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MOSFET Current Mirrors

Suppose we want to provide desired, fixed bias currents to several circuits:

-V Required: V>V,

" : | DD nee
. . to operate correctly
|| W] b3
Either
| | | I, 2K,V =V, (1+AVy)
0, ! 10, 0, Or:
Wes We W I, =K 1+, )V, —V, —AV [2)
In either case:
/4
Ipy _ "2 (FAVps)) ; similar expression for L
IDI ng (1 + ﬁ“VDSl) ]Dl

We would like to have 1, /1, =W, /W,
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MOSFET Current Mirrors

% ]Dz _ Wg2 ] (1+/1VDS2)
. . [ »» I W (1+AV))
W[ e[ w]T

If we 1gnore the (1+ AV, ) terms, then

Ly /1 =W, I W,;

gl?

E‘L O, We pick FET widths to set DC currents
The (1+ AV ;) terms then represent
a loss 1n precision 1n setting

the desired currents
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MOSFET Current Mirror Example

50 pA

100 pA

|

04V

04V

1v

1 Voo K, =10mA/V?-(W, /1um)
004 |S K, =2mA/V (W, /1um)
1 AV =0.1V
0.4V
v, =03V

-

=

10, |

1/A=4V
Q, Let us design the circuit

to give the indicated currents

Q, carries 0.ImA at V=V ,;=0.4V
(Vy = Vi) = 0.1V=AV — boundary of velocity- and mobility-limited regions.

IDI = Kﬂ (Vgs - Vth )2 (I+ /U/DSl)
_ 2 2 _
0.1mA=10mA/V*(W, /1um)(0.1V)*(1+0.4V/4V) — W, =0.91um

O, and Q; carry S0uA and 100uA at V, =V ,;=0.4V

— Similar calculations > W,, =0.45um, W,; =0.91um
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MOSFET Current Mirror Example

v T VDD
$ . Now suppose V¢, and Vg,
L e | @ . .
l5= 22 =72 100 pA § are increased
l ¢ l
0.8V 0.8V 0.4V
How much do /,,, and /,), change ?
Q3 rJl :Jl Q2 |L1Q1
0.91 pm 0.405 um 0.91 pm

Iy, W, (+AV) 2 (1+04V/4V) 2 10
I, =55uA.
Similar calculation — /,,, =110uA

Iy, W (1+4V,) 1 (1+0.8V/A4V) 1 11

Variation 1n output currents due to (1+ AV, ) terms.
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MOS multi-stage amplifier example

Simple two-stage amplifier:

Low-voltage operation

FET parameters
2
K, =10mA/V* - (W, /1um)

Vout Kv . ZmA/V . (Wg /l,um)
pS —
AV =0.1V
\'4
V. =03V
1/A=4V

DC-coupled 1nput, at zero volts, even with only a positive supply voltage.
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MOS multi-stage amplifier example

0.8V
|

3

100 pA

=

AV

100 pA

0.4

I I:‘

04V

ov

E

100 pA

|

\4

Let us design the circuit
to give the indicated currents
at the indicated node and

supply voltages.

Each FET carries 0.1mA at |V .|=|V,,/=0.4V
|V.|=0.4V — boundary of velocity- and mobility-limited regions.

I, =K,(V,—V, )+ AV, — W, =0.91um for all FETs
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Multi-stage amplifier: small-signal analysis
FET small-signal parameters:

mobility-limited — g, =21, /(V, -V, )=2mS

R, =1/ A1, =4V/0.1mA=40kQ

M ,: common-source
R, = Rpg, || Rpgs = 40kQ || 40k = 20k
A, =-g,,R;.,, =2mS-20kQ =-40
R, ,=00 Q)

M : common-drain, a.k.a. source follower

Ry = Rpsy || Rpgy || Ry, = 40KQ || 40k || 00€2 = 20k €

R
dy=—tw 2080 g9
R, +1/g,, 20kQ+500Q2 41

Rinl —0 Q

Overall: 4, =4 ,4

14

,=0.976(—40) = -39
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Multi-stage amplifier: maximum signal swings

Transistors are operating at mobility/velocity boundary.
OK to use either model. Mobility model: V) ... =V, =V,

100 uA

|

0.8V
M, M,
|

T

04V

100 pA

| M

04V [

;

ov

Df‘“:

100 pA

M, bias voltage: VDSQ =0.4V.

