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I/O characteristic of a nonlinear system

» Imperfection that is
critical in high precision
/- \deal analog circuits

= « Characteristic deviates
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from a straight line as the
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» The output is a reasonable replica of the input for
small input swing, but for large output swings the
output exhibits "saturated” levels.




Distortion

» The output is a reasonable replica of the input for
small input swing, but for large output swings the
output exhibits "saturated” levels.
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Yo e Fig. 13.3: A given incremental
s change at the input results in
/N\y different incremental changes at
the output depending on input dc

]S S " level
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Flgure 13.3 Variation of small-signal gain in a nonlincar amplifier, characteristics by a Taylor
expansion in the range of interest.
»  For small x, y(t)=d,x, where 4, is the
small signal gain in the vicinity of
x~0).

¥(t) = o1 x(1) +a2x2(t) a3 +---.

* A method to quantify nonlinearity is
to identify the coefficients in eq. 13.1

: * Another useful metric is to specify the
A Flgure 134 Definiion of moake- maximum deviation from an ideal
characteristic (See Fig. 13.4)




Total Harmonic Distortion ("THD”)
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The nonlinearity can be characterized
by applying a sinusoid at the input and
measuring the harmonic content of the
output.

terms and odd-order terms
result in and odd harmonics.

The magnitude of the nth harmonic
grows roughly in portion to the nth
power of the input amplitude.

The harmonic distortion is usually
quantified by summing the power of all
of the harmonics (except that of the
fundamental) and normalizing the
result to the power of the fundamental.
Eq. 13.10 is for a 3rd order
nonlinearity.

CD: THD of about 0.01 % (-80 dB),
Video: THD of about 0.1 % (-60 dB).

Nonlinearity of differential circuits
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Figure 13.6 Single-ended and di i plifiers providing the
same vollage gain,
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Odd-symmetric I/0O characteristics

Small signal voltage gain for both
amplifiers in Fig. 13.6 given by

| Av|

Equations 13.15 (amplitude of the
2nd harmonic) and 13.22 indicate
that the circuit exhibits
much less distortion than its single
ended counterpart while providing
the same voltage gain and output
swing.

For example if Vm = 0.2(Vgg-Vry),
(13.15and ) yield a distortion
of 5 % and , respectively.

Diff. Solution consumes twice as
much power.




Effect of Negative feedback on Nonlinearity
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For a meaningful comparison, we normalize the amplitude of the second harmonic to
that of the fundamental:
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a2 o (l+Ba (1336

Without feedback, on the other hand, such a ratio would be equal to (a; V2 /2)/e V,, =
o ¥, /(2ey). Thus, the relative magnitude of the second harmonic has dropped by a factar
of (1 + fa ).

» Sinusoidal input x(t) = Vm coswt
» Employing feedback reduces the relative magnitude of the 2nd harmonic
by of (1 + Bay )’

Capacitor nonlinearity due to voltage dependence
(for noninverting amplifier from Fig. 12.41)

Isflm!}' the effect

of capacitor nonlinearity, we express each capacitor as € = Coll +
V@V
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Figure 13.9 Effect of capacitor nonlinearity.

Equating 0y and 7 and solving for Vg, we have
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Vin
= f ¢ MCy(1 +ay V)dV (13.39) The last two terms under the square root are usually much less than unity and, since for
o €@ 1, THe 1 +6/2 - /8, we can write
@y
= MCyVimo + MCofV . (13.40) Vour 5 M Vip + (1 — M) ”;' Vi, (1344

The second term in the above equation represents the nonlinearity resulting from the voltag:
dependence of the capacitor.

* In SC circuits voltage dependence of capacitors may introduce
substantial distortion.




Linearization — reducing the dependence of the
gain of the circuit upon the input level.

» Source degeneration by means of a liedr> .
resistor of the transistor, making the I/O

v,
R:D characreduces the swing applied between
Vous the gate and the source teristics more
Vine—{[o M, linear.
Rs The overall transconductance of the stage

= _ ' may be written as in eq. 13.45., which for
;Iig:re 1310 Common-source stage with resistive degener- Iarge ngs approaches 1/Rs! an input-
independent value.

Gy = — B a °  The amount of linearization depends on
1+ 8nfis gmR, rather on R alone.

* Resistive degenartion presents tradeoffs
between linearity, noise, power dissipation
and gain. For reasonable voltage swings
(e.g. 1 Vpp ) it may be quite difficult to
achieve even a voltage gain of 2 in a
common-source stage if the nonlinearity is
to remain below 1 %.

Degeneration of differential pair
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Figure 13.11 Source applied to a ial pair.

» A differential pair can be degenerated as shown in Figs. 13.11 a)
and b)

* InFig. 13.11 a) lg flows through the degenartion resistors,
consuming a voltage headroom of IggRs/2, which can become an
issue if a high level of degeneration is required.

