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TEM transmission lines




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design
Microwave filters

Vil Leni >



Transmission line equivalent model

TEM wave propagation, at least two conductors

(z,t) 1(z+Az,t)
> Y Y —>
R-Az LAz
V(z,t) G-Az| | T CBZ | vz+azt)

Az




Telegrapher's equations

time domain

M:_R.i(z’t)_bai(z,t) Kl
0z ot

ai(Z’t)z—G-v(z,t)—C-éV(Z’t) K|
oz ot

armonic signals (frequency domain)

dv (z) =—(R+j-0-L)1(z)

dz d
o /dz(...)

= (G+j-»-C)V(z)




The lossless line

rr V(z)=Vye 177 yv, el#?

1(2)= Yo g-ip2 \;_emz
0

|

! Z,

|

: 7 VO Z
A T ()] RVANRVE R
|

|

! voltage reflection
|

L . coefficient
X Vo _Z-7,
V, Z_ +Z,

Z, real



The lossless line

V(z)=V, .(e_j-,b’-z +F.ej-,8.z) 1(2)= V" _(e_j.ﬂ.z r _e,-.ﬂ.z)

0

time-average Power flow along the line

4 2
P.., =1-Re{v(z)- |(z)*}= 1-’\/0 ‘ -Re{l—r* e 2P L T.e?1P? —|r|2}
2 2 Z,
» _1 M -(1—|F|2) (z—z* = Im
2 Z,

Total power delivered to the load = Incident
power — “Reflected” power
Return “Loss” [dB] RL=-20-log|l] [dB]



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




The lossless line, special cases

[=k-\2 ﬂ.|:27”.|:k.7z tan3-1=0 Ly =L,
[=MNg + k-A2 tan -1 — oo , ZOZ
in :Z_
M -

quarter-wave transformer

_______l;l_____..
S
N




Short-circuited transmission line

Z =0 G\

purely imaginary for any a2 N

length |
+/- > depending on [ value Y /

Zi.=]-Ly-tan B -1

Z

in = 40 Zo+j°ZL°tan(,B-|) : y :



Open-circuited transmission line

ZL:OO—):]_/ZL:O \ /I—T
purely imaginary for any E \/

length [ 0 o

+/- = depending on [ value
/m )

L =—]-Zy-cotg-|




Examples




Voltage standing wave ratio

V(e)=vg 7 sren) Vel=p |l per et r=re
’V(Z)‘ _ ’VO+ . 1+‘1—«‘ a0+2jp2

maximum magnitude value for /2P =1 Virex :’VO+ °(1+‘FD

minimum magnitude value for elt?Ihr = 1 Viin 2’\/0+ -(1—\r\)

SWR is defined as the ratio between maximum and
minimum
(Voltage) Standing Wave Ratio
Vv 1+\F\
VSWR = —max _
Vi 1-T

min

real number1<VSWR <
a measure of the mismatch (SWR =1 means a matched line)




The lossless line +/-




Power transfer

Impedance Matching




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design
Microwave filters

Vil Leni >



Matching

Source matched to load ?

—_—

. impedance values ?
i existence of
V Z,  reflections?




Matching, real impedances

Source matched to load

I | E
_é -
R +R,
R. v =R
R +R
Vv R




Matching, real impedances

RL 'Ezi
(Ri+R. )

P.=R -I’ P, =

Power dissipated on load

R, = 5002
Ri=02P, =0
R =002 P =0



Matching, real impedances

08

0.25—2

005




Matching, complex impedances

Source matched to load

I E
S | =

Zi+7Z,

Zi V— Ei ZL

Li+2,

Vv Z,
<: P =Re|Z, I |
E. 2

> v PL — Re{ZL} Ei




Matching

p=—t1 o

Matching
maximum power transmitted to the load
condition?



Matching, example

E =10V
Z. =50 Q) +]-500)
P (Z,)?

