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Abstract

This work provides a wide knowledge of the electronic noise, its physical modeling, its
behavior in time-domain and frequency-domain and its simulation. Then the thesis focuses
on the feasibility study and an example of design of a low-noise LDO voltage regulator.
To reach low-noise performance the main noise sources are analyzed (Error Amplifier,
Voltage Reference and the Voltage Feedback Network) and then a deepen study of the
regulation loop is made because its performance are crucial for noise. This work illustrates
an example of design to reach low-noise performance, many other design choices and
specific topologies could be taken into account, however, this work proposes to explore
the minimum noise-limits of the classical configuration of a voltage regulator (voltage
reference+error amplifier+resistive feedback network) and to give some useful concepts of
electronic low-noise design.
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Chapter 1

Electronic Noise

The Electronic Noise is a small voltage or current fluctuation generated by the circuit
itself, may be amplified or reduced but not completely eliminated. The main causes of
electronic noise are the thermal agitation of carriers and the charge quantization, but
there are many other physical phenomena and many others have yet to be discovered.
The amplitude and phase of noise are a random process and therefore we can not predict
their behavior in time, but using statistical methods it is possible to obtain a spectral
model of noise.

The noise is an important subject to study because it sets the lowest signal level that
can be elaborated with acceptable quality, nowadays this is one of the most important
problems that affects circuits for the signal elaboration, above all those portables, because
the scaling of voltages and currents decreases the SNR = % (Signal to Noise Ratio)
of the signal. For this reason we should supply these devices with a "as clean as possible”
source (i.e. ”less noisy as possible”) and then we need a voltage (or current) regulator
with a good noise performance.

Fig. 1.1: Examples of noisy voltages

1.1 Statistical Characterization of noise

Noise is a random process, so its complete behavior is very difficult to know, but to make
simple predictions we just need to know few statistical quantities like the mean value and
variance to model noise in the time domain and power spectral density (PSD) to model
noise in the frequency domain.

An important property of noise is the stationarity and ergodicity (this is not a general
characteristic of all types of noise but for this discussion will be taken as a property).

Stationarity means that observing little and separated portions of the noisy signal, we
find the same characteristics (i.e. mean and variance) in every portion.

Ergodicity means that, taken a set of identical systems (ensemble) and fixed a temporal

reference, the statistical averages of the ensemble converge (=) to the temporal averages
(Formulas (1.1) and (1.2)).



2 Electronic Noise

+3
on® :Tlggo;/_T on(B)dt = Eon ()] =< vn(t) > (1.1)
A0 = Jm 7 [ 0@ = B =, (12)

We can help ourselves to understand this concept looking the Figure 1.2, henceforth we
don’t use the concept of ensemble because the noise of one device (element of ensemble)
is sufficient to show the entirely noise performance, and so we concentrate only on the
temporal averages.

Average over time

u1(t):

Average over ensemble

\

Fig. 1.2: Ensemble and temporal average

The noise mean is zero, we can convince ourselves looking the Figure 1.1, so referring
to Eq. (1.1):

< vp(t) >=0

As regard the variance we have to make a brief introduction, in the signal theory it is
defined the autocorrelation of a signal z(t) as in Eq. (1.3):

o1
rx:p('r) = lim 1/_T .%'(t)*l'(t—FT)dt (13)

The Available Power (it is the statistical power) of the signal is the autocorrelation in

the origin 7,,(0) (signals are overlapped), and considering that z(¢)*z(t) = |z(t)|? :
N Y P
Py = rz(0) = Tlgréo 7 /_g |z(t)|“dt > 0 (1.4)

Thus the comparison between Eq. (1.4) and Eq. (1.2) becomes easy because a signal
in the real world is a real-valued signal and so (thinking to a voltage signal v, ()):

[on () * = vn(t)?
thus:



1.1 Statistical Characterization of noise 3

or even the root mean square value:

Un,RMS = \/ 0, = O, (1.6)

Note that the available power P,, of a noise signal is ever greater than zero, just think
that the power is proportional to the area of the v,? as in the Figure 1.3 (an area is a
positive value).

v2(t)

Fig. 1.3: Voltage squared noise

Now we start to think what happens in the frequency domain: a deterministic signal
like a sine wave or a square wave has its power concentrated only at certain frequen-
cies (i.e. lines) so the spectrum looks like a lines spectrum. The total power is simply
the arithmetic sum of the power of the single harmonics. A non-deterministic signal
like noise, has an infinite number of harmonics, that is a continuous spectrum. The power
is thus distributed at all frequencies and so is called a Power Spectral Density (Figure 1.4).

PSD

power

Frequency
Fig. 1.4: Power Spectral Density
+00
Prot = / PSD(f)df (L.7)
—00

where the PSD(f) has the physical dimension of [I‘%} thinking to a voltage signal or

[1‘3—1} thinking to a current one.



4 Electronic Noise

Are we sure that Py = Pyy?

The demonstration is simple because Wiener-Khinchin theorem shows that, in parti-
cular conditions that we can consider satisfied with random processes of electronic noise:

(T = / T s g (1.8)
we know that:
+oo
Pao = ra(0) = / S(f)df (1.9)

and so comparing Eq. (1.9) with Eq. (1.7) we can conclude that Py, = Pt = O'gn and
S(f) is just the PSD(f).

We can also observe that inverting Eq. (1.8):

S(f) = /+oo sz(T)eijQﬂ—deT (110)
we find that
S(f) = PSD(f) = Flrza(7)] (1.11)

where F'[-] means the Fourier Transform.

Summarizing, the PSD(f) represents the power (statistical) of the noise signal in the
frequency domain so it is the best physical quantity to study the noise performance of an
electronic device because knowing the bandwidth of the system (B) we can easily find the
total power of noise that affects the circuit using Eq. (1.12) (with a good approximation
because the real bandwidth is 0 < f < +00).

+B
Proise :/ PSD(f)df (1.12)

-B
Note that Eq. (1.7) and Eq. (1.12) use the bilateral spectrum —oo < f < 400, for-
tunately we work with real-valued signals so thanks to the Hermitian symmetry H(f) =

H(—f)*, the module of PSD(f) over the negative band —B is the same as over the positive
band + B, therefore Eq. (1.12) simplifies in:

Pragise = / Y PSD(f)f = / " psp(rydr (1.13)
0 0

However the factor 2 in Eq. (1.13) is only a scale factor, so for the rest of this work
and for practical simplicity we will use Eq. (1.14):

+B
Proise = / PSD(f)df (1.14)
0
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1.2 Types of Noise

Electronic devices are affected by external noise (or environmental noise) and internal
noise (or semiconductor noise), we will focus on the latter one in this work.

Semiconductor noise is self-generated by the device itself, there are many known phy-
sical sources of this noise. Thermal, Shot and Flicker are the main noise sources, but
there are also many unknown physical sources.

1.2.1 Thermal Noise

Thermal Noise is always associated with a passive physical resistance, it is due to the
random thermal motion of electrons (random ”walk”) that cause random fluctuations in
the voltage measured across the conductor, this does not require a DC current flux so even
a disconnected resistor shows thermal noise. The carrier agitation (electrons and holes) is
favored by the temperature and thus thermal noise is directly proportional to the absolute
temperature 7" (in Kelvin).

In a resistor R, thermal noise can be represented alternatively by a Thevenin or a
Norton representation as shown in in Figure 1.5

(o]
—O0
(OH=
z gR
R
o)

Fig. 1.5: Equivalent circuits of resistor thermal noise, R is a noiseless resistor

The expressions of powers are (k is the Boltzmann constant):

vZ = 4kTRAf (1.15)
— 4kT
9 1.1
7= Af (1.16)
and PSD:
2
2 AKT
Si(f) = AF TR (1.18)

As we can see from Eq. (1.17) and Eq. (1.18), the PSD (either voltage or current)
is white, so its spectrum is independent of frequency (Figure 1.6), indeed this is true at
least until about 10'*Hz. The terminology white derives from the analogy with the solar
spectrum, if we ”see” a radiation with a similar spectrum in the visible band we feel the
color white.
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Su(f|

4kTR

Fig. 1.6: Voltage power spectral density

In general if we have an impedance Z(jw) measured at a generic port of a linear and
passive network, only the resistive passive part (real part, so R[Z(jw)] ) generates noise,
and the equivalent circuit is represented as in Figure 1.5 with the noiseless resistance and
PSD:

v2
2 4kT
Af  RZ(f)] (20

the imaginary part $[Z(jw)] represents the reactance and doesn’t generates thermal
noise.

1.2.2 Shot Noise

Shot Noise is always associated with a DC current flux through a potential barrier of a
junction, so it is present most in diodes and BJT and is minor in MOS transistor. It is
due to the uncertainty on the number of carriers passing the potential barrier, since the
passage of the barrier is a random event because of only those carriers having enough
energy are able to pass the barrier. This is translated in fluctuations (i.e. shot noise) of
the current from the mean value, best expressed in terms of mean-square variation:

_ T
2 = (i(t) - Ipc)’ = lim 1/0 (i(t) - Inc)%dt

The spectrum of a signal compound by the series of random independent pulses (i.e.
shots) can be shown to be constant in frequency (i.e. white), and the PSD of shot noise
is:

= 2¢Ipe (1.21)

q is the elementary charge. Equation (1.21) is valid until the frequency not approaching
1/7, where 7 is the transit time of carriers to cross the depletion region of the potential
barrier. With recent technologies 1/7 is at least in the GigaHertz bandwidth, therefore at
all effects we will consider shot noise as a white noise.
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Bl

2qIpc

Fig. 1.7: PSD of shot noise

1.2.3 Flicker Noise

Flicker Noise is a quite strange type of noise, its physical causes are nowadays not fully
understood, it affects all active devices and also carbon resistors. The transistor MOS
shows an important contribute of flicker noise because the drain current flows near the
interface substrate-SiOs. This interface is full of dangling bonds (Figure 1.8), due to the
material discontinuity, that act as traps for carriers and this leads to fluctuations in the
current (i.e. noise).

Dangling o
Bonds > i

Silicon
Crystal

Fig. 1.8: Defects at the interface in the Metal Oxide Semiconductor structure

In general, however, Flicker noise can be produced by discontinuities that the current
meets for the imperfections of the material.
Flicker noise has a spectral density:

i I

where K is a particular process constant, I is the direct current, a is a constant in
the range 0.5 to 2, b is a constant of about a unity and, of course, f is the frequency.

We note that Flicker noise exists only if there is a DC current flux, and in the case
b=1 it takes the form of 1/f noise as in Figure 1.9 (flicker noise is also called 1/f noise
or pink noise). The unknown constant Ky can vary orders of magnitude from different
types of transistors and also can vary randomly from transistors of the same wafer, so this
parameter is a fitting parameter determined from measurements on a number of devices
from a given process.

Electronic devices are affected by lots of noise sources, many of them are still in the
study phase, like Burst or Avalanche noise for example, in this work we take into account
only thermal, shot and flicker noise because they are the main noise sources in transistors
(bipolar and MOS) and resistors.
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£l

/

1/f

Log scale

Log scale f

Fig. 1.9: PSD of Flicker noise

1.3 Noise Models in IC Devices

The three noisy devices taken into account in this work are resistors, bipolar transistors
and MOS, the fourth element very used in integrated circuits (IC) is the capacitor, but
an ideal reactive component doesn’t show noise.

Resistors Noise is already been explained and the equivalent model is shown in Fi-
gure 1.5, its PSDs are Eq. (1.17) and Eq. (1.18).

1.3.1 MOS Transistor

DO

o, OF

So

Fig. 1.10: MOS Noise model

The MOS transistor has two main noise sources, thermal and flicker, both of them
influences the drain current, at the input port (gate-source) there isn’t a DC current so
(in the approximation of no leakage) is a noiseless port. The MOS noise model is shown
in Figure 1.10 and the noise PSD is:

& =ty e 1.23
Af T AfTAS (1.23)
Thermal Noise exists because of the drain-source channel is a resistive channel:

72

Yn
Bk 1.24
7 ET~gm ( )

The constant v is 2/3 for long-channel MOS (for L greater than few pm) and is about
2-2.5 for short-channel devices, gm is the transconductance.
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Flicker Noise is explained in Page 7 and is modeled as:

Wy Eplal 1

M7 o 1.25
A T T (2
The noise power is:
— 2 KeIg 1 K¢l  f
9 _ frd 2 2 f7d g )2 1.26
Zl/f / LQCozf L2Coz nfl ( ‘ )
It’s interesting to note that every frequency decade has the same Power because the
.o fa.
ratio In== is constant.
N

Looking the Eq. (1.26) a question arises: what happens if f; tends to zero? (Ap-
pendix A.1)

Another important parameter for MOS Noise performance (and for a certain techno-
logy) is the Corner frequency that it determines the minimum frequency where the Flicker
noise is smaller (and then can be confused) than Thermal noise (Figure 1.11).

(0]

Fig. 1.11: corner frequency

We can calculate corner frequency equating Eq. (1.24) with Eq. (1.25):

_ Ky 1
 4kT~yL2Cy gm/14

Jeo (1.27)

The parameter is relatively constant for a fixed technology, so the corner fre-

d
quency is relatively constant at a certain L, in fact the best design parameter to vary

1
Flicker Noise is feo 173 the corner frequency can be at hundreds of kHz for submicron
transistors.

To vary the noise in a MOS transistor we can change either the physical dimensions
(W and L) and the bias drain current Ip.

1.3.2 Bipolar Transistor

Bipolar transistor shows shot noise in the collector and base current:

2
€ =2ql 1.2
A~ 2o (1.28)

-2
[

Af

= 2¢Ip (1.29)
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Fig. 1.12: BJT Noise model

and thermal noise due to the base resistance Ry (this is a physical resistance):

Vi
AF T 4kT Ry (1.30)
There are also resistances at collector and emitter that generates thermal noise but, in
practice, their contribute is negligible, instead the noise of base resistance is then amplified
by the device and is not so small at the output (collector or emitter).
Indeed, Flicker Noise is observed also in BJT and is modeled as a current noise source
at the base:
fh/s ol
Af —KfIBf (1.31)
It is possible to define the corner frequency also for the base current noise, anyway,
for bipolar transistors using careful processing, f., can be as low as 100Hz, so the flicker
noise contribute can be negligible.
To vary the noise in a BJT we can only change the bias current Ip and consequently
Ic = BIp.

1.4 Circuit Noise Calculations

We introduce the argument with a simple example: the series of two resistors as shown in
Figure 1.13.

Fig. 1.13: Noise produced by two resistors in series

Resistors Ry and Ry have respective noise generators (assuming a 1Hz bandwidth):
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v? = 4kTR;

v2 = 4kTR,

Considering the time domain, the total noise voltage is:

’UT(t) = (t) + UQ(t)
and thus:

v (t)? = v1(8)? + va(t)? = v1 ()% 4 v2(t)? + 201 (t)2va(t)? (1.32)

Since v1(t) and va(t) arise from different resistors, they can be considered independents
and so 201 (t)%ve(t)? = 0, therefore Eq. (1.32) becomes:

UT(t)2 = 1)1(t)2 + 1)2(t)2 (1.33)

In the frequency domain:

02 = 0?2 + 02 = 4kT (R, + Ry) (1.34)

it’s as there is an only resistance R; + Ro that produces the noise.

This is a simple example but, seeing Eq. (1.34), it seems that the two PSD are simply
added, this is true for all noise sources if we use the Noise models described in Sec. 1.3
because the noise sources derives from different physical processes and thus are indepen-
dents.

To calculate the Noise in an arbitrary circuit we proceed in this way:

1. We have to use the AC-circuit because the noise is assumed to be a small signal,
so we have to short all independent voltage generators and to open all independent
current generators.

2. For every Noise Source (vy, 4 Or iy, ), we have to calculate the transfer function (7'F)
to the output (vp,e Or in,0):

Hm(s) - om0

Sn,x

3. Under the hypothesis of independents sources we can calculate the total PSD:

2
Sh

. e,

4. Let’s calculate the noise power at the output:

R,
sz = —df
n,o fl Af

Important: since the Noise has a random phase (why? see Appendix A.2), the only
quantity of interest is the module of the noise, so even for the transfer function we are
interested only at its module |H,(j27f)|?, henceforth in this work we will use the more
common annotation H,(j27 f)2, but we must remember that we are referring at the mo-

dule.
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Now we know how to calculate the output PSD or power, in some circuits we are
interested exactly at the output noise, but in others, like systems closed in feedback, this
is not the best way to treat the noise. A better choice is to think noise concentrated at
the input as in in Figure 1.14.

Z@ 22 5 Zzn
: Noisy P : Noisless
v2 > 2 K v2
Circuit e ‘i C) Circuit ™o
A(s) A(s)
o—| o o o

Fig. 1.14: Input-referred noise

2

In general the input-referred noise model expected a voltage noise generator v , and

a current noise generator i2 , (a 1Hz bandwidth is assumed), if the noiseless circuit has a
Un,o(5)?

Uan(s

transfer function A(s)? = with vy, in(s)? is the voltage at the Z;, port:

— Zin(s) 2 I -
P = () AP + (Za) 2P AP (139

To calculate vy, ;(s)? and i, ;(s)? is simple:

e we short the input port Z, = 0 in the Noisy circuit and Z; = 0 in the Noiseless
one in Figure 1.14 and then we equate the vy, ,(s)?, in agreement with Eq. (1.35)
(Zs =0) we find

Un,o(5)?

A(s)?

Uni(8)? =

e we open the input port Z, = oo in the Noisy circuit and Z; = oo in the Noiseless
one in Figure 1.14 and then we equate the vy, ,(s)?, in agreement with Eq. (1.35)
(Zs = 00) we find

Un,o(5)?

 ZZAGY

in,i(8)?

Now we have all the elements to analyze the noise performance of a circuit. For com-
pleteness we study a very important (and surprising) example.

ngD §R =,

Fig. 1.15: RC cell

In a simple RC cell, Figure 1.15, that it can be either a Low-pass or a High-pass filter,
noise is produced by the resistance:



1.4 Circuit Noise Calculations 13

Af R

and the capacitor shapes the PSD (spot noise) because acts on the transfer function:

Uno R
in  1+sRC
and thus:
w2 R 2 5
no |t | (1.36)
Af 1+ 20 fRC| Af
1
The capacitor makes a pole at the frequency fy = RO The PSD is plotted in
m
Figure 1.16 by varying the resistance R.
“1 R=1Mohm
" R=100kohm =
% R=10kohm e
1079
107
<10t
1079
102
102Y \ 5
10—22-' : : : : : .
10' 10? 10° 10* 10° 10° 107 10°
freq (Hz)
Fig. 1.16: Spot noise, C=10pF
Integrating Eq. (1.36) we calculate the power:
fmax R 2 AKT
v2 = / d, 1.37
o o |1+jg2nfRC| R f ( )
S0,
fmax R2 4kT
2 = d, 1.38
Un.o / Traprec: g Y (1.38)

min

which, since

1 -1
= 1.
/ T 22 dx = tan™ " (x) (1.39)

it reduces to:

2kT fumax

k -1
Pn’o = ﬁtan (27TRCf) (140)

fmin
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or the more common used RMS value (Figure 1.17):

fumax

Vems =/ Pno = \/ %tan‘l(QﬂRC f)

fmin

Integrated Noise

104

M1: 98.8553MHz 20.2517, \®

10%

T T T T T T T
10' 10% 10° 10* 10° 10° 107 10%
freq (Hz)

Fig. 1.17: Integrated noise, C=10pF
If we consider the full bandwidth Eq. (1.41) reduces to:

farax—o0 B \/ﬁ
N c

f’min —0

VRM S

(1.41)

(1.42)

This is an important and curious result that shows us that the Vrprg is independent
from the resistance as shown in Figure 1.17 where we see that at a f >> fy the RMS

. kT
value does not increase more and all the three curves converge at / —-.

C

This ”curious” result leads us to think that if we want to reduce the Noise we must
increase the capacitor, this is completely true if we are interested in the full bandwidth
noise, but if we have a Noise specific in a frequency range fiin < f < fmax, some R-C
values can be better that others (think to consider the fy;ax = 100kHz in the Figure 1.17)

and so we have to design in an efficient way.



Chapter 2

Realizations

Until now we talked about the Noise always referring to the PSD (Power Spectral Density),
but in the time domain how is it manifested?

Some white noise sources as thermal and shot have a Gaussian distribution of ampli-
tudes in the time domain, but in general a Noise PSD has any shape and not necessarily
constant, so we can not to know how is its time behavior. The only thing we can made is
trying to observe directly in the time domain the signal or, if we have a measure of the
PSD, to make a Realization in time.

During my stage at Infineon Technologies Italia I spent a time period to realize a pro-
gram in Matlab to make some Realizations in time domain from a PSD measure or a PSD
simulation (Noise Analysis) to solve the following problem:

To characterize the stability of an LDO (Linear Voltage Regulator with Low Drop Out)
it is convenient to apply a ILoap step very small (that can be treated as a small signal and
at a first approximation it doesn’t change the DC operating point of the regulator Iroap,
Vo,rEG) and to measure the output voltage, this is made for ”all” operating conditions:
Cr, Rgsr, Iroap, temperature, etc... A voltage regulator may be modeled as a 2 poles
system (this is explained in Chapter 3) so its voltage response to a load current step may
be oscillatory or monotonic in dependence to the Phase Margin (PM). Measuring the
amplitude of the overshoot it’s possible to calculate the PM, however, the amplitude of
the overshoot is small (mV or less) because the load current step is very small and if the
regulator presents a lot of Noise (V, n rimrs may be few mV), it’s possible that the Noise
covers completely the voltage response (see Figure 2.1).

V(1)
VBATT
T Vo LUNAL [ves
. +
LDO —LCL
CDILOAD(t)jt_
;
I:{ESR

\%

Fig. 2.1: Stability measure in a Noisy LDO

However the output voltage doesn’t diverge if the regulator is stable, but measuring
the overshoot become impossible because of Noise. The best solution would be to project
a Low Noise voltage regulator, but if Noise is not a specific we can design a Noisy LDO
and however we would like to measure its stability.

Since it’s useless to make the measure of the overshoot, we rely on the Noise simulations
and their subsequent realization in time domain. Referring to Figure 2.1, it was established
that if the realization in time domain presents a noise band less than 3mV,;_pr (1.5mVyy)

15
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the stability is assured because the phase margin is surely greater than 20 — 25° (the
minimum allowed), but if the Vp;_, is greater than 3mV the system may be unstable or
may have a too small phase margin.

To make this test we have to be able to make a temporal realization from a PSD
simulation.

Let’s show first how to obtain the PSD from a signal in time domain, that is an easier
and introductory problem, and then we show how to make a temporal realization from a

PSD.

2.1 PSD Calculation

We have N samples from a signal in time domain (so Real numbers) xz(nTs) with n =
1
1,2,..., N and T is the sampling frequency, at first we have to calculate the Discrete

S
Fourier Transform (DFT). DFT supposes to receive a periodic repetition of input samples
and it returns N values X (Complex numbers) that are the Fourier Coefficients, in
Eq. (2.1):

1 X 27T< 1) (k1)
L
X(kAf) = NZ_: (2.1)

Af = NlT is the frequency quantum and k is an integer variable. Matlab calculates
Eq. (2.1) using an FFT algorithm (Fast Fourier Transform) that is faster that the exact
calculation of DFT.

An important thing to know is that, because of the hypothesis that input samples are
a periodic repetition, the coefficients calculated refer to a periodic repetition in frequency
of the spectrum as in Figure 2.2.

[H(D)I

it 12 0 fo/2
Fig. 2.2: Spectrum repetition

As depicted in Figure 2.2 only the red spectrum brings an information, the others
are only a repetition around kfs with k = ..., —2,—1,1,2,.... To note that if we sample
the signal at a rate fs, the maximum frequency at which it’s possible to have a correct

information is the Nyquist frequency Es’ in agreement with the Nyquist Theorem.
Let’s look more closely how are the coefficients give back from Eq. (2.1) (remember
that are complex numbers), they are slightly different according that x(nTs) has an even

or odd number N of samples:

e Even
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that they correspond to

X(f=0),X(f=Af),...X <J; —Af> X <f> X (fs—Af),...,X(f_Af)

2 2
(2.3)

the (-) means the complex conjugate.

X(1),X(2), .., X (BTD X (Fﬂ + 1) oy X(IN) (2.4)

that they correspond to

e Odd

X(f=0),X(f=Af),..,X (és —Af) , X <‘);5 — Af),...,X(f =Af) (2.5)
the [(-)] means the up rounding.