* The circuit in Fig. 13.11 b) suffers from a slightly higher noise and
offset voltage because the two tail current sources introduce
some differential error.




Figure 13.12 Differential pair degen- o
erated by a MOSFET operating in deep ’is
triode region. 2

) £E§ Figure 13.13 Differential pair degen-
2 erated by two MOSFET: operating in the

= = triode region.

» High-quality resistors for resistive degeneration are not available in
many of today’s CMOS technologies.

» As depicted in Fig. 13.12 it can be replaced by a MOSFET
operating in deep triode region.

» For large inputs M3 may not remain in deep triode region, thereby
experiencing substantial change in its on-resistance.

* V, must track the input common mode level so that R, can be
defined accurately.

* Fig. 13.13 shows a solution where the circuit remains relatively
linear even if one degeneration device goes into saturation.

Linearization of differential pair avoiding the use

of resistors
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Figure 13.14 Differential pair using input devices op-
erating in the triode region.

» Based on the observation that a MOSFET operating in the triode region
can provide a linear I5/Vgg characteristic if its drain-source voltage is held
constant.

» Forces Vx and Vy to be equal to Vb for varying input levels.

» Drawbacks: transconductance of M1 and M2 relative small. Input

common-mode level must be tightly controlled. M3, M4 and the two
amplifiers contribute substantial noise to the output.




Linearization technique viewing the amplifier as a %z
V/I converter followed by a I/V converter.

o - —o
Vin Lout Vout
o—— - — Figure 13.15 Voltage amplifier view-

ed as a cascade of two nonlinear stages.

« If V/l converter: V/I : |, = f(V;,), I/V converter: V,,, = f(l;,),
then the output voltage is a linear function of the input
voltage.

Mismatch

» MOSFETSs suffer from :'

n . n n [ | i i
e L L| IE ran.do.m, microscopic
(" ] = | variations and hence
mismatches between the
m equivalent lengths and
Figu¢13.1? .R.'II'IL.ii\ITI mlsmut;'hc& dug to microscopic Wldths Of tWO tranSIStorS
vanations in device dimensions, that are |dent|ca”y Iald OUt
g + Study of mismatch:

* 1) mechanisms behind
+ 2) effect of mismatches

5

NENEY « Layout techniques in
JEpN P chapter 18.




Mismatch — wide MOSFET from parallell devices

_reducina the variation in L.
Expressing the characteristics of a MOSFET 1n saturation as [, = (1/2)uC,.(W/L)

(Vizs — Vi)?, we observe that mismatches between i, Cox, W, L, and Vi result in mis-

matches between drain currents (for a given Vi) or gate-source voltages (for a given drain
current) of two nominally-identical transistors. Tntuitively, we expect that as W and 1. in-

[ ibi .

Figure 13.18 Reduction of length mismatch as a result of inceeasing the width,

Figure 13.19  Widec MOSFET viewed as a parallel combination of narco

Aleg= (AL 4+ AL2 4+ AL2) P (1357)
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All of the mismatches decrease as
the area of the transistor, WL,
increases.

As WL increases, random variations
experience greater "averaging”,
thereby falling in magnitude.

Fig. 13.18; AL, < AL, because the
device is viewed as many small
transistors.

Fig. 13.19: Each transistor having a
width WO, with an equivalent length
as Leg (L1 4 Ly + -+ Ly)/n.
Overall variation given by 13.59. n
increases - variation in length
decreases

Mismatch reduction ; decomposing in series and
parallell combination of small unit transistors

Figure 13.20 Large MOSFET viewed as a combination of small devices.

(13.60)

(13.61)

* Relations in Eq. 13.60 and 13.61 show that
mismatch is reduced when WL increases (have
been verified mathematically and
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Mismatch and dc offset

) :" +  Device mismatch leads to dc ffSet:
Vo finite even-order distortion and lowe
ot wcth common-mode rejection, which
Q reduce performance of circuits.
: N + In Fig. 13.22 the output contains
Figure 13:21 (1 Differenial pair with offset measard st he ot amplified replicas of both the signal

{b) circuit of (a) with its offset seferred to the input

and the offset. In a cascade of
direct-coupled amplifiers the dc
offset may experience so much gain

Vo
that it drives the latter stages into
nonlinear operation.
« If an amplifier is used to determine
whether the input signal is greater
Vier than or less tha a reference, Vggg,

then the input-referred offset
imposes a lower bound on the
minimum V,, -Vrgr that can be
detected reliably

Figure 13.23  Accuracy limitation of an amplifier due to offset,

" ‘_l ’—| our objective is to find the value of Vs, such that ¥, = 0. The device mismatches
( are incorporated as Vrgy = Ve, Vrg: = Vrg + AVrg (W/L) = W/L (W/Lh =
W/L 4+ AMW/LE R, = Rp, B2 = Rp + AR. For simplicity, » = y = (), and mismatches

- " in gu, oy are neglected. For Vi, = 0, we must have Ipy Ry = [p; Ry, concluding that Ip)

Figure 13.21 (a) Differential pair with offset measured at the output.
{b) circuit of (a) with its offset referred to the input

Vos — Voy [ARp  A(W/L)
Vs = 85— VTH ' — AVrg, (13.69)
osir 2 Rp  (W/L) TH

Vi =(Vcs - 'l’r.-e)j (ﬂﬂu "'+ AW/L)T?
@5,in 2 i RD (Wﬂ.]

