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11 Communication Theory 11

How do we deliver an information ?
- TT

T wireless f-
. .- --

ammo carrier modulation

sinusoid Ac cos (wat)
t t

amplitude phase
"

carrier" because it carries the information .

Why do we need
"

modulation
" instead of justtransmittingthe original information without carrier ?
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IEEE: Az physical dimension of ideal Hertz dipole
(antenna)

Lt Az = IS ene → d = 30 cue → fo = E = I GHz !
d

Modulation is needed because antennas work around a
certain frequency that depends on their size .

Hence we need to weave the signal information to such
frequency using a carrier of that same frequency .

AM (Amplitude Modulation)
,
baseband signal

sect) = Ac ft t m .tH cos (wet)

Spectrum : Fourier transform of sect)
mm
-
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Mt) = Ac ft t m . se (t)! eiwctteiw
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After modulation (TX) we need demodulation (Rx) .

TX

- AM with transmitted carrier - AM without transmitted carrier

It MKBBCT) sect) / sepsis(t) Rct)
> x > ✓ y x >
^

no deltas
^

in the spectrum
cos (wat) cos (wat)

RX

- Coherent demodulation (without transmitted carrier)
sect) sect) cos feet) =

> I > = Kroft) cost@at) = > LPF > n tzkBB(t)
= airsoft) t t costwet)

L

cos (wat)

"

coherent
"

because the demodulating signal is in phase
with the modulating signal .

sect) sect) siucwct) =
> I→ = KbB(E) sire(wot) cos(wat) = > LPF > n O

= npspdtuzsi.uawat)

siucwct)

Ismene: any phase error between transmitter and receiver
wild cause a degradation of the signal . This can be a
problem since TX and RX have their own independent
clocks that might have a synchronous mismatch .

- Nou - coherent demodulation (with transmitted carrier)

sect) = Ae ft t mn.BA)) cos wat > Envelop (peak) > y(t)

¥os~
detector
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AdEEEEge : Rx does not need
any
internal clock for

demodulation
.

- Nou - coherent demodulation (without transmitted carrier)

alt) = Kroft) cos wet > Euv
.

det
.

s yLt)

alt' #¥e##N > t > t

signal is eedsif.ee !

issue : non - coherent deem .

has to transmit the carrier
,

which impairs the efficiency of the process .

Phaser representation of a sinusoidal AM

Resist) = Am cos Wnt e

sect) = Ae ft t m KBBCT)! cos wet =
= Ac cos wat t m AmAc coswet coswmt =
- Ae coswat t MANIAC cos (we- Wm)'t t MANIAC cos (wetWnit
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PM
H

FM (Frequency Modulation) act)
-

sect ) = Ac cos fwat t m fatness(t' ) alt ' I

{ cult ) - d£ Relationship between angular
Htt - t.su Ct't d t' EYELID.ecwseaguudaephaseq of

Narrow Band FM approximation (NBFM) :

q (t) - mf.tn.s.tt') dt' e - trad

sect) = Ac cos fwct t get)1

= Ae cos wet . cosfqcty - Ae Siu wat . sire f.9ft)]

je Ae cos wet - t - Ae siuwat -

qCt)
NBFM

= Ac cos wot - Acg(t) seiuwct
- -

carrier AN modulation of the

quadrature component
of the carrier

= *a ejwetge-iwct.ae get) . ejwctjeiwct a. ya,

1/01 Ae Ee Lj

Jes> B
d L n

t.ss.FI¥"":""¥*fo-B fatB

v
-

-

Ac titel 73
Bandwidth occupation

case : sinusoidal FM
.

It is possible in this case to study the spectrum
with

uoappoeoxiueatiy.kz(t) - Am cos Wnt

sect) = Ac cos [wet t mf!Am coswat
'

dt
'

] =
*

- Ae cos [wat t mwamm siu want] >

"modulation depth
"
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a. (t) - Ac cos [wat - f sireWnt ) write cos (siut) as a
Fourier series

to
L

= Ac E {Jncp) - cos fwctnwmt] }N = - Cs

t

first kind
Bessel function
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The bandwidth occupation of the entire signal would
be infinite, due to the uae- linearity of the modulation
without approximation .

Carson's Bandwidth : NBFM s s g -e. trad

u fee trad
bandwith associated Bugg

.

- L (ptt) fm - 2£
to 98% of the energy r > bandwidth of the
of the FM carrier baseband signal

Phaser representation of a sinusoidal FM

sect) = Aceosfwcttqct )] = Ac cos wat - Acqct) . Siuwat
= Ac coswat - Acsiiewct - f-psiuwmtf =
= Ac cos wat t Afp cos (wa - Wm)t - Azt cos (wat Wm)t

e

⇒ Ict) = Act Agf . I e-iwmt - ejwmtf

Wm
in quadrature with carrier

fr n?
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Im a
'

wut
O
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> Re

>
PM (or FM) is equivalent
to amplitude modulation
of the carrier .

.

Ae
Ta ! IET.ba attenuata M
%

The equivalence holds only
> under NBFM approximation

tgq x q p -- trad (or pee trad)



AM and PM (Quadrature Modulation)
Im

- alt) - alt) cos /Watt 9411 a
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We are not able to build a pure
ideal oscillator :

i r

T
""

.>
f >f

ideal real

4
"

spurs; unwanted tones
,

unwanted linewidth
,

phase noise . . .

-
carrier

⇐.
-white noise Ac cos wat t anCt) =/%## - Aa Ce tant)) eosfwcttqnctI

> different peak -
AM

> PM

£ £ amplitude o different axis
interceptrwwnmmmhmimmmwmwrr ' t

on:

Eat
a

2 r
AM

Rice theorem : ?
> >

Ac PM

white Woese
power is >

Eat

equally split between
a

phase noise (PM) and amplitude noise (AM)

we generally do not
worry

about amplitude noise
whilst we do care about phase noise, for the
following reasons :

- there is usually clamping of the signal carrier
which removes any amplitude fluctuation

- phase noise can cane Greene the integration of
noise :HMM

qn =L!we dt
'

Lif IEEE"'t '

which in terms of PSD eueaus :

#
s Random

Sqn - a¥zf< Sun walk

which diverges at low frequencies for white maid,
that is at long observation times .
Amplitude noise does not suffer from this issue .



Consider phase noise as a sinusoidal disturb :

neglectarftlcfncty-e.to#NBrM=xft)=Accosfwet+qnft5f=Accoswat . I - Acsiuwctqnct) =

= Access wet - ACAQ cos (wctwnt t AIG cos (we- wat
2

qnlt) -- Aqcoswnt ^ Se
AE

AE n

Html AEAq2
*

,

"

Y
"

¥. sog | j dB

>f- fc fc- fn fc fatfn

Single sideband to Carriere Ratio (SSCR) :
A:^*

"

L ( fn ) :=S(£+fn)_ a =A&
P(J=) a AI 4

frequency offset e
4 asqn

DEEM
,
sinusoidal noise

=q.FI/A9iqj...).gnognL(j-n)--Sq%Cfn7
< Sqlfn) '

2

This result can be extended to any noise shape .

Example : phase noise as random walk

^ Sxc resolution

(
scfctfn ✗

bandwidth

* .

> PG="+fn)
. t.si#i'-s-n ± >f- fc

goes as Uga soit should dioxygen at f- f. !

However if f- fc there qn >> 1 and
NBFM does not

hold anymore
!

With no approximation it can be demonstrated that
the noise has a Lorentzian shape around fc .



Digital Modulation

. FSK (frequency Shift keying)
l l l :

' O '
:

Te
' '

To
'

- BPSK (Binary Phase Shift keying)
'

d
'

:

'

O
'

:

i ASK (Amplitude Shift keying)
'

l
'

:

'

O
'

:

' 00K (Ou Off keying)
t '

:

'

O
'

:

Digital modulation is not only binary . Using more
symbols allows to have a higher bit rate at the
same symbol Ctoeaeeseuissiou) rate .

Additive white, Gaussian Noise
Shannon's capacity theorem (AW GN channel)

g
= Baloga (t tP⑤↳ SNR

(maximum) bit- rate ( bits) Bandwidth fH⇒
" Constellation
plane"

'
O

' IT siuwct

-

-7

÷qj¥.
"

' i > Boosie

""

iii. / Ei' .



errors due to noise e F
~

> corruption of the
symbol due to noise

se S'

guals here read as
'
t
'

g #eguals here read as '
O
'

threshold of decision
(= symmetry plane)

To avoid errors
,
either signal power (Ae) should increase

or noise power
should decrease

.
So a faster bit - rate

( fewer transmission errors) is granted by a higher
SNR

,
which is what Shannon's theorem on channel

capacity says .

§ ( heavy
errors

x -T.si#gq..E.I..E...::If*..e.i...
'

-2.Ac - Ac Ac 2Ac

{

Note how using more symbols, which showed in theory increase
the bit- rate

,
does not really improve it unless a

higher signal power is adopted , since otherwise the bit- rate
is impaired by transmission errors .

In fact, the number of symbols does not appear in
Shannon's capacity theorem, hence just using more symbols
won't improve the bit - rate .

= n.EE/onpCt - na,
F. bit- rate

Digital modulation : [sersrdt)
- pet : pulse

(symbol)
bn = ± l binary uneducated shape

bn = It
,
I 2
,

. . .

,
IM multi level or M-any

modulation

Ex : a

p (t) = rect (tf,) repost)
1- th th t t¥¥* IT#It

< > -l - l
Tb



bn is random
.

Now what is the bandwidth (B) of roast) ? zeros is a

stochastic

(
temporary

Theorem : S
x.⇒
(t) - l Ptt) l

'

where P (f) = Ffpctl}7

Ex :

^

Pct) = si¥IgfTb) = Tis siuccttb) = F- [rect ( Fa)]
( Il

tee
.
¥¥÷f pal

⇒ sx.IS) - 1K¥12 = Tbh siree! (Sto) = Tb since (ft)
^

y
'

f) -
BW of Kismet) is the sauce

a -→ f

as BW of pct),

Power of scars (t) = fire tf dt
= I

↳ = th htt

issue : Intersgimbal Interference (ISI)

ITH
-

LI.#
< >

to channel with
limited BW

+1-
--

AIN 't
.

t
-

-y
-

If a symbol lasts longer than to, then it will pile
up with the following symbols .

It degrades the SNR .

Solution : Nyquist signaling
Kraft) - II. bn pct -ht), pet) suck that pact) =/!

K - °

K¥0

⇒
⇒: I§e£¥uFtwsj>t

conditions
- i

£ to Its wild work



+ t . . th

serosa) = lappet) tbeplt - Tb) t - . .

t

+ t th I

NO ISI

Spectrum of Nyquist signal

÷
"

pick) - SCH
F

s p*Cf) - I
- . I - . J
- z - t O e z k

.
I

pet)
F

> PCH

to do

⇒ p*fk)= pctl.ES ft - Ktx)
F

> Pff) * ¥7784 - En? =
= tf

.

-2pct - E) =p
*

(f)
K Tts

⇒ H - ¥.)
-TI

rp*(f)

tympanum'sqmrt-m-mr-so-s.ms
on

*÷i÷:¥¥±*
Examples :

Pelt) a pact) -- since)
Tb

→ He >

--

y
'
f F
"

t.

'

-42113 0 Lib O

*
ARCH - Pe *RHI npL

- selected
2) \ > A)"t'

→ F-
t
a →f

-% 0 that - To O Toi

3)
"

Raised cosine
"

Pff) -- it cos (tf ) ( Ifl - 12¥ ) Tz
^ Pff)

to
> pct) - siuc⇐, caseated

g-
e e - 4a4t⇒

'

' t
a : sede - egg factor co - ex - t)



a = 0 : narrow spectrum (rect shape) BW - LF,slow envelop (÷ ¥)
a = t : wide spectrum (twang shape) BW = It,

fast envelop ( ÷ ¥7

Even though ex -- o is in theory preferable ( for its
narrower spectrum), the faster envelop of a =L
allows to reduce ISI where there are synchronization
errors between symbols, since the signal interference
( its value outside the peak) will be lower

I Trade - off between bandwidth occupation and
resilience to synchronization errors .

Nau - idealeties of a Local Oscillator CLO)

Modulated signal : sect) = Ict) cos wet - act) sin wet cartesian

Q n
- Act) cos (wet t get] polar⇐

Acts = Iftar
'

get - aectg EEE,>
I

we have already seen the effects of phase noise
on the SSCR

.

Let's now consider digital QPSK (Quadrature PSK) :
Ict) act)
j t

sect) = E an p (t - htt) cos wet - In bnp (t - ht) she wet

= RefE. (antjbn) - pet - nts) educt } Can = It, bn= It )
--

Imfxtg Ict)

÷
.

,

t - KI pas - e

X' (KIT) = ate tjbie÷ ÷:c.
intineconstellation plane



Apparently , QPSK modulated signal seems to have a
constant envelop ( phaser has constant absolute value) .
However

,
eeae- instantaneous transitions between two

symbols actually cause the envelop to be non - constant :
M+j)→ ←

C- 1-j)

NAAMAN' sieur
> NITTI.IT#V----------ifp(t) is a rect man - constant envelop

The envelop will be useful later
#
to describe the

effects of some non - ideaeities .

QPSK TX block diagram

Ict)Ah
> pulse DAC LPF- >ax

Antenna
coswctmodeue Lot #- a
siuwct PA CPowefuepeife.ee

> Pulse DAC LPF - >I[ bn Qct)

> Tc chip period, Ute chip rate, Tc = Tisa

Fogg,3rT
>

,
05

. - -
hmmm

mye >

10,0 , ,

0
,

>SIP
☐ Serial - to - Parallel

caeroeetee
÷ ↳
the when

i

0
,

0

we
wuwvÑ

RF bandwidth :

For a -0 ( roll-off) t - shape is siuc(⇒
BVV☐☐ = I ⇒ BW =

1
=
I

21T. T Tb LTC

2.BVVBB

RF bandwidth of QPSK is given by the chip frequency
divided by 2

For a = 1 then RF bandwidth is exactly the chip rate .



We can now see the impact of LO PHASE NOISE

CaudothEutkquaGty@tkwNu.se
,
(t) = cos [wet + qnct]

> ;
modulated carrier

Q - r

~
"

> 0190
I +

; > sect) = Re {It) eiwcteicent
' }

> i Eid (f) = Ict) + j @(f) .

^ Edan

t¥Phaser affected by LO phase noise :
I

(t) = I ;D(t) ejclnct
)

npcqn)
' .

-

68%4 TIL

of - ¥7sftp.qnctldt-III?cs-)dS-:E#*Iqn
- of @

£9

We introduce the following parameter :

aej-gehepiee.aeError-Vector Magnitude
-
é
,

"

theoreticalEVM : =
¥¥É leak
Paog -

Re

1It is a noise - to - signal ratio : EVM -
snip

+ EVM induced by phase noise :

Iml

XÉ EVM =
1ER

= I Iidl " - of - of
Pavg µ

Txidl '"

↳ the /e- I = Txidlqn ⇒ 1812 =/ Iid
-

Oof
chart =arc-

⇒ EVM = of regardless of Paog (TX power) .

SNR at TX output is limited try phase noise .

Also RX phase noise (LO) > degrades SNR at RX

SNR e- Ig (
"

bottleneck
"

)



• EVM induced by amplitude phase error.É
noise

Ict) %
E amplitude error

(1+42) coscwct 0 phase error
+ 012) +← sect

- a

4-Elsie (wet
- Os) alt) = ( It E) cos (wet + Oz) - Ict) -

Qct) >I
- G- E) since (wet - E) . Act)

EVM = Pe
=
tell

1 Iid /
E = ☒ - Eid

Paog

Kid = I + jQ I = I eJ%(it E) + jQéi%(e - Eg)

→ - e- = Iid - ☒ = Ifl - eik-e.ie?ez1tjQfe-e-J&-+e-iEez]
- -

> sueafe o- ~ -JE - (+50/2) Ija na- jeg
et= the

e- ein - se = IL- JE - (1+8) EI + jQ[ jet a - £1
for a -0 Hall e- ee ee 0

/ Kid= I [-jeg - £1 + jQ(jE + £1 -

f
j£Xid*

=
- [JE + E) (I - ja) 0

e-

⇒ e- = [ Eg + jozfx-i.it £*¥jg⇒
Evil = / e- 12

*idk
= ICE + iE)☒¥1

-

= (E- + E) ¥iII☒id 12

e.
g.

