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Transmission lines




Short-circuited quarter-wave stub




Open-circuited quarter-wave stub




Inductive and capacitive stubs

Short-circuited stub

Inductive when I<Ag/4

Open-circuited stub

Capacitive when I<Ag/4




Series inductance and capacitance

High impedance series line
(Equivalent to a series
inductance)

A gap left in the
transmission line
(Equivalent to a series
capacitance)




Choice of characteristic impedance

Loss versus impedance
10 mm diameter copper coax
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Choice of characteristic impedance

Maximum power handling of 10 mm coax
Voltage breakdown at 100,000 volts/imeter
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Coaxial cable
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L = 460.6xlog (D/d) nH/m
C=24.13 xer /log (D/d) pF/m

50 ohm PTFE-filled cable will have 94.8 pF/meter
capacitance and 237 nH/meter inductance



Microstrip

suspended microstrip inverted microstrip



Surface and embedded microstrip

Most common type of transmission line
suitable for both hybrid and monolithic circuits.
Moderately dispersive at high frequencies.



Stripline

Symmetric

Asymmetric

Does not allow convenient mounting of discrete circuit
elements. Best for passive components. Low loss TEM.
Good transition to coax. Better immunity to crosstalk.



Coplanar Waveguide (CPW)

CPW
Produces smaller trace per

given Zo than microstrip.
Circuits can be made denser
than microstrip circuit.

Provides better isolation

between nearby RF lines and

other signal lines. The lower

—. ground plane acts as a
heatsink for circuits with
active devices.

CPW with ground plane



Slotline
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Coupled transmission lines

Y f

. : slotline
microstrip

stripline, edge-coupled lines stripline, .
broadside-coupled lines




Directional Coupler




Bandpass filter

N 7‘-/4 each




Rectangular Waveguide

i

propagation
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Nlustration of the E-field (left) and H-field (right) for the TE10 wavegnide made
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Some waveguide iris geometries and
equivalent circuits
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Conducting posts and screws
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Conducting posts and screws. PENETRATING.
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Conducting posts and screws. EXTENDING THROUGH.
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Waveguide filter

e

Iris-coupled filter with three irises

Post filter with three rows of posts -

&

Waveguide stub filter
consisting of three stub resonators

M Dielectric
M Metal

Insert filter with six dielectric
resonators in the E-plane.




Comparison of transmission lines

Waveguide Coaxial Stripline Microstrip
Conductor loss Very low low medium medium
Q-factor Very high high medium medium
Maximum power handling Very high high medium low
Bandwidth Small medium large large
Isolation between adjacent
circuit elements Very high Very high low low
Weight Very high High low very low
Miniaturization Very little little high very high
Possibility of mounting packaged
semiconductors medium medium good very good
Possibility of mounting packaged
lumped components very poor medium good very good
Circuit flexibility very poor poor medium very good
Series production cost high high medium low
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Lumped elements Vs transmission
lines

* Lumped elements can be effectively used if the
length of the element is very small in comparison
to the wavelength.

* At low frequencies, lumped elements have the
advantages of smaller size and wider bandwidth
as compared to distributive elements

* At high frequencies, however, distributed circuits
are used because of lower loss (or higher Q), and
the size advantage of the lumped element is no
longer a significant factor.



AppCAD transmission line calculators

-* AppCAD - [Microstrip]
Fie Calculate SelectParameters Options Heip

A

|degrees | v I

Microstrip
w—l3 Cacate20 [F4}
2 .
4 L~ b L
[T o \‘ © oo -0 [50.07
- N

Elect Length = | 12007 |
N A - Elect Length = [ 43226 ]
i Elect Length = | 1799.821 |
[Fr-s IEI i ]
Frequency: |2 =[] 1.0Wavelength = [ 83284 ]
Length Units: | [~ | vp= [055 |
Seff= [ 3239 |
W/H= [ 1875 |

Passive circuit design - Day 1

mm [&ir Line equiv.)
ns
mm

fraction of ¢
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f-1 AppCAD - [Stripline]

File Calculate Select Parameters  Opfions  Help

Stripline

N Caculte 20 [P
Moo
A
b
. - e i
| 64 | & | Iz - T _o_ 500 .
I N
Elect Length = A
Elect Length = | 43802 | degrees -
eetie: - Ii 1.0 avelength = iy
s ZI Vp= fraction of c
Frequency: lzi GHz - Seff= [ 4.30

WiH= [ 0463
Length Units: mm W _

Passive circuit design - Day 1 25



F2 AppCAD - [CPW]

File Calculate Select Parameters Options  Help

CO p | anar Waveg U Id e &) With Groundplane O No Groundplane

L ’f/?\ EEaIcuIate 20 [F4E
a0 | .......................................... :
= -
|15 [Ey IINL -1 [50.0
)
3 |s Wz
H Elect Length = | 11.658 | kS
=GR Elect Length = | 1570 | degrees | - |
= | 1747.560 ir Li i
Dielectic: Er= | Elect Length = | | mm (i Line equiv.)
Delay = | 5.823 | ns
FR-S B
1.0 avelength = | 8B.775 | i
Frequency: |2 |'EH2 | i | Wp = | 0572 | fraction of c
Length Units: |""""" I v | Zeff= | 305 |
|

Shape factor = | 0429

Passive circuit design - Day 1
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S-parameters



S-parameters

2-port




Definition

= b, = Input reflection coefficient I'in
11
a for case of Z,=Z
1 02:0 L 0
b
s— = Forward transmission gain
2 a,=() for case of Z.~Z,
b,
N e— _R - .
a,|a =0 everse fransmission gain
for case of Z=7,
b
S =— = Qutput reflection coefficient I out
2, |a, =0 for case of Z=Z7,




(S,,) (one- port)

(SII 12

(two — port)
\Sm Szz
(Sll SIZ S13 \

Sy S, Sy | (three— port)
\Sn S3z S33 Y,
Etc.

For passive parts, S21 and S12 can't be greater than 0 dB.
For passive reciprocal parts, S12 must equal S21.

Example of passive non-reciprocal parts are circulators and
isolators.