It is assumed that the input transistors and the load resistors suffer from mismatch.
Want to find the input referred offset so that Vout = 0.

Eq. 13.69 reveals dependence on device mismatches and biasing. The contribution
of load resistor mismatch and transistor dimension mismatch increases with the
equilibrium overdrive, and the threshold voltage mismatch is directly referred to the
input.

Eq. 13.69 may be expressed as in eq. 13.70, since mismatches are independent
statistical variables.

+ AV, (13.70)

10



* Eq. 13.77 suggests that to -
minimize current mismatch, the

Ina overdrive voltage must be
maximized (, a trend opposite
Lm, ML+ ML to Eq. 13.69, for the input
- - = referred offset voltage for a
3 3 differential pair).
A}*:ﬂiAx1+aiAxg+---. (13.74) P i )
o 2 * AsVgg - Vqyincreases,
A o, (w) Mo v - threshold voltage mismatch
n=——" { t - . s = Yrwlh (1342 .
HWILY L] WVas = Vew) has lesser effect on the device
) . currents.
Alp = LJIxC..-lVr;s ~Vrula (?) "i‘v.(ru%[“u.\'— VindaVey. (13.76)
Alp _AW/L) ., AVrs (1377
In ‘WL Vos — Vru

Even order distortion

Oty X+ ClgX % Clgx” insight. Suppose the two signal paths in a differential circuit are represented by y; =
@)+ apx? 4 aax) and yo % i + Bl + Paxs (Fig. 13.26). The differential outputis

x (0 »—D—« (0 given by

X (1)

= 2= loam = Baxa) + (oox] — faxi) + (e — fag) (1378
I
va(0) which, for x; = —xz, reduces (o

2 3 1 N3 -
Boxs Pax Bax Y= ya = (o) + Bidxy + toy — Baxd + (s + Py (1379

« Differential circuits should be free from even order distortion.

* Inreality, mismatches degrade the symmetry, thereby introducing a finite
even-order nonlinearity.

* Generally quite complex analysis.

+ Two signal paths, Y, and Y, given in the Figure. The differential output is
given by (13.78) and when X, = -X,, by (13.79)

« Ifx4(t) = A coswt , the 2nd order harmonic has an amplitude equal to (a,-
B,)A?%/2, i.e. proportional to the mismatch between the 2nd order coefficients of
the input/output characteristic.

« At high frequencies signals experience considerable phase shift. Therefore
even-order distortion may arise from phase mismatch.

* Thermal gradients across chip may create asymmetries (Threshold voltages
and mobilities)

11



Electronic Mismatch cancellation — "output offset storage”

Vos [ Vos ¢
O b x =5 A X
o - ¥ = ¥
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Vem Vem
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i

Fig 13.27 b); driving V,, = A, V,, While ‘
nodes X and Y are shorted.

When the node voltages have settled, a zero
differential input results in a zero difference
between Vx and Vy.

Thus, after S1 and S2 turn off, the circuit
consisting of the amplifier and C1 and C2
exhibits a zero offset voltage, amplifying only
the changes in the differential input voltage.

In practice the inputs and outputs must be
shorted to proper common-mode voltages
[Fig. 13.27 c)]

This type of offset cancellation "measures”
the offset by setting the differential input to
zero and stores the result on capacitors in
series with the output.

Fig. 13.28: CK denotes the offset cancellation
command.

Figure 13.29 (a) Input offset storage. (b) circuit of {a) in the offset cancellation mode.

A
Vi 13.50]
T Ao (13.80)

= Vpy. (13.81)

Vour = 1

For applications where higher gain
(>10) is needed.

* Incorporates two series capacitors at
the input and places the amplifier in a
unity-gain negative feedback loop
during offset cancellation.

*  From Fig. 13.29 b) we get eq. 13.89
and 13.81.

The offset is stored on C1 and C2. For
zero differential input, the differential
output is equal to V.

» Drawbacks: Capacitors are introduced
in the feedback path, which is a serious
issue for opamp’s and feedback paths.
The bottom plate parasitics may reduce
the magnitude of the poles, degrading
the phase margin. Settling speed may
be limited.

