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3 — Solutions and Comments to Exercises

In this section we present suggested solutions to the exercises given in Section 2.

3.1 — DC analysis

1. DC analysis on a common-source gain stage with cascodes.

We neglect the body effect and channel-length modulation in the DC calculations
(AC analysis is performed in Ex. 9).

We define the effective gate-source voltage of an NMOS transistor as

Vegin = Vas—Vr 1.1
and, similarly, the effective source-gate voltage of a PMOS transistor as
Veﬂ‘p = Vg =V (different V' for NMOS and PMOS transistors!)

We have the simplified current equation for a saturated transistor

Ip=a Vi, (1.2)

Since the transistor sizes are equal for M1 and M2, and they have the same
drain current, they will also have the same Vﬁff. Similarly, M3 and M4 will
have the same V/ eff

For NMOS transistors (M1 and M2)

[D
Vepin = J; =0.105V 1.3)

and for PMOS transistors
_ b _
Veg.p = F~0'185V (1.4)
(a different for NMOS and PMOS transistors!)

Thus, V;, pc = Ve/'f,n +Vy =0.105+047=058 V. V. is not determined
by the current alone, we also need to know V' ¢ for M'1. We have

Viias,2 = Vps,i ¥ Vas,2 = Vosi ¥ Ve n* Vr (1.5)
To ensure that M| is properly saturated we choose

Vpsit = Veg.at02V (1.6)
and thus

Viias,2 = 20 gyt Vp+02V= 088V 1.7

We make a similar analysis for the PMOS part and find that

Viias,a = VDD_(Ve/],p +Vy) =33-(0.185+0.62) =2.50 V (1.8)
To ensure that M4 is properly saturated we set
Vep,a = Ve, p* 0.2 V and find that
Viiass = Vpop—(2 D/ef/'.p+ Vp+02)=33-(200.185+0.62+02) = 2.11 V
The output range is now given by the following relations

VouZ Vs 1+ Veyy = 20V, 4022041V 1.9)
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and saturated since Vo=V, ,—V >V, =V =V;>0, and V ,, is close to
V 442 V3. The input voltage for which the transistor M, enters the linear re-
) = Vpp—-(2V +0.2)=273V (1.10)

Vour<Vpp—( VspatV gion is depending on the value of V;,;, and can be computed as follows.

eff\p effp

2. DC analysis on a bias circuit. b) The current through transistor M, in saturation is

Here we assume that all transistors are operating in the saturation region and that Ipy = oV =V =V )X (LN, =V ) (8.1
the channel-length modulation is neglected. Choose a suitable value of V _, e.g., . .
V. = 2V . The maximum current through the circuit is x In saturation the current through transistor M, must equal 7, .

Lpias = AV =V =V 2L+ AV 0 = V1)) (3.2)

P iy
Ip< V[;-: = 5p4 @1 Solving for V', — V| gives the following expression.
The current through all the transistors is equal and _ 1 Lpigs 1
V(mr_Vl - XG(V V-V )_X (3.3)
K7, ) = V1i=Vr
Ip= > L_( Vpp=V=V11) 2.2) The transistor operates in the saturation region when
! Vouws=Vi = Vi =V, =Vr, Inserting Eq. (3.3) into previous equation and solv-
K, W, ) ing for V| gives the input voltage where the transition between the saturation
Ip = TZ(V,Y ~Viias—V12) 2.3 and linear operation appears.
K. w .
- 2373 _
[D = TL_3(Vbias' — VT3)2 . (2.4) 3.2 AC analysis
4. Derivation of small-signal parameters.
Moreover,
a) In the linear region we have the following expression for the current /.
Vg = Vgt Y(2Pr =V — 2P8). (2.5) )
. g Vb
Eq. (2.1) and Eq. (2.4) gives Iy~ C,, DPZV EE(VGS V) O ps— %D 1)
& - 21p 5= 33. (2.6) Further we have
Ly K3(Vpias—Vr3) d7
Eq. (2.1) and Eq. (2.2) gives 8w = g = Mo C,, T Vg 42)
Vs L
" 2lp 037 @7 d
= e = ()37 . 7,
L, K,(Vpp—V.~Vp))? Sus = o po[Cox[%[(VGS—VT—VDS) 4.3)
. DS
Eq. (2.5) yields . . .
1, is affected by the bulk-source voltage through variations in the threshold volt-
Vi, = 0846V, (2.8) age, i.e.,
and from Eq. (2.1) and Eq. (2.3) we obtain g - dr,, _ oI, 0Vy = ¢ vy (4.4)
W, 21, mbs dVgs  OVy 13VBS " %VBS '
= =0.56. (2.9)

We have the following relation for the threshold voltage

V=V ot V(2P =V ps— J2PF) (4.5)

L K2(VX— Vbia.v - VTz)Z

3. DC analysis on a common-gate amplifier.

ieldi
a) The transistor M is in the cut-off regime as long as V;; =V <V no (very yielding
small) current will flow through transistor M so the output voltage will be equal v, v
to Vg = T ——t (4.6)

av / -
When the input voltage is lower than, but close to, V' ,; — V1, the transistor will be bs 202® = Vs

and thus
- Y
Embs = 4.7
ES, ISY, Linkdpings universitet " 20—V pg "
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This relation is also valid in the saturated region.

b) In the saturated region we have the following expression for 7,

oc
ID:EO—Z_%Egt(VGS_VT)ZEU+>‘D/Ds) (4.8)
Thus
ar, DV—I{ D‘V—V 2
Sm = dVGS:uO oy L [(VGS_VT) = H’l(l [, L E(VGS_VT)%
= oy, o, 4.9)
and
_diy WG, 2
i 2 W gs— V) A=A, (4.10)

Simple gain stages with resistive load.
First considering the common-source stage.
a) The ESSS is shown in Figure 30. Where R = 1/G.

+
Eml Vin g? ﬁgdsl G Vuut

Figure 30: The ESSS of a common-source gain stage with resistive load.

b) The transfer function can be computed by using nodal analysis in the output
node.

EntVin * Vou(€a1 +G) = 0 (5.1
The transfer function is
Vaul - _ Emi 5.2)
Vin 8s1 +G

The output resistance can be computed by adding a voltage source V', between the
output node and ground. Then compute the current delivered by that voltage source
when the input source/sources is zero (V;, equals zero).
v 1 1
7| Tgoag R
wly, =g Sdst 8as1

(5.3)

¢) The transistor M is in the cut-off regime when V', is below V', yielding the out-
put voltage equal to V. Increasing the input voltage will give the
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V1> Vgs = V1 >0 and the transistor will operate in the saturation region
and the output voltage will decrease quadratically with the input voltage. In-
creasing the voltage further will result in a transistor operating in the linear re-
gion and the output voltage will then decrease linearly with the input voltage.

d) Obviously, V;, >V ;. In the saturation region it holds that

Vou=Vpp—Ra(V,,—=V7)2 (5.4)
For saturation it is required that
Vout 2 Vin -V (5.5)

Combining Eq. (5.4) and Eq. (5.5) yields
(Vin_VT)_VDDsob
Ra Ra
The maximum input voltage is computed with equality in Eq. (5.6), hence

_ 1 1 Vop
Vin,max = VT—m"' m“'ﬁ (5.7)

(The solution ... —./... is obviously false, since it yields V', <V

in, max

Vin=Vp)*+ (5.6)

a) The ESSS of the common drain, common gate, and CMOS inverter is shown in
Figure 31.

T
&m(0-Vi,)
gm](Vin'Vvut) <# ﬁgdsl G out " "
a)

=~

Figure 31: The ESSS for the 8 common drain and b) common gate

b) Using nodal analysis at the output node gives the following DC gain and out-
put resistance.

Cs CD CG
DC gain Emi1 Em1 Emi
gdsl+G gml+gdS1+G gdsl+G
Output resist- 1 1 1
ance a1t G | 8u1 81t G | 8uat 0

¢) Common-drain amplifier: The transistor M is cut off until V', <V  +V .
Then will it be in the saturation region.

Common-gate amplifier: The transistor will be in the linear or saturation region
when the input voltage is low. An increased voltage will result that the transistor
will be cut off.
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d)
e) The ESSS of the common-drain circuit with the bulk effect is shown in Figure 32.

mbsl ~ out

9
1.
Omt in”out <$ #D i}lasl Gip TCL out

Figure 32: The ESSS of the common-drain circuit including the bulk effect.

The transfer function is given by

Voul - Em1

Vin Em1 +gmbs] +gdsl +Gin
The ESSS of the common-gate amplifier when the bulk effect is considered is shown
in Figure 33.

(5.8)

“Ombst in

“Omtin C# é ﬁgdsl Gin L CL ;Jt
1
‘ —

in

Figure 33: The ESSS of acommon-gate amplifier when the bulk effect is considered.

The transfer function is

Vout - &us1 +gml +gmbsl (5.9

Vi 8ast + Gin

in
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6. Common-gate amplifier with non ideal input source.
The small-signal equivalent is shown in Figure 34 where R,, = 1/G,,.

Om1 -1

Figure 34: ESSS for the common-gate amplifier valid for low frequencies.

Using nodal analysis in the nodes V| and V', gives the following equations
_gm]Vl+(Vnut_Vl)gdsl+(Vin_V1)Gin =0 (6.1
—Em1 Vl + (Vaut - Vl)gdsl + V{)Llf(gdSZ + SCL) =0 (6.2)
Solving for V| in Eq. (6.1) and inserting it into Eq. (6.2) results in

Vour _ Gin(gm1 * 8as1) -
Vie  8as1Gin* 8452(Gin + &1 * &a1) +5C (&1 + Gy + &y1) 6.3)
Gingml

&us1 Gin + gdsZ(Gin + gml) + SCL(gml + Gin)
where g, | » g, is assumed.

