Chapter 3: Single-stage Amplifiers

3.1 Applications

3.2 General Considerations
3.3 Common-Source Stage
3.4 Source Follower

3.5 Common-Gate Stage
3.6 Cascode Stage
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Ideal vs Non-ideal Amplifier

o

(a) (b)
* Ideal amplifier (Fig. a)
y(t) = ao + ara(t)
— Large-signal characteristic is a straight line
— a, is the “gain”, a, is the “dc bias”
* Nonlinear amplifier (Fig. b)
y(t) = oo+ ora(t) + o0 (1) 4+ - + o, 2" (1)
— Large signal excursions around bias point
— Varying “gain”, approximated by polynomial
— Causes distortion of signal of interest
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Analog Design Tradeoff
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* Along with gain and speed, other parameters
also important for amplifiers

* Input and output impedances decide interaction
with preceding and subsequent stages

* Performance parameters trade with each other
— Multi-dimensional optimization problem
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COITIMON-o0uUurcCec stagc witili RCsistive

L s - T +

* Very high input impedance at
low frequencies
ForV, <V_, M, is off and V

out

e When V,, > V_,, M, turns on in
saturation region, V_ _falls

out
« When V, >V, ., M, enters triode
r | T
Vinl = Vo = Vpp — Hp5pia( o Vil — Vo )©

.I|‘ Pvlll"\, vout_ 'inl vTH
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COITIMON-o0uUurcCec stagc witili RCsistive

ForV, >V,

inl,
Vour = VDD — h’.rﬁ!in_( fow 20V = Ve )Vour — Vo
VDD
RD
I""I::aut
Vin Ron e If V. is high enough to drive M,
M, : : :
il into deep triode region so that
.,
Vour =V —
| P o, + D
_ VDD
- 1

Lt i Cowm R (Vi = V)

Copyright © 2017 McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education.



COITIMON-o0uUurcCec stagc witili RCsistive

A, = (?;"‘f'“-" « Taking derivative of I, equation
OV o in saturation region, small-signal
= —Rpp.Coo=(Vi = Vi) gain is obtained
= —¢ulip.
r °Vout * Same result is obtained from
V. () VY ImVi Ry small-signal equivalent circuit
= Vour = =49 V1D = =4V D

« g,and A, vary for large input

signhal swings according to
G — ﬁl"f.:.(.'fc?..i'{. l'll":_x; l \J'i "'E’:"s — "‘TJ‘TT\J

* This causes non-linearity
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COITIMON-o0uUurcCec stagc witili RCsistive

 For large values of R, channel-length modulation of M,
becomes significant, V_,, equation becomes

| N 4 , | ,
"".ri'J'!'.!..'I — "'DF_J' _ ‘“J'J-"._J;;i'h.('c'J.J'?TIi "'.n T "Tj";’j]zlil —|_ ‘}“"'IIII'J'!'-!H":J
| rofp
* Voltage gain is o R

* Above result is also obtained from small-signal
equivalent circuit
0

+ out Vi= Vi,
+
Vin ( ) Vi ImV, R .
" - _ﬁ " rD D o "‘ 1 'i o) H hJ'D \] - - "".r['J'!'.!..'I

"'IIPI'J'!'-!-." _x; "'u — — 'i. I'¢) H hJ'D \J
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Diode-Connected MOSFET

* A MOSFET can operate as a small-signal resistor if its
gate and drain are shorted, called a “diode-connected”
device

* Transistor always operates in saturation

Diode-Connected Device

R

* Impedance of the device can be found from small-signal
equivalent model

Vi = Vx Ix =Vx/ro+ ¢.Vx

"".'_Y _x; lf XN — 'i. 1 _x; ,'? YL j H I'e) ~= l_x; ,"rj’ T
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Diode-Connected MOSFET
o Voo " Jin
—||3: ------- o L0 tﬁ é)g"‘v" %ﬂa G&me"bs

Ay
V ? Vx

* Including body-effect, impedance “looking into” the
source terminal of diode-connected device iIs found as

Iy G + G + 10 :
1
= H O
o + ol
¢ r "'1‘: .
VG + Gonl \J "'".7\’ + =1 X e : :
e G T Gon
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Diode-Connected MOSFET: Example

« Find R,if A= 0

|

I N+
o
Q
3
<

o1
Q
3
=Y
7]
H—
N

* Result is same compared to
when drain of M, is at ac ground,

Vi = —V :
. Set inuepenaent sources tBWe?8NAPMGVA Zdl find
resu"'x,"}’.u- + g )V x = Ix

Vy | * Loosely said that looking into
— = - source of MOSFET, we see 1/g,,

/ N Yoo+ Gond
whenA=y=0
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CS Stage with Diode-Connected Load

Voo * Neglecting channel-length
modulation, using impedance
=L, result for diode-connected
oV, device,
e ) o G2 T Grnb2
) . Gl 1
g2l

where, 7= ¢ni2/gm2
« Expressing g,,, and g, _, in terms of device dimensions,
[(W/L)y 1
V(W /021 + 4

* This shows that gain is a weak function of bias currents
and voltages, i.e., relatively linear input-output
characteristic
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CS Stage with Diode-Connected Load

Voo * From large-signal analysis,
—Em L (H) T G (H) e
2 — 1, C o | — ) (Ve =V 2 O =) (Viap = Vo — Ve )?
5 HnCor | (Vi TH1) FHnCon | 7 oD ut — VTIr2)
out [w [rw
i —_— |: \” — V | =  — |i. '( ) — \";-;-54..’ — V 2\]
Vino—L M, \;x ( I )1 THI, \f ( I )2 DD TH2,

e If V_,,, does not vary much with V__, input-output
characteristic is relatively linear.

