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* Integrated monolithic circuits:

- Components are monolithic integrated on the same
substrate and interconnected with metal tracks;
Higher coupling between components and with
substrate;

High coupling between close interconnects;
Guard-rings;
Reduced size and usually packaged.

® Differences between LF and HF design:

- HF circuit topologies can be different and simpler
than LF ones.

- Components models have more parasitic effects
that were not important at LF.

- Mandatory and very important to create HF ground
nodes/planes clean of AC perturbations.

- LFcircuit theory still valid.

® Discrete circuits:

Individual packaged components mounted on a PCB;
Reduced coupling between components;

Possible coupling between close interconnects;
Large size.

e Distributed effects (DE):

- When signal frequency is high enough and
wavelength (A=c/f) comparable with circuit or
components sizes, distributed behavior appears.

- PCB boards and large size components can present
DE. Long interconnects became transmission lines
(TL) caring incident and reflected waves.

Z'vg\ ng)
Lt )\S» L: 2(x)=2, [; >2L
V(<) sk T(x) ave Conslonl phase and Z, TL
am’alifuda 2o ZL.

No DE!

Tt N <L: 2(x) Vx)  T(x) Com Vary a'ao?#ne TL

DE pres Gm'} !

ws
~v [

ToaYod ths ~» 2, xRy  and R = RL:'RO ( Ma}cl,\;,.a)
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* For the circuit zones where DE is important: ® Conclusion: In the same circuit/system LF and HF

- Passives like Cand L can be replaced by TL which have a better regions can coexist. The presence of DE is related
behavior. with local frequency and physical size. Usually
- Power rather than voltage (v) or current (i) is more appropriated inside chips these effects only appear for
to use because v and i magnitudes vary along a TL. a extremely high frequencies due to the chip very
- Concepts of impedance matching for maximum power transfer small size. Still, the PCB where the chip is
and reflection coefficients must be applied. mounted probably will present DE on RF signal
- Smith chart is still a useful graphical tool, in paper format or interconnects.

included in some CAD tools.
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Nom|; meor Behavior
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Guard Rirg s

Guard-rings are used to make electrical connections of p-wells or n-wells to a fixed potential.

The n-well guard-rings are connected to the circuit most positive bias source (VDD). The p-well guard-ring are connected to
the circuit most negative bias source (VSS).

Guard-rings are usually placed around individual devices (RF case) or group of devices (LF case), connecting their wells to a
fixed potential.

Passives can reside on a p or n well, depending on the manufacturer options.

Although the guard-ring makes a well connection, this connection is usually referred as to substrate (or bulk, or body)
connection. The bottom p-substrate has no direct electrical connection.

Guard-rings have their typical ring rectangular shape when placed around device(s). For connecting well regions without
devices other shapes can be used.

Advantages: Disadvantages:
- Reverse bias between n-well and p-well junctions. - Increase devices parasitic coupling to well.
- Isolate current flow (crosstalk) across those junctions. - Increases layout area and connections complexity.

- lsolate devices on the same well region from outside.
- Improve substrate equipotentiality.

* Overview :

Yeom
?F PI Model for Pas&iVe Coo-POm@mtS (ike R,COMA L P., — Pz
Ycomp is the Comfomemf ifrimSic (\moo‘el sta, Y-WB,L
Ys,“,4 ) is ﬂ\e Comf’omCmf Parasitic alue fo f‘ne SULStYﬂ*& -1- =

-MLF Y‘°""P o‘om.'.mdfcs ’H\e(ﬁwice is mear ideal.

- M RF Yous, , Gam offect !
- If P,, oy P,z is Voumo'ec‘ => Omfy ome YSUB is im Parallel with Yeomp => Less imfluemce!

»
° C Po'r .
> Uses the capacitance between polyl and poly2 layers.
Cross section view > It.|s aillnear capacitance => advantage for non-linear
//-‘ = % ”\_\ B P1 P2 B appllcatlons.
/ ” > ,
A ‘ - — — e
Em—; 3 . e
; Rey— = > Capacitor plates are not metal but polysilicon => plate
P L
Rl » mee  losses. With a careful layout these can be minimized.
— )
/
P/ EEEEEEEEEEEN

\ ) " > Usually, it is a large area component.
o o a i

Simplified angled view of a cpoly

(guard-ring is omitted) Plan view - layout > Losses in the substrate are important because poly

layers are close to it, especially bottom plate.

> MIM and MOM capacitors are better, but only
expensive CMOS provide them.
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C: Copacitor Valve
Notes:

. . The coupling to the substrate depends

R R RP' ) P"'Yi P"de Tes:stdmcl of the shape and the distance to the

LP C p,-*l P, R ' -' ‘(‘ guard-ring.
@_—I:J'VYY\.__“.__‘M/V\_I_Q D paly e fesis lamce

P1 Pl PL P y P ¢ 5 Some manufacturers (like AMS) do not

C 3 N include coupling between P2 and B.

| Coxt ox2 Lp : pavasitic imduc famce
uB
CSUMT Fsus Rsus2 % Tcsuaz COxi |R5081 ) “suBa ° CWP""‘} betweem polyd amd substrafe.
' Cam bc IlMPorfnmf.
B
’ \ f e
Coxz, RSUB)-;CSUsz . CooP""‘?« betweem Polyl amol 5ubsj(ra e,
Less imporfmf'.
R Po |r
> |t uses the available poly layers with different
resistivities.
o — Cross section
/ N W, o . 8 s > |tis a linear resistance => advantage for non-linear
M W - = .. applications.
4 P =
<o il i e > Usually with rpoly1 or rpoly2 it is not possible to

= EEEEEEEREAE @ build high value resistances (R< 1kQ). For higher values
‘\' »/" " some manufactures made available another polysilicon

Simplified angled view of a rpoly
(guard-ring is omitted)

R:

——OP)_

SUB

P1

RSUB

Plan view - layout

layer with a higher resistivity value.

> Losses in the substrate are important because poly
layers are close to it.

> Usually a complete symmetric device.

Notes:

The coupling to the substrate depends

on the shape and the distance to the
Regis‘f‘amcc valve guard-ring.
Some manufacturers (like AMS) use the
T model topology instead.

Parusif.'c CuPacifamce
PaYdSific imJUcfamce-Less i«nportxm“

R CWP‘.M? betweem qu\/ amd substrate.

