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CHAPTER 4 - CMOS SUBCIRCUITS
Chapter Outline
4.1 MOS Switch
4.2 MOS Diode/Active Resistor
4.3 Current Sinks and Sources
4.4 Current Mirrors
4.5 Current and Voltage References
4.6 Bandgap Reference

Goal

To develop an understanding of the sub-blocks and subcircuits used in CMOS analog
circuit design.

Design Hierarch Functional blocks or circuits

(Perform a complex function)

v 1

Blocks or circuits
(Combination of primitives, independent)

v 1

Sub-blocks or subcircuits
Chapter 4 [:» (A primitive, not independent)

Fig. 4.0-1
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Illustration of Hierarchy in Analog Circuits for an Op Amp

Operational Amplifier
Biasing Input Second Output
Circuits Differential Gain Stage
Amplifier Stage
Current Current Current Source Current  Inverter Current Source Current
Source Mirrors  Sink Coupled Pair Mirror Load Sink Load  Follower = Sink Load

Fig. 4.0-2
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SECTION 4.1 - MOS SWITCH

Model for a Switch zoph
¢ An ideal switch is a short-circuit )/
when ON and an open-circuit when Forr
OFF. VWA -
‘o M—1 ——(F o

\
71

—O m<1 O—e--=--d-=-=-=-=
\

e Actual switch: 47 Fig. 4.1-1
V¢ = controlling terminal for the switch (V¢ high = switch ON, V¢ low = switch OFF)

ron = resistance of the switch when ON roff= resistance of the switch when OFF
Vos = offset voltage when the switch is ON [, = offset current when the switch is OFF
14 and Ip are leakage currents to ground C4 and Cp are capacitances to ground

C4c and Cp( = parasitic capacitors between the control terminal and switch terminals
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MOS Transistor as a Switch
Bulk

A B A | B
: (S/D) (D/S)

I Figd.1-2
On Characteristics of a MOS Switch
Assume operation in active region (Vps<Ves - V) and vps small.

COXW \% Coxw
Ip = b L (vgs - V1) - % Vps = MT (Vas - V1)Vps

Vps 1
Thus, Roy = i = pC, W
L (Vgs - V1)
OFF Characteristics of a MOS Switch
If vgs< Vr, then 1p = Iorr = 0 when vps = OV.
If vps > 0, then

1 1

ROFF = ID)\' = IOFF}\' =~ 00
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MOS Switch Voltage Ranges

If a MOS switch is used to connect two circuits that can have analog signal that vary
from O to 1V, what must be the value of the bulk and gate voltages for the switch to work
properly?

Bulk
0 to 1V) JL 0t 1V)
Circuit (S7D) (D7S) Circuit
| 2
Gate
= = Fig4l3

* To insure that the bulk-source and bulk-drain pn junctions are reverse biased, the bulk
voltage must be less than the minimum analog signal for a NMOS switch.

 To insure that the switch is on, the gate voltage must be greater than the maximum
analog signal plus the threshold for a NMOS switch.

Therefore:

VBuik < 0V
and VGatelon) > 1V + Vy
Also, VGate(off) = OV

Unfortunately, the large value of reverse bias bulk voltage causes the threshold voltage to
increase.
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Current-Voltage Characteristics of a NMOS Switch

The following simulated output characteristics correspond to triode operation of the
MOSFET.

100pA —— — o
r VGs=3.0V+ _ 1
Vgs=3.5V /VGS_Z'SV:
i VGs=4.0V /
50uA Vas=4-5V.
[ VG5=5.0V1 Vs=2.0V]
, [ Vis=1.5V ]
D OuA i ' GS -
/ VGS:LOV-
-50uA /
-100uA . /. ///// . NP R
-1v -0.5V ov 0.5v 1V
VDS Fig. 4.1-4
SPICE Input File: zgg § 8 DDS 05.0O
MOS Switch On Characteristics DC VDS -1 i 0.1VGS 1505
.MODEL MNMOS NMOS VTO=0.7, KP=110U, PROBE
+LAMBDA=0.04, GAMMA=0.4 PHI=0.7 END

VDS 10DC 0.0
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MOS Switch ON Resistance as a Function of Gate-Source Voltage

100kQ frrrrrr
£ 10kQE
47z < T
2 ; —__ W/L = lum/ljum
5] \ I
0{1 - _\\-
5 1kQ \\ A S
S 1 S gy i
&= i T~ W/L = 10um/Tum 7
C 100QE
= 2 I s ]
_ W/L = 50um/lym
Qe
IV 15V 2V 25V 3V 35V 4V 45V 5V
Vs Fig. 4.1-5
SPICE Input File: +LAMBDA=0.04, GAMMA=0.4, PHI=0.7
MOS Switch On Resistance as a f(W/L) :]/gg é 8 Bg 8'801V
M21200MNMOS W=5U L=1U ’ )
M3 1200 MNMOS W=10U L=1U 'II;)1§I{4N4T) DCIDM1) IDM2) ID(M3)
M4 1200 MNMOS W=50U L=1U PROBE
.MODEL MNMOS NMOS VTO=0.7, KP=110U, :END
CMOS Analog Circuit Design © P.E. Allen - 2004
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Influence of the ON Resistance on MOS Switches

Finite ON Resistance:
vg(0) =0

+
C VGat.
Vin=2.5V 5 o = v
Example

Initially assume the capacitor is uncharged. If VG,4.(ON) is 5V and is high for 0.1ys,

find the W/L of the MOSFET switch that will charge a capacitance of 10pF in five time
constants.

" Fig. 4.1

Solution
The time constant must be 100ns/5 = 20ns. Therefore Ry must be less than
20ns/10pF = 2k€. The ON resistance of the MOSFET (for small vpyg) is
1 W 1 1
RoN=KyWIL)VGs- VD = L =RoNKN(VGsVD =~ ka1 10uA/V2-4.3 =
Comments:
e It is relatively easy to charge on-chip capacitors with minimum size switches.

 Switch resistance is really not constant during switching and the problem is more
complex than above.

1.06
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Including the Influence of the Varying On Resistance
Gate-source Constant

K'W Ip 4 goNO) =0 G5=5V
goN(1) =71 [(vGs()-VT) -0.5vps(0)]
1 goN©0) + gon()
8ON(aver.) = rON(aver.) ™ 2
K'W K'WVps(0) KW
=71 Vgs-Vr) - 4L +21 (VGs-Vr) =0 .y
K'W K’WVps(0) vDS(®) vDs(0) Fli); 4.1-7
=1 (Vgs-Vp) - aL
Gate-source Varying
pa gON(O)\A =0 Vgs=5V VGate
| _T_+VGS(I)
(  e(0) =0
VIN C ve(0) =
VGs=5V-v = -
gON(OO) | @ w — - ]T:
=% ! Y
vps(©) vps©0) DS Fig. 4.1-8
K'W K'WVps(0) KW
goNn =2, [Vgs(0)-VT] - aL + 2L [VGs(®)-viN-VT]
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Example 4.1-1 - Switch ON Resistance
. ) 5V
Assume that at = 0, the gate of the switch shown is | Co = 100F
taken to 5V. Design the W/L value of the switch to 0V _T_ 25, P

: : s A 1\Y
discharge the Cj capacitor to within 1% of its initial - Voul®

charge in 10ns. Use the MOSFET parameters of Table
3.1-2.

Fig.4.1-9
Solution

Note that the source of the NMOS is on the right and is always at ground potential so
there 1s no bulk effect as long as the voltage across Cj is positive. The voltage across C

can be expressed as

-1
VCl(l‘) = 5€Xp RONCI)
At 10ns, v 1s 5/100 or 0.05V. Therefore,

108 =5 (1—03) Gonl103=100 = G —M—OOO%S
RONIO_II = J€Xp Ron, = exp(Gon10°)= = GON= 103 V-

K'w K"WVps(0)
00046 =—7 (Vgs-Vp) -— 41, =

W _0.0046
L = 356x10-6

CMOS Analog Circuit Design © P.E. Allen - 2004

0.05=5exp

110x10-6-5\W W
110x10-6-4.3-—7 |7 =356x10-6

Thus, =13.71=14
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Influence of the OFF State on MOS Switches

The OFF state influence is primarily in any current that flows from the terminals of the
switch to ground.

An example might be:

Vin
(e + Vout
—o0
Fig. 4.1-10

Typically, no problems occur unless capacitance voltages are held for a long time. For
example,

Voul) = vey e V(RBulkCH)
If Rpyzi = 109Q and Cpy = 10pF, the time constant is 109-10-11 = 0.01seconds

CMOS Analog Circuit Design © P.E. Allen - 2004
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Influence of Parasitic Capacitances
The parasitic capacitors have two influences:

* Parasitics to ground at the switch terminals (Cgp and Cpgg) add to the value of the
desired capacitors.

This problem is solved by the use of stray-insensitive switched capacitor circuits

* Parasitics from gate to source and drain cause charge injection onto or off the desired
capacitors.

This problem can be minimized but not eliminated.

Model for studying charge injection:
2

Cchannel Cchannel ! Cchannel
2 2

CGSO= == L capo
TFL
+ CL + Rchanncl + Rchannel L +
Vs :: VeL VS :-\ VeL VS :: Ve
T T T
A simple switch circuit useful A distributed model of A lumped model of
for studying charge injection. the transistor switch. the transistor switch.  Fig. 4.1-11

CMOS Analog Circuit Design © P.E. Allen - 2004
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Charge Injection (Clock feedthrough, Charge feedthrough)

Charge injection is a complex analysis which is better suited for computer analysis.
Here we will attempt to develop an understanding sufficient to show ways of reducing the
effect of charge injection.

What is Charge Injection? J_\_

1.) When the voltages change across the gate-drain
and gate-source capacitors, a current will flow 1/ ________ {‘\
dv N >

becauseizCE. SN /

2.) When the switch is off, charge injection will
appear on the external capacitors (Cy) connected to

the switch terminals causing their voltages to change. =

There are two cases of charge injection depending upon the transition rate when the
switch turns off.

1.) Slow transition time.
2.) Fast transition time.

CMOS Analog Circuit Design © P.E. Allen - 2004
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Slow Transition Time
Consider the following switch circuit:

Charge
 injection

Vin — CL Vin - CL

— - Fig. 4.1-13

1.) During the on-to-off transition time from A to B, the charge injection is absorbed by
the low impedance source, v;j,.

2.) The switch turns off when the gate voltage is v;,+V7 (point B).

3.) From B to C the switch is off but the gate voltage is changing. As a result charge
injection occurs to Cy.

CMOS Analog Circuit Design © P.E. Allen - 2004
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Fast Transition Time

For the fast transition time, the rate of transition is faster than the channel time constant
so that some of the charge during the region from point A to point B is injected onto Cy,

even though the transistor switch has not yet turned off.

Charge : ' Charge
| injection  +  injection
- Vi
~CL. in CrL
= = Fig. 4.1-14
CMOS Analog Circuit Design © P.E. Allen - 2004
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A Quantized Model of Charge Injection’

Approximate the gate transition as a stair case and discretize in voltage as follows:

Voltage Voltage
A A

Charge
injection
due to fast
£y transitioyt
Slow Transition Fast Transition Fig 4.1-15

The time constant of the channel, Repgnnel Cehannel, determines whether or not the
capacitance, Cy, fully charges during each voltage step.

“B.J. Sheu and C. Hu, “Switched-Induced Error Voltage on A Switched Capacitor,” IEEE J. Solid-State Circuits, Vol. SC-19, No. 4, pp. 519-525,
August 1984.
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Analytical Expressions to Approximate Charge Injection
Assume the gate voltage is making a transition from high, Vg, to low, V7.
VGate = vG(t) =V - Ut
where U = magnitude of the slope of v(?)
KW
Define Vyr= Vg -Vs-Vr and =" .
The error in voltage across Cy, Vg0, 18 given below in two terms. The first term

corrsponds to the feedthrough that occurs while the switch is still on and the second term
corresponds to feedthrough when the switch is off.

2
. BVHT
1.) Slow transition occurs when 2C; > U.

#UC[, W-CGDO
2B -~ ¢ (Vs+2Vr-Vp)

2
iy BVHT
2.) Fast transition occurs when 20 << U.

Cchannel
W-CGDO + — 9

Cr

Verror =

Cchannel 3
W-CGDO + 7 BVHT| W-CGDO
Verror = - Cr Vur - 6U-Cy) " Cy (Vs+2Vr-Vp)
CMOS Analog Circuit Design © P.E. Allen - 2004
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Expression for Feedthrough when the Switch is OFF
The model for this case is given as:

Charge

_I, ’ ‘\“ in. 4
H jection Vs+Vr +
% Oy i
o Circuit at the

instant gate

reaches Vs +Vr T
= =  Fig.4.1-16

The switch decrease from B to C is modeled as a negative step of magnitude Vg +V7- Vy.
The output voltage on the capacitor after opening the switch is,

CL CoL CoL CoL
VCL=|Coi+CL Vs- Col+Cy Vr-(Vs+Vr-Vp) Col+Cr) = Vs-(Vs+2Vr-Vp) C

if Cor < Cy.
Therefore, the error voltage is

CoL CoL
Verror =-(Vs+2Vr-Vp) C; |= -(ip +2V7- V)

CL

CMOS Analog Circuit Design © P.E. Allen - 2004
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Example 4.1-2 - Calculation of Charge Feedthrough Error

Calculate the effect of charge feedthrough VG
on the previous circuit where Vg =1V, Cp /1
= 200fF, W/L = 0.8um/0.8um, and V; is

given below for the two cases. Use model

parameters from Tables 3.1-2 and 3.2-1.
Neglect AL and AW effects.