For simplicity we assume N is even, so referring to Relation (2.3), we note that about
the first half of coefficients bring the information of the module and phase and the second
half don’t add information because has the same module and inverted phase. This is
because of we are working with real-valued signals in time domain, so they enjoy (in
frequency) of the Hermitian property X (f) = X(—f). Eq. (2.1) and so Relation (2.3) refers
to the Bilateral spectrum (0 < f < fs or equivalently —f;/2 < f < +f,;/2) but, thanks to

Hermitian symmetry, we can use only the Single-side spectrum so X (1),..., X 5 + 1>.

N
Now we have — +1 data that dimensionally are not a PSD, if for example the temporal

signal is a voltage v(t) , the | X (kAf)| have the dimension of Volts, so it is necessary a
division for a frequency (or a root frequency).

Another fundamental feature is to conserve the power from the passage bilateral to
monolateral spectrum, this is simple because the total power of two harmonics is

IX(EAS)]? + | X (KAS)]? = A% + A2 = 242

so we may replace them with a single harmonic of amplitude v/2A.
PSD values (IN/2 4 1 in total) can be calculated as:

2| X (kAF)|?
V2(kA = 2.6
wan| =T (2.6)
or the square root value:
V2| X (KAL)
V (kA =" 2.7
(RAT) V/VHz VAS 27

or, in a common logarithmic scale (R, is a reference resistance, usually is 50€2):

VE(kAS)

V2/Hz
= 10l0g10
dBm/Hz Rref x ImW

V(EAF)

(2.8)

These Relations (2.6), (2.7) are used for X (k) with k£ = 2,3, ..., N/2 because these har-
monics are mirrored (bilateral spectrum), otherwise X (1) (DC component) and X (N/2+1)
(fs/2 component) are unique (see Relation (2.3)) so don’t need of the 2 and /2 factors
respectively in Relations (2.6), (2.7).
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The frequency axis is discretized in N/2 + 1 values equispaced by Af, thus f =

Js [s

0,Af,...,= = Af —.
) f7 ) 2 Y 2

Total Power may be calculated in this way:

N/24+1

=Af Y VAkAS)

V2 k=0

= 1| Piot (2.10)
14 V2

An example of PSD calculation is in Appendix A.4.

Piot (2.9)

V2/Hz

ans thus:

VrRms

2.2 Realization in time domain

To realize a signal from the frequency to the time domain, the core of this ”transformation”
is the Inverse DFT:
N 27 N
() =Y x(kape N TEY (2.11)
k=1

N is the total number of frequency samples.

In general we may have as input a PSD single-sided spectrum (the module) existing
in foin < f < fuax with N’ points equispaced. In most cases, both in simulations or
in measures with network analyzer, we have points equispaced in a logarithmic scale, for
working the Relation (2.11) needs equispaced points in linear scale with a fixed Af, so if
it is necessary, we must interpolate data to obtain (from N’ points to M points):

V(fmin)s V(fmin + Af)s s V(frax — Af),V(fmax) (2.12)
There are M points equispaced by Af (M is not chose at random). We will assume

V (kA f) have dimension of V/v/ H z, if they derive from a measure with Network Analyzer,
probably they could be in dBm, so at first we have to make the conversion, considering
that:

P(kAS) — 10logio] FBW (2.13)

dBm

= Pmeasured
dBm/Hz

IFBW [Hz] is the Intermediate Frequency Bandwidth to set in the Network Analyzer.
And it is also:

V2(kAF)
V2/Hz
P(kA = 10! 2.14
kAR <10l | (214)
so equating Eq. (2.13) to Eq. (2.14) we may calculate:
(Pmeasumd —10log10Il F BW +10log10(Rin X lmW)) /20
V(kAF) =10 azm (2.15)
V/VHz
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Now we have PSD data of a single-sided spectrum, to obtain a correct realization in
time domain we have to pass to IFFT Relation (2.11) some coefficients in the form like
(2.3) with the Hermitian property and the same unit of measure.

Coefficients in (2.3) are equispaced by Af in 0 < f < fyrax so it’s necessary to
min
Af
have zero amplitude so they don’t add power to the original spectrum. The best choice
is to be able to chose the frequency quantum Af (Af must be chosen so that m will
be an integer number), in this way m is fixed and also the number M (2.12) is fixed

add a number m =

of points that cover the band 0 < f < fyn, this points must

because M = W. This implies that the total number of frequency points for
the single-sided spectrum is fixed too because is m + M = fﬂgf}x.

Now we multiply the values by v/Af to ensure the values represent Volts in this case,
and to convert them in complexr numbers we associate for every value a random phase ¢
generated from a uniform distribution (see A.2).

X(EAf) = a+jB8=V(kAf) x \/Af x \}i x el (2.16)

fork=2,...m+ M —1.

The factor 1/v/2 represents the necessity to split in 2 the power because the coeffi-
cients (2.3) represent the double-sided spectrum (the DC harmonic X (0) and the last at
furax X(m + M) are unique, so don’t need the factor 1/v/2), see Figure 2.3 for clarity.
The last step is thus to mirror values (2.16) with opposite phase to respect Hermitian
symmetry.

X(1),X(2), ..., X(m+M—1), X (m+M), X (m+M+1),...,X(N =2m+2M—2) (2.17)
that they correspond to
X(f=0),X(f=Af),..X <fMAX - Af) X (fMAX) X (fMAX - Af),...,X(f = Af)

2 2 2
(2.18)

To obtain a real-value signal from Eq. (2.11) we must set ¢(X(farax/2)) = 0, the
phase of X (0) is not relevant because its module is null.

174 AN
Hz
(0] (0]
7 7
_fmeui _fmin fmm fmeui
Yama Y '
«>' m M

Fig. 2.3: Single-sided to Double-sided spectrum
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Let’s pass coefficients (2.18) to Eq. (2.11) and we obtain N N = 2m + 2M — 2 values
that represent the amplitude of the signal in time-domain x(n7s) (in Volts in this case).
To obtain the time axis is simply because there are N points equispaced by the the

“sampling time” t5 = %M

An example of realization is shown in Appendix A.5.

2.3 Test pk-pk and Comparison

The purpose of the Realization program is to be used for performing the 3mVp_p, Test
as discussed in Chapter 2-Introduction.

The Test is performed by making a Realization v(nT) in time domain of an input
PSD Single-sided spectrum, then we keep the absolute value |v(nT5)| so the signal is only
positive (remember that v(nTs) has zero-mean for construction), we define a threshold =%,
if the percentage of values |v(nT)| that exceed 1.5mVepo—pi is more than x%, therefore
the Test is Fuailed, otherwise the Test is Successful. Test Failed means that we cannot
ensure the testability of the device, Test Successful means that the simulated LDO can
be considered stable.

The program Realization+Test is been conceived mainly to be used with the parame-
terization of Noise Simulations in CADENCE. For default the threshold percentage is set
2% = 95%, in this way the signal, to pass the test, would be remain in the band +20,,
however the failure percentage can be varied. Indeed the 2% = 95% does not match the
+20, because the realization v(nT}) has not a Gaussian distribution of amplitudes because
derives from a general PSD.

2.3.1 Measurement

As verification of my work and as example I report a measurement on a quite noisy LDO,
the setup is explained in A.2 and also I made some measures with the oscilloscope with
the same load conditions of Figure A.8 and the oscilloscope is simply connected at V.

Noise PSD

SR AR
hi\lwmmt\nﬂm N'J‘ “L ‘H\ \\l‘M n” il m J'hu‘ i M ‘MU \

‘m‘l‘ ; \Y i ”\”‘\‘\‘4‘

[dBm/Hz]

Average - PSD from oscilloscope measures
Net.Analyzer Measure (port 50 ohm)
Cadence Simulation ESR=5 ohm

Cadence Simulation ESR=5.7 ohm
Cadence Simulation ESR=7 ohm

-120-

-130' i [ A A | i il i R A | i [ A |
10’ 10° 10° 10"

Frequency [Hz]

Fig. 2.4: Comparison between Measures and Simulations
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Let’s compare the integrated Vgzass:

e in the approximately white bandwidth 100Hz < f < 100kH z:

Net.Analyzer — VgargmV|

Aver.Oscilloscope — Viars[mV]

Simulation — Viarg[mV)

0.84

0.86

0.91

e and in the full bandwidth 10Hz < f < 1M Hz:

Net.Analyzer — Vrpyg[mV]

Aver.Oscilloscope — Viars[mV]

Stmulation — Vrars[mV]

5.4

5.1

4.5

The resonant peak in relatively high frequency (see Figure 2.4) generates a lot of noise
and it derives from the small phase margin in this load condition, this example show us
that a good compensation is one of the most important thing to ensure for reaching low

noise performance.







Chapter 3

Noise in LDO

3.1 Introduction to LDO

EA
Vrer LT t-.
BANDGAP —>! - :
Verr | BUFFER L
+ 4' POWER n Vour
+ ——y +—O
FEEDBACK R 1 l
C,
Br

RESR RL

Fig. 3.1: Linear Voltage Regulator

A Voltage Regulator is a common circuit in ICs, it is indispensable in electronics
because, as the name says, it regulates and maintains constant the output voltage at a
variation of load Ry. There are two classes of voltage regulators: Linears and Switching.

Switching regulators are complex to design and the output voltage is constant only in
"average” because the waveform is discontinue (”switched”) and so is ”dirty” of harmonics,
but their strength is the high efficiency that in theory could reach the 100%, in practice
good values obtained are 90 — 96%.

Otherwise, Linear requlators are relatively simple to design, have a fast response to a
load/line step, and are generally low Noise, the weak point is the low efficiency:

S Povr _  IroapVour Vour (3.1)
T Py (Inoap +19)Vin T Vin '

where I is the quiescent current that flows to ground but not in the load (Vin = Vpp
in Figure 3.1).

Thus to maximize the efficiency we would work with Voyr =~ Vin, the term Viy —
Vour = Vpo is just the drop-out voltage that falls across the pass device (Voyr — Vin =
|Vbs| of the Power stage in Figure 3.1), the name LDO means Low Drop Out, so a linear
regulator with a voltage drop-out of few hundred of mV, so their efficiency is quite good.

A Linear Regulator is a negative feedback system, the circuit (Figure 3.1) tends to
delete the voltage error

Verr = BrVour — Vrer — 0 (3.2)

23
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SO

1
Vour = —VREF (3.3)
Br

BF is a scale factor introduced by the Feedback and Vrpp is a voltage reference. The

power flux (so the Irpap flux) flows through the power device to the load. Let’s give a
brief description of the blocks in Figure 3.1:

e BANDGAP: this is the circuit that generates the Vygp, it must be precise respect

variations of Vi and Temperature, usually is not connected directly to Viny but it
is powered by an internal supply. This block produces a lot of Noise and is the most
critical block to reach low-Noise performance.

ERROR AMPLIFIER: this is a single-ended OTA ( Operational Transconductance
Amplifier) that produces a current proportional to the input voltage error ip4 =
gMEAVerr, then the current flows in the output resistance and produces a voltage
Vout,EA = t1EARout,pA. The role of this block is to amplify ve, with high gain (this
is the core of the circuit), the higher the gain, the smaller will be the static error on

V:)ut .

BUFFER: the buffer has an AC gain close to 1, its job is to drive the power stage
the best possible, so its output should be nearest as possible to the extremes Vpp and
ground. This to ensure the maximum Vg to the power transistor. Moreover, the
buffer output resistance should be the smallest as possible to push in high frequency

the pole at the power stage input fpoe = because this is a
27 Ro BUFFCin,POWw

parasitic pole.

POWER: the power transistor may be both Bipolar or MOS and also to be N-type
or P-type. To design the pass device we have to make some tradeoffs, to reduce
the power loss through the pass device (Ppass = (Io(max) + Ienp)Vpo with Vpo =
Vin — Vout) the best choice is a P-type transistor (specially P-MOS), instead to have
a fast response at the output it is convenient to use a N-type transistor due to its
smaller output resistance. A general comparison is summarized in Table 3.1, the /
symbol represents the best choice.

|

| N-type Power Pass Devices | P-type Power Pass Devices ‘

Parameter BJT MOS BJT MOS
VIN (min) Vour +Vpo | Vour +Vpo || Vee + Vera) V' | Vas + Vbs(sat)
Vpo VBE + Veua | Vas + Vbs(sat) Vessat) vV VDS (sat)
Ignp 0A \/ 0A \/ Io(maz)/ﬁ 0A \/
Io(maz) Highest / Low High Moderate
R, L/ gmpjr v/ 1/gmuos To Tds

Tab. 3.1: Comparison power pass devices

e FEEDBACK: the most common element to sense the output voltage is a voltage

divider as in Figure 3.2:

Ry
Vg = ————V, 3.4
FB= R TR, OUT (3.4)
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and Bg is the feedback factor

Ry

6F:R1+R2

(3.5)
To design this simple divider we may choose the two resistors to set the right Voyr
in Eq. 3.4 (Vger is known), instead the value of the resistors fixes the feedback
current

Vour

= =2 3.6
R+ Ry (36)

Irp

the smaller Irp is, the better is in terms of global efficiency.

Fig. 3.2: Sensing block

Regarding to Cp, and its parasitic Rgsr (Figure 3.1), the value of Cf, is chosen to
guarantee the stability of the LDO and to have a desired transient response to a load/line
step (velocity response, small over /undershoot, etc..). Usually a minimum value of Cr, (i)
and a maximum value of Rpgp(mar) are specified to ensure the stability.

3.1.1 Steady-state performance

Some Static Regulating performance of a linear regulator are:

e LOAD REGULATION: this static parameter describes how much is the DC
variation (steady-state) of the output voltage respect to a load current variation,
that is:

AVour _ Ror,

LDR = Ripr = rEG) ¥ Rparasitie ™ g
out( ) parasmac 1+ 5AOL DC\Iroap

3.7
Alroap (8.7)

where Rppr is the load-regulation resistance calculated in steady-state (DC) and
dependent from the load current Iroap, Roui(rEG) the closed loop output resistance
of the regulator, Rparasiric the bonding and the PCB wire parasitic resistance,
Ry, the open loop output resistance and the Aoy, the open loop gain of the regulator.

The load regulation has the dimension of a resistance and smaller is, the better is.

e LINE REGULATION: this is also a static parameter and it refers to output
voltage variations arising from DC changes in the input supply, that is:

_ AVour

LNR=A;,
DC AVin

(3.8)

DC
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LNR is the DC supply gain. In general the supply gain A, is:

Ain(f) = Ain(reG) + Ain(rEF)ACL
_ AVour AVggr
T AViNREG) (F)+ AVIN(REF)
VINREG) | AV =0 VIN(REF)

Y

AViN(rEG)=0

Acr

where Acp is the closed-loop gain of the regulator. Eq. 3.9 could be calculated with
superposition principle with respect to Figure 3.3. To correctly have a good voltage
regulation the supply gain may be the smaller as possible.

VINREF) V'N(REG)i
(L Vi Vout
REF REF REG |—o

Fig. 3.3: Line regulation scheme

Usually in datasheets, instead of A;,, it’s possible to find the PSRR (Power Supply
Ripple Rejection, sometimes wrong called Power Supply Rejection Ratio):

1

PSRR(f) = 3.10
so the PSRR(f) must be the highest as possible. The line regulation is simply
LNR = 1
~ PSRR(0)

3.1.2 AC analysis

The AC study of the regulator is important for the analysis of the Stability, we may model
the regulator as in Figure 3.4.

ERROR AMPLIFIER
AN
Ro sur
9MEeaVEs '
— 0O ° ° o °
+ + +
Cea VBUF 9MpVeyrF
\

Vrs GD Roen VEA A ::Cin,P GD Rop  =—=0C»p
R,

@ v @ v Vout

X

Voltage injection for Loop Gain

FEEDBACK

Fig. 3.4: LDO’s AC model




3.1 Introduction to LDO 27

In Figure 3.4 all components are of easy intuition, otherwise the capacitor Cp is the sum
of more components Cp = Cpgss—transistor + Cin—roaD, Cin—roAp is the input capacitor
of the load (every real load has its input capacitor) that is in parallel with Ry.

To study the stability we refer at the Loop-Gain, to calculate it the best way is to use
the Middlebrook Voltage injection ([5]) breaking the loop as in Figure 3.4.

At low frequency (capacitors open) the Loop-gain T is

R
= gmpaRopa x gmp(Rp//Rr//(R1 + R2)) X .
e R+ Ro

and the general calculation in frequency leads to

T (3.11)

s
(1 " > (1 ¥ )
T(f)=T 2n f 284 2”’;@” - (3.12)
be 1+ 1+
27TfEA 27Tfo 2w f1 27 f2
where:

[ (3.13)

EA T 9nrR,Cpa '
[ (3.14)

“ESE T 21 RpsrOL '
foa= e (3.15)

pA= 2R, EACEA '
fo g (3.16)

o 27T(Ro7p//RL)CL '
and the terms in [...] are two of the most important parasitic poles (there are many

others):

= 1 (3.17)

b 27 R, BurCin,p '
fr = ! (3.18)

>~ 2n(Rop//RL)Cp '

These pole at f1 is usually the lowest frequency parasitic pole because Cj, p is a quite
big capacitor Ci, p = Cys + ApassCyd, the pass transistor is big because it has to supply a
high current with a low drop-out, so even the parasitic capacitors are big. To ensure this
pole is pushed in high frequency the buffer must have a quite low R, pyr, this requires a
challenging design.

If we are able to push parasitic poles in high frequency (at least over few M Hz),
we can consider the LDO like 2 poles system (fga, fo). We have the full control on
the error amplifier pole fra, but the output pole f, can vary of several decades because
the value of C, can vary of orders of magnitude, this because is the final user (and not
the designer) that choose the value of C, according to various needs (temporal response,
over/undershoot, etc.). Usually is indicated the minimum value of Cp, that ensure the
stability, the user may choose any Cp, greater that Cp(yn) (usually Cppip) is few pF),
anyway this is a big capacitor so there is associated a Rpgp, its value however is highly
unpredictable and varies from few tens of mf) to 2.
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From the designer point of view, to ensure the stability for all possible Cr, and Iy, is a
challenge and the dominant pole compensation can be made with an Internal compensation
(fEa is the dominant pole) or with an External compensation (f, is the dominant pole)
or a mix. A possible compensation choice is shown in Figure 3.5, where the first pole is
the error amplifier pole, then has been created a zero in the error amplifier and the second
pole that ensure the crossing (at 0dB) is the output pole. The zero of the ESR can help
to save the phase but its position is highly unpredictable. In Figure 3.5 are shown two
cases of output capacitor C'r, = 1uF and C;, = 100pF to better understand how changes
the compensation.

To improve the compensation we can’t change appreciably the DC value of the loop
gain because this impacts on the static requlation error €g:

1

~ — 3.19
TO (3.19)

€0

and we would like it to be the smallest as possible.

A |Loop Gain| [dB]
60dB .Pea
40dB _|
20dB _|
odB ; ; ; ; ; ; ; -
I I I I I I I -
10 100 1K \1£k 100k \Iyl _dom  freq[Hz]

Zesr C.=100uF ;ESR "-f_‘parasitic poles

Fig. 3.5: Loop Gain proposed compensation

LDO quasi-ideal circuit for AC study

To study the STABILITY we may use a quasi-ideal model in Cadence as in Figure 3.6.

The Error Amplifier is designed to ensure a compensation like that of Figure 3.5 so
the fpa ~ 40Hz and f,,, ~ 4kH z, the output pole at f, depends on the I, and Cr, and I
used a ESR = 100mf). The most problematic parasitic pole at the gate of the pass-device
is at about f; &~ 5M H z and the other parasitic pole at f is at a higher frequency, we must
bring in mind that this is a quasi-ideal circuit so it doesn’t describe all parasitic poles, we
can assume that in the real circuit there are some parasitic poles close at 10M H z so the
Loop-Gain can not cross the 0dB at a frequency close to 1M Hz. The voltage reference is
Vrer = 1.2V and the voltage divider R; = 63k(2, Ro = 20k(2 is set to regulate V, = 5V.
It will be explained further what is the effect of the Bypass capacitor Cp.

The Loop-Gain module and phase is shown by varying the Ry, (I L= 5}[2‘/]) and Cp:
L
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B R44
r=Ro,BUF
1
14 . =t
vdc=VIN 1<
L - —1900.00u
. 1£2.60u
§C3 Mo< 1:100>
ERROR AMPLIFIER -+ .
qggain=gm,BUF
a . 5 O
3
Icw I
=CBA
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R47
=Rz
® *
1
gnd
~ IPRB3,

Loop Gain Phase

Name Vis RL
Loop Gain dB20 75.0 754 r 180.0
= Loop Gain dB20 ] 5 4 |, [
Loop Gain dB20 * 50
i Loop Gain dB20 * 500
Loop Gain Phase
M Loop Gain Phase 2 5 L
Loop Gain Phase 2 50
= Loop Gain Phase ' 500 r150.0
r120.0
g g
z A
5 F90.0 é
o r o
Q o
S o]
~00 - =
F60.0
-25.0+ 3
-30.0
_50'07\ L L e e ) B ] ) LA e S S A2 E meio'o
10° 10* 10° 10° 10* 10 1° 10’ 10°
freq (Hz)
Fig. 3.7: Cp, = 1uF, ESR =100mf), Cp =0
[ ] RL
The solid lines in Figure 3.7 are the Loop-Gain Module at respectively I, = 1A4,100mA, 10mA

and the dotted lines are the Phase, the resulting Phase margin is in Tab. 3.2.

[ ] CL
The solid lines in Figure 3.8 are the Loop-Gain Module at respectively Cf,

= 1uF, 10uF, 100uF

and the dotted lines are the Phase, the resulting Phase margin is in Tab. 3.3.

Note that the ESR is fixed in this case, in a real capacitor the ESR increases as the
capacitor increases (almost in a common capacitor, not in a high-performance one) so this

may help to save the phase and slightly increase the Phase margin.
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Rr [Q] | PM [deg]
5 114
50 93
500 77

Tab. 3.2: Phase margin, Cr, = 1uF, ESR = 100m£, Cp =0

Loop Gain Phase

Name Vis cL

Loop Gain dB20 750 954 r 180.0
M Loop Gain dB20 : 1e-06 4 e) e, o E
Loop Gain dB20 1 le-05 @
i Loop Gain dB20 : 0.0001
Loop Gain Phase
M Loop Gain Phase 1 le-06 L
Loop Gain Phase 1 le-05
= Loop Gain Phase ®0.0001 r150.0
50.0 4 L
r120.0
25.0 =~
o o)
s s
z Bl =z
g 900 %
o r o
Q Qo
9 o]
0.0 -
60.0
-25.0+ r
r30.0
>50'07\ T L S L S L B B L B S B L B ) waio'o
W w0 W 1w 1t 1w 1w 10w 1l

0
freq (Hz)

Fig. 3.8: I, = 100mA, ESR = 100mS2, Cp =0

Cr [uF] | PM [deg]
1 93

10 65

100 30

Tab. 3.3: Phase margin, I;, = 100mA, ESR = 100mf2, Cg =0

3.2 Noise Model LDO

To develop an LDO’s Noise model we refer to the block scheme in Figure 3.1, every block
produce some noise that we refer at its input as equivalent input noise, the proposed model
is depicted in Figure 3.9.

The Loop-gain T is:

T(s) = GaZAGpZofr (3.20)

with Z4 = Z4(s) and Z, = Z,(s) that contains poles and zeros as in Eq. 3.12.
The transfer functions (T'F’) are:

VN,out _ VN,out _ GAZAGPZO
Ve  VNEA 14+ T(s)

(3.21)
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VN,OUt

VN,EA VN,BUF VN,F’OW
EA BUFFER POWER
Vige + T + 3 +
>—' GaZa =1 - GpZo
................................... .
.............. L— FEEDBACK
+
BF |
+

VN,FB

Fig. 3.9: Noise model LDO

VN,out _ VN,out _ GPZO
Vnsur  Vnpow  1+T(s)
VN,out _ _ GAZAGPZOIBF

VN,FB 1+T(s)

(3.22)

(3.23)

VN,out/\/E )
Vnx/VHz )

If we consider to be in the band of the regulator (|7| >> 1), the transfer functions
reduce to:

these transfer functions have to be intended for PSD quantities <i.e.

VN,out _ VN,out ~ i (3 24)
Vn.BG VN.EA Br .
1% Vi 1
Nout _ VNout <<1 (3.25)
Vnur  VNrpow — GaZafr
M ~ —1 (326)
VN.FB

as we can see the Viy pow and Viy puyr have a poor effect because are attenuated from
the regulation loop, and the strongest impact is from Vi pg and Vi g4 because they are

1
injected at the input of the loop and ”see” the TF — > 1.