: E = 1% 0 - l deg = 0,01704 rad

EVM = @fly + (0,01-1-04)<=0,0004 EVMDB = -33,9dB
2

- Impact of non-linearity on the modulated signal :

¥#t →
k 9

→soectealoeegeowthmmmme.EE
non - linear new frequency components

non-constant envelope amplification outside bandwidth of interest



Eg Remember : Ms
.

cos
>
se = cos se - caste = cos a St cogs2N = }
= tz cosset If I cosset I cos371 = )
= Is cosk t tf cos3k

I

}wa = I siren - the siu3nwfw
Il

y Ct)

q
Qe sect) t t

. . .

static non-linear model
"

cubic non - linearity
✓

assuming we even order distortions (which are anyway
less harmful than odd order in terms of spectral regrowth)

- Constant envelop : sect) is PM modulation

sect) = Ac cos [wet text)]
t -

constant information signal
a
,
R' (t) = asAE cos

'

(wat t qCHI = ex
,
AE Is cos feet + 9€71 t

no distortion t asAE tacos (s wat t 39417
^ of ol
/ A constant envelop signal is

TEA I'ftp.ectae.eaess.ua-eiueae>
3£ f

^

⇐ Nou - constant envelop : /
signal at

sect) = Rt Lt) coswat - Kath sirewat >
carrier frequency
is distorted

Q
, sext) = asRIH (tacos wat t f- cos#t) -

⇐

& I

- as kE# ( sasiat - f- siuswct) /N

y Cti - a. sects
+ a.sects a

,
>

£

spectral← wider bandwidth is due

regrowth to the
power

elevation e



> EVM (inbound disturbance)
Nou - linearity degrades

> A-CPR

J Padj
A-CPR := Power leaking in adjacent channel

Power of the sing↳↳
paog(Adjacent channel Power Ratio)

I

Paogr
, ✓

Pads
. → Trade - off in amplifiers

between linearity and

y power efficiency E- 7¥)

RX block diagram
Multi - user communication system

> MULTIPLE ACCESS to the channel
e. g .

FDMA (Frequency Division Multiple Access) :

channel bandwidth

out-of-band ez -

interferer M.A, ##
ifterete

RF bandwidth

(RX band)

> RX has to perform :

1. BAND selection ( Duplexee) : out- of - band rejection
2. CHANNEL selection : cannot be performed at RF

*

! tunable filters have worse
performance than fixed freq . filter

RX Downlink >
477

duplexer → filtering a deepening motti
of"
"" EI
base station

mobile devicetHtx€ TX



1. BAND selection

^ passband

YE
'

fi £
-

-

stopband

Dupeexiug e.g .
FFD ( Frequency Division Duplexing)

£3 uplink
^

fu te downlink to

✓ =
-

L
.

CHANNEL selection

*

Example : free = 4GHz = We few = 200kHz = EW ⇐ channel)
2T IT

- 3dB Bw Ma :
-

of LC filter :

:
: ITCAWH

LC filter : ITEM = waka

(2nd order) T AW
ie s

:

Aw ee I i i i '
*

.

>
Wo ↳Q2 Wo wotAW

W

If ITfaw) I = 10-3 then Q - 2,5 - to → too big !

Filtering a signal with very narrow bandwidth at a
center frequency in the RF

range
would need a too

high quality factor of the filter .

Qu w. > to reduce Q of filter must reduce center freq .

AW

pg
band select Low Noise Intermediate Frequency

Amplifier filter
antenna

↳a "fy×
"

tie
"

> IF filter >

filter a

"

tho
"

e
-

> - channel band

-

Aecosw.tn Lo A
1 > I >

TRE £ free >> TIF £

IRX band
>

SAW filter e high# factor
(Surface Acoustic wave)



Since we need a lower center frequency the
IF filter will be centered around :

fire = free- tho- coswrit - coswat = I cos t +

+ tz cos (coretwedt

This type of channel selection at the receiver is
called HETEREDYNERXIehite.tw"

different frequency
"

such architecture also allows to filter at different
central frequencies without the need of tunable filters
(which are generally unreliable) : fr.

Tss mykin >& > going > scout £. > fin : high
high side side

injection /
,
IF filter fee fu : low

Kuo ~ Ley side
XinCf) injection
- 4%1 A y X# = Xin* Xie Xie - - - ' Xie

wee
f, FL L

t %
.

*HI t.it
. . . .

" >
-¥¥¥¥¥

- , yf High side inj . 0 tie

to
,
Loa flips spectrum 4¥

with a variable local oscillator we can shift the
input spectrum and filter different channels with
the same IF filter .

Example : ASM (Global System for Mobile)
"

LG
"

standard

uplink downlink
FDMA

890 aes ass.
chat'¥uuee

ago#HzI>,y¥¥①e k k s

25MHz 20MHz 25MHz

' Each band is divided into 125 carriers :

25MHz
= 200kHz frequency separation of channels

125 (channel BW - 150kHz t guard freq.

- 50kHz)

- Each channel is shared by 8 users :

SLOT

sty
FRAME 468ms = 0,575ms slot time!##st Lms]

O 4,6



user # 1 RX

TDMA
-

(Time Division Multiple Access)T☒i-¥ >
+

+

user #1 TX TDD

-

www.ugzaugupeaa.ua#J.
TÉl% t

-
t

In order to use TDMA and TDD ( non- continuous
transmission and reception) you need digital
modulation → G-MSK modulation which is a CPM

(Continuous Phase Modulation)

All these specs were chosen to maximize the efficiency
of mobile devices

. Typical sensitivity :
- 99dB

m

Antenna filtering
minimum

,,
signal

odBm sensitivity -. Ps = - 99dBm

r out - of - band interferer :

÷ .

iii.
÷:*.

-23dB

my Pps = 0dBm

-

'

> g-
Prs = - 23dB

m

g-
n

dBm = to loge.Penn,] e.g. : 0dBm = 1mkTTzn
Why 30dB

m

= 11×1

{ - 20dBm = 10µW
- I@dBm= to-13W

mm
}

Impact of phase noise on RX performance

1 Diced impact variable gain Amplifier

KRF LNA > 2
K¥

>motion}n
. >VGA) - -

☒YAt
>

Me
IF filter (IF amplifierf.⇐ ¥E

> ~ Lo

neglect modulation £
.

>

. > fir =/ free - ful
f-IF

A serf (t) - select) = kif (t) ⇒ A ✗ re (f) * XLo(f) = ✗* (f)



holt) = A.• cos [woot + qif ⇒ SNR e- Log
The phase noise degrades the signal-to-noise ratio
of the receiver (as anticipated when discussing the
transmitter phase noise) .

2 Reciprocal mixing (
interferer* Losignal * LO

Pz

f- interferer ⇐ > :* >*
. ÷¥¥÷⇒¥÷%¥É¥É÷÷÷:g-

£RF FB ILO
-

e > . 11
'

free - £0At

÷
.

•w*

The mixing of a nearby disturbance with the noisy Lo
causes some additional phase noise to fall in- band

.

> R(t*)
sees

.

Guv .

> dByµz
L(Af ) : = Sn(J > Sncf ,,=) = L(Af) - Prs

Prs Prs ) L (f)df = Prs Bwr
.

⇒ [SNR = Ps Ps BWRF

Pn(f*)
=

L(Af)p• . Buy,
] assuming Sn-=Sn(

> over entire BW*

→ [SNR = 10 logo SNR = Ps - B - L (At ) - 10 logia (BWH )
dB [dBm] [dBm] [ dBcµz]

Example : G-SM

Ps = - 99dBme L(Af) = Ps - Prs -SNRldrs-tologeoBWR.roB

Prs = - 40dBme = - 99 +40 - SO - 53 =

(out - of - band interferer at =
- 16241¥ at 20MHz0dB attenuated by an T

antenna filter by 40dB) Af

free = 2,01GHz BVVRF = 200kHz
Hat )

f. = 2,03GHz SNR > soaps

>

to = 2,00GHz L=? f- [GHz]
egg

>



11 Frequency Synthesizers 11

7

FCW-~ >

✓( Frequency
carted to a FCW
word )

- Accuracy : Afg (impaired by aging t drift)

e. g .
G-SM standard requires Aff e gt ppm = lot

f- = l G- Hz > Af E 100Ht

LC oscillator : ta Le HEI - II It IMEI TH
t÷e0%
/ = = =

Rc oscillator : f a Lz 1¥11 - FEI + I¥1 D
° ° °

?

' Resolution : iuiuiuuuu (catcalled) af of Lo

- foe chained spacing ~ tookHz

- Lose temperature compensation - Hz

- settling time : channel switching time

- switch from one frequency to another at each
frame

- typically releases or even →Odes

-

Spurious content : reciprocal mixing

- Phase noise

- pulling : sensitivity of faegequeucy to supply orlead changes ( Ibd

To improve accuracy : mastery slave approach
slave master

Ryu oscillators e Crystal oscillators e Atomic clocks

(Quartz)



RCILC Quartz Atomic

✗

poor accuracy
✓ good accuracy ✓ best

accuracy
accuracy = eaoppm aging = lots/day

✓ tunable aging xqsppm/year
drift a qsppm in 0 -75C

✓ can operate at
large frequency ✗ not tunable

✗ low - frequency
e.g. TCXO (Temperature Caeupeusated

crystal Oscillator)

We will focus on the
"

slaves
"

( RC/LC and Quartz oscillators)

Phase - Locked Loop ( PLL )

free - running (angular) freq . tuning sensitivity
11 Phase Detector Want -_woV+me " linear

tuning
"

~
Vref

> PD
<VPD} F lltune

> ~
out

Reference VCO
"

>

clock

} oscillator)

fixed frequency }
Quartz oscillator tunable

RC LC oscillator

Phase Detector

A
,
sire@+ + qe) > ×

↳
> LPF >Ups

^

type of PD )

A< siuwt

"" " ' "* •shoot . + a.a.gg,

"↳ is just one

2
Last

2
DC

<Vp☐> = AnAa cos Cfe if BVVLPF ee 2W aHp☐>
2

static PD characteristic :
.



Notation change
Vref - Ar Siu ¢ref Vref

> y
¥☐

> LPF
Vtwue

> • , > Vent

⑨ref = W reft + qref Hout F- I *

absolute excess

lltuue
phase phase Kp☐ : PD gain of, : phase erroris

Hout = Ao cos ⑧out > <Vp☐> = AT.AT Siu (¥-014 = Kpossiuoe
2

We can now compute the effects of the loop on the
phase error, which indicates how well the output
follows the reference :

o o 0

de = § , = ⑧ref - out
= Wref - (wrist Keiko' Vtuue) =

dt

= wre-f-W-t-r-K-o-IS.eu/0e
AW [ rads ] K [rad-ls.tt

*

0

mummy $, = A-W - Ke Siu#

First -order diff . equation → finest - ardent PLL

0in
° +

faut
Kin Haut

~ > PD > F > ~ >

-
a

Voltage follower#
→ Phase follower

sew -171-17 TL
:

Tree

←

Tref
>
-

Wref
= 2€ Cfe = Wref

- te

rent ATl_M_T€
.

I. = AW - ksiuoe 01ft) unknown
@

Equilibrium points : Ole - 0 ⇒ séuoe = A¥
since ? I - o

4¥
' If 14¥ / ← 1- the system has 2

equilibrium points←É=¥t^→"=
µ, , @ ⇒ AW - ksiU$e - °
a^÷tÉ& .

Ole decreasing since > ^-¥



§, > o ⇐ siuoe - AYE
Ole increasing

since ^

4¥
. If / ^¥ / > 1- the system has

no equilibrium points
¢, is always increasing or¥¥

. -1 decreasing .

await

want = Were + K sire ect) ÷:
We = §e = Woof - WFR

The distorted sinusoid is due t

to the fact that as want approaches Wref
,
we = Toe

decreases
, therefore want which depends on ofect) varies

slow liver
.

Conclusion : if / Few / e 1- then elect) > [qe = arcsiufnw)K
Gtable equilibrium

point )
> steady - state phase error depends
on the freq . offset between reference and
free - running freq . of the v0

To summarize :

PD
V0

{ Roof
= Ar site

ref

~

Kree
> ×

VPD
> Lpf

Vtuue
> ~ >

Rout

a
Rout = Ao cos#

☒ PD : multiplier + ideal LPF <Vpd> = Kpis Seiu foe
☒ VCO : linear tuning wait = cheat Kxcolltuue

$e : = ④ref - ③out A-W : = Wraf - WFR K : = Kp☐ - Kuo [ teed ]
@

§e = AW - K sire#
"

A¥ et : qe = arsine (Aff) equilib . point
"

LOCK STATE
"

- / Few > 1 : we equities . points "

OUT - OF - Lock
"

"

LOCK RANGE
"

AW
,
= K



IMPOSE LOCK

Interpretation : impose equality
at steady-stateKree Vtuue Rout

~ > ×

↳☐

> LPF > ~ >

^

y@ Wait = Were + KkoVtuueI Wref

⇒ knee = Wref - Were = A-W

Kisco Knee

V+uue= Has> =É⇒= AW > se

KVCO

"

U E
= AW

Kp☐→K
⇒ since = 1¥ same result of

diff . equation approach

be intuitively explained by considering that the PD

output is limited :the,?
state -diti-mde.at- range can

< VPDm>ax= Kpis > AW
Kuo
to reach lock

NYPD>
> Aw e 1 same condition of

KikoKPD
diff . eq . approach

The limited dynamic range of-

.

PD limits lock
range .

of course, the VCO also limits locks range :

Wanta c- saturation

>

we

want = Wert Kulture

Ñ☐☐

Perturbation analysis of the differential equation
based on linearization :

o

Ge- Aw - kesiuoe Hp : -14¥ / e. 1- stable equities .

exists

- A&e ee 1rad small perturbation
If Aw -0 : foe = - Ksiuoe

> Toe = - Kole ⇒ Adt)=d¢e . e-
"t

linearization

god
* ^

or in Laplace domain|÷→,
s§= - KOI . ⇒ pole at - = -K:&



Let's compute the input - to - output transfer function
out us . free of the PLL :

wait = War t Kwa Vtuue (t) =

=Wfr¥q t knee Otome(t) -
=

Want
,
o

t Kxco Otome (t) =
= Want

,
o
t

kxcokpbkrer.lt/-/0outCtIf0aet--f!wout(t')dt'=#-ttgout (t)

Arbore ⇒EsE÷¥g
PHASE PHASE

"

small signal
"

variations

✓

⇒ Gout - Kuo - Kpp [qref (t) - gout (t)] = faut - wait, . neglect DC
component

spouts) = K [Greets) - Gent I
e ITI

y
closed- loop BW

Cfeutqref = Ks +k = TCS) mEfmmmmm¥iny > w

33mm
1- ( s) = forget = Spout =

Bout mmmm
S Pref Pref

where of =L (q] and D= LLw] (Lagrange transform)

Interpretation : in this PLL
,
the VCO

"

follows
"

the

phase and frequency of the reference
clock with BW = K

.

Duey slow variations of free (are
g% wref) are followed by the VCO .

4

Spout = IT (f) I
'

- Soiree§ Low - pass filtering of input
ksmammmmmmmm.rs phase noise
K za f

Lff ) - SIKH
San noisy reference

Z

# Saree B.eafut-pgssgu~tec.mg of

-

÷

:
i"÷÷¥÷?⇐
;; EEE.is#.aoeaEeoEoEEweEna.ehf-ref

weer



Equivalent model of linear PLL

- VCD : gout (t) =f§K*o - otuuelt
' )dt

'

=

excess phase
only

Gout (s) = Kosko . Vtuuecs)

theme > KY s faut

te
- PD : Gpb = Kps ( free - Ofaet] linear PD

+

Cfgef > t 7 Kpp Y Gpb
A
-

Gout
VCO

Unef Kant Cfref + Gout
~→ PD → F > ~→ > t > Kpp x FCS) > KYO s

d -

^

-
-

PLL linear cautious - time (average)
model of a PLL

FiestocdeePLL:=1
a Ceeegbectiug signs)

lcoeeopl G-hoofs) = - Koos - FCS) - Kygo =
- kg¥

,

w Tideaecs) = I

mmmm
mmmm

Second order PLL : Fcs) = 1 Curare realistic than
+

ttST
=

1st order)

Geese (s) = yf④ Tideae (s) = L

L

Yeo
'

filter
^ Ima

1 Cteaopl¥
:

w

-¥→¥¥*° 're



Tfs) = Cteaop (s) Kis ISI
= =

u l t G-eaepcs)
=

I t Kgsy#z S2 z t s t ke

Teed

=
I

=

I

5¥ t Et t Sw; t 23ps t t
n Im

Pe x

cop - Eu natural frequency '
re

Pax
§ - l =

Re (p) damping factor
2 KI I Pl

pi - a
=
- 5 we ± j e -5 Wp

By choice of E and e you can
set up

and 5 .

