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Materials

RF-OPTO

https://rf-opto.etti.tuiasi.ro
David Pozar, “Microwave Engineering”,
Wiley; 4th edition, 2011

1 exam problem € Pozar
Photos

sent by online exam
used at lectures/laboratory



Examen: Logarithmic scales

dB =10°log, (P,/P,) dBm =10°log, (P/1mW)

odB =1 odBm =1mW
+0.1dB =1.023 (+2.3%) 3dBm =2 mW
+3dB =2 5 dBm =3 mW
+5dB =3 10 dBm =10 mW
+10dB =10 20 dBm =100 mW
-3dB = 0.5 -3dBm = 0.5 mW
-10dB =0.1 -10dBm =100 pW
-20dB = 0.01 -30 dBm =1 uW
-30dB = 0.001 -60 dBm =1 nW

[dBm] + [dB] = [dBm]

[dBm/Hz] + [dB] = [dBm/HZ]

[x] + [dB] = [X]




Complex numbers arithmetic!!!!
z=a+j-b;)P=-1



Introduction



~ Microwaves

Electrical Length (Phase Length)
| — physical length
E = B-1 — electrical Length

27 [
pi=Sa-an{g)

Ezlg.lzz_”.(g.f.\/g)

Co

V, [ vary
~ useless

Dependency
antenna gain
radar cross-section



Electrical Length

Behavior (and
description) of any
circuit depends on
his electrical length
at the particular
frequency of
Interest

E=~o =2 Kirchhoff

E>o0 -2 wave
p I’O pa g at | O n Maxwell’s Equations

(c)
27 /
E: 'l:—'l:27z-' —_—
& A (ij

KVL, KCL




TEM transmission lines




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design
Microwave filters

Vil Leni )



The lossless line

MW V(z)=Vy e /77 +Vy el P

1(z)= ’; —Jﬂz_gej'ﬂ'z
0 0
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| _V O) Ve +V,
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'ZO

voltage reflection
coefficient

VO_ _ ZL _ZO
Ve Z,+7Z,

A'\

I =

Z, real



The lossless line

Average power flow is constant along the line

(noP,4(z))
can be measured
We can use the power to characterize the

amplitude of a signal
a very “energetic” (basic physics) point of view
more power = “more” signal



The lossless line

input impedance of a length [ of transmission
line with characteristicimpedance Z,, loaded

with an arbitrary impedance Z,
L

_______l;l_____..
S
N




Power transfer

Impedance Matching




Matching , from the point of view of

power transmission

If we choose a (any) real Zo 2

Z, =27 zZ-2, I, =T,

complex numbers
in the complex plane
>Re [




Reflection and power /| Model

Z. P PL . s PL
! :> Z, " B

S o) @1

The source has the ability to sent to the load a certain
maximum power (available power) P,

For a particular load the power sent to the load is less than
the maximum (mismatch) P, <P,

The phenomenon is “as if” (model) some of the power is
reflected P, =P_,- P,

The power is a scalar!




