z R+Z, |
—S- = DV (4) = F g (X -r)
e g (£,0) @) AT 3=0 Awvo L=2+ wsE

sl

2
mj~
2>
+}1
m
0

'0“"”‘"

USE LiINE ~LoAD CIRQUIT AGAIN AT

’3;:0 T FIND QO (A) A~nD A5, (X,0)

FeR X = 2%

.+ '
,:i so 0, So 2 U
- . = -3 (X~2%)

LINE ~ LOAD CIRCWIT AGAIN ©OR NoTE

THAT Ao IS ABSOREED IN Zq ANO THAT

THERE KN W~No CHANGE N Uy .
O, IS GUEN BY Ui +4/~
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TRANSEFORMS ©F RErFtEcCTIionN CoEFFICi€nrS

@

ANY  oOF THE FReQuenNcyY
(’OEo z“) S,,) Sa,) A)T::}Q , ET()
wrrM  THE

VARIABLES . /e wirle USE

IMPULSE RESPoNSE RELA™ING THE
THE REFLECTION COERRICIENT

OMAIN NETWORK  PARAMETSRS
1§ A FOURIER . TRANSFORM PAIR
Same. NVETWeRK

y M GF)

TRANSFoAMING- TO IMPULSE RESPONSE, FEt) AS A SPECIEIC &£XAMPLE

Z%“'Z'e

ANMD it Assuvme

W <F)
neoe) = =t MGf) =— F) = U_(X) For Ay (X) = yo(t)
Vo ) ¥) AT (u:.owss)
THE STep RESPomSE | (k) =™ U_(R) For Mp(h) = Uqy(4) |, IS  oFrew
e

Compured oR MEASURED
IMPULSE RESPoNSE

¥t)= A o) = qlea
)= YW s g

¥(t) musr B ZERo
BEFRE
ON REALIZAGLE

RIGHT HALF PLANE AND

THE FouRIER TRANSFoRMS

o -~
ree) = fa'a)e_ Ll ret)e
~om

IT 1S TickLED!) AnO muesr GE  Reads
mM) Fuwvcrrion S

RATHER THAN THE /MPUHIE RESPONSE
IS SmMPLY THE TIME DERIVATIVE o< 3(;&)

TRANSFORMS OF REFLECTION CoEFFICIENTS
ELEMENT FRES. Oomain/ , () Time OoMam/ | &(X)
R X =2q
R~ Ze . R~ Ze
r = —_—
%Q ) Rz, X)) = Q*z‘)ug&)
L
Rt 4tdl =~ Zq dfor
M) = —— X*eu(*-s.éz 2
}Q ! R+ e L+ 2o W= Le-TBe
’ ™= L/(R+2
- ) - 220. ) [ / °)

5N (N R+ 2o
o B

NE)= R-alwe ~Fo

R =y [wC+ 2o

1

1 3«

i P e a—

~Aalwsg —~ Fe

Ner) =
g———l —%/wC"‘ic
< - A S
o-_] ZoC 4 +)/BoC

ZoC 3,0) + RtZEg
2o RC

BhY = =ty (4) 42 ¢ R
ZoC

%= Be RC
Zo+ R

c - 2 2%
X () ,Q°(t)+z,c,€ c

‘12‘294'.

£
Q) = ]‘yot')u.'
(o]

For 2% 50 (A NETWORK mMAY NoT (AUGH
THIS PUrS ConSTRAIVIS

SucH A5 WNO  RolES N THE
re-f) = P*cf). (~No RHR Pocas means
A
FoR [CF) = Z‘l—_ﬁ_—a*ﬂ*M Rxy=a)
ARE. )
or Vi ¢ = —l
/ I"(-F)a“"ﬁlf ) = e
~co ¥ot) = e~ =%

IMPULSE AND

STERP RESPorNSE

Y) ARea = R~%s . ny
A R+ Za
[}

?‘?—,J.____

—

&)

- —22
ARE.
AREA T e,

a3 R-Z,

; - } ®vz,

1 ¥ >
| [N\ower= 252

AREAE -
¥ b
W T R-Ze
-1

R+Zg
LT AREA = 2
c—>
L TAREA -~/

1
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FREOUENCY window/ (OCCURS BECTAUSE OF LINITED MEASUREMENT FREQUENCY QAMGE)

APPLICATION OF TRANSFEORM PROPERTIES

e we  Mmueroy N0F) BY A wiwoow FuNCTioN W) THEN ¥(t) 'S
ConvotVED (SmooTHED) BY (k) ,-'-r‘H: « TRANSEORM | P W/CE) .
Examecs  CF) 4 y K AP
) 1 ¥+ - x
- [~ -+ -
fm fm I~ o

IE fm = 26 GHE f‘,,\ = 32.5 po HALE-PowER WIOTH ~ 0.6 [fom

(116 cam. For e,...,)

FREQUENCY SAMPLING (CRURS WHEN VECTOR ANALYSER STEPS (N FREQUENCSY)

IMPUSE TRAW SPACED LOFf AAMRT™  THerw

ConVoLVED UrimH AN  IMPULSE TRAIN SPacep 1f4f. ¥ (£) wee

INTERVALS X (tZEwm/Af) = ¥(R). Hence 1e
THERE MAY BE AN +AMBIENITY PRo®LEM.

