CHAPTER 5

Current Mirror
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Current Source Issues

* Design issues
— Voltage headroom.
— Output impedance.

— Supply, process, and temperature dependence.
— Matching.
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Current Source with Constant V,,

* Depending on supply, process, and temperature.
* The threshold voltage may vary by 100 mV from wafer to wafer.
* Both p, and V;, exhibit temperature dependence.

e The issue becomes more severe as the device is biased with a
smaller overdrive voltage. (200mV V,, 50mV AV, cause 44% error)

ov/

 If the gate-source voltage of a MOSFET is precisely defined, then its
drain current is not.

— Copying currents from a reference.

Voo
................ i
Reference P% 1 R I out
Generator ; I:Y
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Basic Current Mirror

* Forl, = lger

Vbp Voo
| REF : I REF
out

Copy I
Circuit [1Ls M1 M 4 ! rer
—_ — =2

VGS = f_l(IREF)

Iout (W / L)Z

lee  (W/L),

* |t allows precise copying of the current with no dependence on
process and temperature.
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Current Mirror: Sink & Source

e Current mirrors employ the same length for all of the transistors so
as to minimize errors due to the side diffusion of the source and

drain areas.
Leff = I-drawn o 2I—D

e Current ratio by only scaling the width of transistors.

M, M, Vb
(WiL) p '_’||—.—||:M5:|)—| |—1L__ Mg J[H (WL)p
Gv | REF —— |_’ * * -
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Current Mirror with r,

* Channel length modulation effect results in significant error in
copying currents.

Vop

W/L
WiL =
1 W 2 1 W 2
I == 14,Co (_J (VGS —Viy ) (1"'2“\/051)’ lo, = 14,Cy (_j (VGS —Viy ) (1+2“VD82)
2 L 2 L ),
I /L), 1+ AV
. As Joz  WIL), >z forl,, = I,,, Vps; must be equal to V.

I, W/L), 1+ AV,

e Use cascode structure to improve the ratio accuracy of current
mirror.
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Cascode Current Mirror

Voo Voo
P
Voo G | ReF G I Rer p
lout
REF Mo _] s Mo ] " Ma

* V,is chosen such that V, = V,.
Vb _VGS3 :Vx , Vb :VGSS +VX’ VN :VGSO +Vx

(\(\xj::;g } (\(V/\\llitiz , then Veso =Vess and Vi =Vy
0 1

* Such accuracy is obtained at the cost of the voltage headroom
consumed by M.
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Cascode Current Mirror

 The minimum allowable voltage at node P vpp

is equal to
v) | REF p

VN _VTH :V681 +VGSO _VTH My I out =1 REF
= (V651 — Vo )"‘ (VGSO Vo, )+VTH Mo ._.m_1 JGS‘ VH

N -
X mz Y
+

* The voltage of V), =V, +V M1_E b

— *Vas .=
* For M, to be in saturation region, V, can Voo P
| £ |
be chosen as low as Mgy ot TR

Vb :VGS3 +VD82

v
X mz :r
* But the output current does not M1_E ‘:'fes-\' ™

accurately track /. = Vas ~ =
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Cascode Current Mirror

* Each of these mirrors is self biasing,
has a high output impedance, and
provides a low systematic transfer 1
error. (v ) (v )

* Each requires an input voltage of Yt VL V{ ¥ o

two diode drops. _}__{_ _}a%_

e Each has an output compliance

voltage of a diode drop plus a _}ﬁ%_ _}ﬁ&{_
saturation voltage. B ]

 Neither is suitable for use with a low Stacked
power supply voltage.

Super Wilson
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Wide-Swing Cascode Current Mirror

To eliminate the accuracy-headroom trade-off.

Vbbp Vbp
For M2 to be saturated § §
I ReF I ReF | out
Vb _VTH2 va (:Vc331) X X E+
For M1 to be saturated Vo[ M V& |
A Mol o Ma g
VGSl _VTHl SVA(:Vlo _VGSZ) | | 'I___
M | 1
Thus oM Myl M,

VGSZ + (\/681 _VTHl) va SVGSl +VTH2

A solution exist if
VGsz + (\/681 _VTHl) SVc;sl +VTH2 :>VGSZ _VTH2 SVTH1

Let
Vies2 =Vasa = Vo =Vis2 + Ves: =Ving) =Vess + Vass —Vins)

Analog IC Analysis and Design - Chih-Cheng Hsieh



Wide-Swing Cascode Current Mirror

* Generation of biased voltage V,
— Let Vess * Vs
VDSG :VGSG - Ile :VD81
= If VGSG :VG81

= 1Ry =Vrye =V

— Some inaccuracy arises because M. does not suffer
from body effect whereas M, does.
— 1,R, is not well controlled.

