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|. Abstract

This paper reiews different techniques used in the liten to analyze distortion
in analog intgrated circuits. It concentrates on analytical techniques rather than on
numerical techniquesethniques such aoNerra series, harmonic injection method, and
modeling of circuit non-linearities, are discussed with emphasis on the @adedth-

niques. The theory behind each techniquejdagned, and theare compared together

[1. Introduction

In general, distortion is one of the most important undesifedtsfthat appear in
analog circuits due to non-linearities, whictvéanary sources in intgrated circuits [1].
In mixed-signal intgrated circuits most of the functions are implemented in the digital
domain, leging the analog designer with tough specification to design analog circuits.
Thus simply relying on the first-order analysis may not be enough. Kplriag the
analog circuits nonlinear behar is a must. Also, in analog RF front-ends non-linearity
becomes aery important issue, since the amplitude of the vecksignal mayary over a
wide range depending on the distance between the transmitter anverétéie circuit
exhibits non-linearities, this will generate higher order components called harmonics. On

the other hand, if the desired signal is small such that it dosestiorate the reogr cir-
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cuits, a neaby out-of-band interferer may generate an undesired in-band component.

These components are denoted as intermodulation products.

Distortion has been analyzed usingeatiént techniques in the literature [1-8], this
paper will not discuss the numerical techniques used for distortion analysisolidreaV
series is the most popular symbolic method to analyze distortion. It combines the theory of
convolution and aylor series xpansion to xpress non-linear systems with memory [1],
[2]. It's a paverful technique, yet complicated, breaking the non-linear system ohdo
an infinite parallel sub-systems: a linear sub-system, a second order sub-system, a third
order sub-sytem,...to an infinite order subsystem, depending on the goooeaneeds.
Most of the published ark [3-8], till now, try to avoid using the Wlterra series method to
simplify the analysis, and merely approximating the system as a non-linear memoryless

system. Thus, representing it by theylbr expansion.

2 3
Y(X) = ag+ax+aX +agx + ...

For example in [3], the authors describe a simpéywo model the non-linearities
in a single-stage amplifieand used it to des¢ expressions for the second and third har-
monic distortion (HB), (HD3), this will be discussed in section Ill. Furthermore, & ne
technique termed “Harmonic injection method” is presented in [4] which represents a non-
linear system,>xited by a certain frequepdy a linear systenxeited by the fundamen-
tal input and all its harmonics.oTcalculate the total harmonic distortion (THD), the
authors propose a symbolic itevatimethod that will be discussed in sectionFinally,

in section V a comparison is made between tHeréifit techniques.
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[11. Distortion Analysis Using Non-Linearity Modeling

Single-stage amplifiers constitute the mairlding block for multi-stage ampli-
fier, therefore, proper characterization of single-stage amplifiers is necessasingle-
stage amplifier can be modeled, for small signal operation, by the circwin $ihd-ig.1.

Where, G, is the transconductance of the input transistod R is the output resistance of

the amplifier In general the amplifier mayVea cascode load to achéea high gin from

one stage. The compensation capacitor C is usually connected to the output node, which
already has a high output impedance. In this model the authors ing[gjdathat the
sources of non-linearity are: the non-linealtage-to-current coarersion, and the non-lin-
earity associated with the output resistance. Since fghsgages are usually operated in
negative feedback loops, the input signal wilvalys be a @ry small signal, and the output
will be multiplied by the gin of the amplifierthus the dominant source of non-linearity
will be the output resistance. On the other handemat kigh frequencies the output capac-
itor shunts the output resistance and the open-laopaf the amplifier is reduce, thus the
error signal applied to the amplifierdies to increase causing the non-linearities due to
the input transconductance to increase and dominate at high frequencies. Froguthis ar

ment the authors suggested that the non-lineafigtsfcan be studied separately

R -
GmVin =

Figure (1): Small signal model of a single-stage amplifier [3]

Distortion Analysis in Analog Inggrated Circuits November 15, 2002 3



First, assume that the transconductance is constant and resistance non-linearity can

be pressed as:

