6.012 - Microelectronic Devices and Circuits

Spring 2006 Design Problem Circuit
Full schematic

ﬁlBV
) —1 >
|| Q_l || Q_5 _Q9 Q10 11 Qli A
A e *|‘"|E‘>JET|“|* —‘EQM Qﬂj}_ ~|EQZ4
N - S 1B /
Q2 [ Qs Qi8] : > Q19 Q28
ui — ot )
N < Q25 M
I [JQrp VIN ViN2  Qaop 1] « Q21 A |\ vouT
: L : _ - — D — hd Q29 -
1 1 ) -
SHSE 1S B_”EQB Qezp Q2 B_‘:Q”
[ . ]
~ ~" " ~— azioV ~ — ~" o v—’
Bias chains Source-coupled pair Cascode* differential Complementary  Push-pull

gain stage with
Lee active load

emitter-follower
output stages

gain stage with
cascode current
mirror active load

output
stage
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6.012 Design Problem

Spring 2006 - Slide 1



Circuit drawn with alternative MOSFET symboals:

Some find the MOSFET symbolsused in thisversion of the schematic with the
arrow on the source, rather than the gate, mor e intuitive when looking at a
schematic. Therest of thefoilsin thisset usethe original symboals, so thisfigure
help you adapt those foilsif you prefer these alter native symbols.
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Conceptual schematic: full circuit
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Conceptual schematic:

difference-mode inputs
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Conceptual schematic. common-mode inputs
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L eft to right through the design problem cir cuit:
1. Biasing: thebiaschains
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Pointsto ponder:

- What isthedrain current of a minimum size n-channel MOSFET when (VsV1) =
(VesV1)min? What isit for aminimally biased p-channel MOSFET?
- How can Q, and Q, both be at this minimum bias point?
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L eft to right through the design problem cir cuit:

1. Biasing: looking at how each of the four stagesis biased
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Point to ponder:
6.012 Design Problem - Stages 2 and 4 are biased by the preceding stages.
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L eft to right through the design problem cir cuit:
1. Biasing: power dissipation
A constraint on the bias currentsisthetotal power dissipation

gpecification of 7.5 mW. Thismeansthat thetotal bias current
must belessthat 2.5 mA (i.e, 3V x 2.5 mA = 7.5 mW).
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L eft to right through the design problem cir cuit:
2. First gain stage: gain of source-coupled pair with Leeload

A LeelLoad isan active load that looks different in common and
difference mode. A full analysis can be found in the handout
"Two Active Loads' posted on Stellar.
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L eft to right through the design problem cir cuit:
2. First gain stage: gain of source-coupled pair with Leeload

Differ ence mode: Common mode:
— ] % -
Vid Om13Vid go13V 2009 Vgs13 Jo13
od gm13Vgs13 2
° 4 o—-I Vic - . Voc 3 Om9
_ _gm13
Voyg =———V, 20015
‘ Oz * 2009 ’ . -
21, ( V, .V )
2 A9 Y A13 _ V _ V
(VGSIS _VTn) V. = VA9 +VA13 Vv 2VA,err 913 Vv Voo = @Vic = ( i Tp) Vie
o /27 (V -V. ) a (V -V. ) a 401 N
+ 2 D13 Gs13 ~ VTn Gst3 ~ Vn
VA13 VA9
Combined:
V.. = ~Omis . (Vinl B Vinz) _ Jo1s . (Vinl + Vin2) — _VA.eff 913 | ( _v ) _ (V6513 _VTn) . (Vinl + Vinz)
utl inl in2
° 9013 + 2909 2 4gm9 2 (VGSI3 - VTn) 2VA15 2
v — gml3 . (Vinl - Vinz) _ 9015 . (Vinl + Vin2) — VA.erf 913 | ( _v ) _ (Vc5513 _VTn) . (Vinl + Vinz)
t2 inl in2
> 9013 + 2909 2 4gm9 2 (VGSI3 - VTn) 2VA15 2

Pointsto ponder:

- Theoutputsgotothe gatesof other MOSFET, so they do not load this stage. What
doesthis about getting the maximum difference mode out of this stage?