M, knee voltage:
Visnee = Vs = Vi =04V =0.3V=0.1V
- AI/D2max \L: O4V —0. 1V:O3V

0.3V maximum negative swing

M, bias current: [, =100 uA.

M, minimum current: [/, . = 0uA.
AV 1=1001A (decrease)
RLeq,2 = 20k()

T=100uA - 20kQ =2V

2V maximum positive swing

D ,max
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Multi-stage amplifier: maximum signal swings

L"I M, °'8|" ET M, J M bias voltage: V¢, =0.4V.
| I | =5 M knee voltage:
100 pnA
l 0.4V | il Vow VDSKnee — VgS - Vth — O4V - O3V:O 1V
f 7 | AV, 1=0.4V-0.1V=0.3V
4 0.3V maximum positive swin
o positve suine
i B No cutoff calculation for M ;

100 pA

;

1t 1S a constant-current source

We can (and should) do similar calculations for cutoff and knee voltage
of M, and knee voltage of M, to find the maximum voltage swing at the
drain of M,. The resulting answers must then be multiplied by the voltage

gain of M, to find the associated maximum output voltage swing.

Finding: M,, M, limits dominate: +/ —0.3 V maximum linear output swing.
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Active loads: constant current sources
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Active loads: constant current sources
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Active loads: constant current sources

’/_g::r,-ﬂ- o Shy d?.q/-f/a/."-éf :

—— Aes
e
-'i-ff/zr"" = - ;ﬁ’////ﬁrfﬁrrf - _,__;? V73
e — — lif
74 \1
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e {gﬂ:‘f"ﬁ'n‘: 4#.;?"4:. AR 2 /‘-l’:&ﬂé- 4'/’:‘:'!'1- Gl ~Fr
s g Constant-current loads
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Darlington Pairs

" C_’E’Ec.ca'éﬂ; M)‘%l’ J%M
m:flaf 74./ 4.;:.-#:. o A =l
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Darlington Pairs: Alternate and Common Form

A
Z
Vi
24
[ F 3
/f%-‘f‘z ffi‘f'z
VvV \v

—

p A
% i S Zout
S Zc
ZLca
S e
&2
Kee: Feez

ight 2019
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Darlington Pairs: Alternate and Common Form

ﬂﬂ/ﬂ_/y 5-.»‘9::..«
F% en Ste), = SHa » _L£Z€r _ = §Wu-Ar
i s « /2y
S-:.Z-;:r - 57/,5'; - § s
Aesr re. *Eeel
S’Icl = B_VE"" = g_;/,"l /6!1-*‘-'
Fecz *7 2z fzez +/2r

S Zocé = .S:ZE, ~ L. Fea 5—7/511‘{ —; ngﬂcf i

_—

—
——

{;étff:/é{/":“/ﬁ!ﬂ- Sz e e

—

& ¢ /21 +Feecz Kret + /7,

Answer 1s a bit more complex for finite 3, finite R ...
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Differential common-source stage

Starting point for comparison... (note the odd, asymmetric power supplies)

FETs:

2
K, =10mA/V*(W, /1um)
K = 2mA/V(Wg /1um)

R
S AV =0.1V
F V. =203V
1/ A=4V

DC bias design: setting V, =0.4V for all FETs

— boundary of velocity- and mobility-limited regions.
For Q ;:1,=K,(V, =V,) (1+ AV,;)
0.1mA=10mA/V*(W, /1um)(0.1V)*(1+0.4V/4V)

—> W, =0.91um

Similar calculation for all other FET widths
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Differential gain

