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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



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

Ty VA LTy
j £ R, dt = I_Tzv(t)l(t)dt

» For non-periodic sugnals, 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

><(Jr)bfxndwid’rh around f. BP Filter

+AMP
/\_11 A/‘J| A= _ A ()
[t




- S,(f) is expressed in V2/Hz rather than VI/Hz = w/Hz, in fact
{S,(f)} ¥2=v/Hz'/? is often used. Say a filter at IMHz is equal to

1.414 nV/Hz'/2, means an average power in a 1-Hz bandwidth at
IMHz is equal to (1.414x10-9)2V2=2x10-18Vy2

» 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, time-

invariant system with transfer function, H(s)?



X in YOUT

H(s)
Sx.. S, (F) =S, (F) xH(F)*

 How is the shape of the output spectrum?

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

- 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, 4(f) is 4 KHz.



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

Xn1(f) e—— Hy(s)

Xn2 (F) o Hy(8) {)—» S, (F) = 3" |H; (j2nf ) X (F)

—>{ + |

X, (F)o—— Hy(s)

X1(f), X,»(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(joy HEs = agf Mo 1)
0dB . 1+s/ o, 0
-12 dB/oct

P A 2

T f, o, N i Lo f

100 10 100 27

First - Order LP Brick - Wall Filter

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

o0

_2 .
Vnw 5 df _ \_/nwfo tan —1(1;) _ an;TCfo
1+(%0) °,

is applied to the (brick-wall) filter

\_/ﬁ,out(rms) = J:Ovﬁl (f)‘H(anj)‘zdf - I;O

If this same input signal, V

nwy

N fX _ _ . f
Vgrick(rms) = Io Vﬁwdf =V§fo , SInce Vn,out :Vbrick . then fX — Tc70
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Equivalent Noise Bandwidth

1 % 2
Af :A—Zj\Av(f)\ df

VO O
Examples
First-order system:
Av(f):“-% . Af = df > =1.571f4g
T ()
2
1 T 1
Ay(f)zl = A= f _df =1.22 f, =1.22x0.6436 f,q
+ 0
J £ 1+(%3d3j




- Amplitude Distribution of Noise
#

ANSLAAR . ™™

|
Y

x(t)

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

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

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

1 eXp—(x—m)Z
O 2T 262

px(x) —

Where ¢ 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 hoise sources?

L2 L2
P, = Tnm = [ +x, () dt = I|m - j (xZ (t)dt+ x5 (t)dt + 2x, (t)x,, (t)dt
>t T,
L2
Pav = Pay, +Pay, + I|m - 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

D
in a sports stadium. ‘_
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Noise _  Device Electronics Noise
Types . .
YP - Environmental Noise
N—
) Asv(f)
- Thermal Noise . 4KTR T=Temperature
R R VN
o—NA\P—o —N\—( 9o gi
Noise Noiseless
Resistor % °
- ] 5 AKT
VR = 4KTR R; Ol ="
R
EXOmple o

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

Vi
L, ) o

Noisy

o

EEbiil

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

N=— = Flicker Noise
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Noise Voltage
Rs
AVAYA oE,

E, Ry

(noiseless)

Then

E, = VAKTRAF (V)

Power Supplied to R, is

E2
P,=I,E, =—2%
0—o0 RL
2
:E—t:KTAf , EO:ER:
Pi| 4R 2R
BW
1k |

‘ 1Hz
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- Flicker or 1/f Noise

PSD is given by

2 2
\_/ﬁ(f):&:(&j __ K1
f JE Cox WL f
for a
, Vn(F) CMOS
ﬂ ° 10 dB/dec K~10-25V2F
VHz
1_.
01 10 .10 100 109 100 g
corner Equating output currents
1/f noise white noise 2 K 1 -
dominates dominates 4KT(§gmj - C, WL ﬁgm
Low High f K 3

Frequency Frequency c = C. WL Im sKT 1



Noise Considerations

\—/2
------------------------ PMOS &
NMOS @—{ ————— ©oB
: n = 9mb
.‘: gm
Flicker Thermal or Johnson =2 2 KF - Af 8KT(1+n
Noise Noise (White Noise) VN =Veq = {ch K WL}+ 3(9 )Af
ox ™\p m
ie. A v e
* To reduce Flicker Noise: KF, =2.7x107%A Flicker White
Noise Noise

Increase W * L (Area)  KF, =4.3x107A
To keep same bias point keep same ( W/L )

- To reduce White Noise

W

W
Increase g,. Since Om = \/ZK | ( L j = Kp(vgs _VT)t

(a) (W/L) t and (I,) 1 will increase g,,, power consumption (Ip), and area
(b) (W/L) 1 and modify the bias to keep I, 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. ih1 = 4KT(24 g, + Kg? /(Co WLF )

vDD VDD /
E[Q T, np2 |nRD =4KT/Rp

Vn out’
v.no%? F ﬁ @ .