- How can Qg through Q5 all be biased at their minimum bias point?
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L eft to right through the design problem cir cuit:
2. First gain stage, cont: common-mode input range

+15V

Vs Stays constant

Ve f 1Q13, Q14 forced | fvc

out of u
up Q13 saturation -P’Q—M P
VC* + if ve t00 high + + ve

VGS stays constant
Q Q15 forced out
15 of saturation
if ve too low
-15V

Point to ponder:

- What isvpgand what isvgp at the boundary between the saturation and linear
regions?
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L eft to right through the design problem cir cuit:
3. Second gain stage: source-coupled cascode, current mirror load

+15V :
| Comments/Obser vations:

- Thisstageis essentially a normal

sour ce-coupled pair with a current
+—| Q16 Q17 |—+ mirror load, but there are differences..
VIN? - Thefirst differenceisthat two driver
- transistors are cascode pairs. The stage
Q19 L thus has two sub-stages, thefirst being a
= sour ce-coupled pair which isloaded by
the second, which isa common-gate
pair. The combination of acommon
Q,q VOUT érinS sour ce stage followed by a common gate
- stageiscalled a" cascode.
= - Thesecond differenceisthat the
current mirror load is also cascoded.
Q23 - Thethird differenceisthat the stageis
not biased with a current mirror, but is
instead biased by thefirst gain stage.
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Point to ponder:

- Noticethat output of the stageisloaded by the input resistance of thethird stage.

In thefirst stage there was no loading. How does this effect the gain and how we
maximizeit?
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L eft to right through the design problem cir cuit:
3. Second stage: gain of asimple current mirror with loading

v+ The output voltageis, in general:
Ql QZ = gm3 V. —V g06 V. +V
j E o 901 + 903 + gload ( ' 2) 2gms ( )
Focusing on the differential

+
gain and writing it in terms of

_”EQs Q4E“_OUT.§”°""0' the bias point:
¥ + L .
B Oms3 _ KB(VGSB _VTN)

VIN VIN2 T A, = _
L L O01 * Yoz * Yigad (I D/VA,err) * Oioad
HE Qs Substituting for |, and dividing by K:
VR_E Fo A\, — (VGSB _VTN)
T d
V. (VGS3 _VTN)2 + Yioad

2V ut K,

Point to ponder:
- When the output isnot loaded the voltage gain, 2V «/(Vcs- V1), does not depend on

the K's of thetransistors, but when it isloaded by r,.,4, making K bigger can increasethe
gain.
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L eft to right through the design problem cir cuit:

3. Second stage: theimpact of having cascode pairs

+15V : : : :
| Replacing all thetransistorsin acurrent mirror

by cascode pairs significantly increasesthe
output resistances and the maximum gain:
+ Qs Q17 +
VIN1 0.75 V VIN2 V+
L Qg™ I—‘—I > Q10 L A Cascode Pair:
Common- Common- é g
+ source gate
Q2o >| :QZl : é ) 4{(31 Q2 —_I__ VouT+Vout
0.75V - + )
N a = VIN+Vin = 1L
Q22> Q23 - =
_ Vour — g . 9
i A\/,Cascode = =- m J Fout = I’Oli2
15V Vin g +g, %
Pointsto ponder: Omo

- What isthevalue of g,,4?

Isit feasible to bias Q5 and Q17 to get the largest gain? How close can one come?
Changing the bias on Q,¢/Q,; meansthat of Qy/Q,,/Q,,/Q4, must change. Isthis OK?
How much can K beincreased? |sthereany disadvantage to making K thisbig?