Solution
Case 1:

The value of U is equal to 5V/0.2nS or 25x109. Next we must test to see if the slow
or fast transition time is appropriate. First calculate the value of V7 as

Vr= Vo + W2I¢r -Vas - W29 = 0.7 + 0.44/0.7+1 - 0.44/0.7 = 0.887V
Therefore,

ov

0 |
Q.2ns 10ns > Fig.4.1-17

2
BVaT 110x10-6-3.1132
Vur=Vyg-Vs-V7r=5-1-0.887=3.113V = 2C; = 3 200fF =2.66x109 < 25x109

which corresponds to the fast transition case. Using the previous expression gives,

Verror =
176x10-18+0.5(1.58x10-15))( 3.32x10-3) 176x10-18
) 200x10-15 137300103 )~ 200x10-15U 1 774-0) = -16.94mV
CMOS Analog Circuit Design © P.E. Allen - 2004
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Example 4.1-2- Continued
Case 2:

In this case U is equal to 5V/10ns or 5x108 which means that the slow transition case
is valid (5x108 < 2.66x109).
Using the previous expression gives,

176x10'18+0.5(1.58X10‘15))( 314x10—6) 176x10-18
Verror = 200x10-15 220x10-6/200x10-150 +1.774-0) = -8.21mV

Comment:

These results are not expected to give precise answers regarding the amount of
charge feedthrough one should expect in an actual circuit. Rather, they are a guide to
understand the effects of various circuit elements and terminal conditions in order to
minimize unwanted behavior by design techniques.

CMOS Analog Circuit Design © P.E. Allen - 2004
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Solutions to Charge Injection
1.) Use minimum size switches to reduce the overlap capacitances and/or increaseCy..

2.) Use a dummy compensating transistor.

AN

W1 _=|_ / L Wp_ ;‘l/}
___Ll IA |A| LDt 1
MI f:ﬂ’ MD

= :E =  Fig. 4.1-19
* Requires complementary clocks
» Complete cancellation is difficult and may in fact may make the feedthrough worse
3.) Use complementary switches (transmission gates)
4.) Use differential implementation of switched capacitor circuits (probably the best

solution)
CMOS Analog Circuit Design © P.E. Allen - 2004
Chapter 4 — Section 1 (5/2/04) Page 4.1-20

Input-Dependent Charge Injection
Examination of the error voltage reveals that,

Error voltage = Component independent of input + Component dependent on input

This only occurs for switches that are floating and is due to the fact that the input
influences the voltage at which the transistor switches (v;, = Vg = Vp). Leads to

spurious responses and other undesired results.

Solution: 014
Use delayed clocks to ﬂ ﬂ T

remove the input-depend- G +— >t

ence by breaking the Vi o O 9 4

current path for injection 12175_2( ES ¢154 Vot §

from the floating switches. J7 CL % ¢
$ $1ad

Assume that Cg is charged r ﬂ .

to Vl'lln %Oth 1 and $1d CISZLB_e:lay Fig. 4.1-20

are high):

1.) ¢1 opens, no input-dependent feedthrough because switch terminals (S3) are at
ground potential.

2.) ¢14 opens, no feedthrough occurs because there is no current path (except through
small parasitic capacitors).

CMOS Analog Circuit Design © P.E. Allen - 2004
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CMOS Switches (Transmission Gate)

IClock

! | | TClock
A — B A B
o— Vbpp ——o =
Clock
I Clock Fig. 4.1-21
Advantages:
* Feedthrough somewhat diminished
e Larger dynamic range
* Lower ON resistance
Disadvantages:
* Requires a complementary clock
* Requires more area
CMOS Analog Circuit Design © P.E. Allen - 2004
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Example 4.1-3 - Charge Injection for a CMOS Switch

Calculate the effect of charge feedthrough on the
circuit shown below. Assume that U = 5V/50ns =

108V/s, v;;, = 2.5V and ignore the bulk effect. Use 0.8um

the model parameters from Tables 3.1-2 and 3.2-1. 0-8um

Solution v ( o.gun\ﬂ_FMll iL)F:J_‘;CL
First we must identify the transition behavior. For ~ oum I I

the NMOS transistor we have =

2
BNVHTIN 110x10-6-(5-2.5-0.7)2
2Cp ~— 1.10-12
For the PMOS transistor, noting that
Varp=Vs-IVrpl -V =25-0.7-0=1.8

= 1.78x108

2
BPVuTP  50x10-6-(1.8)2 , o
we have 2C; = 5.10-12 =8.10x107 . Thus, the NMOS transistor is in the

slow transition and the PMOS transistor is in the fast transition regimes.
Error due to NMOS:

176x10-18 + 0.5(1.58x10-15) m-108.10-12  176x10-18
Verror(NMOS) = - 10_12 2110X10'6 - 10_12 (2.5+1.4'O)

=-1.840mV

CMOS Analog Circuit Design © P.E. Allen - 2004
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Example 4.1-3 - Continued
Error due to PMOS:

Verror(PMOS) =

176x10-18+0.5(1.58x10-15))(  50x10-6(1.8)3) 176x10-18
(5+1.4-2.5)

10-12 27 6-108-10-12 + 10-12
=1.956mV
Net error voltage due to charge injection is 116uV. This will vary with Vg.

CMOS Analog Circuit Design © P.E. Allen - 2004
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Dynamic Range of the CMOS Switch
The dynamic range of a switch is the oo

range of voltages at the switch SRl VeIV
terminals (V4=Vp=V, p) over which =1 | I :
' ’ S A
the ON resistance stays reasonably £ = | Von i Vppe1.5v
small. 2 I =L5VE L
S 6kQ -
&pp = i I : \ 5
Mi o r : T Vbp=2V|
= B . Lo
1L 5 4k FONS
A = B : / NS ]
. AVDD v | / s =2V R ’-‘_s~ ]
" . "ado
VA B JL 1uA ZkQ +* ‘.A‘/ ::2 5 S?
’ w - i o DDT<. =FIx .
2 M2 !"_4._-::‘__',..-’ | i VDD=3V\'”'M
- I = 0 |:.=ﬂ—'——""‘"'—' 4
) Fig. 4.1-22 oV 0.5V v 1.5V 2V 2.5V 3V
SpiCC File: V4,8 (Common mode voltage)  Fig. 4.1-22A
Simulation CMOS transmission switch resistance VDD 30
M1 132 0MNMOS L=1U W=10U VAB 10
M2 1023 MPMOS L=1U W=10U IA20DC 1U
MODEL MNMOS NMOS VTO=0.7, KP=110U, DC VAB030.02VDD 130.5
+LAMBDA=0.04, GAMMA=0.4, PHI=0.7 PRINT DC V(1,2)
MODEL MPMOS PMOS VTO=-0.7, KP=50U, END

+ LAMBDA=0.05, GAMMA=0.5, PHI=0.8

Result:
Low ON resistance over a wide voltage range is difficult as the power supply decreases.

CMOS Analog Circuit Design © P.E. Allen - 2004
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CMOS Switch with Twin-Well Switchin

VControl (o,
ok
VDD
A
M3

Analog - |—| Analog
Signal = — i H —o0 Signal
I Output
nput M4 M5 utpu

L Vss

M2
V control ©
Circuit when Vcguirol 1 1n its high state. Circuit when Vg1 18 1n its low state.
High State Low State
|T|' M1 ‘lTl' M1
Analog Analog Analog Vss Analog
Signal 0] —© Signal Signal 0] \V2 —© Signal
DD
Input Output Input Output
140
== M2 — M2
o J,
Low State High State
CMOS Analog Circuit Design © P.E. Allen - 2004
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Charge Pumps for Switches with LLow Power Supply Voltages

As power supply voltages decrease below 3V, it becomes difficult to keep the switch
on at a low value of on-resistance over the range of the power supply. Consequently,
charge pumps are used.

Charge pump circuit:

VDD= 3 3V

(Prevents latchup)

\:] Vsub _hi gl?lf?lf:
>< NMOS

\

> switch
Cl Ju— Vhl =~ 5V

oV °
G

gate, NMOS switch + C2 + CL

Vhi = 2\ZDD' C

CMOS Analog Circuit Design © P.E. Allen - 2004
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Charge Pump - Continued
High voltage generator for the well of M1:

Vpp=3.3V
l:] lf 6.6\/_{_{_{_
}_>({ Visub_hi
140
AT -
3.3V Cl=< 2 == CBulk CStoragEl:
o— - -
oV Fig. 4.1-225

Prevents latch-up of M1 by providing a high bulk bias (6.6V).

Use a separate clock driver for each switch to avoid crosstalk through the gate clock
lines. Area for layout can be small.

CMOS Analog Circuit Design © P.E. Allen - 2004
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Simulation of the Charge Pump Circuit’
Circuit:
Vbb
CLK_out Ml M2 CLK_out
o M5 M3 o
Jils ﬂf e astie i
M M4
CLK _in 6:] [:
Vgs Fig 4.1-23
Simulation:

Volts

%0 10 20 30 20 50 60 70 30 90 100

Time (us) Fig. 4.1-24

“T.B. Cho and R.R. Gray, “A 10b, 20 Msample/s, 35mW Pipeline A/D Converter,” IEEE J. of Solid-State Circuits, Vol. 30, No. 3m March 1995, pp.
166-172.
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Bootstrapped Switches with High Reliability’

In the previous charge pump switch driver, the amount of gate-source drive depends

upon the input signal and can easily cause
reliability problems because it becomes too large = Vb 5
for low values of input signal. o ¥ 5 ol ¥ 5
The solution to this problemisa —
bootstrapped switch as shown.
Actual bootstrap switch: OFF ON  Fig.4.1-25
Vop Ve a
M2 l I Boosted Clock
M1 M3 o—| M4 AW v
M8
e MlO L 7700 I I Tt I 8 1 A
O—| M5 Mi3 |_‘ vg Input S g al
_ o R . ks
qc)z | M12 M2 : i In = “’/ >t
Co ML Fig. 4.1-26

¢low: M7 and M10 make vo,=0 and C3 charges to Vpp, ¢ high: C3 connected to vgg -
M7 reduces the vpg and vig of M10 when ¢ = 0. M13 ensures that vgsg < Vpp.
The parasitics at the source of M 11 require this node to be driven from a low impedance.

¥ A.M. Abo and P.R. Gray, “A 1.5V, 10-bit, 14.3-MS/s CMOS Pipeline Analog-to-Digital Converter, IEEE J. of Solid-State Circuits, Vol. 34, No. 5,
May 1999, pp. 599-605.

CMOS Analog Circuit Design © P.E. Allen - 2004
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Summary of MOSFET Switches

* Symmetrical switching characteristics
* High OFF resistance
* Moderate ON resistance (OK for most applications)
* Clock feedthrough is proportional to size of switch (W) and inversely proportional to
switching capacitors.
* QOutput offset due to clock feedthrough has 2 components:
Input dependent
Input independent
* Complementary switches help increase dynamic range.
* Fully differential operation should minimize the clock feedthrough.
* As power supply reduces, switches become more difficult to fully turn on.
» Switches contribute a kT/C noise which can get folded back into the baseband.

CMOS Analog Circuit Design © P.E. Allen - 2004
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SECTION 4.2 - MOS DIODE/ACTIVE RESISTOR

MOS Diode

When the MOSFET has the gate connected to the drain, it acts like a diode with
characteristics similar to a pn-junction diode.

A
+ +
l i
VSG =V
VGS=V = et
l i
Vr Fig. 4-2-1

Note that when the gate is connected to the drain of an enhancement MOSFET, the
MOSFET is always in the saturation region.

vpsz=vgs-Vr = vp-vg=zvg-vs-Vr= vp-vg=-Vr = VpG=-Vr

Since Vris always greater than zero for an enhancement device, then vpG = 0 satisfies
the conditions for saturation.

e Works for NMOS or PMOS
* Note that the drain could be V7 less than the gate and still be in saturation
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Large-Signal and Small-Signal Characteristics of the MOS Diode
Large-Signal Characteristics:

Ignore channel modulation-

.. KW ,_B 5 2ip
i=ip="31 (vGs-VD?=73(vGs-Vp? and v=vgs=vps=Vr+ \| B
Small-Signal Characteristics:
The small signal model is a linearization of the large signal model at an operating point.

. B B

ip=7 (vGs-VP2(1+iwps) = g+ 1Ip=7 Vgt (VGs-VDI2 [ 1+4vs+Vps)]

. B B B

igtIp=7 Vgs2 +BVGs-VIvegs + 2 (VGs-VT )2 +75 Vgsz}“’ds + B(VGS-VT)vgsivds

B B B
+5 (VGs-VD2W a5 + 5 v AVps + BVGs-VT)vesiVDs + 2 (VGs-VD2AVDs
Assume that vos < VGs-VT, vgs < Vpgand A <<l. Therefore we write:

. B B
igHp ~ BVGs-Vvgs + 3 (VGs-V)2avgs + 3 (Vas-V)2(1+AVpyg)

: B B
~ig=BVGs-V)vgsts (VGs-V)2avgs = 8mVgst8dsvds and Ip=7 (VGs-V1)2(1+AVps)
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Application of the MOS Diode
DC resistor: A

| <

Vv <«— AC Resistance
=71

DC resistance = ; | .
<«— DC Resistance

e Useful for biasing - creating current from voltage
and vice versa

vr VbDs Fig. 4-2-2B

Small-Signal Load (AC resistance):

id

5 8 Go— Bo— oD
+ + +
Go— B = Go—] B = v Vb T Vds
& ’ 8 m‘ﬁ?@mbs‘%@ ’ % ’
5 _
S S S

oS
Fig. 4.2-4
AC resi Vds 1 1
resistance = ld = m + 2ds = gm
where
B
gm=BVGs-VD =28lp  and gg5~7 (VGs-Vp)2a=Ipi
CMOS Analog Circuit Design © P.E. Allen - 2004
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Influence of the Back Gate (Bulk

It can be shown that the small signal model for the MOSFET with the bulk not connected
to the source is,

id
8 8 Go— Bo— *5D
+ + +
G B = G B = % Vb rqd Vd
°_| °_| gs s gmvg<>g mbsvb<> s % _ s
g 2 SO = 0 S

Fig. 4.2-4

where

VBS

(28 o

gmbs 18 defined as avps Q= |avgs T 0

EmY

8mbs =9 2lgf - Vg =N8m

It is very useful to simplify the small signal model when possible. The following are
reasonable guidelines for this simplification:

gm =~ 10gmps ~ 100g 45
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Example 4.2-1 - Small-Signal Load Resistance

Find the small signal resistance of the MOS diode Vpp =5V

shown using the parameters of Table 3.2-1.