65 Ox ) sy ) SlIB :
* S(Jim' Iw\oludor
. ™
[ L s s ‘
5 5 E > Easily built in a standard low-cost integrated circuit
- ox technology without additional steps.
l P
N _/ > Less occupied area and higher precision L value than
/' =, an equivalent bondwire solution.
square octagonal circular '
. . > Parasitic effects due to doped substrate and low
: - I - )
common shapes — conductivity metal affects inductor performance => Low
Q and self-resonant frequency.
\ _.//
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- McTu' Losses

/0 L L - Lemaht
Im PC NMA LF = Ohmic losses Jue fa meld rcsisfiv)f’ R rw W Wt
. LF T T — Thickmess
. R, T2 P - Res;st;v;ty
J nKim effccT ) RHF = - —} 5— &T{UE w - A«;\Aav (ru’uemcy
Im RF > Ohmic losses de fo 1-¢ Y- er«ulﬁlzty

2 FJJ\y Covvents

- Substde Losses

. Ohmic losses due to current flow between spirals and guard rings. This current crosses oxide layer through capacitive couplirg. This effect increases with frequency

» Ohmic losses due to current flow between spiral turns through the oxide and substrate. This effect increases with frequency.

. Ohmic losses due to Eddy currents induced in the lossy substrate. This effect also increases with frequency.

I L :SP;ral imdwfamce-
<p

RS: Spira( YeGis‘ram(e pc amd AC .
——OP)_

P1 CP: CaPac.lfumCC lac‘hnlcem SPiYals.

Cox = Cox
‘I:—T L]_ COx: CuPac'léamce betweem spirals amd substrate.
oy %’%‘”’

uB C
Rs % T sSus RSUB\CSUB: Pavasitics of the substrate

J)E)
- Eﬁced}\/e E,Ju(tama (Lcﬁ) amJ Se'f -YeSD(ham{‘ T(ET“"'(Y (fR)

An inductor behavior divides in three regions!

(eff \ > Zone | : Low frequency band where parasitic effects are
1 neglected, and its reactance is purely inductive with a constant

Leff. Applications: matching network.

L E > Zone Il : Band were, because of the parasitic effects, the
0 : : inductor Leff increases its reactance and also the . It still has
' fri f inductive behavior. Applications: bias network where a high not so
zone | zonell i/ zone lll accurate inductance is required.
\ / > Zone |l : Band above fR where, due to parasitic effects, the

inductor has capacitive behavior. Applications: zone to avoid.

o ?QJS > Necessary to apply bias or signals to the circuit, made with
the technology top metal and usually has ESD protection.

L
P‘*d/;., > On encapsulated chips or in chip-on-board (CoB) assemblies
they are connected outside with bond-wires.

P > |n on-wafer tests the bias or signals are applied to these pads
/ with special DC or AC probe needles, respectively.

> The capacitive coupling to ground is an advantage at DC for a

l Oy bias pad because it helps to bypass the external bias circuit.
Cox
H— Notes:
’ . The coupling to ground depend on the shape and
RSUB 4 Co,, . C“P“C‘{:‘m\(e Qf the P"A the distance to the guard ring.
sus
. 1. This model does not include ESD protection

4 RSUB ) CSVB : .Pufa$ !fa(S of the SUBszu ¢ influence.
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RF Tomed LNA

Circuits with deterministic and noise signals:
The same circuits analysis techniques used for deterministic signals can be used for random noise signals.

Noise signals can be considered incremental due to their usual small rms values. This means that superposition theorem can
be used to analyze circuits with noise and deterministic incremental signals.

Due to linear working behavior, noise + deterministic total response can be obtained by adding the noise response plus the
deterministic response.

During circuits calculations noise sources can be assumed sinusoidal incremental sources. Total noise response are usually
presented in mean-square our rms averages.

If all noise source are uncorrelated, the total noise mean-square response is equal to the sum of all individual noise mean-
square responses.

MOiSQ Fador (F)

I EE c{eﬁmifiom . ltis the relation between a two-port input and output SNR obtained with an input thermal noise
source at T0=290K (16.82C).

( i) (_5_) “Noay Latered aememfecl output
F- : " - : LA “:skv. :\/IomAv - _(_,1_ Ngk‘;\/* GaNe py - 1+6NN1AV oVailable Moise
(_M_>00t (V)oﬂm osav Ny, A SAV ANsa Gy, * Mailible pover gain

‘>If poré is moise less (M‘MV =°) > F:=1 SNR m‘.m’faims!
7 Le port is Moisy (M’M—V o) > F>1 SNR reduces|
CGS(«AQ)\ s{’aaes

~Rutt SRtz F =¥ +FJ.—4 te Fm -1
! j_ S bt 6y OnGaL " Gpem-1)
Fa Fm ‘
Vgut 6 i Gﬂiﬁ Of ’)( |
G Gpm X u Mege: ¥, m»JG, are defermimant !

LY m - oty

— N
_ V2 Ry (Re4Re)
-k sf  Foed .47:“?({\;

Ves A\/T : JPS
I, | ]
ot R*Qw Seyies Res. Rl 29 =) Pupallel Res.
- R4 - Ri
T+ = F=A+ R,

Rs
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Main characteristics:

The Friis equation show us that the first block has the major influence on the total chain noise factor. That is the reason why a
low-noise amplifier (LNA) is always the first block in the receiver chain.

The input impedance of a LNA should be matched to the antenna impedance. Usually, its value is 50W. This avoids
undesirable standing waves in the transmission line connection to the antenna and also maximizes transducer power gain.

The LNA dynamic range should be high, that is, be able to amplify very weak and very strong signals keeping the system
specifications => Care with bias points and transistors size to minimize distortion.

Topologies:

LNA topologies are chosen with the purpose of achieving 50Q input match, a high power gain, with a noise figure as low as
possible.

Circuits can also have single ended and/or differential accesses.

Sometimes cascode topology is used.

- Coﬂﬂﬁnom savrce \ui“\ Fam”e’ resomamce (CSPR)

Voot Y - AC +f_+L Vi o N Vot
Laas TPV " w
6 P\@ R CaS_L 'a,,,vas
T webuve ressomance ! 6 L, J:
2= R ! _:E

The input impedance of a MOS is almost purely capacitive.
To create the required resistive part for input matching, the RG resistor is added.
Inductor LG tunes with CGS.
Problem: Resistance RG by itself makes F higher than 2 (3dB).