L= RR (XX, <E>




Matching, example
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Matching, example

100

80

60

40

20

2, =50-j 50

E=10,P = 0.50

max

100

Re ZL
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0.4

0.35

0.3

0.25

0.2
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0.1

0.05



Matching, from the point of view of

power transmission
P ‘Ei‘z
ARG L 4Ri—|—(RI_RL)2 (XX, )
L R
2
P mex Ei =P, R, =R, X =-X;
4R

P. : Available Power

Z, =27



Reflection coefficient

Any impedance Z_ chosen as reference
[ |—> * -
L+Z,




Matching, from the point of view of

power transmission

Zi—Z,
[ I I =
- N Zi+7, |

= (R —Ry)+ J-(X; +X,)
Zi (RI +R )+J (Xi +XO)

Z, —Z,

Z T L 0

-tz 42




Matching, from the point of view of
power transmission




Matching, from the point of view of

power transmission
« If we choose a (any) real Zo *
Z — Z _ L—L, FL — r
L | = |
L+7Z,
AlmI[ -

complex numbers
in the complex plane
>Re [




Reflection and power [ Model

Z P, Z >
P, Z, P, L Z,
) )
Z,=2; Z,+2;



Reflection and power [ Model

Power of the reflected wave



Reflection and power [ Model

z.P I:)L .PaPL
L) | |2 IR

Sadio; alox L

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” (modael) some of the power is
reflected P, =P, - P

The poweris a scalar!




Reflection coefficient

"7, +Z



fd
c
Y
B
4=
)
O
O
c
ke
fd
O
D
(-
)
'

- Ir

L

L



Reflection and power [ Model

P » [l
ZI P L a 4RI
d ZL 2
P — RL‘El‘
=
(E_ o (Ri+RU P +(X+X, )
I I
o b b B R -|Ei[ B[ - 4R, R,
"t 4R (Ri+RL)2+(Xi+XL)2 4R (Ri+RL)2+(Xi+XL)2
> _‘Ei‘z. (Ri—RL)2+(Xi+XL)2 _p -‘F‘Z IF|?isapower
"7 4R, (Ri+RL)Z+(Xi+XL)2 a reflection coefficient



The quarter-wave transformer

Impedance Matching




The quarter-wave transformer

Feed line —input line with characteristic
impedance Z_

Real load impedance R,

We desire matching the load to the fider with
a second line with the length A/4 and

characteristicimpedance Z, , _ 1+re?”

T

l_.
« ) -\ /4 ——

Vo, R, -Z,
FO = n =
Zl} |:‘I> Z] RJ’_ VO RL + Zl
o R, +]Z, tan(Al)
| Zin — Zl -
Z, + JR tan(Al)

Zjn




The quarter-wave transformer

I _L -2y R [ =0 Z =.Z.R
in le-l-ZO'RL in 1 0" 'L

In the feed line (Z,) we have only progressive

wave
In the quarter-wave line (Z,) we have standing

waVves



The quarter-wave transformer

The Multiple-Reflection Viewpoint L

[ =T — BT + LTI — 11008 + - W
o0 T, ——
_ . . . A\ -
=T — 1 I Z(:)( [»I3)" Z, . R,
n=
I = A1 =40 [e2C >, <
Z1 + Z()’
Zo — 7 -~ N4 —»
N A | T
0+ Z1 r, I
[y = L — 41 T,T,T -<—T3-<—————<—/r3
3_RL+ZI’ 4213 ,TT ?
T,T,I'3T, e .
I = 241 U [ ?
Z1+ Zo’ | 3 -~
e T=1-T ) ;
270
15 = ,
Z1+ 2y



The quarter-wave transformer

The Multiple-Reflection T
Viewpoint W1
0,0
l ’
N T,
ZA” =5 for |x| < 1, 7 ) - / ,
n=0 — T,
F—r — 113 _ Fl—}—FleFg—TszFg. - oYe —
1 +1I2I'3 1 4+ I3
- \4— >
2(Z? — ZoR ! T,
M -T3(Mf+ ND0) = 2] — ZoR1) : LS s DR
(Z1+ Zo)(RL + Z1) | T, 3
T, e e
2 (21_20)2 42,7, T I [
Fl +T1T2 = >+ 5 =1 T,T,T2T, 2f ::::_(_/
(Zl+ZO) (Zl+ZO) o I ?
.BJ
2 )
I'=02;-2,-R =0 :