Assume that the W/L ratio is 10pum/1um.

Solution I—{ —Tqc

If we are going to include the bulk effect, we must first find
the dc value of the bulk-source voltage. Unfortunately, we do not
know the threshold voltage because the bulk-source voltage is
unknown. The best approach is to ignore the bulk-source voltage,
find the gate-source voltage and then iterate if necessary.

21 2-100
~ Ves=\PB+Vro=\/T10-10 + 0.7 =1.126V

Thus let us guess at a gate-source voltage of 1.3V (to account for the bulk effect) and
calculate the resulting gate-source voltage.

Vr= Vorn21ep-(3.7)-n 216 = 0.740.44/0.743.7-0.44/0.7 = 1.20V = VGg=1.63V

Now refine our guess at Vg as 1.6V and repeat the above to get Vy =1.175V which
gives Vs = 1.60V.

Therefore, Vgg =-3.4V.

100uA

= Fig. 4.2-5

CMOS Analog Circuit Design © P.E. Allen - 2004

Chapter 4 — Section 2 (5/2/04) Page 4.2-6

Example 4.2-1 - Continued

Tac

The small signal model for this example is shown. G.D.B DU
. . . L + - -
The ac input resistance is found by, B . _ J
. Vs EmbsVis ds >Vds = Vgs Vac
lac = 8dsVac - 8mVgs - §mbsVbs . - o
= &dsVac + &mVs + 8mbsVs = Vac(&mt&mbst8ds) fac Fig. 4.2
Vac 1

Tac =ige = gmt8mbs+eds
Now we must find the parameters which are,
gm =~\2BIp =~2-110-10-100 uS = 469uS, g4s = 0.04V-1-100pA = 4pS,

469uS-0.4
and g;,,ps = Ny 0.0987-469uS = 46.33uS

_ 106
Finally, Yac =469 + 4633 + 4 = 1926Q
If we had used the previous approximations of g;, = 10g,,5s = 100g s, then we could have
simply let
Yac =~ 1/g, = 1/469uS = 2132Q

Probably the most important result of this approximation is that we would not have to
find Vgs which took a lot of effort for little return.
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Applications of the MOS Diode for Biasin
1.) Deriving a bias voltage from power supply.

L.

Ip1=Ip2 = BN(VBias-VTN? = BP(VDD-VBias-VTP)?
Solving for Vpj,s gives

Bp
VN + \/ﬁ:N (VDp-1VrP) VBzas
VBias = Bp and Ip = /J)N(VBl'as'VTN)2 Ml | -
I+ \/% - Fig. 4.2-7

Use the ratio of gp/By to design Vp; ¢ and the value of By to design
the current Ip.

2.) Deriving a bias voltage from a bias current.
VBias = VGs1+ VGs2

21Bigs 21Bigs
=\/" B tVn+\/"p +Vr

Design 1 and B to yield the desired value of Vp;,. Try to keep

the values of W/L as close to unity as possible to minimize area.

= Fig.4.2-8

CMOS Analog Circuit Design © P.E. Allen - 2004
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Use of the MOSFET to Implement a Floating Resistor
In many applications, it is useful to implement a Vi
resistance using a MOSFET. First, consider the 1 “
simple, single MOSFET implementation. T A Rap B
L
RAB:K’W(VGS— VT) Fig. 4.2-9
100uA p—r—r—————————————
[ Vc;s=10V /
i VstV /
60uA
i Vs=38V
Vas=7V g
20uA
[ —
VGS%_
20uA
)@sﬂ(
L Vess /
-60uA
V=SV
VbV
-100pA
M-IV -0.6V -0.2vV 0.2V 0.6V 1V Fig. 4.2-95
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Cancellation of Second-Order Voltage Dependence — Parallel MOSFETSs
Circuit:

Vbp %55}

IBias * IBias *

IAB Ve Ve IAB

—
A
+
\ V4 VAB
T—— vaB /JL Fig. 4.2-10

Assume both devices are non-saturated
Vag?

ip1 = Bi {(Vap + Ve - Vr)vag-

VAR?

(Vc-Vp)vap - -

iDz = Bz

2 \Y4 AB2

A\Y
i = o1 + 02 = Bvase + (Ve - Vivan -3+ (Ve- Vovan - 5
iAB = 2B(VC - VT)VAB

1
Ras = 2B(Ve- Vo)
CMOS Analog Circuit Design © P.E. Allen - 2004
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Parallel MOSFET Performance

Voltage-Current Characteristic:
2mA

Ve=7y,

3 W=15u : :QV/E
—1 L=3u . __’)Z/G_ foe
F VBS=-5.0V . : 3

I(VSENSE)
o

N

-2mA

2 1 0 1 2 Fig. 4.1-11
VDS

SPICE Input File:
NMOS parallel transistor realization VDS 100
M1 2105 MNMOS W=15U L=3U VSS50DC -5
M2 2405 MNMOS W=15U L=3U .DCVDS-2.020.2VC371
.MODEL MNMOS NMOS VTO0=0.75, KP=25U, .PRINT DC I(VSENSE)
+LAMBDA=0.01, GAMMA=0.8 PHI=0.6 .PROBE
VC12 .END
E140121.0

VSENSE 102 DC 0
Still have the influence of the bulk on the threshold voltage.
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Double MOSFET Differential Resistor
Cancels the bulk effect.

Vel

DM,
V] OT— ----
R a1 B[l
VI o—AAN— - M2 v
R 0, @ Voo
vy o—MAN——+ D3 TETM3 v
iD4 E»v )
ol s M4ss >

Vel Fig. 4.2-12
ipi = B[(Ver-v-Vp(vi-v) - 0.5(v-v)?] ipy =B [(Verrv-Vp)(v-v) - 0.5(v-v)?]
ipy = B [(Vev-Vp)(vy-v) - 0.5(v,-v)?] ipy = B [(Ver-v-Vp)(vy-v) - 0.5(v,-v)?]

iy = ipi+ips = B [(Ver-v-VpVi-v) - 0.5(v1-v)2 + (Vio-v-V) (v2-v) - 0.5(v,-v)?]
I = ipytipy = B [(Veorv-V(vi-v) - 0.5(v1-v)2 + (Ve -v-V)(v,-v) - 0.5(v,-v)?]
i - i = B[(Ver-v-V(vi-v) + (Vo v-V)(vy-v) + (Ve v-V)(vi-v) + (Vo -v-V)(vy-v)]
=B (Vor-Ve) + vV Vel = B (Ve - V) (vi-v,)
Differential input resistance is

V-V, V-V, 1 )
R =4, = BV V) ) T BV Ve Viv2 = min{(Var Vi) (Ve Vi) )

CMOS Analog Circuit Design © P.E. Allen - 2004
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Double-MOSFET, Differential Resistor Performance

SPICE Input File:

Double MOSFET Differential Resistor Realization
M1 1234 MNMOS1 W=3U L=3U

M2 1584 MNMOS1 W=3U L=3U

M3 6534 MNMOS1 W=3U L=3U

M4 6 2 8 4 MNMOS1 W=3U L=3U

VSENSE 38 DC 0

VC120DC7V

VC250

VSS40DC -5V

V1216

MODEL MNMOS1 NMOS VTO=0.75 KP=25U
+LAMBDA=0.01 GAMMA=0.8 PHI=0.6
DCVI2-3302VC2261

.PRINT DC I(VSENSE))

.PROBE

.END

150uA—T

Comments:
* Good linearity and tunability.
* Can be used as a multiplier.
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Summary of Active Resistor Realizations

AC Resistance | Linearity | How Restrictions
Realization Controlled
Single MOSFET Poor Vs or VBULK < Min (Vs, VD)
W/L
Parallel MOSFET Good |Vcor W/L v=(Vc-Vr)
vV Vei- Ve | Vi, Vo <min(Vei-Vr,Ve-Vr)

Double—MOSFET, cry or VBULK < min(Vl,Vz)

differential resistor | Good W/L Transresistance only
CMOS Analog Circuit Design © P.E. Allen - 2004
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SECTION 4.3 - CURRENT SINKS AND SOURCES

Characterization of MOS Sinks and Sources

A sink/source is characterized by two quantities:

* rout - @ measure of the “flatness” of the current sink/source (its independence of
voltage)

e Vi - the min. across the sink or source for which the current is no longer constant

CMOS Current Sink:

iouT

1 1+AVps 1
Yout = dipldvps= Mp =Mp
and
Vmin = VpsGsat) = Vgs - Vo = Ve - Vo
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Simple MOS Current Source

lout
A

_|Vpp-Véae N Vo

Slope = 1/ryys

0 »VOUT
0 Vee+ Vol Vpp
Fig. 280-02
This current source only works when voyr =< Vga + Vol
CMOS Analog Circuit Design © P.E. Allen - 2004
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Gate-Source Voltage Components

It is important to note that the gate-source voltage consists of two parts as illustrated
below:

'D 10W/L W/L  0.1W/L

3 Enhance
Channel

0

> VGs
Fig. 280-03

Vs = V7o + Von = Part to enhance the channel + Part to cause current flow

0

where
Von = Vps(sat) = Vgs - Vo

[ 21
Vmin = Von = Vps(sat) = —K’(V[l/)/L) for the simple current sink.
Note that V) can be reduced by using large values of W/L.
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Simulation of a Simple MOS Current Sink

120 \\‘ T T T T T T T T T T
100
R Slope = 1/Ryy;
2 80
or. .
< 10um llOUT ]
5 60 lum_ [+
.9 N
a0k VGsi = _l__'[: rour 3
1.126V =+
NN —__L e
20
Vinin
O 1 1
0 1 2 3 4 5
vout (Volts)

Comments:
VyIn is too large - desire V) to approach zero, at least approach Vg(sat)

Slope too high - desire the characteristic to be flat implying very large output resistance
(KN’ = 110uA/V2, Vr=0.7Vand 1 = 0.04V-1) = ry=250kQ

CMOS Analog Circuit Design © P.E. Allen - 2004

Chapter 4 — Section 3 (5/2/04) Page 4.3-5

Increasing the Output Resistance of a Current Sink/Source
Principle:
In order to increase the output resistance, use negative series feedback because,
rour (With feedback) = r,,(without feedback) x [1 + Loop gain]

Circuit:

How does it work?

1.) Assume i,,; increases.

2.) As aresult, vg increases.

3.) Since the gate is held constant at V, then vy decreases.

4.) The decrease in vg causes iy to decrease opposing the
original increase

Loop Gain?
iour our iouT” = 8mvs = gmRiout
= . iour
M2 . Loop gain =7 OUT = gmR

v vour (R)iovr rou(W.fb.) = roud(wio f0.)x [1+g,R] = rgs(1+gmR)

vs

e
M2 _ |—=
VGG_

CMOS Analog Circuit Design © P.E. Allen - 2004

I—|IE

Fig. 280-09




Chapter 4 — Section 3 (5/2/04) Page 4.3-6

Increasing the Output Resistance of a Simple MOS Current Sink
Small signal model for calculating the
output resistance for the cascode
current sink:

1 1
ouTr out

O
+
8mVgs2 8mbsVbs2 rds’
+
R<Svs2

Vout

Loop equation:
Vout = (lout-8 mZVgSZ'gmbS2Vbs2)’” ds2
= lout(rds2+R) - 8m27ds2Vgs2 - 8mbs2Vds2Vbs2

But,
Vgs2 =0 - vg = -igyR and Vhs2 =0 - v = -igyR

vg2=vp2 =0 5
Fig. 280-10

Therefore,
Vout = loutl 7ds2 + R + gm2rds2R + gmbs2Vds2R]
or
Vout

= rds2 + R+ gmardsoR + gmpbs2tds2R = gmards2R = uoR (U= gmrds)

Fout = lout

A general principle emerges:

The output resistance of a cascode circuit = R x (Common source voltage gain of the
cascoding transistor)

CMOS Analog Circuit Design © P.E. Allen - 2004
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MOS Cascode Current Sink

IoUT
Phud
M2 + gm2"gs2<98mbs2vbs24> T dsZ%
" + Ml VOUT > . Vour
GG2 = _|__|
—_ +
Voo = 8m1Vgsl rdsl Vg2
T o Vsl =Vg2=vp2 =0 - o

= Fig. 280-11

Lout
O
+

Small signal output resistance:
Noting that vgs] = vg2 = vp2 = 0 and writing a loop equation we get,

Vout = (lout - 8m2Vgs2 - 8mbs2Vbs2)ds2 + Tdsliout

However,

Vgs2 =0 -vs2 = -ipyrds1 and vps2 =0 - V52 = -lpuids]
Therefore,

Vout = loutl¥ds1 + Tds2 + &m2Tds17ds2 + &mbs2Vds17ds2]
or

Vout
Tout = 7j,,,; = Tdsl ¥ Tds2 ¥ 8m2Vds17ds2 + 8mbs2Tds17ds2 =~ &m2lds17ds2 = H2Tds1

Comments:
1.) Same as before if R = ryq 2.) Bulk effects have little influence.
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Simulation of the Cascode CMOS Current Sink

120 : S —
Example \& J/ Slope =|1/Rous
Use the model parameters 100 i ]
Kn'=110uA/V2, Vr=0.7 and Ay = %0 % All W/Ls are Olioyr_3
0.04V-1 to calculate (a) the small- < % 10um/Tpum |4 ]
signal output resistance for the simple T g0 Ve =+_|__|[_—. -
current sink if o7 = 100pA and (b) 3 & LSSVE | vour
o

the small-signal output resistance for

n
(e]

the cascode current sink with Ipyr = s VoGt =_l__|[_—. ]
100pA. Assume that all W/L values 20 v 1126V —
are 1. / min - =
o A B BN B
0 1 2 3 4 5
Solution vout (Volts) Fig. 280-12

(a) Using A = 0.04 V-1 and Iy = 100pA gives rgy] = 250kQ = rg¢. (b) Ignoring the
bulk effect, we find that g,,;,1 = g2 = 469uS which gives r,,; = (250kQ)(469uS)(250k€2)
=29.32MQ.

