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Basic op-amp

The ideal operational amplifier is a voltage controlled
voltage source with infinite gain, infinite input impedance
and zero output impedance.

A(vy - v_)

The op-amp is always used in feedback configuration.
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Typical feedback configuration
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Finite gain effect:

vy % Z+Z 2 /[, 242
Z.+2, Z Z, AZ

The error due to the finite gain is proportional to 1/ A,. This
error must be smaller than the error due to impedance

mismatch.
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OTA

If impedances are implemented with capacitors and
switches, after a transient, the load of the op-amp is made
of pure capacitors. The behavior of the circuit does not
depend on the output resistance of the op-amp and stages
with high output resistance (operational transconductance
amplifiers) can be used.
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Transient

V(0") -

V.

G

(07) = V;(0")

C

C,+C

C+C

" C,+CIIC,

_\/I(OO) 9 lo

Vin
C,+C(l+g.r)

Analog Design for CMOS VLSI Systems

Franco Maloberti

& O
+
g == Co
gmVj
N
| Inverting
] _ input
] Vg
- \K -‘-_-‘-_-‘-_-‘_
| Output
node
Ax10°6 2x10 78 3x10°° 4x10 78 5x10°6
Time

5. CMOS Operational Amplifiers

4



Performance characteristics

Actual op-amps deviate from the ideal behavior. The
differences are described by the performance

characteristics.

DC differential gain:

It is the open-loop voltage gain measured at DC with a
small differential input signal. Typically A, =380 + 100 dB.
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Common mode gain:

It is the open-loop voltage gain with a small signal applied
to both the input terminals. A, = 20 + 40 dB.

- Vout
Vin @ +

Common mode rejection ratio:

It is defined as the ratio between the differential gain and
the common mode gain. Typically CMRR =40 + 80 dB.
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Power supply rejection ratio:

If a small signal is applied in series with the positive (or
negative) power supply, it is transferred to the output with a
given gain A, (or A,).

The ratios between differential gain and power supply gains
furnish the two PSRRs.

Typically: PSRR =90 dB (DC)
PSRR =60 dB (1 kHz)
PSRR = 30 dB (100 kHz)
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Input offset voltage:

In real circuits if the two input terminals are set at the same
voltage the output saturates close to V, or to V..

Vos

CN TS .
>
¢ + é"'

Typically |V (| =4 + 6 mV.

Input common mode range:

It is the maximum range of the common-mode input voltage
which do not produce a significant variation of the
differential gain.
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Output voltage swing:

It is the swing of the output node without generating a
defined amount of harmonic distortion.

Equivalent input noise:

The noise performances can be described in terms of an
equivalent voltage source at the input of the op-amp.

Typically v, = 40 + 50 nV/VHz at 1 kHz,
in a wide band (1 MHz) it results 10 + 50 yV RMS.

i K 12
n
O TS [dB] 1/f
U corner
O + v white
oult -
log(f)
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Unity gain frequency:

It is the frequency where the open-loop gain is zero. It is
also the -3 dB bandwidth in unity-gain closed loop
conditions. Typically f- =200 MHz.

AIA{jl

V
- out IdBI
Vin f f

Phase marqin:

It is the phase shift of the small-signal differential gain
measured at the unity gain frequency. A phase margin
smaller than 60° causes ringing in the output response.
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Slew rate:

It is the maximum slope of the output voltage. Usually it is
measured in the buffer configuration. The positive slew rate
can be different from the negative slew rate. Typically SR =
50 + 200 V/us (lower values for micropower operation).

- Vout
| o—1+ Vout /L\S:’;

Settling time:

The settling time is the time required to settle the output
within a given range (usually = 0.1%) of the final value.