The quarter-wave transformer

Impedance Matching




The lossless line, special cases

[ = k}\/z ﬂ-l:%-l:k-ﬂ' tan f-1=0 in _ZL
[=Ng + kA2 ﬂ-z:§+k.ﬁ tan B-1 — o

L

_______l;l_____..
S
N




Bandwidth

0.3

[

0.1 | 4

N

0 - -
1/3 ! 5/3
o




Binomial multisection transformer

Exact results

N = N=23 N =4

Z1/Zg AV A YA Z1/Zy  Z2/Zy Z3/Zy | Z1/Zy Zy/Zg Z3/Zy  Z4]Zy

1.0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

5 1.1067 1.3554 1.0520 1.2247 1.4259 [.O257 l:1351 1.3213 1.4624

2.0 1.1892 1.6818 1.0907 1.4142 1.8337 1.0444 1.2421 1.6102 1.9150

3.0 1.3161 2.2795 1.1479 1.7321 2.6135 1.0718 1.4105 2.1269 2.7990

4.0 1.4142 2.8285 1.1907 2.0000 3.3594 1.0919 1.5442 2.5903 3.6633

6.0 1.5651 3.8336 1.2544 2.4495 4.7832 L1215 l.7323 3.4182 5.3500

8.0 1.6818 4.7568 1,3022 2.8284 6.1434 1.1436 1.9232 4.1597 6.9955

10.0 1.7783 56233 1.3409 3.1623 7.4577 1.1613 2.0651 4.8424 8.6110

N=5 N =6

Zi]Zo | Z1/Zy Z2/Zo Z3/Zo Za/Zo Zs|Zy | Z1/Zo Z2/Zo  Z3/Zo  Za/Zy  Zs/Zo  Ze/Zo
1.0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1.5 1.0128 1.0790 1.2247 1.3902 1.4810 1.0064 1.0454 1.1496 1.3048 1.4349 1.4905
2.0 1.0220 1.1391 1.4142 1.7558 1.9569 1.0110 1.0790 1.2693 1.5757 1.8536 1.9782
3.0 1.0354 1.2300 1.7321 2.4390 2.8974 1.0176 1.1288 1.4599 2.0549 26577 2.9481
4.0 1.0452 1.2995 2.0000 3.0781 3.8270 1.0225 1.1661 1.6129 2.4800 3.4302 3.9120
6.0 1.0596 1.4055 2.4495 4.2689 5.6625 1.0296 1.2219 1.8573 3.2305 49104 5.8275
8.0 1.0703 1.4870 2.8284 5.3800 7.4745 1.0349 1.2640 2.0539 3.8950 6.3291 7.7302
10.0 1.0789 1.5541 3.1623 6.4346 9.2687 1.0392 1.2982 2.22135 4.5015 7.7030 9.6228




Chebyshev polynomials

— T.(x) A
T (x)=x

equal-ripple
~1<x<1 = [T,(x)<1

' (x)= 25T, (¥)=T... (v




0.3
0.2 — N=1
IT|
0.1 \°
A 4
NXAAANAY
1/3 | 5/3

o



Chebyshev multisection transformer

Exact results

r]]] = ()()5 r”] == ()2() r]n — ()()5 r;n — ()2()

Zrldy | Z1/Zy Zaof/Zo | Z1/Zo Za2/Zo | Zy/Zy Za/Zy Z3lZlo | Z1[/Zy Z3/Zy Z3/Zyp

1.0 1.0000  1.0000 | 1.0000  1.0000 | 1.0000  1.0000  1.0000 | 1.0000  1.0000  1.0000
1.5 1.1347  1.3219 | 1.2247 1.2247 | 1.1029 1.2247  1.3601 1.2247  1.2247  1.2247
2.0 1.2193  1.6402 | 1.3161 1.5197 | 1.1475 1.4142 1.7429 | 1.2855 14142  1.5558
3.0 1.3494 22232 | 14565 2.0598 | 1.2171 1.7321  2.4649 | 13743  1.7321  2.1829
4.0 1.4500  2.7585 | 1.5651  2.5558 | 1.2662 2.0000 3.1591 1.4333  2.0000  2.7908
6.0 1.6047  3.7389 | 1.7321  3.4641 1.3383  2.4495  4.4833 1.5193 24495  3.9492
8.0 1.7244 46393 | 1.8612 42983 | 1.3944 28284 57372 | 15766 2.8284 5.0742
10.0 1.8233 54845 | 19680 5.0813 | 1.4385 3.1623 69517 | 1.6415 3.1623  6.0920

N =4

r]” = ().()5 r”] = ().2()

Zr/Zo | Z1/Zo Z2/Zo Z3/Zoy Za/Zo | Z1/Zo Z2]/Zo Z3/Zo  Za/Zy

1.0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1.5 1.0892 1.1742  1.2775 13772 | 1.2247 1.2247 1.2247  1.2247
2.0 1.1201 1.2979 1.5409 1.7855 1.2727 1.3634 1.4669  1.5715
3. 1.1586  1.4876  2.0167  2.5893 1.4879 1.5819 1.8965  2.0163
4.0 1.1906 1.6414 24369  3.3597 1.3692 1.7490 22870  2.9214
6.0 1.2290  1.8773  3.1961  4.8820 | 1.4415  2.0231 29657 4.1623
8.0 1.2583  2.0657 3.8728  6.3578 1.4914 22428  3.5670  5.3641
10.0 12832  2.2268 44907  7.7930 | 15163 24210 4.1305  6.5950




Laboratory 1

Impedance Matching




Term

Binomial multisection transformer

Term1 TLIN TLIN TLIN Term
Num=1 TL1 TL2 TL3 =
Z=100 Ohm Z=86.03 Ohm Z=54.77 Ohm Z=34.87 Ohm ;‘Eg’é‘éh
E=90 E=90 E=90 - i
F=3 GHz F=3 GHz F=3 GHz 1
, m?2 m 1 m3
r'.[(]ﬁ'ﬂ S-PARAMETERS freq=1.915GHz freq=3.000GHz freq=4.085GHz
m— mag(S(1,1))=0.100] |mag(S(1,1))=3.449E-6| mag(S(1,1))=0.100
;E’v‘]d!cx!ﬂ / Ir)r 05 1
Start=0.5 GHz .
Stop=5.5 GHz i
Step=0.001 GHz 0.4—
f—ff 0.3—
'
8 0.2-]
£ _:
i 2 m
0.1—
Af = 2.169GHz !
d m1
A 4
&0 | | | | | | | | |
05 1.0 1.5 2.0 25 3.0 35 40 45 50 5:5