CMOS Analog Circuit Design © P.E. Allen - 2004
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Gate-Source Matching Principle

A. If the gate-source voltages of two or more transistors iDll ' lim
. . M1 M2
are equal and the transistors are matched and operating W,
in the saturation region, then the currents are related by ; e ﬂ Ly
the W/L ratios of the individual transistors. The gate- VGSI VGS2
source voltages may be directly connected or implied. i 4
K, ‘4/1 2K,l-D1 Flg. 290-02
ipl =7, (vGgs1-VT1)2 = (vgs1-V11)? = twir o
D1="2L; (vGs1-Vri GS1-VTD* = WiLy)
' KWy 2K’ipp
ip2 =21, (vGs2-Vr2)? = (vGs2-V12)? = (WhlLy)
Wo\ Wiy , WilLyy o
If vgs1 = vgse, then E) ip]= H] ipp| or ip] = —Wz/Lz} 15%) lujm
-] 1
B. If the drain currents of two or more transistors are equal and the trans- "
istors are matched and operating in the saturation region, then the gate- -
source voltages are related by the W/L ratios (ignoring bulk effects). M2 &/’Dz
-] 2
o WalLy o |
Ifipy = ipp, then | vGs1 = V1 + "\ WL, (vGs2 - Vi2) " g 2900

or

if WolLp = Wq/Lq, then | vgs1 =vgs2| (Note: Vpgimust equal Vpgy for ideal results)
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Practical Cascode Current Sink Implementation
Does not require any batteries and uses the gate-source matching principle.

\%5)>) .
ioyr
IREFé 2Vr+2Von iour
/

¥ <+ ‘
M2+ 4 l
M4 :] |—+ - VDS2 i
Vr+Von Vr+Von| - |
- - VOUT l
+ |
M3 :]Fﬁ [_—YT+V0N l
Vr+Von - _ i
__L M] o ! » VoUT
- 0 Vr+2Von Fig. 4.3-10

However, Vj n is now equal to V7+Von + vpsa(min) = Vr+ Voy+ Von= V7 + 2Von
Assuming that Ipgyr = 100pA and W)/Ly = Wi/L1 = 10 gives Von = 0.426V.
Thus Vyny=0.7V +2-0.426V = 1.55V (this is way too much)

CMOS Analog Circuit Design © P.E. Allen - 2004
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High-Swing Cascode Current Sink

DD VDD
Since trer (§ 1REF<I> _
tour 4iour
M

2Ip
Von= " \|K'(WIL) -
then if L/W is
quadrupled, then
Von is doubled.

"~ Vmin =2Von-

Vmin !
[

1/4

! »
0 2Von vouUT
Fig. 290-04

Example

Use the cascode current sink configuration above to design a current sink of 100pA
and a Vv = 1'V. Assume the device parameters of Table 3.1-2.

Solution
With Vyn =1V, choose Von =0.5V. Assuming M1 and M2 are identical gives
W 2Ilgur  2-100x10-6 Wi Wy Wy Wy

L=k von? = 110x10-6x025 = 127 = Ty =Ty =13 =127 and =182
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Improved High-Swing Cascode Current Sink

Because the drain-source voltages of
the matching transistors, M1 and M3

are not equal, ioyT # IREF. Irer (§

To circumvent this problem the cascode
current sink shown is utilized: /4 :]

Vr+2Von

Note that the drain-source voltage of
M1 and M3 are identical causing ipyr

to be a replication of IggF.

= Fig. 290-05

Design Procedure
1.) Since Vygn=2Von =2Vps(sat), let Von = 0.5Van.
) v 2IReF Wi Wy W3 Ws  2Igpr 8IREF

. = 72724 va Y —t = = = = =

) VoN="\| K’ (WIL) L= =13 " L5 “Kvon2 - K'Van?
1) Wa  2IRgr _ 2IRgr  _IREF

VLl T K (VesaVD2 T K'QVon)2 T 2K Von?
CMOS Analog Circuit Design © P.E. Allen - 2004
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Signal Flow in Transistors

The last example brings up an interesting and important point. This point is illustrated
by the following question, “How does Igrgf flow into the M3-M5 combination of

transistors since there is no path to the gate of M5?7”
Consider how signals flow in transistors:

Output Only Output Only
D
- AL \
Input -tj
Only G
+
ML :
S
Fig. 4.3-12B

Answer to the above question:

As Vpp increases (i.e. the circuit begins to operate),
IrEF cannot flow into the drain of M35, so it flows through
the path indicated by the arrow to the gate of M3. It
charges the stray capacitance and causes the gate-source
voltage of M3 to increase to the exact value necessary to

cause Irgr to flow through the M3-M5 combination. S
= <= = Fig. 43-12A
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Example 4.3-1 - Design of a Minimum Vj;7n Current Sink
Assume Ipgr = 100pA and design a cascode current sink with a V7 = 0.3V using the

following parameters: VTO=0.7, KP=110U, LAMBDA=0.04, GAMMA=0.4, PHI=0.7
Solution
From the previous equations, we get

Wi W W3 Ws 8IREF 8100
Ly =Ty =13 = Ls “K'Vyn2 - 11003v)2 = 808 and
Wy IREF 100

Ly =2K'Von 2= 2-110-0.152 = 202 .

Simulation Results: C ]
Low Vmin Cascade Current Sink - Method No. 2 100 E ]
M1 5100 MNMOS W=81U L=1U C ]
22 5 MNMOS W=81U L=1U L[

M3 4
3
51

MNMOS W=81U L=1U 80
M4 MNMOS W=20U L=1U

35

100 _

300 <

3 4 4 MNMOS W=81U L=1U 2 60 M i
LM ) ‘

D S

MOD NMOS NMOS VTO=0.7 KP=110U
+LAMBDA=0.04 GAMMA=0.4 PHI=0.7 . i
VDD 6 0 DC 5V 40 B— ]
IIN1 6 1 DC 100U i ]
IIN2 6 3 DC 100U |
VOUT 20 DC 5.0 20
OP jM]N
DC VOU 0 0 05 0 [ 1 l 11 I T N |

.PRINT DC ID(M2) 0 1 2 ? 4
.END vour(V Fig. 290-06

(U, S .
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Self-Biased Cascode Current Sink’
The V7 + 2V oy bias voltage is developed through a series

) Vbp
resistor.
TRer(y ) Vir2vow
Design procedure: N
Same as the previous except + R
VON%/
VoN VmiIn SVreVon| 1
= IREF = 2IREF R e liot
For the previous example v
) T |-—4
0.3V - :I L_’
R= 2-100pA = 1.5kQ + I vl |
Von :I'“"l__,VON
- Fig. 290-

Observation:

Note that the last several slides have been devoted to just getting the MOS cascode
current sink/source to have the same minimum voltage as the BJT!

¥ T.L. Brooks and A.L. Westwick, “A Low-Power Differential CMOS Bandgap Reference,” Proc. of IEEE Inter. Solid-State Circuits Conf., Feb.
1994, pp. 248-249.
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MOS Regulated Cascode Sink’

Vbp

) D3‘
Vis3(max)

lemasmg vGS3
VGs3(norm)

»VDS3

I
Vps3(sat)
Fig. 290-08

Vps3(min)

Comments:

» Achieves very high output resistance by increasing the loop gain due to the M4-M5
inverting amplifier.

) 8m4 8m3Tds28mads4 . ) Tds38m37ds28 mar ds4
Loop gain = g,,37 452 2asat84s5) = 2 if rgsq = rds5 - Tour= 2

* M3 maintains “constant” current even though it is no longer in the saturation region.

Assume an iy increase — Vg3 increase —> V(g4 increase
— vg3 decrease — Large decrease in vGg3  — Large decrease in igyr

 E. Sackinger and W. Guggenbuhl, “A Versatile Building Block: The CMOS Differential Difference Amplifier,” IEEE J. of Solid-State Circuits, vol.
SC-22, no. 2, pp. 287-294, April 1987.
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Regulated Cascode Current Sink - Continued

Small signal model:
D2=
S3=

Solving for the output resistance: G3=D4=D5 Ves3 - .
. _ +
lout = 8m3Vgs3 + 8ds3(VourVgs4) rass ru rass D3 )
S S out
But . 8maVgsd _ 5
Vasd = Lout!ds2 S2=G2=54 Fig. 290-09
and

Vgs3 = Vg3 - Vs3 = -8md(rdsallrds5)Vasa - vasa = -rds2l1 + gma(rdsallrgss)lious
Lout = -8m3rds2[1 + gma(rdsallrass)liour + &ds3Vout - &ds3Tds2iout
Vout = Tds3[1 + &m3rds2 + 8ds3rds2 + &m37ds28ma(rdsallrgss)lious

Vout
“Tout =i, = rds3[1 + &m3rds2 + &ds3ds2 + &m37ds28ma(rds4llrdss)]
=~ rds38m3"ds28ma(rdsallrgss)
If Irpr = 100pA, all W/Ls are 10um/1um we get rj, = 0.25MQ and g, = 469uS which
gives
Fout = (0.25MQ)(469uS)(0.25MQ)(469uS)(0.125MQ) = 1.72GQ
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Regulated Cascode Current Sink - Continued
VMIN:
Without the use of the V(91 battery shown, V) is pretty bad. It is,
VMIN = VGsa + Vps3(sat) = Vr+ 2Von
Minimizing Vyn:
If Vo1 = V7, then Vyn=2Von. This is accomplished by the following circuit:

\42)) Vbp \45)5)
Irer iout
-«
+Ig D4A * Ip * M3 °
M4A (M4B
j F T

VesaVGsa| 5,

It VGsaa - VGsap = Vpsa(sat) = Voy,
then Vv =2Von

\/ 21Dy 21p 21p+21pRE
N KN (WaulLag) = \| KN Wap/Lap) = \| KN (Wo/L

or

= Fig. 290-10 Ipa Ig Ig+IRER
WaulLag ™~ \| WaplLap= \| WalLp

A number of solutions exist. For example, let Ip = Igpgp. This gives Ip4y = 5.824IRgF
assuming all W/L ratios are identical.

CMOS Analog Circuit Design © P.E. Allen - 2004
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Example 4.3-4 - Design of a Minimum V 377y Regulated Cascode Current Sink
Design a regulated cascode current sink for 100pA and minimum voltage of V= 0.3V.
Solution

Let the W/L ratios of M1 through M5 be equal and let /g = 10pA. Therefore,

2-100pA 2 110pA
VMIN =03V = Vons + Vonz ="\ TT0pA/V2(W/L) 110uA/V2(W/L)

2100pA
=\/110uA/V2(W/L)\\/T+ VL1)

Therefore, +5V

2-100pA 186uA L 1ouA four
AP 2 T S gy Ly g0

W_21001A20492 1 s
L= 110pA/v2032 T OO T O M4A[M4B
With I = 10pA, then Ipgy = 85/1 J—[, 8571
10uA vouT
(W10 ++/110)2 = 186pA —
MI M2 [ 110uA
85/1’:]} ? {[:‘85/1
= Fig. 290-?1

CMOS Analog Circuit Design © P.E. Allen - 2004




Chapter 4 — Section 3 (5/2/04) Page 4.3-20

Comparison of the MOS Cascode Current Sink and Regulated Cascode Current
Sink

Close examination in the knee area reveals interesting differences.
Simulation results:

10 s

105 F

g _BITCascode_ ]
100 : MOS Cascodc? = 3

r Regulated |
95 _MOS -

[ Cascode /
90 : .'I /
85 [ i
80 [+ ./ L

0 0.1 0.2 0.3 0.4 0.5
vour (V) Fig. 290-12

iour (MA)

Comments:

* The regulated cascode current is smaller than the cascode current because the drain-
source voltages of M1 and M2 are not equal.

* The regulated cascode current sink has a smaller V7 due to the fact that M3 can
have a drain-source voltage smaller than Vpg(sat).

CMOS Analog Circuit Design © P.E. Allen - 2004
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Summary of Current Sinks and Sources

Current Sink/Source rour VMIN
Simple MOS Current Sink 1 B
rds = I, Vps(sat) =
VoN
Simple BJT Current Sink VA Vp(sat)
o= Ic ~0.2V
Cascode MOS =~ 82T ds2Tds1 Vr+2Von
Cascode BJT ~ BEry 2V E(sat)
Minimum V)7 Cascode Current =~ 2T ds2ds1 2VonN
Sink
Regulated Cascode Current Sink* | = r 7438137 ds28ma(rasallrdss) | =Vr+Von
Minimum Vi/iy R(?gulated =~ rds38m37 ds28m4(rdsallrdss) ~Von
Cascode Current Sink*

* Unfortunately, the regulated cascode current sink has a dominant pole in the feedback
loop which can cause a pole-zero doublet which leads to a combination of fast and slow
time constants. For this reason, the regulated cascode circuit should only be used in
biasing applications unless the impact of this dynamic is understood.
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SECTION 4.4 - CURRENT MIRRORS

Characterization of Current Mirrors

A current mirror is basically nothing more than a current amplifier. The ideal
characteristics of a current amplifier are:

* Qutput current linearly related to the input current, i,,; = Ajijp

* Input resistance is zero
* Qutput resistance is infinity
Also, the characteristic V)7 applies not only to the output but also the input.

