Voltage amplifiers: number of inputs and outputs

Vf” T Vout
Unipolar:
single input y
single output (single-ended, S/E) U 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

>V

ocC

CMRR =

Au

cd

vid :0

Vie =0

Vid :0

/
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Differential amplifiers: parameters

s I Input voltage ranges: Output voltage range
’ Vo |nput differential range (Output voltage swing)
VfZ -1 (maX|mum V|D (VD) tO
<V <
maintain an acceptable Voun = Vou = Vounx
Vou = A, (Vi =V,,) Input-output linearity Outside the output range
. —Vouux <V <Voiax the amplifier stop working
Linear response correctly (e.g. the output

(with input offset voltage) Input common-mode range: voltage tends to saturate)
Interval of VC values where

the amplifier behaves as
designed

VCMIN S VC S VCMAX
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Differential amplifiers: role of the input common mode range

Example: voltage
follower (buffer amplifier)

I~

v, =14

In the ideal case:

v

io

=0, A, — o0

We have:

VC:‘/in
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:

VCMIN S vn S VCMAX

l

<V, <

out V
OMIN out OMAX

vV .=V only for {
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Single Stage Voltage Amplifiers

/ 1 R The processed currents are finally

| out :
B conveyed to an output resistance (R,
O— o) ou
+ + and converted back to a voltage (V,,,).
Vin locc t In most cases, Rout is not a physical
ou - : - :
— = resistor, but is the output differential
o— —>— ——o0
| resistance of the I-to-I network.

V-to-| /2 |-to-| For this reason, one of the function of
small-signal output voltage the I-to-I network is increasing the
. output resistance to increase gain
v t loccR

The first component converts the ou out

input voltage (single or differential) The second component is a
into a current (single or differential) current processing network, that IOCC — kl (11 — 12> — GmlkIVin
takes the input currents and

example

example applies simple linear operations V= Gmlklvaom
such as:
[L—1, =GV + Addition and subtraction definine: G = k.G
: . ml ™ in - Addition of constant currents g Y I'™="ml
 Multiplication by a constant gain A=G R
factor m__oul
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Differential amplifier with resistive loads

Vdd T VID — ‘/il _‘/iZ VOD — Vol _V02
R V01 — VDD - RDllDl Voz — VDD - szlpz VOD — szlpz - RDllDl
D1 D2
Small signal analysis
! Voo R i R i ' R —i, R

Vor = T Bpilgy Voo = T Bpolyn Vg = Lpafpy — 118 p

M1 M2

\//10_”: :“_o Vi2 g g
Differential mode: i, :vaid i, = —va,.d
l Single-ended case: Fully-differential case:

VSS Vout — Vol - RDl 2 vid vout = vod = _7<RD1 +RD2>vid

8m R, +R
Ad:_RD17 Add:_gm< D1 2 D2>
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Common mode Analysis

. Ly
Vi T BT
v, =0 =1y =1 g
gy Figy =20y =i
RD1 RDZ Vii = Via =V, : - N :
1 V
Vo1 V02 _ _ s =75 = )
M1 M2 ”
v.,°_| - v, 4
i ® ’ Ve = Vi _vgsl =V _v851 Ve = Ve ™ S
5 I~ B
é los QD ly Vs =Ve—Vs a1 = Ve f V.=V 1 =V
i e 1=
Y \ y o =-dL
ss A \ V. = constant gst g, H_ 2g,1,

This, actually, is not an ideal current source.

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

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

V., T output voltages
i . l . . . .
Ly = Iy, =1, = 50 Vo = —Rply Vy, =—Rpyiyy v,y =1,Rp, —iy Ry,
l l Single-ended case
O 02 .
l VC
Vour = Vo1 = _RDlldl Vour — RDI 50 = _RDI 5

oS

R A R, )2 4
_ ~ D1
=—3 CMRR = =t = 8n =011 =los
v, =0 Fos AC 2 RDI

Considering that generally /,is
Ad_, . produced by a simple current
mirror, r,=r, then CMRR~40 dB,

CMRR =

[4

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

]
. ~ Y0 _ . . . . i
lin = ln = 5 vy =—Rpi, Vv, =—Rpi, Vv, =i,Ry, — iRy,

Fully differential case

] ] ]
— — 0 _ 0 — 0 _
Vou =Voy =Ry, R, = (RDZ RDl)

2 2 2
v 1
Vo= 2‘;; <RD2 —Rm) A, = v: - — _2_’"0s<RD1 _RDZ)
l <] é r .