freq, GHz



Chebyshev multisection transformer

t Term

Term1 TLIN TLIN TLIN
Num=1 L1 TL2 L3 Term2
Z=100 Ohm Z=77.68 Ohm Z=54.77 Ohm Z=38.62 Ohm s
= E=90 E=90 E=90 Z=30 Ohm
i F=3 GHz F=3 GHz F=3 GHz 1
- m2 m1 m3
r".?,."' S-PARAMETERS freq=1.453GHz freq=2.301GHz freq=4.548GHz
mag(S(1,1))=0.100{ |mag(S(1,1))=0.099 mag(S(1,1))=0.100
S Param
SP1 ADS 05—
Start=0.5 GHz -1
Stop=5.5 GHz i
Step=0.001 GHz 04—
= 0_3—:
2 J.
8 02-]
g -
i 2 m1 m
0.1—
Af = 3.096GHz :
oo | | | | | | | | |
0:5 1.0 1.5 2.0 25 3.0 35 4.0 45 5.0 9.5

freq, GHz



General theory

Microwave Network Analysis




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers >
Microwave amplifier design
Microwave filters
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Impedance matrix —Z

B 2 {K}Z{Zn 212]{11}
V, Ly Ly |1,

Vi=Zy- L1 +Z4Zy,-1,

Vo=24y-11+Zy -1,

% Z11 —input impedance with
Vi=2, -1 Z, = e
1= 211" My, =0 = open-circuited output
Zn—ﬁ le—5 221:& Zzz—E
]1 1,=0 ]2 1,=0 ]1 1,=0 ]2 1,=0



Admittance matrix-Y

; 2 PHY Y}m
12 Y21 Y22 V2

¥ y L=+,
L=Y) - +1¥,V,

L=Y, W, ., ¥, 4 Y11—in_put_admittance with
’ Mly,-  short-circuited output
1 1 1 1
By =— ¥, =—- Yy === Y, ==
4 V,=0 Vs V=0 V V,=0 Vs V=0




Network Analysis

Each matrix is best suited for a particular mode of port
excitation (V, I)
matrix H in common emitter connection for TB: I, V¢
matrices provide the associated quantities depending on
the “attack” ones
Traditional notation of Z,Y, G, H parameters is in
lowercase (z, y, g, h)
In microwave analysis we prefer the notation in
uppercase to avoid confusion with the normalized

parameters
Z Y 1Z Z
Z, i Y, 1z, Z )
Zy = m=—=Zy Y

Z, Y



ABCD (transmission) matrix

S o T

I C Dj||l1,
A B
Vl V2
C D Vi=A-V,+B-1,
v v
I, =C-V,+D-1,
I,| A4-D-B-C|-C 4 ||]
A=20 p=2 c=11 p=1
£ 1,=0 L Vy=0 £ 1,=0 I Vy=0




ABCD (transmission) matrix

V, A5 Vv
C D 3

A B| [4 B/|[4 B,
c D| |c, D||C, D,




ABCD (transmission) matrix

suitable only for two-port networks (Z,Y can
be easily extended for multiport / n-ports)
allows easy coupling of multiple elements
allows the calculation of complex circuits with
one input and one output by breaking them
in individual component blocks
a library of ABCD matrices for elementary
two-port networks can be built up




Example for ABCD matrix

We break the circuit in elementary sections
Sources are left outside

If necessary, input and output ports are created (and left
open-circuited)

50 Q

AAAAY
3[00@
:

A B
C D

1

}:]\41%42.]\43.]\14 VI:A-V2+B-[2\12:O V=A°VL—>VL=K



Homework

Subject no. 1
MDCR Lecture 4 (Impedance Matching / Network Analysis) — supplemental activity

Write on a piece of paper and scan (or photograph, use app, etc. to obtain 1 pdf/jpg file) the
proofs/relationships:

e for finding the expression for the 4th order Chebyshev polynomial (similar to L4 S69).
e for finding the ABCD matrix for (similar to L4 S96 for S97-101):
o shunt admittance
transmission line
transformer
m network

O © 0O O

T network



(Somewhat!) Specific theory

Microwave Network Analysis




The lossless line

MW V(z)=Vy e /77 +Vy el P

1(z)= ’; —Jﬂz_gej'ﬂ'z
0 0

|

|

|

|

| _V O) Ve +V,
| Z Z, =

|

|

|

|

'ZO

voltage reflection
coefficient

VO_ _ ZL _ZO
Ve Z,+7Z,

A'\

I =

Z, real



The lossless line

Average power flow is constant along the line

(noP,4(z))
can be measured
We can use the power to characterize the

amplitude of a signal
a very “energetic” (basic physics) point of view
more power = “more” signal