1-port networks

Simple lumped elements are 1-ports, but also cavities with a
single RF feeding port, terminated transmission lines (coaxial,
waveguide, microstrip etc.) or antennas can be considered as
1-ports

1-ports are characterized by their reflection coefficient p, or in
terms of S parameters, by S,..

|deal short: S;; = -1
|ldeal termination: S;; =0
|deal open: S, = +1

Active termination (reflection amplifier): | S11| > 1



2-port networks




2-port networks

¢ |deal attenuator

¢ An attenuator can be realized e.g. with three resistorsina T

or Pi circuit

Pi circuit T circuit

or with resistive material in a waveguide.



¢ |deal isolator

¢ |deal amplifier

2-port networks

0 0
S= 10

7))
||
e N

0 0
G 0

N/

02



3-port network

¢ |t can be shown that a 3-port cannot be lossless, reciprocal
and matched at all three ports at the same time.

¢ Resistive power divider: It consists of a resistor network and
Is reciprocal, matched at all ports but lossy. It can be realized
with three resistors in a triangle configuration.

Zyo3 Port 2
Zo/3

Port 3



T splitter

¢ The T splitter is reciprocal and lossless but not matched at all
ports. Using the losslessness condition and symmetry
considerations one finds for E and H plane splitters
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H-plane splitter Sip
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Circulator and isolator

isolator
circulator
10 X oot 02

1 3

¢ Its S matrix has a very simple form:

0 01
1 0 0

010

S=

¢ When port 3 of the circulator is terminated with a matched
load we get a two-port called isolator, which lets power pass
only from port 1 to port 2



(0 0
0 0
11

1 <1

1 1)
1 =]
0 0

0 0]




Directional Coupler

Input port Transmitted port
(915’ (P2) 4
Isolated port Coupled port
(P4) P3)
Input port Transmitted port
(913 (P2)
= - ©
i Coupled port
P3)



Directional Coupler parameters

'"?3‘1?"" Ttans?}ig)cd port
isol ﬁ: .4 d) por Cou%d) port
Py
" = Insertionloss L;»; = —10log (-1—7—) dB
“1

P
Coupling factor C'3; = —10log (—J) dB

Isolation T, ) = —10 log(%) dB
1

Directivity Dy, = —10log (—) dB



S-parameters of directional coupler

—

7 0 0
k 0 0
0 « 7 0

. - -4

0 7 k 0
K
T

S =

7 1S the transmission coefficient and
K 1S the coupling coefficient

+ As an example the S matrix of the 3 dB coupler (n/2-hybrid) can be

derived as
(0 Y& tilz 0
S348 = Vﬁ i
tilz 0 0 Yn
0 iz Yes O,



Branchline coupler

Zy IN2

Common Coupled

4 Branch Lines
(=90° (A/4)

|solated

Coupled

Z, /2



Directional Coupler in microstrip




A multi-hole waveguide coupler




S-parameter based amplifier design



Stability

Transistor

rfn? ‘Zf'n r_,[

Oscillation 1s possible 1if either input or output port has a negative resistance. If a net
negative real part exists, that is if Re{Z; + Z,,} or Re{Z,, + Z, } <0 ., the transient

response will grow and oscillation will occur.



Conditional and unconditional stability

*A network is conditionally stable if Re{Zin} and Re{Zout} are >0
for some positive real Zs and ZI at a specific frequency.

*A network is unconditionally stable if Re{Zin} and Re{Zout} are
>0 for all positive real Zs and ZI at a specific frequency.

*The above conditions will have to be investigated at many
frequencies to ensure broadband stability.

*Temperature changes, drifting of S-parameters of the transistor,
piece to piece variations, board-to-board variations of the

matching network impedances also need to be considered.



Amplifier two-port network

Z,
A
Input
matching
® ac) network
G |
r:i r{'n
S, IT,S |
FIN( 21+ L~12 _I_S“J
(1-5,1,) |

Transistor
[S]
(Gy)

Output
matching
network
- (G
t rL
Syl 551,




Load stability circles

[, or “load plane™

Load stability circles locate the boundary (values of I, )

betweenl |<l audl m|>1.
(stable) (unstable)
: S1997911
Setting ‘ m’ 5“ + 12 ‘21 L — 1. and solving for I,:
1-8517
Solution lies on a ( 55‘;‘1)
circle of center ¢; = 2 >
|5, ~IaF
radius 7; =




Load stability circles

IFinl= 1 ITin] = 1

IFinl=]SylforT' =0 //////A |I',,,| < l:stable




Stable and unstable region

ISl <1

] Iral<1: stable
B Irwl>1 unstable

IrNI= 1 ’ 'rmll 1
. /
.’..31

ISl >'1




Source stability circles

I', or"source plane”

Source stabllity circles locate the boundary (values of FS )

between l out I <] and. |r
(stable)

Setting |I—0ut‘ =

Syn+

out

S125211 s

l:»l

(unstable)

I—SHI"S

=1 and solving for Ig:

The source stability circles on the I'; plane are defined by:

- kgf-As )]

| Hsul _lAI |



Source stability circles

|Toutl|=|Sz2|forT's=0

777777 < lostakie
7777 |T..|< listable




Load and source stability circles for
unconditional stability

1S4l < 1 1S22| < 1

(a) (b)

Conditions for unconditional stability: (a) I'.. plane; (b) [; plane.

Stability circle outside
of Smith chart.

No value of |1“‘,_| <1 can
cause instability.



Criteria for unconditional stability

A
1+ ISnSzz - SuSzli [ —|S“|2 — ISzzlz
2 szlszx

Stability Factor k = > 1

and

1Al =5,,8,, —S,,8,| = dets < 1

will guarantee unconditional stability.




Conjugate matching of input and
output (maximum gain)

FIN( 521r£512 _I_SHJ
(l_Szjrﬁ)

SIS,
TOUT[ Ee—— +5:2J
(I-51,1%)

From input conjugate matching
rs = 1—‘in

From output conjugate matching
lql_ ~ l—out



Solutions for ', and T,

B, /B —4|C,[
2€,

solution for I'y =

B, +/B2—4[C,[
2C,

solution for I'; =

where

B, =1+[S,,| ~[S,[ —|A[

SZZ

2 = l+’522‘2 _‘Sn’: _‘A’Z
C, =S, -AS,
C;=8:;~A8;;



Gain circles

Gain circles show where I' or I, must be to achieve certain gain from the device

Gy = G,G,G,

E.
G, remains constant = |LS‘21|;

G,.G, depend on I',, I'; respectively



Drawing constant gain circles

Determine gain steps of interest and calculate normalized gain factorg, = ——

Tf’.m:{x
where 0 < g <1. i=Sorl.

example: Suppose G = 3.3dB and you want to draw gain circle for 2 dB.