— Commmom saurce with series resomamce (CSSR)

Voot Z = Roenl, ¢ _L

n R, L ot ¢ >Cqs

im o—\/vW—’Y"‘——l I webuwe ressomance :
2= Rl

The dual alternative to the previous case.
Problem: Resistance RG by itself makes F higher than 2 (3dB).
Advantages: If Qin is higher than 1 F is lower than in the previous case.

- Deaemc\(ated Cemmom Source (DCS)

Vaut

L(’ - 3"",‘5 ‘f

. 2 = L, +L _—

Vlm o_/YW\__' m Cas + b( (4 + 5) t 5Cas
L

Inductive feedback creates a resistive part in Zin without any resistance, so it does not increase noise. LS
A good gain-noise trade off is achieved. One of the most popular solutions for an LNA stage.
Advantages Better than CSSR because Re(Zin) does not generates noise like RG and Indout is half Ind =
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= Commom Gate (CG)

n Voot 2?_ - 4

'm nCqs + Gm * 1/nLg

LS If we bhuve ressomamce !
2 - 1
= jm

Problem: The main problem with CG is that F value is conditioned by input match.

Bio\S{ m&v melwarks

An ideal bias circuit should apply DC bias to the device without affecting the signals. Sometimes in
single-ended circuits the bias is voltage type.

Imlauf Side Jewce bias:
Vbn‘os . Cl)'k -2 b'ockwp Capaci‘:qr (AC COuP‘wa)

C'b:l( 2 s 'Zc\,m‘«' Z_dev-inl to allow AC b pass
BB

Vin

£ dev_im

Izbiasl >3 12400 7 the mpit curredt goes oll to the device

OU{'pd"' Si(}f JCV;CQ bias :

Voias * Siomilav t, Before
240, L) IZ- ' ((‘Z [ To 0m|r bleK D
Velev_ait
Cyk L> ,26 a5 >2 'Z , So we 0‘0»1’7" 5imK the Saﬂd

Z.

Zhiss Tonple tmenution

If the bias is applied to a MOSFET gate, a simple resistance can be used because there is no DC current.
Alternatively, if the input network has already an inductor between bias node and ground it can be used to
apply the bias, avoiding the extra resistance.

If the bias is applied to a MOSFET drain or source, the resistor is avoided not to cause power loss, so the
inductor is preferable.

CSPR

To?o 'da fes Ve
w/ the bias metwork Vie o

Con
@S :
pd

DCS
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Simusoidal Oscillators

Busic Comcept s

e Oscillator: Circuit that produces a time variant signal using only static power supply.

e Working Behavior: Interaction between a passive circuit and one or more active elements.

e Nonlinear Behavior: Necessary to stabilize oscillation magnitude in the steady-state regime.

o Steady-state Regime: Time period that starts when all varying electrical signals became periodic.

o Start-up Regime: The initial time interval where electrical signals increase their magnitude from zero up to the steady-state
regime start point.

C(oss'affcqfiom @

Haymnomic Relaméiom
or oYy
Limear Nom - Limear
Gaim block Bi -Skble block

Rc /L;. famk R¢ dava: / (}isdwoc

)

S(’uafe

Ty iamaulqv Wav e

Saw

C\ﬂamcfeﬂ zal:iam A

= Oscillation Frequency (f0): Output signal fundamental frequency.

= Harmonic Distortion: Output signal harmonic distortion.

= Output Power: Power delivered to the load at fO frequency.

= Efficiency: The ratio between the output power and the power supplied by the bias source(s).

= Spurious: Output components at frequencies that are not harmonically related to fO oscillation frequency
= Amplitude Moise: Random perturbation of the output signal amplitude.

= Phase Noise: Random perturbation of the output signal phase.

= Start-up Time: Time the oscillator needs to reach the steady-state regime.

= Settling Time: Time the oscillator takes to change between two steady-state frequencies.

= Pulling: Oscillation frequency change due to a load impedance variation.

= Pushing: Oscillation frequency change due to supply voltage variation.
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Oscillatiom Comditiom

a)?ee(“ancl’ Hdhod: A(
Lo »)

X X, = .
Al % ° -A(h)p(b))('

Barkuvsem Criteria: Té oscillates if

Trams]cev Fomctiom

Natice the use of

0scillation Comdiliom ~>A(R) p(r) =1
Positive feer} back

B(»)

Some aspects about Feedback Method:

e Assuming the analysis in made in the frequency domain, the advantage is that CAD is more suitable for simulating jw frequency response
rather than Laplace s-domain transfer functions. Also, oscillating frequency hand-made calculation is ease to perform if s=jw is used in the
oscillation condition.

¢ The main drawback is that at high-frequencies it can be difficult to identify A and B blocks, because individual components also present
internal feedback which cannot be neglected.

e Usually, there is no loop node that can be used for open-loop gain analysis without causing loading effects influence.
b) Roaf Locus Me HnoJx
Oscillatiom Comditiom ~> A pair of Comlole x poles located im the irmg mary axis

Some aspects about Root Locus Method:

Implies the calculation of the circuit poles!
For high frequency circuits this is a difficult task because:

* Many capacitances => high order circuit => high number of poles whose location expressions are complicated.
o |If distributed behavior => infinite number of poles.

e CAD is more suitable to simulate jw frequency response rather than Laplace s-domain transfer functions.

¢) Matrix Amalys.‘s Method 2 Ome-Pod Impedamce/AJnnif(‘amce Case

- Impedamce ? T
mpede — If Zb(w)>>o , T hghet paromomics x © => T ¥ Sime
ZA(I»(") l\l ZB(&J) Osc; llatiom Comol'of’oam ~> Z,'(I\whzs(w)zo
—AJﬂnifamce

\LH

Te¢ Yb(w)»o ,V highet haramomics 2 © => V¥ Sime

Y (v VLY@ oucillation Comdition ~> Y, (V) + Y g(w) =0

Some aspects about One-Port Method:

* On the steady-state regime an oscillator has usually, voltage V or current | with approximately sinusoidal waveform. This depends on how the
passive network (B block) filters the electrical quantities.

* In accordance the nonlinearity should be characterized in terms of the sinusoidal waveform amplitude (V or I).