Scattering matrix-S

Scattering parameters

V, Vv, Vi _ St Si . V1+
«— — Vy | Sa Swl | V)
V V
e [ F
2> Sy ==+ Sy =%
Vi V, =0 Vi v, =0

v, =0 meaning: port 2 is terminated in
matched load to avoid reflections towards

the port
L=0->V,=0



Scattering matrix-S

V; [S] V; S11 :E

V+
r1 S r2 S 1 V2+=0
2T 2111, =0
1 V2+:0

Sa1is the reflection coefficient seen looking into
port 2 when port 2 is terminated in matched load
S21is the transmission coefficient from port z
(second index!) to port 2 (first index!) when port 2
is terminated in matched load



Scattering matrix-S

S matrix can be extended to multiple ports

s s
N i 1+
% v
L Vk+=O,Vk?’—'i J Vk+=O,Vk?’—'j

S. is the reflection coefficient seen looking into
port / when all other ports are terminated in
matched loads

S; is the transmission coefficient from port
(second index!) to port / (first index!) when all
other ports are terminated in matched loads



Properties of S matrix

If portiis connectedtoa o 0
01
transmission line with z,]=] ¢ .
charateristicimpedance Z_ 0 Z,
Lecture 2 y(o)=pre/# syper?s ()= pinz Yo ine
Z, Z,

In the port’s reference P AN 2

plane, z=0 Vi=Vi+V I; = ZOi_ Z
Relation to Z matrix (2] [1]=[V]

2} N=[z,1" 2} ] -z 20 -] =l |+l

123 74 Rl I 72 e 4 B £ U 8 U N (74 S A8 U S (A PR P

| =[sl] sl=(z]-1z,)-(z]+(z,)”




A Shift in Reference Planes

| I
vit YU~ vi |,
| | ort
vii <If vi <
| |
Zi= ll <] =il()
N-port
network
[S1, [S']
| I
| |
| |
- AU
ortn
Vi <—f].:ﬂj\ vy <—f|lﬂ]'1
| |
Zn=ln Z,l=0
Figure 4.9 e e [ _ 9 ]
e ™ 0 0
)
0 e’ 0 0
[s']=] RN
0 e_j'gN

De-Embedding

0 e 0
e’% 0 0
e—]"HN




Properties of S matrix (Z,Y)

Reciprocal networks (no active circuits, no ferrites)

Z,=Z;Nj#i
Y, =Y;,Vj#i t
S;=8,,Vj#i [s]=|S]

L ossless networks
Re{Z, {=0,Vi,

.. N
Re{Y} 0,Vi, ZSk, Sk,—l
Zs,a S =0;,Vi, j s

AY S =0,Vi
ST 0T = 2 Su Sy =0.91%




Generalized Scattering Parameters

The total voltage and current on a transmission
line in terms of the incident and reflected
voltage wave amplitudes

V=Vl 7 :L.(V(; _VO—) In the pczrt’s reference
Z, plane, z=0
We find the incident and reflected voltage wave
amplitudes
yo V2 yo V=2l
2 2

The average power delivered to a load :

h :%'RC{V.I*}: 2‘120 .RG{VOJr 2 _VoJr 'Vo_* ‘|‘Vo+* -V _‘VO_‘Z}

= 2-120 ( 2_‘1/(’_‘2j os)tm

VO+




Generalized Scattering Parameters

The average power delivered to a load:

] 2 12

po=— (el Wil )
2-7,
Restrictions

Result valid for Zo real

Requires the presence of a line with characteristic
impedance Zo between the source and the load

VO+

Zg ]
AAAA —>
+

wQ  via




Generalized Scattering Parameters

We define the power wave amplitudesa and b

= the incident powerwave 7, =R, + j- X,
2y Ry Any complex impedance,

B |44 —Z; i named reference impedance

- the reflected power wave
2-\/Rp

Total voltage and current in terms of the power
wave amplitudes

a

b

v Zw-a+Zy-b
VR
[:a—b

IR,



Reflection and power [ Model - L3

R, "Ei‘z

T (R+R,V +(X X, )

