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= Introduction
= FieldsE, H
= Transmission line parameters
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PhITEM goes
s The theory of propagation is described by the 4 Maxwell-Lorentz equations.
= These equations describe electromagnetic parameters:

E (electric field V/m), H (magnetic field A/m) linked 1n time and space

4 . (R _ - )
Relationship between div (E) =p/e=0 (1-Maxwell Gauss)
time and space (x,y,2) | »——=/2\ _ _,, 0H )
of the two fields /< rot(li) = —H (2-Maxwell Faraday)
div(H) =0 (3-Maxwell Thomson)
[ roi(A
rot(H) = a 4-Maxwell Ampere 4
Two current densities ( ) ( pere) Y

- displacement 7 “
= <

- of conduction

Reminder on the operators of the

’ i SR 0A, 0A,\ . (0A, 0A,\__. [0A, O0A,\
divergence and the rotational roi(4) = y z +( z x) x y
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= Consider an electric field E(z,t) in vacuum (permittivity €y , permeability 1y ) defined by

E(Z, t) = Ep, sin(wt — kz) ey, in (0, €x, ey, ez’) (direct orthonormal frame).
- Represent the field E(z, t) at a given instant t=0.
- Show that the field E(Z, t) satisfies the Maxwell-Gauss equation.
- Calculate the rotational coefficient of the field E(z, t)
- Determine the expression for the field H(z, t) using the Maxwell-Faraday equation
-Show the fields E(z, t) and H(z, t) at a given instant.

- Show that the ratio | E(z,t) |/| H(z,t) | depends only on the characteristic
properties of vacuum
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= How to link electric and magnetic field to voltage and current ?
= Fields distribution in Cables : twisted pair cable and ocaxial cable

- )‘ P
e Electric field : E (V/m) /ﬁﬁﬁw
~ . = g/ %/

r4 Magnetic field H (A/m) /?//
¢

= Fields distribution in planar transmission lines : microstrip line and coplanar wave guide

Electric Field Lines

— — — — — Magnetic Field Lines
7

The distribution of the fields E and H is the same for any section and they are orthogonal
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= In case of same distribution of electrical field and magnetic field along the
propagation direction x the wave impedance (in () (the ratio |E| / |I7|) is constant

= At point M : voltage and curent could expressed as follow

EM(x’ Y, Z) — grad(vM(x))
%HM(x,y, z).dl = iy(x)

Voltage  Coaxial cable ¢ ents (X, Y, 2) Su(x,¥,Z)  Dielectric
/ Outer Conductorf 8

r

= Power density (Poynting vector)

Sv = Em(x,9,2) NHy(x,9,2) (Wim)

EM(xr y' Z)

Voltage and Curent in a homogeneous cable or transmission line depends only with the direction of
propagation x (1D propagation)
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_ Transmission line ‘
= Electrical model of a propagation line |JS'} . -
telegraph's model
( grap ) v(0,6) 1| b(xt) v(L,[t)
= Equivalent distributed model for a qD
transmission line segment of length dx e
(with dx << 1) i, t} S CEY
m Transmission Line Primary Parameters AW 8
= L (H/m): series linear inductance (magnetic I
behavior of the transmission line). () § —Cce  uridnt)
= R (Q/m) : series linear resistance (conductive |
losses of the transmission line). l |
dx x+dx

= C (F/m) : parallel linear capacitance ‘
(electrostatic behavior of the transmission line)

\ 4

= G (S/m) : parallel linear conductance (dielectric
losses of the transmission line)
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= Characteristic impedance is the ratio of voltage over current for each wave
(progressive and regressive) (linked to ratio |E| / |I7|)

7 Vi(x,w) _ V_(x,w)  |(R+jlw) _ L (14R/jLw)
C T Lxw  Lew) A GHiCw) €\ (1+6/jCw)
= Transmission Line secondary Parameters (in low-loss condition)

