Radio Frequency Electronics
Preliminaries 1V

Born 22 February 1857, died — 1 January 1894
Physicist

Proved conclusively EM waves (theorized by
Maxwell ), exist.

*Hz” names in his honor.

Created the field of contact mechanics (very
important in mechanical engineering)

Heinrich Hertz

Image from Wikipedia
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Resistors
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Wire Wound Resistors

Typically > 1 W, and since P = V2 /R, this most often implies low resistance. Their
physical construction is designed to dissipate the heat. Excellent high-energy pulse
handling.

Have 1% tolerance or better, and have m'?ﬂ.ii?&n Mtetzl'bo-d\"?m;? ﬂ,.tls
il i o dissipate hea
good long-term stability. Tefml\:al lugs é p

!

Given their construction, it is clear the
have high inductance and are generally

: Nichrome resistance Mounting lugs for fixing
unsuitable for RF work. wire around fibreglass rod to heat sink
——

4

They look like this... ...or this... ...or this... ...0r even this
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Chip Resistors

These are surface-mount (SMT) parts. Small size = reduced board size. In
quantity they are very inexpensive.

Available in wide range of tolerances and TRCs. For example, parts with tolerances
+0.010% and TRC £0.2ppm/°C, are available, but expensive: $16...

The generally have lower inductance compared to leaded through-hole resistors.

Two types of technologies, namely, thick film and thin film resistors

Thick Film Chip Resistor Thin Film Chip Resistor

..‘_ -'{-'., Y

' Protective
Protective :
Coating Coating
Ceramic  FilMm inner Ceramic Resistive nner
Substrate Electrode Substrate  Fjjm  Electrode
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Chip Resistors — Thick or Thin Shoot Out

-

Thick Film Chip Resistor
Solder
Plating

Ceramic  Film mnner
Substrate Electrode

Thin Film Chip Resistor

-
i

Protective & ¥
Coating

Ceramic Resistive nNer
Substrate  Film  Electrode

They look the same, but which is better and why?

Less expensive.
Can handle higher power surges.
Worse tolerances, worse TCs.

More prone to skin effect. Worse frequency response.

More expensive.
Easily damaged by power surges.
Better tolerances, better TCs.

Less prone to skin effect. Better frequency response.
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In low frequency

A

Thick Film {

R-value change

In high frequency

In low frequency [ - - E * :
R-value no change
: Thin Film
In high frequency

A

Image from Newark
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Carbon Film Resistors

Carbon film resistors are the most widely-used
through-hole resistors.

The resistive part of the resistor is a carbon
film that is then cut away in a spiral to remove
carbon.

The more material removed, the higher R.

Note that the spiral forms a small inductor. This. along with the lead inductance
make them unsuitable in most RF applications.

Spiral-cut
carbon film

Images from Wikipedia
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Metal Film Resistors

The resistive part of the resistor is a metal film
that is then cut away in a spiral to remove carbon.

Similar appearance as carbon film.

Generally speaking, they are more expensive,
higher quality resistors than carbon film resistors.

Still, because of their construction they can have significant inductance.

Helical cut to reach the

Color codin ) .
8 desired resistance value

A

End caps

. . , . . . with leads
Protective coating Thin metal film Ceramic Carrier

Images from www.resistorguide.com
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Bulk Metal Foil Resistors

Bulk metal film resistors are made with small pieces of metal foil that are cut and then
glued to a substrate, and then further processed. The are expensive compared to metal
film, metal foil. They are touted as low-inductance, low capacitance resistors.

Manufacturers use special patterns for reduce inductance and capacitance of their
metal foil resistors.

SMT metal foil
resistor

------------

g Inter-LoOp " e u '
y Capacitance v
Reduces N

In Series ,o=eesceccecedenccceccanencana- .

------------------------------

I "\ Mutual Inductance : .