* Vyn(in) is the range of v, over which the input resistance is not small

* Vasn(out) is the range of v, over which the output resistance is not large

Graphically:
lin lout lout
ﬂ, jo_’” o Slope /Slope = 1/Rour
1 ¢ —O+ =1/Rj,
Vin urrent Vout A;
~o— Mirror |- . !
E »Win »iin ; »Vout
T Vi (in) ! Wy (out)
Input Characteristics Transfer Characteristics Output Characteristics

Fig. 300-01
Therefore, R,z Rin, Van(out), Van(in), and A; will characterize the current mirror.
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Simple MOS Current Mirror

i,l lio

M1 M2 | +
vDS1 :]|—+H VDS2
- VGS }
-4 Fig. 300-02

Assume that vpgy > vgs - Vo, then

io (LiWa\(VGs-Vap[l + Avpsa (K2
i~ W1L2] VGs-Vri [1 + AvDS] [Kl’”
If the transistors are matched, then K1’ = K3’ and V1 = V7 to give,
io (L1Wayl + Avpsy
i = \W1Ls)|1T + Avps
If vps1 = vpsy, then
io (LW
ir =\WiLy

Therefore the sources of error are 1.) vpg1= vpsp and 2.) M1 and M2 are not matched.
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Influence of the Channel Modulation Parameter, A

If the transistors are matched and the W/L ratios are equal, then
io 1+Avps
i1 =1+ Avpsy

if the channel modulation parameter is the same for both transistors (L = Lp).

Ratio error (%) versus drain voltage difference:

8.0 , A=0.02
= 7.0
Note that one could use this effect to g - Ratio Error g, - Vpg (volts)
measure A. 60 #=0015
N
o s0 ]
:>Q >(S
<R [= 40 r=0.01
Measure Vpg1,Vpsa, if and i and 212 o ]
solve the above equation for the channel & O
. 3]
modulation parameter, A. g 20
z
10 4 Vps1 = 2.0 volt
00 ‘-
0.0 1.0 2.0 3.0 4.0 5.0
Fig. 300-03 Vpsa - Vpsi (Volts)
CMOS Analog Circuit Design © P.E. Allen - 2004
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Influence of Mismatched Transistors

Assume that vpg1 = vpso and that Kq1” = K3’ and V1 = V. Therefore we have

io Ky(vgs-Vr)?
iIT Ky (vGs - V1)

How do you analyze the mismatch? Use plus and minus worst case approach. Define
AK’=K’>-K’1 and K’ =0.5(K72’+K1’) = Ki'=K’-0.5AK’ and Ky’= K’+0.5AK’
AVr=Vm-Vr1 and Vr=0.5(Vy1+Vm) = Vi =V7r-0.5AVy and V=V7+0.5AV T

Substituting these terms into the above equation gives,

AK’ AV 2
io (K+0.54K)(vGs- Vr-0.54Vr)2 (1 + 2K’)[1 - 2(VGS—VT))
i = (K-0.54K)(vgs - Vr+0.5Avp)2 ~— (, AK AVr
i- 2K’)[1 *20vGs VD)

Assuming that the terms added to or subtracted from “1” are smaller than unity gives
i0 AK’ AK’ AV 2 AVT 2 AK>  2AVT
-+ 21+ 211 - 2565 v [ ) 2<sz-vT>] ~1+K - Gs VD

Assume AK’/K’ = 5% and AV7/(vgs-V7) = £10%.

iolif=1£0.05 £(-0.20) =1 £ (0.25) = =£15% error if tolerances are correlated.

2
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Illustration of the Offset Voltage Error Influence
Assume that V71 = 0.7V and K’W/L = 110puA/V2,

160 = A
140
§ ]
= ]
= 12.0 3
X ]
- 100 3 i,=3uA
S G .
- 80 )
§ B i, =5uA
’LE 60
8 i,=10uA
S ]
40
20 i,=100uA
o —

00 1.0 20 30 40 50 60 70 80 90 10
AVp(mV) Fig. 300-4

Key: Make the part of V(g causing the current to flow, Vy, more significant than V7.
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Influence of Error in Aspect Ratio of the Transistors
Example 1 - Aspect Ratio Errors in Current Mirrors

Figure 4.4-4 shows the layout of a one-to-four current amplifier. Assume that the lengths
are identical (L, = L,) and find the ratio error if W, =5 = 0.1 um. The actual widths of the
two transistors are

Wi=5+0.1 um and W =20 + 0.1 um

i i v v
M2 Ml
;
[ m ] ] ] ] ] [ l\‘ ] ]

Ml

| + M2
N b& w Vpsi :]|_+4|[: Vps2

[m ®m ®m ®m ®E ® ®m ®m G nm n
€7 Fig. 300-5

\ w e : VGs

Solution
We note that the tolerance is not multiplied by the nominal gain factor of 4. The ratio of
W; to W1 and consequently the gain of the current amplifier is

io W2 20+0.1 1 +(0.1/20) 0.1y 0.1 0.1 0.4

i =Wi;=5=01 = 4( T=(0.175) ) - ( iﬁ](l T] ~4(1 £720 - W) =4-(0.03)
where we have assumed that the variations would both have the same sign (correlated). It
is seen that this ratio error is 0.75% of the desired current ratio or gain.
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Influence of Error in Aspect Ratio of the Transistors-Continued
Example 2 - Reduction of the Aspect Ratio Errors in Current Mirrors

Use the layout technique illustrated in Fig. 4.4-5 and calculate the ratio error of a current
amplifier having the specifications of the previous example.

Solutions
The actual widths of M1 and M2 are
W1 =520.1 um and W =4(5 = 0.1) um

The ratio of W5 to W7 and consequently the current gain is given below and is for all
practical purposes independent of layout error.

io 4(5+0.1)
;= 5x01 =4

M2d i i
N } }
| |
Ml M2
| | |
H—
] GND
o %7 Fig. 300-6
CMOS Analog Circuit Design © P.E. Allen - 2004
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Summary of the Simple MOS Current Mirror/Amplifier
e Minimum input voltage is Vn(in) = V+Von

Okay, but could be reduced to Vop.
Principle:

ill . Vr lio

e
+ M1 D Von,
Von - M2 -

Vr+Von
1L

.||_

= Fig. 300-7
Will deal with later in low voltage op amps.

e Minimum output voltage is Vn(out) = Von

1
* Output resistance is R,y ; = Alp

* Input resistance is Rjp ~ g

e Current gain accuracy is poor because vps| = vps2
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MOS Cascode Current Mirror
Improving the output resistance:

i) Jio

M3j}‘—|—{ M4 (D Vin
L

D3=G3=G4 D4

Vout G) iout

Fig. 310-018
* Rour:

Vout =7, ds4(i0ut'gm4vgs4) T dsZ(iout‘ngVgs2)

But, i;; =0sothatvy =v3=0 = Vgg4 = Vg4 = -lgyirds2 and v =0

Vout = loutl¥ds4 + Tds2 + §mards2Tdsal = Tds28m4r ds4
* Rin:
1 1 1 1 2

Ry = 3 llrgg3 + ol lrgg1 = el Y 8m3 = 2m
e Vyan(out) = Vr+ 2Von
* Vpn(in) = 2(Vr+Vop)
e Current gain match: Excellent since vpg1 = vpso

CMOS Analog Circuit Design © P.E. Allen - 2004
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Large Output Swing Cascode Current Mirror

YDD VDD DD
1 1

o —, . D5=G3
M4 Ul |—1\1/[5 M2 +
14 | ——, gmsvgss (Y ) s
M3 MI iin (f) Vin
D3=55 ] +
1/1 l_—”: 1/1 8m3Vgs3 r
— 8&m3Vin ds3 Vs5
- $3=G5[ -
L - .
= Fig. 310-02

* Rout = 8m27ds2" ds1
* Rin = "in = rds5(iin-8m5Vgs5)+Vs5 = rds5(lin +8m5Vs5)+Vss = rds5lint(1+8m5r ds5)Vs5

But, vg5 = rgs3(iin - §m3vin)
Vin = ¥dsSiin + (1+8m57ds5)"ds3iin - 8m37ds3(1+8m57ds5)Vin
R = Vin _Tds5 + 1'ds3 + T'ds38m57ds5 B 1
=iy =  gm3rds3(1+8&msrds5) =~ &m3
e Vayn(out) =2Von

* Vmin(in) = Vr+ Von
» Current gain is excellent because vpg1 = vps3.
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Self-Biased Cascode Current Mirror

*Rjp="?
Vip = iinR + 1ds3(iin-8m3vgs3) N I =

+ 1ds1(iin-8m1vgs1) : 2é’mlvgsl VI Srdst
But, :

ngI - vin_linR Self-biased, cascc;de current mirror Small-signal model to calculate R;.
and Fig. 310-03

Vas3 = Vin-Tdsl (iin'gmlvgsl) = VinTds1lint8m17ds1(Vin-iinR)
" Vin = linR+rds3iin-8m3rds3Vin-rds1iint8m17ds1Vin-iinR) 1+ ds1 liin-8m1 (Vin +iinR)]
Vinl14+8m37ds3+8m17ds18m37 ds3+8m17ds1]
= iin[R+7ds 147 ds3+8m37 ds37ds 1+ 8m17ds18m37ds3R]

R+ rgs1 + rds3 + 8m3rds37ds1 + &m17ds18€m3rds3R 1
1+ gm3rds3 + &m17ds18m37ds3 + &m17ds1 = 8gml

* Rout = §mards4Tds2
e Viyn(n) = Vr+2Von  *Vyn(out) = 2Von o Current gain matching is excellent

R;, = +R

CMOS Analog Circuit Design © P.E. Allen - 2004
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Wilson MOS Current Mirror

Lout

. . O
i) po +
M3 8m3Vgs3 Tds3
iin
% +C—> + Vgs3 _ N Vout
M1 }— M2

Vin 8ml1Vgsl Tds1< 8m2Vgs2 rds2 <Vgs2=Vgsl

= o —0

Fig. 310-09

Uses negative series feedback to achieve higher output resistance.

* Rour =7 (ijn=0) Vout = Tds2(out - §m3Vgs3) + Vgs2
Lout rds2iout
Vgs2 = gpnt+gde = 1+gmardsd and Vgs3 = -8mlTds1Vgs2 - Vgs2= '(1+gm1rdsl)vgs2

L+gm3rds2+&m17ds18m37ds3
I+ gmards?

Em17ds18m3¥ds3
= Em?2

=

" Vout = rds2lout + 8m3rds2(1+&m1rds1)Vas2 = lout [L”ds3+”ds2

1+8m3rds2t8&m1rds18m37ds3
Rout = rds3+rds2 1+ gmrdsd
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Wilson Current Mirror - Continued
* Rin=" (our =0)

Em18m3Vas3 Em18m3Vas3

lin = 8m1Vgs| = guoteda+edss T &m2
8m18m3Vgs3 Vin
Vgs3 = Vin = Ves1=Vin=" g, = Ves3=  gmigm3
1 8m?2

~ 8ml18m3Vin 8m2 t8m3

Hn = gm) +8m3 = NnT gm18m3
* Vayn(in) = 2(Vr+Von)
o Vyan(out) = Vr+ 2Von
 Current gain matching - poor, vps] = vps2
CMOS Analog Circuit Design © P.E. Allen - 2004
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Evolution of the Regulated Cascode Current Mirror from the Wilson Current
Mirror

R R
M1:||7

Ml:ll SEEL
' M2
I—Tl: M2 ;.FVBiasl__’

Wilson Current Mirror Redrawn Regulated Cascode Current Sink

Fig. 310-10
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MOS Regulated Cascode Current Mirror

* Rout = gmz’”ds3
1

n= gma

VoD VoD Vbp
IBias
ii II é é 10 é io

4”: M3
le_]li
MAF_]I IITT M2

= FIG. 310-11

* Vygn(out) = V+2Vopn (Can be reduced to 2Vop)

* Vpyn(in) = Vi+Vopn

(Can be reduced to Vo)

 Current gain matching - good as long as vpgq = vps2

CMOS Analog Circuit Design
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SUMMARY
Summary of MOS Current Mirrors
Current Accuracy Output Input Minimum | Minimum
Mirror Resistance | Resistance Output Input
Voltage Voltage
Simple Poor rds gi Von Vr+Von
m
Cascode Excellent | g, r;2 gl Vr+2Von | 2(VT+Von)
m
Wic;e Output | Excellent ST ds2 1 2VoN Vr+Von
wing 8m
Cascode
Self-biased | Excellent ST ds2 R+ 1 2VoN Vr+2Von
Cascode 8m
Wilson Poor Sl ds2 o 2(Vr+Von) | Vr+2Von
m
Regulated Good- gm2ridsd 1 Vr+2Von | VrtVon
Cascode Excellent 8m (min. is (min. is
2VoN) VON)

CMOS Analog Circuit Design
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SECTION 4.5 - CURRENT AND VOLTAGE REFERENCES

Characteristics of a Voltage or Current Reference
What is a Voltage or Current Reference?

A voltage or current reference is an independent voltage or current source that has a
high degree of precision and stability.

Requirements of a Reference Circuit:

 Should be independent of power supply

 Should be independent of temperature

* Should be independent of processing variations
 Should be independent of noise and other interference

Reference
A
Nominal (<8
—>
Value N
Temperature
Ow,
er S
Upply,
Fig. 4.5-1
CMOS Analog Circuit Design © P.E. Allen - 2004
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REFERENCES WITH POWER SUPPLY INDEPENDENCE
Power Supply Independence
How do you characterize power supply independence?
Use the concept of:
IRer  OIRgFIIREF VDD (JIRE
Vpp ~ 9Vpp!/VDD ~ IREF (&VDD
Application of sensitivity to determining power supply dependence:

JIREF ( IREF) dVpp

IREF = Vbp
Thus, the fractional change in the reference voltage is equal to the sensitivity times the
fractional change in the power supply voltage.
For example, if the sensitivity is 1, then a 10% change in Vpp will cause a 10% change in
IREF.