The DC gain is computed by setting s = 0 and the location of the first pole is
computed from Eq. (6.3) by comparing with the transfer function

vV A

our _ 0 (6.4)

Vin 1+ S

Py

The DC gain and the first pole can then be expressed as
G g
A= indml (65)
0 gdx2(gml + Gin) +gds1Gin

Py = gdsZ(gml * Gin) + gdA'lGin (6.6)

(g mit G[n) CL
b) C, is connected from node V| to ground. The nodal analysis in node /', and
V yus gives:

ES, ISY, Linkopings universitet



TSTEB0 ATIC & TSEI30 ANTIK Solutions and Comments to Exercises — Page 28

LVt (Vou[_ Vl)gdsl + (Vin - Vl)Gin_VlSCgsl =0 (6.7

gmV1+ (Vout_ Vl)gdsl + Vnut(gdsZ + SCL) =0 6.8)
Solving for V| in Eq. (6.8)

Vi _ 8asi t8un *5C,

(6.9)
Vout &m1 +gds1
Inserting into Eq. (6.7) gives
Vom - Gin(gml + gd.zyl) (6.10)
Vin a+bs+cs
where
a = gdslGin+gd52(Gin+gml +gds1) (6.11)
b = Cgsl(gdsl + gdsZ) + CL(gdsl + Gin + gml) (6.12)
¢ =CeCy (6.13)

The load capacitance is often much larger than the parasitic capacitances. This re-
sults in that the load capacitor will be give rise to the dominant pole and the para-
sitic capacitances will contribute to the pole located much higher in frequency.
When it is a large difference between the capacitances, the poles will be well sepa-
rated. For well separated poles the following approximation holds.

2 2
%+i%+iH:I+SDL+LE+—S =1+ 2 (6.14)
Py Py %1 Py P1P2 Py PP

Comparing Eq. (6.14) and Eq. (6.10) gives the following poles.

gdslGin + gdsZ(Gin + Em1 + gzlsl)

a

p === =
' b Cgsl(gds] +gds2) +CL(gd51 + Gin +gm]) (615)
gdslGin+gds2(Gin+gml)
CL(Gin+gm])

a _b_8us1*CGint&m

s LE T (6.16)
Py cpy c Cgsl
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7. Amplifier stages with active load.
a) The ESSS of the four amplifier stages is shown in Figure 35.

+ + _
Imt in (# ﬁ}dsl Y2 T CL o
= ) = ImeOin [eT%

= T

_ L
ut Yds1| |Jas2 L ot
i Imi in (R i}gdﬂ CL out
4 _
9m1 in” out -

=l

b)

T

in

“Om in os1| |9d2 TCL out

0)

Sigure 35: The ESSS of the amplifiers with active load. 8 Common source, b) common drain, ¢) common
gate, and d) CMOS inverter

The bulk effect is neglected.

b and c) To calculate the DC gain and the dominating pole only the capacitance
C; needs to be considered.

Nodal analysis of the common-source amplifier

glein + Vuut(gdsl +g11s2 +SCL) =0 (7.1

gives the transfer function

Vaut - Em1 - Eml 1 - AO (7.2)
Vin st 8a2t5CL  &an T 8asay 4 S 1+
8as1 + 8as2 Py
Cy

where 4, is the DC gain and p, is the dominating pole.

The output resistance is compute by adding a voltage source at the output, V',
and compute the current delivered from the source when the input source is ze-
roed. This gives I, = V (g4, + &452) and the output resistance

Fo = I—/—‘ =1 (7.3)
M T gt 8an
Nodal analysis for the common-drain amplifier
_gml(Vin - Vout) + Vtmr(gdxl t 8t SCL) =0 (7.4)
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gives the transfer function

TSTE80 ATIC & TSEI30 ANTIK
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Vout - Emi1 1 (1.5)
Vie  8m*8as1 Y824 S
Emi1 +gdsl +gdsZ
CL

The output current through the output source equals 7, = V (g 1 *+ &us1 + &1)
and the output resistance

po2 e 1 7.6)
ML 8a t 8as2t & ’
The common-gate amplifier:
~&mi1 Vin + (Vouz - Vin)gdsl + Vou/(gds2 + SCL) =0 (7.7

gives the transfer function

Vout - &mi1 +gd.v1 1 1.8)
Vin gdsl+gds21 +;
8as1 + 8usa
CL

The output current through the output source equals /. = V (g, *+ &45») an the
output resistance

v
Fou = = ——— (7.9)
Ix &ast + &us2

The CMOS inverter
(gml +gm2)Vin+(gdsl +gds2+SCL)Vau1 =0 (7.10)
giving the transfer function
V_ou_t - Em1 + Em2 1
Vin 8ast +gds21 +;
8ds1 * 8as2
Cp

(7.11)

The output resistance is given by

Ve _ 1

- (7.12)
I 8as1+ 8usa

Tour =

Summary:

DC gain Output resistance Bandwidth

Common source 2 1 8as1 t 8as2

8as1 ¥ 8us2 8as1 ¥ 8as2 c,

ES, ISY, Linkdpings universitet

Common drain &mi 1 8m1 ¥ 8as1 F 8us2
St F Qa1 T Casr | 8m1 T st t 8us2 CL
Commongate | g +g, 1 8as1 t 8as2
Zast + Ean 8as1 + &as2 C,
CMOSinverter &m1 *8m 1 8as1 T 8as2
8as1 * &us2 Bas1 ™ a2 €

In principle we can see that in a single stage amplifier the DC gain can approxi-
mately be expressed as g, in’ Cout = &, in”" and the bandwidth is
gnut/ CL = 1/(r1)utCL)'

out

d) The highest gain is obtained in a CMOS inverter. The circuit with highest
bandwidth is the common-drain amplifier.

8. Current mirrors.
a) The ESSS of the simple current mirror is shown in Figure 36a.

in out in out

Omiin Ods1 Oge  9m1 Gost Im2in Ods2

92 in
3 b)
Figure 36: a) The ESSS for the simple current mirror. b) Simplified ESSS for the simple current mirror.

The input resistance is computed by adding a input voltage source to /;, and
computing the current delivered by the source. The output should be terminated
by the resistive load R,

[in = glein+ Vingdsl = an(gdsl +gm]) (CAY
We see that if a transistor has a connection between its drain and gate, called di-
ode-connected, the small-signal model will be a resistor with the value g, ; + g4
as shown in Figure 36b. The input resistance is
V.
TS 8.2
1in Em1 + 8as1
The output resistance is computed by adding a voltage source at the output and
computing the current it delivers. This will give the output resistance equal to
V

out _ 1

out I

~

= (8.3)
out|; _q 8as2
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The ESSS of the cascode current mirror is shown in Figure 37.

9md in” out

9m3 9ds3 Gdsa

9m1 Yds1 Gds2

Im2

Figure 37: The ESSS of a cascode current mirror.

The input current is given by 7, = (V;, =V )(g,3 + &4s3) = V(&1 + &451)- The
node voltage V' can be eliminated from the equations and the output resistance is
given by

P QI - &mi1 +gdsl+gm3+gds3 :gml+gm3 - L_‘_L (8.4)
YLy (@t e (€m3t 8u)  &mi&m3s Emi &

The output current is given by

lour = gm4(_Vy) + gds4(Vou1 - Vy) = ngO *8us2 V) (8.5)
since /;, = 0 and therebyis /', = 0. The output resistance is given by
Vv + +
Four = _out _ 8as2 T 8dsa T Ema ~ Ema 8.6)
Lout 8ds28dsa 8ds28dsa
The ESSS of the wide-swing current mirror is shown in Figure 38.

The input current equals/;, = g,3(=V.)+(V;, =V )83 = Vin&m1 + V&as1- The
input resistance is

_Vin _ Zast Y 8us3 * &m3 _ Em3 _ 1
“in T 7T = T . 8.7
Iin gnll(gdx3+gm3)+gdslgds3 gml(gd&3+gm3) Em1
The output current is given by
lous = gm4(_Vy) + gdx4(Vaut - Vy) = gm0+ gap V) (88
The output resistance is
v 8as2 ¥ 8asa T & g
Fout = out _ ds2 ds4 m4 ~ mé (8.9)
Lou 8as28dsa 8as28dsa
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out
Iy
9m3 - 9ds3 Gdsa
Imiin 9dst Jds2
9m2in

L

Figure 38: The ESSS of awide-swing current mirror.

b) The lowest possible V;  of a transistor in the saturation region, V ;. ,, is
Vissat = Vas— V7. The V., is expressed as a function of the drain current in
a transistor in the following way.

2 2
Ip=a(Ve=Vy) = aVi, (8.10)

Solving for V., gives

T
— D
Vdssar = [E (8.11)

The minimum gate source voltage for a transistor that is operating in the satu-
ration region is

- — D
Vgsmin - de,\'at+ VT - /\/;+ VT (8.12)

The minimum voltage is derived by determining the minimum voltage required
to ensure that all transistors are operating in the saturation region for each pos-
sible way from ground to the node of interest, not passing directly between the
gate to the drain.

The lowest possible input/output voltage of the simple current mirror is

1,
Vinmin = max{ Vgsminl’ Vdssat]} = Vgsminl = a": + VTl (8.13)

1 t
Voutmin = VdssatZ = (;“ (8.14)
2

The lowest possible input/output voltage for the cascode current mirror is

- in
mem - Vgsmml gsmm3 /\/j—l + VTl L+ VT3 (8.15)
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vV =max{V junt V.

outmin dssat4 'smml g3m1n3 'smm4 Vdsxar4} -

Pﬂ/” A/ZH/” A}M Vrat «/ (8.16)
[+Vr1 J:+VT3_VT4

The lowest possible input/output/bias voltage for the wide-swing current mirror is.
14 = 14 4 +V = gy 8.17
inmin "~ max{ gsminl' ¥ dssatl d.matS} - a—l Tl (8.17)

Vourmin = max{ VdA'suIZ VdsAaM' Vduatl v gsmin3 Vgsmin4 + Vdssut4} =

. . (8.18)
m m v 14
(1—1 * 0_3 * 7377 T4

mesmm max{ Vdvsatl ngzln}‘ VdvsatZ Vg.rmin4} =

max|j ﬂ+ ‘”+VT3, ‘”“+ a"—“’+VT4D
3 O

Summary:
Simple Cascode Wide-Swing
Input imped- 1 L, 1
ance Emi1 +gd_sl Em1 Em3 Em1
OUtPUt i mpEd_ _.l_ Ema Ema
ance —
8as2 8ds28ds4 8us28ds4

Lowest input T T T T
voltage Lyy LI VNt 4 Lin gy
ag a, T1 a 7 3 a, T1

Lowest output 7 7 7 7 7
out in in in in
voltage a, a Vot a, V3 =Vry a, + a, V3=V

Lowest bias - See above

voltage

¢) The current mirror that is most ideal is the wide swing and cascode current mir-
ror since they have the lowest input resistance and the highest output resistance.
But by looking at the possible input/output voltage the wide-swing current mirror
is best. If the chip area is of concern then the simplest current mirror is the one to
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choose. Depending on the application each of these current mirrors can be the
best choice.