= 7.69 me = 7690 po = 2oc: -f:,\'

/E wEe  MULTIPLY /"(f) 8Y Awn °
Yx) 1S
rHen RereAT Ar  1[/4F

¥t) /5 >0 ForR X = 1faF

26 GHE - /Jomuz  Af

ExAmer e A f
<-1-]

(occuns v A TRANSMISSIoN L'”E)

Time O€LAY
~gwr
re) ey &3

A TIimE SHiFr AS ¥(3-T) merrieues

THUS ANY ©OF THE CiRcwim ELEMENTS onN p.(74) PueE0T AT THE

EnND OF A TRANSMISStoN CLInE

oF DELAY * el

GIVE REFRE&ECTION

CoermicieNnT™  NCE) 2“3“2"'@ ¥t -21%) AT THE InpuT oF THE
TRANSM|STIoN LewnE
Time s Doy (usep e GATE A PORTION OF I1MPULSE RESPANSE

ConNTAInN ING OESIRED 'WNEoRMATIION. GArED IMPULSE
RESPoNSE IS THEN FoURIER TRANSFoRMED TO
SrvE FReEQJucwNCY RESRONSE OF SELE<TED
RForRTIoN ©OF CIRTUIT)

P ARoN

Iy ) = ¥k)-ht) 3G < M)+ HGE)

IE R(*) IS A RECTANGULAR PULSE oF wOTH D) CENTERED AT T,

THEN  Hef) = A THE - 3T hen| Has aror = 2/w
rwf

MORE. TRANSFoRMS

ELEMENT | FREQ DomAIN, [7() TIME DomAv, ¥ (%) PLoT
o) N = R—3jwe — To 8@:)'= ﬁ__g u,(a&) IMPULS = ARRA- = g:i.:
< %R Q"?/wc' + e ZZ: o 2/t = (R+2)C
Bt 22 Ctrez)t ) oz,
= R720 c(eri‘o) 3t x 20 = (REX] ’:?‘——L_ =T, Rk
2= (R+&)C !
a’(:&) = R-fe LS ug ) Ly IMPULSE AREA = R~-Ze
nee) = EEE; sl _ 2o R*Eo R+ 2
¢ R ::J LR+ Z :ﬁﬂﬁig e- t/’;- \\/ =
o -+
Ryl L(R*Es) ,'_"_;L(Q-rz..) keEe
RZo — Rt &0
TRANISFORNM LiMIT PRoPERTIES - l,_ \’~ =

STER Funcrrond ’ RESPomSE

-
ge) = [ ¥enex = Meo)

- b

AT *t =0 ANOO® GIVES

M ()

)
Q‘(o) =

~o Proor! _
ALL EXAMADLES ABove A~D (74)

Neg) AT fzw Avo ©

Jur rRUZ FoR



EXAMPLE oF A~ PRoBLEM @

oo - At
n) l Zq = 2 L p SIMPLIFIED BY A TIME OMAIN APPRaACL
;‘:t) 'F: =T REFERENCE TV OTHER EXAMPLES
g O—— o HNES AND STINE HMELFER ) IEEE MTT- 22,

v T Smac. So Z.C << T MARCH, 1974 Pp. 276~ 2F2.

FREQUENCY OomAInN  APPROACH

LT 3_'-=..@._2_+2“'L 4= asc e
o

1
TRANSEORMATION OF 3 THAU LINE To SWE 4 IMt$) cuess!

ay = 2 33Xon® 4y, ook

3 + ‘S,XWS
— v y v ! '
rep) = Lot o of4 B =ty B T — $
I‘f'% "3% "‘-gb"“a» . )..,' .4,._2_?;
=~ 4 Bt 2535006 '

. U4 5)(F+pKom8) + |+ FRonO | YOV =impuLSE  RESPoNSE

DIFRICULT T© SEPARATE EFFECTS oF L AND C | FrRo e L
| fre&a  flmmemon
nme bomanv A”RMCH W TS HAPES AND ! "t
AREAS DETER*

ASSUME Y 15 (oNG ErwvouaH So THAT THE  T—wnNE rMive R L,C
PRESENTS 2o DURING CAPACITOR IMPULSE RESPeNSE ‘
THuS ¥ (k) IS FRom. THE TABLE SN . (O - - *) S ;{fg f)
SMALL C el HAVE NEGLIBLE EFFEcT oN WAVE sTer 'W
TRANSMITTED ©N T —LINE To LoAD. THE RESPoNSE
REFECTION COEFFICIENT IS FRor (T4 wnrH on ~—— S
Tt = SHOWN AT RIGHT - |