Power dissipation:

It depends on speed and bandwidth requirements.
Typically, for 3.3 V supply, itis around 1 mW.

o
t
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Typical parameters of a 0.25 um OTA

Feature Value Unit
DC gain 80 dB
CMRR 40 dB
Offset 4-6 mV
Bandwidth 100 MHz
Slew-rate 3 V/us
Settling time: 1V, C, =4 pF 300 ns
PSRR @ DC 90 dB
PSRR @ 1 kHz 60 dB
PSRR @ 100 kHz 30 dB
Input referred noise (white) 100 nV/VHz
Corner frequency 1 kHz
Supply voltage 3.3 V
Input common mode voltage 1.5 V
Qutput dynamic range 2.2 V..,
Power consumption 1 mW
Silicon area 2000 um?2
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Basic architecture

Differ. Single ended

Input Output
Differ. Differ. 2nd gain Output |
Gain S. End. Stage Stage

= 1st gain stage

= differential to single-ended converter

= 2nd gain stage

= output stage (to reduce the output impedance)

Key requirements:

= absolute stability in unity gain closed-loop conditions
when driving maximum load.

= minimum number of gain stages.

Analog Design for CMOS VLSI Systems 5. CMOS Operational Amplifiers
Franco Maloberti 13



Two-stage op-amp

‘T Vb

M7

MB | | | M6

I I_l I‘

IBias Ce Out
O—{ Ml M2 |—o Dl—o—o

M5

M3 M4

GND

Key design issues:

= open-loop differential gain

= dc offset

= power supply rejection (PSRR)
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Open-loop differential gain:

The gain is obtained by multiplying the gains of the two
stages.

gm1 gm5
A - AA, - i
(9usz + 9usa) (Guss + Fuss)

< L.
A,

At low frequency the gain is inversely proportional to the
bias current.
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Common mode dc gain:

Applying the same signal to both inputs the circuit becomes
symmetrical and can be studied considering half circuit.

| | FI |
MB | | |_1/2 M7 | M6
IBias Out

oo [
i o

GND o
A A A _ _gds7 _gm5
CM — 7'cm1” 'CmM2 — 2
Gm )\ 9uss + Guse
CMRR — Av — 2gm1gm3
Acv 9as7(9us2 + 9usa)
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Offset:

The offset is composed of two terms:
= systematic offset

= random offset

The systematic offset can be reduced to zero with a
careful design. A necessary condition to have zero
systematic offset, is that the currents of M5 and M6 are
equal, when the inputs are connected to the same voltage.
Assuming all the transistors in saturation this condition is:

wit),  (wiL), (wit),

l.. =1,
wiL), T wi), (wi),
1
L) wit), = S i),
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The random offset is due to the geometrical mismatching
and process dependent inaccuracies.

N A N A
_/ : \_/ 2
o= > " >

When we refer the offset of the second stage at the input
terminal we have to divide it by the gain of the first stage.
Since the two offsets are uncorrelated we have:

2
Vv, - Jv (V)
A

The total offset is dominated by the offset of the input
stage.
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We study the effect of a mismatch between M3 and M4
mirror factor (1 + ¢) instead of 1.

DD

IBias

GND
l.. V / V /
Bias 0s1 _ | "Bias 0s1 1
2 _gm1 2 (1+8)_ +gm2 \/os1~ €
gm1
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MOS:

L VGS12—VT,, -150+300 MV (in saturation)

gm1
l nkT .
—=nV; = —— (in sub-threshold)
gm1 q
BJT:
h ~ 26 mV
gm1
Assuming ¢ = 0.01:
Vs gr = 0.26 mV
Vo mos =1.5+3mV
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Power supply rejection:

A signal on the positive bias line determines a modulation
in the reference current, which, in turn, gives an equal
modulation of the currents in M5 and M6, if the condition of
the zero systematic offset is fulfilled.

Avt,

N

v || |

VoM VihoMm
| . Ml M2 ——O
Ref In,Ref
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The spur signal Av*, affects the currents of M5 and MG6.

(Vvln/’GL) = (M/In/7L) = MCox(VGS,MB - VTh )AV;
6 7

a) low frequency:

(WiL) qwiL) (wriL) | g

5

V, =1 - —
R (W / L)B 2 (W / L)4(W / L)B J Yase *+ Gas?
B '@VM b) high frequency:
W /L
_{ EIS Vo,n,1 = in,Ref ( )6 1
(WIL), Gns
a) b)
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Power supply rejection at low frequency
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Effect of external components on PSRR
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Frequency response and
compensation

I Vob
| | ’ |
MB | | | M6

M3 M4

GND ®

= A two-stage scheme with poles in the same frequency
range needs compensation.