« Squaring function of M, (from its input voltage to its drain
current) and square root function of M, (from its drain

current to its overdrive) act as inverse functions
J ) =

Copyright © 2017 McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education. 12



CS Stage with Diode-Connected Load

* As I, falls, so does overdrive of M, so that
Viis2 = Vo Vout = Vpp — V12
» Subthreshold conduction of M, eventually brings V_  to
V,,, but at very low current levels, finite capacitance at
output node C, slows down the change in V_ . from V-

out
VTH2 to VDD'

* In high-frequency circuits, V

., Femains around V,-V_,
when /, falls to small values.
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CS Stage with Diode-Connected Load

VDD
vout ‘
_II: M2 VDD - VTH.'Z
T— Yout
Vin ol m,

*For V,, < Vi Vou = Voo = Vi

ou

« When Vv, > V_,,, previous large-signal analysis predicts
that V_ . approximately follows a single line

out

« As V. exceeds V,  + V.. (to the right of point A), M,

enters the triode region and the characteristic becomes
nonlinear.
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Co otage witn viodce-Lonnecciecd ryvivo

—OONICe

Voo * Diode-connected load can be implemented
— m, as a PMOS device, free of body-effect
—I_O * Small-signal voltage gain neglecting
Vout channel-length modulation
Vine—lk M. A, = _ flif--.u. (W/ L)
- T V 1, (W /L),

* Gain is a relatively weak function of device dimensions
» Since u, = 2u,, high gain requires “strong” input device
(narrow) and “weak” load device (wide)

* This limits voltage swings since for A = 0, we get
Vas2 — Vrm

Vizst — VT
* For diode-connected loads, swing is constrained by both
required overdrive voltage and threshold voltage, i.e., for
small overdrive, output cannot exceed V- |V,
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CS Stage with Current-Source Load

— VDD — +—H-» {is
Vo == M, l:'f Im2V2 Zrq, Foz
I:> " * © vout I:‘l> vout
+—° vout
Vino— M, Vin o—| M, Vino—] M,

* Current-source load allows a high load resistance without
limiting output swing

 Voltage gainis A, = —g..1{ro1||roz2)

« Overdrive of M, can be reduced by increasing its width,
r,, can be increased by increasing its length

* Output bias voltage is not well-defined

e Intrinsic gain of M, increases with L and decreases with /,

! .
/ (H--) By |
mlfol1 = 12| — Cond D——
G101 \’I / 1;”_ DMD
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CS Stage with Active Load

ou‘l ovout + * out
+
Iné Im1Vs %"01 Vin é_ _ﬁ(gmﬂgmz) %fmnroz

. Input signal is also applied to gate of load device, making
It an “active” load

M, and M, operate In parallel and enhance the voltage
gain
* From small-sianal eauivalent circuit-
_ I: '(j" i ]_ —|_ '(j'r' Frk L 2 :J "'.f Ilr rfFJ 1 | | ‘;‘fFJ 7 — "l'.;j-q !

gmz 2

IS+ + 3

.'ll.,.:—lf'j)‘rl—I—fjr J’”1||J’“'}

* Same output resistance as CS stage with current-source
load, but higher transconductance

 Bias current of M, and M, is a strong function of PVT
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Co tdac wWitr ACLIvVC LOalU. oupply

i

||J§|'

Vst + [Vasal = Vop

e Variations in V,, or the threshold voltages directly
translate to changes in the drain currents

* Supply voltage variations “supply noise” are amplified

too
* Voltage gain from V,, to V_,, can be found to be
Vot G202+ 1
' — e}
VoD ro2 + rou
1 |
= (f;._,;,.g + ) ( f‘(’)1||f'r_72j
ro2
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CS Stage with Triode Load

VDD T VDD

E— * A MOS device biased in the
", =Rr,, deep triode region acts as a
y resistive load in a CS stage
Ve B2 t—Yeute v, is sufficiently low to ensure
Vin o5 M, Vin o5 M, M, is in deep triode region for
all output voltage swings
 Voltage gainis A, =-g, ,R,,, Wwhere R__, is the MOS ON
resistance given bv 1
oz = 1, Co W/ L)2(Vpp — Vi — [Vrmp|)

*R,,,depends on u C ., V, and V. which vary with PVT

« Generating a precise value of V, is complex, which makes
circuit hard to use

* Triode loads consume lesser voltage headroom than
craflQde-connected.devices. SINGE Neow: mao=VopfOrdNe formeno

ox)



CS Stage with Source Degeneration

Voo
is,

« Degeneration resistor R in series with source terminal
makes input device more linear

— As V. increases, so do /, and the voltage drop across
RS
— Part of the change in V,, appears across R, rather
than gate-source overdrive, making variation in /,
smoother
« Gain is now a weaker function of g,
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CS Stage with Source Degeneration

VDD
in,
—0 VI n

out
M1

Vino_ll.:*l'n =_

* Nonlinearity of circuit is due to nonlinear dependence of
I, upon V,

« Equivalent transconductance G, of the circuit can be
defied as (Tr'.r;'f. — "-:)ID _x;‘-':)""'r-.c"_r{.

