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Current & Voltage References

why do we need voltage/current reference

VCC %)/Vco

if this Vpc varies as your power supply varies, you are in trouble

Current Sources

neglecting finite output resistance

Iy, =1y :[ref

Iref l i IDZ
a |_4| since both transistors have same Vas

—> what you need as a current
Ip, reference is a current source
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* Ip does not change with changing Vps2 +
(infinite output resistance) Vbs
R, —

* Ip does not change with temperature

* There is always a gain error ( 1 D/ _ lj
o=
ref

1) systematic gain error

\» you can calculate it as due to

2) random gain error ckt topology you have slight

\ gain error

due to process variation — transistor mismatch in Vrn

— can do only statistical analysis

* current sources always create a positive voltage drop (ViN)

—>  we want to minimize ViN especially for low-bias application

sometimes we use more than one input terminal
( cascode current mirror ) to be able to operate
at low Vpp

* A positive output voltage Vout is needed such

that I,~1, —>» V. | —» maximize range of output voltage

out min

at which R, = const
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Simple Current Mirror

VDD
% = Iy
M1
/ S — k': transconductance parameter ~ u
often we say this is a diode pud as TT

connected transistor
(while there is no diode when
you short-ckt MOS drain to gate!)

so Ip is a function of temperature

identical transistors :

.. . Vi =Vina
operating 1n active ' ,
. . . kl = k2 ] _ 1
mode with infinite —» lp =1ip
output resistance! (Zj _ (Kj
L 1 L 2 I(ml = I[N

In practice if devices are not identical

)

I, = W/ 2], —> transistors can be ratioed to get gain < > 1
L/

j L
L's as L, not L

drawn

0.130.18 0.5z technology
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So far we assumed drain current is independent of drain-source voltage

In active region Ip increases as Vbps increases

this is characterized by output resistance

— Vs
‘/ v, 1
early voltage R, =—==
y g ¢ ID2 2’ IDZ

J

U Lyfax, )
© A1, I,\adv,

the good thing about MOS is
that by increasing L (keeping
W/L the same) you can

/ improve output resistance

we know this parm as channel length modulation factor

(V%) ( V.. -V ]
]Oul — 2 I 1 + DS2 DS1
( L jl IN VA

systematic gain error of a simple current mirror

— VD B VDSl
VA
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The minimum output voltage needed to keep M2 in saturation region

21,
Vosa >Voss =V = Vst min = TW—ZY
kV
L/
Voutmin depends on transistor geometary
[Oltl
E / Vout min
VDS 2 Vout
if you reduce Ve =V

you can still keep Iout high enough by increasing (V%)
2

—> but there is a limit as you enter weak inversion instead of strong inversion

transistor goes to subthreshold Vg ~ V7,

_—>» thermal voltage
at weak inversion Viss =V ~ 20V,

ideality factor

K — 7

T s =3V = T8mV
V,=26mV =— !

oaVy,, ol , r, , V.,V

o out min

&

systematic gain error
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Cascode Current Mirror

VDD
output resistance increases as
1, ¢ l ; you go to cascode topology
out
M4 ;”_4| M?2 JFOZ R0:r02(1+gm21"01)+l"01

M3 JH—F M1 ]nl

L

Problem: Voutmin increase 1, %

out min

4

|
o\ Vo
M1 & M2 M1 active
in triode M2 triode

you can stack more transistors to get higher output resistance

you can stack more transistors to get higher output resistance

®
R03 7"03 (1 +gm3 R02)+ R()2
d———F M3 R, =

02 7"02 (l + gm2 ral)+ rul
A-———F M2
r, =1MQ
;”_ Ml ] - Ro3 :ro3gm3 ro2gm2 ’ﬁ ZZSGQ

’ 50 50 1MQ
1
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of course parasitic leakage path such as substrate leakage path is
comparable to the output resistance

VDD

n®

M4 ;H_m M2
M3 a l_/4| M Vaa =Ves Ve =V
if Vasa =Vosa
1 - '

diode connected M3 V=V

gs3 Visi =Vbss

M1 & M3 are identically biased

therefore systematic gain error &=0

in practice Vs #Vea  because of channel length modulation

—» £~0

* input voltage

Vi =V,

gs3 + Vgs4

ignoring body effect and assuming transistors with identical overdrive V5 =V,

1
Vi =2V, +2 o
k' (V% )3 — 3 make it difficult to design
input current source with
body effect ] > 1 low power supply
Th
Vg >0
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* for both M1 & M2 to operate in active region
Visi ®Vpsy = Vgs}