Small-signal analysis: differential mode

R, =1/ I, = 4V/0.1mA=40kQ
RD

Mobility-limited FET:
% V /2 ID :K/J(Vgs_Vth)z(l—i_ﬂ“VDS)
=— o—
out out ,d gm — ZKIU (Vgs _ V‘th )(1 + AVDS)
Vo=V 12 o—| 0, g, =21,(V, —V,) only in mobility-limited case
g, =2(0.1mA)/0.1V=2mS.
R, =Ry || R, = 40kQ|4kQ = 3.66k)

Vvod /Vld — gmlRLeql — 2mS(366kQ) = 727
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Differential Pair with Cascode

0.8V

; ; B Transistors Q, , and Q,, have been added.
4kQ D
04V] o | o We've increased the positive supply to 0.8V,
0 | and we've picked DC levels to keep
24 04V
e | *gglmeZB Vps =V, =0.4V for all transistors.
R
= o_“g“‘ Q’f__l - 2
o P So: given that [, = K, (Vgs =V, L+ AV ),

oy we have the same FET widths as before

| 1.8um
T 1 The load resistance is also unchanged
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Differential Pair with Cascode

Small-signal analysis: differential mode

i 0, : common-gate
R, S R, =R, =4kQ
I/out = _I/out /2
— “ R,,=(1/g,,)1 +RLeq2 / Rps,)
0, :||_,> = 500Q(1 + 4kQ / 40kQ) = 55002
A, =Ry, R,, =4kQ/ 5500 =7.27

I/in :I/in,al/2 0—| Q]

¢, : common-source
R, =R, || Ry =550Q| 40kQ = 5420

Legl ~—

Ay =—g, Ry, =—2mS-542Q = ~1.09

Total gain: common-source
v.IV.=4 .,=A4,4,=-1.09-727=-7.89

v,total
buw/Vv, ==V, ,/2a0dV, =V, /2s0V, IV, =789

out,d
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Another way of calculating the gain

in2 |_> QZA

O s L

V |V. =4 .4 R ZLeg2 | _ DS1"Yin2 Leq?2
e TR TR LeQI( Rinzj gm(RDm“LR j( R,

R,
=— R
Emi (RDSI ‘R ] Leq?

Consider the currents

R in2 Ry
gleﬂ g’nIVl}’l .(¢j [W
Rys, + R, DSI
-— -— |—> Q 24 -—

L% %RM % RD% Vo

The output current of Q, is current-divided between R, and R,

in2?

and then passes through Q, to the load
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Differential Pair with *Folded* Cascode

K

= 1%

Instead we add PFETs O, , and Q, ,.
We've biased these at 0.1mA each.
Also added: current sources O, , and 0, ,.

Clearly, these must carry 0.2mA each.

The load resistance is unchanged

We've picked DC levels to keep
Vps =V, =0.4V for all transistors.

So: given that I, =K ,(V, -V, ) (1+ AV ),

we have the same FET widths as before
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Folded Cascode:Differential Half-Circuit

Small-signal analysis: differential mode

1

= V:)ut _I/out,d /2
R
:I/m,d/zo_|E D$4KQ
A\
Total gain: common-source
out /V Av ,total = AVIAVZ
bUt I/out _ I/outd /2 and I/m :I/ind /2 SO I/outd /V n,d

0, : common-gate

RLqu =R,
=(1/g, 2)(1+RLeq2 /[ Rpg,)
A4, Leq2 /R,

¢, : common-source

RLeql = No | R | R
Avl = _gmlRLeql

-4 .4,

vl



ECE137A class notes, UCSB, Mark Rodwell, copyright 2019

Folded Cascode: tracking the currents

[ Rogy || R, in2 Rogy || Ry
= gml RDSI | Rpss + Ry, |_) RD51 | Rpgs + R, .
V m 4 /2 QZ D — I/oul T _I/out,d /2

°‘|L% % Ry, |IR s, % RD%

R, || R
I/out /I/m = Alev2: B gml ( l|)|S]1€ lj_%]{ )RLecﬂ
DS1 DS3 in2

The output current of @, is current-divided between R, ||R,,;; and R,

in2?

and then passes through Q, to the load
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Why use *folded* cascode?
Lo Guped e