Ip = [(Vias)
Vout = Vop — IpKRp o dlp
TS
Vot /OV:, = =0/ OV: ) Rp {:)"f OV e
. T
 MWVeas OV,
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CS Stage with Source Degeneration

"':’;H

'f) "lf'-h"-s _;; () "I,n

1 — RsdIp/oVy,

dlp ) of
9. ". () "-.r; S

' ,.‘rj’ T
G, =
. 1 —|_ G / iJ-,‘-':.'

g is the transconductance of M,

« Small-signal voltage gain A is then given by
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CS Stage with Source Degeneration

Voo
is,

« Same result for G, is obtained from small-signal

equivalent circuit, by notinqg that
Vi, = Vi + Ip Ks
Ip = gV

* As R, increases, G,, becomes a weaker function of g, and
hence I, |

. For e > 1;;,"?-;;-;.’( 1 R 1/ fr’.,;-’ ie.. Alp =~ AV;, [ Rg

* Most of the change in V, across R, and drain current
becomes a “linearized” function of input voltage
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CS Stage with Source Degeneration

[

out
+ I
+
lFiIFin{: } Vi é}gmw %rﬂ (i; Imb Vbs
= X
RS

 Including body-effect and channel-length modulation, G
Is found from modified small-signal equivalent circuit
Vi = Vit Lo Hs
[t Rs

I.JIIJ'!'-!- ||l — .-fj".".l"f- " ]. T .-fj"_".l"f- |I1:;' "' -1:- o 3
e,
i W ) i 3 )ft'J 1l “}',L‘-ﬁ.
= } T / et ) 5 } + bl — / atut / i5 } —
/ o)
, it

(+, = —

Vin

Gin 70

s+ (L4 (gun + 9o ) Rslro

Copyright © 2017 McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education. 24




CS Stage with Source Degeneration

Large-signal behavior

) g A

- -
V1u Vi, Viy Vi,
R.=0

I, and g, vary with V, as
derived in calculations in
Chapter 2

I'D‘ GITI ‘.
A
R
1T
..... Re
- -
Vry Vin Viu Vi,
R.#0

* At low current levels,
turn-on behavior is similar
to when R.=0 since

alfy”iﬁﬁ flq

«AsovelZn = Ynd g

Increase, effect of R,
becomes more significant
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CS Stage with Source Degeneration

* Small-signal derived previously can be written as

A, = Hp

1
— + g
Gn

* Denominator = Series combination of inverse
transconductance + explicit resistance seen from source
to ground

* Called “resistance seen in the source path”

* Magnitude of gain = Resistance seen at the drain/ Total
resistance seen in the source path
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CS Stage with Source Degeneration

* Degeneration causes increase in output resistance

!X
'||—+ + - tt
+
v, éﬁ'}gmw %ro é)gmbvbs ? Vy
Iy =

Rs

 Ignoring R, and inclu-ding body effect in small-signal
equivalent model,

‘--"] = — ;"_1" h}.;;
Iy — ':l!? wi T Gond j Vi=Ix + 'i.,'? o T Gk \] Rslx
Rowt = 1+ (g + gur) Rslro + Rs

= 1+ {¢n+ gus)rolfis + ro.

o r_ is boosted by a factor of {1 + (g_+g,,.)Rs} and then
added to R,

 Alternatively, R, is boosted by a factor of {1 + (g_+g..)r.}
and then added to r,
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CS Stage with Source Degeneration

« Compare R,= 0 with R,>0

I'x
'||—+ + - tt
+
Vi é@gmv} %ro dﬁ’)gmb""bs ?Vx
Iy -

Rs

° |f RS — 0, Yo "'1 — b "'"rrT_'es =0 and I.Y — "'"F_Y _x; Q)

+IfR,>0, /X5 > 0 and Y1 < U obtaining negative gV,
and g,,,,V,,,

e Thus, current supplied by V, is less than V,/r, and hence
output impedance is greater than r,
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CS Stage with Source Degeneration

Intuitive understanding of increased output impedance

*Apply voltage change AV at output and measure resulting
change Al in output current, which is also the change in
current through R,

AV

‘Resistance seen looking into the source of M, is 1]

(gm + gmb)

\Voltage change a~v~cc D ic |
|| fis
.'? '.f_;'.‘- —|_ ,'(j; -;;-.;_[ §

|
. )( ij.J o —|— F -
G + Gonb 175 O

AVpe = AV
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CS Stage with Source Degeneration

Intuitive understanding of increased output impedance

Change in current across R, is
N AVrg
s

|

= AV

14 (g0 + 9| Bsro + Rs

: AV
*Output remstanH = 14+ (¢ + gp) Bslro + Rs
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CS Stage with Source Degeneration

° Vaut
n h é) ng.I ro gmbvbs RD + VOM
RD

I

* To compute gain in the general case including body effect
and channel-length modulation, consider above small-
sighal model

* From KVL at input,
Vi=Vi.+ Vou Bs/Rp

* KCL at outrs mivsas,
‘f'.r':'J — — = _'f:’ \l—l_ Henb 1

"I'.c'J'!'e,," l (" r + \ 7 ‘”}'sq ) + ‘I !i}.:; ]
f— — — { ¥ r ’ ','l"'.:..! e { “l ek .! -
T N Y R T
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CS Stage with Source Degeneration

+ ° Vaut
+
Vin Vi é} ImVs =, ImbVes =R, +_Vou1
é_ _ R,

vout )
Rs +-R_D
* Since voltage drops across r, and R, must add up to V__,,
\ J ""-':'J'n..“ i
Iy St = e I ) —
07 ) hj_rj i 5
Vit [ (" Ly s ) N v fq ] V g
p— — s - l( g '.._.‘.f ; 'J"'-!-l'l I'r '_"_u"f-l::i' ..('J'!'-!-fl - ! .F - ..('J'!'E-fl -
R Fo G g q i Fo R
* Voltage gain is therefore
"".;'J'!'.!. f — GO i Iy,