Closed loop poles at 45 in Gauss plane ( best trade -

off between overshoot and rise time) :

n Im
^

÷
. . . . - - -

ng = cosD= I

:
ra

tK - ez f re

> t v

x 45

5=2 fee = I > KT
= I

facto L
K =
"I > log distance2

→ Crossover of G-eaop (K) one octave before the
second pole (te)

Wp - Eg = Lz, = L . ¥ = 2K

The bandwidth is not equal to K (like one would
expect from the graphical approximation) but it
is actually equal to 2K

The phase margin is 03 again trade- off
between BW and

LOCK RANGE



Static Phase Error

It is the residual error at steady - state between
Gaut and Grey .

Wrefct) wait(E)
-

F- Fawr
> Tcs, >
--# Fawr

>
t

>
t

1
.
What is the value of foe at steady-state ?

A-Wr V0
f A-Wr

~→ PD
""
% Fcs)

¥%
> ~
-Awr > variations at

steady-state-1
<✓p☐>^

assuming FCO) - 1-

,[ get
A-Wr Kvco ] Furn
KPD

some result obtained with
¥É to .

↳ linearized
diff . equations, but it holds foe for small

aeuy order PLL that has to)
= I A-Wr

2
. Why is the static foe not null, although

/ Gee, / > ☒ at DC ?

K lia-eao.1-s-i.se
(2nd order PLL)

gfÉÉ voltage amplifier :

on:#
+

a.
out

→ finite
= f-( we = Oort

Ao
> ° in

→
• 3 wow

7-

Final Value Theorem : live qect) = lives gels)t → as s→ o

Qref + QE Gout@ e. (s) I
=
S (1+56)

→ + > Geeks) >

Pref (5)
= f-TG) =

It G-eeepcs) slits-4 + K a-



t >
owner

- (t) = A-Wr .* step function rect) = { to
te o

-

T
- -

> Aref (5) = A-Wr
S o 7- .

-

>

pref(s) = Aref (s
)
=

A-Wr
-ftp.

S S2 0

pecs) = A-Wr S Cet se)
s'

'

slits-4 + K F. V.T
.

I
⇒ live specs) = lives .

A-Wr

¥
.

Hits-4
=
A-Wr

= qe¥s-so s → 0 Sats-4 + K k

static phase
so the static phase error is due to error

the nature of the perturbation we are
applying to the system .

A step in frequency is
actually a ramp in phase .

Since the "

type
"

( i. e.
number of poles in the origin) of the transfer
function pay > Qe is 1 in this case , the F. V.T.
returns a non- null value of the static phase
error

.

Note that in the voltage amplifier example we
were (implicitly) applying a voltage step Cnet a
eaeeep ) at the input so the error was (ideally) nil .

Ice ease of a phase step : gree =
d-&
s

⇒ live specs) = 8. Ayr .

Slits-4 = 0 → static phases-so slits-4 + K eooeoe is nil

so how can we build a PLL with zero static qe
even after a frequency step ?

In general : G-
eeop has n integrators and free is oforder m

G-eaop (s)
= In .

1 Fey G) = A-
Hcs) Sm

binge (E) = lives .

A 5 Hcs)
Shi sates) + k

= ¥y¥s
" - mt:{ ¥

n - m - l

t → es s →o
o n> me

⇒ static (phase) error is zero IF the number of
integrators in G-eoepcs) (= type of G-loop (s)) is at
least equal to the order of the input
perturbation .



Phase Noise gon V0 phase noise

Cfref Gout
> +-5 + > Kpis ✗ Fcs) {MÑb}n
t

a -

9me model withreference
oscillator phase noise
phase noise

Sqaet (f) = Sqrnl1 + Squatf1
"

↳ Gon > Gout
r

mQdBfmmmtÉminÉfIl -Ther
'
-
tht
T.TT/Tl

Interpretation :

- within PLL BW the VCO follows the phase noise of
the reference clock

- out of PLL BW , the VCO follows its own phase noise

Sqout÷÷÷¥µ¥!
⇒f-ref

capture Renege
Caeesidee a perturbation of the reference frequency :

VPD Vtuue
""* +⇒+

" " "" → ~ >

- v0

/Wref
- ^

AWw
-

r

>
e

t v

séufwppt + Iskra Vionnet)dÉf
-

V v -

Kp☐ Siu /Awt + . . .] for a fast step we can
initially neglect this term

> Vtuue = Kpis / Flaw) / . sin [Awt + .
. .]



→ I Vtuuel E Kpp - IFCAWH since I siuf . . . ] let
11

171,1 ⇐ KPD - IF (AWH
"

capture (we HOLD) RANGE
"

I A-W/ E knee Kpis I FCAWJI ⇒ A-We = KIFCAWc) 1

The capture range indicates i the PLL can
follow a quick and wide

variation
of the reference

frequency until steady - state is reached .

The lock range indicates instead if the PLL can
follow a fixed frequency already at steady state .

Integer - N PLL

In

Keef Haut
° t

Gout
N > PD > F > ~ > o

N
-

Frequency follower
voltage follower

Keef Kent In

~ > PD > F >① > ° t
vent
a

F-
freq.

doo
.
e -

Medio
I

µ-
Q

N

Frequency multiplier Voltage amplifier

e.

g.
: frequency divider by N - 2 → freq.

doo
.

→

,
Tin

y IT

.

I 2

! ! ! ! Tout = 2.Tin

#

E Y

Tout

can be implemented with :
iieodule - 2 counter ( MSB output)

D Q n out
in > a



" Equivalent model of the frequency divider

Rout→ freq.
doo

.

→ Mdiv clout > ¥, > Cfdio

IT
N gout

- 977
Wdiv =

Want

N

Equivalent model of integer - N PLL

ref
+ Gout
>ta
,

> Kpp x FCS) > Kygo y

l

#

G-eaop (s) =
- Kp, FCS) kvgco thy Tideae (s) = N

1-(s) = N - Geeks)
l t A- loop

Phase noise :
ITI

Spout = Seem
-

t Seoul↳/
"

(LPF) N' within }Ipi⇒e outside Bw It'l w

> Int - N DLLs amplify the Wsw

reference phase noise

Type - II PLL

we introduce type- I Pus to deal with the static
phase error, as well as other issues, ef type -I PLLS .

Issues of type -I Pus gon

Cfref Gout
It > Kpp y

l
y
Kuo v y

^

a -
ItsTp S

qrnG-eaopcs) = - KPD if IN
#↳ type - I system



1) Limited VCO noise filtering

N^=
.• Pants)

Pmcs)
= N TG) = N Cteaopcs)

It G-eoopcs)

÷.

:
• / auto)Oqoncs, = 1 - TG) = 1

:

:
:

SEA
☒30dB/dei¥, pout

S9•+^ I

E-ill
- 20dB/dee-¥ "

£:-#£ £
flicker noise
corner frequency filtered output noise profile

typical vco noise profile

> VCO noise is not well filtered !

( LF components are still relevant

2) Static phase error At steady-state :Woof Want

~ > PD
<"% 1 Ime ~ >

1 + step^

a
wait = N Woof

qe
,

Wd"

¥, -
=

Went Kvcovtuue

<Vp☐> = ✓tune = Kposcfe
> Cfe = NWoof - Were f- 0

KVCO ' KPD

(qe is parameter dependent i.e. it may vary
with temperature , aging etc

.)

PD

3) Reference spurs ~ >ñV%¥-% 1
~ >

1+54

Siu (Wayt)

↳☐
= 12 sire (4) + tzsiu(2Wryt)

cos (West + g.)
¥ -



We want to remove the HF components from the
PD output, since the LPF will attenuate them
but won't caeupeetely cancel them .

→ Type -I pus solve these 3 issues

ref
+ Gout
> t y kttss.tt) y

Equivalent model : a -

Cfdiv

¥
Icteegl

⑦ dB/dec

:

Gee
,

=
- KC te)

. In /→.

> type-I system Iz

÷
.

I

I

1) Better VCO noise filtering !
Peut =
l - TCS) =

!

goes, /^# t

=

I
= K' = Ke the@dB1de#It Geeks)
← N :

l sa :
=

,

=

T
'

it k(ttSZz) St skeet K' :

S' !

Squad a Sqout !

¥30 dB/dec peutCS) :

goals) +20dB
:

→ glee

£ + l0dB1dey
typical VCO noise profile filtered output noise profile

2) Zero static phase error

=
S2

903% - themes, - t
- Tls)

Ttskztk.

Let 's apply an input frequency step : Doug = Dw

Greg (s) = Awses



qe(E) = lives
AW ST

s→o ☒
'

g- + ski_↳+k,
=
0 (as expected from

previous discussions)

3) No reference spurs
At steady-state qe=o > we can build a phase

detector such that :

out -0 when qe=0

?⃝stead of just :

< out> =D where qe -0

v1

Tri - state phase detector (PFD - Phase Frequency)Detector

ref ⇒
out rinsing - edge

seuset-ed.io
⇒

te = @ → out =-D te > 0 (ref leads dio)→ <out> =t÷
,

raff a-

.

a- I reft a-

.

a- I
:

:

diff a

,

a £ die i. a a a £
:

.

÷ te
+ 1

out

-

^

Trey
>

te > 0 feef follows dive)→<out>= - Y÷g
ref.am a a- I

-

:

:

tri - statedio.FI a

.

. I
÷ te

out
;

;

l l t
- l

e >

Toeef



Implementation of the PFD :

↳☐
=

'

y
'

- ref# a a

- I

D Q :

:

dio :

ref > R

n +
out

÷
" ☐

.

*

-

+ >
! :

dir
> a

^ - Qa : : :
:

↳☐

☐÷ Qs
-

MTÑÑeopYn
"

'

⇐::
D CK R Q

out

:
)
-

te propagation time of R circuitE ¥ :}III.--> R- Same happens for te-0.

<out >
n

f - - - . . - . . -

;
static PFD characteristic :

E .Cfe =
2ñ

. te <out> = tee = Qe Try
Trey Trey 21T

<out>
n

T " " " " " " " " "

: <out>Feet +

> +
Qe

> kp☐ >

21T Qe ^
-

' Kp☐ = I'..... 9dio
a-

So why is it called phase frequency detector ?

Consider for example during start- up when way >> Wdiv .

Then the output will be at +1 fare most of the time .

since rising edges of
"

reef
"

are much more frequent .

So
"

out
"

is not proportional to te however it provides a positive
value so that the loop is forced to increase wow

.



ref.am a a FL way
-

y

dies
a a Wdiv

→ @ t
+1

out <out> =L

-

In the opposite situation :

Wraf self a a

A -
-

Wdiv dio# a a #L
-

~

<out>x - l out
I

-1

Now how can we obtain the summing mode in
the PFD implementation ?

→ charge Pump
• Seine of PDF out

✓

Ipo with current

⇐ *
- High output impedanceoeef > Qu - . . Qn→Ip☐

v

-

• Kune connect c. to performdid
> Qy

* *

- - ay integration without
the need of OPAMP
I

g.
Ipo

=

- Equivalent model of the PFD

consider to apply a te. step @ t=0

Geo
= 2K te

. Cfe (s) = Qe .
Trey S

Evaluate Vtuuecs) to find Vtuuecs)

PCs)
'



deff a

.

a ¥ dVdtfe= EP.

÷ All = te Ipo
: Cdio
: a a

.

A ¥
:

÷ te
. Gardner's limit :

: :
+ IpoIP.

11 11 11 Il Bwpu - feed
une

. .

t
Av Tres Vtuue can be approximated

I > as a ramp :

o t

Vtuuect) = AV
.

t = te. Ip. .

t

Trey C Trey
= II. LE -

t (t > O )

> Viands) = IE LE es. = (EE) - ( Id .

L v t

Kpis 2- (s) input step
connected
to the CP

Fred + Qe> Vtqql§) = Kpis . 2-(s) = TIPI . gtz > t > Kp. - 2-G) → theme
^
-

Cfdio

Complete implementation of a type -I PLL with PFD :

~ ref
> Qu

I
~

out

→ Qy }R# R for zero
e

= = for Geog stability

div I
N

Cfref Gout
Et y Kpp y

tt SRC
y
kveo

y

a -
SC s

Cfdiv

TI



I / Passive Networks 11
"

to obtain voltage/ current amplification
without active components

"

TWITER,=goqTr
it is possible

→ 2- to implement71 Resonant circuits ^ integrated
}R ¥0 I / iseudud-ohmwi.ir

Impedance : 2- = I = Ie - R parallel RLC
Ig Ig

= HG) R

Ee = H G) = MR S WHA
Ig YR + YSL + SC

=

WE + s④q+ S2

↳ 25W.
Wo =
I @ = Wo RC = R

Wo L
= § .

R
LC

n Im

Pix
-

Wa Wo | ,

pea
=
- ¥q±jw. 1- 1140,22Q 1- Re } = 1- = I
29 2WoRC

✗

pz

Meaning of Q factor :

1. inversely proportional to damping factor 5
5 small ⇐ Q large ⇐ underdamped poles

-1¥. → -☒A#t

2. Hcjw) = jww.IQ e

we + jwwolq - w-
=

t+jQ(w_w
.

-%)

Impose / Hcjw) /
'

=p I
> 1 =L
I + QYW-wo-E.TL

/ HI,
-3dB Bw

1¥
.

- ¥5 - e

Q ( ¥
.

- waw)=±t

.

W
'
I QWow - WE = 0

Ww
. we-a - w . (-+¥q+FEi )



A-W
w.

=

Wa - We
= W42Q + We/2Q = IqWo Wo

Q is the ratio between the center frequency and
the -3dB bandwidth of the frequency response .

3. energy weaving Q = WORC = Wo festered
Peries

V. e)
'

90

"

}
L

}
e

^

= oct)=Re{Éeiw•t }
"→

II.(t)
r

oct)

Festered = 12 Litt) + ¥cF(t) = 12C /It
"

Pais, = I 1¥
Q is Wo times the ratio between stored energy and

dissipated power in a resonator
E.stored ⇐stored

= Wo Festered
=

2TlJ-e@daigssze.J-o_2ttEdisskyaeePdiss.Qis also air times the ratio between stored and

dissipated energy in each cycle

4. amplification at resonance

}r § , I q
%-) sinusoidal at resonance

igct) Wo = I
LC

jw.LI/ijwoC=0/Ic/--WoC-/Vl-woC/Ig1-R-QlIgl
Q is the current gain between input current and
capacitor/ inductor current

Saine arguments are valid for series RLC

in 7
Impedance : 2- = 11¥ = R¥g= R C

KG)
or { R 3L

Kr
= K (s) = R

=
s Wola

Vg Rt SL + Msc wit sweets
- t+,- 2-

Wo = 1 Q = I 0g
wore -9¥ - E-¥ = §LC



Impedance transformation ( I iuatehiug networks 1)

☐
2-in ?SON Zin-450A

2- = 5052 :

y [ iueped . :[ LMA - , -

> transf . >

Upward/Downward impedance transformation to avoid
signal reflection ( = power loss) .

7
° r 70 or

In general : 0in
lossless]R§ out 0in 12¥ lossless] out

☐
passive . passive

← equivalence→

To have the equivalence hold :

1 Nini
=
1 Montt ⇒ Rin = RL

Nastya
=
R,

I Rin I Ri G
'

lVin /
2

G- > 1 : amplification ⇒ DOWNWARD transf .

G- < 1 : attenuation ⇒ UPWARD transf .

1 Upward LÉk (simplest network
F- in

0in
. if

[
•
Out • Loss#×É- . Rst 0oooo

[
oooo-

rte $2s I.i.ae#iom.i=foau.-.-c.--
= =

At resonance: III = QdIgl =/ Id where Q⇐W¥ >> 1

/ Vault = / Id - Rs - / Id Rs =

fully real impedance
Rintjo = woe / that - Rs - 111¥, → attenuation

11

/ 2-in/ = 111in /
=

I VomitQ
= QE Rs

IIGI III Q T T 2-in ± Q? Rs

II / =/ Vomit
Rs atwo=# .

Rin >> Rs > UPWARD impedance transformation



° Geise (no lossless
approx .)

'

L
. Ms -

equivalentt#÷¥.?
=

series
= It parallel
series - to - parallel transformation :

equivalence- frequency
valid for any Lt Rs = w ↳Rp dependent !