Vbp

IREF

Ideally, we want S Vv

o to be zero for power supply independence.
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Simple Current Reference

Vee VbD
IINl R IINl R
lour lour
1c1l 7 l IDll l
In|
Q1>1——KQ2 M1 jl——||: M2
= = = = Fig. 360-02
121N
Vee-VBe[ 1 Vop-Vgs VDD - pr - Vr
lour=—"R > lour="FR = R
1+ Br
IREF IREF

Temperature and process dependence?
CMOS Analog Circuit Design © P.E. Allen - 2004
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MOS Widlar Current Reference v
Operation: DD

VGs1 —Ves2 —loutR2 =0 IIn l R

ToutR2 + Von2 — Von1 =0
Assuming strong inversion and A — 0, IDll lIOUT

2lout
loutR2 + \| K(WALy) — Von1 =0 M1 :||——|l__, M2

Solving for A/ToyT gives % R>

N KWL K(Wz/Lz) +\/K(W2/Lz> + 4RaVowi L L

I OUT = 2R> Fig. 360-04

2IIn
where  Von1 ="\| KWL

Differentiating /oy with respect to Vpp gives,

1 dlour 1 dVoni dVont Vo dlin
2\Tout 4VDD = \2I(K" Wa/L2)+ 4R,Von1 4Vpp > dVpp = 21y dVpp
Irer Iour Voni Iy Voni Iin Iy

Vbp SVDD \Von22+4 IoutR2Voni SVDD \/WSVDD OSSVDD

CMOS Analog Circuit Design © P.E. Allen - 2004
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Example 4.5-1
For the MOS Widlar current reference, find Ipyr if Ijy = 100pA, Ry =4k, K’ =

200uA/V2, and Wp/Ly = Wi/L1 = 25. Assume the temperature is 27°C and that n = 1.5.
Find the sensitivity of Ipyr with respect to Vpp.

Solution

21N 2100
Voni = K'(W1/L1) ="\20025 =02V
\/ 200 o5+ \/ 50025 + 4(0.004)0.2

IOUT = 20.004 AUA =54uA = Ipyr=25pA
Note that Von2 = Voni - loyrR2 = 0.2-(25)(0.004) = 0.1V > 2nV; = 78mV so both
transistors are in strong inversion.
For the sensitivity calculations, assume that Vpp >> Vgs1. Therefore Ijy = Vpp/R;.

IREF Von1 Iy Voni

SVDD ~\AVon22 SVDD RN

Therefore, a 10% variation in Vpp causes a 5% variation in Ipyr.

CMOS Analog Circuit Design © P.E. Allen - 2004
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MOS Peaking Current Reference

Strong Inversion Operation: Circuit: L
Vesi —IINR - VGs2 =0 Iy
Von2 = Vont — IINR
K'(Ws/Ly) . lIOUT
lour=—"73  Von?
K (W2/L2) ) M1 M2
— 3 (Von1 —IINR) = TFig, 3607
where Transfer Characteristics:
v _ / 2IIN L6
ON1 = K ,( Wl / Ll) 1.4} Weak Inversion
Weak Inversion Operation: 12f
Iy 10F
VGsz = Vr=nViIn (W1/L1)IT) — IR Tt o |
If the transistors are identical and Vpg» > 3V7, 061
Wl VGS2 _ VT _IINR ) Strong Inversion
IOUT = L_llT exp th = I[N cXp th 0.2
0 1 1 1 L,

4 6 8 10
Iinv(uA) Fig. 360-8
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Threshold Referenced Current Reference

Circuit: VoD
IIN l R l lour
Operation:
L
_2Iv IDll
Vasi  VT+ \KW/LY)
lovr="F, = Ry Mljl—
Vr
~R, if Vr>Vom Ry
The sensitivity of Ipyr with respect to Vpp is
SI our ( Voni g Iv— (Voni g Iiv - Fig. 360-10
Vpp ~ \loutR2) P Vpp ~{2Vast) P Vpp
. IIv
For example, if V=1V, Von1 =0.1V and S Vop = 1, then
four (0.1
SVDD = (2,1'1) =0.045
Therefore, if Vpp changes by 10%, Igrgr or lpyT changes by 0.45%.
CMOS Analog Circuit Design © P.E. Allen - 2004
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SIMPLE BIAS/REFERENCE CIRCUITS
Voltage References using Voltage Division
DD VbD
R M2
+ +
RZVREF Ml VREF
Resistor Vol-tage divider. Active device ;/oltage divider. Fig. 370-01
Voo Ry v — VN +~NBp/BN) Vpp-IVTp)
REF = R1+R> DD REF = 1+ (ﬁP/ﬁN)
VREF Vrer Vpp | \(BP/BN) Voo (BP/BN)

=1

Vop VREF

1+J(BR/BN)) ~ VN +\(BR/BN) (VDDVTPI)

~ VN (BPIBN)
~ Vv = BP/BN) (Vpp-IVTP)

Vbp

Assume gy =Bpand Vyry =I1Vypl = SVDD =1

CMOS Analog Circuit Design © P.E. Allen - 2004
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References with Sensitivity Less than One
In order to get sensitivities less than one, the upper and lower circuits must be different
with the lower circuit less dependent on Vpp.

In otherwords, the upper circuit should act like a current source and the lower circuit like
a voltage source.

Principle:
Vbp
IBias
+
— VREF
- Fig. 370-02
CMOS Analog Circuit Design © P.E. Allen - 2004
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MOSFET-Resistance Voltage References

VbD
R
<
VREF_
- Fig. 370-03
2(Vpp-VREF)
VREF=VGs=VT + BR This circuit allows VygF to be larger.
1 2VppVr) 1 If the current in Ry (and R») is small
or VRpp=Vr- R+ AR + (6R)? compared to the current flowing

through the transistor, then
R1+ Ry

VREF
VREF“( R ]VGS

1 VDD
Vpp —\L+ ﬁ(VREF-VT)R)(VREF)
Assume that Vpp =5V, W/L =2 and R =
100k€2,

Vbp
Thus, Vggr =~ 1.281V and SVREF= 0.283

CMOS Analog Circuit Design © P.E. Allen - 2004
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Bipolar-Resistance Voltage References

Ve
R
+
VREF
- Fig. 370-04
<L (I
Virer = Vep =g In|f If the current in R} (and R») is small
Vee-VEB Vee compared to the current flowing
I= R = R through the transistor, then
kT (Vec Ri+Ry
VREF = ¢ In| R VREF = [T VEp
VREF 1 1

SVee =Ta[Vedl(RIp] = In(lTy)
If Voc=5V, R =4.3kQ and I = 1fA,
then Vpprp=0.719V.

VRrEF
Also, SV =0.0362
cc

CMOS Analog Circuit Design © P.E. Allen - 2004
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Example 1 - Design of a Higher-Voltage Bipolar Voltage Reference

Use the circuit on the previous slide to design a voltage reference having Vgpr = 2.5V
when Ve =5V. Assume I = IfA and Br = 100. Evaluate the sensitivity of Vggp with
respect to V.

Solution

Choose I (the current flowing through R) to be 100uA.

Vee-VRer 2.5V
Therefore R = 100pA = TOOpA = 25kQ.

Choose I (the current flowing through R;) to be S0uA. Therefore the current flowing in

o SOuA
the emitter is S0pA. The value of Vgg =V, ln(ﬂ) =(0.638V.

0.638V
Ry = 50pA = 12.76kQ

With 50pA in the emitter, the base current is approximately SuA.

Therefore, the current through R, is S5uA.

| 2.5V-0.638V
Since Vigr = [gaRs + 0.638V = 2.5V, we get Ry = (=55, | = 33.85kE2

The sensitivity of Vrgr with respect to Vo is

Ri+ Ry 12.76kQ+33.85kQ
Svee =R Pree=\T 1276kQ

CMOS Analog Circuit Design © P.E. Allen - 2004
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Breakdown Diode Voltage References

If the power supply voltage is high enough, i.e. Vpp = 10V, the breakdown diode can be
used as a voltage reference.

Vpp 6 -
9 s

R =
E 4=

+ =
!

VDD E
R S F
517

veffici

v
‘\
ss 2 L L L L L \%
. i ° 2 4 6 8 10 BV
o 5 1
R g
L L N 5 2 [

j L lLE’ 3=
/ Vay Vo
V-I characteristics of a breakdown diode. Yaria}ion (?f the temperature coefficient of the breakdown diode as a
function of the breakdown voltage, BV. Fig. 370-05
VREF=VBy
S VREF (6 VREF] ( Vbp ) (Vre Vbp rz \(Vbp
YpD =\ 9Vpp ) \VREF) = Vdd] VBy)=\rz+ R} \VBy

where r; is the small-signal impedance of the breakdown diode at I (30 to 1002).
Typical sensitivities are 0.02 to 0.05.
Note that the temperature dependence could be zero if Vg was a variable.

CMOS Analog Circuit Design © P.E. Allen - 2004
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BOOTSTRAPPED BIAS/REFERENCE CIRCUITS
Bootstrapped Current Source

So far, none of the previous references except the base-emitter and threshold-referenced
sources have shown very good independence from power supply. Let us now examine a
technique which does achieve the desired independence.

Circuit:
Vbp i
K'\W 2
|<J I = Vas1-Vp
Ry M3L:]I = I ™ms 1=
M4 l Is Desired
M7 I l l 1A opf:rating y
point | 7,=GSL
e f po
4| M6 Undesired !
M8 i
wr g i
Ves1 R ™ w
Startu - Vv v
L ov 0 Fig. 370-06
Principle:

/ 21
If M3 =M4, then 1] = Ip. However, the M1-R loop gives Vgg1 = V71 + Ky W{/LD)
, , , Vest V1 1 21
Solving these two equations gives Ip =" ="R + (ﬁ) KN W{ILD)

Vi 1 1 2V 1
The output current, I, =[] =I canbe solved as I, = | + giR2 TR \| BIR T (pR)2

CMOS Analog Circuit Design © P.E. Allen - 2004
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Simulation Results for the Bootstrapped Current Source

120pA ———s

The current I, appears to be okay, why is

100uA F

80uA |

N Ip1 increasing?

60uA

Apparently, the channel modulation on the
current mirror M3-M4 is large.

At Vpp =5V, Vsp3 =2.83V and Vgpy =

40uAf

1.09V which gives Ip3 = 1.067Ipy

20uAf

oL

~107uA
Need to cascode the upper current mirror.

SPICE Input File:

OIIIIIIIIIZ 3

Simple, Bootstrap Current Reference

VDD 10DC5.0
VSS90DCO0.0

MI15799NW=20U L=1U
M23579NW=20U L=1U
M35311PW=25UL=1U
M43311PW=25UL=1U
M59311PW=25UL=1U
R 7 9 10KILOHM

M86 699N W=1UL=1U
M76659N W=20U L=1U

CMOS Analog Circuit Design

5
Fig. 370-07

RB 1 6 100KILOHM

.OP

DCVDDO050.1

MODEL N NMOS VTO=0.7 KP=110U
GAMMA=0.4 +PHI=0.7 LAMBDA=0.04
MODEL P PMOS VTO=-0.7 KP=50U
GAMMA=0.57 +PHI=0.8 LAMBDA=0.05
PRINT DC ID(M1) ID(M2) ID(MS5)
PROBE

END

© P.E. Allen - 2004
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Cascoded Bootstrapped Current Source
v
e DDM':H 1200A ————
I3C I:] | Ms 100qu IDZA -
MC4 C =
I | | C
Rp : ' e 80uA | /
M7 n fonzlh s 6OMA5 I[ ,:E:l o1
" 40uAf I
M8 | 20uAF
VGs1 R L l,
Startup - 0 e e A . .
oV
. ’ : ? Vbp ’ ! Fig,i70
SPICE Input File:
Cascode, Bootstrap Current Reference M7 6 6 59 N W=20U L=1U
VDD 10DCS5.0 RB 1 6 100KILOHM
VSS90DCO0.0 .OP
MI15799NW=20U L=1U .DCVDDO050.1

M24579NW=20U L=1U
M32311PW=25UL=1U
M48311PW=25UL=1U
M3C5421PW=25UL=1U
MC43481PW=25UL=1U
RON 3 4 4KILOHM
M59311PW=25UL=1U
R 7 9 10KILOHM
M86699N W=1U L=1U

CMOS Analog Circuit Design

MODEL N NMOS VTO=0.7
KP=110U GAMMA=0.4 PHI=0.7
LAMBDA=0.04

MODEL P PMOS VTO=-07
KP=50U GAMMA=0.57 PHI=0.8
LAMBDA=0.05

PRINT DC ID(M1) ID(M2) ID(MS5)
PROBE

END

© P.E. Allen - 2004
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Base-Emitter Referenced Circuit

VpD
T W P
; % ; — i ir=V7in(i1/I\)/R
; [:M6 511 l * Desired ir=i1
Izl I l operating
i " point \4
: * v Undesired
| . EBI + o f
. : perating
o M7 :] QL :’_ - point \
. : R Vi ‘ >i
________ Startup -
__L Fig. 370-09
VEBI
Iout = I2 = R

BJT can be a MOSFET in weak inversion.

CMOS Analog Circuit Design © P.E. Allen - 2004
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Low Voltage Bootstrap MOS Circuit

The previous bootstrap circuits required at least 2 volts across the power supply before
operating.