9. Gain stages with cascodes.
a) A gain-boosted common-source amplifier.

b) We first compute the output impedance of a cascode as shown in Figure 39a

Vaa
Voiass — Ydsa
Vbiass —
9m3y Jus3
out
b)
Figure 39: a) A cascode transistor. b) The ESSS of the circuit.
with the ESSS as shown in Figure 39b. The current I, is
lows = Vygds4 = —8m3 Vy_gd.v.’a( Vy - Vout) (CRY
The output resistance is
p - Vuut - Em3 +gds3 +gzlx4 ~ Em3 — A} 9.2)
Y 8as38asa gds3gdx4 8dsa

where A4; is the gain of the transistor M ;. The two transistors above can be re-
placed by a resistor with the values of 4;/g,, when we are computing the
small-signal characteristics.

The simplified ESSS of the amplifier is shown in Figure 40. The DC gain can be
computed using the following equations.

Sm1 Vin + ngdxl *8m2 Vx + (VX - Vout)gdSZ =0 9.3)
(_ng) Vx + (Vout - Vx)gdﬁ VoG =0 9.4)

out

Solving for V' , gives the following DC gain.

out

Vout - gml(ng + gdsZ) ~
Vin 8as18ds2 +G(gd.s] +gd52+gm2)
Emi1 - Em1 0.5
&as18ds2 +G &as18ds2 +gds3gds4

Em2 Em2 Em3

The DC gain can be expressed as g,,;/g,,, Where the output conductance is the
sum of the conductances seen from the output to ground and from the output to
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] R=Ag/0gs4

a) b)
Figure 40: a) Equivalent low frequency folded cascode amplifier. b) ESSS of the simplified amplifier.

the positive supply voltage (the parallel connection of the two output resistances
seen up and down from the output). The cascode transistors are used to enhance the
output resistance by the gain of the cascode transistors, i.e. g,,,/ g,:, and g,,3/ 243
respectively.

The DC gain of the gain-boosted amplifier can be calculated in the same way as the
cascode transistors. The upper part of the transistor together with its small-signal
equivalent is shown in Figure 41

CS amplifier

Vbias3 ds6T8ds5

Figure4l: A part of the gain-boosted cascode transistor.

We start to calculate the DC gain of the common-source amplifier to

V
= _—gmG = A (9.6)

b7 cs
Ve 8ass ¥ 8as6

N
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Continuing to derive the output resistance by setting up the current delivered by
the output source.

Lowe = =83V =V)+ (Vo= V)83 = Vi8asa 9.1

Solving for V', and eliminating V' gives

Vout _ 8as3 *8us3t &m3 _Acsng _
Tour = 7 - -

out 8as38ds4 (9.8)
Acsgm3 — &ms Em3

8as38asa  8dss t 8us68ds38ds4

The output impedance is increased by the gain of the common-source amplifier,
A

[

The same type of computation as the one above will give the output DC gain of
the whole circuit. The simplified small-signal schematic for the gain-boosted am-
plifier is shown in Figure 42.

mve () |||
Tout,down

Tout,up

Figure 42: A simplified ESSS of the gain-boosted amplifier.

The output resistance

_ &ms Em3
rout, up ~ + (9.9)
855 T 8ds68ds38dsa
and
Ems Em2
Fout.down — ————————— (9.10)
a2 8+ 84578428 ds1
The DC gain is given by
Vaut ~ % ~ Emi1 9.11)
Vin Eout 1 + 1
rout, up rout, down

¢) The parasitic capacitance in the signal path for the amplifier with cascodes is
much lower since we do not have the C s in the signal path compared with the
amplifier using gain boosting.

The bandwidth is g,/ C; for a single stage amplifier. The output conductance
of the gain boosted amplifier is much less than the one width cascodes. Hence,
the bandwidth of the gain boosted amplifier is much lower than the amplifier
with cascodes.
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Summary:
DC gain First pole (bandwidth)
Common source & a1+ a2
8as1 ¥ 8as2 ¢
\(livﬁrtr]]mon sggce &mi1 Eas18ds2 | 8ds38ds4
8as18ds2 | 8ds38dsa Em2 Em3
Em2 Em3 Cy
Gain-boosted & Zour
common-sour ce _g_ <.
amplifier out L
_ 8us18as28ass t &as7 | 8as38asa8ass ¥ 8use
whereg,,, = + X

Em2 Ems 8Em3 8Ems
3.3 — Differential gain stage

10. A single-ended differential gain stage.

a) The OR (output range) is the possible swing at the output so that all transistors
are operating in the saturation region.

[D4 ]DS
4 = Vaa=Viisas = Vaa= |g~ = Vdd—A/j‘ (10.1)
out, max sdsat: d4 2(14
1D5 IDZ IDS IDS
Vout, min = Vd.vsalS + Vd.vsatZ = FS— + EZ— = Fs‘ + E (10.2)

The output range is also dependent on the input voltage which results that
y = Vin - VgsZ + VdsZ = Vin - VTZ (10.3)

which results in a minimum output voltage for all transistors operating in the sat-
uration region equal to

0 1 0
V gut, min = Max[] /%+ }%, V=V (10.4)
5 2 O

The common-mode range is the possible input swing.

1D5 1D5
Vin,min = Vd.vSatS + Vgsl = G_S + F.l + VTl (105)

out, min
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v = VDD - VgsS - Vdssurl + Vgsl =

in, max

s Ips (10.6)
Vpp= 22—Vt Vi = Vpp— |22 =V + ¥y
DD u3 T T DD 2(13 T T

The ESSS of the differential gain stage is shown in Figure 43.

9m3* Jds3 OrmaVy (D Gt
Vx Vout

QR Jds2 CL
]

Figure 43: The ESSS of asingle-ended differential gain stage.

gml(Vn'Vy) 9

It is assumed that transistors M, and My are equally sized, as well as transistors
M3 and M. If the currents in both branches of the differential gain stage are

equal, then g,,1 = 8,2, 8451 = 8452+8m3 = &ma» A0 g4y3 = g4 The following ex-
pressions hold for the circuit in Figure 43:

(gm?s +gd53) Vx+gml(Vn_ Vy) +gds1(Vx_ Vy) =0, (10.7)
;ml(Vn - Vy) + gdsl(Vx_ Vy) +gml(Vp_ Vy) +gd.v1(Vnut_ Vy) =¢
(10.8)

and

gml(Vp - Vy) + gdxl(Vnur_ Vy) * &3 VX + Vout(SCL + gdsS) =C (109
Solving for V', yields

- (gds3 +2gm3)gml(Vp_Vn)
2(8as1 * 8as3)(8ass + 8n3) +5C 18451 + 2(8us3 * &3))
Assuming that g, 3 » g3, 4, and dividing both the numerator and denomina-
tor of Eq. (10.10) with 2g, , yields
~ gml(Vp_ Vn)
M gaa + 8y *5C,

To compute the output resistance, r,,, we connect an AC voltage source, V',
to the output node and set V' » = V, = 0 (and, of course, neglect C;). The cur-
rent delivered by V', is denoted /. The following equations hold:

(10.10)

out

(10.11)

out
[out_gm3 Vx_gd.VSVout+gley_gd.vl(Vout_ Vv) =0, (10.12)
20,V * g (Vo =2V, + V) = 0, (10.13)
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and

gV + 8ast (Vo= V) + (83 + 84V, = 0. (10.14)
Solving for 7, yields

_ 2841 * 8453)(8as3 + 8m3)
st +2(8as3 + 8u3)
under the assumption that g ;.| «2(g,,3 + &4,3)- Hence, the output resistance is

[ Vour = (gd.vl + gdsS) V(ml’ (10.15)

out

%
oy = 72 = (10.16)
Iout 8s1 + 8s3

and the output impedance is

~— 1
8as1 T 8as3 +5C,

b) The maximum current that can be delivered to the load capacitor is /,;,,. Hence,

(10.17)

Zout

Ibias

SR = c,

. (10.18)

11. Differential stage with passive load.
Here we would like to derive the differential and common-mode gain. The small-sig-
nal schemes are a little bit different.

a) The circuit is fully differential and thereby it is sufficient to compute the differ-
ential gain for half the circuit shown in Figure 44a. The differential gain is then

GL
L
Voutn [} gdg
Voutn Voutp
9m1Vp Gos1
OV Vo) st Ou2
Virtual ground for
differential input Ve Im(Vi-Veo)
signals

Figure 44: The ESSS of adifferential gain stage for computing a) the differential gain (half circuit) and
b) the gain from the common-mode input to the common-mode output voltage.

Vv -V vV g
A = outp outn _ outn _ ml (11.1)
d .
&4 Vp - Vn Vp 8as1 + GL
The second equality comes from the fact that Vautp = =V yum and Vp = -V, and
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we have a fully differential gain stage. Nearly the same computation as in Exer-
cise 10.

b) The gain from the common-mode input voltage to the common-mode output
voltage is computed using nodal analysis in the ESSS shown in Figure 44b. The

nodal analysis is performed in nodes V., V' outp and gnd.
VounGL+ Voun =V &ast + & (V =V ) = 0 11.2)
VounGr+ Vouy =V )8us2 + 8V =V,) = 0 (11.3)
VounGr* V oupGr+ Vegasy = 0 (11.4)

Solving for V. in Eq. (11.4) gives

v G 4 Vo) (11.5)
= e + .
c gdSS outp outn
Adding the Eq. (11.2) and Eq. (11.3) gives
(Voutp + Vnu!n)GL + Voutpgde + Voumgd.vl + Vpgml + Vnng = (11.6)

(gdsl + 8ds2 + Emi1 + ng)Vc

The design is fully symmetrical (i.e. transistor M, is equal to M, yielding the
same transconductances, g,,, and output conductances, g,,). The Eq. (11.6) is
then simplified to

(Vnurp + V()urn)(gdx + GL) + (Vp + Vn)gm = 2(gdx + gm)Vc 117
Combining Eq. (11.5) and Eq. (11.7) gives the gain

2 8as38m
. _ (11.8)
em,cm V7, uss(€as + G1) +2G (845 + &)
2

¢) The power supply rejection ration (PSRR) from the negative supply is defined
as

%

Vouin=V.
0 (11.9)

PSRR, = A/ 5=

outn

Vgnd

The differential gain is already computed so it is just the differential output vari-
ations due to a noisy ground line that is of interest. The small-signal model is
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shown in Figure 45. The small-signal source is V', . Nodal analysis in nodes V', V' It

G GL

Voutn Voutp

“OmVe 9ds1| |-gnpV, G2

gm’s('Vn) Yds3

Vn Vn
Figure 45: The ESSS for computing the negative power supply noise gain to the differential output.

and V', gives the following equations.