Frequency response

()A
()V

le\/zo'zl_

Zs Z, Z; (real)
) ] (only) at f,
W I—ﬁ ﬁo,lzz_ﬂ-.ﬁzz
4 A 4 2
Z +JZ tan(,BI) not not
Z- :Z . L 1 — . = .
in 1 Zl+j°ZL'tan(ﬂ'|) Q—ﬂ I t tan(ﬂ |)
z :zl.ZLﬂ_'Zl't
Zi+ )21
oo Focr
r_Zn=Z0 _ Z\(ZL = Zo) + 1 (Z) — ZoZ1) 22=2,-2,

B Zin + Zo - Z1(Z1 + Zo) + jt (Z% + ZOZL).
r_ Z1 — 72
 Z1+ Zo+ j2NZ0Z1




Frequency response

matching quality = power reflection coefficient

\Z1 — Zo|

'l =
((Z1 + Zo)? +412Zo Z1 |

1/2

|
{(Zy + Z0)?/(ZL — Z0)> + (412 ZoZ1 /(Z1 — Zo)*]}
|
(1 +[4Z0Z1/(Z1 — Z0)2] + [4Z0Z112/(Z1 — Zo)*1}'?
B |
1442021/ (Z1 — Z0)2] sec? 0}

1/2

secé’zia
cosé

sec’@=1+tan’ @ =1+t?



Frequency response

we assume that the operating frequency is

near the design frequency (narrow bandwidth)

fzfo |zﬁ sz sec’ @ =1+tan’ @ >>1

4 2




Frequency response

we set a maximum value I for an acceptable
reflection coefficient magnitude then the
bandwidth of the matching transformer, 6,

2

| 2/ 207 T[4
— =1+ sect, | ,
[2 Z; — 72y T

AG =2 (3 _ 9,,,) r

-

m

Soul, — Fm 2\/ZOZL
T JT=T2|ZL — Zo|
for TEM lines
. V .
Qzﬂ.lzﬂ.%:Zﬂfé. f:ﬂf ¢
4 v, 4 f, 2f, " T
(f — . 2.2, -Z
Af_2:(f—f0) o, 40, Al T 2ZZ
f, f, T T 1—Frﬁ ‘ZL_ZO‘



Frequency response

When non-TEM lines (such as waveguides) are
used, the propagation constant is no longer a
linear function of frequency, and the wave
impedance will be frequency dependent, but in
practice the bandwidth of the transformer is
often small enough that these complications do
not substantially affect the result

We ignored also the effect of reactances
associated with discontinuities when there is a
step change in the dimensions of a transmission
line (Z, ->Z,). This can often be compensated by
making a small adjustment in the length of the
matching section



Frequency response

Bandwidth depends on the initial mismatch

1.0

0.75

increased bandwidth
for smaller load

. Tl 05
mismatches

0.25

0

0

-3



Exemple

A quarter-wave matching transformer to
match a 10Q) load to a 5o Q) transmission line at
f,.=3GHz

Determine the percent bandwidth for SWR<1.5

SWR -1 1.5-1
= = - T = = = 0.2.
Z\ = ZoZ1 = /(50)(10) = 22.36 , " SR = T

A_f — i COS_I | IANVAVAS
fo 7 | V1 -T2 |ZL = Zo|
4 [ 02 2/GOO0)
=2 — — oS
7 | V1 —(0.2)2 [10-50|

= 0.29, or 29%.