Over what range can v sSwing (positive and negative)?
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V+

L eft to right through the design problem cir cuit:
3. Second stage: the cascode

Common- Common-

é gi
Schematic: souree gate
HEAR +

4”; Q27T Vour+vout

VIN+Vin - J_

L T =

- V- Fo2
L.E.C. W
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m1Vas ngV s2
Vgsr Om gr11 Voo 9 v grl
- © +
A, = Vour — ~Om _ ~Om ro= Omz2 T 902 T 9uu
V_ 0] g ou
NGt (g tGy) GOy 2 Joz 501
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Point to ponder: " 0o,

- A, of acommon-sour ce stage, with a much larger output resistance.
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L eft to right through the design problem cir cuit:
3. Second stage: looking more at the cascode

The cascode stage looks like a common source stage made of a

special "cascode" transistor, Q:

\V+ V+
I
Common- Common- é gi ég
source gate
— Cascode
Q1 _| i_| + equivalent +
H Q2 VouT+Vout 4|+ Qcc  VouTt+vout
VIN+Vin - J_ VIN+Vin J_
L L
- g__ d Om2
QCC' + OV oncc Omce = 9 Vocc = o1 gm
VgsCC " 9 locc 02
_ Om2 — 2 Y2
S | s VA,CC ’"VA1 - or )Lcc - )‘1 >
goZ gm2
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L eft to right through the design problem cir cuit:
3. Second gain stage: substituting the cascode equivalents

I+ 15V |V+
+ "Ele Q17E| + ‘ Occi |
VIN1 || 075V VIN2 . \'/I'INl E Qcc2 | V_|I_N2
JT—le*I_‘_I"ngJ:— : -
+ ) -
Q20 ™ >i - Q21 vourt érin3 Qccs Qccs '—:—
075V | L |
|| ) V_
Q22 P <« Q23 .
“F | QCC1 = Q16/Q18
| Qccz = Q1 7/ Q19

-15V

Qccs = Q2/Qy0
QCC4 = Q23/Q21

Common Common
source gate
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L eft to right through the design problem cir cuit:
3. Second gain stage: substituting the cascode equivalents

|V+
Om.cc Jo.cc
Q0169018
| Qcct | s
+—’->Qcc31 Qccat| . o Ornus
Y v Qccz | Gz al7=als
IN T IN2 Ormao
JT_ N |74{ - VOUTérmB J:_ Qccs | Gz 902290%
) : m20
QCC3 QCC4 -_:_ QCC4 gm23 902390%
7 ' On21
|
V (Vinl + Vin2)

Vout = Avdvi-d + A\/c ic — Avd (Vinl - Vin2) + Avc 2

Avd = Vour! (Vin1=Vin2) With vy, = v,y/2, v, 1, = -v;y/2:

A, = 20mcc2 — 2017
d
Bocc2 ¥ occa T Gins (901790% ) + (902390% ) +0. 4
gm19 gm21 "
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L eft to right through the design problem cir cuit:
3. Second gain stage: completing the gain derivation

A, 4 cont.:
vd 5 2|D
AV _ (VG817_VTp)
4=
I, |y .(VG819_VT|O)+ I, 1y .(V(3821_VTn)+g
in3
Vaz Vae 215 Vs Van 215
_ 2 2

(Vc3517 _VTp) (VG819 _VTp) n (VG821 — VTn) + Gins
2V p17Va10 2V p 2V,

A2l ID

2 2

= (V Y; ) . Lesson: Biasthe FETs

6s ™ VT min | (Vas—Vr), . 20,5 at (VgeVo)min Then

V2 _ 2 make g3 assmall as

A Kl?(VGS VT)min possibleand K ;; as
lar ge asyou can.*
Avc = Vour With Vipy =Vi, = v,
A, = l Lesson: Not much can
2 be done about A,,..