VoutnGL + (Vuutn - VL')gdA'l + gml(_Vr:) =0 (11.10)

VauthL + (Voutp - V(:)gds'Z + ng(_Vc) =0 (1111
_chml_chmZ + (Vou/n - Vc)gdsl + (Voulp - Vc)gdSZ + (Vn - Vc)gds3 + Vngm3 =C
We take the difference between Eq. (11.10) and Eq. (11.11) and assuming that tran-
sistor M| is matched to M,.

(Vouln_Voufp)(GL+gds) =0 (11.12)

This yields that the gain from the negative supply to the differential output is zero
and thereby the negative PSRR is infinite.

3.4 — OTAs and OPs

12. OP and OTA.

An operational amplifier (OP) has ideally zero output impedance and is thus suit-
able for driving resistive loads, since in this way there is no voltage division between
the output impedance and the load resistance. Resistive loads are most often used
off-chip, but also on-chip in, e.g., active RC filters.

The operational transconductance amplifier (OTA), however, has ideally infinite
output impedance and is thus suitable for driving capacitive loads, as is often the
case in “on-chip” situations, such as Gm-C filters or sample-and-hold circuits.

13. Current mirror OTA.
We start by some useful relations
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W
g, =20V = [Aal, = 2uC, 71 3.1

Which gives
2L
WS (13.2)
2l'lcwch

Furthermore,

8as=Mp (13.3)
The total power dissipation is

- - 3, KO

Paiss = Vaalior = Vaals iy ¥ 50 (13.4)

Where K is the current-mirror gain. Solving for /, gives
2 Pdixs
I, = —_— 13.5
bT3HK Y, (18.5)
From Johns&Martin (pages 273 -)
KI, Py K
SR = —2% = p__diss (13.6)
Cc, CV3+tK
Kg C
w, = ——CZ“ 0 8,1 =70, (13.7)
AO

AO = Kgmlraut 0 Y out = Kgm] (138)

Solution:

We start with the slew-rate specification to determine the K value. Solving for
K in Eq. (13.6) gives

K = 3SR 2.36 (13.9)

ZPdiss _SR
VaiCL
When K is chosen we get /, = 1704 and we determine /| by combining Eq.
(13.7) and Eq. (13.2) yielding
202 2092
W, = ng“L = flw“L = 58um (13.10)
WK Colpy KHC, T,

From Eq. (13.8) we get the required output resistance r,,, =3.18MQ.

The output stage is a common-source amplifier with cascodes like the one in the
Ex. 9. The output conductance is given by the parallel combination of the nmos
and pmos resistances. Here we have chosen the size of the output resistances of
!;he nmos and pmos transistors equal to r, =1, = 27, The pmos resistance
is given by
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1 &mio gmp 2
r :__:—Dg =rg (13.11)
P 845884510 gﬁsp " pedsp
Similarly
1 Eni2 Emn
= e s = e [ g =r gz (1312)
" 8451484512 855,, m nSdsn
Here we have assumed that the size of transistors My is equal to M, and M, is
equal to M, and thereby they will have the same small-signal parameters.
The DC current through the output stage is given by /,, = I,K/2 and we know
that g, = Alp. These two expression together with Eq. (13.11) and Eq. (13.12)
gives

Cup = 2rmlt()\ple/2)2= 1.5mS (13.13)

Eun = 27 (N, 1K/ 2)? = 0.5448 (13.14)
Solving for the widths by using Eq. (13.1) gives

2
g

We =W, = —=2—=113um (13.15)
8 10 zupcoxlD
2
— - gan -
Wi =Wy, = 2—uncox1D~4.8um (13.16)
WS
Wy=W,=Ws=Wg=Wy=W,=—==48um (13.17)
W
Wi = Wiy = =2 =2um (13.18)

14. A simplified model of a two-stage operational transconductance amplifier.

a) A compensation circuit can for example consist of a capacitor, or a capacitor and
aresistor. For a useful compensation circuit there can not be a DC path between the
nodes of the compensation circuit. We use the approximation g, » g, and assume
that M| and M, are equally sized, and that M ; and M, are equally sized. Further,
the bulk effect is neglected.

81 = 8as2 ™t 8usa (14.1)
81 = 8ase t Las7 (14.2)
Emi = &m1 = &m2 (14.3)
mir = &m7 (14.4)
Cr = Cort Cupat Cpa + Cipn ¥ Cpy + Copz (14.5)
Cpp = Cp*Ca* Capr+ Cus+ Cps (14.6)

b) The small-signal properties are calculated using nodal analysis in the nodes V'
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and V',
SuiVint V(g +sC)+(V, =V, ,)sC. =0 (14.7)
Smil Vx + Vout(gll + SCII) + (Vout - VX)SCL‘ =0 (14.8)

Solving for V' in Eq. (14.8) and inserting it into Eq. (14.7) gives

/out — gml(gmll_sco)
) 2 .
Vin 8181 +s((Cpy+C g +(Cr+Cgy+ Cogpy) +5(C,C+ C(Cr+Cyp).

We simplify the expression above by assuming that g, ,»g;, g, and
C,, Cy»C,,yielding

I:/our ~ gml(gmll _SC;) (14.9)
in g8y +sCgu+s C.Cp
Eq. (14.9) can be used to get the DC gain, poles and zero.
4, = SntEnn (14.10)
&r 8
= —g’—g’c’— (14.11)
Emir“c
18 1 Emir
py= = — = (14.12)
? C.Crp Cu
= _g?mll (14.13)

¢
The zero is located in the right half plane (RHP).

The unity-gain frequency is approximately given by the expression w, = 4,p; if
the poles are well separated.

~Emi&miu 8181 _ Emi

(14.14)
&r &1 &miCe C.

QED.

¢, d, and e) Recall that g, O ,/W(I,/L) and g, 0 1,/L. The DC gain, unity-
gain frequency and the first pole can be expressed as
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“/7 N/W
Em2&m7 2L

(8as2 + 8asa)(€ase * gcm) ID fospl , 10,

qz L D P _6 Lﬁ D6 (1415)
L, 2W,L, Lg WL,
Ly+ L)1 ps(Lg+ Ly) |1 pg
Emi w,
0= O 2L21D5 (14.16)

I I
+LD D51 +LD D6

0l
+ + Q_ o2 02
P = (8as2 + 8asa) (aso gdw) L4 6 _ (14.17)

gm7c W7
ZID(:CC

oL, lD(L6+L7)

1
ot T
A" L WL, TpsyToe

(14.18)

DC gain | unity-gain | bandwidth
frequency
W, increased | Increased | Increased
1,,,s increased | Decreased | Increased | Increased

W, increased | - - -

15. A two-stage OTA without compensation circuit.
The ESSS of the two-stage amplifier is shown in Figure 46. The following assump-

Figure 46:

VOLIt

T

v G Gy

ImiVin 9 —— V, 9 f—
T 7 gV -1

The ESSS of an ordinary two-stage amplifier with no compensation.

tion has been used, g, » g, and no bulk effect.

Since there is no connection between the first stage and the second stage, i.e. no

TSTE80 ATIC & TSEI30 ANTIK
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component between the node V', and V the transfer function can be comput-

ed directly by the following expression

out?

Vour - VnutV - Emil Emi (151)
Vi V.V gu+sCpg +sC,

in

A(s) =

where g, = 8,75 &ur = &m1 = &m2 &ur = Zase T 8as1> &1 = 8asat Lasa
C, = Cgﬂ,and Cp=Cp.

The DC gain is

4 = Em28m7 0 Ly 2Woly  LeJWqlq (15.2)
0 (8us2 + 8asa)(8ase + 8us7) (Ly+ Ly) M ps(Lg+ L) M pe
which gives that
4,0 —1— (15.3)
M sl ps
b) The dominant pole is located at
+
p = 8as6 T 8ds7 (15.4)
C

if the load capacitor is assumed to be much larger than the capacitive parasitics.
The non dominant pole is located at

+
b, = 8dsa T 8ds4 (15.5)
Cgs7
¢) The unity-gain frequency
Em28m7
w,=Ayp, = —m (15.6)
O (gt 8a)CL
The phase margin is defined as @, = T+ argA(jw,).
("‘)u wll
@, = T—atan— —atan— (15.7)

Py Py

d) An ideal operational amplifier has zero output impedance. To decrease the
output impedance we have to compute the output resistance of the amplifier.
Adding a voltage source at the output and calculating the current delivered by
the source according to the following

qut = Vout(gdsé + gds7) (15.8)
The output resistance is, thus,

<

Fou = =2 = L= ! (15.9)

M Ty 8aet&a OL, 10,
Q L-):l D6

The output resistance is decreased if the current through the output stage is in-

creased. Another way to decrease the output resistance is to add a buffer stage,

for example a common-drain amplifier, at the output of the circuit.
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16. Compensation of a two-stage OTA.

a) The resistor value can be choose so that the compensation zero is located at infin-
ity, nulling resistor. The other way is to use the lead compensation method where
the zero is placed slightly higher in frequency than the unity-gain frequency.

b) Starting with the Miller capacitor compensation:

The simplified ESSS is shown in Figure 47. The transfer function is calculated us-

ImiVin 9 —_ Vy

Figure 47: The ESSS of an ordinary two-stage amplifier with compensation.

ing nodal analysis in the nodes V' and V', .
g Vint V(g +sC)+WV,=V,,)sC. =0 (16.1)
Smil Vx + Vout(gll + SCII) + (Vaut - VX)SC(‘ =0 (16.2)
Solving for V' in Eq. (16.2) and inserting it into Eq. (16.1) gives

/_au_t - gml(gmll _Scc)
) 2 .
Vin g8y *s((C+Cg +(Cr+C g+ Cogpy) +5(CCp+ C(Cr+Cpy).