Now we understand the importance of a good coml;ensation to avoid a resonance peak
that arises a lot the 1/8p factor and it increases the input noise (an example is in Fi-
gure 2.4). To avoid the resonance peak the phase margin would be greater than about 60°
and is difficult to guarantee this for all the operative conditions of the LDO.

Regarding the Vi rp the Eq. 3.23 is based on the hypothesis that the feedback block
is a VCVS (Voltage Controlled Voltage Source), this is true for a high impedance feedback
like an ADC+DAC but this is not true for the classical voltage divider, so it’s correct to
calculate directly the voltage divider Noise regardless Eq. 3.23.

Aim of the Thesis The aim of this work is to study the feasibility of a Low Noise LDO
with a Vi our < 20uVRrars integrated output Noise in the bandwidth 10Hz < f < 100kH z.

We have just seen that the Noise produced by the power and the buffer is negligible,
so the output integrated noise is roughly

VN,out ~ \/V]\2/,out(BG) + V]\2/,out(EA) + v]\Qf,out(FB) (327)
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where, in this case, Vi out(BG)s VNout(EA)s VN,out(FB) are intended as the Noise, due
to these blocks, measured at the output of the regulator. Carefully, we have to partition
the Noise budget at the three blocks to reach the target of Vi our < 201VRass.

3.2.1 Voltage Divider Noise

The Noise of the classical voltage divider feedback is shown in Figure 3.2, in the band of
the regulator (|7'] >> 1), it is:

V]\27,out — V]\%,Rl + & 2 V]\%,RQ (3 28)
Af Af Ry Af '
that, since fp = Rllj—QRg’ it reduces to

V]\Qf,out _ LVJ%,Rl
Af  Br Af

the complete calculation is in Appendix A.6.

(3.29)

This Noise is Thermal resistor noise so it’s white in the band of the regulator and
decreases with the loop-gain when this is smaller than one (so the regulator ceases to
regulate), to understand this is helpful to compare Figure 3.10 vs Figure 3.7 and Figure 3.11
vs Figure 3.8.

Name S RL

<

output noise; V / sqrt(Hz) 74 , r30.0
M output noise; V / sqrt(Hz) = 5 10 SPOT g [
output noise; V / sqrt(Hz) &= 50 9 ]
= output noise; V / sqrt(Hz) = 500 ] B A
output noise; V / sqrt(Hz) = 5000 ] \ L
sqrt(iinteg(getData("out" ?result "noise")**2)) .y X N
' sqrt(integ(getData("out’ 2result "noise”)**2)) I 5 1 \U_M1: 11.88502Hz 65.57274nV / sqrt(Hz)) F25.0
sqr(iinteg(getData("out" ?result "noise")**2)) & 50 t
= sqrt(iinteg(getData("out” ?result "noise”)**2)) & 500
sqri(iinteg(getData("out" ?result "noise")**2)) & 5000
8- r
104 r20.0
M
T L
] r15.0
o A X
[ f M2: 100.5773kHz 14.63118u 7 L
2 B
= 10
< r
s r10.0
" F
>
r5.0
10 i
1 INTEGRATED
r0.0
4G T 00
1 3 4 5 6 7
10 102 10 10 10 10 10

freq (Hz)
Fig. 3.10: Feedback Noise, R; = 63kS), Ry = 20kS), Cp, = 1uF, ESR = 100mS2, Cg =0

We can see the peak due to the low phase margin, that increase the Noise, fortunately
this happens when the crossing frequency of the loop-gain is quite low respect 100k H z so
the integrated Noise is acceptable. Instead, when the loop-gain bandwidth is comparable
with 100k H z the integrated Noise is too high respect the available budget of 20uVgass.
Consider a normal load condition I, = 100mA and C; = 1uF (the yellow curve in
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output noise; V / sqrt(Hz)

Name Vis CL

output noise; V / sqrt(Hz) 1 0’63 r20.0
M output noise; V / sqrt(Hz) =z 1e-06 7 L
output noise; V / sqrt(Hz) =z 1e-05 ]
™ output noise; V / sqrt(Hz) = 0.0001 -
...Data("out" 2result “noise")**2 4
- DataCout rreaut nise’)2) B 1006 (" M2: 100.9253kHz 15.30869u)
tData("out” ?result "noise")**2)) & 1605
= __tData("out" ?result "noise”)**2)) & 0.0001 [
1077 spoT (150
X M1: 1.737801Hz 65.75974nV / sqrt(Hz))
= L
I 41584 F10.0
g 10
o L
2]
> E)
N
z
&
2 40% F5.0
> ]
INTEGRATED
1079 oo
T e Y
10” 10' 10? ? * 10° 10° 10’

10 10
freq (Hz)
Fig. 3.11: Feedback Noise, Ry = 63k€), Ry = 20kS), I, = 100mA, ESR = 100mf), Cg =0

Figure 3.10), the integrated Noise at the frequency limit 100k H z is about 154VRars, this
is too much, the Noise (spot and integrated) scales with resistance:

V]\Q/,out x R (330)
thus

Viout < VR (3.31)

this implies that if resistors R; and Rs increase of 10 so the output noise increases of
v/ 10 = 3.16, in this case the Noise will increase as in Tab. 3.4.

R (O] [ By [ | Vvour [0V
63k 20k 15
630k 200k 47
6.3M 2M 150

Tab. 3.4: Integrated Noise @100kHz, I, = 100mA, C;, = 1uF, ESR = 100m£2, Cg =0

To bypass this problem we have to create a pole at a frequency f < 100kHz in the
transfer function (Spot Noise figure), this is made by the connection of a Bypass capacitor
Cp in parallel to R; as in Figure 3.6. This capacitor creates a pole at the frequency:

1
~ 27CgR;

The worst case for the pole fp (so when it is at the higher frequency) is with Ry = 63k
and Re = 20k(2, in Figure 3.12 is shown the effect at the variation of Cp.

From Figure 3.12 we may see that acceptable values for Cp are Cp > 1nkF, this
requires that Cp should be an ezternal capacitor, unfortunately this is a bad notice for
an integrated LDO but this is necessary for the Noise requirement.

I (3.32)
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output noise; V / sqrt(Hz)

Name Vis 3
output noise; V / sqri(Hz) 107 SPOT 125
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= output noise; V / sqrt(Hz) 1e-08 | N
tData("out" 2result "noise")*2)) ! 3 AN
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Fig. 3.12: Feedback Noise, Ry = 63kS), Ry = 20kS2, I, = 100mA, Cp, = 1uF, ESR =
100mS2

Increasing the divider resistances the Noise produced by themselves is increased, but
the frequency of pole is moved to a lower frequency as in Figure 3.13.

output noise; V / sqrt(Hz)
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output noise; V / sqrt(Hz) 1 0‘6’ rs
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Fig. 3.13: Feedback Noise, I, = 100mA, Cp = 1uF, ESR = 100mS2, Cp = InF

Seeing Figure 3.13, it seems that the integrated Noise saturates at about 4uVguss,
this is true because, at least until to 100kHz, the Noise transfer function has a one
pole shaping like the simply R — C example in Paragraph. 1.4. So when the maximum
integration frequency (in this case 100kH z) is at least a decade greater than fp, the total
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integrated voltage Vrars saturates (Eq. 1.42) at:

1 kT
VN,OUtRMS = /BtiiB (333)

Therefore the integrated Noise is determined by the Cg, Cp = 1InF leads to a Vv ot =
4.15uVrms and Cp = 10nF leads to a Vv our = 1.31uVRars.

3.2.2 Load Resistance Noise

The Noise of the Load depends at first from the load nature, if we supply a real circuit it
absorbs a current but injects some Noise. For example if the load is a physical resistance,
it injects its noise in the output node. From the load point of view the circuit is presented
as in Figure 3.14.

Fig. 3.14: Rroap Noise circuit
It is a voltage divider between R; and R, cr,, so

VNo = Rocr VNg,

VAf  Rocr+ Ry VAT

R, cr, is the closed-loop output resistance of the regulator, it varies in frequency and
it is dependent from the load current I;. To calculate it with an explicit calculation using
the circuit in Figure 3.4 it’s important to note that we have to remove Ry and we have
to maintain the information on the I by the insertion of a DC current generator as in
Figure 3.15.

(3.34)

Fig. 3.15: Iy, current generator for the calculation of R, cr,

An easier way to calculate R, ¢y, is to observe that a linear voltage regulator with
a voltage reference is a feedback system that tends to simulate an ideal VCV.S block
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(Voltage Controlled Voltage Source), the output resistance of a voltage generator is ideally
null, so the output resistance of the regulator is a very small quantity:

o RO,OL(S)

R, cr(s
L(),L 1+1T(s)

(3.35)

I,

It’s the open-loop output resistance R, or, = Rp//(R1+ R2) = Rp (at low frequency)
reduced by the Loop-Gain, at high frequency the resistances in parallel at the output node
tends to the ESR of the Cr. R, cr(f) is shown in Figure 3.16.

Name Vis RL

VF(/net064")/IF(/V15/PLUS") 104
. VF("/net064")/IF("/V15/PLUS") * 5 1
VF('/net064")/IF("/V15/PLUS") * 50 ]
B VF("/net064")/IF("V15/PLUS") & 500
)2
\
10
S
< e
=
/: M3: 1.148154Hz 114.7799m)
& — ~
10} =4
(" M4: 9.885531MHz 100.0507m,
1 j[ ML: 1.071519Hz29.78405m)
1d
[ M2: 1.174898Hz 12.67754m)
2

10" — T

10°

10" 10 X 10 10° 10

10° 10
freq (Hz)

Fig. 3.16: Rocr(f) [, CL = 1uF, ESR = 100m, Cp = InF

Back to Noise, at low frequency Eq. 3.34 predicts that the Noise is strongly reduced
because R,cr < Rp and at high frequency too is strongly reduced because R,cr ~
Rpsr < Ry, this is depicted in Figure 3.17.

The integrated noise at 100kH z as we can see in Figure 3.17 is always very small for
our purpose (about 5nVgars), so it can be neglected.
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Name Vis RL
sqrt(VNPP(Y/R52","m")) 10 BE
= sqrt(VNPP(*/R52","m")) 5
sqrt(VNPP("/R52","m")) 50
™ sqrt(VNPP("/R52","m")) 500
sqrt(iinteg(VNPP(*/R52","m")))

[2l2]S)

= sqrt(iinteg(VNPP(*/R52","'m"))) & 5
sqrt(iinteg(VNPP("/R52","m"))) & 50
= sqri(iinteg(VNPP("R52","m"))) & 500
-9
1074
Q| g
s g
ml 10 ]
>
N
z
€
o
2
> 10

10 T T T
10° 10' 10° 10° 10* 10° 10° 10"
freq (Hz)

Fig. 3.17: Ry, Noise , Cp, = 1uF, ESR = 100mS), Cp = 1nF

3.3 Methods To Reduce Noise

3.3.1 Bypass Capacitor

The Bypass capacitor not only reduces the resistor divider Noise, but it acts also on the
input Noise (Reference and Error Amplifier) that is the dominant Noise. Let’s calculate
the transfer function from input to output using the circuit depicted in Figure 3.18.

b +
VN,in
VN,out
’ ¢ » o
T L]
Co
1 R
R, Resr

Fig. 3.18: Simplified AC model to show Cp impact on the circuit

From the input "point of view” (Vi ;,) this is a non-inverting amplifier with the
following transfer function:

V ou ou ]-
Nout (o) Vout () 1+

3.36
VN,in ( )
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1
where Z5(s) = Ry and Z1(s) = R1// - so Eq. 3.36 reduces to Eq. 3.37:

B 1+sRCp

- () (S

1 R
At low frequency the input Noise is amplified by 6— =1+ R—l, to avoid to amplify
Fo 2
input Noise over the full bandwidth the Cp is necessary to reduce to a unitary gain,

1
Eq. 3.37 is depicted in Figure 3.19 where = and = —
d P & Jrrs 97C5(R1//R2) v = 500 Ry
‘/A\ﬂom‘. - 1
20D TT| =l b
10d3,...m§ ........ ........ ........ ........ ........ ........ ......
[ S S LA S —
10 100 10k 100k N\IM  10M freq [He]
0B S y s S o S S
1BF| - : 2Fp : : : :
S20dB] L L Lt

Fig. 3.19: MOS Noise model

Assuming the input Noise is white, to avoid an appreciably increase at the Noise due to
1/BF, the gain must remain unitary at least in the last decade of interest 10k H z— 100k H z,
because the integrated power Pow = K x (1/8r)? X (fmaz — fmin) = K x 1 x 100kH z.

The input transfer function remains ‘;ut (s) = 51(3) in the regulation band (|T] > 1,
i F

|T'| =1 at the crossing frequency f.), then inevitably the gain falls to zero with the loop-
gain. This reduction may help to reduce input Noise if f. < 100kHz but this happens
only with high Cf, or at low Iy, so usually this doesn’t help.

The worst case to design C'p is when Ry, Rs are the smallest (we consider the minimum
is tens of k) because Cp would be bigger. An example is reported in Figure 3.20.

In the real case of Noise shaping in Figure 3.20, an interesting parameter to consider
to choose Cp is:

VN,out—integrated,RMS

o= s (3.38)
VN,infintegrated,RMS

with VN in—integrated, RM s 18 the input integrated Noise in 10H z — 100k H z considering

is the integrated Noise at the output,
Cp

a white input Noise, and Vi oui—integrated, RM S

depending on the C'p value.

If C'p is big enough, we should transfer the input Noise to output without amplification
and the a — ratio =~ 1. From Tab. 3.6 optimal values of Cp are few nF'.
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output noise; V / sqrt(Hz)

Name Vis

output noise; V / sqrt(Hz)
M output noise; V / sqri(Hz)
output noise; V / sqrt(Hz)
= output noise; V / sqrt(Hz)
output noise; V / sqrt(Hz)
...tData("out" ?result "noise")**2))
M ...tData("out" ?result "noise”)**2))
_..tData("out" ?result "noise")**2))
= ...tData("out" ?result "noise”)**2))
__.tData("out" ?result "noise")**2))

[Slclc]c]

=

Sl

[
=
=

2]

=z

cB

INTEGRATED

10 10
freq (Hz)

Fig. 3.20: Effect of Cp on the spot and integrated Noise. V;n/v/Af = 63nV/VHz,
Ry = 63kQ, Ry = 20k, Cp = 1uF, ESR = 100mS, I, = 100mA

CplF]| «
0| 3.0

100p | 2.1
In | 1.2
10n | 1.0

Tab. 3.5: Cp effect, comparison

The connection of Cp also modifies the Loop-Gain (using the circuit depicted in Fi-
gure 3.18 and considering R,, Ry, < Ry, R2):

Ry,

T(s) = A(S)mﬁF(S) (3.39)
with
. RQ 1+ SCBR1
Pris) = <R2+Rl> <1+SCB(Rl//Rz> (3.40)

The effects on the loop-gain is shown in Figure 3.21 (compare with Figure 3.5).

The Loop-Gain may %t the frequency-axis at a higher frequency depending from the
2
Ro+ Ry’
nearest the cutting frequency f. (above all parasitic poles are around the M Hz). This
problem is independent from the value of C'p, but depends only from Bp, as depicted in

Figure 3.22.
The stability is also checked in Figure 3.23 and Figure 3.24 with a common choice of
Cp = 1nF and at the variation of load conditions.

amplitude of fp, = this may lead to instability because parasitic poles are
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Fig. 3.23:
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Fig. 3.21: Effect of C's on the loop gain, theory
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Fig. 3.22: Effect of C's on the loop gain, simulation
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Loop-Gain module and phase, I, = 100mA, ESR = 100mf2, Cp = InF
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Fig. 3.24: Loop-Gain module and phase, Cr, = 1uF', ESR = 100mf2, Cp = InF

3.3.2 Active Feedback

1
The input to output Noise transfer function is B if we use as feedback a simple voltage
F

1
divider — > 1, so at the best we can transfer unitary the input Noise at output. If we
F

1
use an active feedback with g > 1 at certain frequencies, — < 1 so we can reduce the

F
input Noise contribution. For our purpose an appropriate active feedback could be that
in Figure 3.25.

Vx Vout
Ve + -

_ R, 1 GCg

Fig. 3.25: Active Feedback proposed

The first voltage divider Ry — Ry sets the 8r(0), then in the band 1kHz — 100k H z the

feedback factor is fp =~ 1+ R—S The complete calculation leads to:
4

Ve Ry 1+ sCpRy
= 3.41
Vout (S) <R2 +R1> (1+SOB(R1//R2> ( )




42 Noise in LDO

1
3//—
V‘if’( ) =1+ 3?3 (3.42)
z Ry+ —
sCy

Vi
where in the Eq. 3.42, at DC %(0) = 1 and it’s the same in high frequency. At
intermediate frequency, when C'5 can be considered open and (4 can be considered a short,

Vi
5 B 14 R—g If the ”gain” band is quite wide there are 2 poles and 2 zeros in the transfer
T 4

function Vs (s):

fa & 27TR1304 (3.43)
[z & %;403 (3.44)
Jpr = %R1404 (3.45)
I e? (3.46)

VoltageiGainiFeedback
Name Vis R4
..7T0Rw 30.0 q
- .. 70Rm 10000 ]
..7T0Rw 20000
... 70Rx 40000
..54Ra
- 54Rx 10000
..54Rac 20000
™ ..54Re 40000

20.0 4

10.0

dB
N

Vee/V %

0.0 - €I Iemr I ]

O—O0—60—6—6—6—6-6-7C O—6—

-10.04

freq Hz

Fig. 3.26: Voltage gain Feedback, Rs = 100kQ), C3 = 16pF, Cy = 10nF, R; = 63k},
RQ = QOkQ, CB = 1InF

Vrp (s) = Vrp (s) x Va
‘/;)ut Vr Vout
Figure 3.26 by varying the gain (at high frequency, up to the MHz, the feedback transfer
function decreases because the feedback loop-gain has crossing the unitary gain). The
general stability of the LDO and that of the feedback loop are studied in Appendix. A.7.

The total feedback transfer function is

(s), it’s shown in
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R
When the feedback gain is 1 + R—g = 11 between 1kHz — 100k H z, the input Noise is
4

V; 1
‘;V,out - = (in the hypothesis that input Noise is white) as
N,in

decreased of theoretically

depicted in Figure 3.27.
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Fig. 3.27: Output Noise due to Input Noise V; v/Af = 48nV/VHz, I, = 100mA,
Cr = 1uF, ESR = 100m$)

Indeed the reduction is smaller and is summarized by the a — ratio.

VN,out—integrated,RMS

A,y
o (re) (3.47)
VN,in—integrated,RMS

VN,in is considered a white Noise, A, rp is the feedback gain in the gain band 1kHz —
100k H z and the integration band of Eq. 3.47 is 10Hz — 100k H z.

Ay FB o
11 | 0.19

6 | 0.25

3.5 1 0.37

Tab. 3.6: Feedback gain effect, comparison

However the active feedback generates Noise too, the calculation of R3, R4 and EA(F B)
Noise is made in Appendix. A.7, and Ry and Ry Noise remains the same as Appendix. A.6.
All this contributions, if added, they produce the total feedback Noise of Figure 3.28.

So the overall output integrated Noise is:

— 2 21/2
n - \/VN,FB—integrated,RMS +a VN,in—integrated,RMS (348)
v(FB)

VN,outfintegrated,RMS
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Total Noise Feedback
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Fig. 3.28: Output Noise due to Active Feedback: VLNEA(FB)/\/AJC =31.5nV/VHz, Ry =
10/20/40kQ, Ry = 100kQ, C3 = 16pF, Cy = 10nF, Ry = 630k, Ry = 200kQ, Cp = InF

The very interesting curves to observe it’s how vary the Eq. 3.48 at the varying of
VN,in—integrated,RM S, this is shown in Figure 3.29.

X 107° INTEGRATED TOTAL OUTPUT NOISE
T T T T T T T T T
Av(FB)=11
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=
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2 n n [ & .
1 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
VN, in-integrated [V] x10™*

Fig. 3.29: Total output Noise with active feedback, Vi rp—_integrated, Rrs = 12V

The use of an active feedback may be an interesting choice to reduce the input Noise
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(the most part is from the reference), the effort is above all to guarantee the stability of
the main loop and the requirement of an external Cy (nF to tens of nF') that is not good
for a fully integrated regulator.

3.3.3 Output Nested Feedback

VN,out
N,in
Loop-Gain, pushing at a very low frequency the dominant pole of the Loop-gain, thus the
overall band of the regulator is very poor (the crossing frequency f. is in low frequency)
and output Noise decreases early in frequency.
To set this pole we may use a Miller compensation as in Figure 3.30.

In order to decrease at a lower frequency the transfer function we can act on the

Vin_

EA

: BUFFER 4'
/ E‘ POWER VNYOUt
+ 2 & O

* FEEDBACK

Be

Fig. 3.30: Output nested Loop

The capacitor C, creates a new negative feedback path (nested loop) that acts as Miller
compensation of the Error Amplifier, so in this case of compensation, regarding Figure 3.4,
Cga and R, are not needed. Thanks to the Miller theorem (Appendix. A.8) at the output
node of the Error Amplifier we create a pole at a frequency very low

1
27 [(CeAyBur 9mp(Rop//RL)) Ro.pA]

this is the dominant-pole of the main Loop-Gain.

Instead at the output node C. ”"seems” to have the same value, since C;, > C. the
output pole f, remains about at the same frequency (Eq. 3.16).

If the nested feedback is a simply capacitor there is also a feedforward path from the
EA-output to the Regulator-output, this creates a zero (1 -s/ z) in the main Loop-Gain,
this is a Positive Real-part zero so it is bad for stability analysis because it leads to a
contribution of —90° in the Loop-gain phase (instead of +90° like a normal zero). This
zero is at the frequency:

fap = (3.49)

f. =~ o (3.50)
orr— ¢
Av(BUF)gmp

Ayury < 1 and gmy, is a very high transconductance because the power-transistor

is very big and the output current may be high (gm, may be hundreds of mS up to ),
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so this zero can be pushed in the M Hz range where it does not bother (the crossing
frequency of the main Loop-gain is much less than M Hz).
The main Loop-Gain (7T1), that determines the dynamic of the regulator, can be

seen as a 2-poles system with the poles at fg, and f,, the zero is at a higher frequency,
and if C. is big enough the Loop-Gain becomes a 1-dominant pole system (Figure 3.31).
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250 4 —~
) P =
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Fig. 3.31: Main Loop-gain, I, = 100mA, Cr, = 1uF, Cg =0

To design a correct value of C, for our purpose we see the Figure 3.32.

TOTAL NOISE
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Fig. 3.32: Total output Noise, I;, = 100mA, Cr = 1uF, Vi /VAf = 7420V /VHz,
R = 63kQ, Ry = 20k2, Cg =0
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VN ;out

As we can see in Figure 3.32, the transfer function starts to decrease when the

Nyin
main Loop-Gain crosses 0dB, so at a frequency very small. Even the Noise produced by
feedback resistor divider Rq, Ro starts to fall at this frequency because the Loop stops to
regulate. If we increase C, the Noise can be reduced a lot, the reduction can be summarized

by the a — ratio.

VN,outfintegrated,RMS

a= Ce (3.51)
VN,in—integrated,RMS

VN,in is considered a white Noise, the integration band of Eq. 3.51 is 10H z — 100k H z.

C. [F] a
100p | 1.57
In | 0.56
10n | 0.17

Tab. 3.7: C. Noise reduction effect, comparison

However, R; and Ry Noise can be considerably high if the resistances value is high
and C, is small, the integrated output Noise in 10Hz < f < 100kH z due only to these
resistors is reported in Tab. 3.8

VFB—integrated [MV]

C. [F] | R1 = 63kQ, Ry =20k | Ry = 630k, Ry = 200k | Ry = 6.3M€), Ry = 2M€)

100p 7.96 25.17 79.58
1n 2.81 8.88 28.09
10n 0.89 2.78 8.80

Tab. 3.8: Resistor Divider Noise, Cg = 0

It’s clear that, for example, if we use C. = 1InF and the resistor divider is particularly
high on the order of M€, to ensure Vy_integr.rms < 20V we have to place a Cp (for
example 1nF') that acts as explained in Par. 3.2.1. The insertion of Cg, however, acts in
the Loop-Gain (Par. 3.3.1) and may degrading the stability because the crossing frequency
fe moves to a higher frequency and so the second pole at f, (output pole Eq. 3.16) has a
stronger effect.