* The correct oscillation condition to use is the one that is close to the real oscillator behavior, i.e., the impedances condition if | is to be
sinusoidal, or the admittances condition if V is to be sinusoidal.
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Start- Up Conditiom

The start-up regime is mandatory for an oscillator to reach the expected working behavior in the steady-state regime.

The start of the oscillations begin in the small-signal regime because the oscillation magnitude is very low. This means that the start-up can be studied for small-signal
condition.

Oscillator circuits must be unstable in small signal level, so, a small perturbation like noise or a power-up transient are enough to start the oscillating behavior.

During the start-up regime the signal increases its amplitude which reduces gain of the oscillator non-linear A block, up to the instant when the frequency and the signal
magnitude satisfy the oscillation condition. At this instant, the steady-state regime starts.

During start-up the instantaneous oscillating frequency can be slightly different from steady-state frequency.

a)?ce(“)axcl’ MCHIO(J:
Stavt Uy Comditiom "> Iam Amall sigmal 2 [AG)pM >4 for AB)pn X O°
-> The system is Umsfable amd the oscillatioms boild-up

Besides all the pros and cons already mentioned, this method only analyzes global stability => Does not predict start-up frequency. But it is an exact stability/instability
analysis (excluding loading effects influence)

B) Root Loous Meﬂ\oo'f
Stayt - UP Comdifiom W A pair of (,omd'maatc POles im the Y'-zhf‘t‘v\f Com'P'” F’ame
Besides all the disadvantages already mentioned for this method when applied to high-frequency circuits.

The location of the poles change from small-signal regime up to steady-state. In small signal the poles must lie on the RHP, with the compression of the non-linear block
gain, they move to the final position in the imaginary axis.

It is also an exact stability/instability analysis.

¢) Matrix Amlysis Method 2 Ome-Pod Tmpeckumce / Adonittamce Case

Re Lzp+ 2.0 )] <o L
Impetlamce Lol A ZB:,)] BA<O ° e Ra
2a + w) | Vo o
Stavf‘(/f; Comdi‘iom m‘E " ° -
Ya+t Y. (w)
Admittamce e LYa YBw]{o GA<0 Lg . = Ko
IMLYA— + Y B(Ul)] o) o TB

Advantage: Start-up frequency estimation.

Disadvantage: Approximated method because a real oscillator is neither a series nor parallel true RLC circuit.

Oscillators omd VCOs circuits

Advantages:
A) Di(femmffaf LC Oscllatoy
Vee Differential outputs - better for silicon IC
l __l_ Current source bias = better for silicon IC
T
LN - - ) :
Voo [ oV, > Cypss Couplea{ d.fferen\cm( Paiv
N Vom limeay block For $omall siamls ->Y = -am/z
vd N ap A
Vol tage V,yp & Sime Waye = -
N shqpe > > ol 29e Yap ¥ Sime Wave =Y, AL

g‘i’_)lbias / *
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Frcqvemcy Comtrolled Oscillutors

= Only reference frequency oscillators work on a single frequency. Examples are clock generators or crystal oscillators.
* In telecommunications applications oscillators must be tuned for different frequencies.

= The frequency tuning is made by changing the LC tank resonant frequency.

* Changing the L value is not an easy task, especially when a spiral inductor is used.

= The most popular option is to change the C value.

= A voltage-controlled oscillator, VCO, is an oscillator with continuous tuning function of a control voltage.
Varactors based on MOS device are used.

= Adiscrete controlled oscillator, DCO, is an oscillator with discrete tuning function of a control digital word.
Switched capacitor banks are used.

L —0 by
l I | —o b
Vrun o
Voi : i Vo2 Voz
ss Iss
VCO DCO

——

The output signal of a noiseless sinusoidal oscillator is given by: VQW (6) = \4 Cos(wo(; + ?)

If noise exists at the oscillator output, it will modulate both amplitude and phase that became random signals: \[‘wt (ﬂ :A(f,) COS(OJOt + (P(t))
The noise that appears in every electrical quantities of the oscillator is generated by the noise sources inside the circuit.

An amplitude stabilizing mechanism is present in all oscillators and it tends to reduce amplitude modulation.

Phase noise, the phase modulation caused by noise, is more important in telecommunication systems than amplitude noise which is the
amplitude modulation caused by noise.

Several methods are available to analyze oscillators noise, from simple to more sophisticated ones. Usually, different assumptions are made
during the problem approach.

Oscillatoy P\fnse-moise, out pot powey Sped’ral Jems,if)a

Phase-noise Power (Pn) is the obtained by integrating its PSD in a
certain bandwidth B.
nofse side bands’ ~arayarea . Aoscillator phase-noise FOM is defined as (Pn/B)/Ps for a given
nois:pow ) distance Af away from fo. This way the noise is for 1Hz bandwidth. Ps
" isthe signal power.

If the side bands are symmetric the upper one use is usual. Units are
dBc/Hz (c=carrier) for a given distance Af, for example, -100dBc @
1MHz.
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Basic Comce Pis

= Mixer: Circuit whose function is to perform the frequency translation of a given signal.

= Working Behavior:

- Frequency translation requires a nonlinear or a time variant circuit behavior.

* Only a circuit like this will produce new frequencies at the output that do not exist at its inputs.

" If the required translation is to a multiple frequency of the input, it is only necessary to use one of the
output signal harmonics.

" However, if the required frequency is not harmonically related with the input, an auxiliary oscillator must
be used (local oscillator — LO) to perform the translation.

= Applications

— In the Emitter (up-conversion): frequency translation from a low frequency to a high frequency.
Ex: From baseband (BB) or low frequency signal IF1 (intermediate frequency - IF) to a higher frequency,
like transmission frequency (RF) or IF2.

~In the Receiver (down-conversion): frequency translation from high frequency to a low frequency.
Ex: From RF or IF1 to a lower frequency signal, IF2 or BB.

Characterizatiom XT—d Mixer —

I

= Conversion Gain:
Power (or voltage, current, etc) gain between input and output signals. The power gain can be transducer, available or

TF Dowm Camversiom

power gains. 6 i Par (for) 6 _ Prelfyy)
Moy ——, wer = e
Emilter Pr (frs) Receiver P (fg;: )

= Ports Matching:
Some of the mixer ports, RF, LO or IF, can be matched to a certain impedance value. In this case their matching is
usually characterized with reflection coefficient.