K 1
C,, WL f

AKT
grzn R—ij in 1Hz at frequency f

Vi out = £4KT§gm +

_ \V; 1 (-
Vﬁ,in = - nodt = 5 (Vﬁ,out)
AV ng

> Good performance parameter
16
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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

Voin® Noiseless representation
o O C —°

- + I

]:n,in2 <¢> R

c
U
o I —o
.

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

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

* Note that both sources will not count the noise twice.
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To compute the rms output noise:  _y,

A §

(i) Compute the frequency response bandwidth f;
(i) Compute the noise bandwidth, A f
Af=1571* f34 (assuming a single pole)

i Vout,noise = {VH’OU'[ - Af }%Vrms

—2
where Vn out is the spectral density
value of the output noise at low

frequency.
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622 (ESS)
NOISE CONSIDERATIONS REMARKS

Basic elements and their noise models

Resistor. -
O
=R

(HV2g =4KTR

O O
Op Amp
VA
)
© NS +A

19



Noise in an op amp macromodel

@In-(f)
Noiseless

vnz(f) ( i .;In+2

Particular Cases:

) Vio*()

L

If V,2(f) ignored:
Vio? = 0
Actual:

V. 2:V2

R

—

- Vio?(f) - Vo’ (f)
L0 L0
R
IF [
If I, (f) ighored: If I,.(f) ignored:
Vio? = V2 Vio? = V2

Actual: Actual:

VHOZ = \7n2 + (IH-R)Z VHOZ = \7n2 + (In+R)2

. . . 20
- Ideal capacitors and inductors do not generate noise, but accumdulate.



Computation of Total RMS Noise Voltage at Filter Output

1. Determine the noise transfer function(s)= % from each equivalent

voltage or current noisq? = V2 or I2 of the kth element,

to the outpubf the
filter.

2. Spectral density from the different noise sources are added:

Vio(0)=> 2 Te(o)’ - (nyf

where \Tk(joo)\ is the absolute value of the noise transfer function

from source kth.

21



3. Obtain the total output noise power by integrating the mean square
noise spectral densitys2 ()

That is:

(E s j V (co)dco
This is often referred as the noise floor.
Dynamic range of an Active-RC is obtained as:

(VSO I'ms )max

(Eno )rms

DR =20 log [dB]

Where \/

sorms 'S The maximum undistorted rms voltage at the output.



How do you simulate noise in SPICE?
- Noise is associated with AC analysis

- Noise V(N) VIN
- AC DEC FI FSTEP FFINAL

Reader.

Simulate an example dealing with first-order active

RC filter, 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 :20|0g5|gnal for /o THD (rms)
N Total Noise (rms)
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LTSPICE Noise:
Analysis & Simulation

Contributed by Kyoohyun Noh



LM’741’s open loop ac response

VDDA . .

Vo

V5
&
— VINA [~ | U1
15 - :“ OUTA
e
<7 % LM741
Al R R R T TR R SR T
V4 > Ve
D
AC10 L2
T
R4
EEI Y
10MEG -120°
Q; 100mHz  1Hz 10Hz 100Hz 1KHz 10KHz 100KHz 1MHz 10MH=z

*".M741’s DC gain : 106dB
*[LM741’s -3dB frequency: 5Hz
*[.M741’s unity gain frequency: 1MHz

25



ILM741°’s n01se s1mulat10n

V{rd)/gain]
VDDA 5
V5
VINA u1
15 1‘“«: OUTA
= Lm741
wn
va g -
AC10
R4
c3t/ VY

*LM741’s input-referred noise PSD is sumula'red R4s
noise contribution is small enough to be neglected.