Though-hole metal '
foil resistor. 0.01% Reduces Due 10 [ e ‘
tolerance, 0.3 W. Change in [ e ~epr— "
Cost $14 Current Direction  pessssssss— :

Images from www.resistorguide.com
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Resistor Models

Inductance of straight piece of wire

L_an[ln<d> 4] H

d = diameter of wire in cm

[ = length of wire in cm
“Real” Resistor Model

50 mm of 22 AWG wire => 50 nH

The parasitic capacitance can have a big
iImpact on the resistor performance at high
frequencies
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Freqguency Dependence of Resistors

C, The parasitic capacitances can have a big impact
. Ir . on the resistor performance at high frequencies
—— 300 ——\W\
Cy
I

Model showing stray and inter-lead 104 e e
capacitances. ;

o\

Ideal resistance

Inductive effect

Magnitude of 2K thick-film

chip resistor as a function of —>
frequency.

/7

Q 102} Capacitive effect |
N
10"+ 3
10* 10° 10° 10 108 10° 16M
From “RF Circuit Design: Theory and Applications”, f Hz
Ludwig & Bretchko ’
A. Kruger Radio Frequency Electronics The University of lowa

11



Impedance as a percentage of dc resistance

Resistor Models

Frequency Response of Foil Resistor

100

80

ol L

40 ]

* 0 Y 00
0

Frequency ( MHz )

A. Kruger

Radio Frequency Electronics The University of lowa

12



Resistor Models

Metal Film
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Helical Trim

Pulsed Trim

Meander Trim

0.5
100 MHz 1 GHz

Change in Resistance for 0805 Microwave Resistors
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Johnson Noise

A resistor’s Johnson noise amplified and displayed on an oscilloscope.

A. Kruger
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Noise Models

One can model Johnson noise with a voltage source in series with a noise-free resistor, or
one can model it as a current source in parallel with a noise-free resistor.

(noise-free) < R

R in
(noise-free
Vn
Un(rms) — V4kTBR in(rms) = 4kTB/R

The noise generated by two resistors are uncorrelated. Consequently, the noise voltages
don’t add in the as they would if the voltages were correlated:

Rather, the resistors’ noise powers add:

2 — ..2 2 22 _ :2 : 2
Un = vnl + Vnz ln = lnl + an

A. Kruger Radio Frequency Electronics The University of lowa
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Johnson Noise Example

Calculate the Johnson noise generated by a 10K resistor in a 10 kHz bandwidth
at room temperature.

In the electronics industry 27°C is widely-used as “room temperature”. This is
because it corresponds to 300K, which is easy to work with.

Vnoise(rms) — V 4kTBR

= /4(1.38 x 10-23)(300)(10 x 103)(10 x 103)

= 1.29 uv
This may seem small, but could be larger than voltage at cell phone antenna.
Johnson noise places a lower limit on noise performance of a system.
Low noise designs are often low-impedance designs.

In critical applications, relevant parts are cooled down. For example the low
noise amplifiers or LNAs in satellite communication links.

A. Kruger Radio Frequency Electronics The University of lowa
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Johnson Noise Example

Calculate the Johnson noise voltage generated by a 10K resistor in parallel with a 40K
resistor at 300 K and in a 10 kHz bandwidth.

Vo Vo Vo

&
. ) ®

R1§10K R2 S 40K RI%IOK In1 R2§40+< G)Inz gsK (Pm

L I 1 I
(a) (b) (c)
Method 1. Model resistor with current sources as in (b). Then iZ2=i% +i2,
i2 =4kTB/R, + 4kTB/R, =16.6107%1 + 4.1 x 10721 A2 =20.7 x 10721 A?
= in(rms) = v 20.7 x 10721 = 144 pA (rms)

This current flows through R, ||R, = 8K (see (c)) and will generate an rms voltage of

Un(rms) = (144 x 10_12)(8K) = 1.15 uV (rms)
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Johnson Noise Example

Calculate the Johnson noise voltage generated by a 10K resistor in parallel with a 40K
resistor at 300 K and in a 10 kHz bandwidth.

Jo Vo

éSK .
n Q

R1S$10K R2 §40K

(a) (b)

Method 2. The two resistors are in parallel and for an 8K resistor (see (b)). The rms noise
voltage is then

Vnoise(rms) — V4kTBR

= /4(1.38 x 1023)(300)(10 x 103)(8 x 103)
= 1.15 uV (rms)

Which is the same as before
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Important Observations

Noise powers add VE = Vi + v, i2 =i +i%,
v, = VAKTBR To reduce noise, keep bandwidth B small, keep R small.

