
Lecture 4
2025/2026



 2C/1L, MDCR
 Attendance at minimum 7 sessions (course or 

laboratory)
 Lectures- associate professor Radu Damian
▪ Tuesday 12-14, P2

▪ E – 50% final grade

▪ problems + (2p atten. lect.) + (3 tests) + (bonus 
activity)
▪ first test L1: 24.02.2026 (t2 and t3 not announced, lecture)

▪ 3att.=+0.5p

▪ all materials/equipments authorized



 Laboratory – associate professor Radu Damian

▪ Monday 14-16, II.13 / (even weeks)

▪ L – 25% final grade

▪ ADS, 4 sessions 

▪ Attendance + personal results

▪ P – 25% final grade

▪ ADS, 3 sessions (-1? 24.02.2026)

▪ personal homework



 https://rf-opto.etti.tuiasi.ro



 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



0 dBm = 1 mW

3 dBm = 2 mW
5 dBm = 3 mW
10 dBm = 10 mW
20 dBm = 100 mW

-3 dBm = 0.5 mW
-10 dBm = 100 W
-30 dBm = 1 W
-60 dBm = 1 nW

0 dB = 1

+ 0.1 dB = 1.023 (+2.3%)
+ 3 dB = 2
+ 5 dB = 3
+ 10 dB = 10

-3 dB = 0.5
-10 dB = 0.1
-20 dB = 0.01
-30 dB = 0.001

dB = 10 • log10 (P2 / P1) dBm  = 10 • log10 (P / 1 mW)

[dBm] + [dB] = [dBm] 

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

[x] + [dB] = [x] 



 Complex numbers arithmetic!!!!
 z = a + j · b ; j2 = -1





 Electrical Length (Phase Length)
▪ l – physical length

▪ E = β·l – electrical Length 

 Dependency
▪ antenna gain

▪ radar cross-section
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 Behavior (and 
description) of any 
circuit depends on 
his electrical length 
at the particular 
frequency of 
interest
▪ E≈0 → Kirchhoff

▪ E>0 → wave 
propagation
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 Transmission lines
 Impedance matching and tuning
 Directional couplers
 Power dividers
 Microwave amplifier design
 Microwave filters
 Oscillators and mixers ?



 Lossless: R=G=0
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 voltage reflection 
coefficient
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 voltage reflection coefficient seen at the 
input of the line 
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 Average power flow is constant along the line
▪ ( no Pavg(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
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 input impedance of a length l of transmission 
line with characteristic impedance Z0 , loaded 
with an arbitrary impedance ZL
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 ZL = 0
 input purely imaginary for 

any length l

▪ +/-→ depending on l value
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 ZL = ∞ → 1 / ZL = 0
 input purely imaginary for 

any length l

▪ +/-→ depending on l value
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Power transfer



 Transmission lines
 Impedance matching and tuning
 Directional couplers
 Power dividers
 Microwave amplifier design
 Microwave filters
 Oscillators and mixers ?



 Source matched to load ?
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 existence of 

reflections ?





 Source matched to load

Ei

Zi

ZL

I

V

Li

i

ZZ

E
I

+
=

Li

Li

ZZ

ZE
V

+


=

 2Re IZP LL =

 
2

Re
Li

i
LL

ZZ

E
ZP

+
=





 complex numbers
 in the complex plane
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 The source has the ability to sent to the load a certain 
maximum power (available power) Pa

 For a particular load the power sent to the load is  less than 
the maximum (mismatch) PL < Pa

 The phenomenon is “as if” (model) some of the power is 
reflected Pr = Pa – PL

 The power is a scalar !
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The quarter-wave transformer



 l = k·λ/2
 l = λ/4 + k·λ/2
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 Feed line – input line with characteristic 
impedance Z0

 Real load impedance RL

 We desire matching the load to the feed line 
with a second line with the length λ/4 and 
characteristic impedance Z1
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 In the  feed line (Z0) we have only progressive 
wave

 In the quarter-wave line (Z1) we have standing 
waves
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 The Multiple-Reflection Viewpoint



 The Multiple-Reflection 
Viewpoint
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  (only) at f0 
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 matching quality  power reflection coefficient
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 we assume that the operating frequency is 
near the design frequency (narrow bandwidth) 
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 we set a maximum value Гm for an acceptable 
reflection coefficient magnitude then the 
bandwidth of the matching transformer, θm

 for TEM lines
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 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 (Z0 -> Z1). This can often be compensated by 
making a small adjustment in the length of the 
matching section



 Bandwidth depends on the initial mismatch

increased bandwidth 
for smaller load 
mismatches



 A quarter-wave matching transformer to 
match a 10Ω load to a 50 Ω transmission line at 
f0=3GHz