Simulation

ADS Simulation
0.40— m1 m2 Af =0.88GHz

freq=2.560GHz freq=3.440GHz
035 mag(S(1,1))=0.200 mag(S(1,1))=0.200

0.30—

T(3GHz) =3-10°°

0.20—

mag(S(1,1))

Al 0'58 =0.2933

0.15—

0.10—

0.05—

0.00 ,

freq, GHz



Full bandwidth simulation

0.7 m2
0.6
i m2
_ freq=6.000GHz
0.5 mag(S(1,1))=0.667
= 04—
5]
g -
g 03
i m3
D] freq=9.000GHz
] mag(S(1,1))=3.040E-5
O] m1
. freq=3.000GHz
: mag(S(1,1))=3.040E-5
0.0

l | | l ! | | l | | | I | | l | ! |
: : 50 55 60 65 70 75 80 85 90 95 100

o
3
—
o
—
o
N
o
N
o
w
o
w
o
I
o
I
o

freq, GHz



Impedance Matching with Impedance Transformers (Lab 1)

Impedance Matching




Multisection Impedance Transformer

The quarter-wave transformer can match any
real load to any feed line impedance
If a greater bandwidth for the matchis
required we must use multiple sections of
transmission lines transformers:

binomial

Chebyshev
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The theory of small reflections

l—‘]

| |

e | :
| |—»—

T21_1+F1:ZZ ZZZ DR 3

§+z 2 I I
: | >
1742 I —

|

r, |
| -
F :Fl +T12 ’T21'F3 ‘e_ZJQ +T12 'T21 'F32 'FZ '9_419 +T12 'T21'F33 'F22 '6_619 +‘ °°

F :Fl —|—T12 .T21.F3 .e_zjezl—*; .1—«2n .e—2jn0
n=0



The theory of small reflections

L=1}+TypTpy - Ty - 2003 10T .o 20

n=0
= 1
Y xt=—— |x<1
n=0 1-
-2]0
1+F1°F3°e_210

If the discontinuities between the
impedancesZ,+Z, andZ,+Z, are
small we can approximate

[T +T;-e2°



Multisection transformers

o
[y
. I =

We also assume that all impedances Z,+Z,
Increase or decrease monotonically ;7
across the transformer [,=-t

. . : . . VAN A
This implies that all reflection coefficients
will be real and of the same sign n=LN-1
Previously, 1section r=r,+1,.e?¢ = r _Z -2,

Nz 42,

1(0)=T,+T,-e 29 +T,-e*1? +...4 T, -e2IN?



Multisection transformers

assume that the transformer can be made

symmetrical
Lo=InIi=Iya o=y,

Note that this does not imply that the
impedances are symmetrical
[(6)=I,+0-e2?+T,-eM? ... eIV
N(@)=e M|, (e +e-IN0 )y (N2 4 gi(N-20) 1 (eiN-400  o-ilN-4)), . |

1(0)=2e"N.|r,-cosN@+T; -cogN —2)@+---T, -cos(N —2n)9+- |

_ 1
last item: ---E-FN,Z N even .. 'F(N—l)/Z -cos¢ Nodd



Multisection transformers

Input reflection coefficient

[(6)=Ty +T,-€ 219 4 T - 4ot T, 62N
-2j0 _

f(X)=ay+a,-X+ay -X*+--+ay X"

we cah choose the coefficients so we obtain a
desired behavior (of the polynomial)



Binomial multisection transformer

The response is as flat as possible near the

design frequency, also known as maximally flat
For N sections the first N-1 derivatives of the
IF(B)| functions are annuled

f(x)=A-@+x)"

r(6)=A-l+e2i)
(@) =|A e 7] el +e " =2 | A fcosef

I:%:H:,B-I:E r(”j d

- O; d@n ‘F(e)“azz =0 n :1, N -1

2 2




Binomial multisection transformer

A, 0 >0, olength sections, the sections disappear
ZL_ZO A:2—N.ZL_ZO
L +Z, L +Z,
Binomial expansion

f(x)=(1+x)" =C% +C% - x+---+C - X" +---+CJ} - x"

N!
Cy =
(N —n)n!

Reflection coefficient:

r0)=2"-A=

F(e): A.(1_|_e—2j6’)N 1—1(9) FO+F .0 2]9_|_1—*2 + +F e—ZJNH

[ =AC!