There are other reason, but one of the reasons RF
electronics often have low impedances (50 ), since it
keeps the noise low.

v, = VAKTBR Be(_:ause of the square/squ_are roc_)t relatlonshlp, Iarger \_/alue
resistor have a disproportionate impact. Consider i resistors
In series

(S \/vlz + V5 + - vf

l
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Excess Resistor Noise

In addition to Johnson noise resistor exhibit so-called excess noise
Excess noise depends heavily on the construction method

Carbon-composition resistors are particularly noisy

Carbon-composition 0.101V to 3.0V

etal- 0.02uV to 0.2V
Wire-wound 0.01pV to 0.2uV

Typical excess noise, rms/microvolt over one decade of frequency

What is the excess noise of a carbon film resistor between 1 and 5 kHz ?

5
# decades = log (I) ~ 0.7

= Excess noise between (0.7)(0.05) = 0.035 and (0.7)(0.3) = 0.21 uV
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Transmission Lines

Consider a lossless transmission line with characteristic impedance Z,. Assume the line is
terminated in an impedance Z; .
— ZO m ZL

d 0
At a distance d from the termination, the impedance of the line looking back is given by:

Zin

z
~

__ Zy +jZstan(Bd) : _w 21 1
Zin(d) = Z, 7. 72, anBd) and B (wavenumber) is B o bt wVLC vy =

and the phase velocity (propagation speed) is v,

Because this is true, we can simulate inductors and capacitors with sections of transmission
lines. This is widely-used in matching networks for antennas and microstrip matching
networks for transistor amplifiers.

A. Kruger Radio Frequency Electronics The University of lowa



Transmission Lines

Z.
Problem Consider a lossless transmission line - |
with L = 209.4 H/m and C = 119.5 pF/m. Zy I_JI] 7
Assume the line is terminated in a short circuit.
Calculate the input impedance of the line at a ] :
distance [ = 100 mm at 2.4 GHz. d 0
Solution
S L 209.4><10—9_4886Q ., zizzﬂosm/s
0= |¢c~ J1195x 1012 O P JIC

w 9
p=— — (2m)(2.4 x 107) =754m! = pBd="7.54

Vp 2 % 108

Z; + jZytan(fd i Z tan(Bd )

Z.(d) =2Z L T jZotan(fd) Z..(d) = ZOJ otan(Bd) 7 (d) = jZ, tan(Bd)

7, +jZ, tan(Bd) Zy

Z:,(0.1) = j(48.86) tan(7.54)  Z;,(0.1) = j(48.86) tan(7.54) = —j150.5 Q
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Vee
R
RFC C
Vee
Rc
RFC C.
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Microstrip and Stripline Transmission Lines

Transmission
Line

Stripline Transmission Microstrip
Line

Substrate \

Ground Plane -

Ground Plane Ground Plane

o Greater isolation of transmission lines ¢ Dielectric losses are less (when using

e Supports more densely populated identical materials)
designs (traces are smaller, large » Cheaper and easier to manufacture
number of internal layers possible) » Location of traces on top and bottom
* Requires stricter manufacturing layers leads to easier debugging
tolerances

From www.bitweenie.com
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Microstrip and Stripline Transmission Lines

This is a PCB seen from above with sections The various sections form transmission
of copper traces at the top. On the bottom is lines that function as inductors and
solid copper called aground plane. capacitors
\ C2 Cy 6
L, Ls 5 L~
L]_ L3 L5 L7

The result is a 6t

order filter. —/0000 ] ng 0000 0000
Co Cy Ce
Isthisa HP or a LP | T T T

filter?
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Microstrip and Stripline Transmission Lines

Microstrip
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(a) Sandwich structure (b) Cross-sectional field distribution

From “RF Circuit Design: Theory and Applications”, Ludwig & Bretchko
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Microstrip Transmission Lines

(a) Printed circuit board section (b) Microstrip line

One can create PCB transmission lines with different characteristic impedance by
manipulating the microstrip geometry.

From “RF Circuit Design: Theory and Applications”, Ludwig & Bretchko
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