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2.6 Resonators

Resonance Frequency: Admittance equal zero.
A circuit with several L and C has several resonance freq.
normal: wg =

HFDT Summary

Vic this woulol be o sedes

@

3. Characteristic Impedance Zy (= voltage to current
ratio traveling in a direction)

4. distributed behaviour

. Add L or C (X¢) in series (Xg is the target reac- 2. Separation between the two conductors << A

tance and we want to archieve it with the help of the
series reactance)
|
— Xro+ X, =4+Xs=+Q - Rg
If Xg = +X7, noL or C element has to be added.

. . 2.7 Quality Factor R resonody, Since ) & )
narv‘“ St&‘“"‘”“‘r _ avergaeenergystored - X R is in senes \vlﬁll . Convert to parallel(Xp = %7 keep sign) (’9_0 § % N Lz
HSZOZZ - P BO‘ N Q= averageenergydissipated R a r@aclive e e Uz . . .
ros. 03"23’ S N R L c . Add C or L in parallel to cancel out (resonate) the U TY OO UL W o oD A0 W0 T 0 00 T
eries Resonater —D_ﬂnn.—' wol reactive part (Xp) sl ool & Y Y § 8 ¢ %Y
_ _ We 2 2
VefS;Oh O'F zs. 42 22 Q- Unloac’l(ed (External and Loaded 9. WQ__CR = T . Check input impedance!
‘ — _ _woL  _ 1
, L Qu Rp+Rc woC(RL+Rc) Z 4.1 Telegraphers equations & some formulas
2 General Voltage and Current are not constant, it is a superposition
5 7, z zL of a forward — and reflected < wave. We get a stand-
HF: 300thz —3GHz X : 1m — 1mm — distributed mrcults‘v B . n ing wave pattern. For Az — 0: % = —(R+ jwL) - I
— - — Wo —
A= \ﬁf i &= 8385140 42.1’.; o=1,26-100 2 QE = 3%, = w,0(220) 8L = (G + jwC) - V. S 4 _33‘/ X)
Am = A . Current: [ = Ije” 7% — Ige™? :Z(VIC -VRe
cousider sluff as HF e L<O,4)\ %) 5 T“"e‘ Voltage: V = Vye~ 77 + Vge'? _V.re"('“l'iez”)
: — wo L .
2.1 Skin effect QL= Ry +RC +22Z 3.2 High to low Resistance i{ ReCZ.) > Rao." propagation const: v = /(R + jwL)(G + jwC) = a+3jB
5o = 1 o = conductivity = L ol ‘c a PMnd Xy Phase constant: 8 = T;Ld, A= 2"7"; Bz = wt
V4 ’ B P - ==L =
X Trfuo#ra f . if re:oumr Since Risim QL |RL|’ ks target Resistance .(Xp,_)=$°h(""(zl) attenuation constant: a = —p low loss — a & 58—
Cylindrical conductor: Rpc = —5— Rac = 5755 s P.'ﬁlld '.,.tl‘ o r@ackive SB : 270
RuC - Treo s element 1. Convert to parallel representation The attenuation const. « deﬁnes the loss of the TL olten
TAC 2 i in dB.
Epc 265 2.7.1 Parallel Resonator Rpr = Rp(1 + Q%); Xpy RL(S;ZQL> Sign of gzlven '31 Ve _ Rijor \/W o
. . c : )= +L = = Sies — /2 TI®E complex!
Skin affect is apporent for &c5F Q= g5ra = & PQra"G‘! see QfMI‘X fmag: part stays the same! Z,eRiff | III thIR)\ 2z | o
, o aveleng 7
2.2 Ohm'’s Law , . Find target Q: @ = |/ BPL —1 R 4 |VR =N Vr ;Te=I'I; |
What | Symbol Attention: 2.7.2 Bandwidth =g P . G- 2
Resistance R G+.3_ 1 fo Se‘ Q e“d'x . Add L or C (X ¢) in parallel, QOZC 4.2 Lossless Line
Reactance X V77 R X Q= x5 = vaB— ¢ for high Q only (B-Q = 1)! Rpp '\ XprXrpc (4]
Xp =+-EL Xp = =2 - — — L
Impedance Z=R+j-X but i “' hlgher Q means narrower Bandwidth! vanlld !0' 9_>40 P=EqT 7 P XprLt+XLc or B = LC, a =0, Zp = \Vaxel
Conductance a= Re Ut in 3‘““ {mchl’h-l BW X _ XpXpp L= C=0 Incident 4 Reflected wave:
- 2 2 = . BW:{ B= ‘Fv Lc XprL—Xp — iBz _ iBz _ iBzry _ 2jBz
RE(Z)I+I’IZY‘L(Z) G¢ q/R (no umits !) bad o0 = Current: I = Ije” Ipe =1Ire” [1-Tpe ]
Susceptance B = M%Lim)ﬂ 2.7.3 Fano's Limit LO[GU]:H!Q i‘ 8510 . Convert to series representation Xg 4+Q Rg (keep | Voltage: V = Vie™ JBZ+VReJBZ = Ve~ JBZ[1+FL627BZ]
i [ - the sign .9 = 27r 27 wl
Admittance Y=7=G+j-B Matching narrowband, only works for the designed fre- en) Phase caused by a TL: 0 = gl = L= l/pl 2
. . quency. Fano’s limit calculates the minimum obtainable . Add L or C in series to cancel out (resonate) the re- 1f lossy, replace g with
‘ Imp [Z] ‘ Adnll'[Y] ‘ Differential ‘ Energy T'prrN over the selected bandwith: active part (Xg)
Res R = U=R-1 UJ2 wl . .
Cap j-u}-C j- 5 C i(t) =C - d%(tt) %CU2 “o = wlwz(, f(;(_ 2;"’ Af= - Check input impedance! 4.3 Phase & Group Velocities
. di(t - o _ _ _ co _ _1
In jrw-L j-$~L u(t):L.% %sz Tmin>e @ Z phase velocity: VP_%_Af_\/%_ﬁ
l—btaraet Q 5 2 ei(wt—B2) _ jjw(t—z/vp)
in [T, —dw 1
2.8 Series to parallel equivalent circuit group velocity: vg = g —(= )( dvp )
2.3 Decibels & Neper dw
P P v
- (dB) = 10 - =—)=20- -
o (1) _O too(g ) =20 l_og( vo) P(ww) P T 4.4 Reflection Coefficient
dB — Py = 1W, cle — Py = 1mW-pP(,(g,_)___4m,J v <o, P s(1+ @) WEAE 4 Transmission Line
. B2 — ). I(z
Neper: Py (Np) - ln( Py )V Rs o Device/circuit dimensions are in the same order as A —— V). 1C) —}Il
— 2)_ N I
1Np = 10logf?) = S.GSGdB (NP) L"'(v > 15) LB 53
_ 24, _ Lumped Elements are not used at HF because of par- —— &
Rp=Rs(1+Q%); Xp = asitic behaviour |
2.4 Power Z = Rg + X = Rs(1+ jQ) 7 | z
= = i £ ission li ith length A
Only real power is dissipated p(t) = u(t) - i(t) S 317 o S J One piece of transmission line with lengt z can be 0