0.8V I
I 2
0.2mA
0.4V 4 O—T—o T
F R ooy Qo Qo
MQMjI o [04V] $ ) : o7 gl I—>|
0.0V o2t oov I | 2
R - e QM Q'if 04v] [0av
$| 4 oov ‘|I_g]/4 Q]é? 77 0 oO— -04V
d2mA 0.9um 0.9um ") L2 =
T e = [P g B g
R, R
| | 1.8um p -
1.8um | r_ _>.I. i L
- 0.4V
In DC-coupled circuits, the DC ouput voltage P
D
. . = 4kQ
of one stage is the DC input voltage of the next.
0.0V
R,
The PFET common-gate stages have shifted S " [oov °‘| Qu Qi |‘°
. 0.9;1:1 gg,um
the DC levels to more negative voltages.
|

ﬁl @m

This can be useful in DC bias design.
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Bipolar current mirror

Vee =197
V7 || [Teaca
?.3-( l s
7 Assume 5. VA e
il g _..-f,"{.r:"?,dé'
1
Wehave [ . =1 exp(V,, /V;) & ~In(l. /1)
where V, = kT / q =26mV @T=300K

Iy =Js A,
A, = emitter junction area

J; = emitter saturation current density (A/cm?).

Key points:
1) We will no longer blindly assume that V,, =0.7V. Instead, V,, =V, In({. /).

2) I, 1s proportional to the emitter junction area.



Bipolar current mirror
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yéc:(dy'

, v
9.3kQ l Lan

I =2?

Zcr E-"/Aa-—kfr-ﬁ//fﬁ

s”  — R =93kQ

= ’
Meofe Lilet //,t,y = Vet
/Jpr "("’:"
bié Lo = Lxs (éi’ */
r..//
#‘;S had ____,,..._fc (e _r’
jc:z = Zsa ._fcf = ,{a_‘_'z ey
j:f /d.ﬁ'.r

Wa Cca Seé& Cep? A cres ool ~aéo
We can set up a desired ratio of currents by using

transistors with a defined ratio of emitter areas

e 7/ .{"ﬂ/‘f:n‘/{f
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Effects of base currents

I/Pe/ L J% JL e ® T ey W oW s * Zz-://ﬂ
Lo+ Lo

MW 2 = Tt m el
a1l
= =2

__Z/ é’d-?.fe (5:/“/’-?#&‘." é‘iue zﬁa /ﬁ/{: & e—f‘;/—.fc:f:
Ehen oo F4.s.

_E&/ . "—"ZIC'://A?
fﬁ.r__ T

.l-cz = Zes
=
/

e T R A

7+ Z/ﬁz
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Reducing current with a resistor (Widlar)

Vi =V In(, / 1))
Vbez — VT ln(lcz /]SZ)

0,
But:
[refl
Vbel = Vbez + [CZR
Viln(lo, /1) =V, In({, / I5,)+1,R

Viln(lo Ig, /100 g)=1,R

I.. 1 I.. A
]C2 ]Sl ]C2 AEI

We can use a resistor to set up a desired current ratio
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Mirrors: Textbook vs. practical design

Textbooks frequently show mirrors without resistors.
Such designs are frequently *thermally unstable®.
Adding at least small resistors avoids this.

We will examine this in detail later.
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Current Mirrors with resistors

Vbel +]E1RE1 = Vbez +]E2RE2 and: Vbe — VT 1n(1c /[S)
Q SO
] Viln(lg, /1) + 1Ry =V, In(Lp, /1) +1,R,,
I I, 1
— VT In Lﬂﬁj — ]E2RE2 - ]EIREI
[EZ ISl

Evenif (I /,/1.,1, ) were 3, (kI'/ q)In(10) is only 30mV.

So, 1if we make the /R drops >>60mV, then the currents
tend to be controlled by the resistor ratios,

not by the /, ratios.

Particularly useful 1f using discrete parts, as transistors then will be poorly-matched
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Push-pull output stage.

3

Q,: diode-connected transistor, matched to Q,.

Q,: diode-connected transistor, matched to Q,.