= Z.(Q) : characteristic impedance > Z, = \P\[Ei:ﬁ:g ~ \/%

= f (rad/m) : phase constant > f = — = wVLC or v, = \/—_
= «a (nepers/m) : attenuation constant 2 a = gzﬂ + - . GZ.
Cc

= Ugg/m = 20 Log(e®) = 8,68 - ayy/m
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} (Part 2) S parameters- ABCD matrix
= Matrixs are useful to describe the relationship between h . IZ;
the output and input parameters or 2 ports network VI t IV
1 -ports 2
s For example ABCD matrix or cascaded matrix

Al gol4 ol polh il _[A B]|V2
VZ Z,710 ‘Z.Z V500 VZ L0 I2 510 11] C D [IZI
|1 I2 Il |2 I L 5
71__{:}_2 —\‘/: [(1) f Vi UY \Z! [11/ ] 0—‘—‘/1 [A 3} EI{A 3} —‘1_;
o— ¢ O | 12]c o1 =g

m G|ve — for Telegraph model by cascading ABCD matrix

ABCD matrix based on voltage and current (addition of progressive and regressive waves) are not
convient to describe propagation and reflection (steady wave) power would be more appropriated
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= Advantages:
= Very intuitive
= Describes each access by current voltage
= Simple calculation for cascaded systems

= Disadvantages:
= Difficult to measure directly due to reflection and propagation

= So another matrix must be defined (based on power) : the S-matrix which is
more easily measured!

= Matrix ABCD deduced from the measurement by conversion of the measured
S-matrix
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m Introduction
s FieldsE, H

m Transmission line parameters

= S parameters
= Introduction & definition

= Examples quadripoles
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= S-parameters (Scattering Matrix) characterises

the circuit or system by providing the transmitted
& reflected power waves

a a,
= @; :input wave (square root of the power injected at port i) 5 ‘ -—
a —V1+ZC.11 a —VZ_ZC.IZ Port 1 ﬁ} Circuit 4% Port 2
1~ . 2 or < < or
2./ Z, 2./ Z s
= b;:output wave ( square root of the power output from port j) ) b, - b;
b, = ViZch b, = VatZeh S,
L= 2z, 27 2z,

= Interest :Power measurement at each access with
well defined load impedances corresponding to
practical loads (standard 50 Ohm) allows to bypass
the problem of CO & CC*.
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= Scattering parameters (or S parameters) : allows a two port network to be
described by waves ratio

521
a; : input wave (= square root of the power
injected at the access i)
Port 1 Circuit
b; : output wave (> square root of the power
output from the access )
S =22 reflecti ffici ttSl%l t 2 being matched (a, = 0)
11 = . 4,0 . re;cho: coel |C|ent a p(t)rl , POr eing matchead (a, = bl — Sll . al _|_ SlZ . a2
b eturn loss at por by = S,q - aq + Sy - ay
Sy1 = a—z : transmission coefficient from port 1 to port 2, port 2 being matched (a, = 0)
1la,=0
i - Insertion loss from port 1 to port 2 bl] _ [511 512] [all
Syp = %  reflection coefficient at port 2, port 1 being matched (a; = 0) byl 1S,1 Sopl laz
#a1=0 3 Return loss at port 2
Sip = Z—: : transmission coefficient from port 2 to port 1, port 1 being matched (a; = 0)

a1=0

- Insertion loss from iort 2 to iort 1
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= Return loss or S;; > this parameter describe the impedance

matching
R=50 Q

| /R;tZa
: R

0
Case of a symmetrical quadrupolé

I : If symmetrical circuit S11=S22

Si R1Z = T'ls, 5,02

a

Z, -50
Z 150

(] Vre’f/e’ch/'e

V

a0 incidente

T
a0

1 — When the load is matched, the measurement of the power
reflected back to the source is parameter S;; "Return Loss".

