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Transmission Lines

Transmission lines

Uses

Transport signals from one place to another

Circuit elements in filters, transformers and pulse generators

Properties

Confine EM fields between two conductors

Little radiation loss

Protected from interference

Wave impedance set by geometry

Propagation velocity set by material choice
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Transmission Lines

Various geometries

Geometry examples

Coaxial cable

Wire over ground plane

Wire pair

Stripline, Microstrip, Coplanar waveguide

b
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d
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Transmission Lines

Coaxial cable

L0 =
∫ b

a
µ

2πr dr =
µ

2π ln b
a

C0 =
1∫ b

a
1

2πεr
dr

= 2πε
ln b

a

Z0 =
√

L0
C0

≈ 60
√

µr

εr
ln b

a

v0 =
1√
L0C0

= 1√
µε

= c√
µrεr

b
a

µ = µ0µr ε = ε0εr
µ0 = 4π10−7 H/m. Permeability of free space.
µr Relative magnetic permeability. (Usually 1)
ε0 =

1
µ0c2

≈ 8.85 pF/m. Permittivity of free space.

εr Relative dielectric constant. (About 2 to 3)
For 50Ω cable, L0 ≈ 250 nH/m and C0 ≈ 100 pF/m.
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Transmission Lines

An atlc example

atlc

Create a picture of the cross-section in
BMP format

atlc strip-atlc.bmp

strip-atlc.bmp 2 Er= 2.53 Zo= 40.999
Ohms C= 129.5 pF/m L= 217.7 nH/m
v= 1.884e+08 m/s vf= 0.628
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Transmission Lines

Coaxial Cable Limitations

Losses (below, left). Caused by resistance in the conductors
and dielectric losses in the insulators. Both depend on

frequency. (Skin effect, loss tangent.) Z =
√

R+jωL
G+jωC

Propagation velocity is now frequency-dependent. Dispersion
adds ’tails’ to short pulses and fast edges.

Screening effectiveness (below, right). Depends on screen
resistance and density.
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Transmission Lines

Connector quality

SMA: Very good. Usable up to 26 GHz.

N: Rugged and reliable. Usable up to 18 GHz.

SMC: Very good up to 10 GHz. Tiny and somewhat fragile.

BNC: Easy to use. Usable up to 4 GHz.

LEMO: Even easier to use. Usable up to 1.4 GHz.
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’SMAterm.’
’H+S−Nterm.’
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’Radiall−SMCterm.’
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’H+S−LEMOterm.’

TDR plots of some connector types
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Time Domain Reflectometry

Time Domain Reflectometry

Launch a fast step into a
transmission line

Observe reflection

ρ = R−Z0
R+Z0

50

Ua

0 2n 4n 6n 8n 10n 12n 14n 16n 18n 20n

Open Circuit

0 5n 10n 15n 20n 25n 30n 35n 40n 45n 50n

With 82 pF at the end
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Time Domain Reflectometry

TDR vintage hardware: Tektronix 7904A with S-52 pulse
generator and S-6 sampler

−300mV

−200mV

−100mV

 0 V

100mV

200mV

300mV

0.0 200.0p 400.0p 600.0p 800.0p 1.0n 1.2n 1.4n 1.6n 1.8n 2.0n

6cm of UT141, open end

−300mV

−200mV

−100mV

 0 V

100mV

200mV

300mV

0.0 200.0p 400.0p 600.0p 800.0p 1.0n 1.2n 1.4n 1.6n 1.8n 2.0n

6cm of UT141, an SMA T and two SMA M-M
adapters
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Time Domain Reflectometry

TDR vintage hardware: Tektronix S-6 sampler

16k

10k

75k

75k

4k16k

4k

Sampling pulse in Signal in

Risetime: 30 ps (Still respectable!)
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Time Domain Reflectometry

TDR application example: Measuring a WCM

T

Tek S−6 S−52

110         series

Terminator

Conical rod
Conical rod

M3 washer

RF gaskets RF gaskets

Ω6mm rod (about 160      )Ω3 x 220      //Ω

−20m

−15m

−10m

−5m

0

5m

10m

15m

20m

−4n −2n 0 2n 4n 6n 8n 10n 12n 14n 16n

−1m

0

1m

2m

3m

4m

5m

6m

7m

8m

9m

10m

0 2n 4n 6n 8n 10n 12n 14n 16n 18n 20n

A rod through a beam
transformer

TDR identifies
discontinuities

TDT shows through
response
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Transmission Line Transformers

Transmission line transformers

It’s possible to make very good transformers by exploiting
transmission line effects