A low-voltage bootstrap circuit:

Vbp
1 1
M3L_’] % M4 Vr+Von
VON 1 l :5 v‘
1 —il
R N
v L
T it VON
Mlj M2
Vr+Von y
[
R VR
v '
Vss Fig. 4.5-8A

Without the batteries, V;, the minimum power supply is V42V + V.
With the batteries, V;, the minimum power supply is 2V +V, = 0.5V

CMOS Analog Circuit Design © P.E. Allen - 2004
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Summary of Power-Supply Independent References
* Reasonably good, simple references are possible

e Best power supply sensitivity is approximately 0.01
(10% change in power supply causes a 0.1% change in reference)
» Typical simple reference temperature dependence is = 1000 ppm/°C
e Can obtain zero temperature coefficient over a limited range of operation

Type of Reference VREF
S
Vpp

Voltage division 1

MOSFET-R <1

BJT-R <<l1

Threshold <<1

Referenced

Base-emitter <<l

Referenced
CMOS Analog Circuit Design © P.E. Allen - 2004
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REFERENCES WITH TEMPERATURE INDEPENDENCE

Characterization of Temperature Dependence
The objective is to minimize the fractional temperature coefficient defined as,

1 (IVRer 1 VREF L . .
TCr= Vegr| of | = T S o parts per million per °C or ppm/°C
Temperature dependence of PN junctions:
- v
1= IseXP(Vt] 1 (9ls dnl) 3 Veo Voo
5 [-YGo |0T) = oT =T TTV; = TV;
Is = KT exp V|
dvBE VBE- VGo .
dT = T = -2mV/°C at room temperature

(Vgo = 1.205 V at room temperature and is called the bandgap voltage)
Temperature dependence of MOSFET in strong inversion:

dves _dvr [0 q@) ’
dT = dT + WCOX dT Mo dVGS mV
o = KT'15 [ qT =-a=-23°C
VI(T) = VI(To) - a(T-To)

Resistors:
(1/R)(dR/dT) ppm/°C

CMOS Analog Circuit Design © P.E. Allen - 2004
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Bipolar-Resistance Voltage References VDD
From previous work we know that, R
kT (Vpp - VREF)
Veer="7"Inl— p1 *
REF™= q RI; VREF
However, not only is Vzgp a function of 7, but R and I are also
functions of 7. TT Fig 3ol
AdVer k Voo~ Vrer kT RI; -1 AVeer  (Voo-Veer) (dR - dI,
dl —¢q In RI., |7 q | Vop-Veer|RI, dT ~| RI, RAT * 14T
VREF Vt dVREF dR dIs VREF_ VGO Vt dVREF 3Vt E d_R
= T “Vop-Vegr dT -~ Vi\RaT * 1dT) = T =~ Vop-Vigr dT -~ T -~ RdAT

Veer-Veo  dR - 3V,
AdVrer T ~ViRaT - T VeerVoo drR 3V,
ar = V. ~— T -ViRaT - T
I Voo Vier
1 dVREF VREF - VGO Vt dR 3 Vt
TCr=V "dT = VuyprT ~Viep RAT ~ Ve T
If Veprp=0.6V, V,=0.026V, and the R is polysilicon, then at 27°K the TCFg is

0.6-1.205 0.026-0.0015 3-0.026

TCF=106300 - 06 - 06300 = 33110-6-65x10-6-433x10-6 =-3859ppm/°C
CMOS Analog Circuit Design © P.E. Allen - 2004
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MOSFET Resistor Voltage Reference
From previous results we know that VDD

2(VpD-VREF)
VREF=VGs=VT + AR

1 2Vpp-Vp) 1 K
or VRpr= VT—ﬁ_R+\/ BR +([3’R)2 o
Note that Vger, VT, B, and R are all functions of temperature. L{ +
It can be shown that the TCF of this reference is [: VREF

Vop — Vrer (1.5 ld_R
dVger ~Ot 2R ( T ‘RdT)
dl = { 1
T \2BR Vpp — Vier)

Voo — Vrer (1.5 1 dR
o+ 28R (T‘RdT]

—  Fig. 380-02

ICp =

1
VREF( * 2BR Vpp = Veen)

CMOS Analog Circuit Design © P.E. Allen - 2004
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Example 4.5-1 - Calculation of MOSFET-Resistor Voltage Reference TCr

Calculate the temperature coefficient of the MOSFET-Resistor voltage reference where
W/L=2, Vpp=5V, R=100kQ using the parameters of Table 3.1-2. The resistor, R, is

polysilicon and has a temperature coefficient of 1500 ppm/°C.

Solution

dR
First, calculate Vggp . Note that BR = 220 x 100 x 10° = 22 and RaT = 1500ppm/°C

1 26-07) (1yp
Veer =0.7 =35+ T"‘(ﬁ] =1.281V

,  [F=ImWI (15 p
WVegr  “23¥10% 7\ T35 (360 - 1500 x 109
Now, —gi = 1 ~ -1.189x10-3V/°C

L+ 222 G-1.280)
The fractional temperature coefficient is given by

1
TCF =-1.189 x 1073 (m) = -928 ppm/°C

CMOS Analog Circuit Design © P.E. Allen - 2004
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Bootstrapped Current Source/Sink
Gate-source referenced source:

- Vi 1 1 2V 1
The output current was given as, Ioiy = "R~ + 3 ;0 + R\ BiR * (8,R)2

Although we could grind out the derivative of 1,,, with respect to 7, the temperature

performance of this circuit is not that good to spend the time to do so. Therefore, let us
assume that V551 = V7 which gives

Vn dlow _1dVr 1 dR
lout= "R = 4T =R dI ~gedl
In the resistor is polysilicon, then
1 dlyyy 1 dVrp 1dR -a 1dR  -2.3x107 3 .
ICr=1,, dT =V dT ~RdT=Vy "RdT =~ 0. -1.5x107 =-4786ppm/°C
Base-emitter referenced source:

: VBEL
The output current was given as, I,,, = ="

1 dVper 1dR
The TCF=Vyp ~dT -RdT

1
If Vpg1 = 0.6V and R is poly, then the TCp =y g (-2x10-3) - 1.5x10-3 = -4833ppm/°C.

CMOS Analog Circuit Design © P.E. Allen - 2004
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Technique to Make gy, Dependent on a Resistor TVDD
Consider the following circuit with all transistors having a

W/L = 10. This is a bootstrapped reference which creates a 3 M4
Viias independent of Vpp. The two key equations are: :I | lr—_

13:I4Z> 11212

and
Vis1 =Vas2 + bR
Solving for I, gives:

, Ml( e /22)-—@1(1 4
2= R “TRUN ST N B2 TRB U T2
1 1 1

=75 = =1 = = = 18.18uA
VL=Rp = 2=h 2BR2 - 2-110x10-6-1025x100 — Lo 18K
Now, Vp;,s can be written as

20 1 1
Viias=VGs1= ﬁl +Vry :/)’IR+VTN = 110X10'6-10-5X103 +0.7=0.1818+0.7 = 0.8818V

Any transistor with Vg = Vj,,s will have a current flow that is given by 1/23R2.

2 1 1
Therefore, gm=N2Ip = 5 ﬁf@z =R = |8 =R

(This means that the temperature dependence of g, will be that of 1/R which can be used
to achieve temperature controlled performance.)

CMOS Analog Circuit Design © P.E. Allen - 2004
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Summary of Reference Performance

Type of Reference VeEF TCr Comments
Vbp

MOSFET-R <1 >1000ppm/°C
BJT-R <<1 >1000ppm/°C
Breakdown Diode <<1 Can be very small | BV too large
Bootstrap Gate- Good if currents |  >1000ppm/°C Requires start-
Source Referenced are matched up circuit
Bootstrap Base- Good if currents |  >1000ppm/°C Requires start-
emitter Referenced are matched up circuit

* A MOSFET can have zero temperature dependence of ip for a certain vgs
* If one is careful, very good independence of power supply can be achieved
* None of the above references have really good temperature independence

Consider the following example:

A 10 bit ADC has a reference voltage of 1V. The LSB is approximately 0.001V.
Therefore, the voltage reference must be stable to within 0.1%. If a 100°C change in

temperature is experienced, then the TC must be 0.001%/C or multiplying by 10* gives a
TC. = 10ppm/°C.

CMOS Analog Circuit Design © P.E. Allen - 2004
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SECTION 4.6 - BANDGAP REFERENCES
Temperature Stable References

» The previous reference circuits failed to provide small values of temperature coefficient
although sufficient power supply independence was achieved.

* This lecture introduces the bandgap voltage concept combined with power supply
independence to create a very stable voltage reference in regard to both temperature and
power supply variations.

Bandgap Voltage Reference Principle

The principle of the bandgap voltage reference is to balance the negative temperature
coefficient of a pn junction with the positive temperature coefficient of the thermal
voltage, V; = kT/q.

Concept: VBE
I -2mV/°C
Result: References with TCg’s
approaching 10 ppm/°C. . / >T
.- = VREF = VBE + KV;
i v
= +0.085mV/°C
ittt

Fig, 390-01
CMOS Analog Circuit Design 'SOP.E. Allen - 2004
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Derivation of the Temperature Coefficient of the Base-Emitter Voltage
For small TCF's the dependence Viz must be known more precisely than = -2mV/°C.
1.) Start with the collector current density, J¢:
q D npo
Jc = T Wpg_ Xp

VBE
Vi
where, Jc = Ic/Area = collector current density

Dy, = average diffusion constant for electrons

Wp = base width
VBE = base-emitter voltage
Vi=kTlq

k = Boltzmann's constant (1.38x10723J/°K)

T = Absolute temperature
npo = ni?/Na = equilibrium concentration of electrons in the base
-Véo

Vi

D = temperature independent constant
VGo = bandgap voltage of silicon (1.205V)

NA = acceptor impurity concentration

ni2 = DT3 exp = intrinsic concentration of carriers

CMOS Analog Circuit Design © P.E. Allen - 2004
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Derivation of the Temperature Coefficient of the Base-Emitter Voltage - Continued
2.) Combine the above relationships into one:

q Dy, Vse - Veo Ve - Voo
Je=Nw, DT’ exp(T = AT exp(T

3.) The value of J at a reference temperature of T'= T is

where, y=3

q
Joo =ATy exp [ k_TO (VBE - Vco)
while the value of J¢ at a general temperature, 7, is
q
Jc= AT exp H" (VBE - Vco)

4.) The ratio of J¢/Jcy can be expressed as,
ﬁ 1 q Ve - Voo Viro - Vo
Joo = ( ( T h Ty

Toj "exp [k
or
Je

T q T
In (J_CO = yln(TO) + H‘ Ve - Vo - TO (VBEO - VG())
where Vg 1s the value of Vg at T = T,.
5.) Solving for Vge from the above results gives,
Vee(T) = VGO(I - To) + VBEO[TOJ +g ln( ] +7IH(J_co

T

CMOS Analog Circuit Design © P.E. Allen - 2004
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Derivation of the Temperature Coefficient of the Base-Emitter Voltage - Continued
6.) Next, assume J¢ « 7% and find dVBE/JT.

Jc
dVBE dVGo( T\Vco VBeo YkT dIn(To/T)  (To\ d(ykTlq) kT din Jco) k (Jc
aT = aT 1-T0)- To Y7o tq oI +1H(T) aT tq \" ol J+gIn7q

7.) Assume that T'= Top which means J¢ = Jco. Since, dVGo/dT =0,

JVBE | Vo VBro T JIn(To/T) kT (dn(Jclco)
dr 1=To =~ Top * To T q - ar *tg JoT

8.) Note that,

dn(To/T) T dTo/T) T (-Toy -1  din(UclJco) Jco dUclJco) Jeo(a Jc) o
a =To o =To[T2]=Tand dT  =Jc~ oI =Jc|\TJco)=T
Therefore,
JVBE | Vo VBeo Yk ok JdVBE |  VBE0-VGo k
T =n=~"Top * Top ~gq*tq ©OF JT 71=10 = To +(a- w(q]
Typical values of o and yare 1 and 3.2. If Vpgo = 0.6V, then at room temperature:
JVBE | 0.6-1.205 0.026 0.6-1.205-0.1092 .
ST rn =300 +(-32300) =300 = 1.826mV/°C
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Derivation of the Temperature Coefficient of the Thermal Voltage (k7/q)

1.) Consider two identical pn junctions having different current densities,

VDD VbbD
Ic1 I
+ AVBE -
Q1 Q2
AE1 A
= =  Fig. 390-02
kT (Jc1
AVBE = VBE1- VBE2 = q In o

- Find é’(AVBE)/ T,

d(AVBE) Vi (Jc1) k (Jct
g =T Nje) =47

CMOS Analog Circuit Design © P.E. Allen - 2004
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Derivation of the Gain, K, for the Bandgap Voltage Reference

1.) In order to achieve a zero temperature coefficient at T = Ty, the following equation
must be satisfied:

WVee | , HAVsE) . L ,
= 9T =1, +K"—gT where K" is a constant that satisfies the equation.

2.) Therefore, we get
" ﬁ &
0=K (To) ln(ch

J
3.) Define K = K" ln(J—gJ , therefore

Vo Vier - Voo (- 1)V
0= To) +7 T, + 7,

Vo - Viro - Vio(o-
4.) Solving for K gives | K=—"" B’ii(}to o(a-y)

Viro - Vo (a-7Vo
T + T

Assuming that Jeoi/Je» = Ag /A, = 10 and Vg = 0.6V gives,

1.205 - 0.6 + (2.2)(0.026)
K= 0.026 = 25.469

5.) The output voltage of the bandgap voltage reference is found as,

I
VrEFr=r, = VBreo + KVio = Veo + Vo - Viro + (y-a)Vy or | Virer = Voo + (y-a)Vio |

For the previous values, Vggr = 1.205 + 0.026(2.2) = 1.262V.
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Variation of the Bandgap Reference Voltage with respect to Temperature

The previous derivation is only valid at a given temperature, Tyo. As the temperature
changes away from 7y, the value of dVxg+/JT 1s no longer zero.
[lustration:
Veer(V)
A
1.290F IVRER ()

Ty = 400°K aT
1.280 S

MReF_ ()
oT Tp = 300°K
O

_// \
IVREF_ o 1:250F
T o—] To=200°K

1.2401
I I 1 I I I I I I 1 » T°C

-60 [-40 -20 0 20 40 60 100 120
Fig. 4.6-3

Bandgap curvature correction will be necessary for low ppm/C bandgap references.

5
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Classical Widlar Bandgap Voltage Reference’
Operation:

Vee
Vel = Ve + LR3
gives * i
AVpe = Vg - Ve = LR Q4
But, )
1, b L +
AVe = V,inl7) - V1ol 7] = ViInl77) n2r |3k
Assume VBE1 = VBE3, we get I]R] = 12R2 Q3
Therefore VREF
> 1
AV V. (Ll Vi (Rl o) @
L="R =R ln(lzlsl] =R 1H(R1151) Rs
Now we can express Vggr as S
R, (Rl As
VREF = 12R2 + VBE3 = R_3 Vt ln(Rllsl) + VBE3 = KV; + VBE Fig. 390-04

Design R, R», 1,1, and I, to get the desired K.