— J
Rs(1+Q2)=G—jB

3 Q-Matching

Ppear = Re(VI™) = VI*cos(0)

Pavg = $Re(VI*) = LVI*cos(0)

Maximum Power Transfer: Z1 ,,q = Zé}enerutor
To increase bandwith use multiple stages with lower Q use
n sections: 1+ Q2 = VYR — do the transformation n times

2.5 Loss in AC circuits Lp See appeno/b(

Insertion Loss: IL = 10 log( Ll) dB

_ Power—without—2—port o rpp mox. power availeble

= T Power—with—2—port of Joaol ,‘(' 7,“ olo 3.1 Low to high Resistance I-F Re(Z,_)( R oal
Transducer Loss TL = 10 log(%) de 2 3
G

Rp = target Resistance; Rg = Ry,
_ Maa.—Power—available 4p ’
— Power—with—2— port

Series: TL = |1 + 55— \ Parallel: TL = |1 + 2Y0 |2
—> See appcnolix for more TL - stuff!

1. Find target Q (Rp = Rs(1+Q2)); Q = /=& —1

i(z, 1) i(z +Az, 1)

modeled as a lumped element circuit — TL = periodic .

circuit of infinitely many of those elements I'=|l|Z¢ = ‘F‘ejd)

Derivation at z=0 (load):

V(0) = Vi (0) + VR (0) = 11(0) 4L

— 1(0) = I1(0) = Ir(0) = 75 (V1(0) — VRr(0))

+ Vi(0) + Vr(0) = Z%J(VI(O) - Vr(0)) - ZL
Z

= Vg(0) = ZLJng V1(0)

v T —=
I'(z) = VII{((ZZ)) = I’;((Z)) T'(0)e278% (lossless)

= CAz  viz+Az §)

o] _ Zp -2y
Iy = Z1,+20 n
Zin—2 —2~1 —21(a+jB)
Dip = A28 =Tre 2" ==Tpe J
Characteristics: o ZintZa

1. Uniform Crosssection

No reflection - I" =0

n- %-%
2472




J— 5
@' | Mismatch loss = £10log(1 — |T'|“) dB
+ | (the fraction of power absorbed at the load)
[
Ny
S on Smithchart : VSWR = 2y ~» proof in appoJix
+
< _ 4.5 Voltage Standing Wave Ratio (VSWR)
&  Max. Voltage of standing wave: Vinaxz = |V7|(1+ |T])
'Q) Min. Voltage of standing wave: Vy,in = |V7[(1 — |T|)
iy _ Vm _ 147 s
S VSWR = Ymaz — . 2;32+6,
s Vmin — T-ITT  inaximae e € if2+6._ 4
0 p_ vswro1 _ o TREEB) 2;B2+8,
& = VSWR+1 — mmima &> e =-1
S
.‘-:\‘ e Distance between maxima (minima) is g‘
N~
|8
n+ e Distance between maxima and minima is %
'l Just for lossless:
;l o Because voltage and current on the line aren’t con-
W stant, impedance looking into the transmission line
= ) ) L I(z)
E will vary with position x: Z(x) ‘I/((f; = ZU%@:)
= Z(z)— 2 Zp, -2
. z)— -
=+ e Since I'(z) = Wm‘% and I'y, = ﬁ we get
N Zy+jZotanBx
~ _ LTI%0
3‘-! Z(z) = Zo Zo+iZ tanBz
U
=
3 4.6 Input Impedance
- . Zy +iZotan®
e At input z = -1 we get:|Z;,, = ZOZ(L)‘TLOW

V(z) = Vi(2)(1 +T(2))
I(z) = I1(2)(1 = T'(2))

Vo2
Pavg = 305 (1 - IP(0)12) _sign olepencling

7. on couvesdy pp
Return Loss RL = +10log(|l'|%) dB , |T'| = 10= 20

(the fraction of power reflected from the load)

Zp+Zgtanhyl

; . a-‘ 1= 20
e with loss: Z;,, = ZOW =pl=3
Special Cases (lossless):

e impedance matched: Zy, = Zg — Z;,, = Zp

o[lambda half: I =n3 — Zin = 7y |

\ see Quoarter

e|lambda quarter: | = § — Z;, =

pl
Zq
Zr

e shorted TL: Z;,, = jZpotan6 — inductive for 6 < 90,
capacitive for 90 < 6 < 180

e open TL: Z;,, = —jZgcotd — capacitive for 6 < 90,
inductive for 90 < 6 < 180

5 Smith Chart

2
_ D=2y _ Zo
@) = 2(2) +2, 23 4y
Zo

wherez:%z—kﬂxzr+x
0

_z-1
Tz Zo

imag(I'(2))
imag (2)
Z-plane

—

real (z)

Addmitance Smith chart: I' =

D wave Erancformes;,

o At a fixed frequency, movement from the load toward
the generator results in a clockwise rotation on the
Smith Chart.