"' T / ‘J-D + / ‘J-,‘-? + ro + 'i.ff m T 4 '.r;'r'.ff.'e)"( ‘Ju"_!f "¢
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Lemma

e In a linear circuit, the voltage gain is equal to -G_R

out

— G, denotes the transconductance of the circuit when
output is shorted to ground
- R, represents the output resistance of the circuit

when the input voltage is set to zero
° Norton e mmvsalant Af a linaar A~ it

—

out
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Source Follower

* Source follower (also called “common-drain” stage)
senses the input at the gate and drives load at the source

* It presents a high input impedance, allowing source
potential to “follow” the gate voltage

* Acts as a voltage buffer

Gain Stage Buffer
Voo
i High ]
iResistance i
—] i

. , Low
Resistance

.
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Source Follower

VDD Vﬂut ‘ *'VGS
Vino—] M,
Vﬂut
RS
e
= Vin

eForV, <V_,,M,isoffand V, =0

« As V. exceeds V., M, turns on in saturation since V. =

V,,and V_ -V_, =0 and /,, flows through R,

« As V. increases further, V_ follows the input with a

difference (level shift) equal to V

* Input-output characteristic neglecting channel-length

modulatior~l n~on '*ﬁ___'“mvnomnl ~e
o Cop— (Vi =V — Vol ﬁzfiJ.J'- = Vi,
o Hntow =N T wt )T HES _
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Source Follower

VDD VG
Vin o, M,
Vout
Rs

eForV, <V, ,M,isoffandV, ,=0

e Differentiatina both sides of Iarae sianal euuatlon for VvV

ty

1 w N OV, ) OV, ou

> 1, O T 20V, — Ve — Vi) (1 — v (7\-"-.;-“_ s = 3 \.
* Since N/ OV, = (V[ OVsp ) OVsp/ Vi) = niVou/ OV,

W _
OV s ﬁf--.re.(-o.,-«T{ Vi = Vi — Vo )R
- W

* Therefore, Vi |, o= (Vi = Vo = Vour) Rs(1+ 1)

o = .“".fe- (.":'J.r_':- "u — "..:TIJT - \'.ro'.fe..‘j

 Note that

* Therefore, | G B s
T (gt gea) R
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Source Follower

* Small-signal gain can be obtained more easily using
small-signal equivalent model

! + i
+
l"‘I'in v‘l %} ng1 G{*) gmbvbs

vout

Rs

"'4 — "'"1 — ""-:'J'.f-:-f‘- "'"rT.'es — _"'":'J-.u..’

* We have,

_' -r . .F ' J 3
¢ KVL: 'Gl'r’r'i' "I 1 — vrjr'-r""i' "T-;' "' ol — "' o1l _-flr )ri',"'&

. KCL: Vot / Vi = gun R /114 (g + gua) 5]

Copyrighi@l’Z‘ON McG'reW-HiII Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education.
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Source Follower

1.0 f-m-mm e e 1

Vrh Vi

* Voltage gain begins from zero for V., = V_, (g, = 0), and
monotonically increases

* As drain current and g, increase, A, approaches
G _xf (G + Gnn) = 1_!; (14 7n)

* Since n itself slowly decreases with vV, , A, would

eventually become equal to unity, but for typical
allowable source-bulk voltages, n remains greater than
roughly than 0.2

« Even if R, = «, voltage gain of a source follower is not
equal to one

Copyright © 2017 McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education.
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Source Follower

 Drain current of M, depends heavily of input dc level

« Even if V_, is relatively constant, the increase in V
means that V, , (=V,-V,;) does not follow V., faithfully,

out

Incurring nonlinearity

* To alleviate this issue, the resistor can be replaced by a
constant current source

* Current source is itself is implemented as an NMOS
transistor operating in the saturation region
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Source Follower

Calculation of output impedance

V
V, ' . . DD
ac ” II*'; é} g.V. Gb g IIV ac
w—m, 1 . m¥1 mbVYbs  nl—]
f)(
4—] I .
Rout VX N Vx _
* From small-signal equivalent circuit, V'x = -V,
. . |
* It follows that /x — gV x = gV =0 and fou = —- —

* Body effect decreases output resistance of source
followers

o If V, decreases by AV so the drain current increases
— wlo body effect, V. increases by AV

— with body effect, V_, decreases as well, thus (V. .-V,,)?
and /,, increase by a greater amount, hence lower

Copyright © 2017 I\&MMIaJomlpgﬁsqg\ﬂggeproduction or distribution without the prior written consent of McGraw-Hill Education. 40



Source Follower

Illi_'_ * {1 llli_k In
Vi dp ImVi (‘& Gmb Vx Vi ImVs
Ix

Iy 1
+ + %gmb
Vx Vx

« Magnitude of the current source g V,.=g,,V, is linearly
proportional to the voltage across it, can be modelled by
a resistor equal to 1/g,, (valid only for source followers)

* This appears Iin parallel with the output, decreasing the
overall output resistance

 Since without 1/g_,, the output resistance is 1/g,,, we

conclude that 11
Row =
o G | Grnb
B 1
; G + Gonb

Copyright © 2017 McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education. 41



Source Follower

+ " Q'im
Vin )V ImVs |:> Wy o Vit
-_ - © Vﬂut V. F 1
- 17 . é 1
1 Imb - —
g—m L =

