Microelectronic Circuits 11

Cho:
Building Blocks of Integrated-Circuit
Amplifier

6.4 IC Biasing
6.5 Current-Mirror Circuits

CNU EE 6.1-1



IC Biasing-Current sources, current mirrors &
current-steering circuits

= Biasing in integrated-circuit design
- biasing in the IC by constant-current source
- current steering : constant dc current (reference current) at one location &
replicated current source at various other locations
- utilizes a precision resistor external to the chip
- bias currents frack each other under changes in power-supply voltage or in temperature
- circuit building block for bias design & load element of 1C amplifiers
= Basic MOSFET Current Source
- Drain of Q, is shorted to its gate = saturation mode
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4 | Iy =5k, (7) (Vas=V.) | -R: outside of IC chip
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: | Voo =V,
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0 I' - O, w/ the same V¢ as Q,, assume 1n saturation
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Basic MOSFET Current Source

= Relation between 7, and Iz
- 1 /I, = 1atio of the aspect ratios of the transistor & determined by geometries

A
I W /L ) )
¢ = ( )2 current gain or current transfer ratio @
-"Iir-.l

Ly (W/L),

- Current mirror : identical O, & O, =2 I, = Ipzf

replicates or mirrors the reference current in the output terminal | |
o | L ||_TQ=
=

= Effect of V,,on [,
- condition for Q, saturation Vo2V =V, V,2V,,
- channel length modulation effect
*1,at Q,=Ilppat O, at the same Vg (Vy=V ) Basic MOSFET current mirror
*if V, T, then I, T by the incremental output resistance 7, , of O,

Io A
* Finite output resistance R, of the current
, :
Slope = 7 mirror
il R = AV, . Vi
s ____-:““"TW SR.Y S A

} V,, : Early voltage of O,

|
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MOS Current-Steering Circuits

= Current-steering circuit
- constant currents are replicated for the various amplifier stages in an IC

Voo | A - Iper by O; & R
Ve - 0;, O, & Q; = two-output current mirror
i o o | DK

_ -—||‘ 0.
(wiL), (W /L)
A 1y =1 gy I, =IREF—3
: T @D @D)
| . .
E L |l I - Saturation region at Q, & Q;
fuer Y v I
| | ¥ Vas Vs 2=V Vo5 =V,
4] '_T (s Oy
n .. Fljl Vors Vos 2 Vs +Vop
=Vt drains of O, & Q; must remain higher than —Vg
= current mirror by PMOS Q, & O, by at least the overdrive voltage (0.1~0.3V)
W /L : .
I, =1, ﬁ where, I, = I; Vs <Vip = Vous| to keep Qjs in saturation
4

O, pulls its current /, from a load -2 current sink
Q; pushes its current /; into a load —> current source
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MOS Current-Steering Circuits

= Current-steering circuit
- constant currents are replicated for the various amplifier stages in an IC

Voo = A - Ipgr by O, & R
Vias - 0,, 0, & Q; = two-output current mirror
g (|
(wiL), (W /L)
A I, =1y Iy =T
' I l( / Y /s (W/L)l (W/L)l
' | . .
SR |¢ I - Saturation region at Q, & Q;
f ¥ =
| z Vas Vs 2=V Vo5 =V,
Q| |—'—"—| QJ Q:
a . Fli Vors Vs 2=V + Vo
=Vt drains of O, & Q; must remain higher than —Vg
= current mirror by PMOS Q, & O, by at least the overdrive voltage (0.1~0.3V)
wW/L : .
I, =1, ﬁ where, I, = I; Vs <Vip = Vous| to keep Qjs in saturation
4

O, pulls its current /, from a load -2 current sink
Q; pushes its current /; into a load —> current source
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BJT Circuits

= Basic BJT current mirror
- nonzero base current of the BJT (or, finite /) = error in the current transfer ratio (CTR)
- CTR by the relative areas of the emitter-base junctions of Q,; & O,

A
- 1t case : sufficiently high £, neglected /,

- C\D o > Lzppasses Q; > Vip of O, = Vi of O,
-2 if Q= 0, , same EBJ area & scale current /g

Y
Ly =1,
: active mode at Q, :: ¥V, > 0.3V+V; of O,
¢, _ Q; —> area of the EBJ of Q,1s m times that of O,
- I, =mly,
_l_ - Current transfer ratio
I, =1e""" 1, I, Areaof EBJof 0,
[.=al, I.=pI, Iy Ig, Areaof EBJ of O,