5111.1x
33dB=2.14 1.58
g, =——=0.743
2dB=1.58 2.14
g5+ S‘:

Calculate C, =

Cohuf -
-J?E.'s(l N |S11|2)

l—lS“lz(l

Calculate 7, =



Low noise ampllifier

* Noise figure depends primarily on the input
match.

* The input is often mismatched to obtain the
best noise figure at the expense of gain.

* The output is normally matched for maximum
gain under the mismatched input conditions.



Choosing I’

Where should you choose T’ for say 2dB gain?



Noise circles

To calculate noise circles:

Define:
E., Fnun

4r

2

; ‘l +1 = noise figure parameter

opt
n

Rearrange the equation so that
‘rs - ("Ff‘ —TFi

where:

I
Cp = 9T (center)
! 1+ 1‘7\/:;

1 T2 2 .
Fi — N+ \/ N7 (1-| ropr ”)  (radius)

I




Noise figure circles and

constant Gs circles




Common causes for LNA instability

Insufficient RF decoupling between supply lines of the
amplifier bias

Parasitic inductance in GND connections
Excess in-band and/or out-of-band gain
Electro-Magnetic coupling and feedback



Methods of circuit stabilization

Resistive loading of the input improves the stability of the circuit but also
degrades the noise of the LNA.

Output resistive loading should be carefully used because it effects are
lower gain and lower P1dB point (thus IP3 point).

Collector to base resistor-inductor-capacitor (RLC) feedback lowers the
gain at lower frequencies and hence can improve the stability of the
circuit. -

Filter matching at the output of the transistor will decrease the gain at a
specific frequency. This method is frequently used for eliminating gain at
high frequencies. Short circuit quarter wave lines or simple capacitors with
the same resonant frequency as the frequency of oscillation (or excessive
gain) can be used.

Emitter feedback inductor can make the circuit more stable at higher
frequencies. But if the source inductance is increased, the K-factor at
higher frequencies eventually falls bellow 1. This limits the amount of
source inductance that can safely be used.



RF filter design
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Elliptic /‘f

Filter types

Bessel

Chebyshév}'\ z

Butterworth

Butterworth or maximally flat
Filter provides the maximum in
band flatness, better group delay
performance

Bessel filter provides the best
step response

Chebyshev or equal ripple filter
provides fast roll off after the

cut off frequency is reached

Elliptic filter (a.k.a Cauer filter)
has significant levels of in band



Key filter designh parameters

Pass-band: the region in which the signal passes through
relatively un-attenuated.

Stop-band: the band where the filter provides the
required rejection.

Cut-off frequency: the point at which the response has
fallen by 3 dB.

Ripple band: The variation within the pass-band
Transition band or "skirt”: the region between pass-band

and stop-band.



Parallel-coupled (or edge-coupled)
BPF design




Parallel-coupled BPF design

 Maximum coupling is obtained between
parallel microstrips when the length of
coupled region in Ag/A4.

 For resonance each resonator element has to
be Ag/2 in length where Ag = midband and
average microstrip wavelength



Insertion loss (dB)

20dB

3
=

Step 1- Fractional bandwidth and
Transformation ratio

Fractional bandwidth
_ fa-f1
0 = fo

Transformation ratio

(!J_{' _ 2 [ﬁ-fu]
®Oc o | fo

frequency

For fi=9.65 GHz, f1=9.98 GHz, fo= 10.5 GHz and

f2=11.03 GHz, 6 =0.1and wi'/w:=-1.619



Step 2 -Prototype element values

Insertion loss charateristics for a passband ripple of 0.01dB

AN S 0 i 5 6 3 O N /i A if1 J1
Case of L, =0.00 | .
% i ' . a A sixth-order
) = i" I/ Chebyshev
L0 | = ° o
! L SR A AW{IWY 41 design gives
T WA ~ #+ 23dBinsertion
LV L/ |
| |
- 2 AT loss .
R / | / ﬁ ! / (\‘,_‘i__,
4 A 3
' A
10 7 ’ﬂ . | /(\4
00-01 002 003 005007 090 0.-20 030 0-50'0-70 10 20 30 S0 70

L]
W

We

-l} =0.619

i
w' ayl: = L
wc




Normalised Chebyshev element values

O O NGOV & WN

0.4489
0.6292
0.7129
0.7563
07814
0.7970
0.8073

0.8145

0.9085
0.6292
1.3213
1.5773
1.6897
1.7481
1.7824
1.8044

0.6476
1.3049
1.5350
1.6331
1.6833
1.7125

0.9085
0.7563
1.4970
1.7481
1.8529
1.9058

0.7098
1.3924
1.6193
1.7125

0.9085
07970
1.5555
1.8044

0.7334 0.9085
14271 0.8145




Step 3 — Calculating inverter admittances

For the first coupling structure:

ﬁ_ | w8
Y, 28()81

For the intermediate coupling structures:

Jj,!'+l

Y,

70

Jj=1to(n—1) 2wé\|'llgjg]'+ 1

For the final coupling structure:
‘]n,n+l _ \/ 7T8
Yy 28,.8n+1

where oc’ is the prototype cutoff frequency (equals 1)




Coupled line impedances

(ch)j.j+ = Zo(1 + aZ, + a*’Zj

(Z()o)j.j+l o Zo(l — Qg F aZZ(Z))

a=Jj ;s
j ]i,j+ I/Y() (Z()c)j,j+ I(Q) (Z(k))j,j+ l(()-)
0 0.449 825 37.6
] 0.1529 58.8 43.5
2 0.1038 3.7 45.3
3 0.0976 55.4 45.6