o As frequency increases, reflection coefficients always
rotate clockwise

5.1 Matching
o There are two types:
1. impedance matching (no reflection)

2. complex conjugate matching (max power is de-
livered to the load)

e Matching can be done with:
— Lumped LC elements

— Sections of Transmission line (stub with open or
short circuit, series TL)

— Mix of both

o Matching narrowband, only works for the designed
frequency. Fano’s limit calculates the minimum ob-
tainable I'j;r v over the selected bandwith:

_(=y(Jdo
i > o= @D

5.2 LC Matching

High to Low:
Low to High:

first Parallel (stub) then Serial
first Serial then Parallel (stub)

.3 Transmission Line (TL) Matching

5.3.1 Serial TL

e Making TL to the load longer — rotate around center
point in clockwise direction on const. I' (radius) —
lossless.

e If Loss is respected the line spirals towards center
(matched point) of the smith chart.

e Zo =\ ZmazZmin

Match any complex load to any complex generator:

. ! Zi+jZgotan®
We want: Z;, = Rg — jXg = ZOW

for complex Zg; often 6 = Bl (lossless)

— solve

5.3.2 Stub TL

theoratically both (open or short) can be used as cap/induc.
but the TL would have to be > w/2 and therefor it takes
more area

— 27
B=5
‘ open circuit ‘ short ciruit
Impedance Z = —j3ZgcotBl Z = jZptanpl
Admittance y = itanBl y — —dcot(B)
Zo Zo

Serial Stub (impedance) Shunt Stub (admittance)

5.4 Quarter wave transformer Seé. Q‘Of)emoll'x

TL with a length of % and a characteristic impedance which
has to be defined.

deriviation;
oA YL +iZotansl _ 2020 gor g = A

in = 40 ZyFjZ tanpl — “07Z =1

2
Z

= Zin = 72> = Zo = \/ZinZ1
to make the transformation more wideband by doing the
transformation in n% steps, each providing a ¥} ZL trans-

in
formation.

6 Matrix Network Analysis

— —
o—— —o
Linear
Vi T Network TVZ
o— f——0

Vi =Zily + Zi2l2
Vo = Zo111 + Zaol2
1 Z11 Z12) (Il)
Impedance: =
P (V2> (le Zao I
\% %
Zi=F Z1p = YL
I5=0 I;=0
\% \%
Zo1 = 72 Zao = 52
Lly=o0 215 =0
. Iy Y1 Yo <Vl
Admittance: =
(12) <Y12 Yoz ) \ V2
I I
Y = o Yiz = 3 ‘
V1ly,—o Valy, o
1 1
Y21 = V21 Yoo = Vi‘
Vo =0 Vi =0
6.1 Serial and Parallel
Serial Parallel

6.2 Special Networks
6.2.1 Reciprocal Network

Its elements are bilateral and linear (not containing any ac-
tive devices, ferrites, plasma..) Z19 = Z21; Y12 = Yo1

6.2.2 Symmetric Network

Zy1 = Za2; Z12 = Z21

6.3 ABCD (transmission) Matrix

I L
z, Ty 2y
AB L _¥»
ZVGT(i; co vt ,IYZL* A
A= “;1 B = ‘1/71
211y=0 2 lvy=0
2 2=
51 _ I
-V Y
211,=0 2 lvy=0

ABCD matric of the cascade connection of several two
port network can be found just by multiplying the ABCD
matrices of individual two ports:
Ap  Brp _ Ay By Ay Bs
<CT DT) B (Cl Dl) (02 D2>
<(A1A2 + B1C2) (A1Bz + BlD2)>
(C1A2 + D1C2) (C1B2 + D1D3)
Reciprocal: AD — BC =1
Symmetrical: A = D

Lossless: [S11|2 4 [S21]|2 =1 and [S21|%2 4 |S22]? =1

Circuit

ABCD Parameters

bW oUW
i i
- o -

B = jZysinpt
D= cos

Input Impedance:
Vi = AVs + Bly; Iy = CVa + DI
. _ AVo4Bly _ A(Vy/Ig)+B _ AZp+B
in = CTVo+DIy — C(Vo/Io)¥D — CZL+D
Insertion Loss: IL = 1]A + Z% +CZo+ D|? (21 = Zo =
real)




6.4 Scattering Matrix (S-Parameters)

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

S;j is the transmission coefficient from port j to port i when
all other ports are matched loads

Instead of measuring voltages and currents at the ports (for
Z,Y, ABCD), S parameters are obtained by measuring in-
tensities of the incident and reflected waves (at certain con-
ditions: matching is achieved!

Reciprocal: [S] = [S]T — symmetric
Lossless: \Snl2 + |S21\2 = 1,
transmitted power: |S15]2 =[S |?
dissipated power = 1 - transmitted power

+
+ P Vs
V o 2| —
A | |
2 a1 s VY
~ s P RN
| Zor 2 |

— Mk

PORT 2

>-
Ve

b;: reflected wave, a;: incident wave

BRCERE
bo Sa1 Saa az

al = Vi1 _ VR
v Zo1 v Zo1
V V,
ag = éQ by = Z32
02 02
Reflection:
Sqp = 21 — VRr1 -r
=Gy Vi1 B
ag=0 Vig=0 Vig=0
Soo = by — VRa =T
227 4y Vi2 2
a1=0 Vi1=0 Vi1=0
Transmission:
b V,
e B
ag=0 Vio=0
b Vv,
S12= G, o~ Vie
a1=0 2 vy =0
Even though Z, Y, and ABCD parameters cannot be prac-

tically measured at RF frequencies they can be obtained by
conversion from the measured S parameters

Determining o _ Ve - T _Zn—Z
Sy T, Viz=0 Hvp=o ~ Zin +72,
A 2-port _
n Vip ~o» Network N V=0 Z,
Vri w“? is] XV
Zm
Determining  ; _Vez _ _ Zin=Z
Sy 2 V. Wm0 Zm+Zo
2-port
V=0 » NV,
Z, 1 Network \ 2 T
! Ver < X Vs g
[s] I
Zi,
Determining Vrz 2V,
Sy = 2 =2
Sy = Vily,=0 Ve
2-port
I
Network :\f\ I,"’ 0 Zo| | VL, l VL
81 P Vi, v