R 2
IR = ﬁ(l *t OonVout T g3NVout)Vout

Where gy and gy are the non-linear cdéfients. So if the input can be represented by a
single tone,,, = v,,exp(jwt), then the non-linear representation of the resistance causes

harmonics to appear at the output, which can be represented as:

. . . 2 . . 3 P
Vout = b1(jw)Vexp(jwt) + by(jw)Vy,exp(j2wt) + bs(jw) Vi, exp(j3wt)

To find the harmonic distortion we Veto sole for b,(jw), b,(jw), by(jw). This can be

done by writing a node equation at the output node gmeesing the capacitor current as

d

c = Cgivour - 10 Visualize the dynamic beviar of the amplifier the author represented

these results in a block diagram which is reproduced in Fig.2. Whgrard 63,\, are the

normalized codicients, and w=1/RC.

Xg C Xi Gm || RI(LHWW) [ ] (1+b ppx+b gy

Figure(2): Block diagram representing the single-stage amplifier with non-linearities [3]

Distortion Analysis in Analog Intgrated Circuits November 15, 2002 4



Now it is desired to calculate the harmonic distortion when this amplifier is oper-
ated in a closed loop system, assuming a linear freguedependent feedback netrk
f. In [5] the same authors deed epressions for the harmonic distortion, for a closed loop
non-linear amplifier represented by the block diagram of Fig.2. Combining ohre$wits

we can finally reachxpressions for the HD due to the non-linear resistance R.

G,.R
HDRZf(jw) = % 4 5% 2on 2w 1S
(1+T)" |1+ 1+
Wepw, Wepw,
2
g 205
BN T T ops
(G.R)? “Jci_w
R . 1 2
HD s1(jo) = 7——"—5x w |2 Cawls
(1+T0)" |1+ 1+
Wegwy ‘*’GBW|

WhereT, = fG,R, , = 1/(RC) , and wggy = (1+T oy -

The same can be repeated toetake efiect of the non-linear transconductance
assuming that the resistance is lineard similar equations are dexil. In this case the

output current of the transconductor can Xgressed as:

. 2
i = G (L+ayyX +agyXi)X

Following the authors gument about diérent distortion sources, and that each
source is dominant in a certain frequgmange, the add them algebraically to are to

the following expressions for the HD.

NG, J0F

+ —_—
1 R |PNTGRT T
HD,¢(j0) =3 ZAal B 20 |
(1+T5)" |1+j 1+
Wepw Wepw
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To validate these results the authors designed a cascode amplifiesgmapro-
cess. A lov frequeng signal was applied to the open-loop amplifier and from the Furrier

analysis of the outputoltage the coéitients gy and gy were @aluated. Then tovalu-
ate gy and ay the short circuit output currentas measured. The simulation results of
the HD, and the HR3 are reproduced in Fig.3 shimg good matching between the analyt-

ical and simulated results.
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Figure(3): Simulation results (HC& HD 3) plotted with theoreticalalues vs. frequeyc
[3]
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V. Distortion Analysis Using Harmonic I njection Method

In [4] the harmonic injection methodas proposed. Its basic idea is that, the out-
put of a non-linear systenxated by a single tone can be calculated by a linear system
excited by the fundamental frequgneand all its harmonics with dédrent amplitudes,
Fig.4. To estimate the harmonic distortion (THD), the authors proposed a symbolic itera-

tive method to calculate these this additional input x

X — Hnon-linear—> y

Xe:XZ(f2)+X3(f3) +...