\/Vr21,LM 74lopen,input/ =6.51nV /vH \/ n R4 mput =0.67fV/vH

26



Filter Schematic for .noise simulation

I.nuise V(OUT) V3 dec 20 0.1 100000 | c1
lib LM741.sub |
6.3n
Output: V(OUT), Input source:V3 R2
20 simulation points per decade over-—/\/\/—-
0.1Hz ~ 100kHz 5k Coupling cap
V1 i3 u4 c2
—\/\—= e | _\out
100 Vol |
ST Lm749 1m R3
15 7 1k
=
S V2
_|_
LV3 =
f AC10

=Filter’s midband gain : 50 (34dB) from R,/R,
=Expected upper -3dB bandwidth : about 5kHz (from 1/R,C,)

=Expected lower -3dB bandwidth : about 0.16Hz (from 1/R,C,) .



Filter Transfer Function

1997 s Simulated ‘Midband gain = 34dB

8dB

=Simulated Upper -3dB = 4kHz

5dB
05 #Simulated Lower -3dB.= 0.16Hz
9dB

6dB -3
100mHz z OHz ‘Hz 100KHz

28



Input/Output referred noise PSD

-Mldband mpu‘r r'efer'r'ed noise PSD

V2ol AF =B.770V [/Hz

*Midband oufput -referred noise PSD
/ Af =338nV //Hz

n output

29



Noise contribution to Input-referred

Output

Resistance
R3

Feedback
Resistance
R2

Input
Resistance
R1

100KHz

i JAKTR, =1.29nV /+/Hz 1.29nV /VHZ  Assume
— (R /R,)-JAKTR, =182pV //Hz ~ 182pV/Hz ~ T=300K
B 0 90V //Hz

30



Input-referred noise contribution in the filter

s M\741’'s noise contribution cannot be obtained
directly in the filter simulation. Instead, it should be
estimated from the other noise values

\/vﬁ,LM ot siter inpue! AF = y(6.770V)2 —(L29nV)? — (182pV)? — (90 1V)? =6.64nV //Hz

*The input-referred noise voltage of the LM741 was
obtained in the open loop simulation.

\/VI'%,LM 74lopen,|nput/Af — 6.51nV /\/ HZ

*Theoretical LM741’s input-referred noise
contribution agrees well with the simulation result

R

2 2

\/Vn,LM 741 fitterinput/ Af =1+ R—l) : \/Vn,LM 7a10peninput! Af
2

=1.02*6.51nV /v Hz =6.64nV /+/ Hz

31



Noise

components

R1

R2

R3
LM741
Total

Summary

Midband input-referred | Midband input- Contributio

noise voltage referred noise PSD n [%]

[nV/sqrt(Hz)] [V?/HZ]

1.29 1.66x10-%8 3.63

0.182 3.31x10%0 0.07

0.00009 8.10x10%7 ~0

6.64 4.41x107 96.3
4.58x1017 100

»A dominant contributor to the filter noise is LM741

*Theoretical noise analysis agrees well with simulation

results

32



Biquad Filter Noise

Courtesy of Mohamed Abuzaid



Biquad Filter

* Hipp(jw) = 12
1-(5s) Haeg
o Hppr(jw) :]'w%H F '(U)ﬁc\lg_ AP
.+ R2=R4=R5=R6=R | £t~ '
« C3=C/=C = RIS RS
e w, =1/CR
* Q =R3/R T

Bruton, L.T.; Trofimenkoff, F.N.; Treleaven, D.H., "Noise Performance of IO\B—%Q
active filters," Solid-State Circuits, IEEE Journal of , Feb. 1973 — =



Noise Analysis

Power Spectral Density of output noise:

_ V2 . |
E(Z)R(f) = 4KT Zi6=1 R; |Hi0(]f)|2 (E)D““ch.[e by
Power Spectral Density of output noise:

2KT .
eor(@) = ==X7_1 Ri [Hyo G)I? (

T

V2
rad/s)

Integrated output noise:
Eor = KTR(5Q + Dw, (V4)



Continue Noise Analysis

Assumptions for next results:

— Inband, Hgpr(jw) = Hypp(jw)

— Assume Q >>1

Power Spectral Density of output noise:

: V2
esr(f) = 20KT. Hppp(jw) ()
At the center frequency

e2p(f) ~ 20KT.Q (&)

— “this 1s not correct in paper (12), they put an extra w term”



Simulation ldeal Opamp

 Biquad with the specs:
e f,=15kHz
e ) =150

So, the values:
R=10KQ
R; = 1.5 MQ
C =10.6 nF

IN R1

LPFL_

<
Rzé

BPF




Simulation ldeal Opamp

« Compare the PSD of the output noise and
the theoretical expresster————+———

noise_output_dB

 Inband, expressionsz

theoritical_curve

. - 130 |
are identical.