Some simplification can be in place. g, » g, C.» C;, C,=Cy;.

I:/uut ~ gml(gmll _ch) (16.3)
in g8y +sCguy+s C.Cy
The above equation can be used to get the DC gain, poles and zero.
A, = St Emit (16.4)
81 8n
g8
= I ICI' (16.5)
Emite
18 1 Emil
125 - = = (16.6)
2 CCrupy Cu
z, = _Smir (16.7)

C

c
The zero is located in the right hand plane (RHP).

The unity-gain frequency is approximately give by the expression w, = 4,p, if the
poles are well separated.

Figure 48:
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~ EmiEmit 8181 _ i
gr & &miCe C.

u

(16.8)

The resistor and capacitor (lead) compensation is shown in Figure 48. Nodal

Vc ‘ Cc Vout
¥ |
v C Re G
Imi Vin 9 —_— V, 9 f—
X Imi Vx
The ESSS of atwo-stage amplifier compensated with aresistor and a capacitor.
analysis in the nodes V', V. and V,, gives the following equations.
i Vint V(g +sC)+(V,=V.)G. =0 (16.9)
V=VJ)G. +(V,,,—V.)sC, =0 (16.10)
Smil V.r * Vout(gll + SCII) + (Vout - V(?)SC(? =0 (16.11)
Solving this system of equations gives
Vl)ll! - ng(GcngI + CC(Z_GC +3gm11))s (16.12)
Vin a+bs+cs +ds
where
a = g;g,G. (16.13)
) = (Crg+Crg )G+ CAg18 *+ Gulgr+ &urt &), (16.14)
= CCHG . +C(Cpg+Crgy+(Cr+CpGL) (16.15)
d=C,Cy,C, (16.16)

The above expressions can be simplified by C; « C(;, C; «C,, g

b=Cyg/G .+ C.G.&ppr
c= CcCIIGc
The DC gain is
- 8n18mir O — Smi8mu

818G, &181
The first pole is well separated from the other ones.

0

_a_ 281G, _ 81811 _8i8u

«g,,and g«G,
(16.17)

(16.18)

(16.19)

(16.20)

1

The zero is located at

b CugG.+CGguy  Cug&r*+Ce&un Ce&un
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17.

G &mil 1
z. = = (16.21)
! Cc(_Gc+ngI) C,D 1 _LD
¢ [«émn GCD
The unity-gain frequency is
w, = Ayp, =gci’ (16.22)
c

When the compensation circuit is inserted the first pole will decrease in frequency
at the same time as the DC gain is not changed. This will result in a decreased uni-
ty-gain frequency and a more stable amplifier.

c¢) To increase the phase margin of the system we need to place the compensation
zero of the circuit at a frequency higher than the unity-gain frequency. ‘zl‘ >w,
gives

_ 1 5 8ml (16.23)
col _1g €
¢ Dgmll GL‘D
which can be rearranged according to
R>L 4L (16.24)
Emr Emir

If R,>1/g,,; then we will have a zero in the left hand plane.

A folded-cascode OTA.

For symmetrical fully differential circuits with only a differential input signal, the
node at the source of Mj is small-signal ground. Further, the circuit is a fully differ-
ential gain stage and thereby it is sufficient to compute the small-signal transfer
function of half the circuit.
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The equivalent small-signal model is shown in Figure 49.

Omtin Yds1

Figure 49: ESSS for the folded-cascode amplifier.

Performing nodal analysis in the nodes V', Vy, and V'
equations

results in the following

out

it Vin* Vi8as1 T Vi8ast * &mr V¥ (Vi =V 5u) 847 = 0
sV y ¥ V=V 0u)8ass * V84510 = 0 a7y
&1Vt V=V 0u)8as7 =V ousSCL ¥ &gV 3+ (V= V 04 €ass = 0
Solving for V', in the system of equations gives

Vour _ =81 (87 * 8as7) (8ms + 8uss + Sas10)
Vie (a1 * €a3)8a57(8ms + ass + 8as10) * (a1 + & + 8as7 + 8n1)(@ass * Zasi0) +5C
(17.2)
dividing by the two expressions within the parenthesis in the numerator and as-
suming that g, » g, gives the following expression

Vnut - —8mi1 (17.3)
Vie  (8ast * 8as3)8as7 4 Gass8asio
sCp
&m7 Ems
The DC gain is extracted from Eq. (17.3).
4y = &1 = ar.4)
(8as1 * 8ds3)8ds7 +8ds88ds10 Sour
Em7 Ems
and the first pole is given by
gout
= — 175
Py C, (17.5)

b) The phase margin is increased if the ratio between the second pole and the uni-
ty-gain frequency is increased. The unity-gain frequency can be expressed as
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W, =A4,p === (17.6)

where [, is the current through transistor . The second pole is given in the
exercise to be

W,
uC —Ir —
~gm7~ Em7 - poor L7 case - 2“‘17 ]casc

x gs7 %C(]x WL, % /COA,LM/ Waly

3

where 7, . is the current through transistors M, Mg and M ,. The expression
for the ratio between the second pole and the unity-gain frequency is given by

2 e L, /WL
2:3@ 7 7 - 3 u_g A/ITICL I(?axc

“ bhuc Wll 2 M Co Ly W 2Ly W N Laigy
Hy ox—L—l diff’

17.7)

l"a

(17.8)

€

CL

Further, the DC gain can be expressed as

- —Em1 ~
(8as1 + 8453)&as7 + 8ds88ds10
&m7 Ems

Wl
2”)1 Cnx—LTldl])’

()\lldiff+)\3(1di[f+10asc)))\7lcasc+ )\8)\1012

A()

casc

W, Wy (17.9)
zupco.rL_7[casc 2l‘lnC0xL_8[casc
Wl
—L—I-Idlff

1 1
EE—lllhff + Z;(Idlff + Icuxc)%« Icuxc [3/2

+ casc
WLy N2, Coxf WsLgLyg

From Eq. (17.8) and Eq. (17.9) the solution can be computed.

ZHVICOX

The phase margin can be increased if the area is limited by for example:
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¢ Increasing /. the drawbacks will be higher power consumption and lower DC
gain.

The phase margin can be increased if the power is critical by for example:

¢ Increasing C;, the drawbacks is decreased slew rate and unity-gain frequency, but
the DC gain will not be changed.

* Decrease JV,, the drawback is decreased DC gain, no changes to the unity-gain fre-
quency or the slew rate.

The phase margin can be increased if the unity-gain frequency and the power
consumption is critical for example by:

¢ Decrease JV;, the drawback is decreased DC gain, no changes to the unity-gain fre-
quency or the slew rate.

3.5 — Noise in CMOS circuits

18. Noise in a multi-stage amplifier.
a) In Figure 50(b) the small-signal equivalent for the circuit is shown. Further,

Ibiast Ibias2 Ibiass
VOLl[
Vin CL
Oj M1 ‘;‘ M2 MSI
Cys1 CgsZ& Cgs?:&
(a)

2 2 2
Uni Un2 Un3 v
.
Vin o () o (:) oF Y Vout
Cgs2 Cgs3 C L
8ds1 8ds2 8ds3
gml'Vin 8m2'Vx 8m3Vy

(b)

Figure50: (a) Multi-stage circuit, (b) small-signal equivalent and (c) superposition principle.
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the gain for each gain stage is computed to

— —Eml . — —Em2
= - 3 A, =
&as1 + ‘ch.ﬂ 8as2 + chx?y

The total output noise is now given by superpositioning the different noise contri-
butions according to

4, and Ay = —="3 (18.1)

2 2, 2 2, 2,2
Vi ror = v|A14x 45" +vp|dy 45| +vi5]4;) (18.2)
where
2oz 8K L (18.3)
" 3 Emi

By combining Eq. (18.1), Eq. (18.2) and Eq. (18.3) we get

2 2 2
2 _ 8kT 1 Em18m28m3 +
N, TOT ~ . N . .
3 gml‘gﬂ'Sl +]2T[fch2‘2‘gds2 +-12T-[fcg53‘2‘gds3 +j21f CL‘Z

2 2 2
8kT 1 Ema8m3 +M 1 Em3

o

3 gmz‘gdSZ +j2nfcgs3‘2‘gds3 + jzr-[fCL‘z 3 gm3‘gds3 +j2TV‘CL“
(18.4)
and with all 7, equal and all transistors equally sized -> equal g,, g, and
Cgs we get

4 2
2 _ 8kT &n o Em Zm L
Vvror = 315 50 — t ————+1
|8as + 72V Co* Og, + 21y Cy " |8as 2V Ce? 1

(18.5)

The equivalent output noise power is computed as the integral of the spectral den-
sity over the frequency spectrum. This is here approximated using the noise band-
width concept. Hence, the output noise power is

4 2

p o= ypa Pr_2kTEn g S Ba
- VN, TOT - -

o 4 3 gl ek 0OC

4 2

O
M_Tg_m%p%ﬂu (18.6)
3Crealzy, g3 O

b) The total output noise scales with 7, as
4 2
szv,mrmgrﬁ%’lJ’%’lJ’ 10 —I—D‘IQJ"I‘
Skl g3 0O Ji,HR Ip
gas =M p), (18.7)

i.e., increasing [/, decreases the equivalent output noise power.

+15(g,, =2./al,,

The DC gain of the circuit is given by
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Em18m28m3 DDLDSIZ’
&as18d528 ds3 |:*VDD
i.e., the DC gain will be lower for a larger /.

Apor = A, 4,45 = (18.8)

The bandwidth of the circuit is approximately given by the dominating pole be-
cause C; » C o5 This pole is computed from

/845
= Em3 - Em3” 8ds3 , (18.9)
(gds3 + SCL) % + &D
gdsSD
i.e., the pole is given by
8as
= 24 18.10
Py C, ( )

Hence, the bandwidth scales as p; A/, -> larger bandwidth for a larger 7 .

c¢) From Eq. (18.2) we can see that 4; amplifies all noise sources, i.e., this stage
should have the smallest gain. 4, on the other hand only amplifies the first noise
source and should therefore have the largest gain.