The overall integrated output Noise is

. — 2 27/2
VN,out—zntegrated,RMS - \/VN,FB—integrated,RMS +ta VN,in—integTated,RMS (352)

Ce

How vary the VN,out—integrated,RMS at the Val”yiﬂg of VN,in—integrated,RMS is shown in
Figure 3.33.

So this compensation method can be good for the Noise reduction and a simply C.
is usually not a problem regard the stability, instead for other specifics (over/undershoot
etc.) is not a good thing to have a feedforward path, so a buffer in series with C. (both
current or voltage) may be needed to cancel it and to ensure only the feedback path.
Anyway, a real buffer produces Noise that increments slightly the total Noise.
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Fig. 3.33: Overall integrated output Noise, R; = 63k$2, Ry = 20k

3.3.4 Two-Stage Regulator

EA1

\/REF EA2

Vout(1)
| BUFFER1 *

Vnin(1) LPF

VN,out(1) VNin2)

t BUFFER2

POWER

PMOS

Voul

Y RS | T e

Fig. 3.34: Two-stage Regulator block scheme

This type of regulator works in two steps, the first stage is the regulation stage because
setting the resistor divider (R, Ra) we regulate V(1) at the correct voltage. The second
stage is the power stage because it includes the power transistor, it is a loop closed in
unitary feedback so it simply regulates Vour = Viyuy(1)- The block LPF between the two
stages is a simple R-C Low Pass Filter with a very low cut frequency frpp:

1

R.C. (3.53)

fopr =

So, since frpp is very low, the Noise from the first stage (that includes the Noise from
the reference) is decreased a lot. Therefore it remains at the output (Vi ou) only the
Noise produced by the second stage (EA2) and that of R,.

VN.oul
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First Stage The first stage has to guarantee a fixed voltage V1), since the DC current
flows into R+ R is small and is the same that flows through the voltage buffer, the buffer
could be a simple common drain stage with a relatively small transistor. Thus there are no
parasitic poles at medium/low frequency and it is not a problem to guarantee the stability
of the Loop (71) creating the dominant pole in FA1l.

The Noise produced by this stage (Reference/EA1/R;/Rs) is then filtered by the low
pass filter and it’s lead unitary at the output.

OUTPUT NOISE from VN _in(1)

Name Vis Cx
) 16
e E et ] (_10.18166u) INTEGRATED
- Z  2e-09 1
L) . 1 &
- - <
Ly & 2et0 (3.25198)
.. 2e-09
(1.010989u)
=
N
T
=
o
g
=3
10%3
10
10’1\ T T T T T T a T
10° 10' 10° 10° X 10° 10° 10' 108

10
freq (Hz)

Fig. 3.35: Output Noise from the First Stage, I, = 100mA, Cr, = 1uF, VNin/VAf =
50nV /v Hz, Ry = 63k, Ry = 20kQ2

The most interesting figure (that not depends from a particular Vi ;n/v/Af) is:

VN,outfintegrated,RMS

o — frpr (3.54)
VN,in—integrated,RMS

VNN,in is considered a white Noise, the integration band of Eq. 3.54 is 10H z — 100k H z.

fropr [HZ] a
16 | 0.06

160 | 0.21

1.6k | 0.64

Tab. 3.9: Low-pass filter Noise reduction effect, comparison

Low-pass Filter The LPF could be a simple R-C circuit with a low frpr (Eq. 3.53),
to design for a low cut frequency, R, and C, values could be high for an integrated circuit.

Since the V(1) node is a low-impedance node, the Noise produced by R, is "totally”
injected in the second stage at low frequency and then is shunted to ground by the C,.



50 Noise in LDO

Therefore the transfer function is:

VN,OUt — 1 VN,R;E (3 55)
VAS | VAT
LPF

If the integrated Noise is already ”saturated” at 100kH z, the output Noise depends
only by the C, (see also Eq. 1.42):

kT
VN, out—RMS = oA (3.56)
X
OUTPUT NOISE from Rx
Name Vis Cx
2e-11 §
2610 1053 ( 14.19603u)
2e-09 1 INTEGRATED
2e-11 i menn - am——
Z 210 | (* 4.533864u)
2e-09 ]
,,’/ %
10% (1.400497u)
/ SPOT
S
. 107:
N
z
T
8
=
10%
10%7
10'10 r T T T T T T T 1
10 10’ 10 10° 10" 10° 10° 10' 108
freq (Hz)

Fig. 3.36: Output Noise from R,, I;, = 100mA, Cr = 1uF, R, = 5M¢S)

Second Stage The second stage is substantially a complete regulator closed in unitary
feedback, so we may ensure the stability of the Loop 75 with the proposed compensation
in Par. 3.1.2, the Loop-gain is depicted in Fig. 3.37.

An aspect to be highlighted is that EA2 works with a common input voltage V;, =
Vout(1) = Vout, so is dependent from the output voltage and thus from Ry — Rs chosen. If
we know V,; we can design a suitable OT'A (so we chose if its better a P-type or N-type
input couple) instead, if we don’t know what will be V,,;, probably we may design a Rail-
to-Rail OTA with both P-type and N-type input couple, this leads to a roughly double in
the EA2 Noise power (so a /2 factor in VN(EA2) pass)-

The Noise of this stage is about only the Noise of the FA2 that we find the same at the
output of the regulator (except the reduction effect due to the finite band of the second
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Name  Vis RL
T 180075 750
M ... Phase # 5
... Phase # 50
M ... Phase # 500
...ndB20
M ..ndB20 * 5
..ndB20 # 50
m..nd820 = 500 150.0
1500
O o
120.0{ ! BN
N | 8
g - Y g
~ & My z
£ 900 ° Soclaso g
4 0 4
Q W 8
Q 1
60.0 -
( 245.2212kHz)
o “ 0.0
(" 28.57145kHz]
300 -
00 - T T T T T T T T 1 7-25'0
10° 10t 10° 10* 1° 10/ 10°
freq (Hz)
Fig. 3.37: Loop-Gain Power Stage, I;, = 100mA, Cp, = 1uF, ESR = 100mf)
stage). Thus the total output Noise is:
2
2 2 2 2
VN,out ~ 1 VN,out(l) VvN,Rgc + VN,EA2 (3 57)
Af T f A A A ‘
T 7 f f
fLPF

TOTAL OUTPUT NOISE

Name Vis

_.art(Hz)
=:")"*2)))

*)2)) &

y2) B
-.)2) B

Cx

1079 10*
2e-11
2e-10
2e-09
SPOT
\\ ( M12: 100.0kHz 19.82365u) INTEGRATED
ﬁ \
I
=1
&
DI ) F102
<10 " M11: 100.0kHz 10.46450) [10
z :
S X" M10: 100.0kHz 8.967072u)
>
10° T rrrrI— rrer v v rrer v 108
10° 10’ 102 10° 10 10° 10° 10 10°
freq (Hz)

Fig. 3.38: Total output Noise, I;, = 100mA, Cr = 1uF, R, = 5MQ, VNin/V/Af =
5OTLV/\/ HZ, Rl = 63]439, R2 == QOkQ, VN}EAQ/\/Af == 31.5nV/\/ Hz
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If we make a good low-Noise design for the FA2 and chosen R, R; and R, it’s
interesting to know the Noise budget for Vi ;,(1) & VN rer, this is depicted in Fig. 3.39.

40

INTEGRATED OUTPUT NOISE
T T T

\
fLF'F=1‘6kHZ
fLF'F=160HZ

a5k fLF'F=16HZ
301 ~q
>

=3

= o5t 4

Q

©

o

= X: 16.5 X: 83 /
T Y: 20 Y:20.03

8 201 [ ] [ ] -

z

> /

15} 4
[ A SRS SRS SR
5 | | | | | | | | |

0 10 20 30 40 50 60 70 80 90 100
VN,in(1)-integrated [uV]

Fig. 3.39: Overall output integrated Noise, R, = 5MSQ, Vi in(1)
63kQ, R2 = QOkQ, VN,EAQ = IOMV

= 15.7uV, Ry =

integrated

integrated

This Two-stage regulator could filter very well the Noise produced by the first stage
that is dominated by the Reference Noise, however we should be able to design low-Noise
EA2. Another bad requirement is that 2 further pins, the input and output nodes of
the LPF block, are probably necessary (respect a classical LDO) if we couldn’t integrate
R, — C; in the chip.

3.3.5 Paralleling Regulators

Paralleling Regulators is not a true design method for a low-Noise LDO but it’s a way
with which it’s possible to further reduce the Noise of a single LDO. Paralleling allows a
higher Ioyi(maz) = 1LDO1(maz) T ILDO2(max) (in the case of 2 regulators in parallel) and
the heat generated is equally distributed between the regulators.

To study the Noise performance of paralleling we consider the case of 2 identical LDO
in parallel, the AC-circuit that the Noise ”sees” is that of Fig. 3.40.

Ro,C4L.

2 © vV Vi out
Ro,C.L. ‘

V1 O A% R, l lout

Fig. 3.40: Parallel of 2 Regulators: Noise model

Ryc.r.) is the closed-loop output resistance of the LDO, we consider R,c.r.) < Rr
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(this is surely true almost in the band of the regulators) so R,c.1.)//RL ~ Ryc.r.)- In
the hypothesis of two identical regulators the R, r.) is the same and V(1) = Vi (2), so
applying the superposition of effects:

VR out _ ( Ryc.ry//RL ) Vi N < Rocry//RL )2 Vi)
Af Ryc.ry//BL + Rocny) Af Roc.ry//RL + Rocny) Af

2 2
(1Y v (1 Ve (3.58)
2) Af "\2) Af
AL
T2 Af

So, since there is a reduction of 2 in the Spot Noise Power (so a v/2 reduction in Spot
Noise Voltage), the Total integrated Noise at the output (Vi outp,,s) is reduced by a V2
factor as shown in Fig. 3.41. In general if we parallel N LDO:

1
VN,outRMS ~ ﬁVN,OutRMS (359)

N//—LDO 1-LDO

TOTAL OUTPUT NOISE

Name Vis

..qrt(Hz)
- .qrt(Hz) &
o _qgrt(Hz) &
=")"2)) _
=_."2) &
-.")"2) &

INTEGRATED

[ M5: 100.0kHz 19.12109u

2//LDO

\\\ M3: 100.0kHz 13.79086u

&

SPOT [V /sqrt(Hz)] (V / sqrt(Hz))
INTEGR. [V]

10° 10’ 10 10° 10* 10° 10° 10
freq (Hz)

Fig. 3.41: Parallel of 2 Regulators: Total Output Noise

This is an effective technique to have a greater output current and a lower Noise,
obviously this is suitable for the customer that can buy more LDOs, from an integrated
point of view this technique requires a bigger area (double or in general N times the area
of a single LDO) which must be integrated in a single chip.






Chapter 4

Error Amplifier Noise

The FA is an important part to design because its Noise is injected at the input of the
regulator ad so it "sees” the closed-loop transfer function, the effect due to the Loop is
explained in Chapter. 3. The Noise produced by the FA is Thermal, Shot and obviously
also Flicker, unfortunately in the technology with which I work, Flicker Noise is not
modeled, this is not a good notice because we would like to design a Low-Noise OTA.
However I could choose both a Bipolar or a MOS Technology, Bipolar is less affected by
Flicker Noise or we could use a quite long channel MOS (L ~ 1 — 10um) with a quite low
corner frequency f.,. Conscious of Flicker Noise will increase, we hope slightly, the total
Noise, we will take care only of Thermal and Shot Noise analysis.

In this chapter are explained two types of OTA, a Double-stage OTA and a Mirrored
OTA, the first one has generally too much voltage gain for our purpose but is very Low-
Noise, the second one is a more useful topology for our purpose but its Noise is a little more
that the other one. In general, a Single-Stage OTA with a simple stage (75 transistors
OTA” or with ”"Load Resistances”) has the Lowest Noise, fortunately a Multi-Stage OTA
can be approximated to a Single-Stage as Noise Performance. Let’s show this with an
example of a Two-Stage OTA.

VN(1) VN(2)

- +
...... , Av(1) +

Av(2) —>

Fig. 4.1: Two-Stage OTA, Noise model

2 2 2
VN,out — A2, A2 VN(I) T A2 VN(Q)
Af — (1) (2) Af v(2) Af
3 3 (4.1)
= A AL vy < ! )VN(2)
v v 2
Af AZ ) Af
And if we want to describe the total Noise as an Fquivalent Input Noise:
V]\2/ out 2 2 V]\2/ in
thus equating Eq. 4.2 with Eq. 4.1, it results
Viin _ Vi N < 1 >V13(2)
A A A2 A
f f 2 ) Af W)
o
Af

where the approximation in Eq. 4.3 is true if A,(;) > 1.

95
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4.1 MILLER OTA

The Miller OTA is essentially a Double-Stage OTA where the compensation uses the Miller
Effect (Par. A.8).

As we have shown in the previous page, the Noise of a Miller OTA is about that of
the first gain stage so this Noise analysis coincides with that of a simply 7§ transistor
OTA”. Before entering in the details of the OTA is well to have some concepts on the
Noise explained in Appendix. A.9 A.10 A.11.

4.1.1 MOS Input Couple

Fig. 4.2: MOS OTA, equivalent input Noise

At both of the two inputs of the OTA is associated an equivalent voltage Noise gen-
o 2 2

U?Vvin — UN7(+) + /UN7(_)

Af Af Af

erator (vy,(4) and vy (_)) that we can add in the more useful

i?\/,out _ ( )2012\/,2%
Af "OAF

because it’s injected at the input of the total loop of the regulator.

so the Noise at the output is . However we are interested at vy,

First Stage

V-B--- M, ()iN,taiI

vy e E ﬂ v
Mo M,

<Ry Vot
0
IN,out1
—
VN,M3 VN, M4
v v

Fig. 4.3: MOS OTA, I Stage with Noise sources

We consider transistors M0-M1 are matched and also transistors M3 — M4, so g1 =
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gmo and g3 = gma. The voltage gain of the stage is:

U,
AUI = ol = gmlRoutl (44)

Vin+ — Vin—
where Rout1 = Ro1//Ro4, and the transconductance of the first stage is g,
Z'outl
gm; = —————— = gm1 (4.5)
Vin+ — Vin—

With the hypothesis made on the matching of transistors, it’s simple to calculate the

iN,outl:
2 2 2 2 2
VN outl o [ YN.Mo | UN,M1 o [ UN,M3 | YN,M4
) — m 3 3 m ) ) 4‘
UJQV M
where A7f$ are those of Eq. A.27.

In Eq. 4.6 there isn’t the effect of iy 44 because a current (or voltage) signal injected
in that node of the circuit is a common mode signal so, if the OTA has a high enough
CMRR (Common Mode Rejection Ratio), this does not produce a differential signal at
the output (Figure 4.4 helps to understand this concept).

IN,tail

Mo

—

¥ a2 incail2 | | My

+ i, taill 2 i, taill 2 + }’%@3:

MIRROR 1:1

Fig. 4.4: I;,;; Noise propagation

Now if we divide Eq. 4.6 by the square of the transconductance of the stage g,zm, we
find the equivalent input voltage Noise v i

(4.7)

- G Af T Af

2 2 2 2 /73 2
UNin  UNn,mo | UN,M1 Jma Un.m3  UN,M4
Af Af Af

And since vy pmo = vn,m1 and vy v = vn,ma (with the symmetry and matching
hypothesis), Eq. 4.7 reduces to:

2

UN.in 16 1 gm4 > 16 1 ( gm4>
= kT — + = —kT— 14+ 4.8
Af 3 (.gml (gm1)2 3 gm1 gm1 ( )

We note from Eq. 4.8 that the Noise depends only on the transconductances g1, gma
(at a first analysis but with a good approximation). The best case would be if it was
negligible the term g;n4/9gm1, so all the Noise, the minimum Noise, would be:

~ kT — (4.9)
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that is only the Noise due to the input couple M0 — M1.
In general the term g,,4/gm1 is not small and the current mirror M3 — M4 produces
a non negligible Noise, how we could design transistors to make gma/gm1 < 17

The transconductance of a MOS is g, = \/2IpuCo:(W/L) (important is to observe
that electrons mobility is higher that that of holes, p, ~ 3u,) so:

Gma

<1
gm1
@ > 1
9Ima4
2ID1NpCoa:(W/L)1 > 1
21D4/1Jncocc(W/L)4
and therefore
W/L
gm | W/Lh (4.10)
Ima 3(W/L)4
It’s difficult to make 27t > 1 because of the square root and the factor ”3”, to make
g
9m1 . e .. .
“—— =10 it would be (W/L); ~ 300(W/L)4, this is probably a too high value that makes
9m4

too big M0 — M 1. Note that we are considering a PMOS input couple because generally
the reference voltage, that is the common mode input voltage (Vin.em = VrEF), is a low
voltage (generally Vrpp ~ 1.2V), so the factor ”3” has a negative effect. If we have a
NMOS input couple with the PMOS current mirror, the ”3” coefficient helps us and it
would be (W/L); =~ 33(W/L)4 that is a not so high value.

Another method to reduce g4 is to degenerate the current mirror M3 — M4, this effect
is explained in Par. A.11, obviously we couldn’t degenerate so much because an increase
of the Rgeq. T decreases the output swing of the stage.

Finally, to strongly decrease vy, | we have to increase g,,1 1, how predicts Eq. 4.8

and Eq. 4.9. Since g1 x VIp1 < VI and gm1 < /(W/L); we may increase the
current Iy, 1 or we may increase the body factor (W/L); 1. If we increase very much

the body factor (W/L); 11 (so Vas — Vin = Vey < 0) we lead the MOS to operate in the
weak-inversion region where

(%5
Ip xe nVr

n ~ 1 — 2 is the ideality coefficient and Vi = kT'/q is the thermal voltage, so

oI,  1Ip
= X ——
Wy nVrp

om (4.11)
Thus in weak-inversion the MOS has a higher transconductance g, o Ip (like a
Bipolar transistor) that may considerably decreases vy .

Flicker Noise We already said that Flicker Noise is not modeled in the technology
with which I work, anyway we can derive some useful design rules from the theory. Flicker
Noise sources can be described exactly as those of Figure 4.3 where vy 1,(1/y) are those
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of Eq. A.29, so vy in(1/y) has the same expression of Eq. 4.7. After the substitution of

2 2
UN,in(1/f) _ s B, 1 - KB\ (L1 (4.12)
Af Wil f KB, )\ Ly '
where K ;L /p = Hn /pCox. So we can make L1 < L4 to make negligible the contribution

of the current mirror M3 — M4 (note that K, B, > K,Bp), and then to reduce the con-
tribution of the input couple M0 — M1 we can make a big area W1L.

UN,Mm(l/f) we ﬁnd:

As the last thing, if we know the Flicker parameters of the technology, we could
calculate the corner frequency f. by equating:

16 1 B, 1
—kT— =2—"2-—
gmi Wil fe
therefore
39mpr
= JmP 4.13
Je 8kTW1 Ly (4.13)
Second Stage
Vbp
\Y,
13“'_| Mg ( IN, M6
Rout2
Rz VNRZ Ce <5 Vo
Rout‘l O I I \ ¢ E °
- V’N~,2 ! VN,out
:- ----- < _r— Vou

Fig. 4.5: 1I Stage Miller OTA with Noise sources

The second stage is a simple gain stage with a voltage gain (at low frequency):

v,
AUII = 702 = gmsRout2 (4.14)

ol

with Roua = Ros//Ros. Ce is used to create the dominant pole at low frequency
1

fap = and R, to create the zero at f, = , so the
P 27 Rout1 Cegms Rout2 ? ? 27TCC(RZ - 1/gm5)

overall voltage gain has the correct shape as in Figure 3.5, at low-medium frequency it is:

@*2?)
Tz
Avyoy = gmlRoutlgm5Rout2<s> (4.15)

1+
27 fap
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Remember that A,, has the form:

S
(1 57)
2 f,
Av[ = gmlRoutl—sf
1+
< 27dep)

so the shaping is as depicted in the example of Figure 4.6 (it is shown A,, by varying
the position of the zero, so the value of R.).

(4.16)

Name Rz

105%) 50.0
m_1057) 50000 ] ———_

105%))) 500000 d N\
= _105") 5000000 ] L
1057)) 40. \\\
m_1057) 50000 1

105%)) 500000 1 \ AV1
= _{05") 5000000 L

30.0 \

20,0 \

1 \\\
10.0 4

o
200 7 x
1 xxxxxxxxxxxxxXx
-10.01 x
: X
: X
-20.0 .
1/A X ”
1 v1
-30.0 %
./X.‘
4 x
-40.0 1
=
1 emsemremre
-50.0- : .
10° 10' 10? 10° 10 10° 10° 10’
freq (Hz)
Fig. 4.6: A,

The Noise of the second stage can be replaced by its equivalent input Noise voltage
VN2, it’s not very important to calculate the exact relation with the true Noise sources
UN,R., *N,M6, IN,M5, because at the input of the OTA we have an equivalent Noise:

2 2
UN.in 1 YN

in N2 41
Af T A Af (4.17)

and it is very small and negligible as long as A,, > 1, but it may increase with the
shaping of 1/A,, (see Figure 4.7 and Figure 4.6).

The total equivalent input Noise is:

2
Af Af A2 Af '
U]2V . 1)2
where vy, is that of Eq. 4.8. The total input Noise is Z}wt) ~ gfl as long

as A,; > 1, and it may slightly increases at medium-high frequencies because of vy o
increases (see the effect comparing Figure 4.7 and Figure 4.8). However this increase is
very slightly at a frequency f < 100kH z.
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Name Rz
1059)) 0°3
= __1059)) 50000
1059)) 500000
™ ..1059)) 5000000
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Fig. 4.7: = /A,
1g \/Tf/ I

input noise nV/sqrt(Hz)
Rz
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W __sqrt"Hz) 50000
.sqrt"Hz) 500000
™ __sqrt"Hz) 5000000
195] N,in(tot) N |
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19.01
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~ 4
z
=
o
2
> 1
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18.01
17.51
1 17.190012nV/sqrt(Hz) ) /
~17.089033nV/sqrt(Hz) ) /
1 — art(Hz) | 7//(/
170 r T T T T T T T 1
10° 10’ 102 10° X 10° 10° 10

10
freq(Hz)

Fig. 4.8: Effect of vy 2 on UN,in(tot)

4.1.2 Bipolar Input Couple

An OTA with a Bipolar input couple presents (as an OTA with MOS) an equivalent input
voltage Noise generator vy ;, and an input current Noise generator iy ;,4./— for each input
(see Figure 4.9). We can add the various sources in an equivalent and total voltage Noise
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Fig. 4.9: MOS BJT, equivalent input Noise

source UN,in(tot) :

2

2 2
UN,in(tot) o UN,in

2

; QiN’inJ'_ . ZiN,in—
Af = Af + (Rs(Jr)//Rm) Af + (RS(,)//Rm) Af (4.19)
VDD
Itail +
. V'B"'_l M, (BiN,tail
InBO
v /
Vin- N,TO
—( To

VN,M3 VN,M4

v

Fig. 4.10: MOS BJT, I Stage with Noise sources

Input Voltage Noise

As regard vy ip, it derives from the contribute of vn 70, VN 71, VN M4, VN M3:

Vi VN0 N VN N <9m4>2 <”12V:M3 n UJQV:M‘*) (4.20)

Af — Af Af Im1 Af Af

and since vy o = vn1 and vn 3 = vN,m4 (With the symmetry and matching hy-
pothesis), vy 1z is that of Eq. A.31 and vy a, is that of Eq. A.27. After the substitutions
Eq. 4.20 reduces to:

2
UN n 1 4gm4)
LY ¥ ey I I 4.21
Af o < 3 g (4.21)

Remember that gma = v/2IpapinCox(W/L)s and gm1 = Ic1/Vr (Ic1 = Ips = Lair/2),
so to make negligible the second term in Eq. 4.21:
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gma 1

XX
Im1 V0l

we can increase the current Iy T, or we could decrease g4 | decreasing (W/L)y | or

degenerating the current mirror M3 — M4 as explained in Par. A.11. However with BJT as

input transistors it’s easier to guarantee Jma < 1 because generally g,,,(BsT) > Im(M0S)-

ml
The best choice to reduce Noise of Eq. 4.21 is, anyway, increasing the I;,;; because the
limit of vy 4, is the Noise produced by the input couple 70 — T'1, so to increase g,,1 T we
can only increasing the I, T:

2

UN,in 1 9 1
— ~ 4kT— = 8qV/,
Af gml r Tiair

(4.22)

Flicker Noise Flicker Noise may be neglected in some Bipolar technologies, but it
is not so for MOS transistors, thus M3 — M4 produce some 1/f—Noise. The equivalent
input Noise voltage is (consider vy ar3(1/7) = Un,ma(1/f)):

2
UN,in(1/f) 1 Klps 1
— =2 - 4.23

a2, I 7 (423

so the only way to reduce it, it’s increasing g,,1 T and using transistors with a long
channel L 7.