,
jw jw↳ + Rp i

fixed w -

Pesci + jpg = jw ↳Rp where Q!#
jwlpt Rp

Rs (ltjQD(jw ↳ t Rp) - jw ↳Rp

x. ¥
L S

RsRp - RSQL w Lp = O RsQLRp t Rsw ↳ = w ↳Rp

Walp = RP RSQL Rp t RsR§ = Re RpQL QL
L-

Rp = RsGt QE) it has a slight
→ shift from the less

,

↳ =L It QE less
eeppeox due

to

QE both Rp and Lp

!
Zin = Rp = (et QE) Rs

at w
.
=
l
,
no approx .

Lpc
↳not L ! ! !

L -match network design rules
Rp

t dependent

• [ roof
,

Refik
Wo Rs and Rp known > Rp - - - - - -

) r

=c { Rs µ
transformation ratio RPIR

, = = I ⇐ >

fo f
t

.
Rp = Rs@ + QE) ⇒ ⑧ =

-

l
L

large transformation ⇒ narrowband transformation

2
. Q, = w.

L → L
. g.
RP at Wo- Lpc

Rs

3
.
W = I

. c

and ↳=L It QE ⇒ c
¥ 3/4 $Rp

•

QE
F F =

P



1 Downward

L-uedtchuetwoek.frroofs
.

°LÉexÉe : Rp = as

2-in
=c { Rp 1 Vail = Qc / Vin / where & = W.CRp >> 1

= =

⇒ zincjw.) -=P¥z we 1

cL

• Geieeraase : parallel - to - series transformation
(around resonance)

• AND

Rs - Rp_
{ Rs Itai°m•=R°p-?⃝ c. = cetai

Qi

parallel =

series
v{

Zincjwo) = Rs w
.

= I

↳L

All types of teuatch
Rp

←root
we

LPF Rs
cue

HPF
L s C

• ¥-11 . firm . • [ 11-1 .

=c { Rs { Rs =c { Rp GL { Rp
± ☐IwiwaÉ

Choice criteria : • frequency response
• Dc blocking
• absorption of stray capacitance

Basic relations for any type of transformation :

Rp = Rs (1+92) Xp - Xs (1+1-0,2) Q = Xs_ = Rp
Rs Xp

where ✗ = I

Woc

= cool



I TL -match network Car
"

Colpitts
"

network)

• Loss#xi↳u : Rp = co
0in

oozy Fout
I = sczveut ± - Sce VinÉ¥§r. 1-

Vet ±
- ¥lossless

_=

Vin

2 2

0in oozy Part ¥1Yi÷= £1,¥l → Rin = R•(¥÷Ñ
- -

Rin ,§ ¥ ¥ power
diss power

diss
. Rin ± Rp(¥Y

= =
in equ.eiec.eu orig. cire.

4-match ^

↳ > Ce UPWARD

D= ? 4
Che Ce DOWNWARD

Q = Wo ☒stored I Wo RpCz(1+§e)Polis ^
.

⑧ stored = 12 Cece µ ,/
2

↳ enhancement factor
catch{ Paisas = 11 Taut-=L#+ 4¥

'

I RP T
K = Vin - Hart ± - Event -Hart = - Hart (Utc)

Ce Ce

⇒ Q factor of it - network > Q factor of L- network

• Cgeeieraase
Let ↳ =L

Rin
L

Rs = Rproost f ooÉ a

y +g.
where Qz = woRpCs

→→

Rs
= Wole¥ Rs

° /

¥ Ca Ri
Rin = Rs (1+0,5) where Qe = wok= =

Rs

UPWARD + DOWNWARD

L-iuatchL-ueat.ch Rin = Rp ItQi Ein = Itai
1+92 Rp ttQE

it - watch network design rules
Rin Le > ↳

z

•• [ oooo ( nos
Wo
,
Rp
,
Rin and Q Kuuown >

Rs
==C

, Ca Rp
= = =



1. Q = Woke 1- La)=Qe+Qa = Rin
-
1 + Rpgs -1 ⇒ Rs

Rs Rs

2. ↳ + ↳ = Q - Rs ⇒ L
Wo

3. Q2 = Wo Rpc, ⇒ Cz

4. Qe - Wole ⇒ Le ⇒ La
Rs >

5. Wo =

1

↳G1+qz
=

1

↳ C.¥§
→ e

,

ai

All types E-match networks

a
rook: roots

. . a rookie
. I /

c-
.

tta ca R. ¥ ↳$ R.
= = = =

• I /
a rotor

. . . If / f- .

L$ ¥ R.
↳$ ↳$ R.

= = = =

(always UPWARD + DOWNWARD)

1 Resonator with tapped capacitor Coeiuductoe)
0in .

=Ce
. L-osyxiwat.ae : Rp = as

font
BL £1,1:-/

'

=L '

c< {
Rp

kit ⇐ ce

Vin Cet Cs

=

0in
.#

=
⇒ Rin -= Rp (1T¥)

"

3 3L ¥?@ UPWARD transformation
Rin

= I =

[
2



' T-watch network

• Éppexwatu : Rs - O
Le La

• sooo ? ooo .

← - V = s↳I, -=sL<Ia IR.in#--1Rs(IsY
=c is } Rs 2

= =

→ Rina Rs(¥)
(and all other
permutations)

Le >↳ UPWARD

Lee ↳ DOWNWARD

1 Cascaded L-watch network

> Rin Le → Rs LL
Rin = Rs fit Qi) where Qe = Woleooo ooo•⇐ → Rs

C, =c, } Rp Rs = Rpflt QE) where Qa=Wo↳
Rp

= = =

UPWARD Rin = Rpfet QE)(itQi)

(and all other allows for larger bandwidth
permutations) when performing large transform .

compared to single L-neath

2 Inductor coupling (transformers)

total H field
- - - - - - - -

FEm-igt-T-l-IT-ds.ir
⇐ euoegy-Eefeueeg-ee.sn
-

=µz / Hibbs.iq/tTitdss+utTitTid-s:......s....&??........tTi
> mutual energy > 0tie

,
HI same orientation*

> case of POSITIVE MUTUAI ENERGY
*

depends on both 1) wire windings and 2) current direction



the dots indicate if the coupling

.
.
÷ ne< is positive (M > 0) or negative (neo)

•@ •O

y V

ve ↳ I E- ↳
.

on both currents
enter exit the dots

only one current
•

enters exits the dot

magnetic flux \
,• e.g.
'

n this case

{ die ↳ it + Mia { Or
= & ,- it is POSITIVE

¢2 e Mi
,
+ ↳ in Oz = §,

M is coupled inductance

+

(↳ i. + ozie) dt
'

±Em = I
--

power
POSITIVE mutual energy

= 12 Leif + 12 Lai? +M÷=

¥1 euerg-ycaie2.ie
.

☐ 0

Be B-

Coupling coefficient K := 1Mt ↳ I G- La
Le La

• •

Conservation of energy implies
that : 0€ K ⇐ I

t
t

eeeaxiuuuu

both ideal easiest coupling coupling-

E⇒: series of coupled inductors i. = i. = is
K

• >

•moi >

•I
i. L

,
is Le

- POSITIVE M fuuutual energy) because Ie and Ia
both enter the dotted terminals

- Total inductance Ltot :

T.AE#Fr-
> •& = Get to, = Lei, + Mint i. i,

+ Lait Mie = ( Let↳ + 2M) i

⇒ Ltot = Let ↳ t 2M = 2L + 2K L2 = 2L (t + E)
'"
° > "

T ⇐
e > 4L

if ↳ = ↳ =L



• >

•

nor > Is
it ↳ is Le

- NEGATIVE M

- 4--4. + 4. = Leia - lilli, + ↳is -1141in =

= (Let ↳ - 21M 1) i

⇒ Ltot = Let ↳ - 21M / = 2L (y - K)
¥0 > 2L

T ⇐
e s ①

if ↳ = ↳ =L

Equivalent models of compleat inductors

• Model based on ideal transformer

Hp : 1) No flux dispersiongig nine Ifan• (K = 1)
Bo .

Oi I § on 01 , = neat
. flux of a

• . single turn
10, = not

ideal transformer
> ¥ = % na > ne

v

voltage
2) Infinite self - inductance amplification

(Le , L, > cs)
reluctance [1-1-1]

Hopkin's law : m.mf
.

= of - R' = &
Ohm's low : 11 = I - R A-

-2
permeance ( H )

Ampere's law : M.m. f. = neie + naia
r

magnetomotive force
Because of infinite L : R > o Cr > cs)

> m.ME > 0 > it
= -
na ne > hz

in ne
v

current

amplification
+ I. hi = F. f- ¥) = -1 > ie + ñi< = 0

Ein t
ideal transformer is lossless



i i
n

. 5
•

"
s

e 22 ;%pg↳ igia
mil

zigo
o
, ↳ B-

• •

E- ↳ * model
> o
, ↳3 B-

•

É o
,

o o o o

↳ = fl - k
') Le

"

leakage
" inductance

= K
'

- Le " magnetizing
" inductance

m = It ↳
↳

Verification : for = Lee + M a
> Le = Bettino Ile = LetLu

is = 0 → i = 0 → 10, -_ (↳+ Lm)ieta

•• T- circuit model
K i roof 's

e.
- s %

, →
I p↳

a• •

°

↳ ↳ I E- ↳ Oi
model

> Oe L} o,

o o o ☐

I
owe end

{
La = ↳ - M

must be joint
to use this model ↳ = ↳ - M

Le = µ

Verification : ↳ = = Little ↳ = 102 = ↳ + La
de ia=o É2ie=o



11Oscillators 11

E.
g.

: VCO or CCO > electrically - tuned oscillators

XO - crystal oscillator

Mathematical models : e)feedbact-syst-2uegativeres.es#xe
> neg .

vs pas . is just a matter
of definitions

1) a. Negative feedback
2

+µs↳§ >y Y =
G-looks)

✗ (s) It Coeaqcs)

oscillation condition : { ycjwo) * 0 with ✗(jus) - o }
but there Ycjwo) = Gtasljwo) → as ⇒ G-eeopcjwo) = -01

✗ ( jus) I⑤Cobogcjwo) a

s = jus is a solution of Cibo
,
G) = - l

e

jw. is a pole of the closed-loop system

G-eeorcjwo) = - l ⇐ { /↳N'↳ 1=1 Baoekhauseu's
conditions

↳ ColorCjwo) = -1-1800
1800

sinusoid at the output
gets back through

" autonomous system" ¥¥f > Y
the loop with some

amplitude and phase

b. Positive feedback
Oscillation condition :

se

#④>Gi§ >Y Gee
, (jus) = +01

{ IG-eeeeljw.tl
=L

¥ = Gerais)
1-OG-ea.is)

>

4 G-eeeqcjwo) = 00 360°



Examples :

@

. RC oscillator (e.g. ring oscillator) }R
Pout

0 ÷%?⃝7

= →

I a-Voit
= -

etSIVin
neg .

feedback-i¥ G- > 0

(simple linear
model)

CoeagG)=µ¥
Oscillation conditions :

1. ↳ G-eaoecjwo) = - it 2
. / G-eaoecjwo) / = 1

← could be
G-
3

↳3⇐

fitjwoz)s
=
- + as well

µ+(Wo⇒y3w=
t

Ts
↳ Cos - 3 aectg (woe) = - it G-

>

= (1+3)
"

⑦
<

aoectg@e) = +
I a-3=23
3

"̂
^

,

WI = 3 G- = 2

Loo ,

>

'

ÉÑ
Wo =

3

I
. . .

°

s=±jw. --±j¥
¥ 's
,

,

Re✗-

%
-jwo
=

Root locus

- LC oscillator

> 2- G) = R SW-a

active i s
-
+ swan + we

device to
-

sustain
= o}R§ we __

1 Q=waRC
RLC losses can -0¥ LC

=



→ i①>GbopG
- 2-

= =

'

pas . feedback

Coeaq(s)=GmZG)=GmRgz§w^Qa+#

1. Licteoopcjwo) - 0 2
. / G- eaepG)1--1

¢1 jwo% Come Wowr a
fjwoi-jwow.atwe? - ° (www.T-ifw#r)-=t>0

Eg - aectgfwowe a) =D aim coma = I
win - Wi-

L ¥?
>•

jw. >
,

I where : we = We
2 W"

< < > > >> S - ±jWo=±jWe
^?⃝ Re

7

>
. >

7

Root locus

2) Oscillation condition :

ZAG) 2-G)
balance between dissipated

= = power and active power

{ 2-acjw.lt 2-(jus) - o}

For example : • Mitt; 1 Air
I R

= LGmAE
2-G) dissipated active

=

= power power
v

Con=L
R

⇐" same result obtained-

Am
= =

with feedback model,
but evaluation is quicker

Rat Ijw.ctjw.lt 12--0



→ Ra-112=0
, jlw. + jwol = 0 → Ra= -R

,
Wo = 1

LC

Iu general : 2-a(jwj= - 2- (jus) → {
the:Zaljw .)] = - Re :z(jw;]

T-m-2-aljw.lt = - In
-

2-Cjw.)] }
-

-

To obtain a practical oscillator, we need are
amplitude stabilization mechanism .

e.g. :
LC oscillator

^ Im

✗

>
> s

g

• Com Real → poles in LHP ①O e e

,

> > >>

a-mate AE -
0 Re

2
>
212 A

.

^
✗

> >
7

energy e dissipated >
as

provided > energy
• Comr > 1 → poles in RHP

e) Automatic amplitude control Cuegative feedback)

{a % If←

= =

+ peak detector-[L
-

yay
controls com i.e. 2-a

2) Non - linearity of active devices

Non-linear com {R §, I
= =

With small signal : com> ¥ hence oscillator starts up .



Oscillation there increases untie the transconductance
saturates

.

Example :

: : in

*

>

•
0

* Zsueall signal
transcendentarea

±

Is

we now need to ask ourselves what amplitude
of oscillation will the stabilized system settle at .

> non-linear function
%

z,, ,

• it)=i(o(tD= if,¥IvI eikwot) =
Er : - r

'

E-"

k= -•
Itejkwat

- - harmonic

=
.

= eeuupaueuts
• The = IT 2- (jkwo)

Oct) = III. II.eikw.tt
periodic with
frequency w. 2-Gwa) = II

-

:

solve the system to
derive the amplitude Harmonic Balance (HB)
of each harmonic .

with n- harmonics
In our analysis,
however

,
we assume to study HARMONIC OSCILLATORS

(oft) is a pure sinusoid)
i.e with a highQfact_

Aee higher order
⇐ ^

:f→
"

+
.

harmonics are

>

y -

o

suppressed
N' Wo

- i 2-G) Z(jww⇒wo
I =



The HB is reduced to : IT 2- (jus) = II > 2- (jus) - VI
IT

Defining Gnn :=I¥ harmonic Effective 1
teaeescouductaeece amplitudes ofit is 2- (jus) = I 1st harmonics

G-mh

and we can re-write the oscillation condition as

{Gimli 2- (jus) = Gee,n( jus) = I }
we replaced the small signal com
with a harmonic com (method of
"

descriptive function" )

g-
Is

Example : i. (G) = Is signColt)) µ-
com→ • !

>
o

- Is-

i
7

Hp : oft) = Aocoswot (harmonic
=

0 }R §, I oscillator)
⇒ Ie = A.

=

-
Is
-

Oscillator condition :

⇒ 111 / ±G-leoghcjwo) =L
- Is -1 -

fctmh . 12=1

⇒ IT = ¥ Is⇒

two = l
Ll ⇒ a-mh=¥¥

.

ideal

behaviour
A) = E. IsÑ=AI

Gmhl §
point

real_÷÷: • If A. > A:* : a.mn . Ree

poles in LHP

behaviour ⇒ Ao decreases

( >
• If A. e AI : G-mh . R > 1

AI Ao poles in RHP
s

⇒ Ao increases

non - instantaneous
a

transition of com -



Oscillator design rules :

✓
small signal G-bop

1. startup condition Coeaepcjwo) = EG > 1

where Ect ( Excess G-aiu) is a constant that

represents the startup margin (eaeger Eco
,

faster startup)
harmonic G-lease

2. oscillation amplitude G-éaonljw.) = 1

Examples of real oscillators :

* Differential oscillator
=

gmp¥! * +¥0 *" Tgmp 0£

* *"

: H
n •

. ngg :

. T.ms
• D-¥ A

nut Sauve É
R ←circuit- 8mn08
11C Is

- /

÷

•

¥
µ

(Gmntgmp) 0£!
my

Tcgmntgmp) 0£
L

un
r

R
Georg

Is 11
÷ c

ffoeaepcs) = Keep = 2- (s) . Gmntgmp] (differential loop
Vs 2
- gain

small signal Gm

Oscillation condition : Gee
,
( jus) - l

1. ↳ G-eoopcjw.) = 0 2
. / G-eeoecjw.) / = 1

4. 2- (jus) = 0 Gmntgmp - R = I
2

Wo = We= I

LC



Oscillation amplitude : f- voltage
across 2-(s)

^

assuming A. → VIVA,

"""

> A! = 4g Is - R

Ao

•

Single - transistor oscillator m : e

Atta Fk¥kkR R

? mm>

"¥0s is"
• .

i⇒,
tgm É%

>

upward
m

=

impedanceV1> Vb
transformation

* *£8mEnis
, jibe,11
Ccs

Is ( bypass) Is

E- capacitance E-

Ccs debt""&

qq.gg, = Ieeo
, = ZTG) 't ' ⑨^ ]How can we connect

the emitter to the Is m

resonator without where 2-
c-G) = Rt HG),

spoiling the resonator's Q ?
Rt = m2

gm
" R
,

H (s) - SWra
Oscillation condition : s

-
+ sweatWE

G- leepcjw.) - l gmRr
m > 1

gm_ . Rt Hcjw.) = 1my1. A- G-eaq(jwf=0 2. Kaa
,
( jus) / =L

We = We gm_ . Ri = 1 4- . . . . . . . . .

