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Objective of RF PCB Design ModuleObject ve o C es g odu e
• Design of Digital 

i hPCB with RF 
commutation 
Chips modules onChips modules on 
it!!

• ToolsTools
• Protel or Altium

• Used together 
with ADS

• Approach is to use the RF tool like ADS to implement the 
layout in Altium. 
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• Advantage: Productivity and accuracy at same time



Objective of Module-2Object ve o odu e

H2P t2(Z 50 )Ω H2

W2

OPort2(Z =50 )Ω

T1

W1

W2

H1

OPort1(Z =50 )Ω GND Plane

• 90nm Wideband RF Frontend Test Bed (1-6GHz)
• 90nm Chip and 4-layer FR4 PCB Designed By Rashad
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• Protel was used to design the board and ADS to design the transmission lines

Objective of RF PCB Design ModuleObject ve o C es g odu e

• Complete RF PCB on High Speed Substrates using ADS tool suiteCo p e e C o g Speed Subs es us g S oo su e

• Need strong theory and background of Electromagnetic
• Impedance matching, TDR, Smith chart, S-Parameters, Transmission Lines, 
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p g
Transceiver Architecture , LNA, Mixer Design, PLL, DLL, Pas etc



Outline of Today's LectureOut e o oday s ectu e
• Objective of this three day module

– RF PCB and RF as a part of High Speed Digital PCB

– Tools for both applications

• Difference in RF and Digital PCB
– Frequency Range q y g

• Sine vs. Square (Trapezoidal)

• Narrow Band vs Wide Band

– Termination types & 50Ω matching

– Impedance Matching Criteria

– PCB Material, Layer Stack

RF PCB Design:Lecture-1              © Rashad.M.Ramzan 2010-11 5

Outline of Today's LectureOut e o oday s ectu e

• Transmission Lines in RF PCBs and Digital PCBs 
– Basic Transmission Modes in PCB Traces

• Impedance Matchingp g
– Smith Chart …. A Necessary Tool

• S-Parameters• S-Parameters
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Module-1: Analog and Digital PCBsodu e : a og a d g ta C s
Designed By: Rashad Ramzan

Designed By: Rashad Ramzan
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Module-2: RF PCBsodu e : C s
Designed By: Rashad RamzanDesigned By: Rashad Ramzan

Designed By: Rashad Ramzan
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Digital & RF PCBs: Are they Same?g ta & C s: e t ey Sa e?
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Digital & RF PCBs: Are they Same?g ta & C s: e t ey Sa e?
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When a Trace is Transmission Line?
• Whether it is a bump 

or a mountain depends 

W e a ace s a s ss o e?

p
on the ratio of its size 
(tline) to the size of the 
vehicle (signal

When do we need to When do we need to 
use transmission line use transmission line vehicle (signal 

wavelength)
analysis techniques vs. analysis techniques vs. 

lumped circuit lumped circuit 
analysis?  analysis?  

squrewaveFor

tt riseof 5.0≥

l

squrewaveFor

linetrans 8
λ≥−

Tline
Wavelength or Rise Time

SinewaveFor

g
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RF vs. Digital PCB: Sine vs. Square

1 2 3

vs. g ta C : S e vs. Squa e
Digital signals are composed of an infinite number of sinusoidal functions – the Fourier series

The Fourier series is shown in its progression to approximate a square wave:

1

1

1 + 2 1 + 2 + 3

0-π π 2π 3π
1 + 2 + 3 + 4 1 + 2 + 3 + 4 + 5

Square wave: Y = 0 for -π < x < 0 and Y=1 for 0 < x < π

Y = 1/2 + 2/pi( sinx + sin3x/3 + sin5x/5 + sin7x/7 + sin(2m+1)x/(2m+1) +Y = 1/2 + 2/pi( sinx + sin3x/3 + sin5x/5 + sin7x/7 … + sin(2m+1)x/(2m+1) + …
1                2            3               4             5
May do with sum of cosines too.
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RF vs. Digital PCB: Sine vs. Square

Where does that famous equation come from?
Tr

F
35.0

=

g q

• It can be derived from the response of a step function into a filter with time 
constant tau

Tr

)1( /τt
input eVV −−= p

• Setting V=0.1Vinput  and V=0.9Vinput  allows the calculation of the 10-90% 
risetime in terms of the time constant