A theoretical corner frequency f. may be calculated equating PSDs of Eq. 4.22 and
Eq. 4.23 and it results:

Ky

Je= 2qCOIL?l

(4.24)

so it may be pushed to a lower frequency increasing L 1.

Input Current Noise

The input Noise current generator iy g see a low-degenerated CE stage (the same is for

1
in,B0), low-degenerated because the resistance seen from the emitter of T'1 is Ry tqi1// — =~

'm0

1 1
——, SO gm1 <> ~ 1 is not a so high value. Thus, as we say in Par. A.10.1, we may
gm0 m0

assume iy ;,4/— ~ iy,p1/o and the effect on the input voltage Noise is:

2
UNin(I)

Af

2
2 ZN,in—
Af

-2
? m
= (Ry(py//Rin)> "% 1 (Ry(_y//Rin)

A7 (4.25)

so the influence of Eq. 4.25 on Eq. 4.19 may be very different in dependence from the
value of the resistances. R;, =~ 2r, (since there is a low-degeneration) so is some hundreds
of k{2 or few M€, let’s try to know what are R,(y) and Ry_).

The error amplifier is connected to the rest of the circuit as in Figure 3.1, the feed-
back network includes the voltage divider Ry — Ry and the bypass capacitor Cp as in
Figure 3.18. Ry(_) = R,uy(rer.) and it may vary in dependence with the used topology for
the voltage reference. However, if it’s necessary, we can reduce the R, rpr) at medium-
high frequency with the insertion of a capacitor C,,(rgr,) in parallel, that reduces this

1
SCout(REF.)

2
4. .
impedance Ry (rer)// ( ) So (Rs(_)//RZ-n)2 NAl;_ is not a very important
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2 i?\f,in-‘r
Af
blem that may increase strongly and dominate Eq. 4.19. If there is not the C'g in the
feedback network, Ry,) = Ri//Ra, since Ry and Ry are generally very big resistances
(hundreds of k2 to few M) the total resistance R;,//R1//R2 is still very high and even
the small noise source iy ,+ can produce high voltage fluctuations. Fortunately, the in-
sertion of C'p in parallel to Ry (as in Figure 3.18, note that the two inputs are exchanged

respect Figure 3.1) modifies the impedance:

contribution (it must be verified), otherwise, (Ry(y)//Rin) may be a serious pro-

_ Ri//Rso
2 8) = TRy /TRy O (4.26)

therefore the total impedance decreases at medium-high frequencies like R, //Z(4(s) ~

1
—— and the Noise voltage produced by iy ;, becomes negligible.

sCp

In conclusion, if the input couple is in Bipolar technology, to reach low-noise perfor-
mance we have to assure at medium-high frequencies a low Z,,,grpr) and the bypass
capacitor C'g is needed.

4.2 MIRRORED OTA

\Y \Y \Y
i + = - =

\Y
i ] [~

Vin— Vin+
|f MO M1 \j| <Rout2 V0
——=—o
— * ": Mj =Co —": Mg
1 : M
Ms :" ? ": M, v v v
v v
1 ¢ M

Fig. 4.11: Mirrored OTA, circuit

In the mirrored OTA the voltage gain is reached at the output, so it has a single voltage
gain stage with a lower gain than Miller OTA. The voltage gain at low-medium frequency
is:

Vo

Av(DC) = = MgmlRoth (427)

Vin+ — Vin—
(W/L)s
where M =

(W/L)4
transistors M1 = M0, M3 = M4, M5 = M6, M7 = M8. The compensation is done in

and Rout2 = Ros//Re7. We consider a perfect matching of
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order to create the dominant pole at the output (because Ry is a high-resistive node),
so:

MgmlRoutZ (4 28)
S
1+ >
( 27 fap

To increase the voltage gain we may increase the mirror-ratio M, but in this way the
total current consumption of the OTA I = It (1 + M) is increased too.

Ay(s) =

1

Noise

Also for this type of OTA we can calculate the vy i, in order to have the equivalent input
Noise model of Figure 4.2.

VP---—' M, () IN tail

V; YNMt Vi,
in : | | :
MO M1 Rout2 Vv i
< N,out N,out

——9——o0 —>

VN.M5 C VN, M6
e
VN,M3 VN M4
- 1 M
o & |
\4 \4 1 ) M

Fig. 4.12: Mirrored OTA, Noise sources

Short the output of the OTA in Figure 4.12 to calculate iy oy at low-medium frequency:

i?\/out 2212 UJQVMO UJZVMl 2212 UZQVM?) UZZVM4
— =(gm1)"M ’ +—= + (gma)"M 7 + = +

Af Af Af Af Af
U2 1)2 ’U2 ’U2 (429)
o (55 o (5557

consider gmo = gm1, gm3 = gmas Gms = Gm6, Ym7 = gms and gms = M gima.
Thus dividing Eq. 4.29 by the square of the transconductance of the OTA (g,,1 M )?
we can find vy ip:

2 2
VN 16 1 M M
N,in _ = (1 + % + gm4/ + gm?/ >
Af 3 gm1 gm1 gm1 gm1

It’s evident that to reach low-noise performance we have to minimize Imd and @, this

% gmi1
can be made as is explained in Par. 4.1.1, so making (W/L); > (W/L)4, (W/L)7, using

(4.30)

v
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degeneration in current mirrors or doing work in subthreshold region transistors M0— M 1.
Then we have to increase g,,1 to decrease the overall Noise, so I,y T or (W/L)1 1.

As regard Flicker Noise, Eq. 4.12 is still valid for transistors M0— M1— M3 — M4, the

contribution of the other transistors acts (as in Eq. 4.30) with a transconductance ratio

Imd o %, so the design rules to minimize Flicker Noise are making L1 < Ly, Ls, Ly

g1 gm1 | . .
and making as bigger as possible the area of input transistors WyLq 7.

Mirrored OTA produces slightly more Noise than Miller OTA because there are more
transistors that contribute to vy i, as example consider gma = gms = gm7 (S0 M = 1),
Eq. 4.30 reduces to:

2
UNin 16 1 < gm4>
= —kT— 1+ 37— 4.31
Af 3 gm gm1 (4.31)
therefore Eq. 4.31 predicts a little Noise than Eq. 4.8, however this difference can be
negligible if Jmt < 1
Im1

4.2.1 Asymmetric Compensation

In order to achieve the total compensation of the regulator explained in Par. 3.1.2, the
voltage gain of the OTA should have a dominant pole and a zero at medium frequency.
We can use the Miller effect on a single output branch as in Figure 4.13.

+ VDD \130 VDD
M2l + :

e e

1 M
Fig. 4.13: Mirrored OTA, asymmetric compensation

To find the voltage gain, first we have to calculate the transconductance of the OTA
(the calculation is made in Appendix. A.12). As regard the output impedance Ryy2(s), at
DC Rou2(DC) = Reys//Ror so is a big value, then at low frequency it begins to decrease
because of the C,.. The R, is used to increase the resistance Roy11 = Ry+(Ro1//(1/gma)) =~
R, in order to create a low-frequency pole due to the Miller effect:

1

T 4.32
Jrow—.pot 21 Ry CegmsRos/ | Rot 32
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Then at medium frequencies when the C. can be considered a short, the transistor M5
"becomes” a diode so the output resistance is constant at 1/g,,5. Summarizing:

Rys5//R
o5/ / 507 Low-frequency
1
Rout?(s) ~ 27T]§low—f.pole (433)
Ry7//— = — Medium-frequency
gmb gm5

The voltage gain is Ay (s) = gp(ror)(8)Rout2(s), so using Eq. 4.33, Eq. A.51 and some
mathematical properties of the logarithmic scale like the GBW product (Gain Bandwidth),
we can calculate the A,(s):

S
(157
Ay(8) = goa M Ros /| Rog 212/

s
<1 " 27rfdp>

Note that there is a negative-real part zero

(4.34)

1

21C.R, /2
(that it creates a phase displacement of +90°) and at medium frequency the voltage gain
is (this is due to the signal path through transistors M0/M3/M6/M8/M7, gmo = gm1):

with fdp = flow—f.pole and fz ~

po g L gm Llgm
" 9ms3 " 9m5 29m5/M 2gm4

Ay(MF) =~ (4.35)

N

At low frequency A,(LF) is the same as Eq. 4.27.

MirroredOTA _gain

Name Rx
ora 600 1 Ay
= OTA 2000000
OTA 20000000
..405") L
= ..05%)) 2000000
..105"))) 20000000 0.0
40.0 r
r-50.0
r-100.0
I8
@ 20.0 kel
hoA @
> L @
L
F-150.0 0
0.0 o F-200.0
F-250.0
-20.0
T - -300.0
10° 10’ 10° 10° * ° 10° 10’ 10° 10°

0 10
freq (Hz)

Fig. 4.14: Voltage gain with asymmetric compensation

Note that this is not a general good compensation because the voltage gain is not only
a 1-pole transfer function but there is an intrinsic zero, but it’s suitable for our purpose.
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The distance pole-zero is not a free design-choice but is determined by:

]{Z ~ 29m5(Ros//Ro7) (4.36)
pd

The distance pole-zero is approximately the voltage gain of a single stage so about
2 — 3 decades, this is enough for our purpose.

Noise

<
o
lw)
1<

o 4. o4 Voo

Vv VNm7 - VNMB
13---—| M, ()iN,tail M, j Mg

V. YNMo YNMT Vi,

in-

° ( ) | MO M1 | ( ) ° CC Rout2 V i
<«-- Nout 'Nout

0 —
VN,M6
’ M5 —O_|E M6
VN,M3 VN,M4
v —O1 ’
v v 1 M
Fig. 4.15: Asymmetric compensation, Noise sources
The input couple (transistors M0 — M1) influences directly the vy ip:
vy in(MO—M1) 16 1
_— = —kT— (4.37)
Af 3 gm1
the Noise of the other transistors and of R, is discussed below.
R. Noise
VDD
Ro7
VN,out .
CC o

VNRx Ry > VN,out

Cc
c I
A +
ImsV
VN Rx Ry _) Vgs(M5) m5Ygs(M5) RLIR.s

Fig. 4.16: R, Noise, circuit and AC model
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The circuit "seen” from vy g, is in Figure 4.16, R, is connected in series with Ry1//(1/gma) =~
1/gma so this last term may be neglected. To find the transfer function to the output

we have to solve this system of equations (consider voltages and currents expressed in
[V/VHz], [A/VHZ]):

UN,out(R,) = io(Ro7//Ros)
UN,R; — UN,out(R

1o = 1 2 _ Im5Ugs(M5)
UN,Rs — UN,out(R,,
Ugs(M5) = UN,Ry — 1 R,
R -
\ =+ SCC

This is a classical gain stage with Miller capacitor C. so the voltage transfer function
is:

/UN,Out(Rx)

()] = s (e ) (g0) (439)
UN,R, maAtel o (1+3Rchgm5Ro7//R05) .

We can see the shaping of vy g R, in Figure 4.17 (pole and zero are calculated in
Eq. 4.39).

VN,Rx
Name Rx
-total")) 103
- "total")) 2000000
..."total")) 20000000
..Nout") V
- Nout") 2000000 L N,out(Rx)
...Vout") 20000000 TN~
s \\\ Referred to the output
10 \\\ /
] N
S
N\,
N
N
N,
AN
-6
10773 N
] \
] \
N\,
N
N
~N N
< N
51074 hN
§ ] ™~
h \
i \
™
VNiin(Ry) / RN
1083 ' O
] Referred to the input S
10%
1019, rrry rr : : : T
10” 10' 107 ? 10* 10° 10° 10’
freq (Hz)

Fig. 4.17: R, Noise, input-referred and output-referred

Then the input-referred Noise, so vp i Ry it’s simple to obtain (compare with Fi-
gure 4.17):

(=)
_ gm4 9gms

gm1 (1 + sC.R./2) (4.40)

UN,in(R,, UN out(R,, 1

Ay(s)

UN, R

UN, Ry
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At Low-frequency the Noise is slightly reduced by the factor gma/gm1 < 1 and at

medium-high frequency it’s considerably reduced by roughly < 1, so this is

. iy G M B
a good notice because R, Noise can be made negligible respect the Noise of the other

transistors.

As regard transistor M4, vy a4 "see” roughly the same transfer function of vy g,
(Eq. 4.40), since usually 1/gms < Rz, Un in(ama) is completely negligible.

M3/5/6/7/8 Noise

Transistors Mi with i = 3,5,6,7, 8 transfer (directly or mirrored) their current Noise iy ar;
into the output node with impedance R,y2(s), so the UN,out(Mi)

UNout(Mi) _ R LN, Mi
- Roth(f)gmi UN,Mi
VAS

We have already explained what is the behavior of Ryu2(f) in Eq. 4.33, so it’s possible
to demonstrate that:

UN in(M+) 1 UNout(M9) 9mi (1 + SCch)
- = 4.42
UN,Mi ) Ay(s)  vNMi (®) Mgm1 (14 5C.R;/2) (4.42)

compare Eq. 4.42 with Figure 4.18.

\VN,M3,5,6,7,8

Name Rx

10
2000000
20000000

2000000
20000000 |

——

\\ VN, out(Mi)
\\\ Referred to the output
4 \
10 X /
\
\
\
\
\
\,
\
\

£ \
£ 107 \
2
>

, VN,in(Mi) /
-8 Referred to the input

b

107 1 T AR T T T T T

10 10 10 10 10 10 10 10
freq (Hz)

Fig. 4.18: M3/5/6/7/8 Noise, input-referred and output-referred

At medium-high frequency, when we have the simultaneous effect of pole and zero,
UN,in(Mi) _ 2Gmi

UN, Mi M gma
doubled at least in the last decade 10kHz < f < 100kH z (see Figure 4.18, remember that

the transfer function

, 80 is doubled. Since the transfer function is
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our integration band is until fyjax = 100kHz) we can consider a 2 factor over all the
bandwidth (a factor 4 if we consider the power instead the voltage).

We can sum together all the contributions to obtain a compact formula:

V2o §
“Ninror) 16, 1 (1 L odmi | ygma/ M G/ M ) (4.43)
Af 3 gm1

9Im1 Im1 Im1
Remember that we have neglected the Noise of M4 and R,.

As regard Flicker Noise, like the classical Mirrored OTA we have to make L; <
Ly, L5, L7 and making as bigger as possible the area of input transistors WyLq 1.

Comparing Eq. 4.43 with Eq. 4.30 we can see that the Noise is increased, but we can
easily choose a suitable R, to perform the desired compensation and this resistance does
not increase appreciably the total Noise. However we would like high ¢;n4/gm1 to have
low-Noise but doing this we increase the A,(MF) of the OTA (Eq. 4.35) and this is a
problem for the compensation of the regulation Loop, so it must be found a trade-off
Noise-Gain in medium frequency. The performance of CM RR and PSRR have to be
analyzed in detail to be sure that this type of compensation is suitable for our purpose.

4.3 OTA Design

4.3.1 Requirements

In order to design the EA (the OTA) for the regulator, there are three main requirements
to take into account: the Steady-state performance, the compensation of the regulation
Loop and the Noise budget.

Steady-state Performance

Steady-state Performance were discussed in Par. 3.1.1, Line regulation is a function of the
Voltage Reference and the regulation-Loop, however is the behavior of voltage reference
that dominates Line regulation performance. Instead the Load regulation depends directly
from the regulation Loop (see Eq. 3.7) which in turn it depends from the EA, so there are
some constraints that the EA must respect.

Yin_

VREF=1 2\/ EA

AVgs = POWER
BANDGAP -

- +
AV, A, | BUFFER E
|d+ (DC) 1 4‘

+ Vout+AVout

Al LOAD

Fig. 4.19: Load Regulation
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Usually Load regulation is measured with the LDO closed in unitary feedback so we
consider Vrgr = Ve = 1.2V, In response to a Load change Aloap, the variation of the
output voltage so AV, must not exceed a given value, usually expressed as percentage

A‘/out %

V:)ut
Think the load step is from the minimum to the maximum current |Alppap| =

\ILoAD maz — ILOAD min| & |[LA — 10mA| ~ 1A and consider a usual value of €% = 0.5%

of the output voltage ¢% =

0.5
so |AVout| = [€%Vour| = ﬁl.Q = 6mV. To support a |[Alrpap| = 1A the power

transistor has to change its Vg, so there is a variation of about |AVy| =~ 1V (JAVy]
has to be determined by a simulation because depends on the transistor parameters, di-
mensions...). The |AVy,| moves through the buffer and the output of the EA varies as
|AV,pay| = |[AVys| = 1V, on the other side the differential input of the EA varies as
|AVigea)| = [AVout| = 6mV, so the voltage gain of the EA should be at least:

AU(DC) = > =~ 60dB

’ AVypa)
AVigea)

Stability of the Regulation Loop

The study of the Stability of the Regulation Loop was discussed in Par. 3.1.2 and Par. 3.3.1,
let us now to find some constraints for the EA by the simulation of the regulator with the
following blocks:

¢ ERROR AMPLIFIER

Its transfer function can be considered that depicted in Figure 4.14 with the transfer
function of Eq. 4.34.

Simulation parameters: A,pc) = 60dB, fa,pay =~ 10Hz2, f.(ga) ~ 10kHz, a para-
sitic pole at fyqr (pa) =~ 10M Hz.

By varying slightly f.(pa) we vary slightly the A,/r) (refer to Figure 4.14), the
main problem for the stability we will explain that is precisely the A,/r), and we’ll
have to find a tradeoff gain/Noise.

e BUFFER

The Buffer has unitary gain in a large bandwidth, however the input capacitance of
the power transistor creates a parasitic pole ppyr (Eq. 3.17).

Simulation parameters: f,pyr) ~ 1MHz.

e FEEDBACK

The Feedback Network is the voltage divider which guarantees the regulation Vi, =
5V, the Bypass capacitor is used to reduce Noise. The Feedback transfer function is
that depicted in Figure 3.19.

Simulation parameters: Ry = 630k, Ry = 200kQ2, Cp = 1InF, f,pp) =~ 250Hz,
¢ POWER STAGE

The Power stage uses a PMOS transistor so, in AC, it’s a gain stage that depends
on the I poap, the Cp creates the output pole pyy:(Eq. 3.16) and the ESR creates a
zero (Eq. 3.14).
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0\ 5 —j
oS ("32.90295dB

mPOW 500

25.5839dB)
Y/

20.0

14.37974dB

-40.0-

10! 10° 10° 10* 100 10° 10’
freq (Hz)

Fig. 4.20: Power stage, Cr, = 1uF, ESR = 100mf, I, = 1A,100mA, 10mA

The desired Loop-gain of the regulation loop is that proposed in Figure 3.5 and, of
course, with the bypass capacitor in Figure 3.24. The biggest problem is that at medium
frequency, about 1kHz < f < 100kHz, we would like that the Loop-gain |T| < 20dB
because then there is the output pole pyu:. The Power stage has a roughly gain of
Aypow) & 20d B, the feedback network has a unitary gain at medium frequency thanks to
Cp and the EA has a voltage gain A, pa(nr), so at medium frequency the Loop-gain has
Tiavr)| = AvpowyAv,EA(mF) that it could be [T(rpy| > 20dB. This leads the Loop-gain
to cut the frequency axis at a too high frequency f.rq) =~ 1M Hz where there could be
many more parasitic poles than those simulated, these could lead to the instability.

The principal constraint is therefore the A, gy ), the worst-case is at the maximum
Iroap = 1A because poyt is at the highest frequency and so f,(zq) is the highest.

faea) [kHz] | Ay paour) [dB] | fewg) [kHz] | PM 7]
10 0 231 93
5 6 453 85
3 10 655 81

Tab. 4.1: A, pamr) effect on the Loop-gain at Iy, = 14

The position of the EA zero is not so relevant, thus the suitable range is 1kHz <
f2ga) < 100kHz. A, gpavr) has a big impact on the frq) even if the Phase Margin
is very good (PM > 80° but in the simulation are not taken into account many parasitic
poles that there are in a real circuit so the phase margin could be smaller), because the
crossing frequency is quite high, we should design the OTA to maintain f.;q) < 500kH 2,
so it must be A, pavr) < 6 — TdB.

Figure 4.22 and Figure 4.23 show how the Loop-gain module varies in the ”worst case”
with A, pa(vrry = 10dB: the compensation is good because PM > 80° for all simulations,
however the phase margin could be much smaller in particular at I, = 1A and Cp, = 1uF
(the red curve).
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Loop Gain dB20

Name Rz

...ndB20

- ..ndB20 20000
..ndB20 40000
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 /_ 6198552dB
6004
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o

[N]
o
o
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10t 100 100 10* 100 10° 100
freq (Hz)

Fig. 4.21: Loop-gain Module at I, = 1A, C, = 1uF, Cp = InF, varying f, pa),
Ay EAMPF)

Loop Gain dB20
RL
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...in dB20

- ..in dB20 5
...in dB20 50

= ..indB20 500

75.0 4

50.0 §

LOOPGAIN (dB)

0.0 - \g——._655.0954kHz

[ 85.281kHz /

10t 10° 100 10* 10° 10° 10/
freq (Hz)

10

Fig. 4.22: Loop-gain Module at A, pary = 10dB, Cp, = 1uF, ESR = 100m{2, Cp =
InF, varying I, = 1A,100mA, 10mA

Noise Budget

With the use of the bypass capacitor Cg we prevent the amplification 1/8p of the Voltage
Reference (Bandgap) and EA Noise, so the transfer function from the input of the EA
to the output of the regulator is unitary (see Par. 3.3.1). Remember that the integration
band is 10Hz < f < 100kHz and the target is Vi oui(1NTEGRATED) < 201VRM S OVer the
band. Since we have not modeled the Flicker Noise, we may consider that few uVgyasg are
produced by Flicker, so we have to keep a safety margin of few uVgzass.
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Loop Gain dB20
e L

Nam

50.0
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Fig. 4.23: Loop-gain Module at A, gy ) = 10dB, I, = 1A, ESR = 100m{2, Cp = 1InF,
varying Cr, = 1uF, 10uF, 100uF, 1mF

A reasonable Noise budget can be divided in this way:

VN out(INT.) & \/(VN,BG(INT.))2 + (VN,EA(INT.))2 + (VN,FB(INTJ|CB)2

~ \/(13/~LVRMS)2 + (10MVRM5)2 + (4.1MVRMS‘CB:MF)2 (4.44)
~ 17uVerms

Therefore we should be able to design an EA with Vi parnt.) < 10uVRMms, obviously
more low-Noise it is and better is.

4.3.2 Proposed OTA

The proposed OTA is a mirrored OTA with an asymmetrical compensation to the output,
the circuit is depicted in Figure 4.31, the analysis of the OTA is in Par. 4.2.1. For the
transistor number (M) refer to Figure 4.13 instead to Figure 4.31.

The constraints for the design are explained in Par. 4.3.1, but are quickly repeated
below for convenience:

1. Aypey > 60dB

3. Ay < TdB

4. VNin(INTEGRATED) < 10uVrms
10Hz—100kH z

5. maximum total current consumption Ir7or(arax) few tens of pA

Initial design choices taken (consider (W/L)o = (W/L)1, (W/L)s = (W/L)4, (W/L)5 =
(W/L)s = M(W/L)s, (W/L)7 = (W/L)s):
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Iisii = 10 A (but can be increased up to 15uA).

gm1 T is high thanks to a big (W/L); 17, this helps to increase A,(p¢) and to decrease
Thermal Noise. Since the area (WL); 11 is big the Flicker Noise is decreased.

® L3/4/5/6/7/8 < L1 to not increase Flicker Noise.

W/L
= (W/L)s = 2 to not increase Thermal Noise. M may not be very big because

(W/L)4
the total current consumption is increased Itor = It (1 + M).

® g7 < gm1 to not increase Thermal Noise. To make a small g,,7 | is necessary
(W/L)7 < 1.
e C.=50pF, Ry =2M( in order to have f,(pa) ~ 3kHz.

In order to respect the specifications 1, 3,4 we have to find a suitable W34 to determine
a right g4, this is made by simulations shown in Figure 4.24 and Figure 4.25.