* The diode connected M7 has a large W/L such that

VGS? szH?

VDSG zVGse —Viy7

Vb :Vess "'Vesa _VTH7

— This circuit suffers from similar errors due to body effect.
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Wide-Swing Cascode Current Mirror

* All Self biasing, has a high output
impedance, and provides a low
systematic transfer error.

oF
* Each has an output compliance voltage Vi
of two saturation voltages. K (D
* The Sooch mirror requires an input s zé—
voltage of two diode drops, which 3 |
makes it unsuitable for low-voltage jF#JIM ﬂgk4“"“‘
applications. ] ]
* The Brooks-Rybicki mirror requires an Jr%{l 4L—{L
input voltage of a diode drop plus a = = = =
Sooch Brooks & Rybicki

saturation voltage, but requires a
different value of R for every I..
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Wide-Swing Cascode + SF Level Shifter

 Shift the gate voltage of M; down with respect to V, by interposing a source
follower.

° Let M¢'s Vs = Vs,

Ve =V Vi3 Vop
VB :V651 ""Vc-;so _VTH3 _VGS3 :VG81 _VTH3 I HEF(JI)

* M is biased at a very low current density,

TR
' v 1 @E 3
GSs VTHs ~ lunCoxW/L L B
fll I M2

* M, is at the edge of the saturation region.
e Substantial current mismatch is introduced for

VDS 2 * VDSl

If the body effect of M, M, and M, is considered, it is difficult to guarantee that
M?2 operates in saturation.
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Wide-Swing Cascode Current Mirror

To facilitate low-voltage operation, we
can remove the cascode bias-voltage
generation from the input branch. d\urm
The output compliance voltage remains '
twos saturation voltages.

The input voltage becomes a diode
drop, comparable to that of a simple =

mirror. j%ﬁ[

The optimal value of V_, depends on /., — =
which sometimes requires us to Babanezhad & Gregorian
generate V_, adaptively.
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Wide-Swing Cascode Current Mirror

* Vour=Vpss #Vpsa = Vopsy #Vopa and Vyp, =NV,

* Vour min = Vopz * NVopz =(n +1)V;p, Often n = 1; Vi 7 pin = 2(Vis, =V

VI)I)

".DU
V
— DIIN ( In
A IOUTL
Qs
HE (WILY7 J —
N Mg My * M,
w 1% V 1%
(ATL) (1) T jl—“—lt_: T |_r:12 _|l: 2
o o Ve L L = E oy
WIL WIL =
D @* w | T
e S~ l.‘l/ Hf | | ‘_V
3L ljl— L ' b T

VINl :VDSS +VD56 :Vt + 2Vov
VIN2 :VGS3 :Vt "'Vov
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Double-Cascode Current Mirror

* Higher output impedance, more current ratio accuracy
* Smaller output swing

Vop
VOUT
IN
Mg _|* |, Ms
L
Ms __l—" :_,_Mz
My | Il: M

Analog IC Analysis and Design - Chih-Cheng Hsieh



Outline

1. Basic Current Mirrors
2. Cascode Current Mirrors

3. Active Current Mirrors

Analog IC Analysis and Design - Chih-Cheng Hsieh



Active Current Mirror

e Current mirror can also process signals

Voo Vb

Mi |—"—||:JM4 Mj |—"—||:JM4
Iy — V.t I "_‘I__‘lu_t
e e I

¥)ss @'53

I g..V. /12 ¢
=G R G — out — mlYin — ml
| A/ | m" “out m V - V 2

n n

* The output impedance looking into the drain of M, is
(1"' ngrOZ)(ll gm1,2)+ loy =21, +1/ 9, = 215,

Rout = (2!’02)” s = | A |® génl [(zroz)” r04] If ry, >0 = [A & gl

* Thus,
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Active Current Mirror

e An Alternative Solution

VDD VDD \\//out :\\/;ut Vp \\;p _ Req 1
in p Vin in Req 4+
Igd Faa gml
Vin _”: M4 PME |__IT_ M2 Vo - On2  Om2loz Ime2 lo2
Mo
=N 1[1+r04] L Tos
eq ‘U’F + Vp _ ng rOZ — rOZ
- =" Voo 1 o1 £1+r04] 2+ 0
O Ym2 Io2 o2
1+ro—‘1
\Y oz Omal Om2loof O,
Vout _ 02 . 2roz _ 9Ym202704 _ Im2 [(2r02)|| ro4]

in 2_|_r074 1+ -92 2r02""'04 2

rO 2 rO 4
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Differential to Single-Ended Amplifier

e Current combination utilizing current mirror.