τττ 195.2105.03.2%10%90%9010 =−=−=− ttt

• The frequency response of a 1 pole network is• The frequency response of a 1 pole network is 

dB
dB F

F
3

3 2

1

2

1

π
τ

πτ
=→=

t
35.0

dBF322 ππτ
• Substituting   into the step response yields

t
35.009.1

==
dBF

t
3

%9010 =−

dBdB FF
t

33
%9010 ==− π
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RF vs. Digital PCB: Sine vs. Square
Input signal into lossy T-line Spectral content of waveform

F
35.0

≈

g q

FT

F
F

T

V
ol

ts

riseT
F ≈

FrequencyTime
Time domain waveform with 

2/
V

1)

Loss characteristics if T-line frequency dependent losses

Inverse 
FFT

ua
ti

on
 (

V
2

V
ol

ts

A
tt

en
u

Frequency
Time
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RF vs. Digital PCB: Sine vs. Squareg q

RF PCB 
Digital 
PCB

Tracks 
Carriers 

Sine 

PCB 
Tracks 

Carriers 
trapezoidal

waves 
trapezoidal 

waves 

dB tt
f

35.035.0
3 == orfff OBW Δ+=

BW

r

tt
f

tt

4.135.04
%9010

=
×

=

−

mudulationofcaseinBWisΔω
OBW ωωω Δ+=
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rr tt

Real Sine vs. Squareea S e vs. Squa e

RF PCB Design:Lecture-1              © Rashad.M.Ramzan 2010-11 16



PCB Material: Dielectric ConstantC ate a : e ect c Co sta t
• Is measure of how much charge two conductors can hold at a 

certain fixed voltage Low Dk hold less charge and high Dkcertain fixed voltage. Low Dk hold less charge and high Dk 
more charge. Its also measure of the ratio of velocity in 
conductor and free space.
• High Dk Small width for same Zo

• High Dk Large propagation delay
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PCB Material: Loss TangentC ate a : oss a ge t

• Is measure of how much electromagnetic energy is 
absorbed by dielectric material. Like microwaveabsorbed by dielectric material. Like microwave 
oven, things that heat up quickly has high loss 
tangent. Glass and ceramic are low Df materials.g

• Loss is frequency dependent, increases with frequency.
• Low loss improves signal integrity--- Very Important 
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for RF applications



RF vs. Digital: PCB Materialsvs. g ta : C ate a s
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RF vs. Digital: PCB Materialsvs. g ta : C ate a s
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RF vs. Digital: PCB Materialsvs. g ta : C ate a s
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RF vs. Digital: PCB Materialsvs. g ta : C ate a s
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RF vs. Digital: Layer Stackvs. g ta : aye Stac

Single Layer
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Multi Layer

RF vs. Digital: 50Ω matchingvs. g ta : 50 atc g
• Digital PCBs

B d CLK i l l id ll d• Buses and CLK signals are laid out on controlled 
impedance traces of preferably 60 Ω and above with no 
load matchingload matching.
– Reason: although reflections occurs, still we want to use the 

voltage divider rule and control the reflection by source series 
terminations

– We can make the digital IC Zin ≥ (few) KΩ at frequencies a high 
as ̴ 800MHzas   800MHz

• RF PCBs
• Its always 50Ω impedance matching• Its always 50Ω impedance matching

– We can not  make the RF IC Zin ≥ (few)KΩ at GHz frequencies

– 3dB (Half RF Power) loss in every connection( ) y
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Microstrips on FR4 PCB c ost ps o C
Designed and measured by: Rashad 
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Propagation inp g
Transmission Lines



Transverse E & H Field Patterna sve se & e d atte
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Non-transverse E & H Field PatternNo t a sve se & e d atte
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Possible Propagation Modesoss b e opagat o odes
I

+ + + +
I + ΔI I

H
I + ΔI

V

I

E
V + ΔV

I + ΔI
V

I
H

V + ΔV
I + ΔI

- - - -
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Why TEM is desirable?W y s des ab e?