Binomial multisection transformer

Manual design procedure

L —Z
A=27" 0 I,=A-Cr
Z, +Z, d N
Fn:Z”“_Z”;lI Zna nx=2.X"1 y=1
Z +Z, 2 Z, X+1
InZ”“;Z-Fn:z.A.CIQ:2.2—N.£~2— .Cl. Ini
L +14, Z,

n

nz,.,=nz +27".CJ, -In%
0



Binomial multisection transformer

Bandwidth, ' maximum acceptable value

Ly = [0 ) =2" | Al Jcosg, M ™}

0. =cos ™ 1£F—m] "
m

= =2—-———=2——-C0S | —
f, fy T T 2

A 2f,—f.) . 46, 4 11[rij




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




Exemple

Design a three-section binomial transformer
to match a30Q loadtoa 100 Q line at
f,.=3GHz, [ =0.1
N=3
Z, =300  Z,=1000

A:2—N ZL_ZO 1 ZL_

~——In=L = 0.07525
L +Z, 2 Z,
| |
o=t a3, c2- _3
310! 37 o1 121



Exemple

n=0
nz,=Inz,+2™"C3 In—_In100+2 -1 Inﬂ_4455
Z, 100
Z, =86.03Q
n=1
nZ,=InZ,+2" C3In—_ln8603+2 3Inﬂ—4003
Z, 100
Z,=54.77Q
n=2
NZ,=Inz,+2NC: InZ—_In5477+2 -3 In£_3552
Z, 100



Exemple

Af 4 1R 4 1( 01
— =2-——arccog —| 1 =2—arccos;( : j =0.74
f, T 2\ |A T 21 0.07525

Af =2.22GHz



Simulation

Similarly Lab. 2

/1 Af =2169GHz

S(1,1)

mag(

T
| 1 freq=4.084GHz
\ map(S(,1)70.103 mag(Si1 1))=0.10(/

a T(3GHz) =3.5-10"°

2 m
Y Y

0.10 -

i
ireg=3.000GHz 7
mag(S{1,1))=3.449E-§
.__-.-‘ m 1 S

e o, O (M R o
o T T O S S | T T T T T T T
19 12 14 15 13 20 22 24 25 23 30 32 34 35 33 40 42 4 45 4B 5D

005 —

freq, GHz



Chebyshev multisection transformer

The response of this multisection impedance
transformer is equal-ripple in passband
optimizes (increases) bandwidth at the
expense of passband ripple

We match the (0) function with an desired
Chebyshev polynomial



Chebyshev polynomials

Tl (X) — X T(x) A

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

T (x)=2xT,_,(x)-T ,(x)




Chebyshev polynomials

f | X
i | y y A
0.0F \ / ‘)
U | WY | | 1 | | n
\/ | \ A
- 4 2 R v/ )  \
X 8 X - 8 X + “".“‘ ’/"‘ y ‘.“:“"
j— I % \ \
4 i | \ X
N ik |\
a y |
- f \ \ Y B | .
I 2 / J A |
-05F [ \ B | -
. | | 4 b )
|\ \ 4 y
i | | 4 ) Y | g
4 \ |
/, i
P
- \ N J J g
1.0 ~ \/
- & N e e -

-1.0 -0.5 0.0 0.5 1.0

equal-ripple
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Chebyshev polynomials

F(Q)ZFO +F1-e_2j9+1“2 -e_4j0 _|_..._|_1_‘N .e_ZjN9
2j0 _
f(X)=ag+ay-X+a, X +-+ay-X"
1'(0)=2e" .|, -cosN@+T; -co(N —2)@ +---T}, -cos(N —2n)9+- -]
1
--—-Ty,, Neven
last item: 2

Ty -cos¢ Nodd

x=cosd |x<1
We can show that: T,(cosé@)=cos(ng)

T.(x)=cos(narccos(x)) X <1  T,(x)= cosl*(n cosh‘l(x)) X >1



Chebyshev multisection transformer

_ T[4
variable change

SO We map:
bandwidth -> [-1,1]

l—.f.?a'