Step 4 — Obtaining the microstripline
dimensions

30

0 © =N
N W0

3
h
150 b.os
0-2
T o5 ef - 9'0
/U? 1-0\
E 100 .-2£
~~—" — ” g
O 70l 05 \\
= \
U 60} N
b : S_SSSISS S
2 sof NN W
'g — 0-0% even
o 4ol oo0s _ — §§
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o
O
L
4]
o =y
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| ///
I/

s | odd
: mode
1 1 1 0-05%

02 04 O0-6 08 1.0 1.2 14 1.6 1-8 20
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Smith Chart and
impedance matching
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Impedances and admittances

d

superimpose




How to use Smith Chart

* Impedance matching on
the Smith Chart

e Two-element
e Three-element
e Multi-element



Conversion of impedance to

admittance

N

Z=1+j1
Y=0.5-j0.5



Circuit Q representation




L network - Low pass
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L-network

-High pass
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Multiple L-sections
low pass matching

== Series L

5 T
i
ot

J—m

0 —a WAy




Popular T-network

LCC-network
Ll ‘T?} |
|
W ° € i
I |
( | |
o L,
| AT =1 |
| I




T network design

1. Select the desired bandwidth and calculate Q.
2. Calculate X, = QR,

3. Calculate X, =R V[R, (Q* +1)/R —1]

4. Calculate X¢; = R, (Q* + 1)/Q[QR /(QR — XC?)]
5. Calculate the inductance L= X /2ntf

6. Calculate the capacitances C = 1/2nfX.



T matching network example

e Assume a source or generator resistance
of 10 Q and a load resistance of 50 Q). Let

Q be 10 and the operating frequency be
315 MHz.



Computing L, C1 and C2

* X_=QR,=10(10) = 100 O

o L=X,/2nf=100/2(3.14)(315 x 106) = 50 nH

* X =RVI[R, (Q?+1)/R, - 1] = 50v{[10(101)/50] - 1} =
219 O

* Xe1 =R, (Q2+1)/Q[QR/(QR, — Xc,)] =
10(101)/10[500/(500 — 219)] = 179 Q

¢ C,=1/2nfX. = 1/2(3.14)(315 x 105)(219) = 2.31 pF

* C,=1/2nfX. = 1/2(3.14)(315 x 106)(179) = 2.82 pF



‘U matching network

 The m-network matching circuit is used
mostly in high- to low-impedance

transformations



Tunable impedance matching
networks



Impedance matching networks for
amplifiers

RF

source

S, —

Input
Matching
Network

(IMN)

Do

T

Output
Matching
Network

(OMN)

DC bias

Load




Impedance matching network for
antenna tuning

Transmitter |




Load impedances that can be matched
to 50 ohms source

L type circuits
AL ] S
+ h
\ Ba™ F ti—
C _"_5 G JWE
D E—n— H E"“—




Low Pass “L” Network

Tan 2T > max « S11
v -
0.2-5uH
Type “A”  Transmitter Antenna
& <Cmin

7 MHz

0.1-5uH

Transmitter Antenna

Type o B”




High Pass “L” network

100 -
2000pF

A

0.3-20uH

Transmitter Antenna

Type llcl’

7 MHz

100 -
Typ e an Transmitter ii?gp’: Antenna
|

0.3-5uH




“Pi” Network

0.2-20uH

Transmitter Antenna

1.8MHz



Including stray C and L
to “Pi” Network

0.05-1uH

Transmitter Antenna

Very good matching range

Modified for <Cmin which includes stray C to Gnd
Includes stray L on input and output




High-pass network topologies




Technologies used in developing
variable capacitance

MEMS (Micro-electro-mechanical systems)
One of the two metallic plates is fixed while the position of
the other plate is adjusted

BST (Barium Strontium Titanate) technology uses thin-film
ferroelectric materials whose dielectric constant can be
changed by applying High Voltage DC-bias

DTC (Digitally tunable capacitors) use variable capacitance in
circuits controlled by digital control signals



Schematic of the tunable matching

network
/ w b ~
T Cl /_ C2
(a)
T T
'4r14'tlﬂt HE 4}14}1
= = ':L 3 e =
(b)




oo

References

Foundations for microstrip circuit design , Second edition by Terry
Edwards, John Wiley & Sons Ltd., 1992

Microstrip lines and slotlines, K.C Gupta, Ramesh Garg & I.J. Bahl, Artech
House, 1979

Stripline-like transmission lines for microwave integrated circuits,
Bharathi Bhat & Shiban K. Koul, New age International Publishers, 2007
Transmission line design handbook, Brian C. Wadell, Artech House, 1991
Handbook of microwave and optical components Volume 1 edited by Kai
Chang, John Wiley & Sons Ltd., 1989

Handbook of microwave integrated circuits, Reinmut K. Hoffman, Artech
House, 1987

http://www.microwaves101.com/

Agilent AN 154 ‘S-Parameter Design’ Application Note

G. Gonzalez, Microwave Amplifiers: Analysis and Design, Second Ed., J.
Wiley, 1997

10.Reinhold Ludwig, Pavel Bretchko, RF circuit Design, Pearson Education,

2000



References

11.“Antenna Impedance Mismatch Measurement and Correction for Adaptive
CDMA transceivers,” Dongjiang Qiao et.al, IEEE, 2005,
http://sigma.ucsd.edu/research/articles/2005/2005 10.pdf

12.“Using the DTC with 12C operation,” App. note 28, Peregrine Semiconductor,
2010-11

13.“DTC theory of operation,” App note 29, Peregrine Semiconductor, 2011

14.“Antenna Tuners,” Larry Benko, WOQE, 2011, www.wOge.com

15.“Back to Basics: Impedance Matching, ” Lou Frenzel, Electronic Design, 2012

16. “Environment insensitive mobile terminal antennas, “ - Licentiate thesis by
Janne llvonen, Department of Radio Science and Engineering Aalto
university ,2012

17.“Antenna tuning for WCDMA RF front end,” Master’s thesis by Reema
Sidhwani, Department of Radio Communication Aalto University, 2012

18.“ SSC COMPONENT ROADMAPS AND PDC (EXTERNAL) ,“ by RFMD, March
2014

19.“ Active Antenna System Architecture for Improved RF-Front End
Performance, “ by Ethertronics Innovate , IWPC Workshop , March 2014



Power Amplifiers



Introduction to power amplifiers

* Low, medium, high power
 Narrowband and broadband
* CW and pulsed



Class A, AB, Band C

A A
g 4
p Load-Line (Class-A): I =l . -R (V-V} )
Imax
i Imax/ A
AB
W " v
Vk DC Vmax Vds th

Class A, AB, B and C are defined by the length of their conduction state over some
portion of the waveform, such that the transistor state lies somewhere between
“fully on” and “fully off”.