• Cutoff frequency is zero – Therefore widebandq y
transmission is possible like co-axial cables

• No dispersion signals of different frequencies• No dispersion, signals of different frequencies
travel at the same speed, no distortion of
i lsignals

• Sometime we deliberately want to have aSometime we deliberately want to have a 
cutoff frequency so that a microwave filter can 
be designedbe designed
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Coaxial Cables -TEMCoa a Cab es
• TEM exists in co-axial cable

• Higher-order modes exist in coaxial line but
is usually suppressed

• Dimension of the coaxial line is controlled
so that these higher-order modes are cutoff

b
ρso that these higher-order modes are cutoff

• Dominate higher-order mode is
mode, the cutoff wavenumber (kc) can only
b b i d b l i d l

a
ρ

V=0
V=V

TE11

be obtained by solving a transcendental
equation, approximate is
often used in practice
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aa

Microstrip and Striplinesc ost p a d St p es
Strip line was developed from the square coaxial

square coaxialcoaxial square coaxial

rectangular line flat stripline

Evolution of microstrip

+
+

+

Evolution of microstrip

+

-

two-wire line

-
single-wire above

-

microstrip in air
microstrip with
grounded slab
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ground (with image)
p

(with image)
grounded slab



Modes in Microstripodes c ost p
• A microstrip line suspended in air can support TEM wave

i i d• A PCB microstrip does not support TEM wave
• A PCB microstrip fields constitute a hybrid TM-TE wave
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Demo EM Field in Microstripe o e d c ost p

A numerical method, known as Finite-Difference Time-Domain (FDTD)
is applied to Maxwell’s Equations, to provide the approximate values
of E and H fields at selected points on the model at every 1 0of E and H fields at selected points on the model at every 1.0
picoseconds

Ref: http://pesona mmu edu my/~wlkung/Phd/phdthesis htm)

RF PCB Design:Lecture-1              © Rashad.M.Ramzan 2010-11 34

Ref: http://pesona.mmu.edu.my/ wlkung/Phd/phdthesis.htm)



Magnitude of Ez in Dielectricag tude o z e ect c
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Magnitude of Ez in YZ Planeag tude o z a e

RF PCB Design:Lecture-1              © Rashad.M.Ramzan 2010-11 36



Comparison: PCB Transmission LinesCo pa so : C a s ss o es
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Impedance MatchingImpedance Matching



When Transmission Line?W e a s ss o e?
Power
Plant

Power Frequency (f) is @ 60 Hz
Wavelength (λ) is 5× 106 m PlantWavelength (λ) is 5 10 m 
( Over 3,100 Miles) 

Consumer
HomeHome
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PCB Transmission Lines?C a s ss o es?

Integrated Circuit 
St i li

Signal Frequency (f) is 
approaching 10 GHz

Microstrip

Stripline

T

approaching 10 GHz
Wavelength (λ) is 1.5 cm ( 0.6 inches) 

Cross section view taken here
PCB substrate

ViaW

Cross Section of Above PCB 
Copper Trace

Signal (microstrip) 

Ground/Power

T Signal (stripline)
Signal (stripline) 
Ground/Power

Signal (microstrip)

Copper Plane
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Signal (microstrip) 

W



When Transmission Lines in RF PCB?W e a s ss o es C ?

)(5.0 PCBsDigitalsqurewaveFortt riseof >

, flightoftimecalled
VelocityPhase

length
twhere of =

)(10 PCBsDigitalinSineForl linetrans
λ>−

)(20 PCBsRFForl linetrans
λ>−

• In Digital PCBs we treat the signal in voltage & use 
voltage divisor rulesvoltage divisor rules

• In RF we deal with RF power, not the voltage & current, 
then the reflection becomes important
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then the reflection becomes important

Reflection Constante ect o Co sta t

42



Why Impedance Matching?W y peda ce atc g?

• Repetition of Lecture on Transmission Linesp

Interconnection Load

Signal 
source

0

0
0

tan
(1)

tan
L

LZ jZ
Z Z

Z jZ

θ
θ

+
=

+

ZL
ES

ZS
On PCB

l

• When matched Z0=ZL then 
Zin is not dependent upon 
length of line.
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How Matching Works?ow atc g Wo s?
We want to match Zs of 50Ω with 2 Ω Load???
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How Matching Works?How Matching Works?
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LC Impedance MatchingC peda ce atc g

I  t  Z i  t d t  

ZL
Matching
LC circuit

In most cases Zin is expected to 
be real 

Impedance must be matched:
Zin

p
Xin = -Xs   and Rin = Rs 

L-match circuits: π-match and T-match circuits:

46
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Narrow Band TransformationNa ow a d a s o at o

L1 LS

RS

CLS
ω0 ≅

RS

Zin Zin

C

LjR ω
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PPP

PP
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SS

RRR

LjR

LjR
LjR

+
=+

ω

ω
ω

RQRZ 2≈=PP
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P
S

QLLRL

Q

R

Q

R

LR

R
R

⋅⋅

≈
+

=
+

=
≈

)(ω/

11)(ω/

222

22

ωω

22

0

SPin RQRZ
ωω 0

≈=
≈

Upwards Resistance 
P

P

PP

PPP
S L

Q

QL

LR

LRL
L ≈

+
=

+
=

≈
11)(ω/

)(ω/
2

ωω

22

0

Transformer
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Pi & T match Circuits& atc C cu ts

L
CL

1
ω0 ≅

L

RPCPZin

CLS RS

CSZ SZin

SS
P CjR

RCj
Cj

R +
=+

/1

/ω
ω

1

PPP
S

SSP

Q

R

Q

R

CR

R
R

CjRR

≈
+

=
+

=

+

2222 11)(ω

ω/1

2ωω 0 Q

R
RZ P
Sin ≈=

≈

PP
PP

PP
PS

PP

C
Q

Q
C

CR

CR
CC

QQCR

≈
+

⋅=
+

⋅=

++
≈

2

2

22

22

ωω

1

)(ω

1)(ω

11)(ω
0

PP QCR
≈ωω

)(ω
0 Note that once RP and RS are 

related, Q is defined and it cannot 
be improved by those simple L-
match circuits 

As CS ≈ C the equivalent circuit 
has also a resonance at ω

48

match circuits has also a resonance at ω0

RF PCB Design:Lecture-1              © Rashad.M.Ramzan 2010-11



Example LC Matchinga p e C atc g
Match PA of output 
resistance 6 Ω to 75 Ω

75 Ω
resistance 6 Ω to 75 Ω
transmission line, also 
matched to antenna. 
f=100MHz

PA LC

L

f 100MHz

5.111
1

2
2

=−=→
+

=
R

R
Q

Q

R
R PP
in

Rin

RP=75 Ω
C 489

5.11

75)(

1
22

2 ==→=

+

CL
CL

R
Q

RQ

P

in

6 Ω

Source
model pF72 nH,2.35

10254
)10π2(

11
)π2( 20

28
2

==

⋅=
⋅

=→= −

CL

LC
LC

f

Input of TL

Observe that the matching circuit also works as LPF that 
attenuates higher harmonic components of PA
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g p

Pi & T Match Circuits& atc C cu ts

R RRL RL

RV RVRL RL

Virtual resistor Virtual resistor

L h L t h L t h

RV RVRL RL
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L-match L-match L-match L-match

There is one degree of freedom more, we can also choose Q



Smith charts revisitedS t c a ts ev s ted

1100 −−− ZZZZZ LL

1

1

1

1

0

0

0

0

+
=

+
=

+
=

Z

Z

ZZ

ZZ

ZZ

ZZ

L

L

L

Lρ

jdcjbaZ +=+= ρ,

Normalized loadingNormalized loading 
impedance

51
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Impedance – Admittance Conversionpeda ce d tta ce Co ve s o

Constant R and X circles Constant G and B circles

-1

-0.50 5

-0.25

1-j1

-2

0 5 j0 51

0.25

0 5

22

1

0.5

0.5+j0.5

Z = R+jX Y 1/Z G+jB

0.5
0.25

0

S l dZ = R+jX Y = 1/Z = G+jBSame load 
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Modifying Admittance or Impedanceod y g d tta ce o peda ce

ΔX>0 ΔX<0ΔX>0 ΔX<0

ΔB<0 ΔB>0
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Impedance Matching: Smith Chartpeda ce atc g: S t C a t

• Show the Simulation of the Impedance p
matching…..You can also see these simulation 
atat….