GD P FL:ZL_ZO
r Z,+7Z,

[ power reflection
+ X ) 1 P o
L) | P’ coefficient




Power waves

_a, 1 .
P =—-Re{V-I'|
Y 2
Z, P - ! ke ZR-a+ZR-b_[a—bj >
v ZL 2 Ry Ry

__.|a|2_l.|b|2 le=7")=1Im VZ,eC

GO PL—ERe{Z Jaf ~Zya b’ 4 Zya bz ]
! \_/
P =




Power waves

V:M = VO P :VOz. RL
Z,+Z, "7 +Z . z +Z\2
g L g L
If we choose Z,=7,
Z, Z,
_|_
YAzl 2,47, 2,47, JR,
2-JR, 2-JR, " Z,+Z,
Z, _ Z,
b:V—Z;.]:V.Zg+ZL Z,+7,
2-JR, ' 2-JR,
2
P= ol =T




Power waves

When the load is conjugately matched to the

generator
] 1 Ve
Z,=2, Py =7 la = 22
Power reflection: L3 :
* Z-Z,
ZL:Zi PLmaXE})a r:Z_|_Z
0

Z,#Z, P=P.C

|2

p=p -k == =2 {1-1T)

Power reflection: Lg

b V-Z.-1 Z —-Z

1 1 1 _Y_ R _ LT 4R

PLmax: aza"a‘z L= 5 ‘a‘z_io‘bf Fp a V+ZR'] ZL+ZR
1 2 1,2 2 2 2 1 0
It LA N A L i Y e




Scattering matrix for power waves

[S,]




Power waves

To define the scattering matrix for power
waves for an N-port network
(Zp 0 0] 1/2 Ry - 0

Z]=| ¢ . (F]-

0 - Zp, | 0 1/2 /RRn




Power waves for N ports

pl=[F]-(2]- 2] ) (2)+ [z ) [F ] L]
The scattering matrix for power waves, [S ]
b]=Is,] [a]
s, |=[F]-(2]-[z:T ) (2] + [z ) - [F T

But:  [s]=(1z]-1z,)-(Z]+]Z, )"

Typically

Lo =ZLp =Ry, Vi [S] _ (g thgy_
Ry =50Q pl [ ] coincide!!!




Scattering matrix-S

d, d, |:b1:|:|:S11 S12:| |:al}
<b— T) b, S Sn ||
1 |
o s, b
Sy =—+ Sy, =%
al a2:O CZ2 a1=0

S.,and S, are reflection coefficients at ports
1 and 2 when the other port is matched



Scattering matrix-S

d, d, |:b1:| :{Sn S12:|_|:a1:|
<b— T) b, S Sn | a4
1
[S] : b b
al a2=0 Cl2 a1=0

S,.siS_, are signal amplitude gain when
the other port is matched



Scattering matrix-S

d d
1 2 |:b1:|:|:S11 S12:|_|:a1:|
«—— —_ b, S Sn | a4

‘S ‘z _ Powerin Z, load
1 Power from Z, source
—
a,b
information about signal power AND signal phase
S..

]
network effect (gain) over signal power including
phase information



Measuring S parameters - VNA

Vector Network Analyzer

Agilent Techaologies

TRACE/CHANNEL 4
' @ @ : !
- PRTEG e o1 e - 4 T -y o -
i i 4y
" I
|

RESPONSE ENTRY

SIS AN
=N N N
™ & (* ¢ ) tEAE
=) CICC A
=) GG

STIMULUS uTTY

e CaCNE
EhEE U

<

uoo0ouooou

Figure 4.7
Courtesy of Agilent Technologies



Relation between two port S

parameters and ABCD parameters

Zm (1+S11 _Szz _AS)

A =
Zoz 2Szl
I+S5,+S, +AS
B: Zolzoz( 11 22 )
28,
oo L 1-5,-S,+AS
\/201202 2S21

b |Zn =8, +8, -AS
ZOl 2S21

AS = S11S22 _S12S21

Sll

12

S21

S22 o

_ AZoz + B - CZmZoz _DZm
AZ, +B+CZ,Z,, +DZ,,

~ 2(4D-BC)\Z,Z,
- AZ, +B+CZ,Z,, +DZ,,

2 \ Z(nZoz
AZ,+B+CZ,Z,, +DZ,
 -AZ,+B-CZ,Z,, +DZ,

AZ,+B+CZ,Z,,+DZ,




Even/Odd Mode Analysis



Even/Odd Mode Analysis

useful method, necessary even for multiple
ports

example, resistors, two port circuit
100 Q

50 Q 50 Q

@ o ®




Even/Odd Mode Analysis

I
assume we want to computeY Y, :?1
E2 =0 Hpy=0
100 Q
50 Q
— — 100 Q
&)
) E)
25 Q) <o o
R,, =100Q || (50Q2+25Q2||50Q0) = /
L =0.0258

=100Q||(50Q+16.67Q) =100Q || 66.67Q =40Q 111 =~

1

V2 :O



Even/Odd Mode Analysis

Even/Odd mode analysis benefit from the
existence of symmetry planes in the circuit
existing or

created (forced) | symmetry plane

100 50 O 50 O

50 O 50 Q) 50 O

® [l OO .

