Exercise: Opamp Design

Process parameters

d d Parametro n-MOS p-MOS
uaCox, u,yCox 240%x10°¢ A/V? 50x10° A/V?
M6 ¢I 1 Vi Vip 043V 056V
| v (effetto body) 044V 12 0.59 v 12
| [ K 50 Vium 50 Vium
o (coeff. termico della Vt) -1mV/°C 1mV/°C

V,

[, M

Nin, Ni, (fattore rumore flicker)

61070 Vum?

210" Vum?

out Cy; (matching Vt) 8.5 mV-um 8.5 mV-um
—D Cp (matching beta) 0.03 pm 0.03 pm
CC Cox 6.2 fF/ pm? 6.2 fF/ pm?
W\, I I_“ Lc (lunghezza minima D/S) 1.2 um 1.2 um
| G 1.8 fF/um? 1.8 fF/um?
Cgdo 0.6 fF/um 0.6 fF/um
tox 5.6 nm 5.6 nm

Specifications

e An offset voltage (absolute value) smaller than 3 mV
* A GBW of 10 MHz for a load capacitance (C,) up to 10 pF.
e A phase margin around 70° in unity gain configuration
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Offset specification

e An offset voltage (absolute value) smaller than 3 mV

30, =3 mV = o0, =1mV

A B (Vis-V), T Vos=V.). . |
2
Ouio =y T A=C> +| 2 _"1C B=FC; +|—=—"C
1141 “73L3 Vip |: 2 ,b’p:| Vin 2 pn
C, =C,, =8.5mV-um In order to reduce A and B and then the

ip in

total area, we choose:
Cﬁp = Cﬁn =0.03 um

Vs = V| =100 mV
Ems _ |VGS_‘/t|1 :l
8 mi (VGS _Vr)3 3

F =
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Offset specification

V=V, =100 mV
F=S8m _ |VGS _‘/t|1 1 jl> (Vos _Vt)3 = (Vs _V;)S =300 mV
8 m (VGS _Vz)3 3

2 — 2
2 (VGS _Vz) _ 2 (VGS _Vz)
Azcwp{ > 1Cﬂp} B=(FC,,) + —Cp
Cth =C,,, =85 mV:-um |VGS _‘/t|1 oz V. _Vt|1 -
FC, =2.83mV-um 2 P 2
Cpp =Cp, =0.03 im A=74.5%10"6 V2um?

B=10.3x106 V2um?
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Offset specification
A=74.5x10° VZum?
B=10.3x10"° V2um?
. L . , , W.L, B
Optimum area distribution between differential pair a, , =| ——| = " =0.37
opt

opt

and current mirror W L
WL :%{AJFEJ =102 pum’
O-vio aopt
W3L3 = aopthll‘l = 38 l’lmz

With only the offset specification, we cannot determine other amplifier
parameters.

Adding the GBW - phase margin specification we can go further into the
amplifier design
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GBW and phase margin

* A GBW of 10 MHz for a load capacitance (C,) up to 10 pF.
e A phase margin around 70° in unity gain configuration :> O = @ _ 3

-V, ),

| Me MTlrJ ¢ lo Me I ¢I1 Hypotheses: {Cl «<Coby

H | C,=C,+C, =C,

| v V.,
vle Vg_{ﬁw sz_g o 13 ¢ . =270C, -GBW =1.88 mS
wv— |1 _l_c _ 1 G Using the rule of
2 Sm TS e 8 thumb Ce=C:
M3]F._{[M4 —_l_—“: M 77 L =L
C1 M5
- —5m5 ~0.63 mS
777 gnd 8.1= = V.

o)
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Calculation of device aspect ratios

g .=1.88mS g  =0.63 mS

W W. 8
—ue Yy vy o W m5 =26.1
Ems = M, Cox L, ( GS ’)5 Ly u,C,y (VGS Vz)

1 C =240x107° A/V—J k~ 300 mV

n oxX

W S =126

Ll ;upcox (VGS _Vt)l

u C =50x10"° A/V? ——J L 100 mV

p ~ox

W3 — gm3 _
g .=F-g =021 pS = v =2.92

_ t)
T~ 300mv
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Determination of M1, M3 and M5 size

From offset —» W, =102 um? = .
specification W, - =W, = /ng Zl =114pm L =W, [%} = 0.9 um

—L =126
From GBW
specification W,L, =38 pm”) »
W, =W, = /W3L3% =10.5pum L, :W3'[%j =3.6 um
From F=3 — 7 2.92 Ly L
3
From Ls=L, B .
arbitrary constraint > L;=3.6m
From GBW o W o6y (T W =24um
LS

specification
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Determination of M6 and M7 size