= Conversion Gain Compression:
Like in an amplifier, 1dB compression point for the conversion gain can be obtained. It is desirable that the mixer does
not reach that point in order to avoid the output signal amplitude distortion. Third-order intermodulation distortion
also applies. In systems with phase modulated signal G¢ phase distortion must be analyzed too.

= Conversion Efficiency:
Ratio between the mixer output power (PIF) and the total power (AC+DC) supplied to the mixer (PRF+PLO+PDC).

* LO Power:
Required local oscillator power, PLO, at LO port. The higher its value, more difficult the LO design will be.

Noise Factor:
Ratio between the input SNR (at input fkequency) to the output SNR (at output frequency).

z *-RF F = LF
Reccive, ‘€t -

v SNRpp it QR oy L0IF- Bo(f.0)
* LO-IF Isolation: ‘PIF(fLo)

Is the LO attenuation when it reaches the IF port. This value must be as high as possible.
_ ﬂo(fto)
= LO-RF Isolation: LO-RF= —“3__
Is the LO attenuation when it reaches the RF port. This value must be as high as possible. RF(fLo)
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Ome -Tome  Exc itutiom

Two ~Tome Exc ifatiom

IDC

b b
zalpet b Vi 4 Voo t 7 Ve

I,

Lir

NLis i=ftv) ty,)e amd (mermorrless described by :

i(V)=av+bv2:  Where

So

Wheve

b 2
_ 2,2

I,= c*Vl.o + lbvoc\io

Lo

- b2
ELo-lVLO

i= I, +T cos(Wyt) +I Cos(2 Wt

V= VDC+\I/_D CDS(U)LO(T)

Al ()\EPQMJ oM VLO'.

Example 1: Both RF amo! LO are stroma siamals

Some as before but: V=V +y, Cos(wob) + Vg, COs(w t)

= 0T, + 1 cos(wyt) + T cos(au),6)+
+ T Cop (Wi, t) + T or CO5(2ups6)t

* Top-10€08 L_(WRF W) t] +
£ IRF +La(’o SL—(UURF i p) 6]

2

=\ VLO + 2'va( \4.0
- aVRF + 2bV, VRF

Exwmp'e 2: Ome sfvoo.a und ome weak siamal

i=fv)
v =Vs

‘770'»0 tVueak

i(v 56"""0) = I+ T pcos(Wat) + T cos(2 W ot) —0Ome Tone!

+
(H( )

(A v Vweur

VSt Vo»a

=> USC Tmllor Series => ixf(vstrorv) + JV

= (OL t2b ‘[Voc"vw cos(w“&):D VRF Cos(wm-_t) J

At

—

’ v'VeaK

S‘Wo«ra
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- b2
200 2 v‘-°
- b2
2R% 2 pr

IRF-LO: IR;:,LO = IDVl.ovm=

V,

Stvowa = Vet Vo

Vweak = VRF

Note Lo +RF miX3M0 PYooluJ.s have

fhe some Valve as im last exwmp‘e



Dooble —\l?atamceck Mixer (Gilbed Cel)) Voub < Ry i, +ing~ I3 7iog)

T o, [ S
~ Iss + ,kIs \ v'_Dj 4 K'_"ﬂ " lo, Klo
B R,
TN\

L ", ads us « wivent L ", ads us « wivest
Source for the pair My y Source for the pair "5,6

Us;ma Tix & f+1’5 whem x %o We cam wryibe:

S e P (R ey
. - [T -
! e = (- 2o [ (1w 5L )

Tf V= VgpCos(wyet)

?tss Vout = = V2 kRy v, v, Vot K Ro
= VJ.:VLOCOS(W‘_O(?) = 6(_:-\7{: —\I:l_-vw
Comments:

¢ 4 quadrants multiplier.

* Good isolation between v1 or v2 to vout.

¢ High GC, low NF.

e Linearity is higher than the single-balanced case.
¢ Differential accesses.

Voot = Ve (oS (wnt)

Switch Mode Mixer

+
Vio

Comments:

e Transistors work as switches.

* Reactive components filter unwanted high order mixing products.
e Highly linear but high NF.

* OPAMP can be a low frequency component.

=
o

==<
- |
HH

+
Vw

Comments:

e Low conversion gain.

e High linearity.

e Mi switching => High level LO
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Ra(/' To Amhifedﬂ;ms

This architecture uses one or more intermediate frequencies (IF). Invented by Armstrong in 1918. It is still the most used topology in transceivers.

Aor A
Vielt) = RZ ¢ Cos]_?w”-wm\ﬂ

LPF

Var |

% x %*ﬁ\&p
3 A

Vol
IF =
«
Down Comvevsiom '. m ﬂ
—+ t W 4 >

o o RE Ir w

In reality the signal received by the antenna has not just the desired signal. Lots of systems coexist in the open air. Also, in modern telecommunication
systems several channels exist in the same service band. So, a more realistic receiver need:s filters.

RF
By LA BPF; ~Preseled filter /bund filter
~ ~ 1
= w’ X 1 BPF, —Chammel select filter
Lo(~)
A A 4
- BP¥, - BPF, 3
N e Tr i i v

Inm3e ?vectoemc:f

The image frequency (IM) is down converted to IF like the desired frequency (RF) and corrupts it.
/r /r

IF IF
7L

, (]
RF

o IM Lo

.

M,

W ¥

Although BPF1 minimizes IM signal at the RF mixer input, it can be further reduced with image reject filter, BPF2. Additionally, it filters LNA output noise at

IM frequency, improving receiver NF

RF
BPF, BPF, BPF;
AW

Lo
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Dual TF

The image rejection selectivity trade-off can be improved if a dual IF topology is used. A higher IF1 can be used simplifying BPF2, and the channel selection is
improved by BPF4 at lower frequencies. Sometimes IF2 is equal to 0 and BPF4 becomes LPFa.

RF
BPF4 BPF, 171 BPF; 1F) BPFy
< <o
ZHZ z o
Lot Loy

Note that in the second downconversion the image problem also appears but, because the frequency is lower and BPF3 reject it, it is not so severe.

BPF1 is usually off-chip. Sometimes is the duplexer used in full-duplex transceivers.

BPF2 is also off-chip because of its high Q value. Usually, a SAW or ceramic filter is used. But these filters are 50 matched, so the LNA output must be 50
matched. This means that buffers must be used increasing power consumption. The cost is also higher.