19. Noise in CMOS circuits.
a) The equivalent small-signal model for the circuit is shown in Figure 51.

out out

C C
92 in Ods2 "I Yus2

[ Imin Yds1

a) b)
Figure51: ESSS for the source-degenerated CS stage. a) Input to output. b) bias to output.
To compute the equivalent output noise power the transfer function from V', to

V oy and from V, to V. is computed. We start by setting up the equations re-
quired to compute the transfer function from the input to the output.

gml(Vin - Vx)_gmbsl Vx + (Vout - Vx)gd.vl - VngXZ =0 (19.1)
gml(Vin - Vx)_gmbsl V.‘c + (Vaut - Vx)gdsl + V{JutSCL =0 (19.2)
Solving for V', by eliminating V', gives the following transfer function
4
H, = - = Sml L (19.3)
Vin 8ds1 1+ S

8ds18ds2
Cr(&m1 * &mbs1 * a1 * 8as2)
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The equations for the transfer function between V', and V', is given by
Sm2 Vn + 8ds2 Vx + Em1 Vx + Embs1 Vx + (Vx - Vout)gdsl =0 (19.4)
Sm1 Vx * &ubst Vx + (Vx - Vout)gd.vl - VoutSCL =0 (19.5)
Solving for V', by eliminating V', results in
7. = Vour _ (8m1 ¥ 8mbs1 * 8as1)8m2 1
, = = =
Vp 8ds18ds2 1+ S
8as18ds2
CL(gml + Embs1 + 8 st + gdsz)
~ (gml +gmbsl)gm2 1 (19.6)
8as18ds2 1+ S
8as18ds2
CL(gml + 8Embs1 + gds[ + gd,\'Z)
The rms output noise is given by
2 2
Vio = [IH\PVidf + [|Ho*Vydf (19.7)
where
2 - BT 1 (19.8)
3 Em1
and
28I 1 (19.9)
3 Em2

The last two equations comes from the fact that the thermal noise power of a tran-
sistor is modelled as a gaussian white noise source.

The two integrals in Eq. (19.7) can be calculated using the concept of noise band-
width which results in the following computation.

— [@Dzﬂ 2 +[{gml +gmbsl)gm2ﬂzﬂ

y2 = 143 (19.10)
o T g, 04T g g, U4t
2 _2kTEmt (&1 &uee) 8 1 -
no — 3C [‘é 8ds2 O + + + =
L8ds1 &us18ds2 Em1 T Embs1t T 8as1 T as2
L 2kTQ & - (81 * 8ups1) 8wy
3C; Ry (€t + Gupst) "2 Casi€a2 U

=2]€_T|:@ + gmlngD
3C R gangad

b) Relevant design parameters are for example the current through the circuit and
the size of the transistor.

(19.11)

Rewriting the Eq. (19.11) with the design parameters yields

ES, ISY, Linkdpings universitet

TSTE80 ATIC & TSEI30 ANTIK Solutions and Comments to Exercises — Page 57

L 2u,C WL, J2u, C, W,L]
50 - MLB—Z‘*‘J HyCox 'y IA/ M Cox?a ZD (19.12)
3 CL[LI [bia.v [}
The DC gain from the input to the output is given by
2u,.C W, L
A() - &1_: un ox"" 11 (19.13)
&as1 Lpias
and the unity-gain frequency is given by
I,
wu ~ Aop] ~ 8ds28m1 852 ~ bias (19.14)

(8m1 + Cubs1 ¥ 841 Y 8us2)Cr €L LyCy
The equivalent output noise power can be reduced by:

¢ Increase the bias current -> Decreased DC gain, Increased unity-gain frequency,
and Increased slew rate.

® Decreased W, -> No change to the DC gain, unity-gain frequency or slew rate.

¢ Decrease L, -> No change to the DC gain, increased unity-gain frequency and no
change to the slew rate.

20. Noise in an amplifier.
a) The ESSS is shown in Figure 52.

ngVgSZ

Odst Icgsz C% Jas2 % C

Figure 52: The ESSS of the noisy circuit

We have to calculate the transfer function from the gate of transistor M1 to the
output, H1, from transistor M2 to the output, H2, and from the V;, to

the output, H.
Hl = Em18m2 . (20.1)
&as18ds2 + ‘Y(gdsl CL + gdszcg.vz) +s CLCgSZ
According to exercise 2 the poles of the transfer function can be extracted direct-
ly.

8ds2
P === (20.2)
11 CL
and
8s1
Pp =7 (20.3)
12 Cg.yZ
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Continuing with the transfer function from the gate of M2 to the output.
_ Em2
8as2 tsCy

The transfer function from V;, to the output is

H2 = (20.4)

+ g4
. (&1 + 8as1)8m2 (20.5)

8as18ds2 + S(gdleL + gdsZCg.VZ) + SZCLCgsZ
The spectral density of the output can be calculated as

Soue f) = [H{(F)2V 1 + [Hy (1) 2 (20.6)
where
8kT 1
y =5l (20.7)
ni 3 gm’

The noise power at the output can now be calculated according to the equation be-
low.

Vou = [Sou NS (20.8)
0

If we do not like to perform the integration we can use the concept of noise band-
width (see chapter 4 in Johns&Martin). The integral of a one pole system (or a sys-
tem with well separated poles) is equivalent to the integral of a rectangle with the
width of the dominant pole divided by four.

2 _ 2kTEm 1 Bw&m

out

0
—_ +10 (20.9)
2
3 842C10 o O
b) Derive the noise voltage that can be referred to the input.
The input referred noise voltage can be obtain by dividing the output referred noise
voltage by |H ||2.
Sin(f) = S, () |H |2 (20.10)
This gives the answer
8kT8a2(y , _&ast 7
3 Em1 Em18m2 t

¢) Propose one way to increase the maximum signal-to-noise ratio, SNR in the cir-
cuit. What will happen to the DC gain, unity-gain frequency, bandwidth and the
phase margin of the circuit?

Sin(f) = (20.11)

The gain, p1, p2, W, of the circuit are already derived. Assume that the input volt-
age source is white.

2
27 1 B s Dngsz
3 gm0 &m&uaCL

Vi, = Su(f) = (20.12)
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2
AT 1 0, 8ast 5

0 .y (20.13)
3 2nCi0  &m&mdd
2
1 L, O 17 [L\L] ]
D—zr—li”—]z a0 (20.14)
Loy, 10 L SUENS
W.,L,W,L
4y = Em18m2 0 151 W aky (20.15)
8as18ds2 Tyiasi! piasa
&as2 1y
pl = 0 (20.16)
Cc, L,C,
8s1 I
py=2dlpg L (20.17)
2 Cor WhliL,y
WL W,I,.
W, =A4op, = g’”lgc”’zm T (20.18)
8as1tr 2% bias1~ L

The above five equations shows that will happen if a parameter is changed. Re-

member that

2
1 »Sdsl (20.19)
Em18&m2
: T phase
Change noise A0 pl unity-gain margin
Increase decreases Increases nochange | increases decreases

w1

increase |l | decreases decreases

nochange | decreases increases

Increase decreases increases
w2

nochange | increases decreases

decrease |2 | decreases increases

decreases decreases increases

21. Noise in a common-source amplifier biased by a current mirror.
a) The spectral density function of for the resistor is given by

V2(f) = 4kTR
The ESSS is shown in Figure 53.

(21.1)

We have to calculate the transfer function from the drain of transistor M1 to the
output, H1, from transistor M2 to the output, H2, from transistor M3 to the out-
put, H3, and from the resistor to the output, H4.

Consider a current source at in parallel with transistor M1 this will give a trans-
fer function from that current source to the output according to
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tem with well separated poles) is equivalent to the integral of a rectangle with
— the width of the dominant pole divided by four.

“Omz 0

C
2
E L
2 vy, = —L L, e = 25&3 —lﬁg[ 21.9)
) @ 8as2 84103 3oy, 4, OPH3 0 2RE
0 Tk~ 8m3 ™ 8asg L
. L
i O[] O T ’
mlin di ® Increase the load capacitor. This will decrease the unity-gain frequency of the

amplifier, but the gain will not change.

—— ¢ Decrease the resistance R. This will increase the current through transistor M3 and
thereby through all transistors. The output noise voltage is approximately propor-
tional to the inverse of the square root of the current through transistor M1.

1 g3 » 1/ R is assumed. Increasing the current will decrease the DC gain of the cir-
nl = —— (21.2) cuit but increase the unity-gain frequency.

8as1 + 8as2 ¥5C;

the pole is located in

Figure53: The ESSS of the noisy circuit.

e Decrease the size of M1. Decreases the DC gain and the unity-gain frequency.

¢ Decrease the size of both M2 and M3 => approximately constant current. No change

Py = M (21.3) will happen to neither the DC gain nor the unity-gain frequency.
L ¢) The ESSS is the same as in Figure 53. The transfer function H1 and H2 will
Continuing with the transfer function from the noise current source in transistor not be affected, but H3 and H4 will be changed.
M2 to the output. This gives that H2 = H1.
The transfer function from M3 to the output is given by Hy = Ema 1 (21.10)
gdsl+gd52+SCLl+ + +sC
H. = Vr)ut Vx — Em2 1 (21.4) R &m3 T 8ds3 1
VoL 8ast T 8as2t5Cr, Lo, 41 ’ g 1
8ds3 ™ Em3 _ m2
R H, = (21.11)
: : P a1t 8aa +sCLl L +5C
The transfer function from the resistor to the output is given by R &m3t 8ass T 5Ly
H = VourVs _ Em2 1 21.5) The dominating pole of both H3 and H4 are approximately
4T T T " .
Vil 8Sasi*8u2*sCrg g 41 1
ass T 8m3 T g R TEm T 8us
The spectral density function of the output can be calculated as p= C, (21.12)
o) = ‘Hl(f)‘zlz,,l + ‘Hz(f)‘zlznz + ‘H3(_f')‘212,,3 + ‘H4(f)‘2121 (21.6) Using the same way to calculate the output noise as in 3a) gives
O 2 L
where ) 2k 1 Em2 1 Bm3, 10T
8kT Vout - g, tg %T(gml +gmz) +g +g 1 R m
I, = 5 &mi 21.7) ds2 T 8uds1 L ds2 ™ 8ds1 % gt 2
The noise power at the output can now be calculated according to
- 3.6 — Continuous-time filters
Vig= _[Sm,,(f)df (21.8) 22. Butterworth LP-filter.
0 From the specification we get that 4,,,, = 3dBat w, = 21[B.5 (103 =22 krad/
If we do not like to perform the integration we can use the concept of noise band- s and that 4,,;, = 25dB at = 27L10 (103 = 63 krad/s.
width (see chapter 4 in Johns&Martin). The integral of a one pole system (or a sys- Nomogram and formulas gives us a filter order of N = 3 (page 27 and 25).
According to the “Tabell och Formelsamlingen” at page 23 the in-resistance for
the voltage supply is normalized to 1/R;. This gives us the refection factor
ES, ISY, Linkdpings universitet r = R;/R; = 600/1200 = 0.5.
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23.

