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1. CMOS, PERFORMANCE, ETC. (5P)

Express the DC gain in terms of V., Ip, R, , and transistor
parameters.

Draw the small signal schematics and you will get a typical
schematic for which you can calculate the DC gain. This small
signal schematic will be identical to the standard common-
source amplifier. But with the signal connected to bulk rather
than gate.

vbias

We should therefore use g,,. instead of g,,. This means that Figure 1.1: Common-something
the output voltage is given by

vout =_vingmbs/(GL+gds) ~= vin gmbs/GL= _Vin gmbsRL (]-]-)

The transfer function becomes

vou _gmbs
A —_out___ JImbs _ R 1.2
0 Vin GL+gds gmbs L ( )

where we assume that R; is much smaller than 1/g, . We also know that

di, dI, dvg dV g dv, dv, 05y
gmbs= = ) =gm' =_gm'_=gm' =gm'
dvys dvy dvy, dv,, dv,, dvg, \/VSB+ 2¢p

(1.3)

We approximate this with ¢,,~n-g, and the argument is that as long as Vg is not
closeto —2¢ (notice the minus), the n is not strongly dependent on V. This gives us

2
A N_ngm= Veff — _2nID (14)
° RL RL (Vbias_VT)'RL

which is a fairly compact expression. Notice that the Vg is part of the V; in the above
expression and one could do some further rewriting to also get the input signal into the
expression. One can for example show that

0.5-g.y
I\ Viias— Vot y V2 (I))_ZID

(1.5)

gmbs=

which gives an expression independent on the Vg . Similar approach can be used to the
other expression above.
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Express the maximum and minimum input voltage on the bulk terminal.

First of all, the bulk voltage cannot be too high, since we would otherwise open the PN
diode. So

Vg—2¢9p>0=>0—v, +2¢p>0=v,,<2¢ (MOST IMPORTANT ANSWER) (1.6)
Then we also know that the transistor must be conducting which gives us
Vbias_VT>0 :>Vbias> VT 2Vbias> VT0+ y( v VSB+2 (l)_ v 2 d)) (17)

which gives

2 2
V. -V S Vi—V —
( blasy TO+\/2¢) —2¢p<V =0—v, >v, < %4_\/24)) —2¢ (1.8)

So just some kind of elaboration on the fact thatif V,,, and V; must match.
Further on, we can look at the standard requirement

Vias— V1 <Vg=Vpp— R Ip=V pp— R, oV — V) (1.9)
The second-order equation becomes

(*)*+(*)/ xR, —V ppl xR, =0 (1.10)

with solutions

1%
(*)= ! i\/ 1 4+ —20 (1.11)
20R; | (2aR,)° &R,

Which gives some indication on how V_, and V,, must match to guarantee saturation
region.

Plot the output DC point as function of the bulk DC point (TSTEO08)

So first check what polarity we have (given by the equations above). Increasing V;y decreases
the V. Decreasing the Vs decreases the V. Decreasing the Vr increases the Vir.
Increasing the Vi increases the current Ip. Increasing the Ip decreases the Vour.
Therefore applying an input signal to the bulk behaves in the same manner as it does for the
gate. But there is a nasty square root there. However, still , you do not have to care about that
since you only need to sketch.

If one likes, one can go through some rewriting as:
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Iy=ac|Vy=Vo—y [Vt 26 —2]|

2
I,= V24— yV2 11—
p=& |\ V= VyptyV2¢—yv2¢ _2(]5 (1.12)
2
I,=k|{1—yy1 Yin
p=K % 2

etc. But it does not add much value. The idea is to show the square root vs square, etc.
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2. GAIN STAGES, SWING, ETC. (5 P)
Derive the 3-dB bandwidth of the circuit as well as ] -
the output range for which all transistors are in their L
saturation regions.

vOut
First notice that it is a differential gain stage with %’T
diode loads, 9,,p=9.3; on one side and g,,y=9 .4
on the other. And then it is coupled in a buffer .v—l
configuration (gate of M1 connected to output i M, C,
voltage, V., ). This means that DC-wise, the gain
is unity and the output voltage should track the I

input voltage.

=

According to the first order approximation (Yes,
you can do this!) the output conductance is
essentially given by M4 and M1 in parallel, ie.,
approximately (two diodes)

Figure 2.1: Some differential pair of some kind.

gout=gm1+gm4 (21)

The 3-dB is then given by the pole, i.e.,

=%= gm1+gm4

2.2
Dy C, C, (2.2)

We will give correct points for this assumption. It is however not fully correct!