OTA Voltage Gain
Name Vis Itailw4
o 70.0q
mOTA 1
OTA
mOTA
OTA
mOTA
mOTA

le-05 5e-06
le-05 1e-05
le-05 1.5e-05
1.5e-05 Se-06
1.5e-05 1e-05

15e05 1.5e-05  60.04

50.04

40.0+

Av (dB)

30.01
20.0+

10.0+

0'07\ T T
10° 10" 10

10 10
freq (Hz)

Fig. 4.24: Voltage gain, W; = 200um, (W/L)s = 2(W/L)4

Wy [pm]

Itor [1A]

Av,(DC’) [dB]

Av,(MF) [dB]

VN,in(INT) [#VRMS]

15
15

30
45

~ 66
~ 66

5.3
6.7

8.8
7.1

So with Wy = 15um and Iror = 30 — 454 A we met the specifications.

We can try to change g,,1 by varying W7 to increase/decrease the Noise and Voltage
gain(Figure 4.26 and Figure 4.27).

We may see by varying Wi that the voltage gain A, and Vi j,(;n7.) remain practically
unchanged, this because the g,,1 is near to saturate and doesn’t vary more appreciably. So
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Name

2))

le-05
1e-05
1le-05

Itailw4

5e-06
1le-05
1.5e-05

1.5e-05 5e-06
1.5e-05 1e-05

Integrated Noise VN, in

1.5e-05 1.5e-05

10

V_RMS

. 100.0kHz 7.0924452u)

10 10
freq (Hz)

Fig. 4.25: Integrated input Noise voltage, W1 = 200um, (W/L)s = 2(W/L)4
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mOTA  0.0001
OTA  0.0002
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60.0+
50.04

40.0+
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0'07\ L R L R L e R L L R L e L

10 10" 10° 10° 10* 100 10° 10’
freq (Hz)

Fig. 4.26: Voltage gain, Wy = 15um, (W/L)s = 2(W/L)4, Iror = 30pA

in the view to reduce Flicker Noise and don’t occupy too much area, I choose to maintain

Wi = 200pum.

It’s interesting to observe what are the Noise contributions of the single transistors

and the resistance (Figure 4.28).
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Name w1

Integrated Noise VN, in

0.0001
0.0002
0.0003

V_RMS

10

8.811043%° A 5 609506 1u

10
freq (Hz)

Fig. 4.27: Voltage gain, Wy = 15um, (W/L)s = 2(W/L)q4, Iror = 30pA
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_ 35.00865p7"

5
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Fig. 4.28: V2 in(nT,) With Wi = 200pm, Wy = 15pum, (W/L)s =2(W/L)4, Itor = 30pA

Figure 4.28 confirms that the most of Noise is produced by the input couple M0 — M1
(15% each one) and from transistors M3 — M5 — M6 (15% each one), we have minimized
the Noise of M7 — M8 that is negligible and the Noise of M4 is totally negligible as we
said in Par. 4.2.1, R, contributes to the total Noise power with about a 15%.

Theoretically we can calculate Vi ;n(rn7,) integrating over the band (B = 100kHz —
10Hz ~ 100kHz) the Eq. 4.43 and then making the square root, since M = 2 and
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neglecting g,,7/gm1, the more compact formula is:

16 1
VN in(INT) = || o kT —— <1 + 49’"4> x VB (4.45)
3 gm1 gm1
With the manual calculation of Eq. 4.45 it results Vv jn(7nT.) = 6.3uVRAss, instead with
the help of Figure 4.28, considering only the Noise produced by MO0—M1—M3—M5— M6
it results Vv in(rnr) = 7-6uVRMS-

The designed OTA has a current consumption of Itor = 30uA, the dimensions of
transistors are shown in Figure 4.31 and W, = 200um, Wy = 15um. It respect all the
specifications 1/2/3/4/5 and there is a parasitic pole in the voltage gain in high frequency
at about fu,.(pa) =~ 4MHz.

Stability and Noise performance of the Regulator with the designed OTA

The Stability and Noise performance of the Regulator with the proposed OTA are depicted
in Figure 4.29 and Figure 4.30 (except the EA, which is that designed, the other blocks
are those explained in Par. 4.3.1).

Loop Gain dB20

Name RLItail

.indB20

M ...in dB20 5 1le-05
TindB20 5 15e05

m.indB20 50 1e05 1
TindB20 50 1.5e-0580.0 7

mindB20 500 1e-05

m . indB20 500 L5e05

70.0

60.0

N v
= o
o o

LOOPGAIN (dB)
w
o
o

20.0 1
10.0 1
00 -

-10.04

2007,
10

10t 10 100 10 10 1¢° 10
freq (Hz)

Fig. 4.29: Loop-gain Module, C, = 1uF, ESR = 100mf), Cp = 1nF, R; = 630k,
Ry = 200k
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Integrated VN,out Total

Name RLItail
20.04

500 1.5e-05

17.6

15.24

7 |/ 14.43866u

V_RMS (u)

12.84

10.44

10

10
freq (Hz)

Fig. 4.30: Vy ouy(ror,inT) With Cp = 1uF, ESR = 100m{), Cp = 1InF, Ry = 630k,
Ry = 200kS2, simulated Bandgap Vy pgnt.) = 12uVRMS

Tiait [WA] | IrorEa) WA] | ferg) kHz] | PM [°] | Vv ow(rorint) [#VRMS]
10 30 412 77 15.2
15 45 475 74 14.4

Tab. 4.2: Stability and Noise performance of the Regulator at Iy, = 14

The Loop-gain cuts the frequency axis at a frequency lower than 500k H z, this is really
good and also the Phase Margin is quite good ~ 75° at I, = 1A and also better at
I, =10 — 100mA at about ~ 85°.

As regard the Noise performance, considering Vy pg(nt) ~ 12uVerrms, we have
VN out(toT,INT.) = 15uVRMs that is a very good performance because we have a good
margin of 5 — 4uVrag for the Flicker Noise, however we should be able to design a
low-Noise voltage reference with about Viy pgrnt) = 12 — 13uVeas.
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Fig. 4.31: Proposed OTA
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Chapter 5

Voltage Reference Noise

The Voltage Reference, also called simply Bandgap generator, is a circuit that provides
an output voltage insensitive to the absolute Temperature. There are many topologies
that allow to obtain this insensitive voltage, I choose to analyze and to design the Brokaw
Bandgap (see [1]), the theoretical analysis refers to Figure 5.1 and simulations are made
with the designed Bandgap with NMOS-output of Figure 5.10.

VDD
RHI
«<-.
M, —.—| M,
Vy
R
VDD 3
: \ Vout
---- —) o
V 1
[ .
_— Cc R4 +IM4
lprar + R, :
1
1
1
1 v
1
1
hror=2lprar + R Lea:kage
Compensation

v

Fig. 5.1: Brokaw Bandgap

The working of this circuit is simple, applying the KVL (Kirchhoff Voltage Law) it
results:

Vout(T) = VpE,(T) + Ra(21prar(T)) (5.1)

now it’s necessary to investigate Vpg, and Iprar behaviors, this is made in Ap-
pendix. A.13.
We would like V,,+ to be insensitive to the absolute Temperature, so:

WVout(T) Vg, (T) Olprar(T)
or = or e =0 (5:2)
and substituting Eq. A.56, Eq. A.58 it results:
OVt (T = 300K) _3 Ry k
~—-2x1 2—=—1 = .
74 x 1077 + qun(n) 0 (5.3)
so we calculate Ry as:
2 x 1073R1q
= — 4
Iz 2k - In(n) (54)

83



84 Voltage Reference Noise

Now Vgt is insensitive to the Temperature (in a first approximation) and it results:

Vout (T = 300K) ~ Vo = 1.2V (5.5)

The value of R; fixes the total current consumption of the Bandgap:

Vou
Iror = 2Iprar + R74t ~ 2lprar (5.6)
so we size R as:
AV, 1 kT
Ry = 1BVEEl _ “ZIn(n) (5.7)

Iprar  Iprar q
The starting point to design the Bandgap is using Eq. 5.7 and Eq. 5.4, we have assumed

that 5(‘9/312 (T* = 300K) ~ —2mV/K and also the physical resistances Ry — Ry have their

own temperature coeflicient, so the combination of values Ry — Ry that makes true the
Eq. 5.3 must be determined with the help of the simulator.

At high temperatures the transistor with more emitters (77) has more leakage current
towards the substrate respect the one-emitter transistor (7p), so we should design a specific
block to ensure the leakage compensation. To match leakage a starting point is to put
a off-transistor, with n — 1 emitters, with the drain connected with that of Ty (like Ty
in Figure 5.10). Therefore since it is off it has effect only with its leakage current to the
substrate, however a correct matching circuit is found only with simulations and a very
nice layout. The leakage compensation ensures a lower drift in temperature of Vo (7'), so
a curve similar to a "bell”, as in Figure 5.2.

Name

. VS("Nout") 1.202

1.20H

Vout (V)

1.199

1.198

1197

temp (C)

Fig. 5.2: V,y, sweep in temperature

If we want to have a voltage V¢ # 1.2V it’s simple because we can take as output
voltage the V, (Figure 5.1):

R3
Vo=1(14+=]Vo 5.8
( +R4> t (5.8)
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or we can scale down V,,,; with a voltage divider as in Figure 5.10.

Since the Bandgap is ”self-polarized” there are 2 suitable DC operating points: the
first (the desired) is when V,,; ~ 1.2V (or scaled) and Iprar # 0, the second is with
Ippar, Vour = 0. To avoid the second operating point it should be designed a specific
start-up circuit.

As regard the minimum supply headroom (Vpp(min)) to correct regulate V¢, consider
to have a NMOS-output Bandgap (that of Figure 5.1) and Vy,; = 1.2V so R3 = 0:

VDD (min) =12+ [Vasy,

+ |VDSS(11:A(]\/13)’ (59)
N—out

The supply headroom of circuit in Figure 5.10 is shown in Figure 5.3, a Bandgap with
PMOS-output has a lower supply headroom.

Headroom

Name
= VS("Vout’)

119

Vout (V)

1.161

~ -

1 2 3 4 5 6
VDD

Fig. 5.3: Supply Headroom, NMOS-output

5.1 Frequency Compensation

The circuit works in closed Loop to regulate the output voltage V,,:. There are 2 Loops:
a Negative Loop due to the signal path of transistor Ty and a Positive Loop due to the
path of transistor 7. The Negative Loop has a higher Loopgain module: Ty has a higher
transconductance than 77 because it has not the degeneration resistance R, so the overall
circuit is regulated from a Negative Loop. In order to guarantee the stability of the circuit
we have to calculate the Loopgain.

i
First we calculate the transconductance ﬂ, we know that the resistance seen into

the emitter of a BJT is about R, =~ 1/g,, so mgking the KVL it results:

1 1
10 <) =1 <R1 + > (5.10)
9mo 9Imi
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A
MIRROR 1:1

M,

R

Vi _T_
: 17 iy Rui Cc
Ty To I
V.

A Ao | Yo Yo

Ry

Fig. 5.4: Loopgain calculation with AC circuit

1
We know that g, = %, the transistors operates at equal currents Ic, = I¢o, so

gm0 = gm1, R1 is calculated in Eq. 5.7, thus making this substitutions in Eq. 5.10 it
results:

io = i1(1 + In(n)) (5.11)

1
Now we suppose that Rs > — Ry (a strong degeneration), therefore the total current

m
10+ 11 is due to the voltage change across Ry resulting from the voltage V, at the common
bases. That is:

Ve
i9g+1 = E (5.12)

The combination of Eq. 5.11 and Eq. 5.12 can be manipulated to find the transcon-
ductance

io — il iH] 1 ln(n)
=2 = — [ ——— 5.13
Ve Ve Ro <2 + In(n) (5:13)

The current ig; flows into a High-resistive Internal node Ryr = Roo//Ros and pro-
duces a voltage Vy; = —igrRygr that, thanks to the voltage buffer My, is the same as
Vy = Vur.

We can ensure a dominant pole-compensation of the Loop with the insertion of a
capacitor C. connected to the high-impedance internal node, in order to create a low-
frequency pole. Therefore the total Loopgain has the form:

v, Roo//Ro3 [ In(n) 1
ey Vo _ 5.14
() Vi (5) Ry 2+1n(n) ) \14 sC¢(Roo//Ro3) o1
Note that the low-frequency Loopgain module does not depend on the current I¢, n=

1 1
Iprar at a first approximation, because |T(pc)| = ((Roo//Ros) x I) (R x IC), how-
C 2
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ever the pole is proportional to Ryo//Roes so it moves with Io. We can roughly estimate

the unity-gain frequency f. of the Loopgain:

I = In(n) 1
“ \2+In(n) ) 27C:Ry
(5.15)
_ ln(n) [PTAT
2+1In(n)) 27 x 1073TC,
, , 1x1073T o
where in Eq. 5.15 we have substituted Ry = o (found substituting Eq. 5.7
PTAT

into Eq. 5.4). The Loopgain of circuit in Figure 5.10 is shown in Figure 5.5, a manual

estimation of f.

Iprar=1pA
good agreement.

~ 5.3kHz and the simulated value is about f. ~ 4.6kHz, in

Loop Gain dB20
R1

Name R2

..ndB20 60.0 7
- _..ndB20 11200 60000
ndB20 55800 300000

50.0

40.0

w
o
o

LOOPGAIN (dB)
N
S
o

-
o
o

0.0 -

-10.0

-20.0-

lpraT=5UA

/. 22.96589KHz |
(" 4.644931kHz |

102 103 4 5 6

freq (Hz)

Fig. 5.5: Loopgain, Iprar =1 —5uA, C. = 50pF, n =8, T = 300K

5.2 Noise

It’s very important to understand and analyze the Noise produced by the Bandgap, the
Noise sources are transistors and resistors and are highlighted in Figure 5.6 (the Shot
Noise of the base current of Tj;; has been neglected in this analysis).

Rs Noise

Ry produces a Noise signal that is a common mode signal, so it is deleted in the Rpj-
node and it does not propagate to the output (the Noise path is very similar to that of
Figure 4.4). However the two paths through Ty and T} are not completely symmetric so
the Noise at output is not zero, but it is so small that it can be surely neglected.
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Voo

VN, M4

S

\V
\ 4
»

()

Rout,C.L.- R

w2 Ois "

Fig. 5.6: Bandgap Noise sources

Tl/T()/MQ/M3 Noise

The Noise produced by these transistors is transferred to the output with a Closed-Loop
transfer function, so the voltage gain to the output is of the form:

ou A’U L.
L(S) = Avcr(s) = Avo.1.(5)

5.16
UN,M, /T L+1T(s) (5.16)

generally it’s a low voltage gain and it starts to decrease when the Loopgain reaches
the unitary-gain frequency f.. Therefore the Noise of these transistors is white and it
starts to decrease when f > f., if we add the 4 contributions this Noise is not negligible,
however it is not the main Noise source.

M, Noise

vn,m4 "sees” a closed-Loop transfer function like Eq. 5.16, now A, 0.1.(s) ~ 1 because My
is a voltage buffer, thus the total transfer function is just:

UN,out ) A 1
UN, My 1+ T(S)

(5.17)

so the Noise is strongly attenuated for f < f. and it is unitary transferred to the
output for f > f., this Noise source however is negligible.

R, Noise

First we explain how is the Bandgap output resistance R, the Bandgap provides a
constant and regulated V,; so it is itself a voltage regulator, we know that a voltage
regulator has a very low output resistance. The Open-Loop output resistance is

1 1
Rout,0.0.(8) = Rip/ | — =~ — (5.18)
gma Ima
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and the Closed-Loop output resistance is

1/gm4
R ~ 2 5.19
out,C.L.(S) 1 —l—T(S) ( )
V,
R, is a resistance of the order of M2 because we want a small DC current Ip;4 = J;Ut,
4

so it produces a lot of Noise. Fortunately the voltage transfer function to output is very
low:

UN,out _ Rout,C.L. (5)
UN,Ry Rou,c.r.(s) + Ry

<1 (5.20)

therefore the Noise of this big resistance is negligible.

R3, Ry Divider If V,,; is scaled up with the use of the feedback divider Rs3, Ry (Fi-
gure 5.1), these resistances play the role of Ry, Rs in the total regulator (Figure 3.4), so
as it is explained in Appendix. A.6:

R3
o) A B8

UN,out
_ ~ 5.21
UN,Ry4 Ry (5:21)
and
INwout | (6) a1 (5.22)
UN,R3

at least until |T'(s)| > 1.
This Noise is very deleterious, so a Bypass capacitor is needed (as explained in Par. 3.3.1).

R; Noise

UN,out (S
UN7R1

First we calculate the Open-loop transfer function

O.L.

™\ VT

Vbe1 Vbeo

VN,R1

RiS A iy

Fig. 5.7: R; Noise, circuit zoom

Neglecting Ro and considering g,,1 = gmo, the Noise vy g, produces a noise current
that circulates in the ”internal” network

iy = —ef (5.23)
R+ —
9mo
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Applying KVL to the internal network we may calculate

|Avpe| = |Upe;, — Ubey| = R19N — UN R,

Ry (5.24)
= 72 -1 UN,Rl

R+ —

gmo

qlprar
kT

and since g0 = and R; is expressed by Eq. 5.7, we can manipulate Eq. 5.24

and rewriting as

2
A ~ | — 2
Al (5 ) o (5.25)

Now referring to Figure 5.4 we easily found:

UN,out 2 1
ONout | = goo(Roo//Ros) < (5.26)
UN,R, O.L. 2+ in(n) 1+ sCe(Roo//Ro3)
Name R1R2
V) 80.04
= //\\iz:] ;;ggg gggggo |pTAT=5UA
m./Vbg")) 11200 60000
Nbg")) 55800 300000
70.04
800] OPEN LOOP
50.01
Z 400]
30.04
(2082088). ~ SED 1}OOP
20.0+ ~
10.04
0.0 - . — :
1¢° 10’ 107 10° 10" 10° 100
freq (Hz)

Fig. 5.8: UN,out(R1)

Therefore the Closed-Loop transfer function has the form of Eq. 5.16 and when |T'(s)| >
1, Eq. 5.26 reduces to

UN,out 2
— ~ gmoR2——
UNRi | “lerr(s)>1 In(n)
39 2
~1x1073= 5.27
. kIn(n) (5:27)
2
~11.6——

In(n)
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This is a very important and curious result because the transfer function is independent
of temperature and of all other parameters (n appears with the logarithm so has a small
v
Nout! ~ 21dB, therefore the Noise

UN,R;
at the output produced by R; is that of a resistance of value 100R; (!). This is the main

contribution to the total output Noise.

impact). If we consider n = 8 so In(n) = 2, it results

Total Noise

All contributions explained above form the total output Noise vy oy (170T), the Noise of
most of contributions (Ry/T1/To/Msy/Ms) decreases when f > f. so when |T'(s)] < 1,
therefore is important to have the smaller as possible bandwidth (f.) of the Loopgain.
However this is not simple because (see Eq. 5.15) to decrease the band we have two
choices: decrease the Iprar or increase C.. Decreasing Iprar is to avoid because we
increase the Noise produced by all resistances and all transistors, we can increase C, but
for an integrate capacitor there are some limits on the value that can be integrated, we can
assume that the biggest integrated C(yqy) =~ 50pF. However if we give to the customer
the possibility to put an external capacitor C. > 1nF', we can easily filter all the Noise.

Name R1R2

~)2)) ‘10“1

-..")72)) 11200 60000
")*2))) 65800 300000

v

( 41480414&./

lprar=1uA e Y

e

lpraT=5UA

V_RMS

N 36.144652u)

10°
freq (Hz)

Fig. 5.9 vn ou(ror) Integrated, Iprar =1 —5uA, C. = 50pF

component | % of v?\ﬂou {TOT,INT)
Ry 46.3

To 13.3

T 114

M, 5.5

Mg 5.0

M 5.0

Ry 4.5

Ry 15

others 4.5

Tab. 5.1: Components are referred to the circuit in Figure 5.10
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The Noise budget for the Bandgap is Viy pant.) < 13uVRus as explained in Par. 4.3.1,
with a C. = 50pF we don’t reach the target and varying Ippar the Noise varies slightly.
Thus this simple Bandgap with integrate C. is not good for our purpose.

[m}
[m}
>
R7 R8
0 r=100K r=100K

fmuit=1 mult=1'
= =2
gnd w=12.90u 4 > =10.00u
1=10.00u — —1=10.60u
M6 Ms
{PRBO
}\ mult=1
3 -
o—u =240
H>e1=2.6u
M7
\I I/ co
c=Cc
8
o 03

r=R1

nd

Fig. 5.10: Brokaw Bandgap N-output
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5.3 Proposed Bandgap

To decrease the Noise the idea is to scale down all the Noise produced by the previous
Bandgap and further filtering the output. To scale down the Noise by a 2 factor and
maintaining V,,s(pcy = 1.2V it’s necessary to have a Bandgap that regulates a ”High-
voltage” Vpg(pcy = 2.4V. Then we may insert a capacitor C, at the output for filtering,
because now we have a high-impedance output node Ryt =~ R;//R; = Ry /2.

lorat +

R
lror=2lprat + 2

Ts 2A,

Fig. 5.11: Bandgap ”"High Voltage ” P-output

I choose a PMOS-output because the Bandgap requires a lower Supply-Headroom
(VDD(min)) than the NMOS-output (for Eq. 5.29 think to make "High-Voltage” the circuit

in Figure 5.1):

=24—-VBg,, + VCEsat.(TO) + ’VGSM3| (528)
P—out

VDD(min)

VDD(mzn) = 2.4 + |VGSIM4‘ + ‘VDSsat.(J\/I3)’ (5'29)

N—out

thus Vpp(min)(P) < Vbp(min) (V). The designed Bandgap has Vpp(min) ~ 4V

The manual design of the Bandgap is essentially the same explained in Par. 5, the

output voltage is Vi, = %, considering 2 equal resistances of value R,. Choosing the

value of R; as in Eq. 5.7 we choose the current Ipp a7 and so the total current consumption
Itor = 2Ippar + 1.2/ R, =~ 2Ipp 7. The circuit regulates Vpg:

Vea(T) = Vpg,(T) + Ro(21prar(T)) + Ve, (T)

~ 2VpE, (T) + Re(2Iprar(T)) (5-30)
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note that to match Vpg,(T') = Vi, (T) is necessary that 75 has A5 = 2A.0 because
Ve (T* = 300K)

Ic, = 2l¢,. R is calculated to make = 0 but now the voltage change

oT
across R has to compensate 2VpEg, so
2 x 103R1q
Ry=-——"~ "1 5.31
2 k- In(n) (5:31)

Therefore Vpg is insensitive to the Temperature (in a first approximation) and it
results:

Via(T = 300K) ~ 2Vgo = 2.4V (5.32)

As a result
Vout (T = 300K) = Vg /2 = 1.2V (5.33)

Name
= VS(‘Nout’) 1.206,

1.205

1.204

Vout (V)

1.2031

1.2024

1.201

Fig. 5.12: Vg (T'), designed Bandgap

5.3.1 Frequency Compensation

The frequency analysis and the Loopgain calculation is essentially the same explained in
Par. 5.1, the only difference is that the output stage is a voltage gain stage (CS-stage) so
the Loopgain is higher. In order to create a low-frequency pole we can exploit the Miller
effect to ”increase” the capacitor, the voltage gain of the CS-stage M, is the same as
Eq. 4.39 (Par. 4.2.1) and to eliminate the zero we choose a R, = 1/gm4. So the Loopgain
results:

~ Rol//ROQ ln(n) 1
T~ —p (2 n zn(n)> Ava(re) <1 5Codyir (Bon //Rog)> (5:34)

where AyyLry = gma(Ros//(Riv//2R:)) (at low-frequency).
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LOOPGAIN [dB]

Name Cc
..1021") 70.0 ]

- ..1021") Se-12
..1021%) Se-11

60.0
50.0
40,0 -

300 1

(dB)

200 1

100 4
] (| 262.4829kHz
00 A

-10.01

-20.0-
10° 10" 10°

10°
freq (H2)

Fig. 5.13: Loopgain of designed Bandgap, ITor ~ 16uA, C. =5 — 50pF

The output capacitor C, doesn’t have effect (at a first approximation) on the Loopgain
because, even when C, shorts one R,, the node Vpg(s) still ”sees” a high-impedance path
to ground R;,//R,;. Therefore to guarantee a 1-pole Loopgain and filter the Noise at the
output are two decoupled problems.