0s _

CMRR = A :MUQDI _|_RD2>] 2r,, _, AR i

A 2_)_/ ij — R, )] = “8mlos R
R’ AR b

D

-1 CMRR ~10* =80dB

~100  Adequate for most
applications

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
V. V 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, Lo . .
'“ sources (V;;, V,,) have a significant internal resistance.

I51 Igo
/ Vi Ibe e V,
0 o— A VWAAM—0

Vee Equivalent circuit of
the input terminals i 2ros(hret1)
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Maximum gain for a given supply voltage

. g R .
single ended A, =-R, —* A= S nominal case:
2 2 >
RD1=RDZ=RD
<RD1 + RD2> |Add| = 8.Rp

o

fully-differential A, =—8., >
R,1I, A/RDID is the static voltage

using: g, = ‘Add ‘ =

VTE V drop across resistors Rp.
TE It cannot exceed the total
Ry, < (VDD _VSS> supply voltage Vp,—Vss

<VDD _Vss) Example: V=50 mV, Vpp-Vge=3 V: [Agy| < 60
V., With a BJT: Vi =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
Y

“1 V., = VD V. —0 Vo =Vosi = Vesa = AV
A Rp, V =V —V _ Wecanconsider the difference of Vs as
V., out ol o2 the matching error between two nominally
’ o identical circuits: M1,Ry; and M2,R,
M M2 |
AR Ve 21 21 L.
| Ves =V, +,|—> A=V, B= ﬁ:ﬁ.]gﬂ ’
@, g posynomial
v, | Vos =A+B AV, =AA+AB  form
l
Nominally identical AB _p|1AL, 1AS
circuits AA=AY, AB:B'? 21, 20
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Offset voltage of differential amplifiers with resistive load

. . B
' MOSFET case - fully-differential A .
dd T~ l 2]
VD:AVGS:AA—I—AB VGS:Vt—I_ —D
o oz 1AL, 1AB ’
Vor V, AA=AV  AB=B:|——2————
21, 20
Vo—| M1 M2 |—ov
i1 i2
21, |1 Al 1 A
VD:AVGS:A‘/I—l_ - D _—D___/B
I, N8 21, 28
vV, This is a generic expression of Vp, corresponding to a
Al
given value of I—D
D
This expression gives V,, for the particular % value that results in V=0
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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 = Rpal o, REIDE is the same as
V., v, defining: Z=R,I, AZ=V, imposing Az=0
o~ M1 M2 [o Rply is the average

Vi . Vi AZ AR, A, “— value and cannot
ANZ="C7 = + Ry, =0
7 R )i e Zero
o b b

vl B SR =0 V=aVu=2v+ 2o | L2 —1Aﬂ]
I R 51271, 28

D )
VAV + /&.[_1%_1&] AR,
15} 2 R, 2 0 R,
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Offset voltage of differential amplifiers with resistive load
MOSFET case - fully-differential

v

dd T
RD1 RDZ
V01 V02
Y 0—| M1 M2 I—O v

i1 . i2

D1,
V

SS AN

Vio

V. =AV 4 & _l%_l%
o 2 R, 200
vV :AV_(VGS_VZ> ARD Aﬁ
1o t 2 RD /8
v, —v)| v..—v)|
_\/Jét_l_ 0A6< GS z) 4 UARD< GS z)
5 2 |, 2
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Role of the design parameters