Possible uses:

Scaling voltage, current and impedance

Impedance matching

Noise matching

Combiners and splitters

Single-ended ⇔ differential conversion

Feedback elements in low-noise amplifiers

Hybrids and directional couplers

...
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Transmission Line Transformers

Transmission line transformers

Compare traditional (top) and transmission line transformers
(bottom)

Hz

dB

−50

−40

−30

−20

−10

0

10

10k 100k 1M 10M 100M 1G 10G

’xform−tlt.dat.’
’xform−trad.dat.’
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Transmission Line Transformers

Transmission line transformers: Pictures
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Transmission Line Transformers

Transmission line transformers

It’s customary to specify the impedance ratio

... which is the square of the turns ratio

The transmission line can be:

Twisted pairs
Parallel wires
Coax

The lines may be wound as several turns on a single core

... or a single pass through several cores

... or some combination

Windings with the same common-mode voltage may share
cores

High µr cores extend LF cut-off frequency downward, but
have little or no effect at the HF end
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Transmission Line Transformers

Transmission line transformers

Wired 4-1 transformers

R 4R R R/4

These transformers have a null where the transmission line
length is λ/2

The wire length must be short compared to the wavelength at
the highest frequency
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Transmission Line Transformers

Transmission line transformers

50
50

150

Test circuit for Ruthroff 1:4 transformer

−36 dB

−24 dB

−12 dB

0 dB

10kHz 100kHz  1MHz 10MHz 100MHz  1GHz 10GHz

Frequency response of wire-wound Ruthroff 1-4 transformer
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Transmission Line Transformers

Transmission line transformers

4-1 transformers with coax

R=2Z0
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These transformers have a null where the transmission line
length is λ/2

The coax length must be short compared to the wavelength at
the highest frequency
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Transmission Line Transformers

Power combiners and splitters
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Rd

IN1

OUT

IN2

This is an in-phase two-port combiner

IN1 and IN2 are isolated from each other

For good HF response, connections must be compact
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Transmission Line Transformers

Power combiners and splitters

Rs

IN1 (Z)

IN2 (Z)

(Z/2)
OUT (2Z)

IN1

IN2

Σ

∆ (Z/2)

(Z/2)

A 180◦ two-port combiner (left) and a hybrid (right)

IN1 and IN2 are isolated from each other

For good HF response, connections must be compact
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Transmission Line Transformers

Transmission line transformers

Wire Baluns

R

R

R/2

R/2

R

R

R

R/2

R/2

R
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Transmission Line Transformers

Transmission line transformers

A transmission line balun

The common mode impedance of an arms-length of coax
exceeds the characteristic impedance above a few MHz.

If you wind the coax on a ferrite toroid, it’s easy to bring that
down to ≈ 100 kHz without affecting the maximum frequency

It no longer matters (much) which side you connect to
ground!
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xform−inverter−pulse
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Transmission Line Transformers

Equivalent circuit for the common mode

The common-mode impedance of the windings sets the lower
cut-off frequency

This impedance is not a pure inductance, but that doesn’t
matter if it’s significantly higher than the load impedance

Low loss magnetics are not required
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Impedance of a 6-turn coil on a small high-permeability toroid core
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Transmission Line Transformers

Equal delay transformers

These examples are also 1:4 transformers

Signals travel the same distance, arrive in phase

No more null in the response

������

������

����

����

������

������

������

������
Z   /20

R=2Z0

R=2Z0

Z   /20

Very wide bandwidths are possible

Limited by leakage inductance and parasitic capacitance

... and by residual length difference
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Transmission Line Transformers

Transmission line transformers

50 50

150

Test circuit for Guanella 1-4 transformer

−36 dB

−24 dB

−12 dB

0 dB

10kHz 100kHz  1MHz 10MHz 100MHz  1GHz 10GHz

Frequency response of wire-wound Guanella 1-4 transformer
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Transmission Line Transformers

Transmission line transformers
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50
50

50
50

Network analyzer

Frequency response of a
Guanella 1-4 transformer
with coax
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Transmission Line Transformers

Equal delay transformers

What if you need ratios other than simple squared integers?