-
H
o

PSD (dB/Hz)
;An 1
=3

freq (KHz)



Noise Contribution

» There are three groups In terms _?f

- - noise_R1
ContrlbUthn 120 F noise_R2
noise_R3
noise_R4
-140 | 1 noise_R5
\ noise_R6
~ noise_RS8
T -160 noise_R9
% noise_R10
Q -180 \\
7))
o
-200 [ \'
-220 | -

107" 10° 10’ 102
freq (KHz)



Noise Comparison

| Theoretica Spice Simulation

Integrated Noise -95.33 dB -95.33dB
Noise at peak -107 dB/Hz -107 dB/Hz



Using Actual Opamp

e Opamp noise: 6.3 nV /VHz

« Compare the PSD of the output noise and
the theoretical expresstén.

110 F —— noise_output_dB

* In band, there Is 20 theorttical_curve
extra contribution '
due to opamp

(15 dB higher) 70|

-
W
o

PSD (dB/Hz)
3 B i
o o

freq (KHz)



Noise Comparison

| Theoretica Spice Simulation

Integrated Noise -95.33 dB -80.17 dB
Noise at peak -107 dB/Hz -92 dB/Hz

m Resistors
m Opamps




Biguad Tow-Thomas Filter
Noise Analysis & Simulation

Courtesy of Kyoohyun Noh
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=Simultaneous Biquad Filter Implementations
‘Low-pass(LP), Band-pass(BP) output

*Independent tuning of Q and filter
frequency

44



-1/(R4C3)

-1/(R3C3)

-1/(R¢Cy)

Vip

45
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R

Ideal Op-amps are assumed
R3 2KTR;
| e AVAY S Ri =

Output Noise PSD from passive components

,1s thenoise PSDof R; over w

1 2
Sr,,Brinv = SR, " ( R C )% [Hgp (s)| .
a)oll 3 ) Hip(s)= S S
SR,,BRinV = SR, ° 2 .[Hgp (s 2y +1
e B (%cha) [Hee () (a)o) @,Q
1 2
SR,,BRiNV = SR, .(a) RC )2 |Hgp (s)) .
o33
2
SR,,BPinv = R, "HLP(S)‘ Hpgpo (S) = Wy
Raye 2 ()% + > 1
SR5,BPinv = SR5 '(R—) "HLP (S)‘ @, 0Q
5

R 2
SRG,BPinV = SR6 '(R—4)2 "H LP (5)‘
5

L.T. Bruton, et. al., "Noise Performance of Low-Sensitivity Active Filters,” JSSC. pp.85-91, 4/

PPl



Integrated output noise components

R2
R Ideal Op- clx\r{\'\gs are assumed
-——/\/{, Sp = 2KTR L is thenoise PSDof R; over o
' T
03 R5 C?
¢ 1 ¢ N\ |} '

VBpinv

1 2 _o 1 o Qm
SRl,BPinv:SRl'(a)ORlcs)Z"HBP(S)‘ VR, ,BPinv _SRl (R1C3) (Za)o)
1 2
SRZ,BPinv = SR2 .(a)ochs)z "HBP (S)‘ VR, BPinV = SRz (R2C3) (Za)o

1 2 _o 4 1 Qz
SR3,BPinv = SR3 .(a)oRgcs)z "HBP (S)‘ VR,,BRinV = SRs (R3C3) (20)0)
2 2 Qray
SR,,BRinv = OR, "HLP (5)‘ VR,.Brinv. = SR, " ( )
R 2 ) T
SR, BRinV = SR, '(_4)2"HLP(S)‘ Angular freq. Ve, .gpinv. = SR, - ( ) (Q wo)
infegration R 0
T
SR, pinv = Sg, - ( ) [Huets ) Ve, gpini” =S, " (2520
5

L T Bruton, et. a/., Nonse Per'for'mcmce of Low-Sensitivity Active Filters,” JSSC. pp.85-91, 48

PPl



Total integrated output noise

Ideal Op-amps are assumed
R3 2KTR;
| e AVAY S Ri =

,1s thenoise PSDof R; over w

R PR 3
total,BPinv, peak w=ap,Q>>1 - R;,BPinv
1=

w=0y,Q>>1

2 2 2 2 2 2 2
Vhoisetotal,BPinv. = YR;,BPinv. T VR,,BPinv. T VR,,BPinv T VR,,BRinv T VR,,BPinv T VR,,BPinv