£ SHET, T, AS ar R ! '\'rc—=z°c R-Bo oives
THE THWME DELAY BETween RESPowNSES o~ 2 R¥ge R
SEPARATE ELEMENTS ALLowlS EASY INTERPRETAT jon | <eEs o

PN
N 5

HORE WL RWL 1 TN RANY
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¢ PRINCIOLE 1S WAVE DIRECTING RATHHER THAN GAVE GuIOINS AT
LONEER WAVELENGTHS SR CURRENT QuiDING AT STitl LoNCTER A

QUASI ~CPTIC TECHN IO VES

TR

N o USED AT WAVELENSTHS TYPicaLlY GBETWEEN Imm ANG G-|
(100 GHZ TO 3006 GHZ) WHERE U/AVEGUIDES ARE  INCONVENIENTLY
SMALL.  AND  LeSSY

o DISTINGVISHED  FRom GEoMETRICAL orR pPurse™ orPrics BY
CONSOERATION OF  NON-ZERO WAVELENGTH, OIFFRACTION KFFECTS,
AnD UISE OF METRLLIC ELEMENTS SvcH AS GRIDS AND MESHES ,

e 7YPICAL Stz OF WAUVE DIRECTNG ELEMENTS 1§ 30 To I0O A
CTOMDPARED T6 SI000 A FOR THE .OPTICAL RANEE. .
- GCESMETRICAL CPTICS ALlLLOWS WAVES To GE FFocvuSED To A

PoinNT WWHEREAS QUAS!I-CPTICS CTonSIOERS THAT Focus IS 790
A Mmevmum SI1ZE AREA CALLED THE BEAM WAIST™ OF RAQIUS, W,

e PRIME ANALYTICAL TECHNIOUE IS THE GAUSSIAN BEAM N)obE
SowvTiony TO mAXWELLS EGUATIONS [t FREE SPACE

Eor H
AMPLITUOES.

CFocdr oR WAIST
PLANE
3=o

PR,

T
3
{

GAUSSIAN BEam [(MCOES

Z-0

The parameters w. R and 0 that characterise a Gaussian bcam-mode.

DoMinvanT MopE. SoLyTron FoR E or M IS oF Forrm

C B gy (22 5  apo (=g

E- € <72 \—= ) w[ m(rs'z-'b)__l e (=287 )
- - e 4 S )
CAUSSIAN PHASE UARIAT 10N IN ‘ PMHASE | FRonT

OEp ENOENCE. 3 CURVATURE
1
LHlERE. W(3) = 0/,,[, + ("1 YJI?‘ = WAIST AS  Funcriod
Tule * oF

£ 2
L. ’ - TC W,y = RADIVUS OF CURVATLURE
% . R(3) 3 [) + = ) :l
$3) = Xoal! R \) = ADDITIONAL PHASE SMIFTT
e ~T ==z X



* HIGHER ORDER  GAUSSIAN MoOES ConSIST oF THE ABovE  /MUUPLIED
Y LAGVERRE PotYNeMi4cS -

L o AN  EXCELLENT  TUTORIAL. ON GAUSSIAN /MOBES AS Gi/EN &Y
KOGELNIK ANO | , PRec. IEEE, (oL S4, P.1322-1329, oCT 966

o AN EXCELLENT snyTROODUCTION TO CQUASI~cPTICAL TECHNIGUES
/S G&GwEN 8Y GoloSMITH, MG, SYS, NEWS , P &S-84, /N APPENOIX ~

o LENS ANO YRV ED REFLE CTORS CAav QRe USED Ta CHANSE THE
WwAIST , UWs, OF A GAUSSIAN Moo& (See APPENOIX F‘)

5
3
%

Q

d

; A lens employed to convert a Gaussian beam from one waist sizec and position (w,.
: d}) to another (w,, d,).

REFLECTORS SucH AS  PARABoLOIDS ANO  ELLIPSOI0S CTAN ALSO
RE~FocuS BEAMS ANO  ALSO RE~DIRECT™ THE GE.‘A/Y\ wrrrrof

LOWER oSS THAN REFRACTIVE ELEMENTS
WIRE =~ GRID _PoARIZED POWER FABRY ~ PERST™  GANDPASS F/ICTER
SPLITTE '
———_——& R MESH (OR OIELECT)?IQ) : rg" ;ﬁ\;
wrIRE D IS USED AS OCSTACLE CP:}U[-::E
o Of OR SHUNT REACTANCE .J‘bﬂ[,}_
E - 0 —»- 1E, PERPENOICULAR E SEE ULRICH, J. oF INFRARED r[;]ﬂll“-’
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