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The Source Follower (Common Drain Stage, SF)

= Current source |, pulls a constant current through the MOS
» This fixes Vg5 of M1 (to V; + Sqrt(...))

» Therefore, Vi, — V,, = Vgs IS nearly constant (see later)
* The small signal gain is close to 1

Vout - Vin —constant — Vout ™ Vin = 97 Vout/Vin ~ 1

VDD ¢
Vi, I S M1 I
Vout or Vout
<
I Vi, —CI M1
GND ®
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= NMOS Source Follower with NMOS current source:
» Starts to works when Vin > V1 yvos + Vbsat source
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Real Source Follower (Here with substrate effect)

= |[n reality, we must consider
* rys of M1
* the body effect of M1 (if Vg # Vg)
« the finite output resistance of |,
» a possible load resistor

L e

Vi, l M1
!
Iy 1}
-

é l(Vin'Vout) Im é l (0-Vour) Imb> e
Vout

body effect (if body = ground):
| = Vgs Omb

(vin - vout) gm + (0 - vout) gmb +

rO
Output resistance &
of Iy || r.

(0 - vout) vout
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= DC Gain:
gm
gds + gm + gmb + go

gain =

« Withgys=1/ry, 9, = 1/rg+ 1/R,

* Gain is always < 1.

« With body effect (remember: g, = (n-1) g,,), gain ~1/n ~ 0.7.
Try to avoid body effect — PMOS in well or triple well NMOS

A load resistance R, (— g,) lowers the gain.
The SF cannot drive resistive loads well.

» QOutput resistance of |, can be improved by long MOS or cascode.

* |[n transient situations, the NMOS SF can source a large
current but can sink only |,,.
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" From g = we see that we approach g=1 with

gds + gi + gm + gub

« gmb =0 — connect bulk an source of M1. This is often not
possible for NMOS (bulk = substrate = ground)

«gi=0 — Make a good current source:
- long MOS
- Cascode, ...
This will lead to higher Vg, so that SF works ,later

«gds=0 — Hard.
- Longer MOS helps, but gm suffers
(ratio does not increase quickly, speed suffers)
- Cascode not possible because we change source!
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= Consider the case when the SF is driven by a
For instance ,high impedance’ source (with output resistance Rg):

a gain stage « Take into account the Gate-Source cap. Cgg and output cap. C,
* We neglect output impedances and g,,,, for simplicity...

@
Ve Vin - Ve (Ve —Vout)
Vih, = RS RS XS CGS l Om (VG-VOU’C)
- —> Ve —>
Ces T Vin— Rs ll Vout
C

GS

1. T
o T

» Solving the current equations at the two nodes vg and v
yields the transfer function v /v;, :

Vout S CL

gm+ Cgs s
gm+s (Cgs+CL+CgsCLRSSs)
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Analysis

= This Transfer function has two poles (denom. 2" order in s)

gm+ Cgss
gm+s (Cgs+CL+CgsCLRS's)

Cgs+CL++/(Cgs+CL)%>-4CgsCLgmRS -

* The two poles are at -
2 Cgs CL RS

* They become complex if the root is negative. This is at

(Cgs + CL)?2
4 Cgs CL gm

RS -

» There can be an Overshoot if Rg is larger than this value

= Worst case (smallest RS) is for C,¢ = C,.
Then the limit is at RS = 1/g,,
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Analysis

= This Transfer function has two poles (denom. 2" order in s)
gm+ Cgss

gm + s (Cgs+CL +CgsCL RS;_57

Cgs+CL++/(Cgs+CL)%>-4CgsCLgmRS -

* The two poles are at -
2 Cgs CL RS

* They become complex if the root is negative. This is at

(Cgs + CL)?2
4 Cgs CL gm

RS -

» There can be an Overshoot if Rg is larger than this value
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RS = 100k, 300k
1M,3M,10M

» Therefore remember:
Source Followers driving capacitive loads are dangerous!
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What for?

= The Source Follower has a low output impedance (1/g,,)
= [t can ‘drive’ low-impedance (capacitive) loads
» Gain drops ‘only a bit’
 gain of a gain stage drops ‘a lot’ with resistive loads
= Often used in combination with a gain stage:

Gain Source
Stage Follower
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» SF be used to ,send’ a voltage
» Multiple Source Followers can be combined:
V, —| V, —| Vy j
} -1 VOUt
Enable only one Switches can
,channel’ at a time be NMOS (on output side)
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Advanced Followers
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= A VERY clever and tricky circuit!

=V, follows’ V,, (as with normal SF), but
 gain is much closer to 1, in particular for resistive load
* Output impedance is much lower

» The current |, through M1 is always |,, independent of
load current — Vg4 of M1 is constant — g is closer to 1

= Regulation:
 Assume V raises Io
* Vgg1 drops
* |y drops | V. __I M1
* More current flows into node x than out of x
 V, = Vg, rises Vout
* |y, rises, pulling V,; low until V-V is restored _I M2

» FVVF can sink a lot of current and source only ||

= VVery clever!
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= Assuming no load current:
« V, = Vgs, is fixed by . It is relatively ‘low’; Vo +...
 When V,, becomes too positive, the drain voltage of M1
becomes too low. The circuit stops working.

* Input voltage range is increased with (positive!) load current
Because more current flows in M2 and Vx rises!

/SF_flipped
/SF_flipped <» 10.0k
I I or R ; i /SF_flipped <* 100.0k
0 load ( Ioad) /SF_flipped < 1.0M

/X
/X @ 10.0k
/X @ 100.0k
/X © 1.0M

Vin

—Il:Ml Dynamic range

I, = 10uA, Ry, = 10/100/1000 k
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* The saturation issue can be reduced by shifting voltage x

with a ‘normal’ source follower:

Vx IO é:[load IO élload

* [f we have an MOS with high threshold, this helps for M2!
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/SF_flipped
o /X
/SF_fli...shifted
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= We can also separate V, from the gate of M2 and force V,
to a voltage with a PMOS cascode

* Choose V... such that | is just saturated for max. dyn. range

Vx IO é:[load IO é:[load

Vin —I M1 Vin / } M1
| Vout Vcasc —I | R Vout
e [
——
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04 05 06 0.7 08 09 10 1.1 1.2 13 14 15 16 1.7 1.8

GainNormal
b ¢

/SF_normal . ; - Galthpped

M /SF_flipped

/SF _flipped_shi B Gain Flipped Shifted

M /SF_flip..._casc

B Gain_Cascode

Even

better I = Gain above is without load
resistor and without substrate
effect

= Limited by output resistances.

00 01 0.2 03 04 05 06 0.7 08 09 10 11 12 13 14 15 16 1.7 1.8
Vvin
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‘Super Source Follower’

* The ‘Super Source Follower’ is another circuit which keeps
the current in M1 independent of the load current by
providing a second current source (M2) for the load:

M2

Vin —| M1

I+ 1,

VOUt
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Back to the Normal SF

» For Vgg=0, no RL, and a ‘good’ current source, the gain of
the ‘normal’ SF is limited by the Early effects in M1.

o gn
. -gds+gm+§p'ﬁ+}6
* The ‘problem’ is that V  of M1 changes with V_

= Can we avoid that ? Yes!
We ‘Cascode’ the source to a voltage that follows V;:

‘Miinchhausen’

.89
6
Y Y M2 ; Gain
In M1 In M1 [ 8) 0.6 0.7 0.8 09 1.0 1.1 1:2 1.3 1.4 1.5 1.6 1.7 ]
Vin
[

Gain_Normal

B Gain Flipped
Gain_Flipped_¢<

B Gain_Cascode
Gain_Comp
Gain_Super
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