V-V | (Vi —V)
Ovie = 03;+0A5L 1|0 ar Vg V)
v W — |l Z W
dd T ] R [ ] —_— - b
2 o7 L]
LR LR CR
Rp Rps < > — =R, WL,—o0, =
V 1 V WR RDD WRLR
0 02 To be made as small as
o—| M1 M2 possible, to reduce Oy,
& o _q,
- IO_>(VGS _Vt> W. Vt AL
—> - .
K — ﬂ/' Oap = /Cﬁ
L el 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 = Via Voa =0 Ve =Vor = Vo2 =Ryl —Reyle,
R
c1 c2
V Via =V =V = Vi = Vo = AV,
of 02
1 Al. Al
Vi o V, Vg=V;In I_C Vi =24V, =V, ICC — ISS]
S
; Al AR
v Voa =0 :> A<RCIC>:O :> £=— <
ee IC RC
AR AT
viOZVT o RC_ ISJ
C S
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Offset voltage of a BJT differential amplifier with resistor load

Vee T v AR. Al C.
io — YT | o O-ARC —
C1 R C2 RC IS / R \ WLy
2 2
Vor Voo Minimum size BJT
v o Tvio =4 || VT are | T|VrTas (elemental BJT) of the
Re I rocess
V” . ViZ - P /
Cl Io I BE—e¢
v. | N \0
~ Small offset O AVir
— 2 mall orrse i —
Tuio = 4[| V1% | T9v;, | means arge  °V%  \Jarea
e ) silicon area
\. Y,
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Temperature drift of the input offset voltage: BJT case

et These terms\

v, = kT — ARC — AIS are practically
q R, I temperature
independent
dv, k| AR. Al (ratios of
dT ¢ R. I homogeneous
tities)
\ quan /
dv, kT B AR, B Al |1 v,
dT q R I, |T T
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A method to reduce the offset voltage and its drift

v, _ Vo Example: v,,=1 mV
Ve T ar T T=300 K
dv. 1.0x107°
ct Res Yo _ = 3.3 uV/K
Y dT 300
of 02

v, M1 M2 V, By trimming the resistors, | can null the
! offset. In this way, also the temperature

drift is nulled.

D1,
V This is an advantage of the BJT amplifier.
T A Trimming the offset of a MOSFET differential

amplifier does not null the drift.

P. Bruschi — Microelectronic System Design



Example: the OP07 Opt) Bal. _

L

1. Resistors are varied by Trimmed % L

laser trimming to null the S { 5&@? Tl P il

offset o —E:.-w
2. In this way, also the offset S Qiﬂj _

drift is strongly reduced e B N ﬁf’__r
3. The base currents of the 3 I °

input devices (Q1,Q2) are Y 10

reproduced by Q3 and Q4 X

and than fed back to the JTNY

input terminals by mirrors TT R

Q8,Q6 and Q7,Q5. This '

oW _
approach allows to reduce H ﬂ%; @@ﬁ——ﬁlm R Frs
the input bias currents. ol
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OP07 vs pA741

Table 1.
Parameter Symbol Conditions Min Typ Max | Unit
INPUT CHARACTERISTICS
Ta=25°C
Input Offset Voltage' Vos 30 75 T\
B Long-Term Vos Stability? Vos/Time 0.3 1.5 uV/Month
Al Input Offset Current los 0.5 3.8 nA
QO  InputBias Current le +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
< 25°C 20 200
=. ho Input offset current Vo=0 Full range 300 nA
hs Input bias curment Vg =0 2C = 200 A,
Full range 800
22
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How is the amplifier offset when the single ended option is chosen?

Vdd
RDT % RDZ
o
+
Vo=V,
out 0l _ ¥ o—| M1 M2 I_OV_
Ref% i1 i2
D
Vss A

|4 :V01 :Vd — R/,

out

Single ended (S/E): device parameters do
not appear as differences: the output
voltage is affected mainly by global errors

The single ended case
IS subjected to a much
larger offset!

Compare with the fully-differential case:

the output voltage depends only on
matching differences

Ve =Rpodp — Ry,

o
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