«Tf R=R,=R,=R,=R=R,, C=C,=C,

1 R
Wy = —— = wyR,C = —
0= Re Q=awyR; R
Vo 2 _KTR(5Q +De, S <10kTR-2 V2 /(rad /)]
- - Vnoisetotal, BPinv — 0 total,BPinv, peak =, Q551 ~ -

L.T. Bruton, et. al., "Noise Performance of Low-Sensitivity Active Filters,” JSSC. pp.85-91, 49

PPl



BPF Simulation

20,0 o
-l BP_dB, G=15 ]
- BP_dE, =15 40.0 E Ideal Op-amps are assumed
-l BF_dE, 3=150 ]
a0.0 o
o
S20,0 4
=
10,0 5
0,0 H
-10,0 -
-l BF_phaze, &=1.5 -7a.0
-l BP_phase, Q=15 -100,0
) -125.0
-130.,0 -
o
-175.0 B
-200,0 =
-225.0
-2a0.,0
-275.0
r—r T 1 1 1117 T T T 7 T 1 T ] T T 1T 1]
Rl 1.0 1.5 2.0 2.5 3.0
freg {kHz)
*BPF with different Qs are implemented with ideal op-

Gmps
«C=10.6nF is assumed
Enrh D ic lieteA in +he nevt eliAds

50



Simulated total integrated output

Q=150 Q=15 Qs 00000000

Resistance Theory Simulation Contribution [Resistance Theory Simulation Contribution [Resistance Theory Simulation Contribution

[Ohm] [va2]  [va2] [%a] [Ohm] [va2]  [wn2] [%a] [Ohm] [va2] [va2] [%a]
R1 1.00E+04 5.85E-11 5.84E-11 193.96| 1.00E+04 5.85E-12  5.71E-12 19.63| 1.00E+04 5.B5E-13 5.50E-13 17.3
R2 1.00E+04 5.85E-11 5.84E-11 19.96| 1.00E+04 5.85E-12  5.71E-12 19.63| 1.00E+04 5.85E-13 5.50E-13 17.3
R3 1.50E+06 3.90E-13 3.90E-13 0.13| 1.50e+05 3.90E-13 3.81E-13 1.31| 1.50E+04 3.90E-13 3.66E-13 11.53
R4 1.00E+04 5.85E-11 5.85E-11 19.99| 1.00E+04 5.85E-12  5.76E-12 19.81| 1.00E+04 5.85E-13 5.70E-13 17.96
RS 1.00E+04 5.85E-11 53.85E-11 13.99| 1.00E+04 5.85E-12  5.76E-12 19.81| 1.00E+04 5.B5E-13 5.70E-13 17.96
R6 1.00E+04 5.85E-11 5.85E-11 19.99| 1.00E+04 5.85E-12  5.76E-12 19.81| 1.00E+04 5.85E-13 5.70E-13 17.96
Total 2.93E-10 2.93E-10 100 2.97E-11 2.91E-11 100 3.32E-12 3.17E-12 100

Vg Bpiny = 4kTR-(%) for i=1,2,4,5,6

R Qo
VR3,BPinv2:4kTR'_'( )

R 4
VnoisetotaI,BPinv2 =KTR(5Q +1) ey,
= Theoretical estimation agrees well with the simulation
results
= Feedback resistor R; of the lossy integrator makes the

least contribution to the High-Q High-gain BPF output
hoise among passive components 51

Ideal Op-amps are assumed




BPF Output Noise PSD
[uV/sqrt(Hz)] | [uV/sgrt(Hz)]

n
|

]
|

Q=150, R=10k
5 e 15 20 25 3. Ideal opamps are assumed

freg (kHz)

53 Peak 431 43
35 ] output
<] noise PSD
z! [V/sqrt(Hz)]
4]

2
S otal piny peak ~10AR- L V2 /(rad /)]

w=w0y,Q>>1
~Q-v/20KTR [V /+/Hz]

w=wy,Q>>1

< \/StotaI,BPin/, peak

* Theoretical estimation agrees well with the simulation
results
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“BPF Q =15, f,=1.5kHz

15,25
15,0 3
_|1a1,?5§
*Assume GB is large enough 8
*6B=8MHz »Qf,=22.5kHz B i
140 Q vs. op amp gain
=Amplifier gain is set to larger amiii OCCERIDME
than 3000 from behavioral A
simulation

