REVIEW OF SCATTERING MATRIX
& COMPONENTS

1) Scattering Matrix
a. Definition
b. Properties

2) Components
a. Two ports (attenuators, filters, amplifiers)
b. Three ports (dividers, circulators)
c. Four ports (directional couplers)

Scattering-Matrix
Definition and Properties

27/09/2019



Voltage waves
N-Port W‘i q; = incident waves

Network b b; = reflected waves

Vi=aj+b i = (& — by)/Z,
Voltage waves
a:Vi"'IiZOi bi:\/i_IiZOi
| 2 2

Zy; = Transmission Line Characteristic Impedance
Tipically Zy; = 50 Q

Why 50 Ohms?

Why was 50 ohms selected as the reference impedance of radar and radio equipment? There are many
misconceptions surrounding this bit of history, “The first coaxial dimensions just happened to define
the 50 ohm reference impedance.” “Fifty ohms matched up well with the antennas in use 60 years ago.”
In actuality, the 50 ohm reference impedance was selected from a trade-off between the lowest loss and
maximum power-handling dimension for an air line coaxial cable. The optimum ratio of the outer
conductor to inner conductor, for minimum attenuation in a coaxial structure with air as the dielectric,
is 3.6. This corresponds to an impedance, Zo, of 77 ohms.” Although this yields the best performance
from a loss standpoint, it does not provide the maximum peak power handling before dielectric break-
down occurs. The best power performance is achieved when the ratio of the outer conductor to inner
conductor is 1.65. This corresponds to a Zo of 30 ohms.” The geometric mean of 77 ohms and 30 ohms
is approximately 50 ohms [Eq. (6.41)]; thus, the 50 ohm standard is a compromise between best atten-
uation performance and maximum peak power handling in the coaxial cable.

50=430477 (6.41)
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Scattering matrix for a
N-Port Network

For linear networks
superposition principle

b,| [Si1 Sip - S, |l ay [b] = [S] [a]
bz _ 821 822 ----- Szn a.z
- eee e bi
bn Snl Snz ...... Snn an S”= a_
i aK=0 conk#j

Matched Load

—>

Vi |”|||—>u] (5]
0 I7]<—‘UU|

Vy =—Zvl;

Vi+Zpl
a1= 1201 =0

When a network is closed on an matched load
(50 Q) the wave reflected by the load and incident on the port (a;) is
equal to zero
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Why scattering parameters ?

Scattering parameters can be measured at microwave
frequencies as they require the network to be closed on
50 Ohm and this kind of loads are "relatively" easy to realize

>
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Why scattering parameters ?

At microwave frequencies, voltages and currents are hard to
measure and the open and short circuits necessary to
measure impedance and admittance parameters can cause
the destruction of active devices

N
.

The scattering parameters are defined for all two-port
networks while the admittance and impedance parameters
are not defined in some cases. For example, for a series
impedance the impedance parameters are not defined
because the currents at the two ports are not independent
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Scattering matrix
for 1 Port Network

E = Incoming S

I = Incident

R = Reflected Vy
b,

1 a1 ~b,) 1 1
P =P, = ERe(V1I1)= ERG{(‘% + b{%} }= 57 ay - 57 b,
0 0 0

Py = Pg =PI‘PR=P1(1 - I;—I:)=PI(1 - lbllz)

lay|?

2
|S|%= |2 =% = ? the square modules of the scattering
* ! Parameters are ratios between powers

Scattering matrix
for 2 Port Network

az
-—
—
b,

sul‘T?

1 N1 b, - a,) 1 1
R e e e,

i 1 1 P
if a,=0 »B= R = ‘bz‘zz ‘821‘2‘31‘2 = R‘Su‘z > ‘521‘2= 2
2Z 2Z P

0 0 I

the square modules of the scattering

if a,—0—n|= |5, —[s,f==
& Gl = [l Sl P, | Parameters are ratios between powers




Reciprocal two port network

(Absence of saturated ferrites or controlled generators
in the component under test)

[z]=[z] = [s]-[S]

N\

if [S]is defined starting
from voltage waves, this is true
if all the Z,; are equal

Sp1 = S12

Symmetrical two port network

A two port network is symmetrical if its input impedance
is equal to its output impedance

Symmeftrical networks are also physically symmetrical

Si =Sy
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Lossless two port network

SISl B | R ]

S21 S22 Si» So

|511J2 +|312|2 =1 |521|2 + |522|2 =1

[S11][S21] = 51| [S25]
\SM‘ ‘521‘ei(911—921)+‘512‘ \Szz\ej(sﬂ’sﬂ) 0 11] [221] 12| [S22
9195 =1+ 94, -9y,

|321| = |312| |311| = |Szzl

|312| =41= |311|2

Raised components

n

zsij = i=1n
=1

n
zsij =1 j=1,n
i=1
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Parameters of two-port
passive structures