50 Q




Even/Odd Mode Analysis

when exciting the ports with symmetric/anti-symmetric

sources the symmetry planes are transformed into:

open circuit +V, Rech [ Rech +V,_ Sources have the

_ I same polarity
virtual ground > +

- =0 y _
'symmetry plane 6/) | VD [ = O’VVx

() v Iy v () P=0,YV,
v P:OV| v symmetry plane

+_O\yirtual ground

200 ' 2022 - ' — symmetry plane
| open circuit
50 O I 500 oV — oV

i R R
| +V, b o =< -V, Sources have

50 Q 50 Q M |- opposite polarities
I
i
[
I



Even/Odd Mode Analysis

the combination of any two sources is equivalent for
linear circuits with the superposition of:

a symmetric source and +

i - ‘— E =E°+E°
a anti-symmetric source |, Ee I

'symmetry plane @1 N— : E,=E°—-E"°
50 Q 50 Q >
AC!

50 Q 50 Q < Ee:E1+E2
50 Q 50 Q

EE) <<:>><E>l EO:EI%EQ
- ®)

+




Even/Odd Mode Analysis

In linear circuits the superposition principle is
always true

the response caused by two or more stimuli is the sum
of the responses that would have been caused by each
stimulus individually

Response ( Source1 + Source2 ) =
= Response (Source1 ) + Response ( Source2)

Response(ODD + EVEN ) = Response (ODD ) + Response ( EVEN)

N S

We can benefit from existing symmetries !!



Even/Odd Mode Analysis

example 100 ©
50 Q 50 Q
_—
)| E
) va (©)
’ 50 Q
; +-
Vily, <o E, d :
2y E
V2 EE2 =0= 2 D 208 '
E, I
I

| symmetry plane

50 Q

SOQ“

ve ©




Even/Odd Mode Analysis

Even/Odd mode analysis

ifo ﬁ 50 O
50 O 50 O

N
7

N
7

©f G -
Vi 50 Q2 \2 50 Q

v v

R, =50Q+50Q =100Q R°, =50Q]|50Q =250
]e_Ee _EJ2 E If:EO =E1/2: E,
"ORS 10002 2000 R, 25Q 50Q

ech

EVEN - symmetry plane open circuit ODD - symmetry plane virtual ground



Even/Odd Mode Analysis

superposition principle

100 Q
__ge 0
50 Q 50 Q [1 —]1 -I-]1
T
I __qre 0
© ® i
v, 250
[ =1+ = =) + E__E
T T 000 T 500 400 vy ch_ 1 000sg

V=V 4y =F, oA



Even/Odd Mode Analysis

In linear circuits we can use the superposition
principle
advantages

reduction of the circuit complexity

decrease of the number of ports (main advantage)

Response (ODD + EVEN ) = Response (ODD ) + Response ( EVEN )

N

We can benefit from existing symmetries !!



Power dividers and directional
couplers




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design

Microwave filters
Vil Leni



Introduction



Power dividers and couplers

Desired functionality:
division
combining

of signal power

DiVider = P2 = aP] P] - P2 + P3 DiVider <_P2

Py > or E or
coupler f——m9 Py=(1-a)P, coupler -~

(a) (b)

Figure 7.1
© John Wiley & Sons, Inc. All rights reserved.



Balanced amplifiers

0°, -9 dB
3 an 40 dB
. -3 -3 dB
0%, -6 dB 0°, +31 dB
AW
. >< 90°, +31 dB ><
LYWW 90°, -9 dB
40 dB
0°, -3 dB _3a8 80°, +34 dB —3dB
A
>< 180°, +34 dB ><
_—
LW 90°, -9 dB
40 dB
90°, -6 0B _3a8 90°, +31 dB —3d8
WA
" >< 180°, +31 dB ><
LW | 180°, -9 dB
40 dB
Signal in -3 dB 180°, +37 dB —3dB
(s \l“.l’\"'vl
>< 270°, +37 dB ><
DWW 90°, -9 dB -
40 dB 270°, +40 dB
90°,-6 dB —3d8 90°, +31 dB _3d8
W
>< 180°, +31 dB ><
—ENW | 180°, -9 dB
40 dB
80°, -3 dB 348 1809, +34 0B —3dB
AN
>< 270°, +34 0B ><
DWW 180°, -9 B
40 dB
180°, -6 dB L 180°, +31 dB “3dB
"v"‘u‘\f\r:‘_
>< 270°, +31 dB ><
=il | 270" 308
40 dB



feedback amplifier

IN (50Q)