Class A

Conducts current over the full 360 degrees of a cycle.

WA
VARV,

Class-A




Class B

The conduction angle for the transistor is 180 degrees.




Class A vs. Class B




Crossover Distortion
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Since the transistors are biased at 1dg=0, the operating range includes the
nonlinear cutoff region. This results in some output signal distortion known
as crossover distortion



Class A

Advantages:

Simplicity

Easy matching to standard impedances
Linearity

Wideband

Low noise

High gain

Disadvantages:
Limited Efficiency

Low power



Class B

Advantages

Very low standing bias current

Negligible power consumption without
signal

Can be used for much more powerful
outputs than class A

More efficient than Class A

Disadvantages

Creates Crossover distortion

Supply current changes with signal,
stabilized supply may be needed

More distortion than Class A



Class AB

The conduction angle is slightly >180 degrees.

IR

V

. control

Class-AB

o+

i Y
S i o
i




Class AB amplifier

Advantages

* The Q-point remains in the linear region of
the characteristic curves, which avoids the
nonlinear distortion of the cutoff region and
hence more linear than Class B amplifier

 Consumes some DC power for zero RF input
however more efficient than Class A amplifier



Class C

The conduction angle is < 180 degrees
The output contains

- | | the fundamental
/2 F====t=r====2=. plus higher
) . frequency
| harmonics. The
Vet | 0 05 1 output may then be
i il passed through an
:f.'.'.'.'.'.'f::ff::f::ff:f.ff.ff.ff‘_".'.'.':.'f.‘.':i.:.'.'.'.'.'.'.'.'.'.'.f e eveseal ass: LC (inductor-
(" : i capacitor) circuit
o e cpmndis 7 - tuned to the
e 1 W frequency of the

input sinusoid.



Class C

Advantages:

e Simple topology

e Highly efficient

e Suitable for constant-carrier high power amplifiers

* External biasing is usually not needed, because is
possible to force the transistor to provide its own
bias, using an RF choke from base to ground.



Class C

Disadvantages:

Lower gain than Class-A or AB
Strong drive signal needed
Abundant harmonic generation

Band-limited because usually resonant network needed on
output.

The large negative swing of the input voltage is the worst
condition for reverse breakdown in any kind of transistor, and
even small amounts of leakage current flowing at this point of
the cycle have an important effect on the efficiency.

In order to survive Class-C operation, the transistor should have
a collector voltage breakdown that is at least three times the
active device’s DC voltage supply.



Class A, AB, B and C

Biasing Efficiency Possible Power Gain
max. bandwidth| capability
Class-A || 50 % high low high
Class-AB|| 50-78.5% | high medium/high high
Class-B 78.5 % moderate high medium/high
Class-C 78.5-100% | low l‘\lgh low




Harmonics

Fundamental (1st Harmonic)

0.5 S

DC

Amplitude T  from Class-B
| ax=1 increasing of

3rd Ha{'_monfc 2nd

Conduction

Angle D e S L B p S e e

Class-A Class-AB Class-B Class-C




Class-D, E and F — switching amplifiers

 The class D, E, F and inverse F switching
amplifiers limit dissipation by virtue of
carefully selecting the times when the
transistor switches.



Class D

* The voltage mode Class D amplifier is defined as a
switching circuit that results in the generation of a
half-sinusoidal current waveform and a square
voltage waveform.

* Class-D PAs use two or more transistors as switches.

* A series-tuned output filter passes only the
fundamental-frequency component to the load



Class D voltage and current waveforms
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Class E

* Class-E employs a single transistor operated as a
switch.

* |n optimum class E, the drain voltage drops to zero
and has zero slope just as the transistor turns on. The
result is an ideal efficiency of 100 %, elimination of
the losses associated with charging the drain
capacitance.

 The Q of the output circuit is high enough so that the
output current and output voltage consist of only the
fundamental component



Class F

tunedto 3-1,
supp!y

Output Matching
1 Network
choke
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Class F

e Class-F boosts both efficiency and output by using
harmonic resonators in the output network to shape
the drain waveformes.

* The voltage waveform includes one or more odd
harmonics and approximates a square wave, while
the current includes even harmonics and
approximates a half sine wave.

* Alternately (“inverse class F”), the voltage can
approximate a half sine wave and the current a
square wave.



Output matching networks
for Class F variants
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Class S ampilifier architecture

final stage
switch mode amplifier Supply
Driver+Level Shifter
antiphase signals ;" = ";
Clock nn
| |
Reconstruction
Delta Sigma Modulator I ! ‘ H| H filter
/\/ | | £
| (i _
RF input | I RF output
ruLn i |
| I I
U | |
A | | I
Noise-Shaping Filter H(z) | i

Class S amplification requires conversion of audio frequency signal into PWM
signal



Balanced amplifier

power amp 1

[ zo
zc» zol\ﬁ zo zo - zo"'fi zo @

power amp 2



Distributed amplifier
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dramn line

gate line




Pulsed power amplifiers
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Modulation method
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Switching method




Practical considerations in
designing a RF PCB

Designing for
cost-sensitive, high volume application

and

high performance, low volume application



Some Substrate Materials

) Dielectric . .

Material Loss Tangent |Other Characteristics
Constant

RT Duroid 5880 . .

, Low-cost "soft" substrate,
Composite PTFE 2.2 0.0009 @ 10 GHz| .
, widely used
fiber glass
RT Duroid 5870 . .

