Voltage amplifiers: number of inputs and outputs

Vi” T Vout
Unipolar:
single input
single output (single-ended, S/E) Vir 1+ Vout
V, 4 — Fully Differential:
differential input,
Differential- differential output

differential input,
single output (single-ended, S/E)
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Voltage Amplifiers: gains

Vin Vout

Vir 4+
Ve { =
out
Ad —
Vo =V —Via
Vi TV

CMRR =

Au

VZC:O

Vid :0
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Differential amplifiers: parameters

Vi 4+ Vo

%

out

:Ad<Vid_V' >

10

Linear response
(with input offset voltage)

Input voltage ranges:

Input differential range
(maximum V5 (Vp) to
maintain an acceptable
input-output linearity
_VDMAX < VD < VDMAX

Input common-mode range:
Interval of VC values where
the amplifier behaves as
designed

VCMIN S VC S VCMAX

Output voltage range
(Output voltage swing)

%

OMIN — 7 out

<V <V

OMAX

Outside the output range
the amplifier stop working
correctly (e.g. the output

voltage tends to saturate)
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Differential amplifiers: role of the input common mode range

Example: voltage
follower (buffer amplifier)

I~

vo—14

In the ideal case:

%

io

=0, 4, — o0

We have:

VC:V;n
v, =0

—>

— Vout

The voltage follower
operates correctly only
for V., within the CM

range

Another condition is clearly
that V,; is within the output
range

Then the conditions for correct
operation are:

VCM]N S I/m S VCMAX
VOMIN S V S VOMAX

out

out

V., =V, onlyfor {
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Single Stage Voltage Amplifiers
/. R

The processed currents are finally

1 © tout :
conveyed to an output resistance (R, )
O— + o) ou
+ + and converted back to a voltage (V).
Vin Iocc t In most cases, Rout is not a physical
— ) = resistor, but is the output differential
o_ __O )
| resistance of the I-to-l network.
V-to-| / 2 |-to-1 For this reason, one of the function of
Sma||_signa| Output V0|tage the I-to-I network is increasing the
v —i R output resistance to increase gain
The first component converts the out oce ot example
input voltage (single or differential) The second component is a
into a current (single or differential) current processing network, that ]OCC — k[ (]1 — ]2> — Gmlk[Vin
takes the input currents and
example :ijg:easstslmple linear operations V= Gmlklvaout
[ —1I.=G V. - Addition and subtraction definine: G =k G
1 2 ml in - Addition of constant currents g n = ml
« Multiplication by a constant gain A=G R
factor m__out
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Differential amplifier with resistive loads

Vdd T VID :Vil_Viz VOD :V;l_Voz
R V01 — VDD - RDIIDI Voz — VDD - RD2[D2 VOD — RD2[D2 - RDI
D1 D2
Small signal analysis
! oz R i R i ' R —i R
| Vor = —8pilgr Voo = T 8polyy Vg = Lgnfipy — 1148,
M1 M2
v e ey, . .
Differential mode: i, :val.d [, =—=""v,
| Single-ended case: Fully-differential case:
Em
VSS VOW - VOI — _RDl Tvid vout — vod — _g7m<RDl + RD2>vid

Em R R

Ad:_RD17 Add:_gm< Dl_'z_ D2>

]Dl
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ad T
RD‘I RDZ
V01 V02
M1 M2
v W ey,

rOS

VSS P \

This, actually, is not an ideal current source.

It has a finite output resistance =r, Ifitis
iImplemented by a simple current mirror, r,.= ry
otherwise it can be even higher

§[> OV, —r, 1,

Common mode Analysis

vs — vil o Vgsl — vc o Vgsl
ldl — gmvgsl f
\ v =t
~ gsl
V.g = constant g,

. lO - vs
ln = )
’/'OS
Vv
vV, =v, ——
2r
Ong
1 Y
vs _ vc 1 — Vc
1+
2gmr0s

The source voltage practically
follows the common mode
variations. Vg is V shifted by Vg
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Common mode gain and CMRR

Vd? T _ i | output vo.Itages | |
lin = o Iy =1,= = Vo =Ryl Ve, =—Rpl, Vo =Ry, —iy Ry,
R R
o7 l l 02 Single-ended case
Vo1 vV .
02
v =v =—R,i 1% —RDIZ—OZ R, v
M1 M2 out ol D1%d1 out =
V”o_l I—O Vl_? 2 27"0S
1% R ‘Ad‘
Ac — o =~ _2_D1 CMRR — Ad ngDl 2r0s
Ve vq =0 Fos c 2 )Ry,
Considering that generally /, is
CMRR = As —g 7 produced by a simple current
A4, mirror, r,.=r,, then CMRR~40 dB,

This CMRR is not sufficient for many applications
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Common mode gain and CMRR

