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NOISE

NOISE limits the minimum signal level that a circuit can process with
acceptable quality.

/ Noise Level

Mr. Signal

v

Can you identify the signal buried in the noise?

How does the minimal signal must be with respect to the noise level?
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- Let us consider the street noise, can one predict the (exact) noise at
any time?

No, because it is a random process

» If you decide to blow your car’'s horn every 5 minutes, then you can say
this signal is deterministic.

- S0, how can we incorporate noise in circuit design?
- Observe the noise for a long time
- Construct a "statistical model”

- The average power noise is predictable

* Most noise sources in circuits exhibit a constant average power 5



» Average power delivered by a periodic voltage v(t), of period T, to
a load resistance R, is given by

Ty Vi) o LTy
jT/ R, dt = j_%v(t)l(t)dt

* For non-periodic signals, T becomes a large quantity

 How much power a signal carries at each frequency is defined by the
“power spectral density” (PSD) (S,(f))

* S,(f) is defined as the average power carried by x(t) in a one-hertz
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+ S,(f) is expressed in V?/Hz rather than VI/Hz = w/Hz, in fact
{S(f)} V2= v/Hz1? is often used. Say a filter at IMHz is equal to

1.414 nV/Hz/?, means an average power in a 1-Hz bandwidth at
IMHz is equal to (1.414x10-?)2V?=2x10-18Vy?

* Another spectrum is the "White Spectrum” or white noise

In practice is band limited.

Sn(f)

- How do you determine the output spectrum of a linear, tfime-

invariant system with transfer function, H(s)?



in yOu‘r

H(s)
S S, (f) =S, (F) x|H()”

* How is the shape of the output spectrum?

S, (f) H(f) S, (f)

X

mf

» A practical example is the telephone bandwidth, where BW
of S,.,(f) is between 0-20KHz, BW of H(f) is 4KHz and
consequently BW of S, ,(f) is 4 KHz.



If there are more than two noise sources, how do you compute
their total effects?

Xn1(f) o—— Hy(s)

> +\<
o/

Xn2 () o——{HI@ S, (F) = 3" IH; (j2nf ) > X7 (F)

Xr‘m (f)o— Hn(s)

X (), Xo(f), ... are uncorrelated noise sources

Superposition is applied to obtain the total output spectrum.
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Noise Bandwidth

A H 1 I
H(jo) sy = agf o (1)
0dEB . 1+s/ o, 0
-12 dB/oct
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First - Order LP Brick - Wall Filter

Assume an input signal, V,.(f)=V,,, (constant)

o0

_2 -
Vnw - df _ \_/nwfo tan—l(fi] _ an;’)'tfo
(', i

is applied to the (brick-wall) filter

Vﬁ,out(rmS) = J':Ovﬁl (f)‘H(ZTij)‘zdf - J:O

If this same input signal, V

nwy

> f, —2 — : nf
V brick(rms) = IO Viwdf =Vmf, , since V.t =Vyick - then f =—2
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Examples

Av(f) —

A(f)=

Equivalent Noise Bandwidth

1 % 2
Af :A—Zj\Av(f)\ df

1

1+ )

f3dB

il

O =) 8

VO O

o0

Af = |

df

(T

1

w(%,)

df =1.22 f, =1.22x0.6436 f,



* Amplitude Distribution of Noise

A

x(1) #

AL LAAR . ™

Probability Density Function (PDF), the distribution of x(1) is

P, (X)dx = probability of x < X < x +dx

* An important example of PDFs is the Gaussian (or normal)
Distribution.

. . 2
Py (X) = = exp (x=m)

o~ 2T 2(52

Where o and m are the standard deviation and mean of the
distribution, respectively. 10



* How do you determine the total average power due to two or
more noise sources?

L2 P
P,y = lim = L T () + %o (0 dt = lim 1 = O 0dt X3+ 26, (0, (Oct
R T,
L2
Pay = Pay, + Pay, + lim = j 2, (£)X, (t)dt
/ .
= O ? When?

If noise sources are uncorrelated the third term is zero.