= A single pole system is always stable.

= Strategy: Approach the single pole performance by
splitting the two poles apart.
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Miller capacitance moves p, at lower frequency.
Shunt feedback moves p, at higher frequency.
Small signal equivalent circuit for two-stage op-amp.

oo Y0
. H . o
G) Rl == G) Ry ==
Em1 Vin Em2 VI
{ Vi(gy + SCy) + (v, = v4)SC, + Vi, =0
VO (g2 + SCZ) + (VO - V1)SCC + gm2v1 = O
Y _ iRy Iz = ST
m 2
Vv, 1+ SRR,9,,,C. + S’RR,|CC, + (C,+ C,)C, |
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The circuit has two poles and a zero in the right half plane.

~1 _ngCc Om2

p2 ~ 7 = e
RR,9,,C, CC, +(C, +C,)C, C

p, =

since in practice C. > C,, C.= C,, 9., > 1/R;, 9, > 1/R, it
results:

1
RC, Pl ¢ Re,

Assuming p, as dominant, the unity gain angular frequency
IS:

‘P1‘ <<

1
R1R29m2 Cc

Wr = ‘p1 ‘Ao =~ 9 Om2FRy = %

Cc
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The locations of the second pole p, and of the zero with
respect to w; are derived by considering:

C

LA A for stability > 2 to 4

wr|  GmC,

Z|_Ym2 The phase shift given by the

Wr| G zero is also negative and
can worsen the phase
margin. It must be located
far from the unity gain
frequency.
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if C.> C,and g, > g,

A
Al
[dB]
lo
~. g(f)p
with left half-plane zero :
D A P : log(f)

-90°

-180°]

-270°

= The right half-plane worsen the phase margin.

= [n bipolar technology g,., >> g,,, because the current in
the second stage is normally higher than the one in the
first stage.
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* [n CMOS technology g,., = g,,, because they are
proportional to the square root of / and W/L; moreover,
the transconductance of the input pair must be high in
order to reduce their thermal noise contribution.

* In real situations the obtainable phase margin does not
guarantee stability.

Eliminating the right half-plane zero: { |fl
= unity gain buffer |

|
= zero nulling resistor :H_O &J_._O

= unity gain current amplifier

G 12
The zero is due to a signal feedforward -
to a point that is 180° out of phase.
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Solution 1: Eliminate feedforward with source follower

L
| Ms -9 I M;
C

Mg CD 2 Iy, Mg G 12
Disadvantages: —*— .
= Area
= Power dissipation
= Actually it creates a doublet in the feedback path.
Potentially not stable.
= Alternative, a substrate emitter follower may be used.
(The bipolar transistor is smaller and has higher g,,..)
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Solution 2: Zero nulling resistor

% 0 -
o Ly

®

—

The zero position is pushed away with a resistance in
series with C..

1+8(R, -1/g,,)C,

VO
— P AO
Vin (1 + S)(1 + S)
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= The pole locations are close to the original.
= The zero is moved depending on R,

1
(19,2 - R.)C,

7 =

*|fR,=1/g,,the zero is moved at infinity
" |fR,>1/g,,the zero is located in the left half-plane
Implementation: VDD

1T

1 1 1 \;—[:7 Yo
Rz Rn Rp S
Vss
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R L

n

i=k/;(w) (VDD_V1_VTh,n) Ri=k/;(%) (V1_VSS_VT”=P)
n p p

Choose (W/L), and (WIL), such that:
o[ W) (W
L) | L ,

Ri = k,;(%)n (VDD -V - VTh,n B VTh,P)

Problem: Supply sensitivity.