From the table at page 28 ( = 0.5) we get the normalized values:

L, =32612,C,, =0.7789, Ly, = 1.181] c 10
Which are de normalized according to L = 0 and € = — which finally gets °
us: @ R 25
L, = 889mH, C, = 59nF, Ly = 49mH :

Chebychev LP filter. 107 ; ; ; ; ;
The specification is given as: 1% e enoy radians 0

®, = 1000 rad/s, w, = 2000 rad/s, Z, = 1kQ, Z; = 125Q.

A filter of Chebyshev I type shall be implemented, with lowest possible order that
meets the specification above. The transfer curve is normalized giving us the max-

imal value H, = 1. By using that and the information given by the specification we
get:

Phase degrees

Ay = 20logl.2=1.58dB and 4,,;, = 20log(1/0.1) = 20dB (23.1)

By using a nomogram we can derive the filter order but it can also be calculated as

min
re uency radians

24. Butterworth BS-filter.
From the text we get the following specification.

014, _
N = (acosh %/acosh%}ihﬁﬂ =3 (23.2)
ax — .

We also know that we shall implement a current-mode filter and that

r= ‘Zi/ZL‘ = 1/8. The ripple can be derived to be approximately 1.6 dB. This [, = 1600 [rad/s]

means that we shall use the closest lower value given by the table (= 1dB, page 36). Anmin o _ 2000 [rad/
We read the component values — and since we have a current mode filter and we sz B [rad/s]
have an odd filter order (N = 3) the first component must be a capacitance (page 0w; = 800 [rad/s]
23). d

%04 = 4000 [rad/s]

YN =
C,, = 12,5563 Z L, c A ‘ 04,,, = 50 [dB]
L,, = 0.1657 3 ‘ , 04, = 3[dB]
Gy

n
Cy, = 8.8038 I (o z

The values are de normalized, which
gives us: First we transform the BS-specification to an LP-specification. According to page
67 in “Tabell och Formelsamlingen” we get:

c
c, = w_OlZ_L = ﬁ)%fo—o = 12.5563uF (23.3) Bwf = W0, = W0, = 1600 (2000 = 32 010°
0
_ ZiLy, _ 1000 [D.1657 _ 0 =2 -3200 503 g
L2 = To = W = 0.1657TH (234) E 2 004—(.\)3 3200
0
_ G Oa - O 3200 _ ;
C; = oo = 8:8038uF (23.5) Ha, = o, = a0 = 800 rads]

Nomogram, (the requirement on the attenuation is the same as for the BS spec-
ification) and the transformed frequencies gives the filter order N=3. We now get
the normalized element values from table (r=1) and we de normalized them ac-
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cording to page 22 in “Tabell och Formelsamlingen” (R, = 100, w, = Q,):

OR =1 R = 100Q R L3 Ly

0, =1 L, = 0.1H

g denormalization B ~

BL3 =1 Hs = 0.1H C, .
t, =2 L, = 20puF

Now we can transform our LP-filter back to the specified BP-filter according to page
67 in “T&F”, which gives us the final BS-filer:

R = 100Q

5 = 100mH
3 = 3.13uF
C, = 20uF

L, = 15.6mH

DDD[:IEID[Q[:I
1 1
a o~

25. A doubly resistive terminated ladder network.

The solution is much the same as for Exercise 1.3, but since it is not specified which
filter type to use it could be interesting to se how the filter order differs between the
different filter types. First we transform the BS-specification to an LP-specification
according to:

Now we can use either a nomogram or some computer based
program, e.g, Matlab to derive the different filter orders.

%‘22 = om0’ [rad/s] The following Matlab code can be used to derive thefilter orders
for a Butterworth-, Chebyshev |-, and a Cauer-type filter.

Eknf 417 .9 O 010°

0
R, = 21 [B 0103 [rad/s]

% Filter specification

W = 2*pi *1le3;

W = 6*pi *1e3;

Amex = 1;

Anmin = 40;

% Filter order for a Butterworth-type filter
NBW = buttord(W, W, Anmax, Amin,’'s’)

> NBW= 5

% Filter order for a Chebyshev I-type filter
NCI = cheblord(W, W, Amax, Amin,’'s’)
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> NG = 4

% Filter order for a Cauer-type filter

NCA = el lipord(W, W, Anax, Amn,’'s’)

> NCA = 3

Here we can see that for the given specification the Cauer-type filter gives the

lowest filter order (N=3) followed by the Chebyshev I-type filter (N=4) and finally
the Butterworth-type filter (N=5).

3.7 — Switched Capacitor Circuits

26. Switched capacitor circuit.

a) Here we use the charge analysis. The SC circuit is shown for both clock phases
in Figure 54.

—||+

—| [+

C

L1 ve
— —/— C

A clock phase 1

Figure54: The SC circuit in both clock phases.

Using the charge analysis in the circuit starting at time ¢ (clock phase 1)

q,() = (V,(1)-0)C, (26.1)

7,(1) = (V()-0)C, (26.2)
At time ¢ + T (clock phase 2)

q,(t+1) = (0-0)C, (26.3)

q,(t+1) = (V,(t+1)-0)C, (26.4)
At time ¢ + 2T (clock phase 1)

q,(t+21) = (V,(t+21)-0)C, (26.5)

q,(t+21) = (V,(t+21)-0)C, (26.6)

Another equation is required to be able to compute the transfer function. This
equation comes from the charge conservation. In clock phase 2 the charge of the
two capacitors can not disappear since the charge can not be discharged through
the opamp input terminals. This means that the charge on the capacitors at the
end of clock phase 1 is equal to the charge of the capacitors during the whole clock
phase 2.

q1(1) +q5(1) = q,(t +T) +q,(1 +7) (26.7)

The charge of C, at the time ¢ + T is equal to the charge of C, at time 7+ 2T
since no charge can be given by the opamp input.

q,(t+T1) = g,(t+21) (26.8)
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Inserting the above equations into Eq. (26.7) gives
Vi(6)C +V,(1)Cy = V,y(t+T)C, = V,(t+21)C, (26.9)

To compute the transfer function we have to take the Z-transform of both sides.

Vi(2)C +Vy(2)Cy = V,(2)zC, (26.10)
Solving for V,(z)/ V,(z) gives
V,(z) ¢ _ G P

6 Raor= il arae 2610

This is a non inverting discrete-time accumulator (compare continuous-time inte-
grator) with a delay of one clock period 7 = 2T.

b) Each switch and capacitor has parasitic capacitances connected to ground. In
Figure 55 the parasitics are shown.

Figure55: A non inverting accumulator with parasitics.

C . is connected between the ideal input and ground and will not change the trans-
fer function.

fC pbti‘s connected between ground and ground and thereby not change the transfer
unction.

C pe is connected between the ideal input and ground or shorted to ground. No effect
on the transfer function.

C pd Connected to ground. No effect on the transfer function.

C . is connected between ground and virtual ground thereby not changing the

transfer function.

C of is connected to the ideal operational amplifier and ground not changing the
transfer function.

C . is connected to either ground or virtual ground and thereby not changing the
transfer function.
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The transfer function is not sensitive to parasitics.

27. Switched capacitor circuit.
a) Here we use the charge analysis. The SC circuit is shown for both clock phases

in Figure 56.
—|]+ —|
-+ -
C, C;
e E e = f|t
A clock phase 1 — clock phase 2

Figure 56: The SC circuit in both clock phases.o

Using the charge analysis in the circuit starting at time ¢ (clock phase 1)

q,() = (V(1)-0)C, (27.1)

q,(t) = (V,(t)-0)C, (27.2)
At time 7 + T (clock phase 2)

q,(t+1) = (0-0)C, (27.3)

g,(t+71) = (V,(t+1)=-0)C, (27.4)
At time ¢ + 2T (clock phase 1)

q,(t+21) = (V,(t+21)-0)C, (27.5)

q,(t+21) = (V,(t+21)-0)C, (27.6)

Another equation is required to be able to compute the transfer function. This
equation comes from the charge conservation. In clock phase 1, 7 + 2T, the charge
of the two capacitors can not disappear since the charge can not be discharged
through the opamp input terminals. This means that the charge on the capaci-
tors at the end of clock phase 2, 7 + T, is equal to the charge of the capacitors dur-
ing the whole clock phase 1, 7 + 2T.

g (t+1) +q,(1+71) = q,(1+21) +g,(1 +271) (27.7)

The charge of C, at the time ¢ is equal to the charge of C, at time ¢ + T since no
charge can be given by the opamp input.

q,(1) = q,(t+71) (27.8)
Inserting the above equations into Eq. (27.7) gives

Vo(t+1)Cy = V(1 +21)Cy + V(2 +21)C (27.9)
and

V,(t) = Vy(t+1) (27.10)

To compute the transfer function we have to take the Z-transform of both sides.
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28. Switched capacitor circuit.

v c, =V C,+V C 27.11
2(3)C, 2(2)2C, 1226, ¢ ) a) Here we use the charge analysis. The SC circuit is shown for both clock phases

Solving for V,(z)/ V,(z) gives in Figure 58.

V,(z C C

ale) o G2 G (27.12) i

V1(2) Cyz—1 Crp ;!