L B . B . . .
ln =l = Vg =Ryl Vv, =—Rpiyn v, =1,Rp, —iy Ry,
Fully differential case

] ] ]
_, _hp hp _lp
Vouw =Vou == Rp, R, = (RDZ RDI)

2 2 2
M2
I_o ViQ vV, 4 V,a 1 R R
Vour = 7 <RD2_RD1> cd V. __7< Dl D2)
oS 1€ ly,; =0 os
rOS
é _ A _ gm ] 2ros !
MR A_j - i(,Rm; RDZERDI — Ry, )| =287 ARRD
R° AR P

D

1 CMRR ~10* =80dB

~100  Adequate for most
applications

AR,
RD

is a relative matching | AR,

error ~0.01 —>
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BJT case

In the case of a BJT differential amplifier, the expressions
Vee T are exactly the same as for the MOSFET case.

The only important difference is the presence of a base
c2  current that is drawn from the voltage sources that
provide V;, and V,,. In terms of small signal analysis, this
base current is the cause of a finite input resistance that

M1 M2 may result in an input attenuation if the signal voltage
V V., L . .
/ / sources (V;,, V,,) have a significant internal resistance.
B1 B2

/ Vit Tbe eV,
0 o— A VVAA—0

Vee Equivalent circuit of
the input terminals i 2ros(hs*1)
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Maximum gain for a given supply voltage

~

single ended 4, =-—R,,

nominal case:
Rp1=Rp,=Rp

g_m _ ngD
2 |Ad|_ 2 >

<RDl + Rm) |Add| = &.Rp )

fully-differential 4,, = —g,, >
R,I, A/RDID is the static voltage

: 1 _ p'p
using: g, = V_D 4] = v drop across resistors Rp,.
TE e It cannot exceed the total
R, <(Vyp —Ves) supply voltage Vjp—Vss

(V,p — Ve ) Example: Vze=50 mV, Vpp-Vss=3 V: 1A, | < 60
Ve With a BJT: Vo =V=25 mV: [A | <120

To get the highest gain for a given supply voltage it is convenient
to bias the MOSFETS with the smallest V.
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Offset voltage of differential amplifiers with resistive load

MOSFET case - fully-differential - Strong inversion
v

@1 V., = VD v.o—0 Vo =Vesi = Vesa = AV
s Ry, V —V —V We can consider the difference of Vg as
V., out ol o2 the matching error between two nominally
° o2 identical circuits: M1,Ry; and M2,Rp,
Vno_l N .M2 I_OVIZ 7] 2] 1 _1
| Vos =Vt =2 A=V, B=|=2=\2.1;5
o 5
CD ly posynomial
v, | Vs =A+B AV =AA+AB  form
\
Nominally identical AB— B AB _ p. 1AL, 1A
circuits Ad=AV, 7B 21, 20
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Offset voltage of differential amplifiers with resistive load

: . B
v, MOSFET case - fully-differential A .
+ Y
VD:AVGS:AA—I—AB VGS:Vt+ —D
Rp1 Rp, 1 AJ 1 AS G
Vor V, AA=AV AB=B|—2 ————
2 1, 2 0
Vo—| M1 M2 |—ov
i1 R i2
VAV — AV + /&.[1%_1&]
on 6 \21, 25
V., This is a generic expression of V, corresponding to a
P AI
given value of —=
Ip

This expression gives V,, for the particular =2 value that results in V, =0

Alp
ID out
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Offset voltage of differential amplifiers with resistive load
MOSFET case - fully-differential

Vdd T

_ _ _ Imposing V=0

R, R,, Vou = Voo = {lem RﬁllDﬁ is the same as

v, v, defining: Z=R,I, AZ=V, imposing AZ=0

o~ M M2 o Rply is the average

Vi . Vi A7 — AZ 7 AR, A, R A—/O value and cannot
o7 7 T pip ™ be zero
D, Z R, I,

Vss/\ AID:_ARD <: =0 Vy=AVs =AV, + 2[D.1AID_1A5]
1) R, V68 21, 23

K@:AW/&.[_L%_L&] AR,
3 2 R, 27 R
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Offset voltage of differential amplifiers with resistive load

"4

dd T
RD1 RDZ
VO1 Vo2
Y O—| M1 M2 I—O v

i1 . i2

op
v

SS AN

MOSFET case - fully-differential

I/IOZAI/t—I_ & _l%_l%
3 2r 25

I/w:A t_(VGS—I/t> ARD+A6J
2 R, 15
2 <VGS_Vt>2 <VGS_Vt>2
— O-Vt—I_ 0% 2 T UARD 2
B | Rp
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Role of the design parameters