Since the swing of the node 1 is A, less than the output
swing, only one transistor with supply independent bias can
be used.

and:
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Solution 3: Unity gain current amplifier

| JMT Icomp Cb
MB

|

| |
—l A Ce Out
I O
O—{ M M2 |—O VBias \ Me

M3 M4 [comp

IBias

GND ®

Vi(Gs + 8Cy) + GV, —VoSC, =0

Vo(G, + 8C;) + GnpVy + VoSG, = 0
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Slew rate

Vbb
FI " |
MB | | | M6

| | Im7
\ Ce Out
|—o—o-O
O—{ M1

IBias

M3

GND

For large input signal:

= M1, M4 are off so the current /,; discharges C_ through
M2. Assuming M5 able to drive the current request by C,,

C, and /. AV .
SR === --M
At C,
max
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= M2, M5 are off so the current /,; mirrored by M4 charges
C., C, and C, are charged by /,,5. The smaller of these
two limits will hold:

SR+=AV+ _ e SR+=AV* =I(“Jf—7
At|  C,+C, At G
To have SR, = SR, a condition can be:
iz _ e
C. C.+C
Since wr=g,,,/ C,, the SR is
/
SR = fwT = (VGS1 -V, )wT
m1

FOr (I)T — 275 ) 40 ) 106 rad/S, (VGS1 - VT/‘I) = 300 mV, SR ~
75.4 V/us.
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Single stage schemes

High gain is get with a cascode scheme.
= Telescopic cascode
= Mirrored cascode

= Folded cascode
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Telescopic cascode

= DC gain Ay = (9, 4s)? M7 MS
= Jow power consumption
= only one high impedance M5

node: compensated with a
capacitance load (if

necessary) VBI I _ I
= Jow output swing
= reference of the input close 5—{ MI
to the negative supply
= two bias lines (Vg,, Vpg,) Ve o—{ -
= 5 transistors in series
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Mirrored cascode
. . N;)E| M1l Mi2 MI13
= optimum Iinput common

mode range
= only 4 transistors in series O_{ K v ko
m I VBI M -
iImproved output swing ; ||< 3 . v
= speed of the mirror h 40
M5 M6
= higher power consumption - -~
M7 ;8
V
52 I-q- I E -
Voutmax = VB1max + VGS4 B Vsat l -~
Visimax = Voo = Vsat - Vass
Voutmax = VDD B 2Vsat
Voutmax = VGS? + Vsat
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Conventional folded cascode

IFJ [y,

Vg3 O
5 LM |

Vg2 O I Mg
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Modified folded cascode
(improved output swing)

| M10 |
O | | MI11

M3

M5

M7

M4

MB

M_BAI
]

M6
L

M
.

-
geni
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Two stage amplifier vs. single stage amplifier

Two stages:

=» Voltage gain less affected by resistive loading
= Maximum signal swing
=» Less bussing of bias lines

=>» Requires an additional capacitor for frequency
compensation

=>» More power consumption
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Single stage:
= No need for additional compensation capacitor
=» Lower power consumption

=» Better CMRR

=>» Lower signal swing
=>» More bussing of bias lines
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Class AB op-amps

Class AB: a circuit which can have an output current which
is larger than its DC quiescent current.
Two stages amplifier with class AB second stage

M6 and M7 act as a T ?
level shifter M3ﬁ—{|§% l | ’J
M8 and M9 act as a | | N3

M6|

class AB push-pull O_{ El sz }_O ||_.J': +— O

amplifier

VB

A = Oms t Gmo O I[IMS |

ass T 9aso
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The quiescent current in the output stage is bias voltage
and technological variation dependent.

Vop = Viess t Vise T Vigso
neglecting the body effect:

2 (L 2 (L 2 (L
Voo = VTh,p + 2V, + \/k,; (W)ele + \/kr’; (W)Sls + \/k,f, (W)glg

Typically with V5 = 5 V the numerator is around 1.6 V; if it
Is assumed Vpp, = (5% 0.5) Vand AV; =+ 200 mV, it

results that the numerator can change from 0.7 Vto 2.5V,
hence, | .. = 0.3/

» "min nom’ Imax = 25 ln(_)m
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Single stage class AB amplifier (only inverting)

In the input pair M1 and M2
operate as source followers
and drive the common gate
stage M3 and M4.