5002

5002

£00) OUT (509Q)
SOQ \
50Q2

o

50()



Three-Port Networks

also known as T-Junctions

characterized by a 3x3 S matrix
Sll S12 S13

[S]: Sy Sy Sy

: —S?I S32. 53 | e :

the device is reciprocal if it does not contain:
anisotropic materials (usually ferrites)

active circuits
to avoid power loss, we would like to have a
network that is:

lossless, and

matched at all ports
to avoid reflection power “loss”




Three-Port Networks

reciprocal

[S]:[S]t Sij :Sji»
S =883 =831,95 =5,

Vj#£i

matched at all ports
S, =0,Vi S, =0,5,,=0,5,,=0

then the S matrixis:

0 5, S13
[S] = Sl2 0 S23
_S13 Sz3 0




Three-Port Networks

reciprocal, matched at all ports, S matrix:

[ 0 APRVE
[S] — S12 0 S23
_Sl3 Sy 0

lossless network

all the power injected in one port will be found
exiting the network on all ports

ST -[sT =111 >SSy =6,,Yi,)
k=1

N * N *
k=1 k=1



Three-Port Networks

lossless network v

0 S, S, szki Sy =1
-
[S]: S, 0 5, N

Sl3 S23 0 ZSICZ Slg =O,Vl ¢]
- k=1

6 equatlons [ 3 unknowns
Slz T 13‘ =1 S13Sz3_0

2

Sy +S23‘ =1 128, =0

2

Sis| + 523‘2 =1 S;Slz =0
no solution is possible




Three-Port Networks

[ 0 S, i
[S] — S12 0 S23
_S13 Sy 0

6 equations [ 3 unknowns
no solution is possible

A three-port network cannot be simultaneously:
reciprocal
lossless

matched at all ports
If any one of these three conditions is relaxed,

then a physically realizable device is possible



Nonreciprocal Three-Port Networks

usually containing anisotropic materials, ferrites
nonreciprocal, but matched at all ports and
lossless S, =S,

S matrix 0 S, S
[S]=|S, 0 S,
S, S, 0
6 equations / 6 unknowns

Sol +[S,[[ =1  838,=0

Syl +Syu =1 85,8, =0

Syl +Su =1 $58,=0




Nonreciprocal Three-Port Networks

two possible solutions
circulators

clockwise circulation
[51{

0
512:S23:S31:O 1
0

‘Szl‘ :‘Ssz‘ :‘SB‘ =1

counterclockwise circulation

0

1

S21:S32:S13:O 5
‘Slz‘ :‘st‘ :\S31\ =1 R [

-

-



Nonreciprocal Three-Port Networks

circulator often found in duplexer
=D

enna

5} -

Transmitter Antenna




Mismatched Three-Port Networks

A lossless and reciprocal three-port network
can be matched only on two ports, eg. 1 and 2:

0 S O3 S1*3523 =0
[S]=|S, 0 S, .S, +8558, =0
_S13 S23

S;Slz +S§3S13 =0
Si3 =55, =0 S122+S13‘2=1

‘SB‘ :‘st‘ i

Sis| + S23‘2 +‘S33‘2 =1

‘Slz‘ = ‘533‘ =1



Mismatched Three-Port Networks

A lossless and reciprocal three-port network

0

Sl2

Sis

0 S23\

53

S33_

. e e e e, s e e s . e’

0

0
e]

0

0
e]

0
0

S13 :S23 =0

'

‘Slz‘ - ‘Sss‘ =1
S, = e’

— /P

A lossless and reciprocal three-
port network degenerates into
two separate components:

a matched two-port line

a totally mismatched one-

port:



Four-Port Networks

characterized by a 4x4 S matrix
_Sll S12 Sl3 Sl4_
S21 S22 S23 S24
S31 S32 S33 S34
S4l S42 S43 S44_

51-

the device is reciprocal if it does not contain:
anisotropic materials (usually ferrites)
active circuits
to avoid power loss, we would like to have a
network that is:
lossless, and

matched at all ports
to avoid reflection power “loss”



Four-Port Networks

reciprocal

[S]:[S]t Sij :Sji»
S =883 =831,95 =5,

Vj#£i

matched at all ports
5, =0,Vi 511 =0,5, =0,5;; =0,5, =0

then the S matrix is:

O S12 Sl3 Sl4
SlZ O S23 S24
S13 S23 O S34

_S14 S24 S34 O

51-




Four-Port Networks

reciprocal, matched at all ports, S matrix:
I 0 S12 S13 S14_
[S]: S12 O S23 S24

S13 S23 O S34
S S Sy 0

lossless network

all the power injected in one port will be found
exiting the network on all ports