We can take the long and semi-long paths. Look at the small signal schematics including
all transistors and assume that the V. node is not AC grounded. This will gives us a set of
three nodes and their corresponding nodal equations become (assuming ¢,;~>¢; and
grounded input):

(1) (0_vx)gm3+(vc_vx)gZ+ngm2=O Or ((O_VX)ng—i_ngmZNO)
(2) _vcgm2+(vx_vc)g2+(vout_vc)gm1=0 or (_vcgm2+(vout_vc)gmlmo) (23)

(3) (O_Vout)gm4+iout+(vc_vout)gm1=0

Notice the fully valid simplistic expression to the right above (within paranthesis) which
gives a very fast path to the right answer. The equations can be written as
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gZ+gm2 gm2
): v (9,5+9,)=v.(9,+9,,)=V,=v,.— or (VX~— vV,
° 2 ? g gZ+gm3 gm3
9,+39, 2.4)
(2) _vc(gm2+92+gm1)+vc. 2 E g2+voutgm1 0 or vc(gm2+gml)mvoutgm1
gZ+gm3
(3) _vout(gm4+gm1)+iout+vc'gm1=0
And further on (to simplify your calculations, you could also assume neglect the g,
parameter earlier in the calculations as illustrated by the equations in parantheses above).
4,142 Vel(Guo 9ot G (95 G1s) = (95 G12) 92) = Vour Gt (GoF i) =
+
(@) Ve=Vou' ]
(Gm2+92) Gzt Gm1 ( G2+ Gins)
g?nl(92+ G3)
(5’ 3+4): _Vout(gm4+gm1)+iout+vout' =0
(ot 92) Gmst Gt (Got Gz
(2.5)
gZ
. . ml ~
(5) _vout(gm4+gm1)+lout+vout.gm2+gm1 NO:>
gml ng
(5): Vou (Gat — )=l
‘ ! gm1+gm2 '
(Notice that g,,; is not part of the expression)
Where (5) in the equation above expresses the output impedance. Assume now that g,,;
is equal to g,,, for symmetry:
Vout<gm4+0'sgm1)=iout (26)
And the output conductance is which in turn gives the output pole and 3-dB frequency.
gout=gm4+0'sgm1 (27)
SO
0.5g ,+
p1=%= gml gm4 (28)

C, C,
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Express bandwidth in terms of input DC level (TSTEO08)

Since pole is given by

_You _ 0.5 G _ Ve 1T Gna _ %1\ Vin™ vc_VT)+gm4 2.9)
=, C, C, C, '
indicates that the output impedance is linearly dependent on the input DC voltage level.

Maximize bandwidth (TSTEO08)

The bandwidth is maximized by maximizing the J,, of the NMOS transistors. So for example
increase W and Ip.

Calculating the swing is simple.
The swing is given by the upper range as
Vou <Vpp—V7;=AV (2.10)
and lower range as

VouZVin— Vi—AV+V +AV=y, (2.11)

It is an amplifier in a buffer configuration, so the output voltage will track the input voltage.
The range for the input voltage is given by

Vop—=V;—AV>v, >AV+V, (2.12)
following the same arguments as above which will then give stipulate the range for v,

AVAHV,<v, <V ~V.—AV (2.13)
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So, it is @ common-gate circuit, with high gain. The output Vi,
impedance is given by 9o~ 95 . '—I

V2
The noise contribution from M3 to output is a standard * I

common source. The output impedance is given by the Vout_

smaller output resistance from M3. So we have 9.~ Js. C
Vs Il: L

The noise contribution from M1 to output is a standard

common source too but with higher gain. The contribution Vin u -

from M2 to output needs a bit of attention. Draw the small- Figure 3.1: Phew! Three transistors...
signal schematics.

Total output noise power and the input-referred noise spectral density

Anyway, why not go wild!?!1?! Set up all the two scaring equations for all those three
(gasp!) transistors in one shot and formulate the current laws for the different nodes.

We have only two equations. V;, is the intermediate node between M1 and M2.
D): G (0= V,)+ G, (0=V15) =G (Vi = Vi )+ G5 (Vo — Vi) =0

(3.1
(2) gm2<v12_vb2)+(v12_vout)gZ+g3<Vin_vout)_gm3(vb3_vin)+SCL(0_Vout)=0

which can be rewritten as

(1D): =G Ve~ Vi G1H Gma T Go) + o Vst G5 Vo =0
3.2)
2): Vo (Gt 95) = Vi Gro= Vou ( 95+ 93+ S C )+ ( G5+ Gpus) Vi =Gz Vi3 =0

making the standard assumptions, 94 <9, , gives us

_ ng vb2+92 vout_gml Vi ~ gm2vb2+92 vout_ gml Vi

Q): v,,=
. g1t gmtgo Gm2 (3.3)

2): V129m2 Ve Gme— Vour (92t 5T SC L)+ Gz Vin— Gs Vs~ 0
Combining the two equations gives us