s o

Ve=Vmnt Vot Vount Vo,
M7
for V,, =0 _ —t
—_ — ’_Ali\%
I1 - I2 - IBias O— O 3__L
for V., >0 }_?VB
_ E ——+
Loyt = K8,9 /- K5,6 I, - v
Kg o and K; ; mirror factors L Em |
! ! B
(assumed equal) | il
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2 (W 2 (W
V,+V =V V.., =V V, — | — =1 /I
B T Vi Gs2 T Vgsa = Vinn T Th’p+\/k,;(L)2+\/k,;(L)4] 2
2 (W 2 (W
V.-V =V V.ew =V, V, — | — —|—1 W/
B~ Vin cs1 T Vess Thn T Vrnp T \/k,;(L)3+\/k,;(L)1) 1
It results:
loyt = Kgo (I4 - ) = o Kg g Vg V, lout A

Until /, or I, goes to zero, for a
larger V.., |, increases

. . >
quadratically with V.. Vin
Small signal gain:

Av =2 Gm rout
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G,, is the transconductance of the cross coupled input

stage
In MI2
G—{ [ g€m2 (Vin -VA )
A A
T E;’ em4 Vv
Gz (Vin = Va) = IVl
V _ gm2\//n
gm2 + gm4
gm2gm4
Iout = gm4\/A V = Gm\/in
gm2 + gm4
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Fully differential op-amps

The use of fully differential paths in analog signal
processing gives benefits on:

= PSRR

= dynamic range

= clock feedthrough cancellation

Consider an integrator and its fully differential version:

C C
I
|l

out

Analog Design for CMOS VLSI Systems
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= Noise from the power supply and clock feedthrough are
common mode signals.

= The output swing is doubled (V, ..+ = Viax. = 2 Vi)
Since the noise is unchanged, the dynamic range
improves by 6 dB.

= Single ended to differential and double ended to single
ended converters are necessary

= L arger area
= More bussing of bias lines
= Common mode feedback is necessary
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The SE/DE and DE/SE blocks increase the complexity and
introduce noise. The differential approach is convenient if
the differential processor contains more than 4 stages.

Different.
— SE/DE Processor DE/SE

The feedback around the op-amp control the difference of
the input terminal voltages and not their mean value. In turn,
there is no control on the output common mode voltage.

C C
I
I

R | .
n 11
out

- in

@ Be—
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Fully differential two stage OTA

IBias,p

IBias,n

MBn

Out-

Vbp
M7 |
| M6

In-
O*{ M1

BE

M3

In+ Ce Out+
O —e—O
Es

GND

)
H "

1st stage with gain:

Al-

gm1

2 st t Gasa

Analog Design for CMOS VLSI Systems
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two 2nd stages with gain:

Al- g

Giss T 9use
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Fully differential single stage OTA

M10
O IIJ I M11

VB3

e

° M4 Ll Vpgj
Out M3 —O
Out+
E M6 E
Ms O
VB2 E ' VB4
Vo mMs L
c M7 e
- - VBS
& L o*—
+ +
CMFB

J

VB2 or VB3 or VBs
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COMMON MODE FEEDBACK

= continuous time
= sampled data

Continuous-time common mode feedback

* IOul:

VBo—|Ej
O_{El le] S
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Vg is such that M1 and M2 are in the linear region;
(WIL), = (WIL),; M1 and M2 are like the parallel of two
voltage dependent resistances.

‘W 1
| =uC_|—||(V. -V, |V, — =V
1= U ox\ L/1[( + Th) s T D8:|
‘W 1
I, = uC,, \T/z[(v- -V, )VDS - EVDZS}

1 W 2
boue =l + 1, = EMCOX(T) (VB ~Vps - VTh)
3

With a differential signal /, , = cost
With a common mode signal: if positive, |, , increases
If negative, |, , decreases
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Fully differential folded cascode with CMFB

| ’*T | [ Mi0
vf, | L Mo |

+

O \ MI M2 ‘ O
Out - o | 5
\ 4

L

Out +

v
B3 O VT M6
VB3 O—{ el el
M8

Vg5 0O M7

ew 0| [ [ —
M1l
>~ |

}7
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Fully differential folded cascode with CMFB (2)

J

O | | MI0

VBI | M9

+

B e

- M3 ° - .
- O M4 Out
= o
\Y% M6
B3 O 5
" - | .
B4 O |
VBS O M8
- M7 | -
MIT | }W
4 @
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Problems:

= dynamic range

= [inearity

Compensation of the non-linearities of the n-channel and p-
channel CMFB cell.