. 21
M2 active —>» Visa i VgSZ ~V = kvil/% )
2

/‘\‘2 Ji 21,
Vit min =Vosi ¥ Vosamin =Vies + > > Vosimin =V +2
out min min S ' W ' W
V7. ) )
Vo—v o+ 21, problem is now you have to at least
g3 T N7 have Vh at your output
)

for simple current source

s [20

S

Vow <Vt win —» M2 in triode
21
Vi< C_+ —» Ml in triode
Oui ' W
et7)
/ almost flat due to very high
Lo | Lou S output impedance provided

by cascode

i] 21 v
/7—)]{' W;L Vi +2 ,ﬁk' W?L out

’ 21
= 2 D : - :
Vi min =V + ﬁk' V% is too high for low power design
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VTh comes because _ _
VDSI - VDS3 - VgsS

if you could bias Vbsi at lower voltage (Vth lower)

then M1 would be still in active region

%
DD(T) /___» this battery introduces a level shift
¢ but we do not have battery
V.

;] |_ Th to get the level shift we use source-followers

AH——
I

Voo T

®
g mp)ma = w2 ()
(V%) M3 17 5, M1 (V%) > Vs min =2\/%

MS5 source follower ~—> biased by M3, M6 simple current source

Vi =2V, +3 ‘2(%) —> limits the minimum power supply you can use
k'
L

VDS] B VDS3 ~ B VTh
VA VA

systematic gain error =

smaller W/L ratio selected due to body effect to ensure proper operation
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Wilson Current Source

VDD

1 1
RO :_+7"02 +gm2 r02(1+ Jrfﬁ
gml 7"03

ml

i Iaut ~ (l+gm2 rUS )rUZ

ma dbE M2 \ output resistance is
as high as cascode
M3 d———F m1

=0 —>» systematic gain error
without M4

21
V.=V +/ =
out min gsl ) W V _ V _ V
klél o= DSIV DS3 _ VGsz
A A
21
=V, +2 D
11/4
e,)
V=V +V, =2V, +2 21p
IN = 7 gsl gs2 Th W\w
oA

bias a transistor
* you can use current source <
active load —>» much more compact than resistor

give you high eq. res = high gain

example: Voo T

use PMOS

in a simple j _|
current source N

out

V,‘ >>_| '; Iref
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Sensitivity to Power Supply

"
l—%%

definition of sensitivity SY =lim =L -2

Vop =V,
]out = IIN = DDR =
1y — VDD . aqut — RVDD i — VDD z1
VDD

I out 0 VDD VDD - VGS R VDD - VGS

how Iout varies as supply assuming Vbp >> Vas

voltage varies slightly

Simple current source should not be used

if bias independent current source is desired
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Another Example

% Threshold referenced current source
DD

(VT - referenced)

R gi Iy I V., + 21,
e o

H; M2 out — R2 - R2
M1 ZIIL b . . .
e y selecting sufficiently low input
% ? current and large (W/L)1 :

'2WI/D < Vp
V<)

—>» output current becomes independent of power supply

Slaur — VDD aIout _{IIN .aluuth[VDD . aIIN ]

Voo Iam : aVDD - Iout a][N IIN 6 VDD
=SS,
21,
"\w
f A 1 2 -l( )_l/zz—m
I qut R2 k' V%; | 2 " 2R2]UMZ
21,
"\w
— m = S Loy - M . Iy
oo 2VGS1 oo
21,

- 104 -



ECE695F RFIC
Prof. S. Mohammadi

_ VDD — Vcsz — VGSI _ VDD — VThZ — VThl

Rl j_ Rl
small current

IIN ~
large W/L ratios = Sy,~1

IN

Assuming V=25V —> I, ~ 25-07-07 1V

3 ~ 3
RIZSOKQ 50x10 50x10

V,, =07V 21y
Vasi =V +
" —4 2 vW
K'=1.6x10" 4/V \/ki/Lil
(%) =25 074 [ 40x10°°
! © V1.6x107*x25