6.012 Design Problem * Thismay not be the peak gain, but it will be OK. Spring 2006 - Slide 19




L eft to right through the design problem cir cuit:
4. Third and fourth stages: emitter-followers

+15V

A—|EQ24

15V

Point to ponder:

CommentsyObservations:

- These stagesinvolve four emitter
follower building blocks arranged as
two parallel cascades of two emitter
follower stageseach. These stages
offer the most design challenges and
trade-offs of any of the stagesin the
design problem.

- They must be biased properly
taking into account KVL and KCL
constraints.

- Although they have voltage gains of
almost one, they have a big effect on
the overall voltage gain of the
amplifier becausethey load the second
gain stage.

- They determine the output
resistance of the amplifier.

- Am | having fun yet? (Thisiswherethefun begins.)

6.012 Design Problem
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L eft to right through the design problem cir cuit:
4. Third and fourth stages, cont.: biasing - getting the currentsright

+15v
Constraint at output node: 1, =l
—”‘2324 Constraint at input node: 525 \ 826‘
BIAS3 —
e20/fnt1) |/ Equivalently: ezs/ (B, +1) =llead /(5 +1)
Iﬁzs _I H' | Qfs Sum at emitter of Q,.:
In=0 / |lB26 E26 lE28 _
= o l:j o 10U e = leas * lleasl/ (B, +2)
Vi Q25\+ E25 I\ vlle2 $100Q N | 1
v =(B. + + +
J_—_ —I | ||EZ_9|/d[3p+1) \(329 1 (/D)n ) B25 ‘ E29‘/([))p )
) 1 Q27 | ‘ E29‘
B |-
o (Bl <ﬁn+1>(ﬁp+1)]
I 15V Sum at emitter of Q,g:

IE28
s = (B + Yol e/ B+ = (B + Yoo+ (58—

Combining everything: g uss/lgns, = (B, +1) /(B +1) = B, /B,
Spring 2006 - Slide 21
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L eft to right through the design problem cir cuit:
4. Third and fourth stages, cont.: biasing - getting the voltagesright

| +15V
. KVL constraint:
A—| E Q24 VBE28 +VE829 _VBE25 _VEBZB =0
Relating voltages to currents:
N /Q28 Vagos = (kT/Q)In[IEzs/stl ESh]
+
d VEBZ'Gl’(/QZt})/BE% ;}— Ve = (kT/q)In[‘l E26‘/)/26| ESp]
VBE; Q25 |\ VEB29 o 100Q Veesg = (kT/Q)In[IEzs/stl ESn]
- b 29
| AN -+ VBE29 = (kT/CI)In[“ 529‘/)’29| ESp]
B_I 1 Q27 .. : : :
B Combining everything, including the fact
that lzg=lgg,=lgsy and the results |Igg|=1gy
Y and |1 gl/(B,+ D=1gpg/(B,+ 1), Yields:
Point to ponder: I p,+1
- What dgtheresultsonthisfoil and the =2 = ( - )}’28)/29
last mean, and ar e there any other things lg25 (ﬁn +1) Y257 26

to consider when biasing these stages?
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L eft to right through the design problem cir cuit:
4. Third and fourth stages, cont.: input resistance, r;,

We will use the approximation that the two emitter-follower paths can be modeled as
being in parallel for purposesof calculating the input resistance.

+15V +15V

— P Q24 =

26

JoN

Fin1 —»

15V 15V

Point to ponder:
- Remember that theratio of 15,5510 1545 ISCONStrained.
- Isthereapenalty for picking a biasthat maximizesr,,? What else would be impacted?
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L eft to right through the design problem cir cuit:
4. Third and fourth stages, cont.: output resistance, r

* Wewill usethe approximation that the two emitter-follower paths can be
modeled asbeing in parallel for purposes of calculating the output resistance.

