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ACCURACY REQUIREMENTS OF

error CANCELLING SYSTEMS
A+dA \‘ < One method of reducing distortion is to try to cancel it
\\/1;' with distortion equal in amplitudeub opposite in
Ap /== = phase. Havever, the accuracrequirements for this are
A (to be cancelled) quite tough. Using cosine rule for signactor the

achievable cancellation is

CANC = 100og(1-2(1+ dA/ A)cos(Ag) + (1 + dA/ A)?2)

wheredA andAg are amplitude and phase errors, res-
pectively. For example, to achiee 30 dB reduction (1/

30 in amplitude) in distortion, amplitude error must be
less than 0.25 dB (3%) and phase error less than 1
degree. These requirements are similat ougher
than for SSB upcorerters.

PHASE ERPOR (DEGR)

(C) 1999- Timo Rahkonen, University of Oulu, Oulu, Finland



N = 7bits

45

(C) 1999- Timo Rahkonen, University of Oulu, Oulu, Finland

> [

] =
— D

st
(B

il

Y S

(C) 1999- Timo Rahkonen, University of Oulu, Oulu, Finland

EXAMPLE: 1Q Q UANTIZATION IN
PREDISTORTERS

Suppose that we ti@ a polynomial predistorter where
IM3 distortion can be programmed with | and Q &eef
cients. Naov the output is quantized which means that
they may difer from the desiredalue by 0.5 IsbThis
appears as residual, uncancelled distortion.

The achigable cancellation of distortion term in this
case is related to programmingna length by

rcoeff| (2N —15

CANC = 20lilogD /2 0 -1 <coeff<1

Thus, quantization limits the cancellation accyrat
small IM3 \ectors.

FEEDFORWARD

* Invented by Black (Bell Labs)1928

» The distortion generated by the main amplifier Al is
extracted, amplified by an auxiliary error amplifier
A2, and substracted from the output signal

» To achiee good cancellation in node B, the error
amplifier A2 needs to beewy wideband and memo-
ryless. This calls for wideband input and output mat-
ching

» Adaptation is trick.



FEEDBACK

noise,
distortion, ... * Basic principle by Black in 26’
« Distortion is in the fonard branch reduced by 1/T
Vin 4 ¢+ Vout where T is the loopain of the amplifier feedback
—( —(OH >~ combination. Distortion in the feedback branch
appears directly in the output.

« Fundamental problem of using output that already
exists to correct the input that caused that distortion
-> works well only with periodic signals

« Stability and bandwidth issues

e TIM (Transient intermodulation distortion, Otala in
70's) with signals that are$t compared to loop ban-
dwidth
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CARTESIAN FEEDBACK

At RF frequencies it is ditult to achiee very high

loop uin. One vay to circument this is to form the
error signal at baseband and use quadrature up and
down corversion in the direct and feedback branches.

: E ™ Problems:

« delay in miers and R reduce the achiable band-

LO width

* noise and linearity of the feedback mig afect
directly the output

e

Papers: Bulkner

Baseband
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BOOSTED FEEDBACK

To improve the linearity of audio peer amplifiers, H.
Sj6lund has proposed a boosted feedback technique
(“Feedback Boosting Nmtive Impedance”), where
the loop @in of the amplifier is increased to infinity
using ngative resistors. Same care is needed to main-
tain stability but low-frequeng linearity can be inc-
reased noticeahly

Example:
The transfer func. of thewlrting opamap amplifier is
Vo _ Vin, Yo M1 .1 1
— = —+— [+ =+ =
R, Ry Ap EBQl R, Rgh
The dependerycto opamp gin A, disappears, if
Rg = _(Rl ” RZ)

and in the same time, the distortion produced by the
opamp is reduced to zero. Thegative impedance can
be implemented with the circuit b&lo

(H. Sjéland, Lund Uni. 1997)

PREDISTORTION (MEMOR YLESS)

The basic idea of predistortion is to cancel the distor-
tion in the paver amplifier by predistorting the trans-
mitted signal with the werse function of the amplifier
l.e. if the amplifier is dvien to compression, higher
amplitudes need to beganded to mak the total res-
ponse linear

This compensating nonlinearity meskthe spectrum of
the transmitted signal widetequiring higher sampling
rates, wider IF filters etc.