* Modelling effect of g, , by a resistor helps explain lower
than unity gain for R =

* From the Thevenin eaulivalent circuiit

1
_ ok
A, = 1 1
_|_
,'f}: i ,'fj; T .'T ¥
B o
I
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Source Follower

* Small-signal equivalent circuit with a finite load
resistance and channel-length modulation is shown

e 1lg..,, I'oss o, and R, are in parallel, therefore,
|Rr

Rey = (1 gmlllroillroz

* It follows that

)
h-r:r;

1
/ i}-.-': 0 —l_ -
-
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Issues with Source Follower

—_ Vpp == Vbp
Vin O_II: M, Vin D_II: M,
+——oV ¢ t+— Vout

* Source followers exhibit high input impedance and
moderate output impedance, but at the cost of

— Nonlinearity
— Voltage headroom limitation

* Even when biased by ideal current source, there is input-
output nonlinearity due to nonlinear dependence of V_,

on the source potential

 In submicron technologies, r, changes substantially with
V,s and introduces additional variation in small-signal
gain
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Issues with Source Follower

* Nonlinearity can be eliminated if the bulk is tied to the
source

— Possible only for PFETs since all NFETs usually
share the same substrate

* PMOS source follower employing two separate n-wells
can eliminate the body effect of M,

* Lower mobility of PFETs yields a higher output
iImpedance than that available in the NMOS counterpart

Voo
Voo : _ _'" 7
V, ._“;I_ 7 n-well
M, Contacts
+—o Vyut 7
Vin O_II'E""I
M,
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Issues with Source Follower

* Source followers also shift the dc level of the signal by
V.., thereby consuming voltage headroom

* In the cascade of CS stage and source follower shown
above,

— wlo source follower, minimum allowable value of V,
would be V.-V, (for M, to remain in saturation)

— with source follower, V, must be greater than V,+
(Vss:-V5ys) SO that M, is saturated

« For comparable overdrive voltages in M, and M.,
Copyri@t'@l QW@QI#E&‘IAQQ hta;e%d. Lﬁep[cﬁjq;r!)gggﬂoh\Mw hG& G written consent of McGraw-Hill Education. 46



LOIMmMparisorn Or Lo staygc alnid oource

VDD VDD
R
Vino— M, L
o Vout
out Vino—[; M4
f1 RL

* Comparing the gain of source followers and CS stage
with a low load impedance

— E.g., driving an external 50-Q termination in a high-
frequency environment

* When load is driven by a source follower, overall voltage
gain is

Vur, Ry

Vin s = Ri+ 1/ ¢m
ff‘a??lﬁf.

L+ gy
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COImMpParison Or Lo staygc alind oource

VDD VDD
R
Vino— M, L
o Vout
out Vino—[; M4
f1 RL

* Load can be included as part of a common-source stage,
providing a gain of

11':-'::’?"
o los & gm1dty,
i1

* Key difference between the two topologies is the
achievable voltage gain for a given bias current

* For example, if 1/9,.1 = i}, source follower exhibits a
gain of at most 0.5 whereas the common-source stage
provides a gain close to unity

* Thus, source followers are not efficient drivers
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Common-Gate Stage

* A common-gate (CG) stage senses the input at the source
and produces the output at the drain

* Gate is biased to establish proper operating conditions

— Vpp — Voo
=R, = Ro
oV, +— Vout

I_' Vb I_' Vb

M
M 1
+ 1 V. N C1 _-'1
lfin In a

 Bias current of M, flows through the input signal source

« Alternatively, M, can be biased by a constant current
source, with the signal capacitively coupled to the circuit
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COMmmorn-gatc otaygc. Largce-sigrial

== Voo « Assume V, decreases from a large
= Rp positive value and that A=0
'—"I_."’?t «ForV,2V,-V,, M,isoffand V_,=V,,
b . = =
M, e For lower values of V_, if M, is Iin
Vi, (Y saturation ”
= Ip = St Cow (Vs = Vir — Vi)

« As V. decreases further, so does V

out
triode region if

. LW -
. 51‘-'-%("’-*";—'\ Vi = Vi = Ve )?Rp = Vi — Vg

driving M, into the

* In the region where M, is saturated, we can express the

output voltaae as 1 N
Viwr = VoD — =0 Cow— (Vi = Vi = Vour ) Ry
| DD 2;; 7 i) Rp
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Common-Gate Stage

Input-output characteristic

M, in

Triode Region

e For M, in saturation, |

* Small-signal gain can thus be obtained

() \'.;'J'fe.u'l

- - !!l T

e Since V7rr/OVi. = VT /OVse =1 we have

{;) ‘I;J T I!
() 'lr

Copyright © 2017 McGraw-Hill ________.... .. _..__.

Vout A
M, off
VDD -----------------
Vb_ VTH F===="= 5 ==== ; M‘I in
E Saturation
.--"'"‘.'-_-_- E
-
W=V v,
, . 1w L
‘out = ""DD - E“".u.(-c'J.s'Tl‘ \“fT.'* — "'"-.c"_u. — "'"T”—j_!‘"f__)
LW . , N
Cow— Ve = Vo, = V) [ -1 — —— I
Cow Ve = Vi = VTH, ( ET ) D
fin € -f-J.;-f—h’-D (Ve = Vi, = Vo) (1 + 1)
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Common-Gate Stage

* Gain of the common-gate (CG) stage is positive

oV, W
E—_— = ;!I-'_l'g.(-.:'J.,i'_ftl-}__)'lk Vi — V., — 'l,.'T”]kl + ,rlfl‘J

= ¢ 1+ Rp.