53
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OP Amp details
|specification

Process CMOS 180nm

VDD [V] 1.8

Bias Current Generation | W/L

ibias = 20uA

Diode connected PMOS 14/0.6

Current source 14/0.6

15t Stage 2nd Stage Buffer

VBP=0.85, Stage

VBN=0.7 Cm=2pF

PMOS input 10/0.36 PMOS current  14/0.6  NMOS
source

PMOS cascode 10/0.36 NMOS battery  20/0.18 PMOS

NMOS 2/0.36 PMOS battery  80/0.18

cascode

NMOS Mirror 2/0.36 NMOS Gm 40/0.36

20/0.18

20/0.18
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OP Amp/BPF AC response

B OUT_dE 0 _
Op Amp 54,0 3
Freq. Response ]
28,0 1 :
2 1 Gain = 77.8dB (7.7k
=20 1 6B=8.15MHz
-24.0
~50,0
[T TIIm T TI0m T T T T TP T T T T T i T o
o 1wl o1 108 1t wP o 1wk 107 1P
] B freq (Hz) ]
e 15,0 : E——?‘E,U
EF_phasze ] C 100,00
12,5 -
|EPF . ] C-125,0
req. kesponse ;. ] f0= 1 BkHz ;—150,[:]
S =14.83 IR~
;5 Q 175,08
= . - =
] C-200,0
a.0 . -
] C275,0
2,5 -
] C 750,0
0.0 - E_375.0

s 1.0 1.5 2.0 2.5 3.0
freg {kHz)



Op Amp input-referred noise PSD

1.5 4
{3 :

1,257

=
+
L)

n

vfsqrt(Hz? {3}

+
k2
n

L]
- +
] i
cn
[ N |

10 105 10 109 0P 107
freq (Hz)

*Op Amp's flicker noise is dominant below about
100kHz

BPF output noise is expected to be dominated by
flicker noise of the Op amps
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BPF output noise

to low BPF frequency

1.5 -
- BPF OUTPUT Integrated NOISE
o ] Noise Simulation | Contribution
= Components [V2] [20]
.78 4 Mid: 1,502kHz 1,2B016nY%:2/Hz
z 9.35e-8 45.9
£ BPF OUTPUT NOISE
= A2 7.39e- :
%05 ] PSD [V2/Hz] O 39e-8 36.3
OA3 3.61e-8 17.8
0,0 o
] Total 2.04e-7 100
_+25_ 1T LI T T [T T T T T LI T T 1
5 1.0 1.5 2.0 2.5 3.0 Major noise contributors
freg {kHz)
] . . . . Device Paran Moise Contribution % 0f Total
=Op Amp's noise is dominant in
. FL20,/TH0 Sf1 4 27968e-08 21.03
this example jams o dmmer
'F“Cker' nOise Of ZGCh C(mp's /1210 SEL 165274608 J“
. . FIE1/THL sfl 1. 64579e-08 E oo
1sT stage current mirror is | 5 S ot
o . . . FIRR/TP1 sf1 2.99979:-09 1.47
dominant in this desigh due [mwmo o 2o a7

/I20: lossy Integ., /I22: Inverting amp, /I21:
Integ.

*Noise from passive components are negligible
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ECEN 622 (ESS)

TAMU
Noise RepucTion IN AcTiVE-RC FiLTERS
- j_ﬂclilt s ~ out
_0
(H) (A) Vout = Tout.in Vin + Tout v V.
Active-RC Active-RC out = out,in Vin T lout,y Vy
network y network y
\_ J \_ J
X0
e
X
(a) (b)

Fig. 1. (a) General active- RC' network. (b) Equivalent circuit of (a).

* K.Gharib Doust and M. S. Bakhiar, “A Method for Noise Reduction in Active-RC Circuits”, IEEE Trans. on Circuits and Systems — 11,
Vol. 58, pp. 906-910, December 2011.
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Introduce A; to reduce noise without modifying the original transfer function.

()
Active-RC
network

Fig. 2. Circuit with the equivalent input noise source of Aj.

&

VOUt

Tout, in —

in
Vy:0

— VOU'[

UIay_ V
y Vin=0

Vout _ Tout,in — Al(Tout, inTx,yTout,y)
v, 1= ATy,

To

2 2
_ Aq ‘Tout,y‘ vz
2 M

out \ out

—0

(A) () y
Active-RC Active-RC

network network i

J
X X & 5 P AV,

L AV,

() (b)

Fig. 3. (a) General active-RC' circuit with new inserted amplifier A Iz
(b) Equivalent circuit of (a).