Off-chip filters are less expensive if standard frequencies are chosen. Example, FM radio, RF=[88,108]MHz, IF=10.7MHz (crystal filter), AM radio,
RF=[540,1600]kHz, IF=455kHz.

Channel tuning is usually made by changing LO1 frequency. In this case LO2 frequency has a fixed value.

S;ama’ De m\oolulaf.om

If the lower IF stage produces a slow enough signal for the ADC, then the signal demodulation (recover the BB information signal) can be done in the
digital domain (DSP). Another option is to make the demodulation in the analog domain. Depending on the modulation type, this can be done if the last IF

frequency is enough low or zero.

Modern communication systems use digital modulation techniques. This means that instead of a single BB signal, there are two BB signals, I(t) and Q(t).
Demodulation has to be done by mixing with two signals in quadrature

cos(w, t)
LPF
X l—o1®
~/
X(t)
T | LpPr

% —0 Q(&\
laY;

sim(w,t)
TYPica, Architectuve
For digital IQ modulation a typical receiver is:
Cos(w, t)
2
RF¥ LPF
X |—o 1t

(s ~)
)
1
)
>
»
-
-
—

%,
R
R

% —0 q(e)
'aYi

Sim(wwf\

A channel pre-selection can be made by BPF3 if IF1 is fixed, which means that LO1 must tune the channel frequency. LPF perform the final channel selection.
IF1 is lower than RF which is better to reduce quadrature and phase impairments at LO2.
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Im\uae Cameelatiom Architectures

To avoid the need for an image reject filter, other suppression methods can be used. For example, canceling the image at the output by adding two signals that

have it with opposite signs.

> Har“ey

cos(w, t)

LPF
e
(o7
~

b

?
~
<
b

WE 0 WwF

R

Sim(w,¢t) Vv
No immae 'omly Hne dnamme\
> Weaveyr
Sim(w, ) Cos(w, t)
LPF 0
e
| ~
IF2 HEL?
- L P¥ ) l A
~d ! !
) /:\ } O 1 t >W
~ 0 IF2 102 IF4 Lo RF
cos(w, ) sim(w,t) Outpyt hes mo 1Mma ac
A 2
Woyks l’)’ fre('uemcr plommima . wIFl:wRF W01 %02
wWLot 0 wot @
It is assumed that out off band components are filtered. G : o
-90 9 -90 °
90 ‘ ' | e’ 90" 90 °
Same cancelation principle as Hartley but phase-shifter WiEr 0 Wy @ WE2 0 W W
is replaced by 2nd quadrature stage.
0 0 90 ° 90
00 ‘ ! 1 0° 90 ¢ 20
w Wiz 0 w2 W
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’

It is an architecture that down converts the RF signal directly to base-band (BB). This means that WLo=WrF and WiF=0.

Direct Comversiom /Zero -IF arditedure

ZHe-o—

U=l

™
-
hl
~
O
h

The major advantage is that a homodyne receiver doesn't
___oBB suffer from the image frequency problem.

1y

No image-rejection needed.

ysi I m \ N
44
(¢]

t >W
LO=RF I Iy

Also, IF filters are not needed.
Channel select low-pass filter is usually active.

Between this filter, the ADC and a possible amplifier between them, a good noise-linearity-power trade-off must exist.

DC Offsets

If at the RF and LO mixer inputs the same interference signal appears, on the mixer IF port a DC component is generated. Thiscomponent can saturate the
following stages and ruin the receiver performance.

Self -Mi)f;mg

RF
Due to poor mixer LO-RF isolation, the LO signal is successively reflected in the RF chain ports mismatches
BP-,: and mixes with himself. Substrate coupling can also be responsible for this effect.
Vi
~ w, ()—-- -
2 Ksad < This same effect is less severe in heterodyne because LO frequency is lower than LO=RF frequency.

Y

vaoma Tmterferemce
RF

®
-v
i

N
&/
O

A strong interference signal can cross the RF chain, leak to the LO port and mix with itself.

Lo
Time Varyimg Offset

-, RF Any leak from the LO to the antenna can reflect in a moving object and produces a time varying self-mixing effect.
This is worst if the receiver is moving.
BPF Vi This produces a low-frequency time varying offset which is very difficult to distinguish from the desired signal.
<
~~ --.
v

3
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T/Q Mismmatch

Errors in the amplitude and quadrature relations of the quadrature demodulator will affect I(t) and Q(t) BB
signals. Suppose that the amplitude and quadrature mismatch between the oscillators are € and 8, respectively.

XL01 Xor = L) Cos(wp, ) +Q,(t) Sim (o t)
v
L Xor = (‘ *%) Cos( et + %)
vl et Y £ o o= Ure
Loq = (1 --) Cos(wgrt —3)
X 1 1
RF L Pr W
% =9 T, () Qu(®
~ S 0
T=(1+3 [ Cos(3)~ 3= sim z)]
X I (“ (H 0
Q= (-5 (D) 20 ()
Annpl'twje Om‘yl é+o a-.(‘ 6-0 Omly a ﬂaim fac’for ﬂmjf
- L@ - -x(H é affects the BB siamal
L= 2 ( * -) Q (4 ) fl 3 Typical required values for mismatch are
M below 1dB for amplitude and 5 degrees
Phase oml\ll £=0 amd @:=0 for quadrature.
T- It ( ) Q,((f ) T hus @ fVaditm of Q In this aspect the heterodyne with
T ( 2 i quadrature demodulator is better due the
Q hos « f ractiom of T lower LO2 frequency of the second
I.6¢)

_ . /6 9,((“ 0 . J . quadrature demodulator.
Q - S""(‘f)‘ COs(—) This ezhtjes the S.amufs
Ll__—_, 2 2

It is an architecture that uses one or more intermediate frequencies (IF).

B PF AIF A
Vie —~ Ver(t)= —5— = 005[( Yo )g
: ——> Wr
* 1
Vo
Lo . =
Up Comvevsiom /‘i g A
TYPica' Architectuve o 1F oY S >w

For digital IQ modulation a typical emitter is:
Cos(wy,,t)

O i

- BPF1 and BPF2 necessary to filter mixers outputs.

- BPF3 eventually needed to filter PA output.