Case of a symmetrical quadrupole
If symmetrical circuit S11=5,,
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= Insertion loss or S,

= Parameter S;; represents the insertion loss or gain of the circuit
between the source and the load

a a

port 1 %R 2 ports network R % port 2
. b1 bz >
v,

D transmise

s, 12
a

N

.

a0 incidente

= Case of a reciprocal quadrupole :
If passive reciprocal circuit S,; = S,
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m Properties :
= Symetric 2 ports network =2 5,,=S,,

= Reciprocal 2 ports network =2 S,, =S,

m Lossless circuit:

= The total power leaving the N ports is equal to the total power entering. Therefore, the total power
injected at the input of the circuit must be equal to the sum of the outgoing power at the output and

the reflected power at the input:
Pr  Pr
. tp = 1 = S l* +HISlP =1
mnc mnc

= Case of a lossy circuit:

= The sum of the transmitted and reflected power is not equal to the incident power. The circuit is lossy!
The difference represents the losses of the circuit, i.e. the power dissipated by it.

= The losses can be deduced from the S parameters:

Py;
= =1- (151112 + 1S211%)

p inc

D D
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/ CoaX|aI cables

<

A

= Return loss = matching
ZO = 59 Q

oY, Zc,0 Zy =500

S
Connectors

= For alossless Tline, with a characteristic impedance Z. and an electrical length 6 = L,

j - tan(8) - (Z¢ — Z§)
2Z.Zy+j-tan(0) - (ZZ + Z%) obe 8™

S11 =

s IfZ. =7y-2> 511 = 0> the Tline is matched and thus S;; = I' becausea, = 0

fS11 =0 |Sy1]l =+/1—[S1]2 =1
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/ CoaX|aI cables

<

A

= Return loss = matching
ZO = 59 Q

oY, Zc,0 Zy =500

S
Connectors

= For alossless Tline, with a characteristic impedance Z. and an electrical length 8 = [L

j - tan(0) - (ZZ — Z§)

S . =
W22, 70+ - tan(0) - (Z% + Z32)
u |fZC = ZO 9 Sll =7
3 Z2-72
u If@ — E ?Tf 9 tan(@) - +OO 9 |511| = EZCZ—'FZZZ; and |521| = \/1 - |511|2
» IfO = 0, TT, 21 ... 2 tan(@) =0 > 511 =0 and |521| =1
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m3
freq=1.490GHz
dB(S(1,1))=-40.015

Université
Grenoble Alpes

= Tline of length L=9.2cm and of unknown Z,

m1 2

. 0 \ 4 0.0
ZO = 50 Q ADS - m1
-10— —-0.5 freq=2.000GHz
7 dB(S(2,1))=-0.107
-20— —-1.0
7 . m2
c Zo =500 = -0 —15 & Ifreq=4.000GHz
4/ L=9,2 cm 0 < o] ms3 L, @ 9B(S(2,1))=-0.18¢
< N\ @ 0] 0N
—I S 50— —-25 =
-60— —-3.0
o 70— -35
% | S-PARAMETERS | | i
MSub- : -80 ||||||||||||||||||||||||||||||||||||||||-4.0
A gpi’afam S 0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
amslBE L e freq. GHzZ
Cpgrermm - Steps00iGHz Insertion loss S,; and return loss S,
CCond=58E+6.
BRI | T s Why |S11] = |S22|? Why |S51| = |S12] ?
CTD=00025  F¥ pmar oo S ltmer = Without calculus, indicate the value of Z
- Bbase=-_ ----- 500 Swstewswr z=500nm =  What % of the total power is dissipated by the Tline at
. Dpeaks= . w=183¥mm - . A p) GHZ and at 4 GHZ?
- L=9.2cm -

Calculate the attenuation constant at 2 GHz.
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= S-Matrix of a matched transmission line (§;; = S,, = 0)
with propagation constant y and length L is:

bl _ O e_)/.L al _ 0 e—a.L_e—jB.L] . [al]
bZ] o e—’}/.L 0 . [azl— [e—(l.L. e_jﬁ.L O az
= Inlossless condiTion