92Vt 92Vou = Gt Vor — Vo Iz~ vout<g2+ gsts CL)+gm3vin_gm3 Vi3=0

Vi2Gm2

(1+2): (3.4)
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which becomes
(1+2): —Gmi Ver— Vou (93t SC L)+ GrsVin— Gz Vs~ 0 (3.5)
So, we can write the output as

gm3 gml gm3
—V

s Vin— Gt Vi — o3V g in_g_ bl_g—vb3
(1+2): vom= m3Vin ml Vbl m3 b3= 3 3 3 (36)
g;+sC; 1+ S
g,/C,

Notice now that the M2 is not influencing the result (this is due to the approximation, the M2 is
there, but it is much smaller than the other expressions, 9m2t 9>t 91# gt 9, ...). Anyhow, it
can be ignored.

The nice thing is that we have all the sources expressed in one equation. We find the pole to be

pi=g;/C, (3.7)
and the DC gain for the different paths are given by

_gml _gm3
Ap=—, Ap= , Aga=

gs ' gs ' gs

(3.8)

All noise sources are independent and we can take them one by one using the equation above.
Just to wrap up, the output noise spectral density is given by:

wlgs [ mlgs [ wlgs [
S F)=[ 22 8, ()4 s ()| T8 s () 9)
1+ 1+ 1+ )
gB/CL 93/CL 93/C

We can also directly apply the brickwall concept and multiply the DC gain with the p,/4 to find
the total noise power. Further on, from a noise point of view, the input is grounded, so

P =A P 4kTX+A2 Py 4kTy _ gml gs _4kTX+@' gs 4kTy

o1 4 gml 03 4 gm3 93 4'(jL gml g; 4CL gm3
(3.10)
9m 1 KTy 9ms 1 kTy _ kT y
Pou = t—= (¢} gm
' gs CL 1 gs CL 1 ( ! 3) g:C;

Input referred noise spectral density

To calculate the input-referred noise spectral density, we take the output noise density and divide
with the transfer function from input to output. This gives us

This document is released by Electronics Systems (ES), Dep't of E.E., Linkdping University. Repository refers to ES Print Date: 02/17/11, 11:50



Page

No Rev Date Repo/Course
lye Hgk?g'(ﬂgggﬂ‘{f:f‘ty 1002 20100611 20100611 TSEI0S 10 of 15
Title TSEIO5, Analog and Discrete-time Integrated Circuits, 20100611 ID jacwi50
9mi! 93 ? gm3/93 i
IuD | s, (1) T s )
1+ C 1+ /C )
g g 9m
Sinlf)=—""— - ==3-8,(f)+S5(f) (3.11)
93! 93 gm3
1+—>
g5/C,
Which can be written as
S, (f)= g"” LAIG7 o ALY, =4kT y-ImL. 1+-L (3.12)
gm3 gml gm3 ng ng

The input-referred noise depends on the width of M3 (TSTEO0S8)

The current through the circuit is set by the PMOS transistors and is not a design
parameter with respect to transistor M3. We can then for example use

gm3=2\/KW3ID=LIJ VW, (3.13)
and we have
A B
Sm(f)~\/7+v (3.14)
3 3]

which can be used to sketch the relationship. Small W high noise, large W low noise.
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4. OP/OTA 5P) R,

R
Express two shortcomings !
Vin —=u
Start with setting up what we know: The transfer Vo
functions in open loop and closed loop. The open loop | _ R,
. . Vou="7 "Vin
transfer function looks like: R,

Figure 4.1: Closed-loop gain configuration.

AO
s)= (8)———— 4.1
vOP,out( ) VOP,1n< ) 1+S/p1 ( )
so we can set up the relations for the closed-loop amplifier
(1): (vin+vOP,in G+ Vouz+vop,in)'G2=O:VinG1+VomG2=_Vop,in G1+G2)
4.2)
AO
2): vOP,out=vout=VOP,in'T/pl
Combining the two gives
A v. G,+v, G
(1+2): _V0m= 0 ._in 1 out — 2
1+s/p, G,+G,
Ao Gz _Ao G1
out 1+ ' = ’ .vin
1+s/p, G,+G,| 1+s/p, G,+G, (4.3)
Vout _ —AcG,y =_i. 1
Vin (1+S/p1)(G1+G2)+A0G2 Gz 1+G1+G2+S. G1+G2
A G, P, AG,
We will rewrite this slightly as
Gy o
Vi __ Gy AG, _ G A G,
Vin GZ 1+S G1+G2 GZ 1+ S (44)
A,G,| 14855 | LG Ly
pl 0 2 AOG2 pl G1+ G2

Now we can see the two short comings in the equation above:
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-

One DC error

Gi+G,_, , R/Ri+1

AA,=1+ ALG, A, (4.5)
and a limited bandwidth of
A, G, A,
D,=Dp; GI_i_G2+1)=p1- m+1 (4.6)
So answers could be:
. The limited DC open-loop gain introduces a DC gain error in the closed loop.

