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General LF Model




Find the parameters

Ri= i ol
] /
Gy = lo _ 8—() for Vo held constant and v, = 0!
vi 0V,
V,
Ro = Yo _ 8—O for Vi held constant and vgig = 0!

i Olp



Intrinsic Gain




Total Gain

R
Vsig RS + R/
R
Vsig

A
Rs+ R °Ro+R.



Single Transistor Gain Stages




Single Transistor Gain Stages

] | Ri Gum Ro
CS | > &m Ids
CG % (= +8&m) | ras + Rs(gmras + 1)
CD | oo ~8&m el = o




Single Transistor Gain Stages: CS

i
Vsig R +h Y Vo
S

RG] Ro] 3D H
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One (not so common) way of looking at it is as a decent voltage
controlled current source, since the output resistance is high
(makes a good/robust current output).

The more common way of looking at it is as a high gain voltage
amplifier, especially in LF/DC even with a “bad” voltage source (i.e.
a good voltage receiver with R = c0). However, it cannot drive low
Ry loads (or significant C; at HF), i.e. low R; severely diminish the
voltage gain.

These two views are quite equivalent: a good controlled current
source with high output resistance needs a huge voltage swing at
the output for small changes in output current.



LR [Gwm [ Ro |
’ CG ‘ {f;:ﬁ; _(Ti + gm) ‘ rds + RS(gmrds + 1) ‘
Good as current conveyor: i, = —i; (evident in the single transistor

stages overview (fig. 9.2 in the compendium) and using a Norton
signal source), while Ry << R, and Rp >> Rs, i.e. it turns the
signal source into a better current source.

. . 1
—lo A R, R;<<Rs
Y — e

] = = — = = ~

isig isig RL/ + Ris
With a very good voltage source (i.e. Rs << R;) it could also serve
as a voltage amplifier ...



L_[Rilom | Ro |

| CD [ o0 [ —gm | o llras = oo

The source follower makes the output (the source) follow the input
(the gate) with a gain close to 1. It can be used to turn a bad
voltage (large Rs) source into a better voltage source (small Rp).

Remember: in the large signal world there is an offset between
input and output.

1
A =gn <]|rds||RL> ~1
8m



Cascode Gain Stage

Folded Cascode

Telescopic Cascode




Cascode Gain Stages

(R Gu

Cascode

oo

8m1lds1

Tds2
1+em2rds2

Tds2
rds1+ T emsga

rgs2 + rds1(gmaras2 + 1)




Cascode Gain Stages (1/2)

If one makes the assumptions that in general gpmrys >> 1 and
gml ~ gm2 and rygs1 & rgsp one can simplify these set of equations
to:

Ro =~ gmrgs
GM ~ 8m
R/ = o0



Cascode Gain Stages (2/2)

Note that A" = — Gy (Ro||RL), so it will depend a lot on R;. A
single pFET as load will not do: it needs to be a Cascode current
source that also has an Rp &~ gmr3, to get maximum gain.

1
A' = —Gu(Rol|Ry) = gm(gmrés|lgm?as) = S&mras

With just a single pFET as load one is left again with about the
same gain as a simple CS stage:

A= _GI\/I(ROHRL) = gm(gmrgerds) ~ Bm'ds

(However: one can eliminate the Miller effect at the input that way,
moving the pole at the input node to higher frequencies. See later.)
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General HF model for single transistor configurations
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NOTE: we already deduced a general transfer function here in the
linear systems chapter. Making the assumption of a dominant pole
at either input node or output node we can use (5.36) and (5.30)
and insert the appropriate parameters for CS, CG, and CD.



Assuming dominant pole at input

’ ‘ Ti:“ﬁi

CS | Rs(Cgs + Cop(gm(ras||RL) + 1))

CG | (RsllgaBL) Cos

CD | Rs (Cap + Cas (1 - gm (Rull & lIras)))

CS suffers from the Miller effect, while the other two do not.

Gy |




Assuming dominant pole at output

BRI 2
CS | (rasl|RL)(Cep + Cpg + Cp) &
CG | [(ras + Rs(gmrds + 1))[|Ri] (Cep + Cps + Ci) | NA
CD | (Rell L llras) (Cos + Cse + C1) [

Remember from (5.34) that the zero is beyond the unity gain
frequency, so not really of consequence. CG has a large output
resistance so can result in a quite low pole frequency (dependent on
RL), so is the most likely candidate for a dominant pole at the

output. CD has a very small output resistance, so is less likely to
have a dominant pole at the output.