, Low-cost "soft" substrate,
Composite PTFE |2.33 0.0012 @ 10 GHz

widely used

fiber glass
CLTE
P 2.94 @ 10 GHz 0.0025 @ 10GHz |Stable €r, low loss
RO43508B Stable €r, low loss, processing
3.48 @ 10 GHz 0.004 @ 10 GHz |. . .
Rogers is similar to FR4
N7000-1 3.9 @ 2.5GHz 0.015@ 2.5 GHz , .
High Tg (260 °C)
Nelco 3.8 @ 10 GHz 0.016 @ 10 GHz
FR-4 Woven 4.7 @ 1 MHz, 0.020@ 1 MHz Inexpensive, unstable €r, high
Glass/ Epoxy 4.3 @ 1GHz 0.020 @ 1 GHz loss
Characteristics depend on
, <0.0015 to 25 ,
Alumina 9.0-10.0 —_— manufacture, k=9.8 is more
common
RT6010LM

Rogers

10.2 @ 10 GHz

0.002 @ 10 GHz

High €r, low loss




PCB stack-up

z 2
3 —
> ~ ~—— Pre-Preg
= L
' ¥ Core
N —
Copper
6
2-layer 4-layer 6-layer
1st Layer: Component, R 1st Layer: Component and 1St Layer: Component and RF
traces, Power, Signal, RF traces traces
Ground 2nd Layer: RF Ground Plane 2hd Layer: Rf Ground Plane
2nd Layer: RF Ground 3rd Layer: Power Plane 3rd Layer: S!gnal
Plane 4th Layer: Ground Plane 4th Layer: Signal

5t Layer: Power Plane

and Signal Routing
6t Layer: Ground Plane



ldentifying components

Information from datasheets
Frequency range

RF power handling capability

Supply voltage

Absolute maximum ratings

Extent of pre-matching

Case style

Operating temperature

Heat dissipation capability

Layout and mounting recommendation



Transmission line patterns and uses

Transmission
Line Pattern Structure Characteristics Equation Accuracy Equivalent Circuit
et Inductive wh — ]
RN nauctivewnen | x =7 .tan(p - /) Exact " ‘ |
e Capacitive wh
AN apacitive when
Z"'-SS\QSSQHI' Open Stub B-I<n2 B=Y,-tan(B * /) Exact L o—rﬁ"‘l—“|
| quarterwave | EGUvaenttoa 1= (x-Z,)/(4-,) . Apgroximaleg
AN ? i ased on equating
P NNSAANY series LC - 2
Ny | Open Stub resonator | = (i L) dB/d at resonance .t "_'II'
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Transmission line patterns and uses

Transmission

Line Pattern Structure Characteristics Equation Accuracy Equivalent Circuit
‘ '-J Hiah Impedance| EQuivalenttoa Approximate; OK when u 5
o | Fighimpe : X7 . : :
§ N Series Line series =Z,tan(f - ) B-I<<nid4 T T
inductance o 9
- 1ol Low Impedance| C9uivalenttoa Approximate; OK when oT—f'"\-lJ"'\—To
AN Series Line parae B=Y-tanp-) pl<<nit §
capacitance ; T ;

. kfiogt No simple ™
AL Radial Stup | exclusively for a equation No exact " a
N adial Stu e cin : |
Q& broadband short|  2€SC7ibes i expression - —
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Impedance matching networks

* The impedance matching networks could be a

combination of lumped elements and transmission
lines.

 The matching network topology has to be selected
taking into account the bandwidth requirement,
practically realizable/available component values.

* High Q lumped elements reduce losses in matching
networks



Lumped component selection

* High Q inductors and capacitors

* The self-resonant frequency of the inductor
should be higher than the frequency of
operation.

* For DC blocking the series resonant frequency
of the capacitor should be greater than the
frequency of operation.



Bias decoupling

Decoupling
capacitors

Decoupling
capacitors

ZE{ (1
DC Block 'lr
Capacitor DC Block

Capacitor




Decoupling capacitors

Useful Frequency Ranges of Capacitors

Component Capacitance Package SRF Useful Frequency Range*
Ultra-High Range 20pF 0402 2.5GHz 800MHz to 2.5GHz

Very High Range 100pF 0402 800MHz 250MHz to 800MHz

High Range 1000pF 0402 250MHz 50MHz to 250MHz
Midrange TuF 0402 60MHz 100kHz to 60MHz

Low Range 10uF 0603 600kHz 10kHz to 600kHz

*Low end of useful frequency range defined as less than 50 of capacitive reactance.



EMI reduction

The electromagnetic emission/interference

from the board can be reduced by
e Moving components on the PCB
e Adding/changing ground planes
e Reducing the length of noisy PCB traces
and wires
e Using less noisy components
e Adding ferrite products
e Using special shielding techniques



Shielding

Board-level shields are the most cost-
effective and generally the most efficient
type of shielding.



Some do’s and don’ts
for designing RF PCBs

Separate the analog, RF and digital parts

Locate the microstrip lines on the top
(component) side of the board

Wherever possible the bottom side of the
board should allow for a solid ground plane
under the RF circuitry

Ground plane vias around the RF circuits
should be spaced closer than 1/20 of a
wavelength as a minimum



Some do’s and don’ts
for designing RF PCBs

e “Stitch” the top and bottom ground planes
together with as many vias as possible

e Use solid ground plane under components
that require heat sinking, with many
closely spaced vias to transfer heat to all
ground plane layers

* After finishing all layers, fill the empty
spaces with copper pour that is connected
to the ground.



Device structures and materials

Device Structures Materials
HBT SiGe
MOSFET GaAs
MESFET InGaAs
PHEMT InGaP
HEMT SiC
LDMOS FET | GaN



Comparison of
semiconductor material properties

Material Si GaAs | 4H-SiC | GaN
Relative dielectric constant ¢, 1 | 131 10 9
Bandgap Eg (eV) 1.1 1.42 3.26 3.39
Lattice constant (A) 54 5.7 31 3.2
Electron mobility 1 at 300K 1350 | 8500 | 700 1200-
(cm?/Vs) 2000
Saturated electron velocity vsat 1 1 2 2.5
(107cm/s)

Breakdown field E,, (MV/cm) 0.3 0.4 3 3:3
Transit frequency ft (GHz) FET 20 150 20 150
Thermal conductivity © (W/cmK) || 1.5 0.43 3345 | 1.3




PA device modeling

Modeling from Simple DC and Linear Data
Measurement-Based Models

Table-Based Models

Artificial Neural Network-Based Models
Advanced Compact Models from NVNA Data
X-Parameter-Based Models

Closed-form physical equations
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PA nonlinearities



P1dB




3" order intermodulation products

2 pure signals f; and f, multiple signhals emerge

Nonlinear amplifier

P>

f, £ 2f-f, f, 1, 2

/

3d order intermodulation products

Higher order intermodulation products also present




AM-PM distortion




Operate PA in compression for
efficiency

* This scheme is only applicable for constant amplitude
schemes such as FM and GMSK where there is no
amplitude element in the modulation.