S12 is similar to S21

2
b \Z
Sa1 = % = %‘
ag=0 Vi' 1zgatport2
often: V,” = V3 when the load is matched; V1+ =V -

S11 V1+ — solve for V1+

6.4.1 S parameters of a TL
S11 S12) _ 0 e~
Sa1 S22) ~ \e ! 0

6.4.2 Problems when determining S parameters

Measurements of individual circuits, components or
devices often cannot be done directly at individual
ports

e As a result, the actual measurement at reference
planes are different from those of the interested RF
device under test (DUT)

e However, S parameters of a DUT can be obtained
from the measured S parameters with a simple cal-
culation: shifting of the reference planes

reference plane
a,~> a, i~ - a, -~a,)
) i Two-port L
{ Z, (| RFcircuit | G z, @
(DUT)
b ! b, iem by i~ by
-/, O |y, 0=
S
\ @l )
Y
(8]
(511 512) _ < 84, ed201 57 ,ed(01+62)
= ;050146 ;320
S21 Sa2 Shed(01102) Shoel 202
o
mismatcheel loaol
z
+ I 151 e v
v, PR - 2 7
L orw| e s L
LEL Y Tu! 1Ty
no%2 Vi L4 b Ve 1 Zwch
L=h, Ve, Zi+ 2, M ey Vi T ZewtZo
r,ﬂ,V+1,ZS_ZO _b V1 Zin—Zo
STh VT Zs+ 2 "a VTG Zmt 2
L S5 T
— 1 _ =
V= Su V] + Sulst = Su 4 Sl Ta=gr=Sut o,
V= SuV + Snly = Su Vit 4+ SulL V. o Vg, 4 SuSuls
o A 2T T=Suls
L =L=0
IfZ, = Zy and Zs = Z,——
Tout = Syz and I, = Syy b
2

cascaded Networks ¢4 —°
Lpex. 40+ -Task 1 by —oa,y

Si 4 SyP 512A5:1 $,,% Slzj _
(511 512) _ 1-5,"51 1-5"811
Sa1 Sz2 a 5218 B a 51285218
S =% Saz 52" Bo A4
1- SZZ Sll 1- Sll SZZ

7 Amplifier Design

7.1 Stability

S12891T S12891Tg .
n S1q + 212221 L wt Sao + 1172512111—‘5 Oscilla-
Ton 1S possible 1T either the mMput of output por

coefficient has a magnitude larger than 1

Teflection

7.1.1 Types of stability

unconditional stability:

The network is unconditionally stable if |I';,,| < 1 and
[Cout| < 1 for all passive source and load impedances
(s < 1| and |I'p| < 1)

conditional stability:

The network is conditionally stable if |I';,| < 1 and
[ITout| < 1 only for a certain range of passive source and
load impedances. This case is also referred to as potentially
unstable

7.1.2 Determining Stability

[s]

(Zo)

S12521T !
IPin| =[S11 + T2+ <1

_ S12821Tg !
[Tout| = [S22 + 11*2312111—‘5‘ <1

7.1.3 Stability Circles

Output Stability circle: (Tpyt = 1)
Soo—AST)*
Center: Cp, = %ﬁf

Saz|
fus: — S125921
Radius: Rj, = S92l 1A2

Input Stability circle: (I';, = 1)
(S11-AS39)"

Center: Cg =
ST TsiP-1a?
. S12S.
Radius: Rg = | 12221
S SRR NE

Analyzing stability circles:

o We find the output stability circle

7.1.4 Test for unconditional Stability (K-A Test)

1-1S111%—1Sp01% 4142

K =
2[S12S21]

>1 un c_ohph h;Ohtui

= u
|A| = [S11S22 — S12521| < 1 stable.

both have to be satisfied simultaneously, if the condition is
not satisfied, stability circles should be constructed for the
designed frequency and input and output matching network
should be designed away from the unstable regions

7.2 Gain

For a two-port network characterized by its S parameter
matrix and source and load impedances Zg and Zj we can
define three types of gain:

So1Tp,+521

* Voltage Gain: Av = 15,7 75, (1= 5551 [ )F52:TL 512
e Power gain is the ratio of power dissipated in the
load to the power delivered to the input of the two-
Pp _ _ 1S:12(-r1?)
Pin (1=IT;p 2)[1—S22T |2

port network Gp =

e Available power gain is the ratio of the power

available from the two-port

Paun
Pavs

152112 (1" g|?)

G = _
(lflrout‘2)|1fsllrs‘2

7.2.1 Transducer Power Gain

G is the ratio of the power delivered to the load to the
power available from the source

= Pr _ 1521P0=ITgI)A=TL1%) oo o,
Cr =P, = =Ty Tgl21-555T 1% I¢ .
G — |S |2 (1_|Fs|2) (1_|FL|2) ilat _L

U 210 (1-513T9)I2 |(1=S2, T2

a-rgl®
[1-T;,Tgl2’
0 and

e Input matching gain: Gg

transistor is unilateral then Si2 =
Gg = 4=lfs®
[1-511Tg]
e Transistor gain: Gy = |S21|2

- 2
e Output matching gain: G = a-|rp1%)

[1—S2oT |2
e The center of the Smith Chart is Zg
For unilateral transistor: a
. = — * =
e Consider the load to be Zy, = Zg - I', =0 Gsmax = 52 Ts =871), g9s= —S—GSmam
G
- GLmaz = —a—z (TL =5%), 9L= g 2—
V. max 1—|S 2, 22/ G ”
Case 1: if |S11] < 1 then from Iy, = %_*_ = IS221 Lm‘;ﬁ
Vi Constant input gain circle: Cg ‘(157112,
Siq + S125211p . ITinl < 1 1-(1-935)1811]
11T T-spry, 7 Din Rg = VI=g5(1—15111%)
. Vi 1-(1—gg)IS1112
Case 2: if |S31] > 1 then from I, 1 = %
V+ s & gr, S
1 Constant output gain circle: Cp, 7
Sqq + S12521T1 ITin| > 1 1-(1=g1)|S22|
LT T=Sgp 7 i Ry, — VI=9L(1—15221%)
Case 1 Case 2 L 1—(1—g1)|S2212
Il <1
[Tl > 1