If the area ratio m is an integer, one can think of Q, as equivalent to m transistors, each
matches to O, and connected in parallel
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BJT Circuits

= 2nd cage : effect of finite S on the CTR
- case of CTR is unity: O, & Q, are matched and same V,, = equal collector currents
- node equation at the collector of Q,

2
j . =IC+ZIC/ﬂ=IC(1+E}

since I, = I, the CTR is

1 1
10 = c 3N " 12 1y __m 5 When
REF IC(I_'_J 1+ﬂ Ieer 1+m; Ig, = mliy,

as f 2> inf. , [ /I, = unity
S =100 results in a 2% error in the CTR

- BJT mirror has a finite output resistance R,

AV, ¥V

R = 7 r,= % where V,,& r,, : Early voltage & output resistance
o o
- CTR errors by the finite B & the finite R, I m . V,-V,,
- Error by Early effect = 0 for V, = Vg, 0 TREF (Lt i "
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BJT Current-steering Circuits

= Simple Current Sink

| _reference current : 1. = cc Vo Vg : corresponding to
I o R the desired Iz
| '1 o Io _ IREF 1+V0_VBE
| 1+(2/p) v,
. V
- Output resistance : R=r,z—4=—-4
Q3 IO IREF

= Current Steering
= - generates bias currents for different amplifier stages in an IC

£
Vec

A

R

- sufficiently high f case, neglected /I, & neglected Early effect
* Q; : current mirror of Q;, 2 I, = Iy
- active mode at Q; (source) : V3 0f Q; < V((-0.3V
Rz f * Q5 & Qg in parallel 2 I; =215
*Q, :mirror of Q, 2 I, = Lz

- dc reference current /.
o, 0, I — VCC + Vg = Vi = Ve
: ' I | Oy REF

X~/

oy !\W I\I L,j - active mode at Q, (sink) : Vo, of Q,;> -Vg+0.3V
l * 0,5, Oy & Qg in parallel 2 I, =31p.p
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Current-Mirror circuits w/ improved performance

= Constant-current source : biasing & active load
- Performance parameters of current mirrors
accuracy of the current transfer ratio of the mirror and output resistance of the current source
- accuracy of the current transfer ratio suffers from the finite S of BJT
- output resistance 1s limited to », of MOSFET & BJT
= MOS & bipolar current mirrors with more accurate current transfer ratios and higher output
resistances are required
= Cascode MOS Mirrors
- diode-connected Q, = mirror Q, — 0,
- diode-connected Q, = bias voltage for gate of the
cascode transistor Q;
- Output resistance R, of cascode transistor Q;

Ro ~ gm3l’037"02

A

—> cascoding raises R, by the factor (g,,;7,;), which
is the intrinsic gain of the cascode transistor
Q_.—_l' ‘ I:Q - Cascode current mirror consumes a relatively large
? portion of the steadily shrinking supply voltage V.
- Minimum voltage required across the output of the

_L cascode mirror = V, + 2V, because gate of Q; is at
— 2Vs=2VA2V,, = 1V or so
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A bipolar Mirror with Base-current Compensation

» Bipolar current mirror with a current transfer ratio that is much less dependent on S

- Reduced dependence of £ by including Q;

- Emitter of Q; supplies the base currents of Q; & O,
- Sum of the base currents is divided by (f,+1) = much smaller error current between /. & I-=I,

CNU EE

= Detailed analysis

- O, — O, are matched > equal collector currents, /-
- Node equation at the node labeled x :

2
Loge = 1ol 1+ ———
{ +ﬂ(ﬂ+l)}

Since [, =1,
I, 1 [
Lyr 142/(8%+p) [ 1+2/ B2

- error due to finite £: 2/f in the simple mirror = 2//2

- output resistance remains approximately equal to
that of the simple mirror

- When node x is connected to the power supply V.
through a resistance R :

Vcc _ VBEI _ VBE3
R 6.1-10
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Wilson Current Mirror

= Wilson Mirror : both reducing the f dependence and
increasing the output resistance
- Effect of finite 5 on the current transfer ratio :
assume Q,; & Q, conduct equal collector currents