Let K =25 and I, = 10/, and design R,, R,, and R;. Choose R, = 10R; = 10k€2.
Therefore, In(100) = 4.602. Therefore Ry/R; = 25/4.602 or R; = R,/5.4287 = 1.842k<Q.

¥ R.J. Widlar, “New Developments in IC Voltage Regulators,” IEEE J. of Solid-State Circuits, Vol. SC-6, pp. 2-7, February 1971.
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A CMOS Bandgap Reference using PNP Lateral BJTs
Bootstrapped Voltage Reference using PNP Laterals-

~ Vbp
°
R3 Ry
M3 jl—
VReF Q1 Q2
Ry %
IREF|
Y Ill R Izl
M1b|——| M2
Vss Fig. 390-05
Veer - Ve Vior (L by Vi (Lo Vi (Ap
»="R, R [hl(lsl) - 1n(1szﬂ -& W7y =& Wi,
if I, = I, which is forced by the current mirror consisting of M1 and M2.
R, (A
Vier = Vaer + LR = Vagr + (R0l 35)| Vi= Vi + KV,

While an op amp could be used to make I, = I it suffers from offset and noise and leads to
deterioration of the bandgap temperature performance.

Veer 18 With respect to V), and therefore is susceptible to changes on V.

CMOS Analog Circuit Design © P.E. Allen - 2004
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A CMOS Bandgap Reference using Substrate PNP BJTs

. Vbp
Operation: J
The cascode mirror (M5-M8) keeps the currents M7 J——["ms
in Q1, Q2, and Q3 identical. [: O
Thus, Ly,
VBE1 = DR + VBE2 Ms M6
or ﬂ—([ M0
Vi L
=7 In(n) M3 _|——[, M4
Therefore, ] +
VREF = VBE3 + 2(kR) = VBE3 + kVrIn ]
. . rIn(n) . Ml ——, M2 kR
Use k and n to design the desired value of K (n is .
an integer greater than 1). I ll I2l R REF
Ql Q2 Q3
x1 Xn Xn <;
Vss Fig. 390-06
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Weak Inversion Bandgap Voltage Reference
Circuit:

Analysis: Vios

nalysis: [:M6
For the p-channel transistors: |

V -V -V T
Ip = Ipo(WIL) exp(ﬁ){exp(TBS) - exp(TB[D) 25 VR
where V,=kT/q. VREF
Ve Vs ’—KQ5
If Vgp >> Vi, then Ip = Ipo(W/L) eXP(n_% -V, ) : :
The various transistor currents can be expressed as: = Fig. 390-07
V G2 V G4 V S4

Iov = Inn = Ipo(WitLs) exp| 5] and Iy = Ins = Ipo(WilLs) exp| 7 - 77 |
Note that VBGZ = VBG4 and V354 = VR1.
Therefore,

I Wi/L, Ve
Ips = Wi/l exp( Vi
where
W1 W4L2L3 VRl
Vri=V, ln(m) and Ini =R

CMOS Analog Circuit Design © P.E. Allen - 2004
Chapter 4 — Section 6 (5/2/04) Page 4.6-12

Weak Inversion Bandgap Voltage Reference - Continued
The reference voltage can be expressed as,

Vrer = Rols + Vpes
However,

I=Tw, Im=Lw,R WL L,W,W,
Substituting /s and the previously derived expression for Vge(T) in Vrer gives,
Wels R, W Wa4l,Ls T T T,
Veer =T W, R, V't ln(m) + VGO(l - To] + Viro (TO) + 3V, ln(T]
To achieve dVrer/ 0T =0 at T = Ty, we get

IV ReF _ (k](Rz)[Wd@] n(W1W4L2L3) Voo Ve 3k

W6L3 W6L3 Vt (W] Wail,L 3]

o =\g\RI\LW;) N Lowows) - T, + T, tq
Therefore,
RWiL L,L
RTX6W2 1“(222/&/2% = k%o (Voo - Varo) - 3
Under the above constraint, Vzer has an = zero TCr at T = Ty and has a value of
3kT Ty 3kT
Virer = VG0+T 1 +1n(T = VGO"'T

Practical values of dVzgr/JT for the weak inversion bandgap are less than 100 ppm/°C.
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Curvature Correction Techniques:

A
VBE -
o Squared PTAT Correction: [ T77===e_ L A
Temperature coefficient = 1-20 ppm/°C o \;,;:’ el
§ //’/// \\>< -
=} - //// ~
* VBE loop gl Wiag VPTAT},/’ N
M. Gunaway, et. al., “A Curvature- | ___--=== — ) )
Corrected Low-Voltage Bandgap VRef = VBE+ VPTALY VPTAT
Reference,” IEEE Journal of Solid-State Temperature Fig. 400-01
Circuits, vol. 28, no. 6, pp. 667-670, June
1993.

* 3 compensation

I. Lee et. al., “Exponential Curvature-Compensated BICMOS Bandgap
References,” IEEE Journal of Solid-State Circuits, vol. 29, no. 11, pp. 1396-1403,
Nov. 1994.

e Nonlinear cancellation

G.M. Meijer et. al., “A New Curvature-Corrected Bandgap Reference,” IEEE
Journal of Solid-State Circuits, vol. 17, no. 6, pp. 1139-1143, December 1982.
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VpE Loop Curvature Correction Technique

Circuit:
VDD Operation:
3-Output Current Mirror (Iyg,+IN) VBE1-VBE2 & 1[-1A2
Vbp I VBE+INLl Vbp  Vpp InL = R3 ~R3 In Al
IpTar__ IpTAT V; 2lpTAT
I =P,
Y5 RaZ e f VREF R3 In INL+ Constant
IConstant B where
Q1 O Ri Iconstant = INL + IPTAT + IVBE
Sk © Vi VBE
L Fig. 400-02 =] NL + R_x + E

(a quasi-temperature independent current subject to the TCF of the resistors)
where

V[ = kT/ q
1.1 and 1) are the collector currents of Qn1 and Qyp, respectively

R, = aresistor used to define Ip74T

y _‘@E_ﬁj 2lpTAT
REF =\ Ry * R3"™MINL + Iconstant

Temperature coefficient = 3 ppm/°C with a total quiescent current of 95uA..

+@m4R1
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f Compensation Curvature Correction Technique

Circuit: Operation:
Vin

BT B
VREF=VBE + (AT+—(1+/5)) R=Vpg + (AT+77) R

where
v )I=BT A and B are constant
— T = temperature

The temperature dependence of 3 is

BTy & VT = B(T) = Ce VT

VREF

T O

= Fig. 400-0
BTel/
~ VREF=VBe(D) +\AT+—(C
Not good for small values of Vjj,.
‘/in = VREF + VsaL = VGO + Vsat. = 14V
CMOS Analog Circuit Design © P.E. Allen - 2004
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Nonlinear Cancellation Curvature Correction Technique

Objective: Eliminate nonlinear term from the BE. Vee
Result: 0.5 ppm/°C from -25°C to 85°C. Iprar IConstant
Operation: From above, Vee 0 b Vegr

VREF = VPTAT + 4VBEUPTAT) - 3VBEU Constant)
Note that, Ipryr = I, Tl =a=1 IpraT
and Leonstant=> 1o« TO0 = a=0, T
Previously we found, VBE

1 l 4% VREF
VBE(T) = VGo - Ty [VGo-VBE(T0)] (v -a)Vy In|T,
Ri VPTAT
so that
T T i T
VBEUPTAT) =VGO'T_0[ VGo- VBE(TO)]'(Y'I)Vt In Ty Conventional Curvature Corrected
and Bandgap Reference Bandgap Refereg;caoo o
ig. -

To

T
VBEU Constant) =VG0 - Ty [VGo -VBE(T0)] -YVr In
Combining the above relationships gives,
VREF(T) =Vprar+ Vo - (TITY)IVGo - VBE(To)] - [ - 41 Vi I(T/Tp))

Ify=4, then | VRER(T) = VpraT + VGo(l - (TITy)) + VBe(To)(T/To)
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A Practical Version of the Nonlinear Curvature Correction Technique

The last idea was good in concept but not appropriate for CMOS implementation. The
following is a possible implementation.
Vbp

\:] "_| [lj L:] l_.‘ Vpp Vpp
| | | | | |
"Tvpp ' ' ! — Vpp| ' Iconst  Ivee | Klprar

lprar | [VBELTAD) lype(Const) ICO,%S l

+

:]I— ° — VGS(ZTC)
Q1 — — Q2 _
1 VREF% Ro Ny = =
R1 Ry Constant Current
% % - ’:] [:‘ % Generator
T 040629-01
Verp(PTAT) Var(Const)
Vrer = Rollvpe(PTAT) - Iype(Const)] = Ry ™ R, -RoT R,
Ry T\ Ro T T
=R, [VGO TolVGo-VBE(TO)-(v-DVy In T()] R, [VGO TolVGO-VBE(T))]-YV¢ In To}
R() R R R() R 1 )/—1 .
Let 5~ "Ry = I and B~ ) (-1 = R,y " R,= y to cancel the nonlinear curvature term.
CMOS Analog Circuit Design © P.E. Allen - 2004
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Other Characteristics of Bandgap Voltage References
Noise
Voltage references for high-resolution ADCs are particularly sensitive to noise.
Noise sources: Op amp, resistors, switches, etc.
PSRR $ Vec o
Maximize the PSRR of the op amp. *
Offset Voltages Q2
Becomes a problem when op amps are used. VREF
Ver = Vel + Ve + Vos
I AR i
AV = Vg - Vpe1 = Vri + Vos = Vi ln(la A EZ) l o
Since iczR3 = ic1R2 - VOS R
ic R Vos R  Vos 3% 2
then ict — Rs™ iaRs = R; (1 ticR, X
Therefore, Fig. 400-05 v VEE

2AEL( Vos

Vii=-Vos+ V, ln[R3AE2k1 iciR>

RI1 R,
Ry = Vg, - Vos + (]Tl

R RA V
Vrer = Ve - V05(1+ R?) + R? ViIn [RiAg(l B icﬁ%z)

CMOS Analog Circuit Design © P.E. Allen - 2004
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How do vou get a Stable Reference Current from the Bandgap?

Assume that a temperature stable reference voltage is available (i.e. bandgap
reference) and use the zero TC NMOS current sink.

The problem is that V., may not be equal to the value of V that gives zero TC.

4+ VoD
1:1 Current Mirror
+ IRll R J IRzl l[REF
VREF —
1:1 Current Mirror Rz% VGs
= J—_ - _T Fig. 400-06
Veer) (R
Vos=IpR, =R, R, |~ (R_1 Vrer
dVes (Ry)dVigr VigrdR, Ry dR, R,[dVey dR, dR)|
dT = |\R,) dT *"R, dT "R2dl =R,| dl *dTl ~dT|

If the temperature coefficients of R, and R, are equal | g7 = 7T |, then

dVss R, dVige ' _
dT =R, dT and V, is proportional to the temperature dependence of Vygp.

If the MOSFET is biased at the zero TC point, then the current should have the same
dependence on temperature as Vygp.

CMOS Analog Circuit Design © P.E. Allen - 2004
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Practical Aspects of Temperature-Independent and Supply-Independent Biasing

A temperature-independent and supply-independent current source and its distribution:

Vbp
e e e |[‘_‘
| E— | ——
M13| MI15 M17| M19
[ | N | i |[‘_‘
| I [ —
Ml Mi14| Mil6 MI8| M20
To Slave To Slave
Bias Ckt. Bias Ckt.
Q1
L Fig. 400-07
Constant current:
Ve _T
Ier = R, . where Ve = Vags + Ipparly = Vg + R, In(n)-R,
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Practical Aspects of Bias Distribution Circuits - Continued

Distribution of the current avoids change in bias voltage due to IR drop in bias lines.

Slave bias circuit:

Vbp
L:] FT——VPBiasi
From Master Bias
Dn On —p s
= ! J = (= > Vs
5, [ i| | 5 » VNBias2
} _7 } _7 } »VNBias1
_TL Fig. 400-08
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SUMMARY OF VOLTAGE AND CURRENT REFERENCES
* Reasonably good, simple references are possible
* Best power supply sensitivity is approximately 0.01
(10% change in power supply causes a 0.1% change in reference)
» Typical simple reference temperature dependence is = 1000 ppm/°C
» Can obtain zero temperature coefficient over a limited range of operation
* Bandgap voltage references can achieve temperature dependence less than 50 ppm/°C

» Correction of second-order effects in the bandgap voltage reference can achieve very
stable (1 ppm/°C) voltage references.

e Watch out for second-order effects such as noise when using the bandgap voltage
reference in sensitive applications.

We will examine bandgap voltage references once again when we consider low
voltage circuits in Section 6 of Chapter 7.
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CHAPTER 4 - SUMMARY

This chapter covered the analysis and design of sub-blocks or subcircuits including:

- Switches - MOS diode and floating resistor realizations
- Current sinks and sources - Current mirrors (amplifiers)
- Current and voltage references - Bandgap reference

Subcircuits represent primitives of circuit design and do not stand alone
The current sink/source is an important subcircuit which is used for biases and ac loads

A current sink/source is characterized by
1.) The independence of the current on the voltage across it (ry;;z)

2.) The voltage range over which the current is not independent of the voltage (Vasn )
A current mirror is characterized by

1.) The independence of the output current on the voltage across it (r,,; — large)

2.) The output voltage range over which output current is dependent (V47 (out))

3.) The independence of the input voltage on the input current (7;;, — small)

4.) The range of input voltage over which the input current is independent (Vs7n(in))
5.) The accuracy of the current out as a function of the current in ratio.

A voltage or current reference is independent of power supply and temperature

The bandgap reference is the best realization of a voltage reference
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