..¥
m

i. ) in
gmR =

m

1- 1m v

optimum choice for gain
⇒ If m is too low, losses are

too high since Rt is too small .

If m is too high, Cobo
,
is attenuated too winch

.



oscillation amplitude :

"⇒

,

/ tilt) = Isate.FI
To

it)É- Is
^

Obe
a Oct) assuming

t

~i(t)
* Q * Q

Is At → 4th = ET
m q

>
t

÷
> I
,
= 20¥ = 2Is

gmn
= I

=
2 •

To =
2 Is f

Ty Aom Aom DC component
hence all components

mCtlaophfjwo) - l >

gmh R =y equal to Is
m

e-em
> AI - 2 Is Rfl -1m)¥¥m .

R =
me

• Colpitts oscillator

D-Gm& µ=G sueall ==C
, ->

signal 114
Vb

CF L
} { Rt
= =

7

⇒
Is

og µ, §# ↳

, r

⇒ {Mgm ↳

¥ #f → v. = a v.

⇒
Lossless

approx .

-

- gfiitw.ca
centres

F- (s)

n ←EÉEa §, §# ↳ § RegV1
>

*
= Ce

G- = Celled

e⇒ Reg = t-gmpyg.p.in?gm^

±

Is

[Crooks) - 2-+G) ngm]
same dissipated power



Oscillator condition : (same as single - transistor osc.)
n → 1m

1
.
We = 1

LCTG-eopljwo) = 1 → { 2
. gmrtn = 1 > gmR =

I

na-n)

• Differential oscillator with single transconductor

[Cteoopcs) = gmz 2- (s)]
ur

E. I 11C 1¥ Oscillation condition :

+ + 2- (s)
2- 1

. as =
I

LC
" { 2

. gape = ,
i

-
e

- Zacjw.) = - 2- (jus)

"

** .

2

¥←,?¥•- "⇒

Gm0£

÷

Is Oscillation
↳

.

} a §↳
amplitude : ¥①z .- ur =.Nyt

Y
G-mh - IT =

TÉ Is
Je Ao Is 1-F_1¥t*

. *
I

→ AI = 2€ IsR
1

(Note that the maximum amplitude Is
is not limited by ↳☐

but rather E-

by Is, which needs a certain voltage
drop across its terminals to provide the full Is current ;
also note that the two MOSFETs are alternating between

on and off states, but their exact state when u,
either triode are saturation

,
is not relevant)

Frequency stability
To measure the sensitivity of the oscillation frequency
to non - ideaeities

.



6-¥E.g. :
add an extra delay q 9in the loop of aRI.

=

Oscillation condition :

2) Colao, ( jus) = 0 ( lcoea
, / = e I 3 { R

.

L
isn't affected) = = =

-

q + ¢z(jwo)= 0
G-looks) = G-metal 2- (s)

- 9 + u-z-arctgfw.ve/Q-)-oWE - WE 2- (s) = swore
5- + sweatWE

'

R

*→{ard-g(Wi -Wi )=q }woWr/Q

* Egg.tl#-aece-gTz,
)

new mum
→

>
w

⇒ w
.
= we

T
-g- . . . . . . .

¥É- (of course q > o being a delay)
Wo -we

"

AW. = Ag
=P

= 9. ,

I

d££ µ + (qw¥-Wey . ¥ .

- two - Cwoi -Wey
=

WEdW•Wo=We Clown - Wo-we

=
- q←

2Q

relative frequency variation
minute Awo

= -

A-9 induced by an e-tea delay qWo 2Q is inversely proportional to Q^

frequency stability

what about an extra delay in the loop of a reg?

neg . flt . G-ears) =I éi9 (G- > 0)
µ -154st

4 G-bopcjw.) - - it→ -

g - 3 aectg (woe) = - it → w
. = tgct -39)
e

→ Wo e woe = § = tgÑ3
We - We I

"

AW
.

~ 119 = 9 .

I
= - q 1- =

3Cd- -3arctglwo-w.ua -32
-

I

dwo ItCWIT-w.ws ↳



↳G-leave
= - 9 4- We

3 3 )
E-

mummy two
= -

4 Alf
Wo "

*

- 3

Voltage - controlled Oscillators (veers)

→ use of variable capacitors ( oaractors)
VDD

2 main options :
¥3 ¥3 >

has leakage current !
ur

a) p-njuuetiau.tn .

11
.#

He
p

in reverse biasing : C =
Co

m

G + ¥
.
)

1- b) Mos junctions •

a. si
E. #

from inversion to depletionno leakage1 current
Is • from accumulation to depletion
÷

Phase noise

• Indirect : AM - to - FM conversion i. e. eepcoieoerseoee
of low frequency noisefor

f-Lt Kuo = sit Dfo Veer sensitivity
dvtuue (or gain)

>
Vtuue

for

Kv☐☐= 2K¥ V0 supply pushing@VDD#
v.

svt-uuelwp-sw.tw/--KiioSvame(w) → Sq (w) = Swocw) = Kud Sviuuew)
- M PM we W2



• Direct : int) is noise associated

[
*

to tank losses (resistor R)
=

.EE/2-(jw1aSin (w) = 4kt
R

TH ing
,5- } {R

/ \ W - We ± AW
= = = =

:

i tAwf :<

\
2- (jw)= R.jcwet-awwo.IQ

WE - (we±AwY+j(we±Aw)Weiii. ⇒ ao - R-1 Q

1 + JAW .

AW ±2Wr

Aweewe ¥ wr±AW

* (jaw)K We -
I

⇒ £(jwe±jaw) E R
LC

d±j÷we §yQ=waRCbaseband 2-
'

(±jAw) : = R
: \

equivalent 1±j2RCAW i >

Woeof 2- (jw) - ⇒ =£rch⇐wof RLC resonator > frequency
around resonance offset from

carrier
sin

a Sin = 4kt white noise
thermal R

- .
_nÉn-

* noise Ri#eoeeue
L S

in phase in quadrature
first harmonic a with carrier with carrier

of I.(t) (carrier Sinai 2kt Sinpm -_ 2kt

R R

• AM noise component :

+ unchanged ! Zam
e-

¥ >
IT

←2¥ o
µ

>

=
.
÷

i

=
0 {R É I %%inaµ

=

Amplitude noise doesn't affet =

toeausauductae operation .

> Z*m(w) = ZCW) i.e. without considering the 0TH

fully
transferred !

0 PM noise component : n
t

+
^

¥ >
IT

y
> 0
i Ll

>

= 7



Transconductor fully compensates current injected
in R

. £pµ e

-

←
> 2-pµ(w) = ZCW) i.e. considering

§-→ + as Zoe = -¥m= - R %%inaµ
⇐(jaw) /a

=

=

"\
"""

/ Zam/ 5

\\±w
⇒ So (w) - 2kt / 2am (w) /

"

+ 2kt / 2-pm (w) /
"

R R

Awee we : 2-am (jwe±jAW) - R 2-pmljwrtjaw) = 1

±j2AWC
AM PM

So(Wr±AW) = 2kt R2 + 2kt 1 R WE

R R 4WIi R WE

= 2KTRi-tzkTRCW-T.TW#-deuiuaut
tenure

⇒ L(AW) := Socwrt Aw) =fzt-TR.CI?F-wiFa=Pewoieer
/ Aiz ↳ correction

B. = At factor
212

Fee > 1-

resonator efficiency e = 2k¥ (¥)¥wiE to include

0=-2--1 noise due to

active elements

power dissipated
in the resonator

=

(B-↳ DC
power from supply

⇒ LCAW) = KT (y)
? ¥wE trade-off between phase

27 Be noise and dissipated
power

Let us define a Figure of Merit for oscillators :

toMars := to log, { 1 (Wisc)
'

}
-

we

LCAW)P☐gmw AW

(#•WY= to logo { yy-p.gg#Iw.FaBsmw }
= to logo / to? :# Q'¥ }



Thermodynamic limit of Fool of oscillators :

ideally 7=1 Hmm FOMDB = to logo {¥+¥!} - 30dBMax

= 197dB for 9--10, Fa = 1

e.
g. : J-o.sc = 1GHz

by def . of Fate
Af = 1MHz

.

1

Be = 1mW
⇒ L⇒( f) ¥ 1

FONE Be
,
ma

' (E)
"

=

At

a = y@

= - FOMDBmae-10logeoB.com + 20 logo#g) =
= -197dB - 0dBm+ 60dB = -137dBa

tfz

mmmm-mmmm-

circuit simulators (e.g. Cadence Spectre , Mentor Eedo, - . . )yÉ?É Dc analysis bias point luau - linearY.TT??=)YI+aausgoegund-ionsCeiueae*
• NOISE noise analysis based on AC (lineate)
[ LTI approximation Euan - linear devices are replaced
Linear Time - Invariant by equivalent linear circuits
• TRAN transient analysis transient behaviour feeou-

does not account for noise linear
transient noise source are

• NOISETRAN analysis with modelled as random
noise sequences , needs many

runs to get statistics
t

time consuming
sub-
group of circuit simulators

T
RF circuit simulators (e.g. Spectre RF , Elda RF, . .

.)

• Pss periodic steady state analysis (non - linear)
searches for To (period of oscillation) that
satisfies a periodic steady state



VDD

large signal 0
, (t +To) = Ict)

* e*

0<(1-+17)--0, (t)
••. > :

i.€
*

for every ioaltage
and current

Qa > fired To

g-

Is
e

e
r

Ms
'

e > after I, the state
- variables (and

if therefore every other
> >

↳ variable of the system)
11 will be back where
a Q

, of state variables they started

• PAC periodic AC analysis transfer functions
of small signal

> LTV
approx perturbations (lineate)>

Linear Time -Variant

• PIVOISE periodic noise analysis (lineate)

* linearization occurs around a bias paint that
is not constant but periodic

Design of an LC oscillator V☐☐ = 1,511

☒ e* a

MOS devices : - 111+1=0,35V ti:- funder / = 1209AM >
' /µpC'ox / - GOMAN 2 ms

Specifications : - f. = 1,5GHz
rn

- a. so 2€
"

2C
• Is = 3mA -
' Max Fem

↳ A

Unknowns :
i R - Ao - WIL)n
- L . L(Af) - Hmp
. C Ist

•
llbiaswith

=



1. Startup : G-eapcjwo) = EG

G-mR = Eco > 1 e. g. EG
= 5

2. Maximize FOM a 24 . Q
"

→ maximize yKT

Y
= PR

p☐e
=
¥1212 → euaxiuieze Ao
Is - Vis

oscillation amplitude : Conn . R = 1

Aol ¥
.

-
e- e-

A- = ¥IsR Ccevoeeeet -
limited

regime)
:

i >

Is* Is

{ ran

(voltage - A. = V☐☐
.

R resonator
limited Rt 2rem + ran

,g r

regime) A- { ran
> Optimize Is to achieve the
largest oscillation amplitude
with the lowest current { ring
consumption (i. e. where the →

two regimes cross each other

3. In a spreadsheet :

Data Equations

f. 1,5GHz R = I Ao 23652

Q 20 4 Is

↳ 1,511 L = R 1,25nA
MC 'e× 601120M¥, woQ

C =
I4- 93511
w:L

9pF
Is 3mA B.Eco 5 Gm = Eco ¥ 2,12mA
Ao 0,911 V §

> (Y) - Gñ_ 25001250 &
µ C'•✗ Isa-m=gmn+Gmp=Gm= 2µcH¥)¥

Leaf) = eoeag.ee/kTRJ-il-142dBc},}2 T
AE

-

Qing -} HzMeunierGinevra weeniestrue



11 Basics of RF systems //
antenna

T1
TX line RX front-endL

j / •

→ SN (D)R = Ps

impedance watching
} Pn + Pa

to avoid reflections

sensitivity : minimum detectable signal (SNRm.eu)
> limited by : 1. non - linearity

2. impedance watching
3. noise

:
A Âgrfote.MIL ya signal y

> { a P-¥=A÷1wtmh
0There oct) = Asia(wt) www.

Effects of non-linearity

sect) > LTI >y(t) yct) = sect) * Ht)^

impulse response

sect) > LTV >y(t) yct) = sect)*h(t,-4

Noel-
✗ (t) >

Linear >y(t)
•

memory
less are static model

yet) = Taylor series# = expect + cxzseaft) + asses(t) + . . .

v
• non-linear dynamic systemuve suppose, for

simplicity , all non - y (E) = Volterra series
linear systems to be static

1 Single tone at input
a. Harmonic generation
sect) = Acoswt y(t) = case(E) + exact) + cases -4)

{ Cosa se =
I + costal cos're-_ 3- cosset 1- cess e)3g
2 4 4



✗It) = # +
At
z
cos @wt) sect) = ITA

>

cos cut + AJ cos
>

(3wt)
9 T T T

DC 2nd harmonic fundamental 3rd harmonic
"

rectification"

L
can alter the bias point !

yct) =④Acoswt + c-a ¥ + as AI eoscsnwt) +
=

small signal + as 3- As coswt + as AJ cos (3wt)4
gain

= Bo + Be coswt + Be cos (Lwt) + Bs cos (3wt)
*

where Boo - cxz A-
z

Be = cxe A + ↳3gAN iuewauted
component

2-
Bes = Q3ÑÉdesizeelBz - a, A

'

a component
T -

generated harmonic amplitude :

Bn ar An n > 1

(nth harmonic has amplitude a- An)

- Ban = 0 if am -- 0 → fully differential

(even - order harmonics come Jean even -

order non - liueaoeeties)

it's actually a*b. Gain compression >
harmonic gain

Be = cxe A + 3-4 a > As
→ gain of the system :

Y ^ G- = Be
- an + as §At

a > 0 A
+

A>
to gain coeeepoeessiau

se

Def (1dB compression point) :

input amplitude (power) Aa
COMPRESSIVE system : such that the system gain

0493--0 is reduced by 1dB

cauepress . output aeupl . QeAc +31403A?
=
10-+20 = - 1dB

ideal (linear) output aiup .

=

a.Ac



Be a

it :*.
# = a-

> A-
cars
- 20 logoAc = - 9,6dB + 10kg443 ¥)

.

>

A

2 Two tones at input
sect) = A, cos wet + A, coswat IM3 : third -order

ylt) - ai sect) + expect) for simplicity .

intermediation

products

{g(at b) = as + 15 + 3 a-b + 3aÉ}
y (f) = B.•sw.ta.pyeosw.tt Buncos (zag - wit

+ Brea cos (2We -wit + . . .

where By = Ke Ae + 34 a>AT + 3-2as AeAE Bisi- §
,
asAeAE

Ba - Q, An + 2- a >AÉ + 3-2 a>AIA, Beez = §QzAÉAz
Be

As
An

* B2✗(w) a.
Aa > Bu,

YCW)
Ain

↳
B-
221

→ →
We We We Wa ly
e > 2W

,
- 2W

,
- We

W
e se se >

AW AW AW

Harmonic generation is not much of a problem
in RF systems since higher order harmonics can
be easily filtered out .
However

,
iron - eiueareities also cause iuterueodulatiae

between the signal and nearby interferes, which
cannot be filtered .

/ A.

YPFw

a

> ¥1>

We w 3We w

w

w
a* non - linearity / ⇐

* \ *.

> ±⇐ÉwWe won W ↳ IMS

signal- ↳ interferer
↳

1--143



a. Blocking called blocker

T
In case of small wanted Ae

, large unwanted A- .

Be = Ae Ae + 3- a>AT + 3-2 as AeAE = ( axe + 3zexsAI) Ae
output

7

component
'

negligible if Ai ⇐ AeAE
at we

> Gain of the system : G- = Be - axe + 32K >AÉ
Ae

b. Iuteruuodulatieee

Assume Ae = Az = A .