* Body effect increases the effective transconductance of
the stage

* For a given bias current and supply voltage (i.e., a given
power budget), voltage gain of the CG stage can be
maximized by

— Increasing gm by widening the input device,
eventually reaching subthreshold operation

[gm=IDIZVT]
— Increasing R, and inevitably, the dc drop across it

e The minimum allowable value of V_ ., is V.-V +V,,, where

V,, denotes the minimum voltage required by /,
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Common-Gate Stage

* Consider output impedance of transistor and impedance
of the signal source

 In small-signal equivalent circuit, since current flowing R

Is _VoutIRDi \

“od !,J,. ) 'l,r _ U
H-j‘_‘) ts + Vin (1)

~Vour/BD — 90 V1 — g0V

Vy —

e Moreove

P O — ” l‘ — . -',i_.'T:- " _ i f'}. - + \r p— ‘l"'t-J-r.! f
) ( i G V1 — Yol 1) R b5 (2)
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Common-Gate Stage

e Substituting V, from (1) in (2),

v i < \'.r'm.." R . '
9 . ‘.I,e)] o ok i5 + \I,e — l‘_.[.”b:l

'.c'J'!’-e-f I3 r
— L + o '.'«:] ("[ ul
Rp “ " Rp Rp

Fe)

* Therefore,

"..;lj.”' ! li- !; I —I_ ,.? '."J"f-l":i' :] I{F) —I_ 1 IJ
Y ( LD
Vin Fo + (m + 4 '.u-'r'-fT.'r:“ aolte + Ke+ RBp

* The voltage gain expression is similar to that of a
degenerated CS stage
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Common-Gate Stage: Input Impedance

Voo
1 x

"‘RD .II__|_ -

Vi ImVs %ro G& Imb Vbs Rp
M, -
’/8 o—II: o Ix =
+

Vx

L Rin -

* From the small-signal equivalent circuit for finding input
Impedance, we have

V= —Vy
* The current through r is equalto I, +g,V,+g,,V, =
IX' (gm+gmb)vx

 Voltages across r, and R, can be added and equated to
Rplx +rollx — (gm + g Vx| = Vx
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Common-Gate Stage: Input Impedance

Voo |
X
;RD '||—+ % C% -
Vi ImV; Imb Ve R
Vo '_“._. l'o I'x =
Vi (Y
L R in =_
* Thus, ,
Vx Rp+ro
/ X | + 'i.,"rf e + orih j I'e)
I8y 1
~ + .
Ix .(;'.‘J"n‘- —|_ ,'? '.‘J"n‘-lr.;' :] 'Ir{j _rj",r,".i. —|_ _fj".r,",i. |'T.:-
If(g,+9g.,),>1

e The drain impedance is divided by (g, + g..)r, when seen
at the source

— Important in short-channel devices because of their
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Common-Gate Stage: Input Impedance

l VDD |
X
= R '||—+ -
V. ImV- C‘*& Imb Vs R
M1 _1 1 %FD b¥b % D
’/8 o—II: o Ix =
Vy (Y
LRin =_
e Suppose R, = 0, then
Vx e
! X 1 + 'i.,'(;’ m T Gmb \J ")
B |
= ] .
— + Y T Gunid
XY,

* This is the impedance seen at the source of a source
follower, a predictable result since with R, = 0 the circuit

configuration is the same as a source follower
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Common-Gate Stage: Input Impedance

 If R, is replaced with an ideal current source, earlier
result predicts that input impedance approaches infinity

* Total current through the transistor is fixed and is equal
to /,

* Therefore, a change in the source potential cannot
change the device current, and hence I, =0

* The input impedance of a CG stage is relatively low only
If the load impedance connected to the drain is small
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Common-Gate Stage

* In a CG stage with a current source load, substituting
R =~ In the voltage gain equation, we get

l, — 'i-f:"'.r;'f- + 1 '.r;'r'.r'.'ej]" () + |
« Gain does not depend on R,

* From the foregoing discussion, if R, - «, so does the
iImpedance seen at the source of M,, and the small-signal
voltage at node X becomes equal to V_
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Common-Gate Stage

r“"‘(gm"'gmb)rﬂ]ﬁs -
M'I

__r“: M, t
I 5

4 RD+FU
1+ (gm"' gmb)rﬂ

* In a degenerated CS stage, we loosely say that a
transistor transforms its source resistance up

* In a CG stage, the transistor transforms its drain
resistance down

* The MOS transistor can thus be viewed as an resistance
transformer
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COIMMorn-gaitc otagc. vuLput

v él&
Voo dls =0
e

* From the above small-signal equivalent circuit, we can
find output impedance as

""‘J':'J're..“ — { l + I:..'(i;'.ff'r'- + Gunb \J ‘r‘!'.?'-‘ H,"—! + ro } H ‘“J'D

* Result is similar to that obtained for a degenerated CS
stage
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Common-Gate Stage

* Input signhal of a common-gate stage may be a current
rather than a voltage as shown below

* Input current source exhibits output impedance of R,

- To find the “gain” V, JI;,, replace I,, and R, with a
Thevenin euuwalent and use derived result to write

"' it ' '(;r —|_ l? i b ‘Jf{} —|‘ l

= HpHp
lo. o+ (g + gos)rofip + Bp + Bip
""‘J':'J're..’ — { l + I:.,'{j".‘;'.‘- + Gnb \J ‘r‘lf’)] H‘P + ') } hl'f__l
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Cascode Stage