How to analyse

1. Compute both the potential dominant poles at the input and
output.

2. If one of them has a much lower frequency (more than 4
times), use that one for a first order approximation.

3. If they are similar, the real cut off frequency will be somewhat
lower than the lowest of the two. Use simulation tools or the
full transfer function (5.26) to compute the Bode plot
numerically.



Intrinsic Speed of CS stage (1/2)

Analogous to the intrinsic gain of a CS stage being the maximum
gain under ideal load conditions (i.e. infinite input resistance load),
one can ask the question: what is the maximum signal frequency
that can pass through under ideal conditions for a CS stage?
'Passig through' here is defined as the unity gain bandwidth wr.
the Sedra & Smith book answers that question by deriving the
unity current gain, i.e. connect an ideal current source at the input
and short the output to Gnd:

lio| = il

gmlvi| = |vis(Cgs + Cep)| = |vilwT(Css + Cap)
so it follows that:

8m

Wy = ———
T~ Ces + Cep



Intrinsic Speed of CS stage (2/2)

One gets the same result deriving the unity voltage gain using the
observation in section 5.6:

Gm
wr = Aockn = & e
L

Assuming the total load capacitance C/ is of the same magnitude
as the input capacitance C; = Cgs, and where Ceg = Cep,

Apc = gm(rasl|RL) and woy = miyicrre



Trade off gain vs speed (1/2)

Note the gain bandwidth product (GBW) is the same as the unity
voltage gain frequency wr of a first order system. It often expresses
the trade off you can make between BW and gain, e.g. by
employing a negative feedback loop.

(*drawing*)



Trade off gain vs speed (2/2)

Also note the inverse influence of changing L and Vv on intrinsic
GBW wt

- uVov - ,
WT = 51 strong inversion
L(Lov + 3L)
Yov
2uUre Ut

T Lty +30)

weak inversion

and intrinsic gain Ap of a CS/FET (remember: AL is constant):

= strong inversion
0= NVgy o8

Ao weak inversion

~ AUt



Stability

Q-factor from the general transamp transfer function (9.46):

VA \JRiRL[(Cra+ C[)(Cra + C) — CBg)

Q =
B Ri(Crs+ C})+ Ry (G + Cra(1+ GuRY))



No Cgg, no problem (CG)

Previous definitions of the time constants for dominant poles at
input and output can be used for simplified expressions. With

Crg = 0 they reduce to 7; = Ry C; and 7, = R} C}

(7i 4+ 70)? =1ifri=1

Q2 — TiTo :{<}lif7,-7$7'o

1
= Q< ¢
Q_2

, and we get



With Cgg and Gy > 0 (CS)

Again using the dominant pole approximations at /O nodes for
simpler notation, now with Crg: 77 = R} (C; + Cra(GMR[ + 1))
and 7, = RZ(CFB + CZ)

Ry (G + CrB) 7o — R,"R}fCE—B
(7o +7)?
_ (i = R CreGMR})(10) R/ R CEg
(7o +7',-)2
- (=R} Crs GuR) (7o)
B (o + 71)

TiTo

@ =

<
(1o + 1)

1
=<
Q_2



With Crg, Gy < 0, and (1 + GMRZ) ~ 0 (CD/SF)

Assuming exact (1 + Gy R[) = 0 again 7; = R;'C; and we define

Ty = To — Rf Crg = R} C[, we get

7Ty + TiR[ Crr + T,R; Cre 1

Q> = > -
(7o +7i)° 4
&
1 Ti To 2C*CFB
_ _ = _ 1 < L—
2 (n, + T,-> Ci(C; + Cra)

The left-hand side is minimally 0 if

Ti = To

and since the righ-thand term above is >0, resonance Q? > % is
guaranteed.



Cascode gain stage frequency behaviour

Mapping onto single transamp equivalent HF model is
unfortunately not possible due to the internal nodes capacitances ...




Cascode gain stage dominant pole at input (1/3)

However, once again we can draw some conclusions making the
strong assumption of a dominant pole at the input. Tweaking R,
and thus Ry, offers some interesting gain/bandwidth trade off,
increasing the gain-bandwidth product (GBW) beyond just a CS

stage.



Cascode gain stage dominant pole at input (2/3)

rdso + R,
1+ gmords2

So if Ry ~ rys we get Rjp ~ lm and minimal gain in this first stage
and thus minimal Miller effect, while the total gain is still
Apc R 8mlds.