Example of uncorrelated and correlated noises is that of spectators
o
in a sports stadium. ‘_
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Noise _ - Device Electronics Noise
Types . .
YP - Environmental Noise
N—
) Asv(f)
- Thermal Noise _2 4KTR T=Temperature
R R VN
—AN—o i f
Noise Noiseless
Resistor % °
Vi = 4KTR R % Ol I =%
Example | °

R=50Q T=300°K = Vi =828x10"°V2/Hz = (0.91nV/+/Hz)?

o

Vi
L, D) o

Noisy

ks

IN = 4KT(§jgm —> Thermal (White) Noise

Flicker Noise
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Noise Voltage
Rs
oE,

l,E, _R—L

2
_ Bt _ kTaf

Y
R
G E; ; (nlaiseless) i
Py
Then
E, = VAKTRAF (Vi)
q] VrmS

Rs=R, =R

1kQ

Power Supplied to R is

BW

1Hz
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- Flicker or 1/f Noise

PSD is given by

) K2 (Ky) K 1
(=" (ﬁ ) C, WL f
for a
, Vi(f) CMOS
uvo P 10 dB/dec K~10-25V2F
~Hz
1__
ol 1o 10 1o 1 107 g
corner Equating output currents
1/f noise white noise 2 K 1,
dominates dominates 4KT(§gmj - C,, WL, Um
Low High f K 3

Frequency Frequency ¢ T C WL Im aKT



Noise Considerations

vz
------------------------- PMOS X
NMOS @4 ..... oB
: n = Jmb
f gm
Flicker Thermal or Johnson =2 52 KF - Af 8KT(1+mn
Noise Noise (White Noise) VN =Veq = {ZfC K WL + 3( )Af
| L oxv P N ng
. : ie.,
* To reduce Flicker Noise: KF, =2.7x10"%A Flicker White
Noise Noise

Increase W * L (Area)  KF, =4.3x107%'A
To keep same bias point keep same ( W/L )

« To reduce White Noise

W

W
Increase g,. Since Ym =\/2K | (Lj:Kp(Vgs_VT)f

(a) (W/L) t and (ID)T will increase g,,,, power consumption (Ip), and area
(b) (W/L)T and modify the bias to keep Iy same as before mcr'easmg Orm-



How to compute the total output noise due to individual noise sources?

How to compute the input-referred noise?

Example. iﬁl = 4KT(%}Jm + Kgrzn /(CoxWLf)

_ -2
% Eb T no Inrp =4KT/Rp
2 *Viout”

__VDD

D in1Hz at frequency f

Vn,in = 5 = 7 V n,out
Ay  9mRp
Vﬁ in = 4KT 2 K_1, 4KkT ——> Good performance parameter
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» Can we always use the input-referred noise by a single voltage
source in series with the input?

A necessary and sufficient
Noiseless representation

- Simplifications
- For zero source impedance, I?,;, not affecting the output

- For infinite source impedance, then V2, in has no effect

- Note that both sources will not count the noise twice.
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For the following amplifier and from the point of view, of minimum noise,
how the values of g,; and g,,, should be set?

__VDD _
T.2
Vie—{ [ M2 Vie—I[ M2 QB n2
— ©° Vou‘r = ° Vn,om‘2
Vie—IL M1 Vie—Lmt i’ 1
| | e gol+902
Considering the thermal noise:
2 2 1
Vnz,out :4KT(§gm1+§gm2) 2
(g ol + 902)
A — gml
v
gol + g02
V2
Vr12,inp = Lzm = 4KT( . +29sz
Av 39 ml 3 gml

Vi 491 790, 4 (current —source)

Trade-offs of increasing g,,;? 18



% Noise Analysis, p driver, n load.

Ve T Make V,, and V,, null
Vino—(~mH M2 y ; 2 : 2
°Vo V2 :[ m2 j an+[ ml ]va

Vbno_@_{EMl o Jo1 + 902

Vip

g2
AE/ — m2 >
(901 +902)

Equivalent input-noise spectral density

I\IINP

—2 —2 —2
VZ _ VoN (901+902)2{9%2VNH+9%2VN|0]

RN 2 2 2
AV 9m2 ( ) ( )
2 —2 g4 o2
VN = VNn +Tm1VNp
Om2
To reduce the equivalent input-noise spectral |
9m1 l Im2 I
= 19

for bias device for signal (driver) device



To compute the rms output noise: v,

(i) Compute the frequency response b

(i) Compute the noise bandwidth, A f

A f =1571* f3dB

/"\

andwidth f3d3

(assuming a single pole)