Node j must be a ground before inserting A

Make V, =kV, and
AlTx,y >> kAfTV,j
AlTout,y >> kAfTout,j

That is Ay >> A¢
To keep original frequency response

Tout, inTxy = Tx, inTout,j
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) Active RC
in network

L T oP

Fig. 4. Equivalent circuit of Fig. 3(a) for noise estimation.

A1(Vx'|

.

General circuit

TABLE 1

Conditions

DESIGN SUMMARY FOR VARIOUS CIRCUIT CONFIGURATIONS

timum TF NIF

JlprJ ":'K ."l| Tx,j’ - -
S PO P Y5
A T € Aoy CWHRRE)| v
A]'Tp.: ‘g: A]T;.uul
VI, = kV
OR A k l['r,-'.-‘2 + .L‘:]I
1out = 7 when =10 ! (1;';'}+kl"']ﬂj 1'.'}2
and
in = jJ when out =10
AJ'TNJ { A'I.Il.-:"lf-
— _T::wl..]' ('!_;'Ira + 1:'
AT, < AT W0 |y
ot ) S Louty
1 (" +1)
A=
AJ'T;J =4 ATKML ¥ l:ur)"' | l:]TH L'I;2
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Design Example: f, =2.5MHz, Q =20, V,; , @f,

Rf?ﬁ!')k
W
C=10p
R=129k Cz=|10p
i
I R=1k
R=1.29k T&
yvy
. OP: | p=1k
in + \
'_N'l =
- )
+
OP;
(a)
f
wy
C
R; C
m | \
WY | Rs
Ry A
O—N‘,l X . R, OP, R H‘l\’
in % W * Wl
_L—" YWY
9 . +
= OP, Out=y - 0P,

s
[

Ay
(b

)

Fig. 5. (a) Ackerberg—Mossberg active-RC bandpass filter. (b) Bandpass
filter with the noise cancellation path.

VDD

=1.34pV, s, Vout n integrated noise = 524uV,,

M : 7210.18
M, : 75.6/0.18
R1 1500 Q
R;:100Q
Ci:50 pF

_ll'_'Mm Cr—‘ Out

n

0.3

mA‘I ' |

2

Mia
0.3mA
1.8 mA
0.5 mAlMsr_.ll——| HMm $
GND
Mi,: 72018 Mg 10 25/0.54 Mi3:9/0.18 My 76/0.45
Msgs6:83/0.45  Myy: 54/0.18 Mia: 32/0.18 Crn:09pF
M;rru: 54/0.36 Mi;: 189/0.18 M’]srfs: 90/0.18 R,:1200Q

Fig.9. Schematic of the opamp. Class - AB
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Vo=V, , k=1

Tout,y:]-
-2 -2
X)= =
Q) 1/Q+R,/Ry+1+s/w, 6.05+5/®,
Then
Af ~ _kTout,y 6.05+S/(DO

Q(x)(\y2 + kz): 2(1+\u2)

As \1512<<1 3.025+j0.5=3.025

Note that in order to obtain the noise reduction without A;, A, would have to increase its power
by 150%. The A; power added is about 60% of A,. Also note that a simple short circuit of x to
node j also reduce the output noise by 2.4dB.



Noise Reduction Comparison Plots

a: Original circuit
1.2| b: Short circuit

KL

¢: Amp. circuit I

3 0.8 25 ﬁ
R 0
€

a 3
: :
5 a $
204 - M =15 =
3 v 3
o "“r Y g'

2 2.25 2.5 2.75 3
Freq (MHz)

Fig. 8. Measured output noise and input referred noise of the original and the
modified circuits.
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Conclusions

Noise reduction can be done by inserting one or more reduction paths
without affecting original transfer function. These paths can be active

or passive when power is limited.

TABLE I
COMPARISON OF THE ORIGINAL CIRCUIT AND THE MoDIFIED CIRCUITS

Original| Amp | Short
circuit | circuit | circuit

fo (MHz) 25 2.5 2.5

Q 20 202 20.1

Vout,, .tot(in BW) (uV) 432 272 305
Vout,, .tot (In 2XBW) (uV) | 524 322 370
MAX (Vout,, ) (V) 1.34 0.85 1.06
Gain (dB) 10 40 10
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