=0.7+0.1=0.8V

=204

she 208207 L 66
w 2x0.8 16

Still bias dependent but it is better than

simple current source where S=100 %

oy =8 = 22 2100
R, 8KOQ

[Kj =125 > Vg, =08V
L 2

how to completely remove the sensitivity to power supply

—> use a technique called bootstrap bias = self bias
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what if IiN is a mirror of lout

VDD

ckt
implementation T
S

current A M6

. M4 | '
mirror ; jl — M5 | l I,
" v

current M1 dF i M3
source § R

by adjusting M6 and M3 sizing you can get

any current you wish for Bias 2 & Bias 1

)i / ¥— In=lout current mirror characteristics (PMOS’ s)
out
¥~ current source characteristics (NMOS’ s)
desired
operating point
y [ IN
undesired

\‘ need a start-up ckt to avoid zero current state
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VDD
VDD T
self biasing Q
implementation
with start-up ckt M8 M4 I M5 — &) M6
M9 fll—
S
1 m g @ M3
R
/ %
inverter 1

in case of zero state current, the voltage across R is zero
Then output of inverter M7 & M8 is Vpp which turns
M9 on into saturation which turns on M5 to conduct -

go to other stable solution

out

at In=lou=Iret the voltage Iref R across R results in
inverter output to be zero therefore turns off M9 but

M5 current continue to pass through M2 and R
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Now that we have made supply independent current

sources, what about temperature sensitivity?

self-biased current source

21
V + __TTIN
J = "k /L),
out R

unfortunately Vtn is a strong function of temperature

AV,  —2mV
AT~ C°

There are other ways to make current sources

such that IBias is not a function of Vtn

VDD

I

fll——lé

Ay Ve

1

PNP 1 1 n PNP 2

sinc ratio n by sizing the emitter areas n:1
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So far we only talked about CMOS
Here we are using bipolar pnp transistor
The good news is we can use parasitic pnp bipolar

transistor in an only CMOS technology

How
NMOS v, PMOS
G G
_ 7 _
o] o] (o] [ o] [o] Lo | ] Lol v
n-well n—-well S~ substrate PNP

P-sub ‘ \
pas <

collector is always grounded

but it is OK for our circuit

current in bipolar transistors has

an exponential dependent to input voltage

p
I:JOAEeXp(i] - V,=V,In

T O“7E
dark current )
density emitter kT
area thermal voltage =— =26 mV at room temp

q

do not confuse with threshold voltage

- 109 -



ECE695F RFIC
Prof. S. Mohammadi

How does the ckt work

assuming identical MOS transistors

!

PMOS current mirrors

EN
|
~

I
RI, , =V, ln(nij
L ou current mirror
V.
]Uut = ?T ln(l’l)

again lout is independent of bias (Vpp) but still a strong function of temperature
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How to make temperature independent bias

Temperature Coefficient (TC) of lout

1 a,,
1, oT
— e G T
]out = _T ln(n) ! ot
TC: _[oztt_a_R+[out_aVT 1
R or v, or )i,
c—| L 10k
V., 0T ROT 1 16R
> TR
oV,
VT:KT —> TIEIL-VT
q or gq T

assuming R with a temp coefficient of + 1500 ppf%c

—> 7C,,, =3300 PP’% o~ 1500 P77

at 300K 3

positive temp coefficient of

= ppm
OC—18OO °oC

the resistor slightly compensates
for temp coefficient of thermal

voltage but it is not enough
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Temperature Independent Biasing

M —

+ A +
R3 J VUL{[
CMOS _
0, 0, based

R
V(mt = (R_z + IJ(VEBI - VEBZ )+ VEBZ
3

emitter base voltage

—2mV
e VT TCz OC
+ve TC —ve TC
. /

/

cancel each other

I, I I, A
AV =V, =V, =V In —Lx3%|=V In —Lx—£Z
EB EB1 EB2 T ( , ISI ] T (12 AEl J

'

dark current

to geta high AV,, we force a small current into

a large transistor and a large current into a small transistor
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Bandgap Reference Circuit

1

Vir| ~~22"c
/ r
1 |4

BE(on) 2
M=~ ~24
/V 0.085
f Vout = VBE(on) + MVT
Vr =0.65+24%x0.026 =1.26 = bandgap of silicon

VT
%;’P”%C = 0.085 mV/C
T, = 400
///_\'\
aV()Ml — 0
oT

A

0 20 T(°C)
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