II‘T |
HL AL R
|
| V+
—0
| O out
‘ O
\'
|
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Sampled-data common mode feedback

The common mode feedback operates on slowly variable
signal. It can be implemented at discrete time intervals.

The sampled data feedback is essential for low bias
voltage and low power.

= [inearity (mean value with
capacitors) et =

V-
O O
* low power consumption

" no limitation to the dynamic L E %C. Ii
Nl

range

= clock signal necessary
= clock feedthrough effect
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Micro-power op-amps

= Required in battery operated systems
(portable/wearable equipment: pocket calculators, PDA's, digital
cameras, ...; medical equipment: pace makers, hearing aids, ...);

= Use of MOS transistors in weak inversion;
= Low current (< 10 yA) = low slew rate.

ID M5
- _D_ Y |
gm n\/,- gdS }\’ D

B gm1 _ B
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high dc gain (A, = 60 dB)
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Dynamic biasing of the tail current
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Basic idea:

Generate |/, - I,| and increase the current in the differential
stage by K|/, - 1.
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Since

/
" " _ D _ " _ "
I1 _12 = gm(vin+ _Vin—) gm - \V/ ID - IB t k‘l‘l IZ‘
nvy
V. —-V.
i =iy = (1 + K = iy ) =
nv;

The current increase becomes significant when:

Vine = Vin-
k > 1
. nV;
Typical performance:
DC gain 95 dB
f, 130 kHz
SR 0.1 V/us
Ig 0.5 pA
I, 2.5 pA
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Class AB single stage with dynamic biasing

L ¢ ¢ J— Vo
M4B M4A

|-> Bias-p Bias-p <J
M3B | —O O— | M3A

In+ O | | O In-
Out+ | | Out-
| |
Bias-n | | Bias-n

M2B | O O— | M2A

- -

le‘ l l ’leGND

For maximum output swing Vg 45, and Vg 5., must be as
close as possible to the supply voltages.
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During the slewing the current source of the output
cascodes can be pushed in the linear region, hence loosing
the advantage of the AB operation.

The problem is solved with the dynamic biasing:

Out-

Bias2 =

-
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Noise

= The noise of an operational amplifier is described with an
input referred voltage source v,.

= The spectrum of v, is made of a white term and 1/f term.
= v, is due to the contributions, referred to the input, of the

noise generators associated to all the transistors of the
circuit (assumed uncorrelated).
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Consider the input stage of a two stage op-amp.

ofF

*

M5

-

The output noise voltage is given by:

2
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Viout = [gm1( +Vn2)+gm3(v +V4)]

2

1

sz T Gysa
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We assume g,y = G2 Iz = 9ma (WE @ssume the noise
source of M5 does not contribute) moreover since usually

— . — . — . — N2 =2 2 =2
Wi= W, Li=Ly W= Wy Ly=L4 Vo = Vo Vo3 = Vo

if we refer v2__ . to the input, we get:

n

n,out
2 2 2
% v 2 g
nout _ \,2 __ Ynout _ 2 m3 ,,2
2 Vn,in - 2 (gd82 + gds4) — Z(VM + 2 VnS)
A1 gm1 m1

The contribution of the active loads is reduced by the
square of the ratio g,.4/9,1

It is worth to remember that

o - louc W V3=8kT+ Ke 1 1),
m ox | 3g, 2uC, WLf
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The attenuation by the factor (g,.5/g,.1)? gives, for the white
term: /

Y (1+gm3) 2v2 |1+
gm1

/,13(W/L)3\

w(W /L)

nan

1)
and for the 1/f term:

Vg,inﬂ/f =2 KI;VA F ( F3LL13 )
K

Where K-, and K; are the flicker noise coefficient for
transistors M1 and M3. The white contribution of the active
load is reduced by choosing (W/L),p >> (WIL)paq- The 1/f
noise contribution of the active load is reduced by choosing
Linput < Lioag- If the above conditions are satisfied the input

noise is dominated by the input pair.
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Cascode scheme:

The noise is contributed by
the input pair and the current
sources of the cascode load.

v, =2|v: + Gma

gm1

2

Vn 4
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Folded cascode scheme:

Ez

G 11

JHo

!

