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Device Descriptions for Circuit Design

Equivalent - circuit model
physically based
Includes dependence upon DC bias & frequency
often includes device size dependence
weakness : necessary simplified, hence some errors

2 - Port Model
matrix of tabular data
need one model for each bias point, each frequency
huge data sets required.
medium for both (a) measured data and (b) E/M simulation data

2 - port methods also useful for general network theory.
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Recall: HBT equivalent-circuit model
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Recall: FET Equivalent Circuit Model
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2-Port Descriptions ( 3-Wire Network or Device)

1 Vi 1 2
—_— —
o, O
port 1 port 2
+ +
VJ V2

o : 0

Box might contain : a transistor, a passive element, a subcircuit

The terminal characteristics relate the variables V, ,V, , 1, ,and I,.
There are 2 degrees of freedom.

Any two variables can be set as the * independent variables ™.
The remaining two variables, the * dependent variables*,
can then be written as functions of the independent variables.
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Admittance Parameters

[] ]2
o —>  Frequency - domain description :
port 1 port 2 _ _
a v () =Rele™} i(t)=Rell,e™| etc

{h(jw)}:{ﬂl(jw) Y12(ja)):||:vl(ja))j|
|, (o) Yallo) Y,(Jo) | V,(jo)

Currents are written as functions of voltages.
DC bias is taken as implicit.



[1 Cg._‘r ng gm gs Gds ]2
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By inspection :
ja)(Cgs + ng) o jC()ng

Y:[Yij]: gm_ja)cgd Gds+ja)ng
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Impedance Parameters

-]—-1-— 4—2 Vl le ZlZ Il
o— —0 =
L |pertt poz | V, L, Z, |1,
v, V,
- l - Voltages are written as functions of currents.
o O
Example
[1_+ R, R, i By inspection :
AN VV—o R +R, R,
+ R + Z — [Zij]:
v, $ 3 Vs R, R, + R,

o o ...eaSy !
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(:_porﬂ port 2 _j |:V1:|:|:h11 h12:||:|1:|
Vj V2 I2 h21 h22 V2

This is certainly an odd choice of independent variables.
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Hybrid Parameter Example: Simple BJT Model

]J Cbe Rb ‘e gm Vbe Rce ]2
To— ~o |:V1:|:|:h11 h12:||:|1:|
+ 1 ~ * I h, h,|V
vy, T $[ I G) $ v, 2 21 22 2
o o note: g.V,. = V.. /R, = fl,

By inspection :

H =

This is related to short - circuit current gain.
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Short-Circuit Current Gain

. : | |
short - circuit current gain =% =-%
Il V,=0 Il output short-circuited.
——o0
R port 1 port 2 [[ : Iout
in ou — h21
output short-circuited

l | I

f, = frequency at which ||h,,|| *extrapolates*to1.

="short - circuit current - gain cutoff frequency".

For the highly simplified model on the prior page, if g >>1,
f =g,/27C,..
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Z()
|
% 1 E e'\ i %
! 1\ -
611 1 = — > -
b ' €
- ! amplifier

S - parameters are rigorously defined in terms of the wave
amplitudes on transmission lines connected to the device under test :

m _ {Sﬂ S}{a}
b2 S21 S22 a2
...where the a'sand b's are the wave amplitudes.

a=V*/\Z,andb=V"/,/Z,
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Z()
2| I
—FTh§ § - i
R -
= d amplifier

We can also write

|:V1 :| ) |: Sll Slz :||:V1+ :|
73 So Sn ||V,

"+" waves travel towards the 2 - port; "-" waves travel away.
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De-Mystifying S-Parameters

i e VY

V1 — 1 24— V2-
o0 O O oo 0 - +
—— = [ Vit|Z|Su Se | Vs
v, port'2 v, V, Sy Sy, ||V,

.-

Atportl, V, =V, +V, and I, =, -V, )/Z,

Atport2, V, =V, +V, and I, =, -V, )/z,

If we know the relationship between [I,,1,]and [V,,V,]:

(Y or Z parameters),

we can calculate the relationship between [V,",V, ]Jand [V, ,V, ]:
(S parameters).
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How to Compute S-parameters quickly: S,

% y.+
I P> I ] <A T2
V} A 1 o AAR V-
—_ R 2
o0 O pOffT O
+
S +
V Z
! port 2 TZ &

If Z, =27, thenT| =0, henceV, =0

V,” V,”
Now S, =—- ,s0 S;; =—-
1 v, =0 1z, =z,
Defining Zm\z _, asthe input impedance given Z, = Z,,
Zin Z,=Z, o Z0
Sy = 7
in Z,=Z, + ZO




class notes, M. Rodwell, copyrighted 2009

Noting that S, =

Note that reflection coefficient (S,,) isa method
of specifying input impedance.