Advantages
106 0—(%) BPF BPF, BPFs ; , .
> PA output frequency is far away from LO frequency => Less oscillator
o ~~ ‘~ ~~ pulling.
(s0nd -~ (S > Quadrature stage at IF => Less sensitive to mismatch.

Disadvantages

9ce) o—(x)
> More complicated circuit.

@ LO2. > More filters.

=sim(w b
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For digital IQ modulation a typical emitter is:

(0}
Cos(w,,t) 0, = gy

Q Lo RF Advantages
> Simple circuit.
> Lower chip area required than the heterodyne.

< <~ Disadvantages
o ﬂ(\é % > PA interferes with LO at the same frequency due to poor isolation => oscillator pulling.
> LO leakage.
Q(e) O o > RF 1/Q mismatch.
)
Sim (W 1)

H 19% B E[[fa'c i@mcyPF PO\!\/QV A(m);/ef.eys

Mobile Phomes Wiyeless Tmtermet Access
6SM = UMTS = |LTE IEEE = IEEE = I|EEE

CDMAome = CDMA2000 = | TE 802.11p = 802.110“0", => $02.16m
20 36 Yo Wi Fi Wi Fi WiMax

Modern systems transmit more information => Higher data rate.

Spectrum is scarse and need to be used efficiently => More sophisticated signals with both phase and amplitude
modulation (OFDM, M-QAM).

It is difficult to build linear and energy efficient power amplifiers (PA) for signals that do not have a constant
envelope (amplitude modulation) => New solutions have to be studied.

Usually, the RF signals to amplify have instantaneous power peaks much higher than the signal average power.
Pﬂnx

j-P -PDF(p) JP

typical PA behavior A A
— . 4
M. - Pout _ _min A - CDMA urban
oV = c’\? 4 4 o
U Poc b = PDF ; 2
= - e B4
— .PDF(p) d 33 ;.

j (P P 5 ] :
mim 5

Because the peaks cannot be distorted, i 5 ']

the PA is almost all the time working : ; » R TS

well bellow its maximum efficiency. Pavg  Prax Pin 4G G D el Foiiom)
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PPenk

Peak to AV"V“ae Power Rutio PAPR = System | Modulation | PAPR [dB]
average GSM GMSK 0
Called Crest Tactor if nnaamiéudgs are ysed GPRS GMSK 0
EDGE 8PSK 3.2
Tower Am\lei(ieYS Re7ui(ememfs UMTS HPSK 35.7
_Hialn outPuf poweyr —Hiih eﬁ{;(iemcr CDMAone QPSK 5.5-12
—Stability CDMA2000  HPSK 4-9
-L;meav.'ty —Power Oum
802.11b QPSK 3
802.11a/g | OFDM 6-17
Power Gai =
owey (Oaims PL (w') —]::l——-O-- - 0—
breruhm Powey Gaim — Gy =
a P P]:N (Nf) ‘.
V, (~ civeui D F4
AVai'u')'c Power Gaim — GA: POLW((”') ° <> -
Pﬁ-ﬁ'V (w')
-
-rYaMSAU(N’ Power Gaim — G = |—L(w') ] J
Vi (w') _ Zim(wq) ‘Z: SAV IV ‘oytoV PL

_l.mPU't nmfchimz Zin~ T, (wy) im Zim(wy)) +Zg

Ef(‘emc,
Outpt efficiemcy : m=—1t
wtput efficiemcy : M=o
oc

P - P

bc

?ower AJJQA Ef(iciemcy (PAE): PAE-=

=>1Is imfortomt whem the (aaim i5 mot hiak

ComVemtiomal RF classes: AtocC

Transistor (device) acts as a voltage controlled current source io(vi).
The output circuit is tuned at fo => vL is sinusoidal.
The behavior depends on the input voltage vi and device io(vi ,vo) characteristics.

o 4 o/ . :

. V,-"M 'I"m Vio.” Viox = DepemJ\ om tramsis toy
I — In i

' ax \ Note: ,

" | -BIT: 1y=1, -Mos: 1,715
! :' Vo=Vee Vo=Vps

—> 3V i ‘e
° Viar VO o Vi Vi = Vae Vi= Vs

i Max N - [\ - [ Class | a[rad] | la/Imax
Vie [ ;S o\ ), A 2n 0.5
' AB | 1m2m[|]0,0.5]

1 0
C 10, 0

Resumos Page 23



Fourier amalysis of I, wave form

1/ s 4
T =I- Lax | asim(%)-u-cos@
0c 0
c am 1-cos(%) DC amd fund.
. are €ﬂbbah for i=1
T, =t ool Calewlutioms ]
AT 4-cos(%)
Notes om \/0 ) =2
~Depeads om device oupst curremt I, aed 0
deﬁ(,e lOdJ iMPgJM 2-|-|- T [} G[ra‘:]
~ Viim =0 for ideal device ( Mso called Kmee Vo“dye\ ,a: AB 'E c a
wideband output circuit tuned output circuit

=% gRL)vL

* ig has DCand AC parts * ig has DC and AC parts
* i, has only AC part because of Cy,, * i_ has only AC part because of C;,,
* Vo DCpart is equal to V;,c because of Ly, * Vv, DC part is equal to V, because of L,
* ipc has only DC part because wl¢y>> * ipc has only DC part because wlL¢y>>
= igc = io DC Pal‘t- = iDC = iO DC part.
* Vepi has only DC part because wCg (>> * Vcpi has only DC part because wCg «>>
= v, =v_AC part = -i R_ AC part = v, =v_AC part = -i_ (w,)R, => sinewave

Note: Following study of classical classes assume tuned output circuits

Class A:

T = = — = - ==K IS =
o =T =72 =1 Rs T Tz Ra B 2RIy =P
@ Poimt :
T Q = VMw Poc = IqV, = 2F, Rue=P, P = f
2 pc= 29V =2Ta Tows = P~ =y 0')2—-:50‘/-
b Advantages: Disadvantages: pC
? - lo current without distortion - Low efficiency.
(theoretical) => Unnecessary output filter. - With null input signal => Ppiss=Pbc
V - High gain.
o
N, For less tham mmax 2
My - Foiss IP
axcUybiom . = 1_11(—- )
Vo Poiss"'* IHA—x
s . B /Ip "
2T O 0 LN 21T 0 P =4 'T_ 2
L Hax ‘MA,X — Poss/Possmax
IP L 14+ | e
=2 —_— 05
1°2(5,.)
'Hﬂ-)( 0 05 Toftowax
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CIO\SS B Q Poimt : Hdrm\omc'(,s : Tumea’ loud

z - T -2
o = T IQ =0 IO -ID'. = _:x RL: RLA l tﬂ!ual PDC - F‘ PLA } LLCSS
_ T _ to A _ ham A
T Vo = VMux I = R L=Pa [ Poiss = =T Py
2 2 L
m =285 7. Bettey thum4
I
_ ? Vo Vo Foy less tham Max Foiss T y EE I 2
lo(6) axCUysiom+ P Mo Y-t T I ‘(—E )J
oisy'ax Maxe Tha
Vi
(08
u
T |- Ro_ Ip
"‘QX VQ - Lf ;_ 15 PoissPoissmax
1 s . T2 pax “Max ‘ 4
% T ir e 0 i e ~—n
I 2 (1) L T
Advantages: Disadvantages: _T P T AP
- Higher efficiency than class A. - io current has distortion => output filter ”’ - TI T_- 0 1 Ip/Myax
- With null input signal => Ppiss=0.  is necessary. 'HA-)(
- Lower gain than class A.
Class AB
T<ou<aT @ Poimt : (@) Harmomics :
N Cos( 2 . a
I"ln( IQ N IMax. 9-) T - Il”..l Slm(%)-OKCOS(I)
1-Cos(2 0T AW L 0s(2)
VQ S VM_a_x 2 { & -Sim(x)
2 _ . = =
T = In 2 -8im(@) 72 25im(3)-aCos($
I 1 27 O\) 2 2
? el Vo 1-Cos(3

VQ[1~(05(%)]

Advantages:
- Higher efficiency than class A.
VN - Less distortion than class B.
(28
VQ Disadvantages:
-~ 7 - io current has distortion => output filter
— is necessary.
2T 0 (o} c:[ra’d] - Lower gain than class A.
Class C:
O<a<T R Poimt - Harmomics :
1, = () a
Q o T - The 2 Snm(-i) xCos( ,_)
= Mpx 0~ 2% 2}
o VQ = \_Irﬂ 1_605(i) { x - Sim (o)
Vo[1-cos(3)] 2 ; =
Q[' o5( 2 _ -
pDe 2osin@ T2 e T (S
1? 12 4 -Cos( z)
Vo Vo
'0(9) Advantages:
- Higher efficiency than class B.
VM RURLA
(13 ...,
L n ' Disadvantages:
V‘? ' - io current has distortion => output filter
I“u - 0.785F=====-pF-==m==mmmmmmooS : is necessary.
I, — - ; - Lower gain than class B.
b > I
o T 2T 0 o e i
/]-\ - 1
? :
0 m afrad]
(8)
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Fov maxiemuam excursio m: Class A awd B under oubpul power back oft

2 . : : Mot (qu(' fmym LTUsi10M

=
wh

—class A
class B

normalized to class A parameters

Y
o .5 05
05 -
0.25
0254
:DI ?-L'I’p| plu - pif2 0
condution angle &
T T % -
P /P dB
A «AB> B «C-o /Pima 98]
Sqlmh'tha, closs B Ya,faac :
lof6) lof6)
C'oss B v
L5 Y => Ty |-
" q Mus Vo[ = 17~ -
In —> +—> 1 —> +—>
o m 2T 0 0 m 2T 0 % m 27 0 0 m 27 0
With id eol

By mim;mhbima, ple) =V (e). fo(e) the f.ﬂic,iem(y i5 imcreased => Pi=0 = «]:(00’/. Comfemeds
0dd hurtmomics ace added bo Vo(@) amd i,(6) is e7Ua( fo class B
We meed to sw,m('hesi?c the load : m=21 ->ZL((U°) :_ﬁ‘! »
m evem > 2, (mwa) 20 =, has evem harmomics but v, \as st
m odd > ZL(M W) = 0o = v, has 0dd barmomics but i bus met

C’QSS F: To S\,mﬂlzsf?c ZL((U) am imfimitc mumber of resomalers is vsed

- P
Co w=w, Ia" =T £
Ioleal Regamdfor = Zﬁum (u) ) —‘[ “ => “ Voe
K O If wéwees Vo = 2 Vo

Cluss F with maxiarally flat vo(f«ae: To symthesize 2, (w) @ fimite momber of resomatevs is used

Iemverse Class F2 The iy Wave is squared |
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Imtvo doctiom:
Tramsistor as am jdeal swifch.'

Is . s

-> <0 . -> (. 70 .
OFr —— { Vs ‘0 =) P =Vgig=0 ON ——=>— { vs_o =) P =V ig=0
Vs 5 vy 5=

Remarks:

- Necessary to minimize time periods with both is>0 and vs>0.

- In the OFF state the transistor is close to ideal switch.

- In the ON state the transistor has Ron triode resistance => losses.

- The change between states is not instantaneous due to transistor capacitive effects => losses.

Tm rea(.'tr

Time Imlervals

s B —Nob Critical (i%0)

b -~ Ion,fo(tomf (Vﬁ 0 ]
Alc - Very I(w,ortamf (Vs 70 amd is F0)

- A‘ﬁ (OW frez's A‘upd C ave meal;a&bk
0 < e plg pig > t
A B C D

—Curremt Mede Class P (chep)
IS sz -> ZCVO \Ialfaoe SWI{'(}I H Tl'\e {mmﬁl“,tgy 60rm5 ON Wl’\emﬂ! Volhae iS ZeYO

If a class is non-ZVS, when the switch turns on, the transistor output capacitance will be discharged through Roson. These
losses are proportional to frequency, so non-ZVS PAs are not suitable for high-frequencies applications.

—Class E

The class development is based on the inevitable fact that transistors take some time to change between ON and OFF states.
The idea is to shape the waveforms in A and C time intervals to minimize simultaneous coexistence.

This is done by proper choice of transistor load impedance.
The problem is analyzed and solved in both time and frequency domain.

input
drive | on on ON=)O0FF
off Vo must imcrease omly after i Curremt becemes X0
o1 {
OFF 0N
oL\ f : a) Vg is 2evo (2V5)
e i ; b) Vs derivative is Zero (25 VS)
0 i |
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