☒

µ
* 132

A ☒ * A

>
Bmw

W#
B-
221k

We W
,

2We-We We Wa 2W<-We

Braze = Psy,z= §
,

ex
>
A
>

signal µ
•

>↳¥#É
blockers

→ IM3 degrades SNDR

If signal were at LAW distance , then IMS would
degrade SNIDR

,
at 31W it would be IMF and

so all .

What about second -order non-linearity ?

get (f) = cxzA-foswettcosw-LT-Bo-BE-Bze-2Bee-2.BE aÑ

Big
* B2

Aya
* A B-

Any ¥1Bn
Bra

> Beep § ¥1322
$
2W
, Wiwa 2W}

signal Bw

IML products fall outside signal bandwidth .

Introduce now the notion of Intercept Point



E.
g.
3rd order IP (IPS) Be

µ
* Be

Aya
* A

> Base
a⇐ *

B-
221

¥ 2wÉwe

Base = 3-4 as# + 13dB a Bat

← *→*⇒⇒""
'

r

intermediation

206%(4^-1) = 'terms ✗= Cxydpst AIB

20 logo (Bau) -
= 20 logo (3-49) + 3AdB

AIB

amplitude ofIt
- referredBe and Baze both undergo

compression due to higher 3rd order intercept paint
odd - order terms ( 3rd and
5th

, respectively) .

Therefore , the IP is typically extrapolated by
ieceasweiug the response of the system for low A.

13dB ^
V4 Amps = 3-4 a > Aiips (extrapolated)

v

AuP3= § / ¥3 /t

•

> A"%ñ↳eo&oA*. -- teenage.GE;)

Remember the 1dB compression point :
:

A-ears - - 9,6dB + 10logeo(§¥)
"

two - tone test
"

+ IDB compression point is typically
about 9,6dB lower than the 11103

To retrieve Amps we actually just need one

iueasweeureut since the slope is fixed . In fact :

µin(w)l
"

f.
a.
Pin spars

^
. - '

µ
* Pat lVa+(w)l

"

> a⇐
. .
"

↳ Point
,
IMS

-
Wsu 2WzWe



*
Be

a

a.A
=/Vint

Hut (Wi)
Vent(Wat Aw)

=

Baze g-↳As
=

AÑ→
> Amos = A Vent(Wi)

At Hout (watAw)
"

Baia

= Pindar -1 ¥APdBm
mummy

PuP3dBm

input power - >

power difference (iudB)
between fundamental and IM3

11103 of cascaded stages
will depend
all QiPosse

> fig,> F
* ⇐

and Bea.A
← Do

A- an
#

>
w¥W

cxe
,
as
, as

*
We Won

A
"P3
,
a

%) Be, Bz
IP3,2

se = Aeoswet + Acoswat

y = case + are't asks -2 = pay + pay
'
+ Psy

>

It can be demonstrated that : I ±* I
+

ox!

AHP3?totAnÉÉrAnp%#
* under hp . of
band-pass filtering non - linearity of latter -
between the two blocks stages dominates

t
otherwise

,
cascaded 2nd order

eeaee-liueareti.es produce the
same effect of a 3rd ordernonlinearity(IMS) :

ex
,
set → Wa - We pay

'
→ 2W<-We → IM3 term

^

Effects of impedance matching
Rs

>

1 : N
→ ←

Ro

Mr Ao •
Gout

→ . → ←

of / Rite 3g } Rin
na } RL

I → →

&

=

impedance transformation network (inode)



Rinna
R<+ R.
FAITH.to?mtTutmgaeu~Vout--R,.n-n+R.

N
.
Av

.

RL

Vs

Ect: source -to -output gain
- n Rin
Rin 1- hips

.
Au

.

RL

Retro Mft. = a- Ao The

-- www

a (input voltage division

Zs
* Out To ieeaxiwuze gain : 12=1 → /Zsl
-1

0

RL >> Rs
0s / / 2-< Vent > 1

Vs max

I =

(conjugate matching)
Zs f

* * Oat To maximize
power transfer : 2-↳ = Zs*-1

0

2 RL = Rs
Osf / Za R = Hout /

=
IVs /
"

max 212 812L
I =

Haut > 1

Vs I

Impedance matching basically allows us to maximize
the

power transfer while achieving a better gain,
that is closer to the maximum obtainable :

1 : nRs
>

. .

ur
→ a - nR

of / Rin 3 Bna } Rin =/ 0 Rin tht Rs

I I → I

* Try to maximize a (i.e.
maximize gain) :

Da
=
Rin (Rin+n'Rs) - nRin2nRs = 0 > RE - ÑRinRs

on (Rin + re Rs)
v

Nopt = Rin
Rs→ omen = a (host) = -21 . ¥;i > ¥ if Rin > Rs !

Note that Rin
= Rs → impedance has been matched * *

N
2

opt

while maximizing the gain , also the power transfer
has been maximized !

Rs
>

1 : N
→ ←

Ro
ex

•
GoutA-

←→ →

of /
^^

Rin § }
Vent =+Av Ri

na
Rin } R, Vs

max
Roth

7- → → -



By eeeatehiug the input resistance, we granted
maximum

power transfer while increasing the gain
by a factor n.pt .

Power gain
Available

power : B
,
au
= Nsl

"

= Bma
812s

of /
Me

Rs

{ R, = Rs
→ =

Available
power go.ve .

.

G-
a
= Part

,
a-

needed of Au
Pinar

antenna
Rs ri§÷mof /
Me

I. = ex Au = A.
- { Re

Vs
→ I = =

P
-

in,ao
= / Vsl

"

Pout
,
au

= No /
<

8 Rs 8Ro

G-
*
= AE Rs

-

- Ro -

In general : aw. power gain =/ square of voltage gain
They are equal only when Rs = Ro

.

input - referred
Effects of noise noise generators

>modelling the
noise of the networkRs On

0rn % • . - ' ' ° %
4¥, in A.Us 0ns

/
@ . . . . C ☐

source noise-

SNRin - two-part > SN Rout

network

Noise Figure : NF := SNRin =
OsiÉ

.

Oneiit
=

I (Ñne+wark+ Oni)AÉ
SNRout Orlin Usain # Oni

2 2

NF = I + Onnetwork where Onnetwork
= (Un + in Rs

"

*

It is a measure of how much noise the network is
adding to the source noise .



Also note that : Giant
= NF - ons

AE

total Lois ↳ total noise
at the output at the input

If the source noise is due to just the source resistance:

PSD in
= 4ktRs - NF

> total noise density &É?IEpowec
at the input

ont : noise PSDAtrium
Noise figure of a lossy circuit

rM% %###
• out % .

"

"
s >

reciprocal
e

Z. .

"
→

n

OS mut Us Oort

= = →
Theremin

= ⇒

lossy# noisy equivalent
2-in Ze

Nyquist theorem : Unirea = ↳kTReIz=
At

NF = Orient AE
= Onieq .

I 1

egg
= ↳KTRO

.

At RsUnf AE AE ↳KTRS
= drag

→ NF = I = La) available power loss Ga

Cta

The noise figure of a bossy circuit is given
by its available power loss f- inverse of itsavailable

power gain) .

e.g. : filter with 2dB power loss > NF = 2dB

Noise figure of cascaded stages
0ns One

TM % ¥ ¥ •
Gout

Rs s Aoi e One > Age0s
- - }R .

I = = = = →

Rin
, Roe Rina Roz

cx, = Rine
NF = 1 +

0h4Af I
+
OhÉ_Af I Rine + Rs

Kitty 4ktRs Qiao Q#÷ 4kt Rs ch = Rina

NE ↳ Ao
,

↳ Aoz Rinat Ron



NE = It 0nIA£ I
aEAÉ

'

↳KTR
,

> NF = NE + (NE - 1)
.

RoeaiAue
T NF - NE + (NE - 1) La,

↳ G-Ae

In general, for N cascaded stages :
NF = I + É Nfi -1 }e-→ { j÷Gaj

↳ noise figure of first
stages dominates

Example : filter + LNA cascade

(powerless) (noise figure Total noise figure :

NFjietee = LFfieter
p
NENA

NF = NFjietoe + NENA - l←

lossy
Us

Rs

-

filter / LNA → I
^
Laseter

= ↳ filter
+ ↳filter (NENA- 1)

I =-

- antenna - Lajietei NENA
antenna filter
model NFdB = ↳

filteredB
+ NFLNAdB

> The noise figure of the LNA is amplified by
the losses of the previous passive filter(therefore cascaded filters will degrade the
total NF even further)

Noise matching

-
On and in are correlatedw"¥É% Nvs

Rs (origin Leave the same
- physical noise source inside

= =
network N )

NF = I + network ieaise
source eeaise

= I +
(On+ in- RSYA.ge

↳ KTRS
t

referred e.

g.
to the input of N

ont af inAjay1 +
Out If + in - Rtbf = I +

¥-Rs
+

IT↳KTRS

= Rs

if we assume noise to be uncorrelated .



> NF = 1 + network voltage noise
source voltage noise

+
Network current noise
source current noise

NF has a term decreasing with Rs and a term

increasing with Rs .

Therefore, aiuiuiuuunNFexistsfora-pt.ua .

DNF

DRS
= 0 mind Rsopt -

in

RX sensitivity and Dynamic Range

RX sensitivity = wine.

detectable signal (SNRmiu)

M •

Rx
- signal

Rs noise
0s

.

front-end
.

mmggfxxmifx.me
> g.

= I

> '

BW
'

channel select filter

SÑ 12min = Boomin
Pn
,
ao

m-% r

Available noise power : Rs Ontot

g. Rs OnztotUs
> Rao = Opigtot . ¥ = 1-

Remembering that on%+ - oig.ME, > euatched load to

campsite Pao

Onitot = 4kt Rs- NE
.

Af
we obtain Pryao = HkTs . NFr× = Ntx

At HRT
> Row = KT . NF.se . BW > available

power density
of the source noise

mummy SNRm.eu = Pniu
KT. NE× ' BW

T Ps
, avmiu

= SNRmiu.KT-NF.nu . BW

JEFE IIÉj at 25C > to log,KT = -204 dBwt.ITuh =
- 174 dBmµz



Boomin =
- 174 dBm + NE t SN Rmiu + 10 bogie BVV

dBm HZ dB dB

Example : G-SM handset

• sensitivity Ps = -100dBm

• BVV = 200kHz { NFry, - Ps + 174 -SNRmiu-lologBW.SN
Rmiu = 9dB - 12dB

Dynamic range are SFDR (Spurious - Free Dynamic
Range )

Y µ-1143 SFDR := Pin
man

- Pinning
,

signal
^←

blockers dB

www.fyyyyy#yjmnmammmmmnm
>

input parole of the
'

f sensitivity
two tones such that level

IM3peweeequalisepowee

Remembering that Pups = Pin + AP (in dB)
2 -

= Pin + PI-P.ae/-,1M3-
2

= Pin + Pin + Cta - (Pin
,
west G-a)

=

3g Pin - ¥ Pin, .ms
" ↳
input -
referred level

At Pin = Pinnae by definition Pin
,
.ms
= B. of IM3 products

Rips = 32Pmma- - ¥B-
input - referred
level of noise

wont Pinnae- Iz (21%-3+12)
SFDR = Pinnae - Pinmine = 2g Rips + 13pm - (Pn + SNRmiu)

SFDR = 2-3 (Pups I Pndpgm) - SN RmiudB
dB



SEEMS (S - parameters)
'

☒ zs
Reflected

±I Reflection coefficient
T' := ReflectedPincideut 2- in Piucideut

F'
=

2-in - -2s

"

> only if 2- in __ Zs : 17--0 no reflection
2-in + Zs (

" termination" is matched to the
characteristic impedance of the
live)

Extension to 2- port networks

marry • •

off2- part /net
.# . • 6T

power waves poet poet
reflected - incident I 2 > scattering

parameters
be = See - a

,
+ Sez an see see

→ § =II. s.iaii-s.i.ee
. Sze 522

⇒¥
power ceeff . voltage caeff 5=5

11

Vi→ Vi - Vi
= : see I. is the reflection

a- - Vivi -_ o coefficient at port 1
with matched poet 2

"

Sauce
goes for other ones .

Input return loss : RL in = to loge. 11*1=-20 loga.sn
Output return loss : R↳u+ = -20 bogie / Sail

Forward gain : 20 loge. / Sail
Reverse isolation : -20 log /seal

Note : a non - matched load at the output of the
network might cause stability issues if the
reverse isolation is non - infinite (sea # 0)



¥ a÷m> non- watched
> load → positive feed -

← back loop
°

I 1 bat
iron -well

reverse gain stability issues

Mow Noise Amplifiers (LNAs)H

Requirements :
• Low noise (NF )

. Large gain ( G-a er Sze)
- Input matching ( Isu)
- Linearity (111-3) because of blockers

caveman- gate topology {ÉÉÑke iududoemhrV☐☐ RLC parallel
resonator die

=
On it .§iro,

2- < (tuned load)
dt L L

.

{ Leh → as ⇒ die → 0↳ @DCI .
÷
,

☐ Gout
dt

Mz
⇒ {

⇒ ii.→ const.
ii.i cascade to
"

÷
:

reduce parasites
' Sufficiently large

effects inductor is treated
as a current generatorM1 % . ↳ {e(open circuit in AC)

oil @DCI
. I / M

Rs
Lan § {Cloy : bypass capacitor0s
= = if

•
r

or
doc

=
ie
-

antenna dt C C
.

"

no

sufficiently large capacitor ↳→ as ⇒ doe → 0[iÑateÑTÉdtage generator dt

(short circuit in AC) ⇒ a → const.



YVDD
At center frequency w. : 2-in = dgm,{ Pu t

↳KTR- ¥ neglecting To
, Cgs, Cds . . .

- Matching condition : •

Igm , = Rs cascaded MOS noise
⇒

> does not contribute
to the total output

- Voltage gain : noiseSin

A. = Wait
= RL

e Zin
0s 4 212s ur

matched - Rs

input
~

limited by the
Q factor of =

the resonator

(Q = WORK = Ri s 10)
Woh

-

§ÑÉ4kTygd . ( "van der Ziel" MOSFET noise model)]g
{ where gd.

-
• Is valid for any operating

-

region
DVDs

vis - o {
- Triode : I☐ = K[2Va,V☐s - ¥1 >

gd.
= 2K¥ = I

> y
= I ran

- Saturation : I☐ = K Voi >
Gd.

=

Gm
> y = 2-3

In case of carrier velocity saturation :

{gdo = 8¥ → gm → Sin - ↳KT T gm
a

- Triode > a = 1
hm
v7

- saturation > ex -
i}
~

- Noise figure :

NF = I + 4kt 8 cxtgmi + ↳KTRL AI ( refereed to the
watched / ↳KTRS ↳ KTRS input)
input >= 1 + ¥ + ↳ Rs

Rie

term enforced - > term inversely proportional to
by necessity of Ao hence limited by the a factor
impedance matching



Shunt feedback topology
- Matching condition :

Vas

Ign = Rs

V

o Gout

Rs
}

. Voltage gain :

Rs > faut
un 11
↳

>

2-in
* RIM gmogOs Mr

= I Rs 0g *

2-in = Mgm 0s
= I

{Want
= Us - gmUg(Rst Rg) KCL

A. = But = 1-gmRf <
virtual Us 1+GmRs Os - Og - Og - Gout KYL

ground →

Rs Rs

¥} Oeo
,

=

G-direct
+

G- id

4 Mr # 1- Coeoop I - I
Rs * T¥s Gee

,

turn Mos off
~

G-beep = -

l G- id = - Rf±
"
I gmRs Rs

G-direct = 1

with iuatched input : G- eeop
= - l > A. =tzG - 1¥)

( for Rg >> Rs , Ao = -121¥ e 0 → inverting stage)

' Noise figure :

NF = I + ↳ktrcxgm . (Rt + Rs)
"

1- Gee, + 4ktRf (referred to
↳KTRS At ↳KTRS At the output)

matched

input > = It § + 4 Rs

Rg
(same as Ceueuuceey Gate ,sauce limitations

RgÉRs

To overcame NF limits :

• noise cancelling
• impedance transformation
• feedback (to decouple Mgm from Rs)



Noise cancelling
Take e.g . Shunt Feedback configuration :

Vas m

⑨Ñd 2 nodes to be ceeubiuedms
such that noise source ⇒Y { is cancelled

,
but signal cos }

Rz 0J is not cancellation wowRs
un 11 ↳ *

"
¥%

when

0s Cby My

= + =
Noise transfers

> + e Lyn = Rst Rs > o

f 1- Geeop
Gout OR

= Oy .