Z0

0R=2Z  /3

R=3Z  /20

Z0

0R=5Z  /2
R=2Z  /50

Theoretically, all squares of rational numbers could be
constructed

In practice, the number of coax lines should remain small
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Transmission Line Transformers

Hybrid transformers

Passive hybrid transformer for a 6 kHz-600 MHz beam
position pick-up

X+

X−
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Balun outputs cross−connect
50 Ohm SMD resistor between screens

Grounded wire end

Coax connects

through the ferrites as the coax
An insulated wire follows the same path

Coax connects to difference output

90° PCB−mount SMA input

Coax screens connect together

Coax screens connect together

coax’ central conductors

Cross−over connection

Guanella balun

Output balun

Sum transformer

and to the sum output and to
a 50 Ohm SMD resistor to GND

Input connects to both

across junction
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Transmission Line Transformers

Hybrid transformers

Frequency response of Σ (top) and ∆ (bottom) outputs with
equal inputs
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Transmission Line Transformers

Hybrid transformers

Photo of a 6 kHz-600 MHz hybrid transformer
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Passive LC filters
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Passive LC Filters

Passive LC filters

Why use passive LC filters?

Reduce bandwidth

The interesting signal may span only a limited bandwidth
Restrict bandwidth prior to sampling, A-to-D conversion
Post-DAC reconstruction filter

Reduce dynamic range

Some transducers deliver spikey signals, while all interesting
information is in the baseband

Reject out-of-band signals

Interference, other signal sources

Reject out-of-band noise

Thermal noise

Warning: Passive LC filters reflect stop-band energy!
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Passive LC Filters

Filter families

Optimised for various criteria:

Flattest frequency response in pass-band (Butterworth)

Linear phase response in pass-band (Bessel)

Gaussian impulse response

Compromise filters

Brick-wall approximation, accepting some pass-band ripple
(Chebyshev)

Fastest transition from pass-band to stop-band, accepting
some ripple and a limited stop-band attenuation (Elliptic or
Cauer)

Linear phase with equi-ripple

... and other variations...
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Passive LC Filters

Frequency responses for some O(5) filters

Bessel
Butterworth
Chebychev
Equiripple

−60 dB

−50 dB

−40 dB

−30 dB

−20 dB

−10 dB

0 dB

100mHz  1 Hz
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Passive LC Filters

Impulse responses for some O(5) filters

Bessel
Butterworth
Chebychev
Equiripple

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

 0 s  5 s 10 s 15 s 20 s 25 s 30 s

Note that although LP filters reduce the energy of the pulse, they
do not reduce the time integral of the output waveform.
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Passive LC Filters

Filter tables

Rl

Rs
C1 L2 C3 L4 Cn Ln+1

1

Cn

1

Rs Cn+1L1 C2 L3 C4 Ln

1

Rl1

Ln

Some normalised Bessel filter element values for R = 1 and Ω = 1

C1 L2 C3 L4 C5 L6 C7
L1 C2 L3 C4 L5 C6 L7

2 0.5755 2.1478
3 0.3374 0.9705 2.2034
4 0.2334 0.6725 1.0815 2.2404
5 0.1743 0.5072 0.8040 1.1110 2.2582
6 0.1365 0.4002 0.6392 0.8538 1.1126 2.2645
7 0.1106 0.3259 0.5249 0.7020 0.8690 1.1052 2.2659
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Passive LC Filters

Frequency and impedance scaling

The relations between the real and normalised values for target
cut-off frequency ω and source/load resistance R are:

Cr =
Cn

Rω
Lr =

LnR

ω
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Passive LC Filters

Example for a O(6) Bessel filter

Say: R = 50 Ω and ω = 2π ∗ 20 MHz

Cr = 159.2p · Cn

Lr = 397.9n · Ln

50

54.32nH 254.3nH 442.7nH

0.4002
63.69pF

0.8538
135.9pF

2.2645
360.4pF

50
1 0.1365 0.6392 1.1126

1
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Passive LC Filters

Frequency response of the Bessel O(6) 20 MHz low-pass
filter

−36 dB

−24 dB

−12 dB

0 dB

100kHz  1MHz 10MHz 100MHz
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Passive LC Filters

Finishing up the filter design

You can’t have 4-digit accurate inductors and capacitors.

Common L’s and C’s have values in the E12 series (≈ 20 %
steps from one value to the next) and 5 % tolerances.

You have to select from standard values.

You may obtain a slightly better approximation by series or
parallel combinations of two components but you’ll still be
limited by the basic component tolerances.

Depending on frequency and impedance choices, element
values may end up impractically large or small.
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Passive LC Filters

An example LC filter realisation
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Passive LC Filters

Bandpass filters

The same filter element tables can be used to design bandpass
filters.

You start off by designing a low-pass filter with a cut-off
frequency at the target bandwidth.

Then you replace each series component with a series L-C
combination and each parallel component with a parallel L-C,
both tuned to the desired centre frequency.