/\‘

<

ﬁ

g < 1
(stable)

T <
(stable

7.3 Noise
e Unbiased resistor generates a random thermal noise
2
‘ voltage P, = (¥2)%R = Z—g — KTB; V, =

<

V4kTBR
1

) @ The measure of signal degradation in the signal-to-
noise ration between input and output is called the

S1/N) ” F znoise "

noise figure: F = So/NG

e Noise fi fth
the|Friis formula: F

rmined by

Iz
L+ =4




e The noise figure of a two port amplifier can be ex-
R
pressed as:l F =Fpin+ %|YS = Ys, optl

e instead of Y, Ys opt we can use I'g,I'g ,

— source admittance: Ys = Gg + jBg

— source admittance that results in the minimum
noise figureYs opt

— minimum noise figure when admittance is Ys opt:

Frnin

— equivalent noise resistance: R

.
4R ITs—Ts,optl”
F=F,;, + >N o __sopt] _
min T T Z0 0 (1-[Ts12) 14T, opt 12
‘We can define a noise figure parameter N:
2
ITs—Ts,optl F—Fpy; 2
N = 5,0pt = min || .
=712 TRy /7o |t T Tsoopt]

circle solution:

7.4 Amplifier Design Techniques —‘D See Mexb

7.4.1

1.

7.4.2

YN W+1-1Topt 12)

Cp = NF1

FO
pt
N+1° RF

Design for specific gain and best possible noise

Draw noise circles for several noise figures F' close to

Frin

Find the sum of the gains for the input and output
matching networks

Take into account that maximum gain you can get
1

from the output is lOZOgW
—1o22

Draw several Gg and choose which input matching
intersects with the smallest noise circle

For a fixed Gg now you can calculate G, and then
draw G, circle

Choose I'g and I';, where G g and G, circles intersect

the least noise figure circle and are close as possible
to center of the Smith chart

Design for specific noise and best possible gain

I, = F:ut we can maximize it because noise figure
does not depend on output. If unilateral : I'y, = S5,

Draw the noise circle for desired F

Find maximum input matching circuit gain Gg for
which the noise circle and input gain circle have 1

g

7.4.3 Design for minimum noise and best possible gain

1. T'p = qut if unilateral: 'y, = S;Z
2. Minimum noise occurs for I's = T's opt

3. Amplifier gain is now:

2 1-|rgl?

Gr(dB) = 10log|S21|® + 10log———2—% +

[1-T;nTsl
1-|rg|?
10log ———+—
91— 8902

if unliteral:

Gru(dB) = 10log|Sa1|? + 1l0log—=ITsl®
[1-S11Tgl?

1
10109 5551

7.5 Signal Flow Graphs (SFG)

e A SFG is a directed graph in which nodes represent
system variables, and branches (edges, arcs, or ar-
rows) represent functional connections between pairs
of nodes.

o SFGs are used to represent the signal flow in elec-
tronic networks.

The SFG here
parameters!

is used in association with our S-

e cach variable (a1, ag, by, ba) is marked at a node

e S-Params are marked as branches

a, > b,

for ex: by = a1S21 + a2822; b1 = a1511 + a2S12

Mason’s Rule states:

by _ T= (P[1-2 LD+ L@V - LB)D..]+P,[1-L L)@+ ]+-)
bs 1-X L)+ LR)-Z LB)+
Where:

« Y L(1)D is the sum of all first order loops that do not touch the first path between
the variables

* Y L(2)™M is the sum of all second order loops that do not touch the first path
between the variables

+ Y L(1)® is the sum of all first order loops that do not touch the second path
between the variables

+ The denominator is 1 — the sum of all first order loops, plus the sum of all second
order loops, minus the third order loops, and so on...

b, 1 a S, b, b 1 AN S b, b 1 a S.y b
common point. That point will be the desired I'g -
s Su Su Ty
Amplifier gain is now:
2
1—|T
Gr(dB) = 10log|Sa1|? + 10log——=Tsl 4 NS w
[1-TjpTgl
10lo 1-|Tp, |2 « First Order Loop: is defined as the product of the branches encountered in a
9 [1—SooT |§ journey starting from a node and moving in the direction of the arrows
if unilateral: back to that original node.
1-|rg|? '
e} dB) = 10log|S21|®> + 10lo S Starting at node a;: Sy Ty Sp1TSizly
TU (dB) 915211 g|1*5'111—‘$\2 Starting at Spaly

1
100955012

Any of the other loops we encounter includes one of these three first order loops!

b, S ay

Second Order Loop: is defined as the product of any two non-touching first
order loops. Of the three first order loops just found only S;; T and S,,T; do not
touch.

Third Order Loop: is the product of any three non-touching first order loops.
(no third order loop for this example)

Let's find the value of b;. Since by is the only
independent variable, its value will determine
the value of all other variables in the network.

b, 1 a,

To determine b,, we first have to identify
the paths leading to /, from bg:

© Su
¢ SauliSi

Let’s identify the non-touching loops with respect to the paths just found:

* §4, — Firstorder loop S,,T;, have no nodes or branches in common
* S1I.S12 touches all of the network’s first order loop — no non-touching loops

Itis now time to use Mason’s Rule to determine the ratio of the variables b, and
bs.
Let’s apply this rule to our case:

b (S13[1=S5 T 1+55,T1 51,11
by 1= (S1aTs S22 L +551TLS12Ts)+ 511 TsS22TL

Although the example exploits a rather simple network, the expressions can
become complicate.

Mason's Rule provides a systematic approach to determine various transfer

functions (usable for far more complex systems, as the error correction model for a
VNA seen during the lecture).

Power Available from the Source

Power available from the source is the power delivered to a conjugate-
matched load (I, =T).

b, 1 b 1
T, r*

a 1

Pays = |bI* ~ lal?