Cascode gain stage dominant pole at input (2/3)

_ ras2 + Re
1+ gmords2

R = (2)
So if Ry ~ rys we get Rjp ~ lm and minimal gain in this first stage
and thus minimal Miller effect, while the total gain is still

A = 8mlds-



Cascode gain stage dominant pole at input (3/3)

rgso + R,
1y = _fds2 T "L (3)
1+gm2rds2

If on th other hand R, = gmrgs we get Rj» =~ rys and 'normal’ CS
gain (= %gmrds) in this first stage and thus the same Miller effect
and BW Iike a normal CS stage, but the total gain now

Apc &~ 2gmrds, i.e. the square of a 'normal’ CS stage.



Cascode gain stage dominant pole at output

Somewhat less beneficial trade off when assuming a dominant pole
at the output, without improving the GBW, when assuming the
dominant pole at the output.
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Current Mirror Symbol

A current amplifier with intrinsic current gain Ajg. Often just
copying a current with Ajg = 1. Also useful to generate bias
currents from a master reference current.

Io Ro Rs

A :7:/4
e "Ro+RLR +Rs

Ideally one would have Rp = Rs = oo and/or Ry = R, = 0.



Simple Implementation

'll




Simple Implementation

'll

lo ~ Ki

|
VD > Vsat



Simple Implementation Large Signal Considerations

'Il

lo will be affected by an offset. One way to analyse it is assuming
we know Vj and Vo (will depend on Rs and R;!) and defining /],
as the /; if A were zero, and using rys in saturation:
Kl = K/b(l + VD/A)
AVp AV

r'dsl r'dsO

lo — Klj == e = KIL(AVpA) = K



Simple Implementation Small Signal Considerations

i

Once the large signal PO is found with a small deviation from

lo =~ Kl (or often just ignoring that small deviation) one can more
precisely determine the small signal behaviour (or also just assume
that i, ~ Ki;):

] R

Al(0) = ’70 — K S &mli Idsl I'dsO (5)
Isi 1+ R
sig <rdsl|’7> + Rs &mildsl I'dso + KL

due to Ajp#K due to Rp#oo




Improving Rp



Improving Rop




Improving Rop




Improving Rop

2 s T



Improving Ro

=
L=
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Differential amplifiers

Differential amplifiers are a more versatile tool than single ended
ones. Differential signalling offers some noise immunity and the
possibility to interface different signal domains, as well as more
possibilities for amplifier circuits, e.g. negative feedback circuits.
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The differential pair

Splits a bias current between two branches dependent on the

differences of input voltages: approximately linearly when the input
voltages are close (fully differential transconductance amplifier),
and digitally if the difference exceeds a certain value (comparator).



Small signal analysis

Considering two types of correlated inputs: common mode input
v; and differential inputAv;:

0 Vig + vi—
i = T A~
2
Avj = v —vj_
So:
. Ay
Vig = Vi + 5
. Ay
Vi =V, — >

We conduct the analysis for them changing separately. PO: the two
large signal inputs are equal (transconductance amplifier).



Analysis for differential input

L
Kirchhoff:

. 4 4 1 AV,'
i V. — ) =

o+ s | 8m rae 8m 5

. 1 AV,'
lom +Vs | 8Bm+ — | = —8m

I'ds 2

1 1 Av;
2 2— + — — =0
Vs ( gm + rae + RB) > (gm gm)
Result:

Aip = gmAv;



Analysis for common mode input

VS
R
H
o g

Kirchhoff:
. . . 1
lo4 = lo— = Vi8m — Vs <gm + )
I'ds
1 -
<2gm + 2* + > = 2Vigm
Rg
Result:
8m
Rp

lot = lo— =

No effect on difference between the two output currents (because
of symmetry). CAVEAT: change of PO for significant V;
necessitating reevaluation of gp,!
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Resistor load diff output




Resistor load small signal analysis

b

Kirchhoff:
1 1 Av; 1
V0+(RL + Tds) —8m* Sl — 8mVs = VsTds
1 1 Av; 1
(R7L+75)+gm T—gmvsz Vsrds
1 2 1 1
VS(RiB + P +2gm) = Vo+r‘ls + Vo—Es

Result:

Av
A = AVO = gm(Re||rds)




Common mode rejection ratio (CMRR)

The common mode gain is defined as

A
Acm = Avo

Vi

for differential output and later for single ended output:

Vo
Acm = —

A

]

Here for the resistor load differential output, trivially (because of

symmetry) Acm = 0 and the so called Common mode rejection
ratio (CMRR)