) 4 First do bias analysis: V, =V =0V.
O— I/bel + V;)e3 - I/be2 + V;)e4 + 2IE212
4 but:
0, Vie =V7 ln(lc/ls)
SO
% V; 1n(1E1/1S1)+VT ln(]Es/Iss):
Voin(l,,/1,)+V, In(I,,/I,,)+2I,,R

17 1.1

So: V, ln( £2 128 j:ZIEzR
[El ]S2]S4

Assuming matching, i.e. [y, =1y , Iy, =15, =V, -In(I,,/1,)=1,R

Vo-In(1,,/1,)=1,,R
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Push-pull output stage.

+V,.. +V
S5, <5,
ﬁ

]Q;I— oo

El El e 7
ot ]ine of symmetry |

q

7 R, % for DC bias v
Q;|—
R
% Viep

V. - ln(]Ez/[ IR Ve ln(]EZ/[El) IR

DC bias analysis 1s same as for current mirror
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Push-pull output stage: AC operation

d) +V,.

Q;!
Vi J]Ef ]EZJ —ou,
;3_! ]]E3 ]E4J RE %

Approximately greatly: we just seek understanding

(1) Ignore emitter resistors.

(2) replace R, with current source, set f=co.

The latter forces I, = /., even under AC operation

Voer ¥ Vies = Vier + Ve

Viln(1,, /1) +VeIn(1y/ Igy) =V, In(1,, /1) +V, In(1,, /1,)
=10 1l =1.,1,,/1],

but: 151 :]Sza 153 :]S49]E1 :[E3 » SO. ]E2]E4 :Iél

]E2[E4 :]ér But]out — Vouz /RL :]EZ _]E4

Strong positive output (/ , >>1,,): Strong negative output ( —1,, >>1,,):

2 2
Lyy=1p I, =1p 151 Ly =dpy—1py =151z, — 1,

— E2 = ]out and]E4 = ]lzi’l /]out — [E4 = _]out and 1E4 = ]1%'71 /(_]out)
— (O, carries the output current — (), carries the output current

and Q, 1s almost off

and Q, 1s almost off
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Push-pull waveforms

Sketch of the current waveforms:

" , The positive transistor carries
positive transistor .
current the positive output current
negative transistor - The negative transistor carries
current .
/\ /\ the negative output current

output current

all currents \/ \-/

shown
fogether

Benefit of push-pull output stage:
No clipping limit due to cutoff
— No need for large bias current

even if stage must deliver large output current.
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Thermal instabilty: mirrors and push-pull stages

+V +V
;RBCC ;RBCC

ﬁ

Q;I_ Qg Q;I_ QZ

1y, R, p ) Iy R,
, ot ]ine of symmetry | . out

Vb - R; % for DC bias v v

o o

RL
%RB ln([Ez/IEl)zlEzR
'VEE

Mirrors and push-pull stages are prone to thermal instability

The analysis 1s the same for the two circuits
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Thermal instabilty: mirrors and push-pull stages

. This equivalent circuit will model both problems
Iy, The problem: V,, decreases with junction temperature
\ Increased junction temperature
| R — decreased V,,
T — increased current

— Increased power 1n transistor
— increased junction temperature

Current can increase without limit

Can lead to transistor self-destruction
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Thermal instabilty: definition of terms

cC dVbe

7 ~ —2.2mV/K for Si bipolars
EQ  dT

at fixed /-

T .
R \ Z’_P = Thermal resistance=6,, =60,.+ 6., +0,,,

I ¢,, = Junction-to-ambient thermal resistance
0, = Junction-to-case thermal resistance
0., = case-to-heatsink thermal resistance

0,,, = heatsink-to-ambient thermal resistance

P=1_V,.=Device power dissipation
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Thermal instabilty: analysis

tVee Assume a infinitesimal change in temperature o7

A

1 51E :(_5mae)/(RE +1/gm)
I SP=V,.-51,
"6T=80,-5P

v

The series 1+ x+x° +x° +.... diverges if | x |>1

So, to be thermally stable, we must have K, <1,
Where thermal — _dl/be VCCQJA
dl’ |, |R,+1/g,

We need either a good heatsink, significant emitter resistance, or both.