5.3.2 Noise

The Noise measured at Vg is approximately the same as the previous Bandgap (Par. 5.2,
except for the noise produced by R, R,), transistor My is not a voltage buffer so its Noise
is different but it’s not a main Noise source, different is for R; Noise. vy g, "sees” a
transfer function to Vg which is proportional to Ry (Eq. 5.27), now Ry is doubled so

UN,BG ~ 11.6———. However there is a down-scale to Vi,

UN,R, In(n)
UNout _ 1 (5.35)
UN,BG 2

so the Noise produced by transistors is decreased and the Noise produced by R; is
about the same as Eq. 5.27. Now we analyze the Noise of R,, R, and the effect of C,
(a comparison with or without C, is in Figure 5.14, make attention to the linear and
logarithmic scale).

e without C,

Consider R, R, 2 resistances of the order of few M2, Rpg c.r. is a low-impedance
node (at least until |T'(s)| > 1) so we consider Rpg,c.1. < Ry. Thus it is as the two
resistances are in parallel and at the output node we take all the Noise produced by
an equivalent resistance of value R, /2: vn oyt = v N,Ra /2" This is a quite high Noise,
because R, /2 is a big resistance, comparable with that of R;.
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e with C,

Fortunately the output node is a high-impedance node Ryt = (Ry+Rpa.c.n.)//Re =
R, /2 so this allows us to insert a capacitor C, to create a low/medium-frequency
pole to filter Noise:

1

fo= 27Cy Ry /2

(5.36)
This is a very good thing because with C, we filter completely all the Noise produced
by the Bandgap, however we cannot exceed values of few M) for R, and about
Co,(maz) = D0pI’ so we cannot pull f, to a frequency arbitrarily low.

output noise; V / sqrt(Hz)
e Ce

Nam

sariz) 10 - 180.0
- sqri(Hz) 5e-12
= . sqri(Hz) se-11
. sqrt(Hz) 5e-12
™ . sqrt(Hz) Se-11
1079 H170.0
o o
o $)
s o
= c
i 10% 1600
5 5
= I
= £
g g
2 z
10% -150.0
1079 * 11400
Noise floor due to R, Ry — "~
10 : - : . L1300
10' 10° 10° 10* 10° 10°

freq (Hz)

Fig. 5.14: vy out Spot Noise, Iror ~ 1614, n = 20, C, = 5—50pF, C, = 50pF, R, = 2MQ

output noise, INTEGRATED
Name
12.5q

5e-12
5e-11
C.=5pF
(124772120
C.=50pF
12,04 : —~ —
11.943956u)
3
2 415
ECI
>
11.04
C,=50pF
105 r T 1
10* 10° 10°
freq (Hz)

Fig. 5.15: vy out Integrated Noise, Itor ~ 16uA, n = 20, C. = 5 — 50pF, C, = 50pF,
R, =2MQ
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Noise contributions are such distributed:

component

2
% of YUN,out(TOT,INT.)

Rs3o
Rs3
Ry
To
Ty
Ms
Mg

others

27.5
27.5
24.0
5.5
5.0
5.0
4.5
2.0

Tab. 5.2: Components are referred to the circuit in Figure 5.16

As we can see in Figure 5.14/Figure 5.15 the unity-gain frequency of the Loop-
gain has a marginal effect on the Noise so we can use a smaller C. = 5pF and a

bigger capacitor C,, = 50pF has been chosen.

VN out(aNT) = 12.20VRMS.

The Noise Budget is reached because

In this chapter a ”high-voltage” Bandgap has been explained and designed, it’s also
possible to use a classical Bandgap (as the first explained) and scale down the output
voltage to Ve < 1.2V. This solution is suitable if the Error Amplifier can work with low
Vi.em like an OTA with P-input couple. However the Noise of a ”Low-Voltage” Bandgap
should be comparable to the ”"High-Voltage” version, in addition the resistor divider of
the regulator is a little noisier (Eq. 3.33) because, to regulate at the same voltage, 1/5F

is higher.
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VDD
va

vdc=VDD
fmult=1 mult=1
il <+

w=30.00u & Py =30.00u
1=10.000 — —1=10.60u

M6 M5

gnd

mult=1

® =244
—1=2.6u
M2
8 w &
s g

TI< 14> %

RO
r=R1

R1
r=R2

Fig. 5.16: Designed Bandgap ”High-Voltage” with P-output



Chapter 6

Conclusions

This work starts to explain some useful knowledge on the electronic Noise, its behavior
and link between the frequency and time domain, and some theoretical concepts on Noise
simulation and analysis. Then the main focus of the thesis is the feasibility study of a
low-noise LDO voltage regulator with Vy oyt < 20uVgas integrated in the bandwidth
10Hz < f < 100kH z, an example of low-noise LDO is explained and designed. To reach
low-noise performance we have to consider the effect of the Voltage Reference, the Error
Amplifier, the Voltage Feedback and the Regulation Loop. In Chapter. 3 is explained the
Noise produced by the voltage feedback and the effect of the regulation loop on the Noise
performance, several methods to act on the regulation loop for decreasing the Noise are
analyzed. Chapter. 4 regards the Error Amplifier and the designed OTA is explained and
simulated. At last, Chapter. 5, takes into account the Noise of the voltage reference that
is the main noise source of a voltage regulator, a suitable low-noise Bandgap reference has
been designed.

6.1 Noise Performance of the Designed LDO Voltage Regu-
lator

The main designed blocks have these Noise performance:

d VN70Ut(BG)INTEGRATED ~12.24Vrms
hd VNvin(EA)INTEGRATED ~ 8.8uVrms

the overall voltage regulator produces this Noise:

VN,out SPOT NOISE

Name — — "RIR2

-M(H2)

m._.ri(Hz) 630000 200000

m.i(Hz) 2100000 660000
..mt(Hz) 6300000 2000000

(V/ sart(Hz))

10t 10 10 10* 10 10°
freq (Hz)

Fig. 6.1: vy ot Spot Noise, Voyr =5V, I, = 1A, C. = 1pF, Cp = InF
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VN,out INTEGRATED

Name R1R2
~)72) 25.07
-..)"2)) 630000 200000
..)"2)) 2100000 660000
=)2)) 6300000 2000000

[ 20.11176u,

20.0q

15.0{ P O
| (" 15.42469u)

V_RMS (u)

10.0q

5.0

freq (Hz)

Fig. 6.2: vy out Integrated Noise, Voyr =5V, I, = 1A, C. = 1uF, Cp = InF

The effect of the voltage divider changes the Spot Noise figure, which in turn influences
the Integrated Noise, with a regulated voltage of Voyr = 5V to reach the Noise target
values of Ry > 2.1M€Q), Ry > 600k(2 are suitable (in order to inevitable leave few uVgars

for Flicker Noise).

Loop Gain dB20
L

Name R
..ndB20 100 -

= ..ndB20 5
n dB20 50

™ ..ndB20 500 IL:10mA

I,=T00mA

75.0

o
=4
o

LOOPGAIN (dB)

IN)
o
o

[ 414.3943kHz

0.0 A

-25.0-

° 10' 102 10° 10 10 10
freq (Hz)

Fig. 6.3: Loopgain module, Voyr = 5V, C. = 1uF, Cp = InF, Ry = 2.1MQ, Ry = 600k

The regulator is well stable at all load currents with a good phase-margin PM > 80°.
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6.2 Future Work

To increase Noise performance of an LDO we can take into account and analyze with more
detail this options:

e Other compensation schemes may be studied: the smaller is the regulation band-
width, the smaller is the output integrated noise. However there must be a trade-off
with stability and with the speed of the temporal response.

e The use of a current reference instead of a voltage reference: we can set the correct
regulated voltage at the input of the error amplifier so the regulation loop is closed
in unitary feedback and we avoid the noise gain due to the feedback. The noise of
the current reference has to be investigated.

e The use of a Two-Stage Regulator as explained in Par. 3.3.4.

e With an Active Feedback (Par. 3.3.2) we can reduce very much the noise produced
by the voltage reference and the error amplifier, therefore these two last blocks may
be less complex to design respect noise performance. Also dynamic performance
like PSRR and step-response are improved, however the active feedback should be
low-noise and the compensation of the regulation loop must be analyzed in detail.

e Parallelizing Regulators may decrease the output noise, it’s also possible to pa-
rallelize regulators that have specific functions (low-noise, high output current etc...).

e To reduce very much 1/f-noise we may use Chopper stabilization techniques.
Chopper stabilization modulates the low frequency noise and offset components to
higher frequencies by a mixing operation, followed by low-pass filtering. Further
information and a full explanation can be found in [12].
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A.1 Flicker Noise Divergence

The term lné suggests that the Power will be infinite, but obviously it’s not possible that

1
the power is infinite. If we measure the voltage or current, we don’t see the signal diverge,
so we have to investigate the problem under a physical side. Push the frequency to zero

means that we are measuring the system for a time much long because fi,in = ,

. . . Tobs_ervation
to reach a true DC signal (f = 0) we should measure the system for an infinite time, ob-

viously this is not possible. In practice we are interested only at the time of use of the
device, for example, a voltage regulator how long it will stay on? Few seconds or a full
day? This time sets the minimum frequency that we can reach.

Example: we have a system affected only by Flicker Noise and the fa;4x = 100kH z,
we know that the output current is noisy and:

' — — fuax 1
Lout,RMS = \/ Zgut =1/ Z%/f = / Kf?df = 1mARrus
min=1Hz

if we vary the fiin, S0 the Topservation, how does the Noise vary?

fmin [HZ] Tobs [5] iout,RMS [mA]
1 1 1
1071 10! 1.52
1073 103 2.63
10~° 10° 3.39
106 106 3.72

Note that 10%sec is about a day and 10%sec is about two weeks and the lout, RMS 1S
increased of very little. This example can help to convince us that really the Flicker noise
can’t diverge any physical signal (voltage or current in electronics).

A.2 Noise Phase

A complete characterization in frequency of the Noise can be represented, like all signals,
by two quantities: the module and the phase. The module was explained in Chapter 1
when we have illustrated Thermal, Shot and Flicker noise, but, the phase how it can be?
Can we make some statistics on it?

We can expect that the phase is random because the noise module in frequency domain
is well defined (think the module of thermal noise that is constant in frequency) so the
uncertainty must be in the phase, otherwise we don’t have a random waveform in time
domain.

The best way to understand how is the phase is trying to realize some noise signals in
time domain, starting from its characteristics in frequency domain: a well known module
and some different phases.
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We use a constant module in frequency as in Figure A.1 (it could be a Thermal or

Shot noise spectrum):

Spectrum

[V/sqrt(Hz)]
S

-8

10

' 10° 10°
Frequency [Hz]

Fig. A.1: Noise spectrum module

the RM S woltage, that contain the information on the Power, is:

Verms = Viever V frrax — fmin = Vieve V frrax (A1)
v
VHz'

where Vjeye is in this case 1077

Now we try to associate three different phases and to discover the time domain reali-

zation.

Constant Zero Phase

Constant Zero Phase - Histogram

10

Samples
N w B (4] D ~

-
T

phase (rad)

Fig. A.2: Constant zero phase

The realization in time domain with module and phase shown respectively in Figure A.1
and Figure A.2 is depicted in Figure A.3.
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x107° Realization
16 T T

X:0
Y:0.01414

10f 1

Voltage [V]

1
0 0.1 02 03 04 05 06 07 08 09 1
Time [s]

Fig. A.3: Realization in time domain

Obviously this signal can’t be a true realization of noise (we can easily convince our-
selves comparing Figure A.3 with Figure 1.1) because there is an impulse in the origin at
t =0 (Vs = V(1)) and the rest of the signal is null V(i) = 0 for i # 1 (there are N
samples).

The power (or equivalently the Vrars), anyhow, must be conserved from frequency to
time domain:

= VrRus
time

VRM s

frequency

so we can calculate the amplitude of the impulse V), we know that

. 2
_ /ZN]‘\;(Z)Q — 1/ Vj\(ft) (A.2)

thus comparing Eq. (A.1) with Eq. (A.2):

Vrms

time

%(t) = Wevel\/ﬁ\/? (A3)

We could expect this time realization from the beginning because the Fourier transform
of the Dirac impulse 6(t) has just a constant module and constant phase. This example
use a null constant phase (/ = 0), if we use another constant phase we obtain again an
impulse at ¢ = 0 but with a different amplitude, for example if we use / = 7 the impulse
will be _‘/(S(t)'

N.B. Eq. (A.2) assume that the mean value of the signal is null, V(¢) = 0, this is not
obvious, indeed if we make a zoom at the null signal in Figure A.3 we could observe that
the signal is slightly negative, this because the mean value results null. V' (¢) = 0 because
to make the realization I force the DC component f(0) = 0 because is realistic that Noise
has a null mean value.
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4000

3500}

30001

25001

Samples

15001

1000

500

Gaussian Phase

2000}

Gaussian Phase - Histogram

phase (rad)

Fig. A.4: Gaussian phase oppqse = 7/3

The phase for every frequency sample is created from a gaussian distribution (or normal

distribution) with oppq
because is in the band

se = /3, so about the 99.7% of the generated phase is between +7
—30 < phase < +30 therefore —m < phase < +.

The realization in time domain with module and phase shown respectively in Figure A.1

and Figure A.4 is depi

cted in Figure A.5.

x107° Realization
10 T T
L]
6 X:0
Y: 0.008231
6, m
=
()
g4 1
)
>
2, -
X:0.4384 :
Y: 8.361e-005 é %5_ Sﬁe_oos
0 - L]
=2 L L L L L L L L L
0 04 02 03 04 05 06 07 08 09 1

Time [s]

Fig. A.5: Realization in time domain

This signal V(¢) shows a band with random values, that may seem a noise, and an

impulse in ¢ = 0.

The impulse arises

because of there are a lot of frequencies in phase (or quasi in phase)

with / ~ 0 and so there are the same conditions of the previous example Sec. A.2. The
impulse has a contribute not negligible and even dominant in the Vzasg of the signal, so
we can not believe this is a good realization of the Noise.
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Uniform Phase

Uniform Phase - Histogram

1200

10001

800}

6001

Samples

400f

2001

0
-4 -3 -2 -1 0 1 2 3 4
phase (rad)

Fig. A.6: Uniform phase

The phase for every frequency sample is created from a uniform distribution in £.
The realization in time domain with module and phase shown respectively in Figure A.1
and Figure A.6 is depicted in Figure A.7.

x 1074 Realization

1.5

Voltage [V]

_1-5 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Time [s]

Fig. A.7: Realization in time domain

Already at a glance between Figure 1.1 and Figure A.7 we can see the similarity, in
this realization there are not impulses much larger among them.
The calculation of Vgjrg made with

_ [N V@P A

VRM s N

time
leads to the same results of Eq. (A.1), so this is a correct realization (in the Eq. (A.4)
is assumed a null mean value V'(t) = 0).
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The uniform phase seems to be the correct phase to be associated to the Noise, to be
sure, it’s possible to make the opposite test, that is to measure the module and the phase
of a noisy signal.

Measurement of Noise

I made a measurement of the Noise spectrum of a Linear Voltage Regulator LDO (Low
Drop Out) with a Network Analyzer, I measured the module and the phase.

Setup
High pass filter
""""" fy=3Hz
VgarT 1000uF
H Network Analyzer
‘ . Cs
+
_I_ 100mA ' Il
LDO CL=1uF ¢ Vout=5Vv Il
' 100nF
RESR®  Ripaq- % §R|N=500hm
S:7ohm  500hm Vmeasured
v T ; v

Fig. A.8: Measurement setup

As depicted in Figure A.8, components and the DC operating point are:

Croap|uF| | Resr[Y] | RLoap[Q] | ILoap[mA] | Vearr[V] | Vout[V]
1 5.7 50 100 12 5

more informations about an LDO are given in Chapter 3.

The Network Analyzer has an input resistance R;, = 502 and it accepts at its in-
put port a DC voltage of few Volts, thus we have to use a block capacitor C'p that is
indispensable for two reasons:

e decouple in DC the input port.

e if the input voltage is allowed (5V are allowed), the load resistance becomes Rrpoap//Rin,
so Ir,oap becomes different and the Noise too varies.

To design C'p it’s necessary to know the bandwidth we want to make the measure, in
this case [10Hz < f < 1M H?z|, because:

e at Low frequency there is a high-pass filter Cp — R;;, (see Figure A.8)

_ sCpRy
1+ sCpR;n

Vineasured (5)
‘/out (S)

so it must be fo << fmin, with fo = m the cut-frequency of the filter and
fmin = 10Hz in this case. Cp results a big capacitor, I chose a commercial value
Cp = 1000 F, so it results fy ~ 3Hz.

(A.5)



A.2 Noise Phase 109

e at High frequency, because of Cp is a big and electrolytic capacitor, it has not
negligible parasitic components like Rpgr and Lgsgr, so at a frequency 10— 100k H 2z
the capacitor seems like an inductance. To avoid this problem is possible to connect
in parallel a smaller ceramic capacitor (Cgnqu = 100nF") that relieves the effect of
LEsR(Cpie) and it has no effect at low frequency because Cp = Cprg + Csman =

CBra-

Measure

Figure A.9 shows the module of the spectrum of the measure

Spectrum

-80 T T T T

PSD [dBm/Hz]

_120 1 1 1 1
10 3

Frequency [Hz]

Fig. A.9: Module

and in Figure A.10 is shown the measured phase

Phase

1 1
10' 10? 10° 10* 10° 10°
Frequency [Hz]

Fig. A.10: Phase

We are interested at the phase and the question is: has it a uniform distribution?
To answer, let’s see the histogram in Figure A.11 and make some calculations.
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Phase - Histogram

60

0
-4 -3 -2 -1 0 1 2 3 4
Rad

Fig. A.11: Phase histogram

Theory A variable uniformly distributed between +m has zero mean, T = 0 (because
the two extremes are opposite), and variance ag = 7%—2 ~ 3.3.

The measured phase presents a mean value phase = 0.0145 =~ 0 and variance O'ghas e =
3.33 = 3.3, so we may reasonably think that the Noise phase is a random variable with a

uniform distribution.

A.3 Nyquist Theorem

If we want to pass from a continuous signal in time domain (time € R) to a discrete signal
(time € kT5), there is no information loss in this passage if:

e the spectrum of the signal is band-limited with fijax = B
e the sampling frequency fs respects the condition: fs > 2B

otherwise there is the Aliasing phenomenon (think that repetitions in Figure 2.2 are
partially overlapped) and we can not exactly rebuilt the original signal from samples.

A.4 PSD

Let’s make an example of PSD calculation and let’s give some practical and useful knowl-
edge.
We consider this signal:

v(t) = 10sen(2m ft) + a(t)

a(t) is a random variable with a gaussian distribution and o, = 1V, f = 10Hz and
the sampling rate is fs = 1M Hz.

The Vjeyer indicated in Figure A.13 represents the white PSD of the gaussian process
a(t) and thus 02 = V2 B (B is the bandwidth, so B = f,/2)

level

2
Oq
Wevel = § (Aﬁ)
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15 T T T T

101

Voltage [V]
o

_10,

-15

1\) 1 1 1 1 1 1 1 1 1
0 0.01 002 0.03 0.04 0.05 006 0.07 0.08 0.09 0.1
Time [s]

Fig. A.12: Signal, N = 100k Samples

Power Spectral Density

V/sqrt(Hz)

10° 10 10° 10°
Frequency [Hz]

Fig. A.13: PSD, N = 100k Samples

If the number of samples is increased (we sample the signal for a longer time) we obtain
Figure A.15, as we can see the Vi, is the same because of the bandwidth is about the
same (farax >> fmin) and thus Eq. (A.6) leads the same result.

The interesting thing to note is that the amplitude of the sine is different in the two
cases A; # As, this because in the PSD graph the amplitude is scaled by the factor 1/\/Af
as in Eq. (2.7). This is correct for random signals that have a wide spectrum but this is
not correct for deterministic signals that have a line spectrum, indeed only A; is the true
RMS value so Ay = 10//2 because of Af = 1Hz in Figure A.13.

With this example we have to remember that the PSD spectrum gives the correct in-
formation only for random signals that have a wide spectrum, otherwise for deterministic
signals is better to use a simply F'F'T graph.
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Signal

15 T T T T T T T T T

10 H B

5 <
=
S o0
5
>

_5_

-10f al

_15 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [s]
Fig. A.14: Signal, N = 1M Samples
10" Power Spectral Density
e 1 e 1
2l X 10
Y:7.072 5

10° £ A2 g
107 3
107°E E

V/sqrt(Hz)

=
e ——=

10‘5 HIEH ......; i .......; HEEHEHHH ] HIEH ......; i .......; HE IS
10° 10' 10 10° 10* 10° 10°
Frequency [Hz]

Fig. A.15: PSD, N = 1M Samples

At last T want to make a short digression on the DC value X (f =0) in (2.3), the Re-
lation (2.1) returns the DC value only because it’s based on a fictitious periodic repetition
of samples z(nTs). Indeed, we measure only a portion T,eqsured = NTs of the signal, so
we can correctly calculate only the harmonic at fp,, = Af = 1/(NTs). The DC value
would be correctly calculated only if we sample the signal for an infinite time and this is
obviously impossible.
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A.5 Flicker Noise Realization

Starting from a Flicker Noise PSD, let’s try to make a realization in time domain.

Flicker Noise has its PSD that is I‘;—z o % and thus \/LH7 x \/Lf, so the module amplitude
as in Figure A.16 reduces by 10 in two dacades.

" Spectrum
10 —— ————————————————— e
10°F
— 107
N
<
=
o
@
= 10
10
10‘70 .;11 ....12 '..;;i3 M ....;14 ...5
10 10 10 10 10 10
Frequency [HZ]
Fig. A.16: Flicker Noise
Realization
=
[}
(o]
8
Ke)
>

1 1 1 1

0.1 0.2 03 04 05 06 07 0.8 09 1
Time [s]

1 1 1 1

Fig. A.17: Flicker Noise Realization
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A.6 Voltage Divider Noise

R, Noise

To calculate the Noise transfer function we start with the AC model depicted in Figure 3.4,
we can simplify this model in that of Figure A.18.

47—o+

Vi,EA

Fig. A.18: Simplified AC model for R; Noise calculation
Where Ro = ROJD and A(S) = AEA X ABUF X APASS-

For the moment we calculate the transfer function at low frequency so we neglect the
contribute of Cr, and Cp. Let’s apply the KVL (Kirchhoff Voltage Law) at the main loop
(we consider Iy, = 0):

Ry

= (A(s)V; — - A.
Vrg(s) = (A(s)Vi,pa(s) = Vivg,) Rt Ry T B (A.7)
we make the substitution 5 = e R~ e Vi = —Vpp and let’s
T Ri+Ro+R, Ri+Ry “PAT P
develop the Eq. A.7:
_ BVNnR,
To calculate the output voltage:
VNout(s) = A(s)Vipa(s) — Vg,
R, (A.9)
—_A — (= A(s)V, _ o
(s)VrB(s) (( ()VrB(s) = VNRy) JEy Ro>
and replacing Eq. A.8 in Eq. A.9, we obtain:
_ BA(s) BA(s) R, R,
VNout(s) = 177 BA(s) VT 11 BA(s) Ry + Ry + Ry Wit R R Ry VR
_ < BA(s) _ _ BA(s) R, N R, >
" \14+pBA(s) 1+PBAGS)Ri+Ry+R, Ri+Ry+R,) VM

(A.10)
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We recognize that the Loop-gain T'(s) = BA(s) is at low frequency T'(s) > 1, and
< 1. Thus Eq. A.10, in the

(0

. (0]

is
Ri+Ry+ R, Ri+Ro+R,
band of the regulator (|T'| > 1), reduces to:

VN,out( ~ BA(S)

since R, < R1 + Ry the term

s) &~ ~1 A1l
VN,R1 1+ /BA(S) ( )
therefore
2 2
VN out VN Ry
d ~ J A2

The effect of Cp is to short, at medium frequency (but smaller that 100kHz), the
Noise produced by Rjp, so the Noise current flows through C'p and has not influence on
the output. Try to think that Cp is a short and Cp, is opened, the output voltage will be
(respect Eq. A.9):

Ry
R2 + Ro

independent from the noise, so C'p decreases the Noise because it creates a pole at
medium-low frequency fp.

VN.out(s) = —A(s)Vrp(s)

B 1

o7 RCp
C', contributes to decrease the Noise because it shorts Noise to ground, but it acts at

a higher frequency because it creates a pole at the frequency f, > fg (Ro,cr is very low).

/B (A.13)

1

e — A.14
fo 27 R, c1.CL, ( )
So R; Noise, usually, "sees” a 1-pole transfer function (see Figure 3.12):
2
2 2
V 1 Vi

N | L | Ve (A15)

145

fB

R, Noise

As Ry Noise calculation we use a simplified AC model respect that depicted in Figure 3.4,
in Figure A.19 the circuit is drawn in a different way.