A
2
T, & I.|1+— +1
J O Fe=e"9 4 Iy _ C( ﬂjﬂ/(ﬂ ) B+2  B+2
REF == = = =
I +2 2
. A IJ REF IC{1+(1+2J/(,3+1) ﬁ+1+ﬁ L+2+—
] = (1, -
| _- Na B 1 o1
: ' . - ~ 2
¥ 2 a2 1+2/ B
p(B+2)
. i | -‘: y
ol g *J A - Collector-to-emitter voltage of Q; & O, are not equal
Q j —e——{ 0 —> a current offset or a systematic error
- solved by adding a diode-connected transistor in
series with the collector of O, > MOS version
oy - Wilson mirror is preferred over the cascode circuit
. because the latter has the same dependence on S as the

[.=1,+1.=(1+p)I, I.=pI, simple mirror
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Wilson Current Mirror

= Qutput resistance of Wilson mirror
- set [ = 0 & apply a test voltage v, to the output node

J\o

W O

* ..-,

— =
—_ —

o, é

_. , | |
’2 0, j—igﬁ 0, &,.I

RO :vx/ix

- direct analysis by “pulled r, out” of each transistor
Q;asasupernode : i; +i,=1,

. by the action of current mirror Q- Q,: i,~1i;,=1/2

i, flows into the base of Q; = collector current f;i,

current through r,; 2 i+ S;i, =i + B5(i./12) = i (fB5/2+1)

voltage between the collector of O; and ground = sum

of the voltage drop across r,; and the voltage v across Q,

V. =1 &—Fl Vo +ir, =1, &+1 v+ L v,
2 2 2

Since r, >>r, & [;>> 2,

vx ~ ix(%jrﬁ > Ro — ﬂ37"03 /2

- B3;/2 times higher output resistance than that of Q; alone = result of the negative feedback obtained by
feeding the collector current of O, (i,) back to the base of O;
- The feedback increases the current through r ; to approximately £;i./2, and thus the voltage across 7,;
and the output resistance increase by the same factor, 3;/2.
cNU EE - The factor 'z 1s because only half of i is mirrored back to the base of O, 6.1-12



Wilson MOS Mirror

= MOS version of the Wilson mirror : enhanced output resistance
but no S error to reduce like BJT version

Upi_q 0 = Qutput resistance : I,;-~0, and apply a test voltage v,
- RO — VX/iX
- direct analysis by “pulled r, out” of each transistor

. .
Q | ‘1' é O Most of i, flows in the drain proper of Q; 2{v~i/g,,

input current of Q, — O, mirror =i,

Current-mirror action of (Q;, Q,) = i, flows through
the drain proper of Q,

Since drain current of O, = 0, all of i, flows through
r,, = drain voltage of O, =-i r,, = voltage fed back

r to the gate of Q;

Q | ‘O | Drain current of Q; : (

0 3 ; Lis = gm3vgs3 = 8ms vg3 _vs3)
:gm3(_lxro2_lx/gml)z_<gm3r02)lx
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Wilson MOS Mirror

[ s | A node eq. at the drain of Q; = current through r,; :
J".. 1 (lx o idS) - ix + gm3ro2ix ~ gm3r02ix
'l l, : v, = sum of the voltage drop across r,; & voltage v
-II o . across Q; :
. Tt vx = gm3ro2ixr03 TV= (gm37"037"02 )lx T (lx /gml)
k. ..r ; ~ gm3r03r021x
ﬁ 0. I; . || 0, 3 Vi
[ i Ro R i (gm3r03 )7"02
lx
- L 2

Wilson MOS mirror : increase of output resistance by a

factor of (g,,;7,;) = 1dentical result in the cascode mirror

Increase in R, = a negative feedback result obtained by
| connecting the drain of O, to the gate of O,

0 (¢) modified circuit to balance the two branches of the
mirror and thus avoid the systematic current error
resulting from the difference in Vi between Q, and O,
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Widlar Current Source

A resistor Ry 1s included in the emitter lead of Q,.
Neglecting base currents, and Q; & Q, are matched :

Ji Ji
| VBEl = VT ln( ;EF } VBE2 = VT IH(I_OJ

S S

Ji
VBE] - VBEZ - VT m[%j

0
From the circuit :

VBEI = VBEZ + IORE

> IORE :VT IH(I;EFJ

o

CNU EE

- Widlar circuit allows the generation of a small constant
current using relatively small resistors. —> considerable

savings in chip area.
- High output resistance due to the emitter-degeneration

resistance R
Rout ~ [1 + gm(RE || rﬂ')]r()
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