CMMR = Al = 00
|Acm|
is infinite. But again BEWARE a gain error that will result from
changes of the PO, i.e. V; that are not reflected by the CMRRI!
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Current mirror loaded diff pair




Av; small signal (1/3)

Kirchhoff:
1 1 Av; 1
Vd( + gmp) + —8mn = Vs(gmn + )
I'dsn F'dsp 2 I'dsn
1 1 1 1
vs(2 +28mn+ =) =w4 + vy
Fdsn Rg Fdsn Fdsn
1 1 1 Av;
Vo( + ) + Vd8mp = Vs(gmn + ) + ——8&mn

Fdsn I'dsp Fdsn 2



Av; small signal (2/3)

Result:
Vo
A= Av; = 8mn (rdanrdsp) *
&mp | Emp &mn 1 1 1
2gmpgmn + 2rdsn + RB + (rdsp + FdsnTdsp 2rdsnRB + 2rdspRB>
8mp Emp 8mn 1 1 1
2gmngmp + 2rdsn + Rg + 2 ("dsp + I'dspr'dsn 2rqsnRp + 2rdspRB)



Av; small signal (3/3)

simplified assuming gmrgs >> 1 and Rg & rgsp & rgsp and

8mn = 8mp y
A= A(‘)/i ~ Bmn (rdanrdsp)

For example if gmrgs = 10 then A = gmn (rdsn||rdsp) * 0.953




v; small signal (1/3)

Kirchhoff:
1 R 1
Vd( +—+ gmp) + Vigmn = Vs(gmn + 7)
I'dsn I'dsp F'dsn
1 1 1 1 R
Vs(2 + 28mn + 7) = Vd + Vo + 2Vigmn
I'dsn Re Fdsn I'dsn
1 1 R 1
VO( ) + Vigmn + Vd8mp = Vs(gmn + )

I'dsn Fdsp F'dsn



v; small signal (2/3)

Result:

v Emn
_ Yo _ Rs
ACM_T_ 1 1 1

Vi 2gmpgmn + 2% + 2%’:: + % +2

I'dsnldsp rdsnRp I'dsp Rp



v; small signal (3/3)

N .
Imp Va, Inp Va,
0 Yoo 0 s

Same previous simplifying assumption:

Vo 1
Vi 2RBgmp



Systematic offset

(and an easier way to deduce the common mode gain Acuy)




Common mode rejection ratio (CMRR)

Here:

Vo
ACM = =

1

CMRR = gmn (rdsn|| rdsp) 28mpRB



Frequency response: small signal

Neglecting some terms with capacitors Cgp of the input transistors
and the current mirror output transistor.



Frequency response: Kirchhoff

CRI i —
;
Ip Ve, B Ip Ve,
Kirchhoff:
1 1 Av; 1
Vd( + + &mp + SCD) + 7Igmn = Vs(gmn + )
Fdsn F'dsp 2 I'dsn
1 1 1
Vs(2— +28mn+ 5— + 5Cs) = vg— + Vo
Fdsn Rg Fdsn Fdsn
1 1 1 Av;
Vo( + + SCE) + Vd8mp = Vs(gmn + ) + 7Igmn

I'dsn Fdsp I'dsn 2



Frequency response: full solution

Vo _ ! C
=G = 8mn\I'dsn||Ids
” mZo = & ( d: || dp)l +s(rdsn||rdsp) Iik

(2gmp+i+i+5CD> (gmn'i'?lsn‘kﬁ“‘%)_(gmn"' L )L

Fdsn Fdsn

*

Fdsn Fdsn

(gmp+$sp+;1m+sCD) (2gmn+2i+,%3+sCs)—2(gmn+i) !



Frequency response: simplified solution

Cp
y 1 (1+522)
A‘\)/l. =—GyZo =~ gmn(rdSnHrdSP)

mp
1+ s(rdsnl|rasp) C/ (1 i sgC—L’)
mp




Slew rate (1/2)

Maximum rate of change of output voltage.

Maximum output current is Ig, i.e. when input voltage difference is
BIG and the small signal approximation does no longer hold.



Slew rate (2/2)

Can for example be problematic if transamp connected as follower.

T

0.8F

mput/output [V]
o
~

0.6
0 8
tlme %107
E 1
=
&08
=
206t
=
a,
204

0 1 2 3 4 5 6 7 8
time [s] x107

Oftentimes though, it is due to an internal node in multi stage
amplifiers and has nothing to do with the output capacitive load.



Content

Differential Amplifiers

Folded Cascode Operational Amplifier



Folded Cascode Operational Amplifier

oy
i
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