* Does not provide high efficiency for high peak to

average power levels signals as amplifier will not run
in compression all the time.

e Can use digital pre-distortion to provide linearity
where some amplitude components are available.



Higher data rates lead to
“peakier waveforms

TR 4G (LTE/ OFDM)
----- 3 8.5 dB PAPR (~7:

henoragy o 3.5G (HSUPA) VRSN

3G (W-CDMA) 6.5 dB PAPR (~5:1) 5 """""""""""""

3.5 dB PAPR (~2:1)




PAPR

Geellular  |GSM 1991 0.2 0.17 0.0
Digital TV DVB-H 2007 8 0.28 8.0
2.75G cellular  |GSM +EDGE 2003 0.2 0.33 3.5
3Geellular  [WCDMAFDD 2001 5 0.5] 7.0
Digital TV DVB-T 1997 8 0.55 8.0

i-Fi IEEE802.11a/g 2003 20 0.90 9.0
WIMAX IEEE 802.14d 2004 20 1.20 8.5
Wi-Fi IEEE802.11n 2007 20 2.40 9.0
3.5G cellular  [HSDPA 2007 5 2.88 8.0
39Gcellular  [LTE 2009 20 8.00 10.0




ACLR/ACPR

* Adjacent Channel Leakage power Ratio (ACLR) is the
ratio of the filtered mean power centred on the
assigned channel frequency to the filtered mean
power centred on an adjacent channel frequency.



Active LTE
carrier, 20MHz BW

Multi
Evaluation

1 adjacent LTE
carrier, 20MHz BW

I 2 adjacent WCDMA
25 A5 D : carriers, 5SMHz BW

[Det Ao |NoRB:  10fisetRB: '  |
ACLR UTRA2  UTRAY  EUTRATEUTRA (Carier)  EUTRAT  UTRAT  UTRAZ [y 0
{ Current 60.13 4B 38,22 dB 10,08 dB 20.36 dBm 4505 4B uude swnda
| Average 5963 dB 3683 dB 38.88 dB 20.24 dBm 4385 dB 139148 6077 d8 1}




- O

EVM

~

MAGNITUDE ERROR
(/Q ERROR PHASE)

MEASURED
SIGNAL

ERROR
VECTOR

IDEAL SIGNAL
(REFERENCE)

The EVM result is
defined as the
square root of the
ratio of the mean
error vector power
to the mean
reference power
expressed in
percent.

The error vector magnitude or EVM (sometimes also called receive

constellation error or RCE) is a measure used to quantify the performance of
a digital radio transmitter or receiver.



http://en.wikipedia.org/wiki/Digital_radio

PA efficiency enhancement
techniques



DC Tracking

The PA voltage is adjusted in line with the
modulation level, often using protocol commanded
power supply voltage level changes

Deals only with average power
Does not address broadband issues

Does not address instantaneous peaks and troughs



Doherty amplifier

Carrier Amplifier

Input 35 ohms
e M4 . Impedance
inverter
50 ohms | |M4 M4 | |50 ohms wal |z,
" | Impedance
35 ohms a4 transformer
1 } i il Output
202 port

Peaking Amplifier 90:0hme



Load modulation characteristic of
Doherty amplifier

* For alow input drive signal, the
peaking amplifier is off and looks like
an open circuit. As the drive level
increases, the peaking amplifier |

begins to conduct more and more, [
feeding current into the output circuit. <l> V
The carrier amplifier output sees its L
load impedance drop as input RF

power increases. i.e. the peaking

amplifier provides a form of

fundamental active load pulling to the
carrier amplifier




Efficiency

78.5%

Symmetric Doherty PA

Class AB

6 dB

. A

>
Output Power

A
Zload
L .
h
_ i
_ Peaking PA : .".h Peaking PA
Off Mode | \\Lnad Impedance’
_ N
| \"~.
zzﬂﬂ' : .~ \\ .
] I ‘:?h‘h"‘.::::ZI-
Zopt | Carrier PA
0 | Load Impedance
Viax /2 Vinax

5 4



Output combiner variant 1

_ [(1+5)-Ro @Low

Zc=
—— |Ro @PEP
1
Ro I e =l
i
| Z01 = Ro, A/4
1
Ro/d i -1
' Vo .
: Ro Z202Q,N4 where 6 is the
—————— : 1+ 3 Ro § size ratio of the
o @Low = peaking PA over
Zp = i
P %Q@PEP the carrier PA.

The output impedance of the peaking PAis R,/6
at the peak power region



Output combiner variant 2

s {(1 +0)-Ro @Low

@PEP

Z01=/5 -Ro.,\/4

o Ro

|

Ro ; IC’ 1
|
|
|
: Ip

Ro k — 4
|
;

Zp = o @Low
Ro@PEP

Vo
5-Ro 02 Q, A/4
1+0 Ro

(A)

The output impedance of the peaking
PAs becomes R, (same as load)

where 0 is the size
ratio of the peaking
PA over the carrier
PA.



Envelope elimination and
restoration

Envelope
amplifier

Envelope s
Detector DC Supply
'\ (modulated)
Del
RF . I:-" Limiter |—a] —o 27 RF
input line output

The limiter eliminates the possibility of AM-PM distortion in the
PA which can be a saturated /switching amplifier. The envelope
amplitude is recovered at the output using a DC supply
modulated by output of envelope detector



Chireix’s Outphasing amplifier or
LINC

LINC (LInear amplification with Nonlinear Components)

cos (ot + cos - (A1)
> >—l
A(t) cos (wt)
L AM-PM + > 2.G A(1). cos ( ot)
modulator
)', G
cos (ot - cos | (A(1)))

A complex modulated signal is split into two constant envelope,
phase-modulated signals that are amplified by high efficiency
nonlinear (saturated) amplifiers and then combined at the
output. The range of load modulation for both amplifiers extends
from R/2 to oo.