4 )
I =155

I, :g(VGS _Vz)2
Vas =Vile = Vas =V))s  (Arbitrary constraint)
N y,
166 = :65

CU C %zﬂ C Ws — We _ H,Cox Ws ~125 In order to introduce no
prox TR Li uCy Ly penalization in terms of DG
gain we can set:

L, =L =3.6 um (Arbitrary constraint) W

W, W, W, W, =L (—Gj =450 pm
Bo 1B o 1 1L W, WL .
187 2183 W 2 W L, Ly Ws W7:L7(EJ=101 pum

L, L, L L,
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Bias and supply currents

Voo
M M, / M l _
]I : IFJ¢ : 6Hi¢ I, =21,,=28,Vi =28, (VGsz‘/t)l =63 pA
| V, Vou Ves =V,

¢lB V[’;_iEM1 MzL:H_é C "—Dt I, = 8,5sViEs = 8 Voo 5 )5 =282 pA

R (o
[
] In order to simplify the design:
M M —‘ M
BJ%H[ ) Ms[ ° I[,=1,=63 pA [> M8=M7

Total supply current (including 7,): I, +1, + 1, =408 pA
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|

V

Ms

out

ID—D

Final Design

V, =25V
C.=C, =10 pF
.= Gl 1 _s»o
m2  8ms
Final component table
W (um) L (um) M7 101 3.6
M1, M 114 0.9 M8 101 3.6
M, M4y 10.5 3.6 R 532 Q)
Ms 94 3.6 Cc 10 pF
Ms 450 3.6 Is 63 pA
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Check of initial hypothesis validity

T Vo
e, ¢/1 C <<C:C,C2 =10 pF
IE Hypotheses: C,=C,+C, =C, =10 pF
V, V. C,<<C, =10 pF
D
}_G R CI;C - C, =Cqss +Cppy +Cppy
W] C, )
L ”: M. 7777 Coss =§C0XWsL5: 1.4 pF
5
C1_!_ M5 CDBz — C]pLCW2 =0.246 pF = Cl =1.67 pF
gnd Cpps =C,, LW, =0.023 pF

C,y = 6.2 fF/um®
C, =C, =18 fF/um>~_,

C', = Cpys +Cpye = C, LW, +C, LW, = 1.17 pF

L.=12 ym — C. L.=2.161F/um The hypotheses are acceptable

Jn,p
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Other performance parameters

W zzngi(1+F)z4.5x10‘” V?/H. (6.7nV/\Hz)

gml

N, =6x10"" Vium* N, =2x10" V’um’

N N
k.o =2| —2 4+ F? " |=742%x107"% V? tf =85 =
F Emzﬂ W3L3) d fk vF
Slew rate: = kp
Y
Ry —£—63V/ S o
R_Cc_ - H

Flicker corner frequency

k
7F =S,
165 kHz
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Test-Bench for frequency response

RF
W if, for all frequencies of interest, ,BA| << 1, then:
c N y we can consider that the feedback
F . . .
j N >—~|:>°“’ is not present, thus in terms of small signal:
/ Vss Vdd ‘/6\;
v, .} (9nd)
I o Vout
In DC: V,,=Vs. Setting a proper DC n Bt
value for Vg we can set a correct
: : Vs
operating point (e.g. Vg=V,4/2) if R, >> R
ool (4)
R, =1GQ and A, is << A, Vv,

Example: C,=1F
= f,; =1.59x10™"" Hz
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Amplification from the inverting terminal to the output

« The open-loop gain that we have found with the testbench of previous slide was not strictly the
differential mode gain.

« That was the gain from the non-inverting input to the output, which is actually a combination of
the differential mode and common mode gains.

« Often, the gain that matters for the stability, is the gain from the inverting input and the output,
since in most closed-loop circuits the feedback signal stimulates only the inverting input.

« In order to simulate this gain, the following circuit can be used: Rr
R VAN
Applies the W |
AC signal E> - V.,
(v,) Cr - Vou -
s \ p— > v + v
| + = 2 =_A (=A)
vS
VS?? Vsi Small-signal circuit
for f>>fpﬂ

Sets the DC output voltage
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Difference between the gains measured from the inverting and non-inverting
terminals for the op-amp that we have designed (from simulations)

magnitude

| | | — v The difference occurs only

50 _ ___________________________ _____ Nﬂn_w | at frequencies o> fO .

| I . S o~ - Then, to study the stability,
we can use one or the

other gain, indifferently

dB
o

The difference is due to
the different impact of the
first-stage singularities
(mirror pole, tail pole)

$ =90 i : ' i Non-Inv
L —1g0 1 Here, the gain obtained from I\ - For different designs
2 5701 the mverjmg !nput is multiplied (different topologies,
by -1, (since it is equal to -A) | different specifications,
10! 103 105 107 100  etc.), the differences may
f (Hz) be more important.
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