{ Sy } . {reflection coefficient}
IS the input _
Zinly, 2, impedance

reflection coefficient}_ { 0 }

given that the Ioad{ _
Impedance
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|
The same analysis & comments clearly applies to S.,.

Z
By symmetry, S,, = -

out den :ZO

out den =2
Note that reflection coefficient (S,,) is a method
of specificying output impedance.

Sy || reflection coefficient
IS the output _
Loz, 2, impedance

reflection coefficient}_ { 0 }

given that the generator { _ IS
Impedance

Z,|



Computing S11: Example
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40
O O
Given Z, =50Q, what is S, ?
O O
M 40 Z — 540
Lc AN o Nz, =z,
<500
Z| -z _
0 So 5, = ez, ~ %o 54Q-500 4

in

ZL:ZO

by similar arguments, S,, =4/104

+Z, 54Q+50Q 104
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Computing S21

+ 4
V_I NAA> ] ] <~AAA- Vz
| Vi<ppn Y
Set : den = ZL = ZO - o port 1 o
+ S +
V Z
gen _ i port 2 IiZ L

Given Z , =Z,wehave I, =0and T, = Z,/(Z, + Z,) =1/2,
hence V" =TV, +T V| =V /2.

sV gen

GivenZ, =Z,wehaveI', =0, henceV_, =V, =V, +V, =V,

A 2V

V)"

Vv,
A

_ Vout
rze Vi 2)

out

S0 S, =

1 V2+:0 ZL:ZO Z :ZOZden gen ZL:ZO:den
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Z()
|(
% | I E I\
a] —_ ‘2_) =
b i b

These relationships allow us to develop a simpler way of
finding the S - parameters :

VOUt
Vv

gen

S21:2

denerator =Z)0ad =2

.which is simply **how much bigger * the signal became
upon * insertion * of the amplifier in the 50 Ohm system.
S,, Is called the *insertion gain *.
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Relating amplifier Gains to S-parameters...S12

— o i

RL=Z0

Vgen

By symmetry
V.
Sp = 2—
Vgen denerator =Z0ad =20
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Relating amplifier Gains to S-parameters...S11 and S22

Vout
RL=Zo0

&
<7 <3
@ N

FW\M
O

|||—7-T

—

1 eaVAVAY

1A

Zin
Zout
S1land S22 can be directly related to input and output impedances
L= (2,/2,)-1 Where Z, =Z.
(Zin /ZO)+1 ZIoad :ZO
22 = (ZOUt /ZO)_l ! Where Zout = Zout
(Zow 1Z5)+1

YA generator — Z

...In practice, we do not need to plug into the formulas : knowing the Z.
tells us the S, becuase the formula is one - to - one and is neatly represented
by the Smith chart
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Relating amplifier Gains to S-parameters...S11 and S22

<
sl
nw
Z,12,)-1
S, = (24 /2, ,where Z. =7
(Zin124)+1 22y freq (1.000GHz to 100.0GHz)

)-1 WhereZ . =Z_,
1Z,)+1

z generator =Z,

we do not need to plug into the formulas : the Smith
chart is a plot of this formula, so the Smith chart plots
S; and Z;, at the same time
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Rgen=Zo0 vin RL=70
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Example of working with S-parameters

Rgen=20 vin RL=70
N
L
Vgen —
z |2
s _ ( Ja)C] e 1
2 ( 1 j_ 2?1+ joCZ, /2
Z,+| Z,|——
JawC
_(Zn125)-1_ jeCZ,/2 where 7 —| 7 |1
o1 = (zm/z)+1 1+ joCZ, /2" "% jeC

S,, = (Zoy 12,)-1 ,Where Z_. =| Z, L
( out /Z ) JoC

..this illustrates the importance of “Z, |, _, ", etc
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Why do we care about impedances matched to 50 Ohms?

-, 1 L - >

Port TLIN Port
P1 )[21arIFBA TL1 )[()ZarIFBA P2
Num=1 Z=50.0 Ohm Num=2
E=360
_ F=10 GHz 32
3 T 8@%% ) 31
Rfo kOhm 7‘\5/3525 v \ - 30_5
% e = 29
C Port N ]
— 851.0 F sz 2 % 28_:
Port C E .
Zlm=1 gl1,0nF oo © 27__
SRC3 R ]
Idc=lef R2 26_:
BJT_NPN RoR_eet ]
Vocel=hbt orb L 25
Area=Aef = Area=Asw 1
Region= I Region= 3
Temp=27 = Temp=27 24 L L I Iy
Mode=nonlinear c Mode=nonlinear
3 0 10 20 30 40 50 60 70 80 90 100
C=1.0 nF

freq, GHz
Standing waves on transmission lines cause gain/phase
ripples of the form (1-T, I, exp(—j2fr))™.Either we

must have short transmission lines, or the lines must be

well - terminated