▪ Determine the percent bandwidth for SWR<1.5



 ADS Simulation
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Impedance Matching with Impedance Transformers (Lab 1)



 The quarter-wave transformer can match any 
real load to any feed line impedance

 If a greater bandwidth for the match is 
required we must use multiple sections of 
transmission lines transformers:

▪ binomial

▪ Chebyshev





 voltage reflection coefficient seen at the 
input of the line 

ΓL

Z0 ZL

-l 0

Zin

ΓIN

( ) zjzj eVeVzV −−+ += 
00

( ) ljlj eVeVlV −−+ +=− 
00

( )
+

−

==
0

00
V

V
L( ) −++= 000 VVV

( )
( )
( )zV

zV
z

+

−

==
0

0

( ) ( ) lj

lj

lj

IN e
eV

eV
l −

+

−−

=



==− 




2

0

0 0

( ) ( ) ( )00 2 ==− − ljel 

lj

LIN e −= 2

LIN =



++++= −−−  jjj eTTeTTeTT 62
2

3
32112

4
2

2
32112

2
321121

12

12
1

ZZ

ZZ

+

−
=

12 −=

2

2
3

ZZ

ZZ

L

L

+

−
=

21

2
121

2
1

ZZ

Z
T

+


=+=

21

1
212

2
1

ZZ

Z
T

+


=+=




=

−− +=
0

2
23

2
321121

n

jnnnj eeTT 



 If the discontinuities between the 
impedances Z1  Z2 and Z2  ZL are 
small we can approximate




=

−− +=
0

2
23

2
321121

n

jnnnj eeTT 

1
1

1

0


−

=


=

x
x

x
n

n





j

j

e

e
2

31

2
31

1 −

−

+

+
=

je 2
31

−+



 We also assume that all impedances 
increase or decrease monotonically 
across the transformer

 This implies that all reflection coefficients 
will be real and of the same sign

 Previously, 1 section
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 assume that the transformer can be made 
symmetrical

 Note that this does not imply that the 
impedances are symmetrical
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 Input reflection coefficient

 we can choose the coefficients so we obtain a 
desired behavior (of the polynomial)
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 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 
|Γ(θ)| functions are annulled
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 A, θ →0 , 0 length sections, the sections disappear

 Binomial expansion

 Reflection coefficient:
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 Bandwidth, Γm maximum acceptable value
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 Design a three-section binomial transformer 
to match a 30Ω load to a 100 Ω line at 
f0=3GHz, Γm=0.1

▪ N = 3
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 Similarly Lab. 1

GHzf 169.2=

( ) 6105.33 −= GHz



 The response of this multisection impedance 
transformer is equal-ripple in passband

 optimizes (increases) bandwidth at the 
expense of passband ripple

 We match the Γ(θ) function with an desired 
Chebyshev  polynomial



 equal-ripple

( ) xxT =1

( ) 12 2

2 −= xxT

( ) xxxT 34 3

3 −=

( ) 188 24

4 +−= xxxT

( ) ( ) ( )xTxxTxT nnn 212 −− −=

( ) 111 − xTx n



 equal-ripple

( ) 111 − xTx n

( ) xxT =1

( ) 12 2

2 −= xxT

( ) xxxT 34 3

3 −=

( ) 188 24

4 +−= xxxT



 We can show that:

( ) ( ) ( )  +−+−+= −   nNNNe n
jN 2cos2coscos2 10

( )  jN
N

jj eee 24
2

2
10

−−− ++++= 

xe j − 2

( ) N
N xaxaxaaxf ++++= 2

210

cos=x

( ) ( )( )xnxTn arccoscos= ( ))(coshcosh)( 1 xnxTn
−=1x 1x

( ) ( ) nTn coscos =

1x

last item:
even

2

1
2/ NN

( ) oddcos2/1 NN  −



 variable change 
so we map:

▪ bandwidth -> [-1,1]




cos

1
sec =

1=→= xm 1−=→−= xm

 cossec mx =

m

x




cos

cos




 We search the coefficients to obtain a Chebyshev 
polynomial 

( ) ( ) ( )  +−+−+= −   nNNNe n
jN 2cos2coscos2 10

last item:

even
2

1
2/ nN

( ) oddcos2/1 nN  −

( ) ( )  cossec mN
jN TeA = −

( )  jN
N

jj eee 24
2

2
10

−−− ++++= 

( ) ( ) ( ) ( )( ) ( ) ( )( ) ++++++= −−−−−−−−  44
2

22
10
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( )  cosseccossec1 mmT =( ) xxT =1