Vb Voo Voo
p w0
) 4 a_| 4 Ma M4
I I F
*— Vout *— Vout Vm
J °
Vln‘lo—""l M] P Mg I—-—a sz

Vin—| M 4 M l])—‘ Vin_||:|M1 M, FH—‘
@'ss ¥)!ss L

e If V, ,is much more negative than V., ,, M, is off and so are
M;and M,. Both M, and M. operate in deep triode region. Vout

* Forasmall |V, ,-V,,|, M;—M,are saturated => high gain

* The minimum input voltage level of V, ,= V(s »+Viss min . High Gain
 With perfect symmetry, V.= V.= V,,- | Vsgs] - / Fegion
e But V,, canvary a lot if device mismatches occur.

Vint Vin2
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Small-Signal Analysis

* Node “P” is not a virtual ground I:I l-‘-J Voo
since amplitude of V, # V, M ——k M
\[\ X ' {\]
r\)u_nlil;:}’mpraz :J‘
* Find G, and R, |A,|= G, R..: (}ID,:U-
38

Q

Short-circuit G Iy Output resistance g _ Yx
Transconductance V. of amplifier proper
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Transconductance G,

* The impedance from Q1 drain to ground is small, it makes source
node as virtual ground.

fde
\&m3

) l 8maVg3

IRY

D i 3 1

1
|
3

i0 - _gm4vg3 + gmz (Vid /2)

] V. V.

b = 0 (1) (29) 4+ g, , ()
gml)(vi) Onz 2 2
gm3 2 gm3 — gm4’ gml - gmz - gm7-o - gmvid ’Gm = gm

V.
V93 = _gml(;zd)(g— r-03 ” r01) ~ _(
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Determining the Output Resistance R,

Analog IC Analysis and Design

{ =1
,-Mg o I‘_—Q‘ g,“:
= A/
=i @ ®$— !‘
b® R _V‘?’G) <£’
—| @ Ty To2 Q:‘__II—/\I
— <\_®‘ =
1
Gm: gm1.2 = gm’ Rout = Ro = Ero
|A\/| =GRy =0y [(2!’02) | rQ4j|

Ry, =1 +(1+0,,1,) 1/ 9,0) = 25,

For gml — gm2 - gm ! gm2r02 >>1

= R,=2r,

0

1
Ro :Roz ||r04§§r

compared to p.21

A = %[(Zroz)” ro4:|’
6dB improved
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Common-Mode Gain and CMRR

| ]
7~',l,,,o—|l:Q] %", 0, F—-ou., v, v I[ 1 ”r J
33— "N o3
® ° ) ng
S8 ) . 1
Iy = —0QnaVyg3 = Ilgm4(g— | rosJ

( ‘
ry2
%R
- m3

. . 1 : A 1 [, 1
Vo =, =1, )iy, = 10,4 — | Vos |~ 1, |I; A, = — ~_
0 (4 2)04 |:1g 4(gm3 ” ? J 2:| ot Vicm 2RSS 1+gm3r03 2gm3RSS

CMRR = % = [gm(roz ” r04)][zgm3RSS] CMRR = (gmro)(ngSS)

* The active-loaded MOS differential amplifier has a low A_,, and a high CMRR.
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Common-Mode Gain Cont.

Voo - Vop
Malq I‘—Jﬂh E “'m
X 29m3.4
F t—oVout

Vou
- r
Vin.cmo—HS ﬂ:: M, V'"’cm'_'“-: -%E
M,
2 Im1,2 A
Rgs T ss
_ 1 || ro3,4
y 28,54 2 _ —1 Em1.2
M 1

+ Ry 1+2g,, R &34
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Differential Pair with g Mismatch

* Voltage change at P can be
obtained by considering M,
and M, as a single transistor
in a SF configuration.

VIn.CMH )
R P
AV o= AV, em >
| 1 Rss
Ry +
gml + gm2 =
AV, AV, o
Al =04 (AVin‘CM - AV, ) = m‘C'\:/ll_ I , Alp= ng(AVin,CM _AVP): C'\:/II_ g +29
RSS 4 O+ 92 RSS +g+g m1 m2
gml + gm2 ~ ml m2 i
1 0 AV, : g, ,AV.
Alp, =Aly, (—” rosjgmm AV . =[Aly, —Alg, [y, = mi M 03 _ m2— " in,CM r
gm3 t [ > DZ] o 1+(gml+gm2)RSS r03_|_1 1+(gm1+gm2)RSS o
L gm3 |
AV, — r,—9.,/
AVout = 1 — R (gml ng) S 1 Iz * Ing loa AVout ~ (gml B ng)rOS ~ Om2 / O3
+(gm1+gm2) ss [y +—— AV, ., 1+(gml+gm2)RSS
gm3 ,
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