Rs
=

Rs
in in RstRg 1- Gear

> °

Ay = - (1+12-1)⇐ Gout = 0 < Gout = Ay . On + Oy = Ae Rs +
RstRg

in in in in 1-G-loop 1-G-eaep

Signal transfers
new voltage gain

Out
= Ae + § = - fl + ¥:) . 18mi + A.

0s 11gmet Rs
matched > = - fit 1¥) I + ¥ (F- 12¥) = - Rt = AT

.
= 2A

.
!

input
Rs

How can we implement sum and multiplication,without adding extra noise that would spoil the
concept of noise cancelling? VDD

Og o Og o

*¥
> Out >

M3
•

Oomf
On • As a

☒

142
=

By applying superposition principle :
Oort

↳
= 1 ( ro, > as)

Gout
= - Gma

Gms
= Ay

On

> Gout = Og - Gmc 02
⑦M3

we now need to compute the MF of the LNA with



the addition of the noise cancelling circuit.

on

=

Ai
i

R§-%
' 4#R-s(R¥¥

Ms
.

"" " +

a¥÷f¥,Rs + 4¥18 cxcgmatgms)Kgmb
ur 11 .

* I
0s City 141 in

,g
• Out -Are

=
→ + Fsg + (98%+1)¥.EE I✓

=

±
.

= 1+1,8+(2+75)#¥i¥141 noise *

µ2÷does not affect the .

output anymore ! ( referred to the output)

Fore Rg >> Rs : NF -~ It 7¥ ¥ , F§←¥ = 1 + ¥-8m>Rt

If gm, > try then the NF of this stage (independent of
gme = Irs ! ) is lower than the NF of the shunt feedback
topology without noise cancelling

issuer : parasitic capacitance
The noise reduction of this technique is limited
by parasitic when gm, becomes very large (for a
lower NF) .

Impedance transformation
Exploit gate - source capacitance of a transistor
with inductive degeneration

i

>

→ 0g = Ogs + slsfgm Ogs + ig)
*

zg
> ¥

= scgs - ergs
C.gs §

↳ → og - Ogs + (slsgm + sKgs↳) Ogs

0gZg =
ig

= (I + slsgm + £Cgs↳)Ogs/ =

I

c.gs
+ Sls

SC.gs
+ Gm

↳

scgs - togs

> it's a series RLC !



>

-

Cgs>

Zg

}w+↳ where we - gm (cut-off frequency neglecting Cgd)
Cgs

§ ↳
By enabling ↳ and Cgs resonate , we care

→
obtain an input impedance that is
different from Mgm .

New matching condition : - w
.

=
l

↳Cgs
-

W
,-
↳ = Rs

Take
e.g .

Cowman Gate configuration :
HDD

2-

=
"

bias -tee
"

142 . • Gout RL}
Vbias

µ
Gout

a

small signal
⇐

as} My
at resonance My

Rs Leg -0 Rs %
TM / / Mt (omitting cascade) yams

._ 8m05s
a * Leg

a

>
*

Cby
0s Us
= Cgs

-

= Cgs
-

§ ↳ Ogs ↳
§

adds an extra
= =

degree of freedom . Matching condition :

where choosing ↳ and Cgs
' Wo =

1

(↳ + (g) Cgs
'

- Voltage gain :
'

wt ↳ = Rs

Ose / I:/ aRs L ↳
n Q

M rm 11 ms

↳ ↳ } ¥¥>wWtbs
Us

→ =

equivalent input > Ogs = Qos where Q= I

network at resonance wRgs(RstWt↳)
watched input > =w¥2RsGout = - GmVgs RL = - gmR<Qos
iuoeeasef.at#

> Ao = Oat = -gmRLQ=-gmR↳ I =
WTT RL

Os Wo Cgs 2-Rs Wo 2Rs
un

gain of standard CG topology



- Noise figure : what we really
H care about !

Me /ti.
gn.sc, +

- gin - scars - Rs
-

Io

44% > 11 . is + in
-
-

i
s↳

Gm

i:
^

* inaiogm to =
-

SGM Cgs

p
S2 + s(Gm Cgs + Rs G) + IsCgs

=Cgs B.↳ %% in i.
= - jwgmcgs = -

w-↳
= -

I

Ñnw=w
.# (Gm Cgs + Rs ↳) cut↳+ Rs ^ 2{ Rs =

I matched
= =

FE
input

Couiittiug Lg ( Note that in is just half of 141 noise
foe simplicity) coiileeeutiou; the other contribution

has a transfer to the short circuit output
current equal to 1 . By surviving the two

at resonance contributions
,
the overall transfer is still 1)

> NF I I + Ltkttagm#-)
"

LHETR,
E-Rsf Gm Gmwocgs2-RDE4-KTRsfw.gs,Raya

(referred to
the short circuit

output current)
= I + ¥ .

Rswicgs +
↳ Rswicgs

Gm Regent

= It ¥ ¥ w.cga.RS + ↳ Rs (Wo)
-

Ra wt
quality factor
of Cueatched)

entire networkreduction factor on

= I + ¥
WT
w, q,

+
↳ Rs (Wo)

"

where Qu = I = 2A
RL WT WoCgsRs

W L

raise term of standard quality factor of
CG topology fueatched) zg network

For LNAS
,
we define the transducer power gain

as the ratio between output power and available
input power :

Cop : = Pout ⇐ G-A
Pin

,
air

and the operating power gain as the ratio between
output power and input power

Gp : = Pout 3 Gt
Pin



I/ Mixers /1

Heterodyne RX staectwee:
RF part IF poet

☒
7

FL ( FL )
-
> ±

-

> IT - -

band select LNA IRfilter.ge
channel select VGA

filter filter~

LO poet LO

Mixer is used as a DOWN - converter
.

MM >
> × > MM >

i£RF JTF

it"= ¥
"

>

£RF £0

Direct - conversion TX structure :

Ict) a
> ×
~RF poet
I

\☒
Mixer is used as are

BB poet Jiu UP - converter
.

I
LO part cos

^

PA
t

Qct) > ×

Specifications : - Conversion gain : G :-, pout
← power

at fir

Pst
power

at free

- Linearity because of blockers
(signal at RF poet is linearly
transferred to IF poet

- Noise figure because LNA gain Liu Ri
is limited

• Feedthroughs : unwanted signal transfer
Leave one part to another one

(signal at RF input leaks into IF output :
at IF port there is a signal component at free



Passive Return-to - Zero (RZ) mixer
( RX case)

-WE
RF . .

a
. . IF RF . . . - IF

LO
.

{ R,
-

LO
= > Ore(f)

Aw

--

FHIÉFÉ*⇒
I
-

I

lie
, i t
Tho

close the switch when
t⇒ is reached

Defining the function salt) :

Sion
switch is closed - d-

I ☒ to F w- =
-☐

switch is
open

-
To

0-0--7
(Duty cycle depends on

threshold )
> vii. (t) = Re

- Sio (t) - one (t)
Rct Ton

> LTV system (ideally if ron is constant)

Orr (t) ; Rt .

-

I + ¥ cos@↳t) + harmonics
-

- oh, (t)
Rat Ron -

r
r

-

50% Duty cycle might cause
Csioct) is exact square

I wanted £ some problems
wave function ) RF - to - IF component fiietoeferoes)

feedthrough

Assume ore (t) = Aces@ret)

⇒ 0*4) = RL

Reta
- [ F- coswret +

+ LATE cos (wee -Writ +

+ LA E- cos (wee+Writ + other Tereus .]

. Conversion (voltage) gain : Ao = Vie (Who - Wrf) = 1 RL

VRF (WRF) Ñ RLtruth



ran → 0

it

= - 10dBAirman > I

• Linearity : ran depends in reality are Ogs i.e. on ore
hence linearity improves foe ranee RL

It
large parasitic capacitance < large MOSFET

to
Rs
"

. IF LO - to - IF- Feedthrough : m-

LO - to - RF
{ R,

→ =

+ Linearity - Feedthrough trade-off

- Noise :

• Go - MOS noise

ran
ORF • ☐ Ole tf M o Glen

On{ R. ^ { R.
SSB

= 4kt ran
== Son

⇒ JDSPS
DSB

On - On (E) - Scott) -

Ri
%

= Son (f) * / L↳o(£)F( RL Y=
Mos RL + ran Mos RL 1- Ron

Sion RL Yn = -A

,

= """
"

* ""% -

nf.g.ca#--2KTren.EilCn1?(RLYn---cs
Rht ran
-

power of sect)
/ Isola

>µ + is t tie

q.dk III.(f)Idf = 1- Is:(tdt
a. a.HE 4cal

T Io£¥
.

.
. ⇐ it

.
.

. Pascoal's theorem
-2£. To to 2£. I

⇒ ¥2 Icnl' = ¥
.

- Tig = ¥
n = - co

since Son is white
,
the

( RL )
"

convolution with infinite > 5%:(f) = 12kTron - ¥ patrondeters results in the serve most
of infinite white noise on is transferred to
components that are monotonically Oie only for half of
decreasing (

"

spectrum folding
"

) the time (sot. ☐c)



- Rb noise WE Gen
t ±i¥I

.

{ R.
SSB
= ↳KTRL 2>01%1Son

=

Oien = onlt) -sit) ran
+ on(E) soft) IFÑ→RL-renl-RL-wh.euswitch where switch

is closed is open

> S☐sBf = ZKTR, - I. ( ran Y + KKTRL.dzQF
R, ☒ Tent RL

- Total noise

£3B

→ So
,,

= 2KTron ( Rc Yt 2ktRi ( ran I + 2kt RLRat Ton Pont Re

= 2kt (ran 11 RD + ZKTRL
--

half PSD half PSD
when switch when switch
is closed is

open
SSB 5513

Input referred : Sore = Soir
. =

2kt (Roxton + Rw)
(Ao)

" RL )
2

(¥ Retro
Ssps SSB

DSORF
= 0 > Sure ~_ 115 - KT . ron Joe R

,
= 2

'

Ron
OR, min

RF signal internal tuiexee noise is typically
noise considerably larger thanAaa

r RF noise ^|• F.
source noise

==i⇒⇒€EE=xx÷⇒5 - I
free to Sfio Sfio £ NF contribution is relevant

V

(internal noise of wiener is^ :

%%% noise downconverted and folded by
"""" > folateam. ug

harmonics; RF noise is not folded
¥Y%%

> by having a LPF at the RF part)
fir £

Active mixers : We discriminate between passive
and active mixers by their gain (lower
and greater than one, respectively) and
by the presence of DC bias current in
the stage .



Single - Balanced mixers

←
↳⇐(t) ~ gmeorr.lt) - Kroft) - RL

Ri } } Ru
'

IF Zion

og
o

-71 FIEF- LO .
QF

o LO-
E

142 Ms

RF QRF
*

tf GmtORF
Me
= Hp :

• full switching of M2 M3

Active ° 50% Duty cycle
• 141 is always in saturation

ORFCT) = Acos@rr.t)

OTF (t) = gm,Ri
. Acoswret .

-

¥ coswut - 4 cos 3Wnot +
31T

- -

j

=

Gmi RLA ¥ . ¥ cos (w↳-writ + other teams

(ideally) no RF - to - IF feedthrough ! s >
"

SINGLE - BALANCED
"

(LO signal is balanced)

- Conversion (voltage) gain : Ao = V*(W↳ -Wrt = ¥gmeR. > I
VRF (WRF)

- -

. Noise :

Ri } } Ri Ri } }R.

£60 View
a

%°
a

⇒

µ;ÉÉÉ÷É¥¥:µ,* oñ a-
142 M3

£
7 7

if if
i * %% in

.

* %% in
.: Mt Mt

: : ⇒± ⇒±
Eto i:
to unbalanced balanced

Noise PSD changes whether the circuit is unbalanced

(i.e. one MOS is fully on and the other is fully off )



or balanced (i.e.
both transistor are slightly on or off ) .

If the switching time is not instantaneous, then there
will be a fraction of the period during which the
circuit is balanced

.

M2 and M3
SSB

So
,,

= 2- 4KTR, + 4kt joxgm, Ri + @
'
are cascaded

UNBAL
T ^

Take

e) x%dt=l2 RL resistors Oi,=n= Riina . Rio < > Soir = RE Simple cohere Bio=T±
,141

SSB 2

So
,,

- 8 KTR, + 8k5g agm↳R, + 0
'

Mt

BAL
T

f

RL M2 + M3

If abeupt switching : So
, ,=

- Soir
. DC of unreal .
UNIBAL

config .

If law -

pass filtering at mixer output :<So..

> e. So
..

. (1-2-4)
^ UNIBAL To

> average
+ So

,,

- 2tw
BALIDCof bed . config .

40passive single - balanced mixer
:*

. . - -fi . . .
÷
.- Ao = 2 RL

= LAO e I i. :

TL RLT Ton Rz

RF -1 / 4) Lo -to- RF
-

zero RF - to - IF feedthrough
zero LO - to - RF

"
↳

:

" IF

" ÷
.
. . .

. . . . . . .
.

"
"

or •

leave -zero LO - to - IF Lo -to- IF

(same for the active version) LÉ R. } { Ru
7- =

Is there a mixer topology that also has zero LO - to - IF

feedthrough ? VDD
r

'

§aRuDouble-Balanced wieners c±)
'

.

-4)

> both 20 and RF are balanced
- - - - "

:-.
:
"
' "

O#(E) = gme One(f) . select) Lo .
÷
: :

:

• LO

I
- Av - Yg gme Re RF+↳

.

• RE

a
µ;

⇒ -
or.

ML
2

-

zero LO - to - IF feedthrough -

> valuable since Lo is large signal *

=



-

' Linearity (of active mixers) :
R
. } JR.

- linearity of gm stage
'

- current division between 40 40

MY M3 and Cpac * •

I 142 M3

non-linear if 1421143 go to
triode region . §I RF

÷

Cpaclimited LO amplitude

11 Transceivers Architectures / I

RX Architectures

. Heterodyne architecture
- Single IF
- Double IF

- Direct conversion are Zero - IF architecture

- Sliding IF

- IF sampling
antenna filter

>=Ñ¥ attenuates

an
out - of - band

☒ interferes
BPF -

n

antenna LNA can't perform
filter channel selection

the selectivity because channel selectivitya F-and bandwidth in wireless systems is in
of such filter can't 60dB the order of 60dB
be feasibly obtained # g-
with standard filters v-

e >

-

(which would also need 200kHz
to be tunable)



A possible solution is using an heterodyne receiver .

RF 7

> ±
IF
> BPF - -

to channel select VGA

~

'

filter
> typically an offehipLO

SAW filter
2 advantages :

so 60dB
• IF freq .

is lower than RF freq . selectivity at center
frequency = to :- 100MHz

• IF filter does not need to be tunable

> low IF to improve selectivity (lower center freq ,
lower Q required)

issue : nudge problem-1
Solutrean

Ian ¥¥
.

>

-

free £1m - - BPF → [→ BPF -

So
JTF §; tie >

.

(high side 1
-

: injection) image reject a channel

: :
> filter

~ select

f.o LO filter

i

*
SNIR is

Sir degraded
>

- high IF to
0 fir improve image

high IF rejection

- Trade-off between {
R× séusitioety → images
Rx selectivity → ice - band

r

interferes
low IF

Another solution to relax this trade-off : Dual - IF
architecture

(*) (*)

IT ^

- BPF
,
- - BPE→✗→ BPF

, q→BPE
-

→

- -

t
I

☐ vanband LNA IR
~

-

~
channel

select filter Lo
,

Lo
,

select



secondary
1*1 image image 1*1

→=EEE±TE
Ff o17¥ Mix \IÉ#→

£RF Fy£. . £
.
¥"

>

£
e se se >

2£12 JTF
,

JTF
,

Fitz £115
^

Fy
• Large f.ee : relaxes IR filter (BPE)

• Small f.⇐ : relaxes channel select filter CBPE.)

Issue : secondary imagemm

A signal in the same band of our channel can become
an image from the point of view of the second mixer

~

SKEEN : use BPF, to filter out the secondary image .

However
,
now doesn't BPFS need a larger

f.☐ to effectively reject the secondary image ?
Not necessarily, since the center freq. hasbeen brought down to fire hence the Q factor
will be

anyway
lower (with respect to the IR

filter of the single - IF architecture, which wascentered around frf)

single - IF Dual - IF

- - BPF →±→
- - BPF

,
→±→

I 1
image reject ~> secondary image ~
filter reject filter

LO Los

Q ox £RF Q a fire
2JTF 2f1Fz

These advantages and the elimination of the sensitivity -
selectivity trade-off come at the cost of additional
components, with additional noise and now- eiuearities .