Applying Mason’s Rule: So:
=2 =Bl bsl*(1 = IG1») _ Ibsl?
bh=—= = -Dsls _ lbs 519 lbs
1-TsT; =1 Poys = 7(1 AT T 1——|Fs\2

“Voltage Gain
For a two-port network:
Recalling the total voltage on a Tline is V 2 Vr+vT:
a 1[1 = S, T,
— 5 "I +522FL[+ SZIZFZLSL]]ZFS) TSt
S1a[1 = Spol] + S51 11 S12(1]

~ Transducer Power Gain

@

The Transducer power gain is defined as the power delivered to a load

divided by the power

Gr

from a source.

¢ = P _ (PG =) Paet = P;

- 2
Pus 16512/ (1= LD lal — 1b

by _ Sull]
By~ 1= Gunlls + Saaly + S21Ti352Ts) + SulsSzal

LIP) _a-In®

S1220

5,1 12(1 — ITs|2)(1 — |1, |2
152171 = N1 = ) Gy = 15

1= Sul)( = S22I) = Sl Szl

_U-IP _a-ILfb
10 =SuT)F 1A = ST P

8 Apendix

8.1 Designing Components

Spiral Coil:
—o—

NTURNS

2 2 2, .
" L= geyror(pH] = L= g, if U= 27, for

higher Q
Wire Inductance:

L= 7“’3;‘_* ln%[%] — set % = 50 = distant

ground plane
Plate Capacitor:

C = 0crd g

d

8.2 Slotted T-line

1. A known load e.g. Short is connected:

— Zr—%0 _ _ . —
a) I' = 770 = 1, here: Z;, =0
S 1
b) SWR = o] =
c) Distance between 2 minima = 2

2

2. The unknown load is connected:

1 1N
a) SWR = 1j“r‘| — |
b) dOL=28D = 151 = Lyinshort—lmintoad > O

c) I'y = |T|ed?L

14T
) Zp, = Zo(75r&)

You can also solve from 2.a) with the help of the smith
chart: just move ”1” towards load.

8.3 Critical Length for Digital Interconnects

le =

also used: l. =

8.4 Tr

tr-v . .
7'2 , t = rise time, v = wave speed

tr-v
1.5

matrix

by~ T=(Suals + Spali + ;1108010 + S350

> Szl [1]
by 1= uls + Szl + SaaliSizly) + S1alsSzal,
by _ Sa[1]
by 1= (Suals + Sgalt + SaalSi2Te) + S1aTsS22 T,
a4 by %+ S0+ Sl
M T T e b T TSt T 5l Sl Sl
s b

The T-matrices are multiplied in the same way as

the

ABCD parameters when networks are cascaded.

(%)=

<T11
T21

Tin  Ti2) (a2
To1  Ta2 b2
512521 =S11522 S11
Ti2) _ 531 So1
Tao — 222 1
Sa1 Sa1

reciprocal: S15 = So1 — T117T22 — T12721 =1



AwPﬁ{ier Desiqn

541 Sql
524 S22 )

sivsu: o
'joo.l ain omd for noise
o Sometimes ,;pt , Fin, Ry

390' t fimd TG [} ondlor Gr and/or
o/esian mok-'nivﬂ networks

.

_ P \521| (1-|Tg|>)(A-|Tp %)
Gr = P [1-T;pnPgl21—522Tp |2 general
Gry = 1Sy, ]2 S5 A0 pitaseral
|(1-514T5)|2 [(1-S2T1)|?
_ S1281'p . _ S12521'g
= S11 + 5,1y ilout = S22 + 755714

See r2Ie 32 4 for more formulas

maximum Jeiu (unilqteral)-o Siz2=0

Al =55 T,=5; )

152112

2. Gromar = m

3. Grymax(dB) = 10log———— + 10log|S,, |2 + 1010g(1|+|2
—1922

1- |s 112 )
4, \nput matching network should match S;; to Zg
&, Output matching network should match S,, to Z;,
Moaximum Jain (jeneral)
/’- Ii =T TL=Tou

@a-Iry*)

2
2 Gry, max(dB) = 10log—— + 10log|S,1 |* + 1010g\(1—SZzFL)IZ

1- |F |2
3. Input matching network should match I " to Zg
4,0utput matching network should match I, " to Z;,

*
[s =5+

52524 1L
1-Sz22 1L

w | Sa2 52415
OO A o

._Sr)e_m{iJﬂ / olon't care aboub noise

while

Find the sum of the gains for the input and output matching
networks

S

Distribute the sum in a reasonable way between G and ¢/, and

draw the Gsand (-, circles

N

Choose I and I}, so they are as close as possible to center of
the Smith chart

Hw

Input matching network should match I’ "to Zs

9

Output matching network should match I, " to Z,

g Take into account that maximum gain

Specific Jain, best possible_noise

4. Draw noise circles for several noise figures F close to Fy,;,

2 Find the sum of the gains for the input and output matching

* networks (Gs+(,)

you can get from
« the outputis 1010gm!
—lo22

Case A: Gs+ G < G pax
Cﬁse B: GS + GL> GLMGX

Case A3 Gg 'I'GL < GLM“

Distribute the sum in a reasonable way between G and -, and
e draw the Gsand(, circles (try several options depending on
intersections with the noise circles)

¢ Find the smallest noise circle which intersects with G circle

Choose Iy where G; circle intersect the least noise figure circle
and I, on (; circle as close as possible to center of the Smith
chart (or take I, to be as close as possible to I'; because od
symmetry)

e Input matching network should match T " to Zg

o Output matching network should match T, " to Z;,

Case B: Gs + GL P GLMOX

1
2
3
4.
S
6

I =S5, (we can maximize it because noise figure does not
depend on output) if unilateral, otherwise I, = I';,;

Draw Gs circle (for Go= (Gs+ () — and choose the
smallest noise circle which intersects with G circle

e Choose I's where G circle intersect the least noise figure circle
e matching network should match Is * to Zs

Output matching network should match S,, to Z, if unilateral,
otherwise match I, " to Z;,

specific_noise, best possible 9o

I, =S5, (we can maximize it because noise figure does
* not depend on output) if unilateral, otherwise I}, = [y,