0=0,—>x=1 O=7—-0, —x=-1

cosd
cosd,

secld = —— _
cosO X =secd,, cosd



Chebyshev multisection transformer

We search the coefficients to obtain a Chebyshev
polynomial

1(60)=2e"".[r,-cosNO+T; -cogN —2)8 +---T, -cos(N —2n)g +- -]
ll" npar
5 NI2 P

ultimul termen:
+-I{No1)2 - COSE nimpar

r(@)=A-eN?.T(sech, cosd)



Chebyshev polynomials

Mk <> coské
T,(x) = x
T,(x)=2x* -1 T,(sec@, cosd)=2sec’ 6, cos” O -1
c0s260 =cos’ @—sin“@=2cos’ 0—1
T,(secd, cosd)=sec’ @, (1+cos26)-1

T,(secé,, cos@)=sech, cosd

T,(x)=4x® —3x T,(sech, cosd)=4sec® g, cos’ 6—3sech, cosd
c0s30 =c0s(20 + 8) =c0s20cosf —sin 260sin 6
c0s36 = (2cos? 6 —1)cos 0 — 2(1—cos? 6)cos @
cos39 = 4cos’ @ —3cosb

T,(secd, cos@)=sec® 6 _(cos30 +3cosd)—3sech, cosd




Chebyshev multisection transformer

T,(secé,, cos@)=sech, cosd

T,(secd, cosh)=sec’ 0, (1+cos20)-1
T,(secd, cosd)=sec® 6 (cos30 +3cosd)—3sech, cosd

T,(secd_ cosd)=sec’ & (cosdd +4cos26+3)—4sec’ 8, (cos26 +1)+1

We search coefficients of '(Q) function to obtain a Chebyshev
polynomial

1(60)=2e"".[r,-cosNO+T; -cogN —2)8 +---T, -cos(N —2n)g +- -]

r(@)=A-e"N?.T(sech, cosh)

1
--—-Iy,», Neven
last item: 2

++-I{yy2 -COSE  Nodd



Chebyshev multisection transformer

A, 0 >0, olength sections, the sections disappear

L —LZ Z —Z 1
[0)==t—2=A.T 6 A==t 0. I, =
() Z +Z, N(sec m) Z +Z, TN(SeCQm) il W
T, (secd, )= Lzl 1 n 2
r |z, +z,| 2r.| z,

T.(X)= cosr(n cosh‘l(x))

secd,, =Cos L cosht| L[4 =%
N r,

~ CO0S icosh‘1
Z, + 2, N

we compute 6. for maximum acceptable

value I _ (ripple) then bandwidth is:

g_z(fo_fm)_z_%
f, f, =z

In(z,/Z,)
2I°

m

H




Chebyshev multisection transformer

Design procedure, approximate solutions

T =|A A Zi=Zy 1
Sign of AdependsonZ <>Z_ 2+ 2 Tu(secty)
Compute sec 6
Write down the Chebyshev polynomial for the
order of your choice and identify cos kO

coefficients
1(6)=2e"N.|r,-cosN@+T;-cog N —2)9+---T, -cos(N —2n)9+--|

Z T/

In =" ~2.T InZn+1;|nZn+2-Fn
= n




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




Exemple

Design a three-section Chebyshev
transformer to match a 30Q load toa 100 Q
lineatf,=3GHz, [ =0.1

N=3 Zz,=30Q Z,=10Q

1'(6)=2e %I, cos30 +I; cosf|= Ae *T,(secd, coso)

|AI:Fm:O]_ A:ZL_ZO. 1 ZL<ZO_>A<O A:_Ol
Z, +Z, Ty(seco,)
seco, = COS?‘{:l : cosh{ InZ, /2 ﬂ = cosr{l : coshl( In(30/100)m =1.362
N 2l 3 2-0.1