Reflection attenuation

E

Dissipation attenuation

Total Attenuation or P, 1

Insertion Loss Agg =10l0g; P 101090 ——=Arag + Apds
(positive number) o 2

Return loss 1

(positive number)

Args =10log,, FE)_I =10logyy ———

1-|S
ADdB = 10'0910 &: 10'0910
Po | 21|

Measured Parameters

: 2
Sy, scattering parameter S, .. =10log,|S,;|" = 2010g,,[S, |

1
Return loss Lggs =1010g,, |S |2 ==S.4
11

: 2
Sy, scattering parameter S, . =1010g,9|S,,| = 2010g,,[S,,|

1

Total attenuation A =10log,, |S |2 = _SZldB
21
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Components

Microstrip Filters

Low pass 6 GHz

Band pass 17-19 GHz
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Waveguide and Coaxial Cable Filters

Pass band 19.73-21.1 GHz

Ceramic
Pass band 2.2-2.3 GHz

- Response versus Two-Port Calibration

Measuring filter insertion loss

CH1 $218M logMAG  1dB/ REF 0dB
CH2 MEM logMAG  1dB/ REF 0dB
-~

)
¥ 3 e

#\ After 2-port calibration
[ ]

After response calibration
fv'v—\

[ |

'VV h, | |[Uncorrected

x2

START 2 000.000 MH2 STOP 6 000.000 MHz
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- \What is group delay?

l Frequency ® lg Group Delay

Average Delay

Group Delay (t ) = _:g Frequency
1
- C Deviation fr tant del
5x Iy K
360 ° p eviation from constant group delay

indicates distortion

¢ in radians

® in radians/sec Average delay indicates transit time

¢ in degrees
inHz (® =271)

Lot ds e Banza

-
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Loads
S - W

Input coaxial
line (Z)

Fringing
Inner electric
conductor field
radius a
Microwave
resistor
(R)
/

Input coaxial
line (Z,)

50 Ohm

22
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Coaxial cable Attenuators

4)

Connect to the ful e

nAMALL"

Pin diode attenuators
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Three port passive structures
(dividers and circulators)

BOSCA;;:SOQ 0 _Ji _Ji
V2o 2
|1
Divider 00t e [ - \? 0 0
Wilki BOCCA1 i
ilkinson Lo i 0 0
0 0 1
Circulator [S]: 100
010
Ferrite circulator
[ 2 TERMINATION \ . 4
PORT 1 p
3 — N
1 N

ferrite

dielettric
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AD Parameters

A P
Coupling C. =10log —-
P31
by @ @ —»bs . P
= -—= |lsolation | s =10log—-
by —» by le
. © == P
Directivity D, =10log =
P21
With ports closed on matched loads: a, =0,a;=0,a,=0
and port 1 powered by a matched generator
Positive number
Positive number Positive number

CdB =-10 Ioglo |S31|2

S
IdB :_10|0910 |521|2 DdB =10 IOglO |831

D=P3,/Py=(P3:/P)) (P\/Py)=

DdB =

IdB - CdB

|2

2
21|

AD Parameters

INSERTION LOSS DIRECTIVITY
120 2
1.00 \4
s \ ‘" +—4—1 — . 20, = o T
g os0 — e
g 15 = -
z om0 2 41— SO
E S
§ on g5
z & |
s . |
020 i I
000 0 ‘
0 100 200 300 400 500 800 700 200 800 1000 0 100 200 200 400 500 600 700 800 200 1000
FREQUENCY (MHz) FREQUENCY (MHz)
COUPLING
s RETURN LOSS
b 3
132
30
131
= T R 25
g n T < = l/ S—
g g 20 e
S 129 2 7 =
5 2
8 128 | g 15
127 ‘é 10 I 1
T o 4-IN -B-OUT -4 CPL
128 | ] 1 T
I o I -
0 100 200 300 400 500 60 700 80 1000 0 100 200 300 400 500 600 700 80 900 1000

FREQUENCY (MHz)

FREQUENCY (MHz)

27/09/2019

14



Microstrip 90° DC (Branch Coupler)

Microstrip 180° DC (rat race)

o O - -
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Microstrip Distributed DC

Lange DC 90° hybrid

20 . 03 hybrid => power divider
1
1o >< 04 EHEREH =5

90°=>
phase(S;3)-phase (S,,) =-90

Coaxial distributed DC
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Amplifiers

rete
adatt.
IN

R San Sz

FS |: Sll SlZ
1—‘IN

I

1—‘OUT

Gy = |521‘2

R = |511|2

rete

adatt.

ouT

- Power Sweep - Compression

Output Power (dBm)

Compression
region

™~

Linear region
(slope = small-signal gain)

Input Power (dBm)

Saturated
output power

34
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= Power Sweep -Gain Compression

CH1 S21 109 MAG

C.

1dB/ REF 32 ¢B 30.991¢B

12.3¢Bm
1 dB compression: input
power resulting in 1 dB
dropin gain
o
IF BW 3 kHz SWP 420 msec
START -10dBm CW9027MHz  STOP 15dBm

35
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