Jeroen Belleman 46/68



Analog Electronics for Beam Instrumentation

Passive LC Filters

Example: A O(5) Chebyshev bandpass

Let’s design an O(5) Chebyshev bandpass filter with 2 MHz

bandwidth and 20 MHz centre frequency

The normalised filter element values for Rs = 1

L1 C2 L3 C4 L5

0.9766 1.6849 2.0366 1.6849 0.9766

.9766 2.0366 .9766

1.6849

1

11.6849
Rs
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Passive LC Filters

Example: An O(5) Chebyshev bandpass design example

Scale to 2 MHz and 50 Ω

50

2.682n

3.886u 8.103u

50

3.886u

2.682n

Resonate all elements to 20 MHz
(

1√
LC

= 2π × 20 MHz
)

50

2.682n

3.886u 8.103u

50

3.886u

2.682n

16.3p 16.3p

23.61n23.61n

7.815p
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Passive LC Filters

Example: An O(5) Chebyshev bandpass design example

And the resulting frequency response plot:
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Passive LC Filters

Example: An O(5) Chebyshev bandpass design example

It’s easy to end up with impractical element values

Chebyshev filters are sensitive to component tolerances and
parasitic effects

It may be possible to arrange things using Norton’s transform

It may be possible to arrange things by applying star-delta
transforms

For very high frequencies, consider stripline filters

For very low frequencies, consider active filters

For very wide bandwidths, it may be easier to cascade a
low-pass and a high-pass

For very narrow bandwidths, there are other methods,
involving weakly coupled staggered resonators, quartz, SAW,
etc.
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Passive LC Filters

Intermezzo: Parasitics

Capacitance to floating nodes

Capacitance and inductance of resistors

Parasitic inductance and resistance of capacitors

Self-capacitance and resistance in inductances

Undesired inductive coupling
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Passive LC Filters

Resistors

Parasitics are rarely specified

For SMDs, expect about 50 fF and 1 nH, almost independent
of size and resistance

MELFs often have a spiral cut → more inductance

3mm

1.5mm

0.6mm
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Passive LC Filters

Resistor parasitics

50

50

Rs

Rl

ZT

Us

U2

Setup to measure resistor
parasitics

100

3k3

100k
50fF

−70 dB

−60 dB

−50 dB

−40 dB

−30 dB

−20 dB

−10 dB

0 dB

10kHz 100kHz  1MHz 10MHz 100MHz  1GHz 10GHz

1206 SMD resistors

85fF

100

100k

3k3

7nH

−70 dB

−60 dB

−50 dB

−40 dB

−30 dB

−20 dB

−10 dB

0 dB

10kHz 100kHz  1MHz 10MHz 100MHz  1GHz 10GHz

MiniMELF type resistors (1206 foot prints)
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Passive LC Filters

Capacitor parasitics

1206 SMD ceramic capacitors have about 1nH of inductance

Very low losses and leakage for NP0 dielectric (small values)

Large value capacitors use dielectrics that are non-linear,
temperature-sensitive and hysteretic

Some are even piezo-electric

Zt50

50

Rs

Rl

Us

U2

Measurement setup
Hz

Ω

0.01

0.1

1

10

100

10k 100k 1M 10M 100M 1G

’100n−1206.dat.’
’1n−1206.dat.’

Impedance vs. frequency of some MLCCs
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Inductor parasitics

Wire resistance

Distributed capacitance

Skin effect: High-frequency current tends to flow in a thin
surface layer

External magnetic flux

Cp

Rp

L

Plots from http://www.coilcraft.com
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Back to passive Filters
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Constant resistance filters

What’s so special about Constant Resistance Filters?

They do not reflect energy back to the source

They can be used to terminate long cables

Frequency response does not depend on source resistance

More complicated

Only practical for some filter types

Butterworth

Bessel

Gaussian

Linear Phase with Equiripple Error
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Constant resistance filters

Principle

Start with the normalised filter for zero source impedance

Add a correcting (matching) impedance Zm across the input

Zf

Zm

LnC2L1 Ln−1 Cn

1 1

Odd order Even order

Zf ‖Zm = 1
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Constant resistance Butterworth filters

The element values of Zm are the duals of the main filter
elements

Zm

1

1

1.6944

1/1.5451 1/1.382 1/0.309

1/0.89441/1.6944

1.5451 1.382 0.309

0.8944

Rs
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Constant resistance Bessel filters