S I Pl
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: : by aq
s Cascaded circuits Scattering matrix: [b2] =f ([azl)
(S d, 4, ), 43 )3
—_— < > « —
o0—  —
|:S1 1-1 —1 |:Sl 1-2 S12—2 :| 1-3 S12—3 :|
o— S2 1-1 S22—1 S2 1-2 S22—2 S21—3 SZZ—3 —
D — — > < —
bl—l b2—1 b1—2 b2—2 bl 3 b2 3

|:S11 S12:| )
o— S21 S22 Em—

It is incorrect to multiply the S-matrices of each circuit to obtain the S-matrix of the complete system.

e
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= How can we obtain the resulting S matrix of three circuits whose S matrices are known?

a._ a,_ a._ a,_ a3 a) 3
11 2-1 12 22
|:S111 S121i| {Snz S122:| {5113 Sus}
—~ S Spa = — (S0 Sy | — [S0s Sns =
— — — — — —_—

bl—l b2—1 b1—2 b2—2 b1—3 b2—3
= We convelit the S-matrices of eachigircuit into an ABCD-mattkix; then we calculate the total ABCD-matrix

A B A B
X X =
[ lC D1, C Dl; C Dlrotar
A B A B A B [ °® ¢ [ —©
® CD CDz CDB ® ® CDTotal o
= Convert the total ABCD matrix to obtain the total S matrix ¢, a, 1
—( G
—  1IH—*
|: 11 12:| Sll 512]
— S S —® S21 S22 Total
— —
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Conversion formulas: [ABCD]->[S] and [S]=>[ABCD]

AD(15511)(1—522)D5;2521 DADB/ZO—CZO—D
25, YT ALB/ZCZ, 11D
A0 S5,)A0S,) - 5,5, 2(AD - BC)
i S, [
s 25, “ T ADB/Z,11¢Z, 00D
i (1_511)(1_522)_512521 S 2
CDZO 25, T ALB/Z,0CZ, 10D
DD(I_'S“)(IDSZZ)DSIZSm 5 D—ADB/ZO—C'ZODD
25, ®  A0B/Z 1cZ, 0D
© Advantages: ® Disadvantages:
= Very intuitive = Difficult to measure = need to consider another

= Describes each access by current voltage

matrix: the more easily measurable S-matrix! ?
= Simple calculation for cascaded systems ,

= Matrix ABCD deduced from the measurement |
conversion of the measured S-matrix o
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= Introduction
s FieldsE, H
s Transmission line parameters

m S parameters
= Introduction & definition

s Examples quadripoles

= Microstrip line
= Filter technologies lumped component

. . . SMA TO
= Transmission line parameters "
BOARD JUNCTION /\
55 I,’—\“/ \‘/’ X
= ; \ ! /\
g Y :"","""""'T"’:, >
i I
545 : :/{'\ "\-"'f'\llr ':
] 1
2 P M ]
“ | topdoogoommmren ] )
TRANSMISSION \ ," TRA A ) /l
LINE 35 A H LINE r 7
\ \
2 I I BN

30
1000 11000 21000 31000 41000 51000 61000 71000 81000
DISTANCE (mm)




UCA
_}S(Partz ) Introduction : Lumped vs distributed components ™
= Lump components

= Capacitance and inductances
= Active filters

= Operational amplifier and

passive R and C components.
i i 1000 1 A distributed|
= Quartz & piezo electric O N [ﬁnpone@
material o .
. . | . l | I | 1TH
s Distributed components MO 00 OO
Fréquency
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R
= Q factor of lump inductor and capacitor P

) LW
R, Lo Qc = . {—"—

Y Q, = — - '
V L R,Cw
__JA - } R p C
10000 T T
120 i -
—p—2.0nH =10 nH —@— 1IpF = 5pF == 47 pF
100 —h—22 nH 100 nH T i\\ e 10 pF FpF
— = 180 nH 1000 N \
) j \\\\
ol | \\\ X\
\1—-::‘
40 4
10 -
20 3
D 1 T ] T 1 T 1 I 1 T T I T T Ll Ll Ll T I ] ]
100 1000 10000 0 500 1000 1500 2000 2500
Fraquency (MHZ) Frequency (MHz)
Q factor of inductor Q factor of capacitor