* The cascade of a CS stage and a CG stage is called a
cascode topology

« M, generates a small-signal drain current proportional to
the small-signal input V., and M, simply routes the current
to R,

* M, is called the input device and M, the cascode device

* M, and M, in this example carry equal bias and signal
currents

— Topology also called as “telescopic cascode”
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Cascode Stage: Qualitative Analysis
VDD
In _
Vbt—ll__JM_;VDUt _gm1 AVRp

X _|_g—:123v
AV_[ o5 m,

* Assume both transistors are in saturationand A=y =0
« If V_ rises by AV, then I, increases by g, .,AV

* This change in current flows through the impedance seen
at X, i.e., the impedance seen at the source of M,, which is

equal to 1/g,,
 Thus, V, falls by an amount given by g,.,AV-(1/g,,,)

» This change in I, also flows through R, producing a
drop of g, AVR,In V__, just as in a simple CS stage
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Cascode Stage: Qualitative Analysis

« Consider the case when V_ is fixed and V, increases by
AV

 Since Vg, Is constant and r,,=«, M, can be replaced by an
ideal current source

* For node X, M, operates as a source follower, it senses an
iInput AV at its gate and generates an output at X

* With A = y = 0, the small-signal voltage of the follower is
unity regardless of R,

« V, rises by AV, but V, . does not change since
=l ,=constant, thus voltage gain from V, toV__is zero
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Cascode Stage: Bias Conditions

lFII"D‘:'.'J
jf-‘L
M, 2

* For M, to operate In saturation, we must

have " x 2 Vi, —Vrm
out
+ - -
Vo b5 Vs - Vi If M, and M, are both in saturation, M,
Vinow | x operates as a source foIIow?r andtv IS\
‘ Vi | primarily determined by V,: ' * G52
"r = Virgr 2 Ve, — b
I: Ves1=Vrhi -rh.... b S THI1

. and hence

Myl - Vi > Vi + Vigsz — \Tm

« For M, to be saturated, V... > Vi — V7
* Thus, Vw2 Vi — \-Tm + Viasa — Ve

= (Vesi — Vrm) 4+ (Vesa — Vrma)

If V, is chosen to place M, at the edge of saturation

* Minimum output level for which both transistors are in

saturation is equal to the sum of overdrives of M, and M,

. Addition of M, to the circuit reduces the output voltage
at least its overdrive voltage
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Cascode Stage: Large-Signal Behavior

vTH1

«ForV, Vmp M, and M, are off, V_ =V, , and V,=V,-V__,

out™

« As V, exceeds V_,,, M, draws current, and V, , drops

out
 Since I, increases, V.., must increase as well, causing V,
to fall

« As V. becomes sufficiently large, two effects can occur:
— V, falls below V. by V_, ., forcing M, into the triode
region
Vv, drops below V, by V_,,, driving M, into triode
region

« Depending on device dimensions and R, and V,, one
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Im1 Vs
"|_+ - ° Vout
v, ImaV2 é)gmbvbs Rp
¢ F B
Vin Vi Im1 Vs

* Assume both transistors operate in saturation and A=0

* Voltage gain is equal to that of a common-source stage
because the drain current produced by the input device
must flow through the cascode device

* This result is independent of the transconductance and
body effect of M,, the cascode device

« Can be verified using A = -G, R

m” “out
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Cascode Stage: Output Impedance

* Important property of the cascode structure is its high
output impedance

r Rout r Rout
_l__l M, __r“-_- M,
= E:> =
_l__l M, = roq

* For calculation of R, , the circuit can be viewed as a
common-source stage with a degeneration resistor equal

tor,,
* Thus, Rowr = l + (G2 + :"!-.r;-f.iaz]f'r_’Jz]f'r_’J1 + o2
e Assuming g,r,>>1, we have Rowt % (Ym2 + Gump2)ro2rol
* M2 boosts the output impedance of M1 by a factor of
(92t Gmb2)l o2
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Triple Cascode

* Cascoding can be extended to three or more stacked
devices to achieve higher output impedance

* But required additional voltage headroom makes it less
attractive

* For a triple cascode, the minimum output voltage is equal
to the sum of three overdrive voltages

‘ Rnu‘t

Vbz ._II: Mg
l",I:1~1 ._II-: Mg
Vin |, M,
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Cascode stage with current source load

 Voltage gain can be maximized by maximizing G,_, and/or
Rout

 Since G, is typically determined by the transconductance

of a transistor and has trade-offs with the bias current
and device capacitances, it is desirable to increase
voltage gain by maximizinn P

Voo
.

*— Vout
Ve [ M,
(T'.n"r'- ~ il
/ ‘J'c':rre. P~ 'i 2 + b2 \J o2l £ llf — 'i.,'? m2 T b2 \J Fa2bm1rol
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Cascode Stage vs Increasing Length

I'p I'p Ve[ %
Vmo—l E vlno_l E w
a1 L ] AL Vin o5 .
1 1 M
[ ] - 1
(a) (b) (c)

* Increasing length of the input transistor for a given bias
current increases the output impedance

* Suppose the length of the input transistor is quadrupled
while the width remains constant

* Since Ip = (1/2)p,Co.{W/1L)(Ves—Vr)?, the overdrive
voltage is doubled and the transistor consumes the same
amount of voltage headroom as does a cascode stage,
I.e., circuits in (b) and (c) impose equal voltage swing
constraints
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Cascode Stage vs Increasing Length