VooV, Ves = V)
Opio = O;t + O ag % + O AR, ( GSZ t)
v W, s .
dd T ] R [ ] —_— - b
2 [ ] J [ ]
LR LR CR
Ry, R, < > — — R, Wely — Opp =
v V WR RDD WRLR
ot 02 To be made as small as
o—| M1 M2 possible, to reduce G,
Ve
- [o_’(VGS_Vt> Wi WL
— 3
w_. ﬁ/ Onp = /*Cﬁ
L | 5 ﬂ
Small offset means large S|I|con area
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Offset voltage of a BJT differential amplifier with resistor load

VCC —
+ Vio =V Vg =0 Ve =V =Ver =Reydey —Reyl ey
R
ct c2
v Ve =V =V = Voo = Vs = AV,
o1 02
I Al. Al
M1 M2 _ _ c Rl
v, v, Vg =V;In ]—C] Vie = AV = VT[ 7 I ]
g c S
lo Al AR
v V. =0 :>A<Rc1c>:0 —> ]C:_RC
c C
AR. Al
Vio — VT R = — >
R I
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Offset voltage of a BJT differential amplifier with resistor load

Vee T oy _ARC_A]S] G
io T AR, =
RC1 RC2 RC ]S Ry \/ WRLR
2 2

Vor Vor Minimum size BJT

M1 M2 Toio = || V1 I AR, + VTU% (elemental BJT) of the

Rc Ig
V” . ViZ Process /
VTU% — Oar, o

Cl IO Ig AV;E_e

V. | A N

ee O . -«
A 2 AVgp_,
s = lre n 52 Small offset OAV* —
vio T™ AR AV means large B Aarea
Re ) silicon area
\_ J
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Temperature drift of the input offset voltage: BJT case

et These terms\

Vee T = 2 _ AR, _ Al are practically
q R, I temperature
R independent
. ;2 dv, k| AR. Al (ratios of
o1 02 dT g R. I, homogﬁpeous
uantities
v M1 M2 v, \_ ¢ ) )
Q | dv, kT B AR, B Al |1 v,
y 0 dTl’ q R I, T T
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A method to reduce the offset voltage and its drift

dv,, _ Yo Example: v,,=1 mV
Vcc T dT T T=300 K
dv. 1.0x107°
Ct Re, 0 — =33 uV/K
Y dTl’ 300
o1 02
V M1 M2 V By trimming the resistors, | can null the
i1 i2
! offset. In this way, also the temperature
drift is nulled.
D1,
V., This is an advantage of the BJT amplifier.
N Trimming the offset of a MOSFET differential

amplifier does not null the drift.
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1.

Example: the OP07 oyl

L
Resistors are varied by i % L
laser trimming to null the S { iﬁé T C1 P il
offset — —E:.-w
In this way, also the offset S Qiﬂj ‘
drift is strongly reduced D2 LN ﬁf’__l_
The base currents of the * I °
input devices (Q1,Q2) are Y 10
reproduced by Q3 and Q4 e
and than fed back to the JTNY
input terminals by mirrors ! E“‘w
Q8,Q6 and Q7,Q5. This ‘

oW !

approach allows to reduce H ¢.; @@ﬁ—ﬁ”@ R Frs
the input bias currents. ol
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OP07 vs pnA741

Table 1.
Parameter Symbol Conditions Min Typ Max | Unit
INPUT CHARACTERISTICS
Ta=25°C
Input Offset Voltage' Vos 30 75 T\
IC\D Long-Term Vos Stability? Vos/Time 0.3 1.5 uV/Month
al Input Offset Current los 0.5 3.8 nA
O  InputBias Current lo +12  +40 |nA
0°C=<Ta=<70°C
Input Offset Voltage' Vos 45 130 N\
Voltage Drift Without External Trim?* TCVos 0.3 1.3 uv/eC
Voltage Drift with External Trim? TCVosn Re=20kQ 0.3 1.3 uv/°C
Al IRPTLINT VITLWUGLD Ul P ISNppTialul s, vore — L1 ¥ UGS SD UHITIVWIDE TIJLcu )
PARAMETER TEST CONDITIONS™ MIN TYP MAX | UNIT
W Input offset Voa=0 2 ! o "
; = Lt offset voltage 2T Full range 7.5 m
N AViogam) (Offset voltage adjust range Va=10 25°C +15 mYy
<E 25°C 20 200
=. ho Input offset current Vg=0 Full range 300 n&
_ 25°C 80 500
hs Input bias curment Vg =0 A,
Full range 800
22

P. Bruschi — Microelectronic System Design




How is the amplifier offset when the single ended option is chosen?

Vdd
Ve =Vor =Vag = Ridp,
R R
o1 $ Rez Single ended (S/E): device parameters do
Yy +° not appear as differences: the output
out=Vo1 V°_| M1 M2 '_°V- voltage is affected mainly by global errors
Ref™” :
/

CD 0 The single ended case
Ves Is subjected to a much

_ _ _ larger offset!
Compare with the fully-differential case:

the output voltage depends only on
matching differences Vie = Rpodpy — Rp L,
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