Baseband

J:%
Q_in

IQ modul.
correction

r— —

(C) 1999- Timo Rahkonen, University of Oulu, Oulu, Finland

| Vin

(C) 1999- Timo Rahkonen, University of Oulu, Oulu, Finland

EXAMPLE: A POL YNOMIAL 5TH ORDER
PREDISTORTER

5th order distortion is created by multiplying the input
signal by a programmable 4th order polynomial. In
baseband predistorfecomplex multiplication is nee-
ded to correct AM-PM. Also 1Q imbalance and phase
errors of the 1Q modulator need to be corrected before
upcorversion (Rulkner: Crisis-netark).

In IF predistorter the comptemultiplication can be
performed by tuning | and Q components simulta-
neously before theare summed up.

10

PREDISTORTION WITH MEMOR Y

Memory in paver amplifiers appears aydteresis in
AM-AM and AM-PM curwes, making memoryless
predistortion less &fctive. To compensate this, some
memory in the erelope follawing capacity is needed.

Another problem with simple predistorters is thatythe
create equal IM3 sidebands arlfythe paver amplifier

has unequal sidebands, only one of them can be com-
pensated at a time.
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MULTI-T ANH PRINCIPLE

Multi-tanh principle (introduced by B. Gilbert, IEEE j.
Solid-State Circuits, ) is a mename for old idea to use
several nonliner transfer characteristics that are
slightly offseted. Especially this has been ergplbin
BJT differential pairs, where connectingveeal diffe-
rential pairs in parallel and fsktting them some tens
of mV either by dimensioning ormltage generators, a
highly linear input range can be generated, while the
gain can still be continuously tuned bgrying the bias
current. These va been used in mgaiRF products by
Analog Deices.

Next, a cowentional unlinearized d#érential pair is

compared to 2-stage multi-tanh pdihe idea can be
extended to more parallel stages

12

MULTI-TANH WITH 2 DIFF.PAIRS
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DIFF.PAIR vs. MULTI-TANH
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0.35, T T T T
03 : 3 3 : DERIVATIVE SUPERPOSITION
c 0025 FET type transistorsxbibit sign rerersal of K3 at
® 415 some bias point. Haigh et al.\eaused this to reduce
01 distortion: thg have seeral transistors in parallel, sca-
0.05 led and operating at d@i#frent @te bias vltages so that
0 some transistors kia positve and some mative K3.
01 This method has been formulated as “dive super-
0,08 position”: desired shape for K3 is synthesized, and by
integrating it, K2, K1, and I-U cues can be genera-
., 008 ted.
N4
0.04
0.02 This technique is especially suited for digtdd amp-
lifiers where naturally seral transistors are used. The
0 same idea can be used to create frequendtipliers:
0.06 fundamental is suppressed by substracting the outputs
ggj of M1 and M2, while the desired harmonic is ampli-
0.03 fied.
v 0.02
0.01f
0 1 1
0.01 i i
V(;an 15 2 25
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ASYMMETRIC POL YPHASE FILTERS

Polyphase RC filters, when den by quadrature sig-
nals, hae asymmetric frequegicresponse. This may
be «ploited in miers for attenuating image band, or
in nonlinear oscillators for killing harmonics. Suppose
two quadrature squas@ve signals xand X

X, (1) = %EB:os(wt) —% cos(30t) + % Ceos(5et) —..-

xo(t) = ?{EBsin(wt) + % Csin(3ot) + % Csin(5t) ..

Using Euler equations for sin and cog;jxq results in
asymmetric (comple spectrum

_4 jot 1 —j3wt_ 1 j5wt 1 _ —j7ot [
SORES R gt

Thus, 3rd, 7th, 11th, and in general, (4ki#iharmo-
nic is at ngative frequencies and can be filtered by
asymmetric filters that a stopband only at getive
frequencies.
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7. NOISE IN NONLINEAR CIRCUITS

Some basic considerations

Noise sources are bias and thus signal dependent (so-gallestationary noise).

Noise @in is signal dependent.

Usually, noise is small enough not tdexdt the lage-signal behaour.

Nonlinearity means time-domain multiplication, i.e. frequetiomain comolution. Cowolution of discrete
spectrums is eashut corvolution of wideband spectrums is kga

Phase noise deals with phase, which is not direcylycmouit wltage or current.

Some classes of @it

Linear amplifiers: linear noise analysis

Mixers: frequeng conversion analysis

Oscillators: algorithm for slwing phase as nhodelage

Nasty ones: companding log-domain filters, analog predistorters, &t poplifiers. Ne algorithms are
being deeloped.

