Cascode Stage

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

cascode topology Vs

RD
Vout
Mz |_° Vb

X

Vin |5 M,

« 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 _

Vout Im1 AVRp

X

w_Tfm,

 Assume both transistors are in saturationand A=y =0
o If V, rises by AV, then I, increases by g,,AV

* This change in current flows through the impedance seen
at X, l.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 V, 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
input 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,,=I_,=constant, thus voltage gain from V, toV__is zero
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Cascode Stage: Bias Conditions

out

v - -
! P - For M, to operate in saturation, we must
RD ._" - ‘:.'-"' ."'I_:I _ .'r
3 i have Yx =2 Vi — V7o

+ - -
Voo ls Veso -V, © IF M; and M, are both in saturation, M,
b % operates as a source follow?r andkvv IS\
‘ Vi |, primarily determined by V,: * % — " "¢
Vi = Visa 2 Vi =V
Ves1=Vur Th.... : (52 THI1
nd hen
M!:_I_ - Vi > —|—"-rt-,':r—".TH1 and hence
e For M, to be saturated, V..; = Vi, — Vi
* Thus, Vour 2 Vi — \-Tm + ¥as — Ve

= (Vas1 — Vrm) + (Vasz2 — Vrms)
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
swing by at least its overdrive voltage
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Cascode Stage: Large-Signal Behavior

: o

VTu1 Vi

. For V,<V,,., M, and M, are off, V_ =V, ,, and V,=V,-V,,,

o

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

ut
* 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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CAdSCode Stage. omali-signail

Im1 Vs

"l__|_ - ° Vout
Va Im2V2 ImbVbs =R,

G ¥
Vin Vi Im1Vi

 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

chut rRout
k. IS0
= o> ¢
'i'_l M, ?m

 For calculation of R, the circuit can be viewed as a

common-source stage with a degeneration resistor equal
tor,,

* Thus, Rouwt = [1+ (gm2 + gmp2)702|T01 + 702

« Assuming g,r,>>1, we have Rowt = (G2 + Ymb2 102701

* M2 boosts the output impedance of M1 by a factor of
(92t Gmp2)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

‘ RG ut

Vb2 '_ll: M,
Vb1 '_“: M,
Vin 5 M,
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Cascode stage with current source load

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

» 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
@,

out

! ° Vout
V'il'} C._I M1
(+ i ~ Gl
/ ‘J'r'rre. i 'i a2 + b2 ‘] Fezrol s llf = Ii.,'fj’ TE2 + b2 \J ra2da17o1
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Cascode Stage vs Increasing Length

Ip I'p | %
V. w V, W
'“C;I L '“T AL Vin [ :’_—v
1 1
— = M,
(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

e Since /p = (1/2)p,Co(W/L)(Vas—Vrmr)*, 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

"
I I'p e | Lt
Vino 5, & Vino—l;, & "
Mg i ] AL Vin—[5 T
¥l 1 L m,
() (b) (c)
* Since
T
GumTo = \fﬁ 214, ( -.--;.,-an Iy, il

« And A x 1/1, quadrupling L only doubles the value of
g.r, while cascoding results in an output impedance of
roughly g, _r,2

« Transconductance of M, in (b) is only half of that in (c),
degrading the performance

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

el ‘:"_'?D * High output impedance of cascode
VussH[E M, | cascode structure yields a current source closer to

. Current  the jdeal, but at the cost of voltage
Vbz'-i—lt M, Source headroom g

""""""" V, _

out * The current source load in a cascode stage
Vor s m, can be implemented as a PMOS cascode,
Vino—[z M, exhibiti_ng an impedance equal to
1+ (g3 + gz )ros|ros + 103

- To find the voltage gain, G_=g.

* Rout is the parallel combination of the NMOS and PMOS
cascode output impedances
Row = {114+ (g2 + gumiz)rozlror + ro2} |{11 + (g3 + guss)ros|ros + ros)

* The gain is given by 4| = g1 100

* For typical values, this is approximated as
| A | R Gl (Y2l 02701 FH ( Y3304 ﬂ
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Poor Man’s Cascode

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

- m,
[+ m

 Called “poor man’s cascode”, M, is placed in the triode
region because Vies® Vs and Vis2=Vesz-Ves1 < VesaVrmz

« 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
i | A _9 Yx by AV, the resulting change at the source of
P = the cascode device is much less

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

* 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

Ip2 = Spnlos (1—) 2(Via — Vp — Vpi)(Vx — Vp) — (Vx — Vp)?]

« As V, decreases, V, also drops to keep /,, constant so
oMArIBtIoN.af. Y, isless attenuated.as.it.apRears ALE cuwon 76



Folded Cascode

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

vout V'in 0_II:

Im1 vin

(a)

* 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)

e |I,,] +1,,1s equal to I, and hence constant
* (c) shows an NMOS-PMOS folded cascode
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Folded Cascode: Small-signal operation

o If V., becomes more positive, |/,,| decreases, forcing /,, 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 o5

* Suppose V,, decreases from V, to zero

 For VvV, >V, -|V,..l, M, Is off and M, carries all of I,
yielding V, .= V,,- LR,

eForV, <V..- IV,mlI. M. turl?ig, on in saturation. aiving

Ip2 = 11 — Sy Con (Voo — Vi — [Vrmi|)”,
i !; 1

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

B |"|::'.‘1| . Ip2

Vino—[E

« ThisoccursatV, =V, if

inl1

I By I ) _ a
i .f.-r-(. - il { l‘ - \re . \ }_ = j
FHpCo ( s Do o1 — Vo)) 1

* Thus,

f

' - / 21,
Vine = VoD = | P
N 1 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,

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

e VDD Rm": ‘ IRn‘:nu‘t

Vino [

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

Rouwt = |1+ (gmz + gmb2)ro2|(r01||T03) + TO2

* 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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