Load-pulling in Outphasing amplifier

£ iy,
RF Load —
. AN/ A
O < Ofx
Io
V COS® + jsSing R _
7z =—"'"—= ' R, =—=(1— jcoto)
'V, =V, 2jsng : 2 Aaat
RI_
Vv, 0S8 — jSind R
Zz - ’ 2 : o COSQ@ ' _(Slno Rl =_L.(] .+.jc0[c))
\1| -\"2 —2]510(;) ) 2
—( ) '
Rl_

where ¢ = sin~! A(t)



Efficiency (©%)

Theoretical efficiency of outphasing

amplifier
100 100
2
A
£
Y
:
W
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0 10 20 30 40 S50 €0 70 80 90 30 25 <20 415 <10 <5 0

Qutphasing angle (degree) Normalized output power (dB)

Efficiency drops as the outphasing angle ¢ decreases



Load compensation

* Load compensation method compensates for
the susceptance component by adding a
proper shunt reactance

<
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Efficiency improvement with load
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Better overall efficiency can be achieved if the load can be

adaptively compensated according to the change of the
outphasing angle.



Envelope Tracking System

Envelope
Tracking

Supply

Envelope Signal

Baseband / RF Power
Up-converter Amplifier

Pre-amplifier




Average power and envelope tracking

Amplitude

Vee ' : ’ Vee
N\ /RF signal N
3GPP power
control slot
time (0.5 ms)
B -
Time : : ‘ : [ime Time
Constant collector Average power

: Envelope trackin
voltage tracking F ?




Envelope tracking -variants

 When the supply voltage tracks the instantaneous
envelope modulation signal, it is called Wide
Bandwidth ET (WBET)

* When the supply voltage tracks the long-term
average of the input envelope power, it is called
Average ET (AET)

* When the supply voltage switches to different step
levels according to the input envelope power, it is
called Step ET (SET)



Envelope Tracking

Envelope = J12+ Q’

Envelope tracking requires very fast, high-
bandwidth power supply. A supply bandwidth of
40-60 MHz is required to track a 20 MHz RF

channel.



Maximum efficiency envelope tracking

Ysupply = 5.0V

Gain (dB)

-~ Max
efficiency

Ysupply = 1.0V

Power output




Linear gain envelope tracking

Gain (dB)

Linear
- gain

Vsupply = L.OV

Power output




Analog ET system

Power

Supply ll[ﬁJWWﬂ

A[;nplitude o — LPF b
m etector  Vi{f) _AM Supply___ —mprom- .
* Modulator ™ ] WWvM
Pacll)
Q
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Source w




Digital ET system

Digital Baseband

Envelope
Detection

Abs {1,Q)

Envelope
shaping

_

Delay
align

RF
Upcanvart

Envelape
Amplifier
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PA Characterization methods

Test
methodology

Swept
CW testing

Pulsed RF /DC
testing

Dynamic supply
modulation

PA current
measurement

Bench PSU

Instrumentation
grade current
probe,
~5 us resolution

Challenging —
high BW with
high common
mode voltage
current sense

Supply
impedance

Low
(decoupling
Capacitor)

Low
(decoupling
Capacitor)

Requires
low
impedance
dynamic
supply (no
decoupling)

Supply
bandwidth

requirements

Low

(Bench PSU)

Low

(Bench PSU)

High
(~60 MHz
BW)

Correlation

with ET
operation

Poor, due
to PA die
heating

Good, if
short
pulses
(=10 us,
10% duty
cycle).

Excellent

Parameters
measured

Gain (AM:AM),
Efficiency

Gain (AM:AM),
Efficiency

Gain (AM:AM),
Phase (AM:PM),
Efficiency



ET PA Characterization bench

Baseband

Waveform Up-
Source converter
Waveform Down
capture converter

Instataneous /P

F"c:.twer Mean I/P
Sensor | power

Instantaneous O/F

Fixed Supply

— I Supply modulator

Instantaneous
current

Oscilloscope

Instantanecus

voltage

Load Pull
Tuner

A

— A

===
ISpectmm'

Y

#| PC controller/ Matlab

Power
Sensor

44

Mean OfF

power

| Analyzer :
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ET architectures

* Asimple ET architecture could be a solution that it
only tracks the envelope signal coarsely with a fast
DC-DC buck converter.

* A complex solution could include very accurate and
fast envelope signal tracking



Application of ET

* Envelope tracking can be applied to the design
of cellular terminals operating at 0.5W to

broadcast transmission systems operating at
10KW.



PA Linearization methods



Predistortion linearizers

PDUt L I:)uut N I:but 4
: = ¢/f
Pin Pin ﬁn
PREDISTORTION
— IS HPA L+ OUTPUT

LINEARIZER

Predistortion linearizers generate a response opposite
to an PA's response in magnitude and phase




RF predistortion techniques

There are three distinct RF predistortion techniques.

 The work function-based approach utilizes a low-order

polynomial to fit the AM/AM and AM/PM characteristics of
the power amplifier.

* The look-up table technique fits the power amplifier’s
characteristics more accurately. However, it requires a more
sophisticated adaptation technique.

* The analog nonlinearity technique uses diodes to generate
IM distortion. This IM distortion is then phased and
attenuated to make it anti-phase with the distortion created
by the power amplifier.



RF Predistorter
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The predistorter consists of a complex gain adjuster that
controls the amplitude and phase of the input signal.

The extent of predistortion is controlled by two nonlinear
work functions that interpolate the AM/AM and AM/PM
nonlinearities of the power amplifier.



Advantages of RF-based predistortion

* Correction is applied before the
power amplifier where insertion loss
is less critical.

* The correction architecture has a
moderate bandwidth.



Digital predistortion techniques

 Complex vector mapping look up table (LUT),
Complex Gain LUT and Cartesian feedback
techniques falls under the class of static
predistortion technique

* Secant Method and Linear Convergence Methods are
associated with adaptation- based predistortion
technique



Digital adaptive predistortion
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Feedforward amplifier
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Adaptive Feedforward Linearization

* Feedforward linearization simultaneously
offers wide bandwidth and good IMD
suppression

* High complexity

 Automatic adaptation is essential to maintain
performance




Cartesian feedback
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The system block H(s) represents the loop driver amplifiers, which
provide the loop gain as well as the dynamics introduced by the
compensation strategy. Cartesian feedback has relatively low
complexity, offers reasonable IMD suppression.

Stability considerations limit the bandwidth to a few hundred KHz
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