. Draw the noise circle for desired noise figure F

Find maximum input matching circuit gain G, for which
the noise circle and input gain circle have 1 common
° intersection point

That point will be the desired Iy

Input matching network should match T * to Zg

Output matching network should match S,,
- unilateral, otherwise match I, " to Z;,

to Z, if

Minimum hoise ,besl: Po:si“e Jain
4

A. T, =S}, if unilateral, otherwise T, = I,

2 Minimum noise occurs for Iy = = Lsopt

3- Input matching network should match T * to Zg

4 Output matching network should match S,, to Z; if unilateral
 otherwise match I, "to Z;,

mM:d-inj networlks

i actual source impedance
: actual Load inp“lﬂnce

)

D2 Zg :impedance that the Amp.
- = s .

i‘i} should see at the inpub

" 3iY = Z, :mpedance that the Amp.
e | should see at the output
r ZS ‘Z 4+ s
] Is = 2 +2, >Zs=37
3- 2 -2, 1+[7

=>Z

W R SR
'3 v now we wont ko match
ES —_ ZS Gho( Z-)ZL

but  this is olifficult, so we
olo a trick and makch

ZS*——> Z and ZL*'_’ Z
> [No{:e. that ZA - ZB & Z;—> ZA:I

fin

infwl
ubina
network

ma
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aralle] resomator circuit 4 1. ¢
1 oL TV
e O(laloa 200
. i _ woC _ 1
L34 IC K Q= GL+Ge  wol(GL + Gg)
- external
Z, a)OC 1
z IC . z, Q= 2Y,  woL(2Yy)

Q —
= L™6G, + 6o +2v,
z,
L3¢, cl| G 1 1
_—_+_
I Qo Q Qu

Trijo nome kr 7

cos(x) = M ; cogh(x) = exz"_"x
tan(x)z 28 | jaul(x) o Sinh(x)
cos(x) ’ cosk(x)
cotlx)= Bl £ ot ootk = I ...l.(x)
seclx)= 7 vt sech(x) : ——r sk(x)
ese(x) = 1 el eschlx) = ,,_L(x)
Ta7lorsenes
f(x) = Z, > f (x"’(x-x.) I«

'F(X)l;zga'f k'(Ax"9x +.. "A"nax,.)
i = A -5 8 25 - 0(cY o -0

x o xk
e=2 %
kso

- -
x=a

= woL(GL + Ge + 2Yy)

sin(x2y) = sin(x)cos(y) £ cos(x)sin(y)
o5 (x 2 y) = cos(x)casly) T sin(x) sinly)

sin(x) sin(y) = %( cos(x-y) - cos (x+7))
cos(x)cos(y) = zi(w(x-y)-l-ws(x#y))
sin(eas(y) = %(sin(x-y) + sinf; x+7))
sin(x) = % (4- <aS(2X))

()= 3 (1405 (2x))
sinsfx) = ‘-}!-(gs'n(x) - Sin(gx))
cos’(xlg 1-( 3cos(x) +ess( 3,‘))
sin(x) = 1(3 Peos(24) + cos (4))
s (x) = 2 (3+4<ox(2x)+co8(4x))
Sin(x) +sih(y] = 2sin (x—;’)c"’(x_;?)
Sin(x) - sinly) = 2“‘(*—?) sin (x_;?)
cos (X7+<°‘(7) 2cos ("4"/)‘_ S(“_—?)
X+7 sm (—?)

2k+4

(Zk +#l

¢os (x) - cas(y) :-ZSm

S'm(x) = Z- ( )

Zk
cos(x) = Z_(-i) 21
‘“oen 2lc+1
z x
k“(Zk +

0 x2'<
coshlx) = Z-(z_k)'
k=0

sinh(x) =

&-matd»hj with Pl'Sl:aje_s

'ON to hIJLI -exau?le

makch Z,_ =(g-j42)_ﬂ to $02 with n=2 ;f=10GHz
Re(z,_): 802 <500 =blow to L;alv\

4+Q2 15 L R= Raest
'JE‘WIE RG(ZL) =

='D&= JR"'D_/‘ =4,22
VIOW the 'fﬂ is hormal ! bat it will ouly match

—DRe(ZL) -\/_ 200

Y

. {irsl- sl:ajg

RS,*I = RL: RC(ZL)= &n

& = 122 (see above)

Xnew 4 + I'"(ZL)éi'QR;,.‘ (let's choose +)
ﬁ>x’lelalq=@’294"”‘!(2}_) 212-{1
Xnew,4 7O =0 Series L, with jul, =j2180

convert to pmallel: )(', = ,2"+4"'Qz) =1630

{?
a

=2/,=

=DWe nees a leut Capacifor fo caucd Xp

1
=~ =-j 463 = =
Jg, i3 D Com S < AHfE

JwEq

so for we hove this
La

o 1o ba

RS,Z = le,-t =£§1(4+Qz): RC(ZL)'\”Q—: 200
RC(ZL) !I_\

o second Stoje 2 g- R stay across olf stauJeS
Rs,2 = Rs R =200 ; 0.£122

i 245 -séaae f"‘od““ a ZL,z =RS,1 +j0 !

Xnew 2 + X1,3 =’:tQRs,z —>,=
)

aR;,,
gLOOI¢+ w Se.e

o
_ RS,2 (44'@2) shaunt 1
Xﬁ-e—:4o,8ﬂ "Dco'a CZ:W"IO,&O.:'"
La La
—=C = Z
T [2 -
Son. Rs,2

E:jl‘ to low -example @
motCL\ ZL-—(ZS-O "J 200)-(1 ‘:0 SO_QI n.-Z, f: 4GH2

| !ZL)
Re(Z)l™
12,,“_ R, (4+8)=41010
Xpt1= _Rimal) --S1250
Im(2,)<0 ;XpL,1<!O
R = l@a _ 4100 _go
aoql soQ

=D£m3¢£ a‘ Q = JQ"’"_/‘ :4,3‘5—

Xea=* %LL = 300,30 (chose +)

can choose
Kpad Xpha Y o XpaXpta _ a 40

XPl at xhew a héw, a XP’- 1= Xp,»:

)(nguq >0 = shunt inductor with JwL _J'f?ﬂ 20
#L,'_ 4 :;4"1 301401”

R
1 443480 ; i%s,a= QR 1=1954¢0

RSI4 = A+ 3.2 =
=Dwe need a series ca‘ola'br ko cancel Xs,4
- 495460 = C, = $143(F

= __ 4
so far we have:

wl,Zdwc,
Ca

o
|—’ z,_
Z
ch1+ zTLfJ_ =193430:=Rs, (€
* second Sb.\jg
»matech R, to SO0 ;Q:436s"
Y Rer2 =Rs 4 = 1434300 ¥

%:404'3_9_

Z,a =

Xpt,2 =

XP|,2>O=Dw¢ need to acdd™ & shunt [ with
jwla £j40430 =1, =230 1 7.H

#here we, match real to real"—oie need to addel Ly to, conserve Q'
RS 2= _LL’_Q’- =50.0) (as Qx'suf¢d) ; Xs, 2= QRs,z-‘a,Z‘.ﬂ.
Xs,2 20 = need series C foconcel >(s,

,.,_JJ—_.Jazm. ,»cz_ =2,33:F

w-68,26Q

e

ZIN4 R:z-s'an 2”[4 Rs4




Quarter wave Lransfomef‘

R n ZL in joal Mruk W‘\f

ratio 2""

Ziaz 2 ZoaxlBina e
Zmz-g 202"1 M,Z in,1

,gl.: is like the ,rew fowol " seen L7 Zo2

1 |
! 1 2o
{ ‘
' 1

Zin _Z“ Z

l_o ocal

LOSS' iln AC Cireuits (couh’nueJ)
Series:

2=R+jXx

Tronsolucer Loss

ZA
Zg

P4 [2Zy+Z|? | z  z?
TL =~%= — = =1+—+——|1+
P 2v 472 Zy 4Z%
¢ (|zzof2|) Z ° ‘ °
2+r+jx _
TL = = (1+)+——1+r+ +—

‘)Cor normaliseal Z_Z —r+Jx

[_oo.ﬂ-en Z“‘ ison etC]

Parallel:

%376 )’. G+_|B

” mserkc

2y, |

EHL

Tronsolucer Loss

\- -,Cor normalisecl Y= Z =j “'JB
Randwith Ccontinued)

Series Resownator:

| Zg()

R L
J. © AW
N -
e -
Qo

Py V2Yo [2Yo+Y|? Y |
Py 1 4y, Yo 4Y2
TL 5 2 14— ~
2V avyy, >
1 1 0
‘Y_0+Y+Y0|
TL=|1+% | —|2+g+’b| —(1+§) +Z=14g+ 240

Zy = R+JwL + —4— I

o

A 2c
Hal#- ower (?J@) fmdlonal Bondwith BW :
check wlnefb | 2., _Zf?

=D (/2+Jf2Q (BW)*<ZR?

=D @h/—a -For &740 O»Jr!
froctional e

=D, absolute " Bandwith BW,

Q°>!4o
‘uolule_'ﬁ; @ll\/ go

acractww |

Jw< 0 1 g
Z —R+wL<1771 ) R L @ — o
in = J c) = + jo po
5
If w=wo+ Aw then Zm2R+j1LA(D:R+JM

2

+
zyo

IbI2

P c-rauel Qesona{:ar:

A
V2N

J

0 1

Hal#- owe- ( ?JB) frad.lonal Bondwith BW:
CL<J< WL'n lZm’ = Zl?

=D BW—'OT' -,Cor Q> 10 Ov\ly!

fro ckional °

aésolul:e, Bondwith Bw,,. Jute=to ew

,,Q is the number of riuainj c7de$ N

Q310
L&

fruboua |

—o coumt f»eaks antil euvelopc oies down to € Ts-.: 4237 of it's max. Amrli}.wle



Swwithchart Tricks
. "F you 30 o"n a TL, the maximal (M'milhal)
Im Pco‘auce is at the r,'alxl' (left) intersection
of the counst - [['|-circle and the real axis

2
\‘\’h‘

* VSWQ = Zmax

Ok Zpas : I"is real andl positive. (Since it bas phase ©°)
Lo ’”=F= Zn.x'Zo = 2mox - 1

m(-zo Zmax + 1
4+2mnx'4
= VSWR = 4*”-"_ 4+I"_ 2max + 1

4-Il"l'4-l" —4_2qu-4
Zymax + 1
_ Zpax +1 +2pax -1 22”'“
Zmax +4-(Z».qx-4) -T2

= Zmax a

eOn a smitchard , that's normalised Lo ZO.OfI'Ji-AI-
a Tline ith imf:edauce chir.( will make
you move qlo.a a circle whose center is

2 ...

Sweirel in the , 2o oriinal ~Chart ".
zo,orid;un’. ’ ™

Exawele (see Ex. 3, Problem 2)

at z-

LZ ) La
Vj J/ A00L) 59.0 ZL =€o +\)40
LZ Lot
) £3 -
100L2 5§90

tlis civde is for the Saq -TlLime

I{Le Ce.'f\ﬁe/' is of GL'MJ:&“‘K iwypedmge_ = Si_;z = /1-1-\]0
novrmalisobon of chort Za
this civdle is go.- f,lqg A000 -TlLine
. choacteitic i eolone
L i _ 1000 .
IL—LZ cenfer s ok normalsobon of ::L-orl - ZG “3_"1]2

Drawine, Q- Circles
A Pul ceunter 0{ counrﬁl's in V

with v= lm(r')

2.0raw o ,Seqmeut " from u=-41to u=1
with u=Re(r) )
3.Pul: ceuter of Compars ih V= =—

a

o
4.0raw o ,sejmeut " from u=-41to u=1
5. Double check that the upper seancul:
nkersects (r.:‘f,x:&) 4 (3:4' (,z_Q)
€. Double check that the lower seJ».eul:
mtersects (r:’f,xg-&) 4 (3=4' b= Q)

NO'lef thot Lere il;g Preﬂy quy bet it works