• http://www.amanogawa.com/archive/transmissionA.html
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μ wave Componentsμ-wave Components

μ-wave Capacitorsμ wave Capac to s
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μ-wave Multilayer Capacitorμ wave u t aye Capac to

RF PCB Design:Lecture-1              © Rashad.M.Ramzan 2010-11 57

μ-wave Inductorμ wave ducto
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μ-wave Inductorsμ wave ducto s
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μ-wave Capacitorsμ wave Capac to s
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μ-wave Inductorsμ wave ducto s
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μ-wave Capacitors & Inductorsμ wave Capac to s & ducto s
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μ-wave Capacitors & Inductorsμ wave Capac to s & ducto s
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μ-wave Capacitors & Inductorsμ wave Capac to s & ducto s
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μ-wave Capacitors & Inductorsμ wave Capac to s & ducto s
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μ-wave Low Pass Filterμ wave ow ass te
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μ-wave Band Pass Filterμ wave a d ass te
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μ-wave Band Pass Filterμ wave a d ass te
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Directional Couplerect o a Coup e
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S ParametersS-Parameters

70



Transmission Line Terminated with ZoTransmission Line Terminated with Zo

Zo = characteristic 
Zs = Zo

Z

impedance of 
transmission line

Zo

Vinc

Vrefl = 0! (all the incident power
is absorbed in the load)

For reflection, a transmission line terminated in 
Zo behaves like an infinitely long transmission 

line
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Transmission Line with Short & OpenTransmission Line with Short & Open

Zs = Zo

Vinc

Vrefl In-phase (0o) for open, 
out of phase (180o) for short

For reflection, a transmission line 
terminated in a short or open reflects all

out-of-phase (180o) for short

terminated in a short or open reflects all 
power back to source
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Reflection & Transmission

Incident

Reflected

TransmittedR
B

TRANSMISSIONREFLECTION

Reflected

A

Transmitted

Incident

TRANSMISSION

Reflected

I id t

REFLECTION

A

R
=

B

R
=

Incident

Gain / Loss
Group
Delay

Incident

SWR
Return
L

R R

Gain / Loss

S-Parameters
S21, S12

Delay

Transmission
Coefficient

Insertion  
Phase

SWR

S-Parameters
S11, S22 Reflection

Coefficient

Impedance, 
Admittance 

R+jX, 
G+jB

Loss

G+jB 
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Reflection Parameters

=
Z L − Z OReflection 

= V =ρ ΦΓ =
Z L + OZCoefficient = Vreflected

V incident

=ρ ΦΓ
=ρ ΓReturn loss = -20 log(ρ), Γgρ

Voltage Standing Wave Ratio

VSWR  Emax 1 + ρEmax
Emin

F ll reflection

VSWR = Emax

Emin
=

ρ
1 - ρ

Emin

No reflection
(ZL = Zo)

ρ0 1

Full reflection
(ZL = open, short)

∞ dB

ρ
RL

VSWR

0

0 dB

1 ∞VSWR1 ∞
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Why S-Parameters?
Relatively easy to obtain at high frequencies

Measure voltage traveling waves with a vector network analyzer

y

Don't need shorts/opens which can cause active devices to oscillate 
or self-destruct

Relate to familiar measurements (gain, loss, reflection coefficient ...)(g )
Can cascade S-parameters of multiple devices to predict system 
performance
Can compute H, Y, or Z parameters from S-parameters if desiredCan compute H, Y, or Z parameters from S parameters if desired

Incident TransmittedS 21

a 1

S 11

Reflected S 22

Reflected

1
b 2

DUT

Port 1 Port 2 Reflected

Transmitted Incident

b 1
a 2

S 12

b 1 = S 11 a 1 + S 12 a 2

b 2 = S 21 a 1 + S 22 a 2
75

Measuring S-Parameters?

Incident TransmittedS 21
a 1

b 2

g

S 11
Reflected

b 1

1
Z 0

Load
a2 = 0

DUTForward

S 11 = Reflected

Incident
=

b1

a 1 a2 = 0
S 22 = Reflected

Incident
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b2

a 2 a1 = 0

S 21 =
Transmitted
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b
2

a 1 a2 = 0

Incident 2 1 0
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a 2 a1 = 0
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a1 = 0

IncidentTransmitted S 12

S 22

Reflected
a2

b

DUTZ 0

Load
Reverse
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SummarySu a y

• Objective of Module-2j

• Basic of Transmission Line

S i h Ch• Smith Chart

• Matchingg

• S-Parameters
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