X(f1) y1(f)+ya(f2)+ys(fa)+...
—»(+ )—»| Hinear —»

Figure(4): Block diagram of a non-linear system, arsdajuvalent linear system [4]

The authors relay on a current-mode first orderpass G,-C filter, Fig.5, to ali-

date their method. In this circuit the source of non-linearity is the transcondugior$1&

transconductances can be writternsas, = |af%—>’;g Gy(v) = Ibf%—y;E. Where }, Iy and \4, Vy,

are constants. Thealue of the small signal transconductances weravishio be:

O = \ITZ Imp = \lTZ This system as then represented with the block diagram reproduced in

Fig.6, assuming that#V,,
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Figure(6): The block diagram representation of the circuit in Figure (5) [4]

In this block diagram B/l x and y are the normalized input and output currents
with respect toJ and T=CVI,, and the function f is the source of non-linearity in the

system. It can be easily sho that the first order transfer function can besgias:

WhereH, = %, W, =

0o

. Using some mathematical formulation iasasshevn that the same

=l

input-output relation can be represented by the linear block diagramm $iné-ig.7, such

that the input xis given by:
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Xe = z2xQ(y)

Wherez = x-By, andQ(y) = pi, and p(y) is gien by: p(y) = %(f_l(y)). But to calculate

%

the additional input xwe need to kne the output y of the system, which is already

unknavn. So the authors used iteration by assuming an indglakevfor y and calculating

Xe then using it to predict the weoutput and so one.

— 1T —jintegrator -

Figure(7): Linearized block diagram with the fundamentaltation and the harmonics.

The authors applied this method tofeliént types of transconductors: BJT with
exponential characteristics, MOS with quadratic characteristics, edttgried-pairs
with hyperbolic tanget characteristics, and edxranslineatoops with lyperbolic sine
characteristics. In all the mentioned cases the number of iterations needed for the output to
converge neer exceeds three iterations for weakly non-linear circuits. Ehaty this
method although iteratt gves symbolic epressions for the THD. Thexpgressions

derived for BJT and MOS G-C filters are reproduced here:
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Aww,

THDg; =

2, 2 2, 2
2A/oo +coo><A/4w + W,

Aww,

THDy 05 =

4(2)A/u)2 + wf) x J4w2 + wg

The simulation results pvaded in [4] demonstrate a good matching with the ana-

lytical results. But the iteration formulas dexil are specific for C first order lav-pass

filters. To apply this circuit to andifferent class of analog circuits some steps should be
done to obtain its block diagram representation, and then obtain the formulas used for iter-

ation, as well as it is not yet tested towmge quickly as in the demonstrated cases.

V. Conclusion

Throughout this papemwe tried to focus on symbolic techniques for distortion
analysis in analog circuit, to try to pide the analog designers with insight in the
dynamic behaor of the non-linear circuits. Numerical techniques are used, by simulators,
to validate a certain distortion performancet they dont guide throughout the design

process. Analytical techniqueary from circuit-specific, to general techniques.

Circuit-specific techniques are based on good modeling of theedancluding
all the necessary fetcts, such as in mostionoise amplifier (LM\) designs [6-8]. In [7]
the square la of the MOS deices wasnt used it more complicatedx@ressions were
derived, and used to calculate the intermodulation products. While xéon@e in [8]

short-channel MOSFE$'were used to design a ANso current gpressions taking into
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account elocity saturation and mobility geadation were necessaBut all these xeaam-

ple are specific to a certain circuit or group of circuits.

General techniques, are morexitde to adapt to ananalog circuit. The Mterra
series method puides the most peerful and accurate tool to analyze distortion in non-
linear analog circuits, yet it is, till mg complicated in its analysis. So most analog design-
ers tend to deslop other techniques, assuming a memoryless non-linear system, from
which we discussed: modeling the circuit non-linearities, and harmonic injection method.
Modeling the non-linearities seems a direct and simplg t&r analyze distortionubit is
restricted to single-stage amplifiers. The harmonic injection techniquad@scan easy
way to find the distortion, it is a general concept for amalog circuit. But it needs formu-
lation for each class of ddrent circuits, to obtain the block diagram representation and
the equations used for iteration. Also, it is not guaranteed teganfast in all cases. In
conclusion, trying to re-approach theltérra series method to nakt simpler [2] will

give analog designers any paverful tool, and accurate tool in analyzing distortion.
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