( ) 12 2

2 −= xxT ( ) 1cossec2cossec 22

2 −=  mmT

( ) ( ) 12cos1seccossec 2

2 −+=  mmT

1cos2sincos2cos 222 −=−= 

( ) xxxT 34 3

3 −=
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 cos3cos43cos 3 −=

( )  k
k

coscos 



 We search coefficients of Γ(θ) function to obtain a Chebyshev  
polynomial 

( )  cosseccossec1 mmT =

( ) ( ) 12cos1seccossec 2

2 −+=  mmT

( ) ( )  cossec3cos33cosseccossec 3

3 mmmT −+=

( ) ( ) ( ) 112cossec432cos44cosseccossec 24

4 ++−++=  mmmT

( ) ( ) ( )  +−+−+= −   nNNNe n
jN 2cos2coscos2 10

( ) ( )  cossec mN
jN TeA = −

last item:
even

2

1
2/ NN

( ) oddcos2/1 NN  −



 A, θ →0 , 0 length sections, the sections disappear
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Am =

 we compute θm for maximum acceptable 
value Γm (ripple) then bandwidth is:



 Design procedure, approximate solutions 

 Sign of A depends on ZL <> Z0 
 Compute sec θm

 Write down the Chebyshev polynomial for the 
order of your choice and identify cos kθ 
coefficients

Am =
( )mNL

L

TZZ

ZZ
A

sec

1

0

0 
+

−
=

( ) ( ) ( )  +−+−+= −   nNNNe n
jN 2cos2coscos2 10

n

n

n

Z

Z
+ 2ln 1

nnn ZZ ++ 2lnln 1







 Design a three-section Chebyshev 
transformer to match a 30Ω load to a 100 Ω 
line at f0=3GHz, Γm=0.1

▪ N = 3 = 30LZ =1000Z

( )   ( )  cosseccos3cos2 3
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  ( )  cossec3cos33cosseccos3cos2 3
10 mm AA −+=+

mA 30 sec2 = 1263.00 −=

cos ( )mmA  secsec32 3
1 −= 1747.01 −=

3cos

symmetry: 1203 ; ==



0=n

4.3531263.02100ln2lnln 001 =−=+= ZZ

= 68.771Z

1=n

= 77.542Z

2=n

= 62.383Z

1263.00 −=

1747.01 −=

4.0031747.0268.77ln2lnln 112 =−=+= ZZ

654.31747.0277.54ln2lnln 223 =−=+= ZZ
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 Similarly Lab. 1

GHzf 096.3=

( ) 51017.43 −= GHz

( ) 09925.0282.2 = GHz



 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



Δ𝑓 = 0.603𝐺𝐻𝑧



Δ𝑓 = 2.169𝐺𝐻𝑧



Δ𝑓 = 3.096𝐺𝐻𝑧



General theory



 Transmission lines
 Impedance matching and tuning
 Directional couplers
 Power dividers
 Microwave amplifier design
 Microwave filters
 Oscillators and mixers ?



 We try to separate a complex circuit into 
individual blocks

 These are analyzed separately (decoupled from 
the rest of the circuit) and are characterized only 
by the port level signals (black box)

 Network-level analysis allows you to put 
together individual block results and get a total 
result for the entire circuit 

[Z] [ABCD] [S] [Z]



 Z11 – input impedance with 
open-circuited output
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 Y11 – input admittance with 
short-circuited output
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 h21E widely used for Bipolar Transistors, 
common emitter topology (or β, h22E >>)
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 Each matrix is best suited for a particular mode of port 
excitation (V, I)
▪ matrix H in common emitter connection for TB: IB, VCE

▪ 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
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 This 2X2 matrix characterizes the 
“input”/“output”  relation

 Allows easy chaining of multiple two-ports
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 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



 Series impedance
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 Shunt admittance

1=A 0=B

YC = 1=D

Homework!
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 Transmission line

lA = cos
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 Transformer
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 π network
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 T network
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 Find the voltage VL across the load resistor in 
the circuit shown below (Pozar/exam problem)



 We break the circuit in elementary sections
 Sources are left outside
 If necessary, input and output ports are created (and left 

open-circuited)
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 M1 , series impedance
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 M2 , 1:2 transformer
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 M3 , series transmission line, E = 90°
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 M4 , shunt impedance/admittance
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(Somewhat!) Specific theory



 Average power flow is constant along the line
▪ ( no Pavg(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
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 Scattering parameters
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               meaning: port 2 is terminated in 
matched load to avoid reflections towards 
the port
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 S11 is the reflection coefficient seen looking into 
port 1 when port 2 is terminated in matched load

 S21 is the transmission coefficient from port 1 
(second index!) to port 2 (first index!) when port 2 
is terminated in matched load
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 S matrix can be extended to multiple ports
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 Sii is the reflection coefficient seen looking into 
port i when all other ports are terminated in 
matched loads

 Sij is the transmission coefficient from port j 
(second index!) to port i (first index!) when all 
other ports are terminated in matched loads



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