+15V +15V

— P Q24

I
outl

25
_ Q |/ rout2

2r0S2 I\ng

26 _

2r0s2 J_ N B_I i Q27 |

o

-15V rout ~ r‘out1” r‘out2 T_ 1.5V

Point to ponder:
- Remember that theratio of 15,510 1545 iSCONStrained.
- Isthere atrade-off between power dissipation and r,,? Istherean optimum bias?
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+15V

L eft to right through the design problem cir cuit:
4. Third and fourth stages, cont.: ri;and
r... Of an emitter follower

out W }\QZS
* Reviewing theinput and output resistances ( \Tt /)

of a single emitter follower stage.

+
CD Vout &I
Right: Emitter-follower stage IBIAS )

Below: LECsfor findingr,,andr

lin = b Ib
W '

+ . 7 . [
rin Vin | |4| |
+1lt
I oBias f loBias % Vi rout
- [

i =T+ (B0 111 1 Taias) ot =Y/ [9 + Gaas + (B+1)/(r, +1)]
~r +(B+1r, ~(r.+1)/(B+])

Point to ponder:
- Lookingin theresistanceis multiplied by (f+1); looking back it isdivided by(p+1) .
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+15V

L eft to right through the design problem cir cuit:
4. Third and fourth stages, cont.: thevoltage

gain, A, of an emitter follower

* Reviewing the voltage gain of an
emitter follower stage.

Right: Emitter-follower stage
Below: LEC for finding A,

iin —ib

—_— )
+ )

- <1>B'b -
Vin . . T

I'oBias N Vout = AvVin

Point to ponder:

I't
WA Q25
¥ N
V=t / +
L CD Vout%rl
IBIAS .
-15V

Vout = (/3 +1)ib(rl ” ro ” r-Bias)
Vi =1yl + (/3 +1)ib(r| T, |l rBias)

A, = Vour — (/3 +1)(r| T, |l rBias)
Vio T+ (B0 T 11 Taas)
(B+1)n
- r_+ (ﬂ +]_)rI

- Thevoltage gains of the third-stage emitter followers (Q.,s and Q,g) will likely be very
close to one, but that of the stage-four followers might be noticeably lessthan one.

6.012 Design Problem
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L eft to right through the design problem cir cuit:
4. Third and fourth stages, cont.: output voltage swing
Q19 forced out + 1.5V  Vsc stays constant

of saturation /
Q |
24

If vouT too high

Vsc
Al Q24 forced out
+ Q16 Ql? + of saturation
if vouT too high

VIN1 = VIN2
Qo L

Gate node
voltage fixed

iV AL £
QZOEI_ e \Q25 }\26 *VOUT

-
O

\ﬁg

vl

) -
down
Q21 forced out /% — * 3 }\ng
of saturation ==
if vouT too low L] || B |F 0.
<« Q23 _,_—I - ©
Q2 - | | 1 Q27 forced out
Gate node Vs - of saturation
if v too low
voltage fixed A our 10

y i
Vs stays constant | -15V

Pointsto ponder:

- How far + and - can the node connecting the drains of Q.4 and Q,; swing?
- How low can the voltage on thedrain of Q,; go? How high for thedrain of Q,,?
- How much do vgg,g and vegog iNCrease as |V 1| inceases?
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L eft to right through the design problem cir cuit:
4. Third and fourth stages: putting it all together

I+1.5V

A—|EQ24

! Q28
S
JIN N925 l\26 |‘) V;UTélOOQ
_ e }\ng i
L || =
B_I : Q27

15V

Point to ponder:

- Now that | know everything,
how can | meet the specs?

6.012 Design Problem

CommentsyObservations:

- These stagesinvolve four emitter
follower building blocks arranged as
two parallel cascades of two emitter
follower stageseach. These stages offer
the most design challenges and trade-
offs of any of the stagesin the design
problem.
- They must be biased properly taking
into account KVL and KCL
constraints,
- Although they have voltage gains of
almost one, these stages have a big
effect on the overall voltage gain of the
amplifier becausethey load the second
gain stage.
- These stages deter mine the output
resistance of the amplifier.
- lgas3 @Nd I g a4 Set the bias |evels of
Q.zand Q . Thebiaslevels of Q,g and
Q2 areset y they's.