Q. >> Q; for a given frequency and impedance Limiting the use of inductor at RF
frequenct. Need to find a over technical solution : distributed component
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—\—

= Tline open stub can synthesize inductor or

capacitor =\ |Zinl
= Several Tline topologies o
é,,/ // | (Lg/D
coaxial line two-wire line (also twisted-pair) _mé h
24% & Vi
microstrip stripline coplanar strip (CPS) coplanar waveguide (CPW)

= Which Tline is the most appropriate one ?
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s The quality factor of Tline : Q = —g ~ Bvsfrequency
= For a transmission line with a length [,
we get: Q = LEE 19868 (IL is Insertion
2 a-l 2 1L

frequiency
Q vs frequency

a vs frequency

—
£ 1.4 s
g /
; .5
2 e

£ 4

% Acond
g 08

'g 0.6

Adiel

02 /
0
20 25

Q raise with frequency

50

0 5 10 15 20 25 fl’equency
frequency
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\x” & @g@\x G @6& @Q@Y\x

v

Q ,\’Q
Twisted 2-wire lines (few meters)

Coaxial cable

Microstrip line (MS) Coplanar waveguide (CPW) —

/
Rectangular waveguide (RWG)
Substrate integrated waveguide (SIW)
Metal!:ic vias

Metallic layers - JIC o
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= Problem : Lumped component can not be used above
qgq GHz: due to propagation problem (to their size) and
parasitic element of component reduce the Q factor.

= |n RF: possibility of making L and C components from
transmission line sections!

s Example of a low-pass filter
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m pstrip is a type of electrical transmission line where

a conductor is separated from a ground plane by a
dielectric layer (the substrate)

Strip

Substrate

Ground

= Microstrip line geometrical parameters are:
= W :the width of the metallicstrip &7
= h:the height (thickness) of the substrate
= t:the thickness of the metallic strip

Electric field

= Microstrip line electrical parameters are:
= &, :therelative dielectric constant of the substrate
= 0 :the conductivity of the metallic strip, and ground plane
= tgo :loss tangent or dissipation factor of the substrate




I UCA

.. . . . . PhITEM
} (Part2 ) 2D Transmission lines topologies : Microstrip

= Electrical field propagates through an
inhomogeneous medium (air and
substrate). z ) ]

= Wave velocity is governed by an I o /3 Rl ) )
erefr effective relative dielectric
constant(l < &perr < &)

= Microstrip secondary parameters I 1 el 1
EreffrZcand a can be calculated thanks to ) 2 2 V/1+12(h/w)
CAD (Computer Aided Design) formulas.

: . ( Z, h w

= In particular, the set of quz.atlons proposed G (8 + E) when — < 1
by Hammerstad who modifies on Wheeler  Zumicrostsp = S Zo chen Y s
are perhaps the most often used |V |+ 1393+ 0.667In (% + 1.444)| ™
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= A microstrip line based on substrate with a
thickness h =1.5 mm, &, = 3.36 and dieletric
losses tg6=0.002. The conductor is copper t=
35 um thick

Explanation of the shape of the curves
Microstrip line equivalent capacitor (primary
parameter) could be approximated as a plane
capacitor

3.1
3
2.9
2.8
2.7
2.6
25
l’
24 +f
'

2.3
2.2

200
180
160

UGA

. . . PhITEM ...
ogies : Microstrip examplé

-

o
o
o

“‘-5444‘

140 +}
120 -H\

100 +—\

N
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= Example of Microstrip line design with LineCal (ADS tool) :
= Z,=50Q0and 6 =pB.L =§@1GHz

= Substrate
= geometrical parameters: H = 1.5 mm and t = 35um
= electrical parameters ¢, =3.6, tgd = 0.002 and 0=4.1 10/