6, = arcco{ L jz 0.746rad =42.76°
secd,,



Exemple

2|, cos30 +T; cosd]| = Asec® 6,,(cos30 +3cosd)—3Asech, cosd

i

cos36 2T, = Asec’|0, I, =—0.1263
v
cosd 2l = 3A(sec3 Or —sec@m) [, =-0.1747

simetrie: I5=1, I,=1I;



Exemple

n=0
INZ,=InZ,+2-T, =In100 —2-0.1263 = 4.353 I, =—-0.1263

Z, =17.68C) I, =-0.1747
n=1

InZ,=InZ,+2-T, =In77.68—2-0.1747 =4.003

Z,=54.77Q
n=2

INZ,=InZ,+2-T, =In54.77 —2-0.1747 = 3.654

Z, =38.620



Exemple

A _2Afo—Tn) _, 400 _, 44276 000
fy f, T 180°

Af =3.15GHz



Simultion

Similarly Lab. 2

/| Af =3.096GHz

na 1'1

wl \ . T(3GHz) =4.17-107

mag(S(1,1)

freq-1i.452GHz trec=2.242GHz -
raa(3(1,1))=010 masieil 19)=0.09 ‘2{"
m

|
m2 m1

(2.282GHz) = 0.09925

| ' | | I I I |
10 1z 1.4 15 13 20 22 24 28 28 30 32 34 35 33 1] 2 (X 5 i3 50



Exact solutions

G. L. Matthaei, L.Young, and E. M. T. Jones,
Microwave Filters, Impedance-Matching
Networks,and Coupling Structures, Artech
House Books, Dedham, Mass. 1980



Laboratory 1

Impedance Matching




The quarter-wave transformer

—
* Term W # Term
Term1 T[1 Term2
a4 7=54.772 Ohm NUm=S
=100 Ohm =i Z=30 Ohm
1 F=3 GHz Kl
m2 m1 m3
P freq=2.699GHz freq=3.000GHz freq=3.302GHz
o || o FARVMEBTERS mag(S(1,1))=0.100| |mag(S(1,1))=4.669E-6| Imag(S(1,1))=0.100
S Param c 0.6
x e ]
Start=0.5 GHz
Stop=5.5 GHz
Step=0.001 GHz
23
(@)}
©
=
0.0 T T 1 T T

0.5 1.0 15 20 25 3.0 3.5 4.0 4.5 5.0 55
freq, GHz



Binomial multisection transformer

Term

Term1
Num=1
Z=100 Ohm

TLIN TLIN
TL1 TL2
Z=86.03 Ohm Z=54.77 Ohm
E=90 E=90
F=3 GHz F=3 GHz
r;.?,'ﬂ S-PARAMETERS
S_Param
SP1
Start=0.5 GHz
Stop=5.5 GHz

Step=0.001 GHz

TLIN t ferm
TL3 Term2
Z=34.87 Ohm e
=1 Z=30 Ohm
F=3 GHz

m2
freq=1.915GHz

m 1
freq=3.000GHz
mag(S(1,1))=3.449E-6

m3
freq=4.085GHz
mag(S(1,1))=0.100

mag(S(1,1))=0.100
0.5

A DS —
0.4—]
- 034
%3 ]
8 0.2
£
q 2 m
0.1—
| m1
A A
&0 | | | | | I | | |
05 10 1.5 20 25 30 35 40 45 50 55

freq, GHz



Chebyshev multisection transformer

t Term

Term1 TLIN TLIN TLIN
Num=1 LA T2 TL3 Termf
Z=100 Ohm Z=77.68 Ohm Z=54.77 Ohm Z=38.62 Ohm D=
= E=90 E=90 E=90 Z=30 Ohm
i F=3 GHz F=3 GHz F=3 GHz 1
- m?2 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 05
SP1 ADS N
Start=0.5 GHz -1
Stop=5.5 GHz i
Step=0.001 GHz 04—
- 03—
ZJ
8 02—
5
1 2 m1 m
0.1—
00 | | | | | | | | |
0.5 1.0 1.5 2.0 25 3.0 35 40 45 50 5.5

freq, GHz



Contact

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