The normalised filter element values for an O(5) Bessel for
Rs = 0

Zf

1

1.5125 0.7531 0.1618

0.47291.0232Zm

Zf = 1.5125s +
1

1.0232s + 1
0.7531s+ 1

0.4729s+ 1
0.1618s+1

and

Ym =
1

Zm

= 1−
1

Zf
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Constant resistance Bessel filters

Ym = 0.9313s+1.60635s2+1.22484s3+0.4922s4+0.0891777s5

1+2.4274s+2.61899s2+1.58924s3+0.55116s4+0.0891777s5

After continued-fraction expansion, we end up with:

Zm = 1
0.9313s +

1
1+ 1

1.5676+2.4236s+ 1

0.2839+0.524s+ 1

1.5126+1.5889s+ 1
0.8997+0.3033s

Zf

Zm

1

1.5125 0.7531 0.1618

0.47291.0232

0.9313 1

1.5676 2.4236

0.524
3.522

1.5126 1.5889

0.3033
1.111

Out
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Constant resistance filters: Easier

There is a simpler way

The solution is not exact,

... but in practice it’s plenty good

Odd order Even order

LnC2L1 Ln−1 Cn

1

Cb

Lb

Rb

Ca
1 1

Z in

Ca Cb Lb Rb L1 C2 L3 C4 L5 C6 L7

3 0.5804 0.3412 0.9915 2.6161 1.4631 0.8427 0.2926
4 0.6121 0.3143 1.0646 2.7036 1.5012 0.9781 0.6127 0.2114
5 0.6465 0.2834 1.1613 2.8896 1.5125 1.0232 0.7531 0.4729 0.1618
6 0.6622 0.2683 1.2094 3.0029 1.5124 1.0329 0.8125 0.6072 0.3785 0.1287
7 0.6876 0.2452 1.2955 3.2070 1.5087 1.0293 0.8345 0.6752 0.5031 0.3113 0.1054
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Reflection coefficient of some ’Easy’ Constant Resistance
Bessel LP filters

Ω

dB

O=3

O=7

−80 

−75 

−70 

−65 

−60 

−55 

−50 

−45 

10m 100m 1 10 100 1k

It also works for Gaussian and equiripple phase error filters

Jeroen Belleman 63/68



Analog Electronics for Beam Instrumentation

References

References

Jeroen Belleman 64/68



Analog Electronics for Beam Instrumentation

References

C.L. Ruthroff, Some broad-band transformers, Proc. IRE,
August 1959, pp1337-1342

J. Sevick, Transmission line transformers. Noble Publishing,
Atlanta, GA, 2001.

G. Guanella, Nouveau transformateur d’adaptation pour haute
fréquence, Revue Brown Boveri, September 1944, pp327-329

D.A. McClure, Broadband transmission line transformer family
matches a wide range of impedances, RF Design, February
1994, p62-66, RF Design, May 1995, pp40-49

J.M. Belleman, A Four-Decade Bandwidth Hybrid Coupler,
CERN-AB-Note-2006-005,
http://cds.cern.ch/record/927407

Jeroen Belleman 65/68

http://cds.cern.ch/record/927407


Analog Electronics for Beam Instrumentation

References

A.I. Zverev, Handbook of filter Synthesis, Wiley 1967, ISBN
0471-98680-1

R. Saal, E. Ulbrich, On the design of filters by synthesis, IRE
Transactions on Circuit Theory, Vol.5, Issue 4, December
1958, pp284–327

G. Matthaei, E.M.T. Jones, L. Young, Microwave filters,
impedance-matching networks and coupling structures, Artech
House, ISBN 978-0890060995

R.W. Rhea, Transforms aid the design of practical filters,
Applied Microwave & Wireless, December 2001, pp36-44

C. Bowick, RF Circuit Design, Howard W. Sams & Company,
ISBN 0672-21868-2

J.M. Belleman, Passive lowpass filters with constant input
resistance, PS/BD/ Note 2002-193 (Tech.),
http://cern.ch/jeroen/reports/crfilter.pdf

Jeroen Belleman 66/68

http://cern.ch/jeroen/reports/crfilter.pdf


Analog Electronics for Beam Instrumentation

References

P. Horowitz, W. Hill, The Art of Electronics, 3rd ed.
Cambridge University Press 2015, ISBN 978-80926-9

Jeroen Belleman 67/68



Analog Electronics for Beam Instrumentation

References

Jeroen Belleman 68/68


	Analog Electronics for Beam Instrumentation
	Overview
	Transmission Lines
	Time Domain Reflectometry
	Transmission Line Transformers
	Passive LC Filters
	References