Component
Type MLIN v ID MLIN: MLIN_DEFAULT v

Substrate Parameters 5
Physica //‘\
= L
D | MSUB_DEFAULT ” w mm | M
— L .
Er 3.600 N/A vl A e = Results
Mur 1.000 N/A v i E kw v _ _
NA v W =3.2 mm L =44.7 mm
H 1.500 mm e
Hu 3.9e+34 mm i i culated Re Ereff = Kef f— 2.81
K_Eff = 2.807 _
T 35.000 um v ‘ZI ‘zl ALDB = 0022 Gde/m = (0.022
Cond 4.1e7 N/A v i SkinDepth = 0.002
v

Component Parameters

Freq 1.000 GHz v

P ————
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Frequency dispersion of Z,

m1 m?2
freq=15.00GHz freq=14 .88GHz
_ dB(S(1,1))=24.172| |dB(S(2,1))=-2.081
R o o
e [ _|@|.S,PARAMETERS.I. | \ e O i
s e - EEm—— ! 21
TMSUB- - emy S
- MSubl - Stat=0.1 GHz ©
. H=A5mm = = - Stop=20GHz - - 20—
_ Er=36 Step=10MHz . .
Mur= o~ u
© Cond=4.1E7 = m ‘l ==
© Hu=3.9e+034'mit - o
e = Nt | 85 -
. TanD=0.02 . [ D /| &g
- Rough=0mil ¥ TermG . MLN- L ’
Bbase= + TermG1  TL1 ] TermG
" Dpeaks= - |'<|Num=1 Subst="MSub1" | <[ TermG2 - 60— S
Z=50 Ohm £ mm
.. . L=447.mm! . . |.1.|Z=500hm. |
\// '80 T I T I T I T I T I T I T I T I T I T
0 2 4 6 8 10 122 14 16 18 20
freq (100.0MHz to 20.00GHz) freq, GHz
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= Pro |
= planar transmission line simple and very easy to I "
realize '
EFFECTIVE
MICROSTRIP )
m Con S .nug:‘v:f:w
= Complex design secondary parameters equations | i
= Dispersion of &,.¢r and Z. vs frequency :
—T FREQUENCY { ——e=

= Surface Waves and higher-order modes

= Coupling between the quasi-TEM mode and surface wave TR
mode become significant when the frequency is above f; /.= 2
\/Efrh\/gr -1
C

= Cutoff frequencyf, of first higher-order modes in a microstrip

The operating frequency of a microstrip line < Min (fs , f; ) Jo= \/; ( W +0 Sh)
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= The non-homogeneity of the microstrip line

(propagation in air + dielectric) induces a wave which is
not TEM (E 1 17) but quasi-TEM (use of effective relative

permittivity)

= First quasi TEM mode EH, and higher-order propagation

mode EH, and EH, appear at frequency above cut-off

frequency \
F d- . = Eé-’\
n rsion 3.8 - —

requency dispersio ‘—,._.—

Ofgreff EH1

B 2.0

Normalized ko EHo/” N\
propagation ; ok X_radiation,

constant B/k, &gi\oni
'B = W /greff'/CO 0 D 1

. N\
1
0 10 20 30 40
ko = w+\/€g. Uo f in GHz

UCA
' . h s
- Microstrip " o

2727

greﬁ"

Z g

i=>
( gr
& |

EZ

Electric field distribution EH,

JENNVIIZNN
<7« ¢ VAL L YN 2. |

—»—— E-field lines

Electric field distribution EH;
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= Radio and microwave frequencies (from 100 MHz to 100GHz) are widely used
for guided and wireless data transmission to meet the increasing demand for
data rate and bandwidth but also for other medical, industrial, military and
research applications

= The increase of the frequency induces the necessity to take into account the

propagation and reflection phenomena (L < zio or 5% of 1)

= To describe these phenomena two sets of parameters are available : the
primary parameters of a transmission line (RLCG) or the secondary parameters

(Zc Vp and Alpha)

= To describe the interactions at the input and output ports, the S-parameters
are the most suitable, but they are not cascadable and must be associated with
the ABCD-parameters