Circuits where noise fdcts circuit behéour: transient noise analysis

(C) 1999- Timo Rahkonen, University of Oulu, Oulu, Finland
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LINEAR NOISE AN ALYSIS (SMALL-
SIGNAL AMPLIFIERS)

Aq us R2
1/ R1
« All noise sources are multiplied by the transfer func-
tion from the source to the output and summed as
noise pavers.
UZ,JZ * Fast.
» Does not handle gmonlinearities

» Usually does not handle correlated noise sources
* Noise aliasing in sampling can be handled quite

— 2
Uon = V(((R2/R1)y)" + easily

(1+R2/R1)y)?+uz?)

Uin = Uon / Au(f)

\J
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NOISE SOURCES IN TRANSIENT
ANALYSIS

« Random and\en signal-dependent noise sources
are easy todild in transient analysis

» Suffers from high numerical noise. Thus, determi-
nistic tones are often better than white noise.

» Beware macromodels. efminal currents contain
displacement currents (i = Cdv/dt) that do ndectf
noise. Signal-dependent noise generators can also
cause covergence problems.

* Summing noise as signals into transient analysis can

be considered as a Monte-Carlo test, ynaiwhich
L are needed to get good estimatate for noise spect-
rum.

Note: i and { contain also g, dvgg/dt
and G dv/dt
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FREQUENCY CONVERSION ANALYSIS

gm() » Applied for periodically forced circuits (mexs,
large-signal amplifiers)

» Gain can be considered as a periodic function that is
described as a discrete line spectrum. All tones in the
line spectrum mix signal and noisewdo to base-
band.

« Signal-dependent noise sources can be lumped in
time-varying @in.

gm(t

Fourier analysis

GM(f)
Tﬁtt;

freq

|
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Time-varying conductances and capacitances are
expanded into Burier coeficients. Noise gltages at
different sidebands can be obtained byvobring the
noise current spectrum i with the line spectrum of the
nonlinear components:

g:
Iy 9mo Im1 Im2H [V
Ib = 9m1 9mo 9Im1 Vb
Ilu 9m2 9m1 9mo Vlu
C.
T ~wp*+®w 0 0 | |Cmo Cm1CmaH | Vy
Ib = 0 @ 0 Cmi ®mo Cm1 Vb
+
I1u 0 Owo @ Cm2 Cm1 Cmo Vlu

This results in a MxN matrix, where M is the number
of nodes and N the number of desired sidebands.
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oo}

C
ISF(wyt) = 50 + z ¢, [kos(nwyT +86,)

n=1
1 @0 t © to O
t) = 3= i(t)dt + C i(t)cos(nw,t)dt0]
o = 5 o n;nq_m() S(nwgT)dr
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PHASE NOISE IN AUTONOMOUS
OSCILLATORS

* Due to amplitude limiting, amplitude noise decays in
oscillators to the stable trajectobut

e There is no restoring mechanism for phase errors.
Thus, phase error caused by noise cumulates indefi-
netly. Because of this

« Phase noise has infinite memotlgat needs to be
modelled separately by an igtating response:

- K
Se(f) = £

whereAf is the ofset from the center frequenc

Especially in nondsinusoidal oscillator (e.g. ring oscil-
lators) the phase shift caused by noise impulse is a
clear function of time.

24

HAJIMIRI'S PHASE NOISE AN ALYSIS

Consider noise as impulses that are occuring at random
time moments. If noise appears at time A and the oscil-
lator is not narrwband (e.g. ring oscillator), the noise
dacayes before Re transition. Instead, when noise
impulse appears during the transition (B) it appears as
permanent phase shift.

Measuring the a@in from noise impulses into phase
error, so-called impulse sensiitly function ISF can be
derived (it closely resembles the detive of the
waveform). This can bexpanded into Burier series,
the coeficients ¢ of which determine theain from a

given noise sideband into the vicinity of carrier
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HAJIMIRI CONT ...

Often, upcowerted 1/f noise increases phase noise.
The equation suggests that 1/f is mainly upeoted

by the dc term of ¢ Thus it is adatageous to mini-
mize c0, which is achied by haing maximally sym-
metrical waveform. Thus, e.g. in ring oscillators,
unequal rise andafl times may considerably increase
phase noise by upceerting 1/f noise.
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NON MONTE-CARLO TIME DOMAIN
NOISE ANALYSIS

Demir and Sangimanni-Mncentelli hae introduced a
method, where timevelution of noise pwer is calcu-
lated in parallel with signal velution, by solving
stochastic dferential equations (tlyeneed diferent
solvers due to dferent handling of dféntials dy di).

The result is directly the timevelution of noise
power, not just the response of a single noise sequence.

The method is essentially a transient analysis with
quite heay computational load. Hweever, it is quite
general and applicaple to phase noise analysis, too.

Demir: Noise analysis of nonlinear circuits. Kluwer
Academics.
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