Out

!

The noise contributed by the same source as in the
cascode and by the current source M2.

v = 2|v?

n1
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Two stage op-amp: (feedforward + zero nulling comp.)

>gm1 " l 2 " ez V2 r _':._C )
(D ) % = O O T

The noise is modeled with two input referred noise sources:
one at the input of the first stage and the other at the input
of the second stage.
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A 1dB]

Vout

-
Vol log(f)

A 1dB]

Vout f . f X

-
Yn2 / \ log(f)

1/ |AV]|

In the low frequency range the noise is dominated by v,,
In the high frequency range the noise is dominated by v,
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Frequency response:

The input referred noise generator is transmitted to the
output as a conventional input signal

The feedback network around the op-amp must be taken
into account.

One stage amplifier: _x Out

w (D \

¥n

T |4B] ‘
Yout

—
‘ ‘ \ log(f)
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Power of noise:

We consider only the white term.
= Single stage amplifier:

—2(1+a) ka of =§(1+a)E

f V?
‘1+S/p1‘ 0 Im 1+(27EfC /gm1)2 3 Co
= Two stage amplifier: we consider only the white term
contributed by the noise source of the second stage
7 df
V2, = 2(1+a)8kT Vi = [ Vi
3 Gmo 0 ‘1 + s/pz‘
9., — 4, KT
= _Zm2_ v, =—(1
P2=csc, 0 3(+O‘)c:1+c2
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Layout

Rules:

= Use poly connections only for voltage signals, never for
currents, because the offset Rl = 15 mV.

= Minimize the line length, especially for lines connecting
high impedance nodes.

= Use matched structure (necessary common centroid).

= Respect symmetries (even respect power devices).

= Only straight-line transistors.

= Separate (or shield) the input from the output line, to
avoid feedback.

= Shield high impedance nodes to avoid noise injection
from the power supply and the substrate.

= Regular shapes and layout oriented design.
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Stacked layout:

Cb = VYdb T CbW(d+ 2X) [ ......... [ S S S mmll“mS(E‘urce
S J J [fl ......... R R R B e e

Structure A: ; \\(
1 W
C,, = ECdb = Cjb ?(d+ 2Xj)

Structure B: = . =

CSb_ db_C %(d+2X)IIIIIIIIIIIIIIIIIIIIIII | Source

d

..q— w/2 —_—

Capacitances are T I e iy
further reduced if the S EmEw AN EwEn TR ] Source SEEEBEB] ] Souce
diffusion area is shared [NNSESNSESE § 8] Drain e | D:ain
between different ERRERRE] ] Souce
transistors. ®
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Key point: use of equal width transistors
Transistors with arbitrary width are not allowed.
| B B EEENE]| ]| Dran [mm mmmmm| | Dran

Source Source

| I N N EEEN | Drain [ " m ® E N BE| | Drain

[mmmmmmm| | Source

E EEEEEBNE Source

Placement and routing:
= [f we divide a transistor in = |f we divide a transistor in

| Drain

an odd number of parallel an even number of parts
transistors the resulting the resulting stack has
stack has the source on source or drain on the two
one side and the drain on sides.

the other side.
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Example:

Routing into stacks: use of comb connections or serpentine
connections.

R

| &
.
g
g}
.
.
.
.

([EEEEEEN |
| EEEEENEN|
(A EEEENE]|
| " EEEENEN]|
| A EEEENEN]
| EEEEENEN|
[ e e EEENE|
[(AeEEEEn|
| A EEEENEN]
| A EEEENEN]|
| A B EEEEN|
| EEEEENEN|
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Example: Fully differential folded cascode.

O
VBI 9 3 3 9 10 4 4 10
Vpy M3 1 1 2 2 1 1 2 2
— O 2
Out 1
O
vp3 o — 11 13 13 13 13 3 1B 1]
9 M5
VB4 O j
\%
BS O 2 ’lM’i 7 5 5 7 8 6 6 8
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