(i) Vout,noise = {\7%’0‘” -Af }%Vrms

—2
where Vn,out is the spectral density

value of the output noise at low

frequency.
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Issues about noise sources

6O ( )
V& Ther‘mal ch. noise
1 — %

— hoise
f

If ‘rhermal channel noise is con5|dered seperately

4{

A 4

+
8
gm éKTgm
§KT—
3

If the 1/f noise |s considered seper'a‘rely

®

The noise can be seen as

a drain-source noise voltage

source equal to v?,;

(see next page)
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n
o O °
- +
+
ng <¢> gmvgs 9 Ve
© O
Vgs = Vg +Vp — Vs
Vn:Vnd+Vng _VdS+Vn
OmVgs
Vds -
D Jo
+ Vv Vn
\4 ds —
_n 1+g,r,)
I
& VdS = — gm 0 Vn
1+gml,
Vg = gmr'ovngl (must be satisfied) . \_lﬁ \_lﬁ
Vn - Vnd + Vng or VgS — 5 ~ 5
= Vg (1+9mr'0) (l+gmro) (gmro)
or . \
Vi = Vnd (1 * l/gml"o) —2 Vn X (gmro) o2
Vn o] Vnd = Vds & VdS = 5 ~ Vn

1+gml,)

So for a diode the 1/f noise shows up as a noise -

voltage (shrinking the diode) of value equal to v,2.



Noise in an op amp macromodel

@In-(f)
- Noiseless
+
vnz(f) 2 i -;In+2
Particular Cases: "
YAYAY
i V,o2(f) i Vo2 (f) i Vo (f)
L0 0o Lo
+ + \/I\Q/\/ +
If V,2(f) ignored: If I, (f) ignored: If I,.(f) ignored:
V_Y'IO2 = O VHOZ = \7n2 Vnoz = \7n2
Actual: Actual: Actual:
v_noz :_Vnz \7n02 = \7n2 + (IH-R)Z \7“02 = Vnz + (In"'R)Z

. . . 23
- Ideal capacitors and inductors do not generate noise, but accumtlate.



CMOS Simple OTA: Noise Analysis Example

" = : : :
V:"f’ M5DD %:A,C\i - First determine the gain from
the noise sources to the output
\/nl - \/nz
Ot m2l—O—oVyr Vool Mool o g 21 Vo |
in X Vo | Vit Vi2 V|Jrr1 —Vin
M3 J—O——O—[ m4 V
oV, v, L 2 = 0maR,
Vs Vn4
Assuming V, =V, ; Ry = L since Vgs3 = Vgsa = Vg = Vs, then
Vn . gms gm3 Vn,o —g R
~ = (small) vV m4 o
Vn5 2gm:% n3

Voo () = 2(0miRo)* Vi (F) + 2(9msR ) Vi (F)

2
VZ oo (F) = 2VA (F) + 2V gm3j
gml

16 1 16 m 1
Vnz,input (f) ( 3 jkT[ ( 2 jkT(g 3} : n Jinput (f) " Om1 T N

gml gml gm3 1<gm1/gm3<4 ?

N

white
part




For the white noise portion of V,(f) and V,;(f)

VA =4KT(3j 1 i=1,3
3 Om1
Yielding

Viipur (F) = (13?)”(911) (l?f)KT[gmjj(glsj - O 1

On the other hand, for the 1/f noise
i (W)
n L 3

Hp (W%_ )1

~(2uCoc[ '] 1o}
J

Vr12,input (f) - 2V + 2Vn3(f)

Yielding
Ky un || Kaly
|n - +
e 0= o)
For v2(f)_ Ki
W.L,C,f

L tv nmpml but signal swmgl
By integrating from f; to f,

a L K. (f
1=1 “p L3W1 Cox fl




How do you simulate noise in SPICE?

- Noise is associated with AC analysis
* Noise V(N) VIN

- AC DEC FI FSTEP FFINAL
Reader.

Simulate both examples dealing with two transistors, plot
frequency responses and noise spectrum, as well as the

total noise at each frequency (total rms noise)

Obtain the signal to noise ratio

i 0)
y _ 20log signal for /o THD (rms)
N Total Noise (rms) 26
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