12



Removing capacitors in the signal path, to avoid
degradation of phase margin and settling speed

Vost A,

cjf %c

c‘g ;c,

Figure 13.31  Auxiliary amplificr placed in a feedback loop during offset cancellation.
Using an auxiliary amplifier,
A ..« amplifies the differential voltage V, stored accross C, and C, and subtracts the
result from the output of A,.
If VosiA1 =V A, then for V=0, V. = 0, and the signal path is free of offsets.
C, and C, not in the signal path.
V, is generated like in Fig. 13.31, with the help of a 2nd stage, A,.
Operation; 1st: Only S; and S, on, yielding V,; = Vog1/AA, . Now, assume S; and
S, turn on, placing A, and A, in a negative feedback loop. Then V,,, drops by a
factor approximately equal to the loop gain: Vg A1A(AA,L) = VosiA/ALx, Stored
accross C, and C,, this value is the required V1 in Fig. 13.30.

Drawbacks: Two voltage gain stages in the signal path may not be desirable in a
high-speed opamp. Addition of the voltages A1 and A2 is also difficult > Fig. 13.32.

"input offset storage” offset cancellation technique

)
i

Fig. 13.32 shows a similar solution
avoiding the need of adding voltages
A, and A,.

+ Each G, stage is a differential pair
and the R stage represents a
transimpedance amplifier (or G,,; and
R may constitute a one-stage opamp
while G, adds an offset correction
current).

» This technique is a usual realization.

» The techniques mentioned need
periodic refreshing ( a few kHz)
because the junction and
subthreshold leakage of the switches
corrupt the correction voltage stored
accross the capacitors.

Vem +
DO Bl D> SN DS
33 i}

Figure 13.32 (a) Circuit of Fig. 13.31 using Gy and R stages, (b) realization of (2} in
a folded-cascode op amp.
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Offset cancellation from Fig. 13.32 (upper)

Vo

L
Tl

¥os1

=
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-
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Figure 13.33 Circuit of Fig. 13.32(a) including offset of
Gz,

(Gt Vst — Gzl Vi — Vass)]R = Vi, (1382
Gt BVos) + G RV "
v, = SmitVos + GmRVos (1383
1+ G R
‘.-\.-'—h (1384)
' Ga
as a2 Vos: .
= Yon | Gu: {1355
I % GuxR - Gy 14 GazR
Vos Voss
2y 2R 1388)
GoiR Gu kR
where we have assumed GopR 5 1 If Gap R and G R are large. as in the op amp of
Fig- 13.320b), then Vi e is very small

* Good cancellation of offset
if G,,R and G, are large.

 Caution: Upon turning off,
S; and S, may inject
slightly unequal charges
onto the two capacitors,
creating an error voltage
that is not corrected
because the feedback loop
is opened.

 Periodic refreshing needed

Reduction of noise by offset cancellation

S DIpI
Vin Voul
nd i .

(i)

]

d C, he Cy
5,1 18 831 15, T

VCM vf.l
ib)
Figure 13.34 {(a) Front end of a sampler, (b) circuit of (a) with

offset cancellation applied to the first stage, .

o’ N
Vin A> v Vou
oo i} .

Offset may be seen as a noise
component having a very low frequency.

It's therefore expected that periodic offset
cancellation can potentially reduce low-
frequency noise of the circuit as well.

Fig. 13.34 a) Noise of A, directly corrupts
Vin-
1/f noise of A, problematic if the signal
spectrum extends from zero to only a few
MHz, since the 1/f noise corner
frequency is typically around 500 kHz to

1 MHz.

Fig. 13.34 b) shows how the amplifier
can undergo offset cancellation before
every sampling operation.
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QReduction of noise by offset cancellation

=&
oy X o L

. End of Ofteat Cancallation

_ End of Samgling

= 1 o~

-1

1 MHz

t ty t

Figure 13.36 Variation of 1-MHz and 10-MHz noise components in a
time interval of 10 ns.

Offset cancellation before ever
sampling operation.

Fromt, to t, (Fig. 13.36) , only high
frequency components of A, in the
order of 1/(t,-t;), change Vyy
significantly. In other words the offset
cancellation suppresses noise
frequencies below roughly 1/(t,-t;).

Noise frequencies that are below a
certain frequency ( here. A few MHz)
do not have sufficient time to change
if the sampling occurs only 10 ns
after the end of offset cancellation.
Called "correlated double sampling”,
originally used in charge coupled
devices. Wide usage in suppressing
1/f noise. Leads to aliasing of
wideband noise.

undervisningsplan.xml

Preliminary plan for next week..

* http://www.uio.no/studier/emner/matnat/ifi/INF4420/v11/

» Oscillators (chapter 14 in "Razavi”)
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