We easily identify a classical inverting integrator, so when the circuit works well (when
|T'| > 1), the transfer function for Ry Noise is:

R \?2
VN,out2 | Ry VN,RQ2 (A.16)
Af -y ff Af
B

with fp the same as in Eq. A.13.
In this case too, Cf, creates a pole (the same as in Eq. A.14) at high frequency so it
has a poor effect.
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Csg
|
1
R,
. A
R>
VN R2 Ro VN,out
' Viea VAVAYA ' o
A(S)Viga l
CL
b +
v D
Resr

Fig. A.19: Simplified AC model for Ry Noise calculation

A.7 Active Feedback: Stability and Noise

Stability

It’s quite simple to guarantee the stability of the active feedback loop and for this choice
of values the Loop-Gain is shown in Figure A.20.

Loop Gain dB20
Name  Vis R4
...in dB20 75.0 4
m..indB20 * 10000
.indB20 ® 20000
m..indB20 * 40000
50.0
)
=
Zz
6 25.0
o
o
o
-
0.0 -
_25'07\ T TTTTT L R L R A L SR T T T T T T T
10° 10* 100 10° 10" 10 10° 100 10°
freq (Hz)

Fig. A.20: Feedback Loop-gain, Voltage-gainpa rp(0) = 60dB, fpolepa pp = 10kHz, Ry =
100kS2, C3 = 16pF, Cy = 10nF
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Instead, the main loop is more difficult to compensate, using the circuit in Figure 3.18

R
except for the feedback that is that in Figure 3.25, T(s) ~ A(s)————Bp(s) and B is

R; + R,
that of Figure 3.26.

If there is not the active feedback, the loop-gain crossing frequency is tens of kHz,
now with the active feedback, at those frequencies the loop-gain magnitude is A, rp times
greater and so the crossing frequency f. shifts to higher frequencies, hundreds of kHz. This
is a very big problem because at few M Hz there are parasitic poles, so shifting f. near
the M Hz is dangerous, this is the biggest problem using an active feedback. Using a
quasi-ideal circuit to simulate the loop-gain we have not the problem of lots of parasitic
poles, so the only thing that decreases the phase margin is the proximity of py (Eq. 3.46)
and p, (Eq. 3.16) that leads to a 2-poles system, this is depicted well in Figure A.21.

Stability Response

Name  Vis R4

...in dB20 75.0 755 r180.0
m..indB20 * 10000 / \ 3
.indB20 ® 20000
m..indB20 * 40000
...n Phase
M ..nPhase & 10000 L
...n Phase & 20000
M ..nPhase @ 40000 r150.0
50.0
F120.0
g g
z oz
5 25.0 F90.0 <
U]
o r o
e} o
3 3
t F60.0
0.0 -
30.0
10° 10* 10° 10° 10* 10 10° 10’
freq (Hz)

Fig. A.21: Main-Loop Loop-gain, I, = 100mA, Cr, = 1uF, ESR = 100mf), Cg = InF

Ay, r | PM [°]
11 45

6 54

3.5 66

Tab. A.1: Phase Margin referred to Figure A.21, I, = 100mA, Cr, = 1uF, ESR = 100mSf2,
Cp =1nF
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Stability Response

Name _Vis cL
4820 750 93 - r 180.0
m..dB20 * leO6 a t
.dB20 @  1e05
m..dB20 = 00001
... Phase
m..Phase ® le06 L
...Phase #  1e-05
m..Phase @  0.0001 r150.0
50.0
120.0
& =
g 3
E: S
é 25.0 £90.0 6
a r a
Q o}
2 S
r60.0
0.0 -
r30.0
® L
€
-25'07 T T T T T T T T 1 700
10° 10* 10° 10° 10" 100 10° 100 1*

freq (Hz)

Fig. A.22: Main-Loop Loop-gain, A,pp) = 11, I, = 100mA, ESR = 100mQ, Cp = InF

Cy [uF] [ PM ]
1 45

10 80

100 125

Tab. A.2: Phase Margin referred to Figure A.22, A,pp) = 11, I, = 100mA, ESR =
100mS), Cg = InF

Stability Response

Name  Vis RL

..in dB20 750 10e g Q r180.0
m..indB20 * 5 S \ 3
.indB20 = 50 ] N g \
m_indB20 *# 500 8 g Q
.. Phase N f ™
m ... Phase * 5 L
..Phase @ 50
.. Phase ® 500 150.0
50.0
r120.0
g g
z roz
6 25.0 F90.0 <
(@)
o r a
Q S
2 S
| 160.0
0.0 o
30.0
20— 00
10° 10* 10 * 10 10° 100

10
freq (Hz)

Fig. A.23: Main-Loop Loop-gain, A,y = 11, O = 1uF, ESR = 100mf?, Cp = InF
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I [A] | PM [°]
1 60
100m 45
10m 38

Tab. A.3: Phase Margin referred to Figure A.23, A,(pp) = 11, Cp = 1uF, ESR = 100mS2,
Cg = 1nF

Active Feedback Noise

The active feedback produces itself a Noise that is injected in the circuit, this Noise is
produced by Rs3, R4 and the feedback error amplifier. The noise of the feedback EA can
be represented as an input noise of the EA so it is added at the V, node (referring to
Figure 3.25), the Noise produced by Rs and Ry is more useful to consider injected in the
Vrp node.

VN,out

A —p—r
B

c LY +é+ Viearo,

Y
"= Hgg

TVire

Fig. A.24: Active feedback Noise scheme

In the block scheme of Figure A.24

A= A(s) = Apa(s) x Apur(s) x Apass(s) (A.17)

and B = B(s) is that of Eq. 3.41 and C = C(s) is that of Eq. 3.42 depicted in Fi-
gure 3.26.

The output Noise due to active feedback is:

VN,out _ A(f>HR4(f) VN7R4 . A(f)HR3 (f) VN,Rs . A(f)C(f) VN,EA(FB)
VAF T+ ANBNC) VAF 1+ A(N)B)C() VAF 1+A(f)B(f)C(J& 18\)/Aif
that in the band of the regulator |T'(s)| = |A(s)B(s)C(s)| > 1 it reduces to
VN,out ~ — HR4(f) VN1R4 HRS(f) VN’R3 1 VN’EA(FB) (Alg)

VAT T B(NHC(f) VAT B()C(f) VAT B(f) VAT

The calculation of Hg, and Hp, is similar to that of Ry and Ry Noise in Appendix. A.6
because the two circuits (Figure 3.25 and Figure 3.18) are the same except for Cy.
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R4 Noise
R4 Noise ”sees” substantially the same transfer function (Hpg,) of Rs Noise, so it seems

R
injected in an inverting integrator at medium-high frequencies, it is amplified by —R—?’ at
4

medium frequency and then, when Cj5 starts to make effect, the transfer function decreases.
The difference is at low frequency, because C4 ”opens” the branch C; — R4 at DC and so
the R4 Noise has no effect. It starts to have effect when C; impedance is comparable to
R4 one. These explained effects leads to a transfer function of this type:

ViB (5) = Hp,(s) = — sR3Cy
VN,R4 T N (1 + SR4C4)(1 + 8R303)

The total transfer function to output is obtained combining Eq. A.19 with Eq. A.20
and its shaping is shown in Figure A.25.

(A.20)

R4 NOISE
Name Vis R4
m_o)Z 10000 1043
m_n)E 10000 1
1 INTEGRATED
10’52 e ZEE:
E M2: 100.0kHz 3.804088u,>\\®
10%3
s
S ]
o ]
Z
= 1073
) ——_SPOT
g TRE
5 — &
51073 = P
5 ( M1: 21.87762kHz 11.7014n
o 1 B 1 B R
s ]
10%
10"
10’”. — T —— T T T — T — T —— T
10° 10' 10° 10° 10* 10° 10° 10’

freq (Hz)

Fig. A.25: Ry Noise, Ry = 10kQ, R3 = 100kQ, C3 = 16pF, Cy = 10nF

R3 Noise

R3 Noise has the same transfer function (Hg,) of Ry Noise, it is transferred with a unitary
gain at the Vrpp node until Cs shorts it, so the gain reduces definitively.
VeB 1

= H e —
VN Ry (s) Ra (9) 1+ sR3C3

The total transfer function to output is obtained substituting Eq. A.21 in Eq. A.19
and its shaping is shown in Figure A.26.

(A.21)
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R3 NOISE

Name Vis R4

=m._m)E 10000 10'5
m_'m")Z 10000

[ M3: 100.0kHz 2.37242!

SPOT [V/sqrt(Hz)] - INTEG [V]
Sm 8N

10 T T T T T T T T T
10° 10' 102 10° 10 10° 10° 10
freq (Hz)

Fig. A.26: R4 Noise, R4 = 10kQ), R3 = 100kS2, C3 = 16pF, Cy = 10nF

Feedback Error Amplifier Noise

The EA(FB) contributes to the output Noise as in Eq. A.19, so its transfer function is
1
simply ~ ——, in fact we recognize the shape of Figure 3.19 in Figure A.27.

B(s)

Name Vis R4

=) & 10000 10"1
m._m")ZE 10000
INTEGRATED
107 (_ M6: 100.0kHz 6.71297711\@,C
=
i
-6
£10
N
I
=4
g |
S (_M7:3.630781Hz 84.38008n
10 = e
'6 T
& \\
~__ SPOT N\
"¥®—/ el \
A\ \\
4 M8: 19.05461kHz 20.38084n \
10 ; \
\\
\\
AN
\\
\
10% . . . . , . N
10° 10' 102 ? X 10° 10° 10°

10
freq (Hz)

Fig. A.27: EA(FB) Noise, V; n/v/Af = 20nV/VHz, R = 630kQ, Ry = 200kQ2, Cp =
InF
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A.8 Miller Theorem

V1 V2

g g

Fig. A.28: Miller Effect
If we have a ”longitudinal” bipole of impedance Z, A, = V2/V; is the voltage gain,

we can substitute this bipole with two ”transverse” bipoles (one at input port and one at
output port) with impedance:

Z) = A (A.22)

Zs Z (A.23)

T A, -1

This is true if the voltage gain doesn’t vary appreciably after the substitution.

In practical cases we usually use this theorem to ”increase” a capacitor. We think

1
Z(s) = < and A, < 0, in this case if 4, < —1:
s

1
AN A.24
17T S(CAY) (A.24)
1

So at the input port the capacitor ”seems” increased and it ”seems” the same at the
output port.

A.9 MOS and BJT Noise

MOS transistor may be modeled for Noise analysis in two equivalent ways as in Fi-
gure A.29.

o o
VN, Mx
o—| M, ( NFYS o—O—": M,
o

Fig. A.29: MOS, equivalent Noise models
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Thermal Noise The model that shows the physical Noise phenomena is the ” Cur-
rent Model” where, for long-channel devices:

% _ 81 (A.26)
Af 30 Im ‘
But in some cases is useful to use the equivalent ”Voltage Model” obtained by the
division by g2,

2

vy 8 1
— = kT — A.27
Af 3 gm ( )
. . .. . . 21
so it’s like the device is an equivalent resistance of Req m05 = 30
9m

Flicker Noise Flicker Noise is modeled, exactly as Thermal, with a current generator
between Source and Drain:

i Kip 1
NS 2D 2 (A.28)

Af  Col?f
if we are interested in the equivalent input voltage Noise, we have to divide by g2,

(remember that g, = \/2IpuCor(W/L)):

N _ B 1
Af WL

(A.29)

K K
where B = o C{C 78 = QCO;K’ is a coefficient depending from a particular technology.

BJT transistor has its two equivalent Noise models of Figure A.30.

[e]
. VN, Tx
T @i o—o—|< T,
o

Fig. A.30: BJT, equivalent Noise models

Neglecting the effect of the Shot Noise in the Base current, the ”Current Model” has
a Noise power:

2
N
- =2ql A.30
The equivalent " Voltage Model”, obtained by the division by g2, and observing that
1,
gm = — (Vr = kT/q), has a Noise power:
Vr
R _ g L (A.31)
Af 29m '
so it’s like the device is an equivalent resistance of Req pjr = SV BJT presents
Im

generally a lower input Voltage Noise than MOS, due to the greater transconductance,
but the big problem is the Base Shot Noise.
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A.10 Gain Stage, Noise

A fundamental circuit to study Noise performance is a gain stage like a Common Emitter
stage (CE) or a Common Source stage (CS), we study the CE-stage because the presence
of Shot Noise in the base current (iy g) and the finite input resistance (r,) make more
complicated the calculation.

Ve
Vce
LOAD M T
LOAD
E‘ ..... + o Rs

O——1 1 inc Viuin + I out
SR O > % (r }

O

RE ( iN,RE RE

\Y%

Fig. A.31: CE stage, complete circuit and the equivalent input referred Noise model

The target is to have an equivalent input referred Noise model of the stage, so to
calculate vy ;n and iy ;n (notations are referred to Figure A.31). At first we concentrate
to vy, its main sources are iy 1, iN,c, iN,Ry SO We calculate their effect on iy oy using
the complete circuit:

i?\/,out o i%\/',L + < 1 )2 Z?V,C + ( ImRE >2 i?\ﬁRE (A 32)

Af  Af 1+gnRe) Af 1+ gmRE Af

Eq. A.32 may be found with the complete calculations using the AC-model, in prac-
tice there are two case of interest: Low degeneration g,Rp < 1 and High degeneration
ngE > 1.

Low degeneration in this case Eq. A.32 reduces to Eq. A.33

2 2 2 2

Z.N,out ~ Z.N,L Z.N,C QiN,RE

in,c tends to flow at the output and in g, tends to circle in Rg and not to reach the
output.

High degeneration in this case Eq. A.32 reduces to Eq. A.34

ar = ar T \Gnks * (4-34)

-2 2 2 ;2 -2
"Nout _ 'N,L 1 "o | 'W,Rp
NN

in,c tends to circle in the BJT and not to reach the output and iy g, tends to flow
in the BJT and to reach the output (remember that iy r, x 1/v/Rg). So with high
degeneration iy oy is reduced (see Figure A.32).
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Name

output noise; A / sgrt(Hz)
RE

...sqrt(Hz)
M ...sqrt(Hz)
...sqrt(Hz)
m ...sqrt(Hz)

0

10000 |
100000

2.0

1.754

_1.818407pA/ sqrt(Hz))

15+

1.254

A/ sqrt(Hz) (pA / sqrt(Hz))

1.0 4

.75 A

0
freq (Hz)

Fig. A.32: iy ou of a CE stage

10" 107 10° 10° ¢ 1

Using the equivalent model (neglecting for the moment the effect of iy ;;, and conside-

ring Rg < Rin—stage) the in out is:

) 2
ZN,out 2 UN,in

Tf = (gm,tot) Af

with

9m

Im tot = m

is the effective transconductance of the stage.

Equating Eq. A.35 with Eq. A.32 we find

U]2V,in _ < 1 )2 Z?V,L n <1)2 Z?V,C n
Af 9Im tot Af 9m Af

(A.35)

(A.36)

An interesting thing is that Rg influences directly the input with its voltage Noise and
this is bad because at high degeneration when Rp is a big resistance we have vy i, o< vV Rg

(see Figure A.33).

Therefore degeneration is suitable if we are interested at a low iy oy and is to avoid if

we are interested at a low vy ip.

As regards iy B, its effect in i oy is

(A.37)



126 Appendix

equivalent input noise; nV/sqrt(Hz)
Name —  RE
.4053Y) 100
-_1053) 0 ]
.1053") 10000
m..1053") 100000

75.0]

nV/sqrt(Hz) (n)
3
Q

/" 6.676889n)

001
10

10" 10° 10° 10* 10 16° 10/ 16°
freq (Hz)

Fig. A.33: vnn of a CE stage

with in the two cases of practical interest (considering also Rg < Rp):

(gm(RS//rﬂ'))2 ~ (génRS)2 if gnRp < 1
f(Rp, Rs) = gm(Rp//rx) N : (A.38)
(Trny) =t ke

Instead, the effect on vy i, due to iy g (S0 Vyin(p)) 18

2 )

UN,in(B N,
2 ]E ! = g(Rp, Rs) AT (A.39)
with, as in the previous case:
Rs//rz)? = (Rg)? if gmR 1
9(Rg, Rs) = ( 5/2/7’) (Bs) ?g B (A.40)
(RE) if gnRe>1

A.10.1 Low degenerated CE stage

An important thing to keep in mind is that in the case of Low degeneration (or not
degeneration), we can confound iy, ~ iy B, so there is a total effect on input voltage
Noise by the addition of effects of Eq. A.36 and Eq. A.39:

UJQV,in(tot) U]2V,in R Qi%V,B A4l

and since g, Rp < 1 the Noise of R is negligible respect the Noise iy ¢ and Eq. A.41
simplifies in

U12v,m(tot) 1\? i?v,c E R gi?\/,B A 42
£ = (o) (57 + a7 ) + st 5 )
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It is evident from Eq. A.42 that the in p may increase strongly the Noise. We may
calculate to which value of Rg the Power of Base current Shot Noise is equal to the Power
of Collector current Shot Noise, considering Rg < 7, and neglecting the contribution of
IN,L:

1 2%_ R Qi?V,B
(gm> NN
2
(1) (241c) = (Rs)*(245)

Im

therefore

S

Rg = (A.43)

9m
where [ is the current gain of the BJT, with /o few or tens of uA, Rg will be tens
or hundreds of kf) that could be in some cases. The iy p could be a serious problem
using Bipolars, this problem there isn’t using MOS because there isn’t a gate current of
polarization.

A.11 Current Mirror Noise

Another very important circuit is the Current Mirror, we study the Noise performance of
the Bipolar version because the MOS version is totally identical except for the absence of
Base current Shot Noise (remember that iy ¢ plays the role of iy p with MOS, but Noise
formulas are different).

Vce Vce Vce Vce

1 . 1

LOAD LOAD

I ref

» K »

_> ( iN,Bz ( iN,B1

+ lout ( I G2 (

RE RE RE () iN'RE (

Fig. A.34: Bipolar Current Mirror, circuit and Noise sources

We are interested in the ix ous, S0 the best way to make the calculation is to transform
some Noise sources in their equivalent voltage Noise sources in the Base node of BJT T'1,
as in Figure A.35, and then we know the behavior of the CE stage T'1.

In Figure A.35, the contribution of iy p, is incorporated (but can be neglected) in
that of iy c,, we suppose g,,(1) = gm(2) = gm and, as we have seen in the CE stage, the
equivalent voltage Noise sources are (see Eq. A.36):

”12\[,01 _ UZQV,CQ _ 1)? Z'?\r,c
Af Af

Inc1
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LOAD

!+IN,out
Vnec2 VYNRE  VNRE  VNCT

T

1

( INB1

1/9m

Re

Fig. A.35: Bipolar Current Mirror, AC model

and
U]2\f, Ry
Af

For the contribute of iy p,, we can consider that no current flows into the base of T'1
so all the current flows in the sum of three resistances 2Rp + 1/g,, and thus produce a
voltage Noise source at the base of T'1:

=4kTRE

vlz\f B1 2R 1 2 Z?V,Bl
Now we know that the effective transconductance of T'1 is
__ 9m
9m,tot 1+ g R
thus:
) 2 2 2
N out o [ 4UN,C UN.Rp , YN,B
ot yRAESIID Bt : A4
So, substituting:
2 2 2 2
ZN out 1 9m ) <1 + QQmRE>
T =2x%x 2| —————— | +2x4kTRp| ————— | +2qlp | ————
Af qc<1+ngE> E(HngE PE\ T+ guBp

(A.45)

Eq. A.45 predicts that if we make a strong degeneration (g,,Rp > 1), in o could

be strongly decreased (very similar to Figure A.32) until the limit of iy p,. Theoretically
a MOS current mirror doesn’t suffer of this minimum limit but indeed it’s impossible to

eliminate at all the Noise. In practice MOS or Bipolar current mirror could reach the
same Noise performance.
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A.12 Transconductance of the Mirrored OTA with asym-
metric compensation

1<
S

:||_Vssws>
M

7
s ¥ lorom)
Cc *-—> >

Ais

Ms

Fig. A.36: Output stage of the Mirrored OTA with asymmetric compensation

For the complete circuit see Figure 4.13.

The current of the high-side (ifg) is roughly:

ims = =" g6 (—L"W ! ) (A.46)
'm3 2

The low-side current (irg) can be calculated solving the following system (use the AC
model for the transistor M5):

. 1
LS = Ugs(M4)71 — Im5Vgs(M5)
e
f (A.47)
sC,
Ugs(M5) = Vgs(M4) R 1
z + sC.

it leads to:

C
(1-5c)

. gm5s
LS = —9mb mvgs(M@
Vs 1:

gm1 <+ i,dif f ) .

9m4 2

Thus the total output current is (consider gm1 = gm0, Im3 = Imd, Gms = Gm6s Gm7 =

gm8)5

(A.48)

with vggara) = —

lo(TOT) = ULS T 1HS

(=)
g |, N Tows) |, (4.49)
29m4 mb (1+8Rch) m6 i,dif f
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Name Rx

...xnet07; 1
-nﬁxln:(;l)hc 20000003 ZO-Q
Xnet07xc 2000000 1 102.8642UJ |O(TOT)
1000 ®
800
< ]
S 4
60.0 , 52.52522u)
400
...l0/M4/dxc 10'4 3 i
10/M4/dxc 2000000 ] - HS
- 10/M4/dxc 20000000 ] 2 iy
_JoM1/dxe ] 52.73637uA
10/M1/dxc 2000000
- 10/M1/dxc 20000000
10° 3
< . 1.520759uA)
S Iis \
\/
X‘
10° 4
154.752nA)
17
10° fo' 10° 10° X 10° 10° 10"

freq(Hz) 10

Fig. A.37: Example of lo(TOT) and 15,008

An example of the shaping of i,(ror) is depicted in Figure A.37.

The transconductance of the OTA is:

. 1—s
_ Yo(ror) _ 1gm gms
gm(TOT) Vi dif f 2 9ma Jms (1 + SR:ECC)

+ gmeé (A'50)

Important is to note that in the two cases of low and medium frequency the total
transconductance becomes:

1
9 %ml (gm5 + gme) = ? gms Low-frequency
— 4 m4
Im(roT) = \ 100 T (A.51)
= Iml (gme — 1/ Ry) ~ = Imi gme  Medium-frequency
2 gma 2 gma

so at medium frequency the total transconductance is only that of the High-side path,
therefore is halved. The same, obviously, it’s for the output current that reduces to
io(TOT) = iHs as depicted in Figure A.37.

A.13 PTAT and CTAT behaviors

How we can create a PTAT (Proportional To Absolute Temperature) or CTAT (Comple-
mentary To Absolute Temperature) reference?
The starting point is the relation I — Vgg of a Bipolar transistor:

Vee(T)
Vr

Io(T) = IS(T)e< (A.52)
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where Ig(T') = AcJg(T) is the saturation current (A, is the emitter area and Jg(7T') is
the saturation current density), Vi = kT'/q is the Thermal Voltage.
The inverse relation is:

Vee(T) = Vrin (ﬁgg;) (A.53)

e PTAT

Consider a structure like that of circuit in Figure 5.1, transistors Ty and 17 differs
only for the emitter area and the mirror current My — M3 imposes I¢, (1) = 1o, (T).
The voltage drop on R; is:

|AVBE| = |VBE,| — |VBE|

B len( Ic,(T) nAeJS(T)>
B q AeJS(T) Ie, (T) (A54)
kT
= —In(n
. (n)
that is a PTAT voltage. Related to the voltage there is a PTAT current that is
simply:
Vr |AVEE]| 1 kT
I = L = =——] A.55
PTAT R Ry Ry ¢ n(n) ( )
The derivative in temperature is:
=4+—-1 A.56
5T "R n(n) (A.56)

e CTAT
Veo

Deepen the Eq. A.53, considering that Ig(7T") = Ioe< Vr > (consider Iy independent
from the temperature in a first approximation, Vg = 1.205V is the Bandgap of Si

at 0K):
qVao
kT I
Vee(T) = —In I—Ce kT
a 0 (A.57)
kT
= VGQ — 7[% <IO>
q Io

so this is a CTAT behavior around the voltage shift Vig.

The derivative in temperature is:

Ve (T)
or

(A.58)

K, <JO>  Ve(T*) = Vao
n =

rer- ¢ \lo &

Considering the ambient temperature 7% = 300K and a classic Vg ~ 0.6V, we can

6—1.2
aV?E (T* = 300K) ~ 0.6 — 1.205 ~ —2mV/K that is a useful value to

calculate
300

start with a manual design.
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