R reasonable choiceisto make y

o, 810 135 = [ (By+ D/(B,+ 1)] . GohiCh
case:

| eog/l Eo5 = V28/ Vo5
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L eft to right through the design problem cir cuit:
6. Overall gain expression

The defining relationships:

Vout = A\/dvid + A\/c ic = A\/d (Vinl _Vinz) + Avc (Vinl + Vin2)/2
The difference-mode gain:

Ak = A Az Az A

— _gmlS . _ngﬂ .1 - (ﬁn +1) 2r|
2(9013 + 2909) ( 90179019) + ( 9023g021) + g rJ‘L’ 28 t (/3n + 1) 2r|
gmlg gm23 "
r, =100€2
The common-mode gain:
A oA A A =% -1, (B tD)2n
A\/c A\/cl A\/cz A\/B Av4 4gm9 2 1 rnzg + (ﬁn +1) 2r|

Point to ponder:

- Thefollower stagestreat the difference and common mode outputs the same.
- Let'sput it all together and see what your design can do!

6.012 Design Problem Spring 2006 - Slide 29



L eft to right through the design problem cir cuit:
5. DC offset of adifferential amplifier (OP-amp)
Procedure for finding the DC offset:

l. Identify the high impedance node* in the amplifier, and calculate what
the voltage on that node is when the output voltage is zero.

High impedance node

S . N A , /
H 101, H(Qs E)g Q10 11 Qé‘ A
T4 = c |_._| Etjgl—% _| E Qe Q17 —| Q24
10 (o B N i - G /
] =2 PHRCS 9 Q1s : \QZS
B T 13 E EI Q14 /
.  + || Q26 J n
J1Qs  [g1Qp VN vinz - Qa0 [T [ 9% Q25 ‘:... Oz YOUT
oo+ L 7 i L
n Q% .: Qs B _”E Qs szE IEst B 711 Q27
']

lL1sv / /

Node voltage when v 1 = 0 Vyopeg = Vieezs = Vegog = OV

* Example: The output node of a CMOS inverter is an high impedance node.
When both MOSFETs were saturated the voltage on this node could take on
a range of values, and we couldn't say what vy, was when v, was Vpp/2.
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L eft to right through the design problem cir cuit:
5. DC offset of a differential amplifier (OP-amp)

Procedure for finding the DC offset:

ll. Disconnect the circuit following the high impedance node and
calculate the voltage on the node when v; = v\, = 0, assuming
perfect symmetry and matching. Call this voltage Vype-

. . [FioVv .
> ) i
| Qo Q1o 11 Q12 ngh Impedance node
A | | —
— | | _l lec Q17
N
192 Qs | Q
T B — — | Q14
- > +
— ] B R, e V =?
. | Q3 15 VINZZJ? Q20 § Q21 J;I:IODE
A = *\
SHS Qe _IE?{ QZZEI tQ”’ Complementary node
A ¢ /

Both inputs zero L1isv

With perfect matching and symmetry,the voltage on the high
impedance node will equal that on the complementary node. In
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L eft to right through the design problem cir cuit:
5. DC offset of a differential amplifier (OP-Amp)

Procedure for finding the DC offset:

lll. Knowing the differential voltage gain of the stage, Avd, we can
calculate the DC off-set at the output by subtracting the voltage
calculated in Step I, which we can call Ve, from the voltage
calculated in Step ll, Vyope-

When viy1- Vine = (Myobea = Vivooe-n)/Aves Vout IS On the same order
and thus essentially zero. We will define this value of v;- v, to

be the DC offset, certainly compared to (Vyope = Viope-n)-

R DC offset = (Vyopes = Vivope-/Ava

M VINl\
A Example: In the design problem,

vd +
/ if A, 4.turns out to be -1 x 104,
VIN2 VoUTi RL

- then the DC offset is 90 uV.
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