M, “'D
I In Vel 7
Vin C'_I P_V Vmo—l E w
i AL Vin o[ =
M, M, MF L
(a) (b) (©)
* Since
[ W
..o = AN .
GO \J;" Mo / D )‘JD

 And A x 1/L, quadrupling L only doubles the value of
g.r', While cascoding results in an output impedance of

roughly g, r.?
« Transconductance of M, in (b) is only half of that in (c),
degrading the performance

* For a given voltage headroom, the cascode structure
o mrovides a higher output impedance
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Cascode Structure as Current Source

B ':"_'?D * High output impedance of cascode
VuseH[ M, | cascode structure yields a current source closer to
. Current  the jdeal, but at the cost of voltage
Voze HE Ms | Source o2 droom )

* The current source load in a cascode stage
can be implemented as a PMOS cascode,
o—llom, exhibiting an impedance equal to

1+ (g3 + gos3z)roslros + ros

- To find the voltage gain, G_=g. ,

* Rout is the parallel combination of the NMOS and PMOS
cascode output impedances

R = {_1 + (g2 + ,f;-_r,--,-.ft-,z)f‘r_?z]f‘r_?1 + f‘r.’Jz}H "l _1 + (¢m3 + ,"}".r;'f.f'.aﬁ,\”'(FJS]*"(FJi + f‘:ﬁ’u}

o ]
- .r;'.f;"r'-l h'c'J it

* The gain is given by |1
* For typical values, this is approximated as
| Aul & ¢ {(Gum2ro2ron) \ \ (G303 04 ﬂ
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Poor Man’s Cascode

* A “minimalist” cascode current source omits the bias
voltage necessary for the cascode device

[o m.
[+ m

 Called “poor man’s cascode”, M, is placed in the triode
region because VGSl>VTH1 and VDsz=VGsz'VGs1 < VGSZ-VTHZ

o If M, and M, have the same dimensions, the structure is

equivalent to a single transistor having twice the length-
not really a cascode

* In modern CMOS technologies, transistors with different
threshold voltages are allowable, allowing M, to operate

In saturation if M, has a lower threshold than M,
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Poor Man’s Cascode: Shielding Property

* High output impedance arises from the fact
+§ that if the output node voltage is changed
V}(

by AV, the resulting change at the source of
= the cascode device is much less

Vore—|, M, — Cascode transistor “shields” the input
device from voltage variations at the
output

Vbz._"-: Mz
P

* Shielding property diminishes if cascode device enters
triode region

 In above circuit, as V, falls below V,,-V_,_,, M, enters triode

region and requires a greater gate-source overdrive to
sustain the current drawn by M, therefore

1 . b . o , o .
Ipsy = Eﬂ-u.(-b.;' (f_) 2(Via— Vp = V) (Vy — Vp) — (Vx — Vp )7

i

« As V, decreases, V, also drops to keep I,, constant so
coMArAton.of.Y, is.less attenuaied.as.t.apREALS AL i cacsion. 76



Folded Cascode

* The input device and the cascode device in a cascode
structure need not be of the same type

* In the figure above, (a) shows a PMOS-NMOS cascode
combination that performs the same function as a
telescopic cascode

* In order to bias M, and M,, a current source must be
added as shown in (b)

* |I,,| + I, is equal to I, and hence constant
* (c) shows an NMOS-PMOS folded cascode
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Folded Cascode: Small-sighal operation

VD D

(a) (b) ()
« If V., becomes more positive, |/,,| decreases, forcing I/, to
Increase and hence V_ _to drop

out

* The voltage gain and output impedance can be obtained
as calculated for the NMOS-NMOS cascode shown earlier

* (b) and (c) are called “folded cascode” stages because
the small-signal current is “folded” up [in (b)] or down [in
(c)]

* In the telescopic cascode, the bias current is reused
whereas those of M, and M, add up to /, in (b) and (c),

leading to a higher bias current
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Folded Cascode: Large-signal operation

Vin o[

» Suppose V. decreases from V, to zero

ForV., >V, -|V,.l, M, is off and M, carries all of /.,
yielding V, .= V,,- LR,

eForV, <V..- Ivm,ll. M., tur?ig, on in saturation, aiving

Ipp=h — =1, Co | — 1 Voo — Vi — | Vrmi])~
> L/,

« As V., drops, I, decreases further, falling to zero if 1,,=I,
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Folded Cascode: Large-signal operation

1, |f?1| . Ip2

Vino—[©

-

"‘;im VDD;|VTH1|

« ThisoccursatV, =V, if

in1

1 , 2 _ 5
— ;_,f.(,{(.”, — [V — Vi = |V )= =1
S HnCo ( 7 )] DD 21— |Vl 1

* Thus,

[

, . f 21
Vier = Voo — | ——7
oV g Con(W/ L),

— |V

o If V. falls below this level, I, tends to be greater than I,
and M, enters the triode region to ensure /,,=1,

* As I, drops, V, rises, reaching V,-V_, for [,,=0
« As M, enters the triode region, V, approaches V_,
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Folded Cascode: Output Impedance

— VA R r Rout

« M, operates as the bias current source
* Using earlier results,

Row = 1+ (g2 + gun2)rozl(rotl||ros) + roz

* The circuit exhibits a lower output impedance than a
nonfolded (telescopic) cascode
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Folded Cascode with cascode load

* To achieve a high voltage gain, the load of a folded
cascode can be implemented as a cascode itself

* Increasing the output resistance of voltage amplifiers to
obtain a high gain may make the speed of the circuit
susceptible to the load capacitance

* A high output impedance itself does not pose a serious
Issue if the amplifier is placed in a proper feedback loop
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