Full architecture of a single - IF RX : > 0 :- 80dB

gain
☒ LNA VGA

7

131°F BPF > I > BPF

band select I 26dB IR filter channel select AGC

filter gain Lo
.
~

'

filter

- I tha ADC
Ict)

LPF#

watched

e pis filter La
.
~ >09]

-

1- than ADC
@(f)

LPF←←

DSP Dowieconversion

from fir to BB

The high variable gain of the VGA is needed
to allow

any signal, which can spare Jean - l00dBm
to 0dBm (guv to 600mV peak -to - peak, on a SOR
resistance) to exploit the FSR of the ADC .

To choose the gain of the VGA, au Actc (Automatic
Gain Control) system must check the amplitude of
the incoming signal .
Finally , the number of bits and FSR of the ADC must
be chosen to account for not only the SNR, but also

issues
,
while keeping some margin far possible errors .

a Ves-^

"
" "÷.

margin
> i - i - i - i '

- - i - - - - - -

interferes DRa☐E 6,02N -11,76dB
SNR

> noise floor
(quantization noise)

issuer : half-mile problem
LO ~
'

LNA VGA
7

- - BPF . . >
É

> BPF - -



half - IF interferer
How can this interferer harm ?

wanted *
.

signal
ya É 2 mechanisms :

J-rr-J-rt-i-J-i.to £ 1 LO 2nd harmonic
2

e > +
JTF

LNA 2nd order non-linearity
< >< >

FIFI ¥ 2 VGA 2nd order non-linearity
LNA 2nd order non - lice

.

^
¥ !

yayan 1M¥
>

£RF
# -

+*¥ * £

↳
also the signal ↳ due to for instance

will have its harmonic duty cycle errors

At the output of the mixer : £

SNIR dÉgraded1
• IFÉ two harmonics)
an
£RF £RFo to >f

At the output of the mixer : ¥¥É?↳
filtered -

:

At the output of the VGA :

7

xa.az#non-liu
.

v

SN IR (slightly) degraded !

Direct - Ceevoeeséau RX (or Zero- IF RX) :

> × > LPF
^

ADC-
☒ LNA ^

£.
- BPF - n 0909 - ILO

VCtA
free >I > LPF ADC-



free = £0 in a Zero - IF RX > fie = /£0 - free / = 0

The double demodulation is needed to individually
recover the transmitted I and Q (this is true for
any receiver .

Advantages :

•

Image problem apparently solved
> no need for IR filter

• Channel selection is performed with a LPF feather
than BPF) switched
> no need for offchip SAW filters capacitor
LPF can be implemented in silicone GÉ active filters

→ Direct - conversion RX architecture suitable for
fully integration in silicon

critical issues :
nm band select

T
• LO leakage : £. - fr. > LO is in LNA and BPF BW

(LO signal also has large power)
>

F-
-

FIN v

=_£o LO signal can be emitted
and Rx weight violate

Lo -to - RF feedthrough#- -

radiation limits f- -80:- -sodBm)

• DC offsets : - LO leakage > self -mixing of Lo
7

É hic ggset
> LPF .

VGA
£0
Few mv of DC offset can saturate the VGA

reflected
'

- Interferer leakage > self -mixing of interferer

LNA#^Éffset-

RF - to - LO feedthrough

How can we filter these DC offsets ?



It / a ↳a baseband

1) AC coupling : signal

-. >±
ffp frsw

In order to leave most of the signal intact : f.pe frsw
or 1000

* noise here is relevant since we
freeware only the lowesthave yet to amplify frequency components)

/ /
C

LPF - -

> × +
° AC coupling requires^

11
¥R

gain - -
a total of 4 capacitors

C § R
- -

• C - R product must be
large to have a low fp

/ /
C

LPF - -

>If }R +
° R resistors introduce

u 11 ±

gain - -

noise* (degrading SNR)
differential c §R
signaling to -

remove 2nd harmonics a good implementation
which would introduce would need 4 very large
ware DC offsets capacitance (to have low

R noise)

2) Offset cancellation with switched capacitor
offset 7

> × > LPF
↳

/ /
.

-

Since signals eeeue
a

C A VGA
in bursts (e.g. TDMA}

- ⇒
where no signal is

during offset present the switch is
>E- .

cancellation closed and the offset is
eueiuarized in the capacitor .

Where the signal is present, the switch is opened and the
offset cancels out with the voltage drop of the capacitor
leaving only the signal at the input of the VGA .

An edge of this solution is that the offset due to
interferes might not be constant and cause offset
compensation errors; not only that, also DC offsets
coming from LO leakage that has been emitted and
then reflectedbadeiutherxdepeudaethe
¥tudoee therefore (slowly)
variable in time

.

To compensate such errors one can average
the

offsets sampled over several samples to derive a
more correct DC cancellation



The switched capacitor offset cancellation :
• solves the low - frequency pole issue

%
bet on

° does not solve the noise issue :
+ c . On

"
= KI

Voc
-

M

= =

capacitance still needs to e

be large to have low noise

3) Offset cancellation with feedback

5¥ >
It can be demonstrated
that this selection requires
a C larger than that of

-in AC coupling
R

-

e
t

⇒
not a viable option

4) offset cancellation with DAC

5£
,

>

- ADC >

VGA

>

DAC LPF < being fully digital,
DC offset dige-TI-fee.ee/

it has no eaeestzaiuts
an capacitance sizes

to extract DC

Two-step : to avoid VGA saturation

7

>

¥
"

- ADC >

±µ VGA, VGAa

DAC LPF ADC DAC LPF <

This is the most - used technique in CMOS technology .

Another critical ismene of direct - conversion RX :

• IQ mismatch



> ✗→ LPF >
Two paths :

A ✗
BBI

Khoi

amplitude mismatch EXE
Ncea

>E- LPF > phase mismatch 0
✗
BBQ

Kree (t) - Ict) cos wat + Qct) siuwot

Riot (E) = 2 (It E) eos (wot + f){ k.oo.lt) =L G- E) siucwot - E)
my {k☐rs±(t)=I?⃝£6z-Qziukpsrs.o.lt) = Qct) (1- E.) cos ¥ - Ict) (e- E) since

wanted signal component image leakage

orthogonal compound
E > gain ocean leaking for non - zero O

O T crosstalk or image leakage
✗
BBI

^I

=\→ ya
>

g-
LPF >

.

g-£ XRF^
cos cos

siu
'☒→ FÑÑz sin

✗BBQ ^①

☒T→E- >
E- LPF > ITTA

g- g-

It is still an
"

image
"

problem where the image
now coerces from the same RF frequency of our signal .
While in an heterodyne receiver a good IR filter
was needed to reject images , in a direct conversion
receiver a good quadrature is needed instead .

e

TTB IRR = Ps Image Rejection Ratio
→IÑTEF⇒T

>
Pim Pim

Qa
e-
.

kBB± - I
- fl + Eg) cosOz - Q - (1+8-2) siucz 1-

Xp,
7
' →

☒BB

serosa - Q - fl - Eg) cosOz - I- (1--8-2) sired2
I



☒ref 1×-12 1×2=1
"

IRR =
/ e- 12

= ÷É=2 =

Cersei - IT + CRBBQ -QT
=

I
> =

4 I
e- + O

'

-

(E)
'

+ (E)
'

after due approx .

Typically , an accurate design in G-Hz
range

leads
to IRR = 30dB ( e.g. with E ⇐ 0,1 and o e t)

programmable
'

> ✗→

>

- LPF -

amplifiers
^

-

IQ mismatch calibration : s >[→
'

- LPF -

Î̂
2

> programmable
090°

phase shifters
:
~

How come we did not discuss IIQ mismatches in

single and dual - IF architectures, since they also
have quadrature demodulation ? (Note that the other
critical issues instead are not present in heterodyne
structures) .

The reason is that amplitude and, more importantly,
phase errors are much weaker when demodulating
at low frequencies (i.e. at IF instead of RF)

Ko±(t) r -due to time constant

delay errors D= Woe = 2K£. E and time
response

k↳a(t)
" t mismatch

0 is actually a function off. between the

two paths
> The larger us, the higher will be the phase
error 0

Again another critical edge of direct - conversion RX :

• Even - order harmonics



>
blockers mixer RF -to - IF feedthrough
It >

✗
Rf
* A- LNA ^

XBB

← Y W
.

KBB

Air > Art
zoWe Won Wo W @

^

>I > Wa - We

2nd order a- linearity

DC components e Y * a.

can be cancelled
☒ Am

A
new① e SS

we wa Wo

wa - We

If an interferer is amplitude reeducated, another
problem arises in the form of eÉÉdE

dulatiaeeafAMiuterfeeox.se
(t) - [Aint + alt)] . coswet yet) = ex, sect) + exact)
-

AM modulation of an interferer 1- eosfswct)
2

case
' (t) - cxz - 2 Aint . alt) - cos

- cist +
. . .

=

= a Aint - alt) - t.gg + . . .

LNA XBB
↳

Af anAint arms✗
* ¥4

mm ,

K

← 9 IF F-•

l#¥z > w
W'
a

W. W apetaxi
we

> AokiAsrms
Aim modulated ~

interfered fÉÉs the ratio between RF - to - IF
{ &¥_↳¥hgI÷g¥EII¥{

[e?g?Éu a passive RZ mixer As =L , Ao=¥g> K = he = Egthe www

ABB
a

ex,
A SN I R =

Ao Qi Asrms Qi Asrms

AguaAint - arm? KcxaAint - Arms*

As A
,
KrasAE > He = A-

"pz

K R2

Ff Antz - As
rms=

Aint - arms



Concluding the list of issues associated with direct
conversion architectures

,
also kg noise can be

especially troublesome due to the#hat the gain
stage is at the end of the RX chain and hence all

early stages introduce noise that is relevant .

Solutions to this issue are: 1) larger devices to
reduce their flicker noise generation and 2) offset
cancellation techniques to mitigate the effects of
flicker raise at low frequencies .

The direct conversion architecture was the first to be
conceived

among
all RX architectures .

However
,
its

several issues made it too hard to be practically
implemented and so other solutions ( single - IF, double IF)
were used .

Only in more recent times was it possible to overcome

these issues to exploit the advantages of direct
conversion

, first of all the possibility of having a fully
integrated system .

Image - Reject receivers

single - IF :

☒
7

BPF BPF
a

> BPF> ✗ - -

band select LNA IR filter
,

channel select VGA

filter ~ filter
LO

Dual - IF : to relax image - selectivity trade - off

These two are solutions based on filtering .

Direct conversion is a solution based on demodulation .

The advantage of the latter solution is that there is
no need for additional off - chip filters :

Bpf
off -chip→ e

LNA requires an → ←

IC

output stage to Lo
LNA IR filterdrive the filter
-

¥
-

input impedance



RF off - chip blocks (such as filters) require impedance
watching
> large power consumption

with direct demodulation
,
instead

,
the LNA is

connected directly to the mixer and requires no
impedance euatchivg =

LNA } }
o IF a

RF . → I
• IF mm>

LO . • LO
T R-

LO ~
IC

RF -MA- } LNA - gm* stage✗

⇒
Is it possible to pursue image rejection based on
filtering , uuhithaut having to deal with BPF in the
RF range

which would require off- chip blocks ?

replaces
1) t⇒ image - reject RX > BPF + mixer

>I > LPF > -900

☒ LNA sin VGA
→ a

- BPF-
-

> BPF-0909 ~ LO at
- -

cos

>I > LPF

Avoids extra BPF for image rejection . Requires two mixers
with quadrature LO, 2 LPF> (which can easily be
obtained in integrated circuits unlike BPF at RF) and
one phase shifter .

The phase shifter with the summing mode can be
obtained similarly to what we have already seen :

-ur- Or → -45→o
,

a- ← -45 -

R Oeto0in On
(f,n= d

"

}RKt←m
> ¥ Fat•

= Knute •

2TlRC
)

to
← +45 --11-a → +45=>0

, is ↳
c §R2- real!

Ciuteoduces losses)



> ideal !

Transfer function of phase shifter
siuwota - cosw.tn

n nIn time domain : > -90 >

V 't get

jlz *
In Fourier domain :

-Wi
Wo

>w × > G-(w) =

-Wo
,

Wo
>
w

*

_jq -45¥ -112

> G-(w) = -j sign (a)

Effects of Hartley IR filter on the spectrum of
an input signal + image : j -

d in
- j

> × > PT
a

L -
. > -900 "

ftp.o-AI
"

>J%¥,AJk
>low side o

1¥11 w

injection
Jk• £"

+

w
-% -42

1
Who
> % >

-Wa o w w
-ja -ja EFF

jh.ae
.

. a.
- →

In:

>AKA
to w

^€
0 %=,A%

>

I
-Wa

' WEW 0 W
NO IMAGE !

cos "HIM"
>

o w

>I > LPF

In case of conversion errors (E and O) there will
be a small leakage of the image in the output
spectrum .

The Image Rejection Ratio will be again given by
IRR = 4

E- +02

> × > LPF > ✗-

2) Weaver image - sik Loy sit
~reje#X . ①age ~ ~ >090° at >

cos LO cos

>I > LPF2-I



Effects of Weaver IR filter on the spectrum of an
input signal + image :

+

÷ov a
low side

→× > LPF →×

" "
¥
:#✗
%

. ieegeeetiuginjection
^ ^

w

HF terms

sina.dk sieur
,?⃝+

1
Who
>
Win"÷ -Wa o

→¥ µ

to %EE.in
Ax

.
He .¥= ¥É

> -
* tk÷t÷¥H >

-
-was was W

an * 1,2 + ^ W

o k
secondary

-w"
" who "

¥-1,1T"'
> (almost)

o w

image NO IMAGE !
cos
,

•"

←

÷:÷¥>
"

→I > LPF →I

wuegeectiug
HF terms

A%
+

W'
↳a w¥*o?⃝,

- twos W

Comparison of Hartley vs . Weaver architectures

Hartley : phase shifter has limited BW and is sensitive
to RC absolute accuracy

⇒ limited IRR

phase shifter also introduces thermal noise
and power

loss

Weaver : problem of secondary image
⇒ need to use BPF instead of LPF or weave Wirzto ①

Tx Architectures

key ranges :

• ACPR : TX has to limit emissions

V

linearity to avoid spectral regrowth inlimits
"

non- constant envelope iuodeeeatiou
PA
power
efficiency

↳ to have high bit -rate in
a limited BVV



> low loss
• Loss - selectivity trade-off

w selectivity☒
PA

- BPF >f
-

% (
high selectivitypower

loss degrades
efficiency of TX

• Modulation imbalances (E
, 8)

Ict)
I.
*

[KI > DAC 5 LPF- >z
1- Ez

cosw.EE
Antenna

LO { +

# BPF
- a

siuwot +E PA image signal
> induced byIt EE IRR

④
*

[Kt > DAC is LPF - >I imbalances
☒(f) Ban. . . - . . -

a

✗ (f)
I.(t) = cos wast pin

my
. . . . . . . . . . . . . . . . . . . . . / . . . . . .

,

I >
Assume

(f) = gin wast to - frsrs f- f-•+fB• £

> cos wast . coswoot - siiewrsrstsehewc.at = Cos Eliot Was) t
>ideal

with mismatches : IRR = Ps
= 4

Pin E- +02 tho imbalances : Pine0)
- Add a BPF before PA to improve IRR

• LO pulling : oscillators are subject to INJECTION
LOCKING

LO to a
signal modulated at fu
with large power qq.org

> ~ >£^¥
Ict)

any
7-

*

Tfwpeiug # >
The oscillator "

looks">
→

f. t to the injected signalt.IO#-a-B.p--B.PF if its frequency is
1 pA

within the oscillator's BW

(i.e.

3dB BW of are LC osc .)

Act) If the injected sinusoid is
modulated

,
the oscillator

oscillator working at g-↳ (locked) follows its phase
frequency modulation



→ Introduce an offset between LO frequency and PA
frequency to remove coupling

I
1) Two - step TX architecture
I

%) >
needs good out-of-band

Lo
, rejection ( > 50dB)
~ >090° I-i-B.PT >

Y
> BPF

1

pA
unwanted

☒ > ~ sideband

¥¥¥¥÷¥II.
La

• Avoids Loe pulling
• Improves I Q matching

2) single - sideband mixer TX architecture

I >

Ey
> -90

÷yLO
,

Loa

~ >090° t-T-B.PT ~→090° I
-
^ ^

PA
siu ]

a
>:)

> ±

(It is the dual of the Hartley Rx architecture)