. The limited DC open-loop gain affects the closed-loop bandwidth.

. The limited pole affects only the closed-loop bandwidth.
. If the gain, A, , is very, very high, the limited pole plays less of a role.
. If the closed loop gain is very high, the errors will become more dominant (!). With

high close-loop gain we are mimicking the open-loop behavior.

Derive how the swing is affected by limited current (TSTEO08)

The maximum output current delivered by the opamp is Iy . This means that a maximum of I,
can flow through the R, resistor (referred to as R, in the solutions above). According to
Mr. Ohm, the maximum voltage across the resistor will then be V=R, I, . Further we assume
that the high DC gain, Ay, is maintained during the proper range, which also indicates that the
maximum output voltage that can be delivered is

vout,max=V0'<1_1/A0)NV0:>V

out,max=ROIO (47)

A graph could show this quite elegantly.
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1
5. DATA CONV'S, *Im(nT)

NOISE, ETC. (TSEI05) G P)

Xy-,(nT) Xy_o(nT) Xo(nT)

When is the peak output thermal noise current
density less than the quantization noise power
density

2w 2V lw

0

I

Figure 5.1: Current-steering D/A converter
For this current-steering data converter all
currents are directed to the output. The same must hold for all the noise. For the peak noise, all
switches are conducting and all noise/current go to the output. Due to the current mirror and all
connected gates together, the V. must be constant and same for all sources. This makes it

practical to use

_2Ip, 2" I ok (5.1
gm,k_ V - V _V 2N—1.
eff eff eff

to express the transconductance for the kth source. Notice, as for now, the W, is not part of
the expression. If we for the time being neglect the bias source, the total peak noise current at the
output must be given by the sum of all current sources including the bias source:

(2"-1)° ¢
N ’

- @
bias

St F1=S:al 1)+ Sial) 4048, 1 () wlf) .

notice the weighting of the bias source to output, which is approximately unity. This means
we have the total noise power as

N

Sivor(F)=20,y Six(F) (5.3)

Inserting the expression on g, x and the spectral density Si,k(f)=4 KTy g, «,we get:

_ v _ kTyl, v o kTyl, 271
Siwlf)=4kTy Y, gm,k—w'zm 2= Veff'ZN_S. i (5.4)
We now sum that the number of bits is fairly large and we can approximate:
kTylI
Si,tot(f)N : '24 (5.5)

Ve

We see from the bias source that
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_ 2 _ AN 2 _ I,/x 56
IO_(XN'Veff_KZ Woveﬁzveﬁr— 2NW ( . )
0
We use this to eliminate the V.4 in the expression above:
— o /
Sivor(F)~k Ty Vi Iy Wo-2* ™" (5.7)
So now, let's look at the quantization noise. Within the Nyquist range, the total noise power is
given by:
Q=22 ) 5.8)
©T12T 12 '

The total thermal noise in the Nyquist range is given by
Po=f oS F)=f ok Ty kI Wy:2* ™" (5.9)

So for P,,=Q, we have

P
F?\Hz=fs'kTy \/K—IO.\/VO_24+N/22>

(5.10)

Ig/Z )

T\ 3fekTy VK282 N

W,
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6. SCCIRCUITS (TSTE08) (5P) "
i i i via(t) b C, I
Derive the transfer function from input to output I - Voult)
¢1 C
al c
We have two input signals and one output signal. v:(t) ="
Set up the charge distribution and charge i“" <
preservation for the two phases.
Figure 6.1: An SC circuit.
For the first phase we have:
Cl1(n)=C1(V1(n)_O)=C1'V1(n)
(6.1)

q2(n)=C2(v1(n)—O)=C2-v1(n)

Further on, we see that the negative input of the OTA is connected to ground, which means that
the charge input voltage is (ideally) 0 which also forces the output to be 0, i.e.,

v,(n)=0 (6.2)
For the second phase we get

vx(m)_voul(m))

q,(m)=C,
(6.3)
Q2(m)=cz(vz(m)_vom(m))

Notice the disconnected plate of C, and we must have a floating node. Further on, we see that
the positive input of the OTA is connected to ground, and the OTA is connected in a buffer
configuration which means that the output voltage is (ideally) 0 which also forces the output to be
0, i.e.,

v,(m)=0 (6.4)

The output is always zero. During phase 2, the C, is recharged, but only between the ideal
amplifier and the ideal input voltage source.

Explain if the circuit is sensitive to parasitics or not.

No
What kind of circuit is this?

It is something strange with the circuitand C, and C, do not influence the result.
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