N
ST -[sT =11] D Si Sy =8;,Yi,j
k=1

N * N *
k=1 k=1



Four-Port Networks

S1*3 'Sz3 + S1*4 8,5, =0 /'S; S1*2 'S23 + 51*4 'S34 =0 / Si
S1*4 'S13 + S; 'Sz3 =0 / S1*3 S1*4 Sy, + S; 'Sz3 =0 / S;
St (1suf =[5 )0 S+ (I5af” =[5 )0

0 S, S§; O
S, 0 0 5y
S 0 0 5y
0 5 & O

one solution: S,,=S5,,=0

resulting coupler is directional 5]

Su| +[Ss| =

122 ) 2 > ‘SB‘:‘S%‘
S12 +S24‘ —

S132+S34\2:1 \

‘Slz‘ - ‘534‘
S FHlsf=1—7




Four-Port Networks

I O SlZ S13 O |
[S]: S 0 0 5 ‘Slz‘ = ‘S34‘ = ‘SB‘ = ‘524‘ =p
S, 0 0 §,,
0 S, S, O B — voltage coupling coefficient
We can choose the phase reference

Ca
S, =5y =a Sy=p" e’ Su=p e’
S1*2~S13+S;4-S34=O —> O+d=nt2-n-x
S| +]S,] =1 - a’+p =1
The other possible solution for previous equations offer either

essentially the same result (with a different phase reference) or
the degenerate case (2 separate two port networks side by side)

Sy '(‘Sls‘z _‘524‘2): 0 52 '(‘512‘2 _‘534‘2):



Four-Port Networks

A four-port network simultaneously:
matched at all ports
reciprocal

lossless
is always directional

the signal power injected into one port is transmitted
only towards two of the other three ports

0 a p-e’ 0
0 0 e’
[S]: 05.0 ﬂe
p-e’ 0 0 a
0 B «a 0 |




Four-Port Networks

two particular choices commonly occur in

practice
A Symmetric Coupler (90°) 9=¢=72/2
(0 a jB 0]
a 0 0 jp
jp 0 0 «a
0 g a 0]
An Antisymmetric Coupler (180°) 60=0,¢=x
(0 o B 0
a 0 0 —-p
g 0 0 «
0 a 0 |

51-

[s]=




Directional Coupler

Input @ @ Through

2

> \ > . ‘Slz‘ :052:]—,32
. - S ‘2 2
Isolated @ @ Coupled ‘ 13] IB

Coupling
B
Input ® @ Through ~ C =10log I =-20- log(,b’) [dB]
- > 3
>< Directivity
?solated @ @ Couple; P3 ,B
D= IOIOgF =20-log m [dB]
i B, f 14
Isolation

I =10log 2 = ~20. log|S,,| [dB]

[=D+C, |dB] 2



Directional Couplers

Laboratory no. 2




Directional Coupler

Input Through
> \ > >

< >
Isolated @ @ Coupled
Input @ @ Through
€ 3
Isolated @ Coupled

dB

S, =a?=1-p
2 2

‘Sl.%‘ =p

Cuplaj
B

C= lOlog; =—20-log(S)[dB]
3

Directivitate

D = 1010g§ =20- log(ﬂJ [dB]
P, S,

Izolare

I= 1010g§ =-20-logS,,| [dB]

4



The cuadrature (90°) hybrid

@ (Output)

@ (Output)

C[d ] =—-20-log,, 0.5/, £ 1.5,




Quadrature coupler

3
-

3

L

-
Lo SSWEN

2
o,

o

"

A -




The 180° ring hybrid (rat-race)

C [dB]=-20-log,,(,) 0.5f fo 1.5

Figure 7.46




Ring coupler

Figure 7.43
Courtesy of M. D. Abouzahra, MIT Lincoln Laboratory, Lexington, Mass.




Coupled Line Coupler

10
A .
740 wo T C
Input Through . ;‘ 20 | | |
Q
2 30
2 - ]
ZceZco = ZO %D 40 —
=
= -
‘ﬁ‘_zce_zco 8 50 D
Zce T Zco ﬂ/ \
C[dB]ZO] Zce_ZCO6O|||l|||||||||||||||
= 010 7 7. 1.0 24 3.0 4.0 2.0
Frequency (GHz)

Figure 7.34
© John Wiley & Sons, Inc. All rights reserved.



Coupled line coupler




Contact

Microwave and Optoelectronics Laboratory
https://rf-opto.etti.tuiasi.ro
rdamian@etti.tuiasi.ro
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