-1
This is an inverting discrete-time accumulator (compare continuous-time integra- c, c
tor) with no delay. v _ 2
b) Each switch and capacitor has parasitic capacitances connected to ground. In . -
Figure 57 the parasitics are shown. _ |
FIF G ==

— clock phase 1: t+2nt clock phase 2: t+(2n+1)t

de Cpg Cpe Figure 58: The SC circuit in both clock phases.
€ Hi T ‘éz Using the charge analysis in the circuit starting at time ¢ (clock phase 1)
= Cy B of
Cpe 171 = @) = (V,(0)-0)C, (28.1)
Vi j i _
Cpa L — C, q,(t) = (V,(t)-0)C, (28.2)
Figure57: An inverting accumulator with parasitics. q3(t) =(0- v (t))C3 (28.3)
At time ¢ + T (clock phase 2)
q,(t+1) = (V,(t+1)=0)C, (28.4)
C ,, is connected between the ideal input and ground and will not change the trans-
fer function. qy(t+1) = (V,(t+1)-0)C, (28.5)
C b is connected between ground and ground and thereby not change the transfer a3(r+71) = (0-0)Cy (28.6)
function. At time ¢ + 27T (clock phase 1)
Cpc is connected between the ideal input and ground or shorted to ground. No effect q,(t+21) = (V,(1+21) - 0)C, (28.7)
on the transfer function. 4,(t+21) = (V,(t+21)=0)C, (28.8)
C ,q Connected to ground. No effect on the transfer function. q3(t+21) = (0=V (¢ +21))Cy (28.9)

Other equations are required to be able to compute the transfer function. These
equations come from the charge conservation. In clock phase 2 the charge of the
three capacitors can not disappear since the charge can not be discharged
through the opamp input terminals. This means that the charge on the capaci-
tors at the end of clock phase 1 is equal to the charge of the capacitors during the
whole clock phase 2.

c

pe is connected between ground and virtual ground thereby not changing the
transfer function.

C, . is connected to the ideal operational amplifier and ground not changing the
transfer function.

C ,, is either connected to the virtual ground, ground or ground and ground. Hence,

the transfer function of the circuit is not changed. q1(1D) +q5(0) +q3(1) = ¢ (E+T) +qy(1+ 1) +q3(7 +7) (28.10)
o " . The charge of C; and C, at the time ¢ + T are equal to the charge of C| and C,
The transfer function is not sensitive to parasitics. at time ¢ + 2T since no charge can be given by the opamp input.
g (t+ 1) +q,(1+1) = q,(t+21) +q,(t +27) (28.11)
Inserting the above equations into Eq. (28.10) gives
Vi()C + Vo ()Cy=V ((1)Cy = V(1 +T)C + V(1 +T)C, (28.12)
ES, ISY, Linkopings universitet Inserting equation Eq. (28.11) into Eq. (28.12) gives
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Vi(O)C + TV ()C,=V(1)Cy = V(1 +2T)C, + V(1 +21)C, (28.13)

To compute the transfer function we make a Z-transformation of both sides.

Vi(2)(C=C3=zC,) = V,(2)(zC,=C,) (28.14)
Solving for V,(z)/ V,(z) gives

V,(z C,—-Cy-zC C C -
2(): 17%3 1o Siltz o Siltz (28.15)
Vi(2) 26,6 G-l G

This is a bilinear inverting discrete-time accumulator (compare continuous-time in-
tegrator).

b) Each switch and capacitor has parasitic capacitances connected to ground. In
Figure 59 the parasitics are shown.

Figure 59: A bilinear inverting accumulator with parasitics.

C pa is connected between the ideal input and ground and will not change the trans-
fer function.

C , is connected between ground and ground and thereby not change the transfer
function.

C pe The parasitic capacitor is in parallel with C; and thereby it will change the
transfer function according to

Voe) _ Ci=C3=CpzCy | Citez Cpe 1 Citwzl Cpe 2
7.0 G, -G, Gl Gro1 . G G

C 4 is connected between ground and virtual ground thereby not changing the
transfer function.

C . is connected to the ideal operational amplifier and ground not changing the

transfer function.

The transfer function is sensitive to parasitics.
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29. Switched capacitor circuit.
a) The the two different clock phases of the circuit is shown Figure 60.

G

i

clock phase 1 clock phase 2
Figure 60: Thecircuit in the two different clock phases.

}77
CF C

Starting in the clock phase 1 at time ¢:

q,(t) = (V1(1)-0)C, (29.1)

a,(1) = (V,(t) =0)C, (29.2)
At time ¢t + T

q,(t+71) = V,(t+1)C, (29.3)

4,(t+1) = 0 (29.4)
At time ¢ + 21

g, (1+21) = (V (1 +21)-0)C, (29.5)

g, (1+21) = (V,(1+21)-0)C, (29.6)

The last equation comes from the charge conservation. The charge at the end of
clock phase ¢ is equal to the charge during clock phase ¢ + T since no charge can
vanish into the operational amplifier.

q,(t) +q,(1) = q(t+T) +q,(t+71) (29.7)
Inserting the above equations into Eq. (29.7) gives.
Vi@)C +V (1)Cy = Vy(t+T1)C +0 (29.8)

performing z-transformation on both sides gives

7,(2)(C, +Cy) = 2P, (2)C, (29.9)

which gives the following transfer function

vV _12C +C _ C
2(2) L0+ Cy R 1/251l s (29.10)

e T T T ¢
The factor 271/2 is just a time delay from the input to the output, it means that

when the input is sampled at time ¢, the output will not be available until the
time ¢/ + T.

b) There will be parasitic capacitances at both sides of each switch and the input
and output of the operational amplifier as shown in Figure 61.

C  is connected between the ideal input and ground. Not changing the transfer

pa .
function
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C

Tout

Figure 61: The SC-circuit with all parasitic capacitances.

C b is always connected to ground. Will not change the transfer function.

C . is connected between the ideal input and ground or between ground and
ground and thereby not interacting with the transfer function.

C pd is connected between ideal input and ground or the ideal output of the opamp
and ground and thereby no change in the transfer function will appear.

C . is connected between the virtual ground and ground not causing any change in
the transfer function.

C of is connected between the ideal output of the opamp and ground and thereby not
changing the transfer function.

Hence, the circuit is insensitive of capacitive parasitics with respect to the transfer
function.

¢) To handle the offset voltage it is assumed to be a function of time with the prop-
erties, V', (t+n[0) = V,(t)0n and the Z-transform of ¥, (¢) equals V' (z).

At time ¢, 1+ 2T, t + 4T and so on, the potential at the negative input of the opera-
tional amplifier, V', will be equal to

V(t+nt) = —=——V (). (29.11)

A4
1+4
At time t + 1, 1+ 3T, ¢ + 5T and so on, the potential at the negative input of the op-
erational amplifier will be equal to

Vy(t+(n+1)1)

V(t+(n+D)T) =V, (1) - - (29.12)
Using charge analysis gives:
A

0,0 = 10 ‘ﬁ—AVos(’)BCI (29.13)
A

01 = 510 —me(t)HCz (29.14)

g, (t+1) = (V,(t+1) =V, (t+T1))C, =
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= §,t+0f +— =V, (0HC, (29.15)

1
B(r+1) = =V (1+1)Cy = Fy(e+ 0 - V,o(0HC, (29.16)
A
q,(t+21) = (1 +20) - V,(0HC, (29.17)
A
B(+21) = F/y(e+21) -7 V o (0HC, (29.18)
The charge conservation gives
q, (1) +q,(1) = q(t+T) +q,(t +71) (29.19)
Some manipulation gives
-1/2 1
VZ(Z) =z ?(CI+C2)%/1(2)+ VOS(ZE
2
3+ zmc 1t
C
_ -2 o1
=720+ el oo < Fi(2)+ - +AVm( -H (29.20)
1+-=
A C D

We can from this equation see that A goes to infinity we will return to the same
answer as in a). Further, the circuit is insensitive to offset in the operational am-
plifier and we can get a design specification of the DC gain of operational ampli-
fier to meet a certain specification of the whole system.

30. Switched capacitor circuit.
The circuit is shown in Figure 62.

Figure 62: The SC circuit with parasitic capacitances

V, is the input voltage of the amplifier. The transfer function can be derived by
using charge analysis.

t:
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q,(t) = C,(V,(t)=-V () (30.1) C, is connected between ground and virtual ground or ground and ground so it
! o " will not affect the transfer function.

0:(1) = Co(Va(1) =V, (1)) (30.2) CPL, is connected between ground and virtual ground so it will not affect the

‘13(’) =G, (_Vn(t)) (30.3) transfer function

C 4 is either connected to the output of the OTA or it will not be connected so it

B will not affect the transfer function.
7(t1+7) = CV,(r+7) (30.4) C pe is connected to the output of the OTA and thereby not change the transfer
q,(t+71) = g,(2) (30.5) function.
qs(t+1) = C3(V,y(t+1) =V, (t+71)) (30.6) 31. Switched capacitor circuit.
427 a) See solution e)
4,(1+21) = C,(V,(1+21) =V, (1 +27)) (30.7) b) Yes it is insensitive to parasitics. All parasitics are shown in Figure 63.
Parasitics:
0(1421) = Gy (r+20) =7, (1+21)) (808) Cpa are connected to an ideal voltage source is will not be affected.
q3(t +21) = =C3¥ (1 +21) (30.9) C,p are connected between ground and virtual ground so it will not be affected.
Charge redistribution C pe are connected to the output of the ideal OTA, so it will not be affected.
q,(1) +q5(1) = qo(t +T) +q5(1+7) (30.10) C , are either connected to the output of the OTA or a node which has a constant
0,1+ 2) + (4 21) + gy (1 +21) = volftage. Hence, it will not affect the transfer function.
g (t+ 1) +q,(t+T1) +q5(t + 1) (30.11)

We also know that V', = A(Vp —V,) where V], and ¥/, is the positive and negative
input node of the OTA respectively. An offset voltage of the OTA is modelled by a
voltage source at the positive input. Solve for V.

Vv
AOE —72 +V, (1), where V,  (t+nX) = V,()0n (30.12)
Eq. (30.10) gives that 2
=C3V (1) = C5(V,(t+T1) =V, (t+71)) (30.13)
Solving this equation gives
Vo (t+1) = £10, (30.14)
2 4+1) ' Figure63:  The SC circuit with parasitics.
Inserting all necessary equations in Eq. (30.11) gives the following transfer func-
tion:
C zV,(z)-V, (z
V,(z) = — CFi() C‘”( ) (30.15)
C,+=(C+C,+Cy) 1
27\ 2703 o T+

+ a7
Cy(A+1)+C+Cy

b) Yes it is insensitive to parasitics.

Parasitics:

C pa is connected to an ideal voltage source is will not affect the transfer function.
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¢) The output from the SC-circuit is shown in Figure 64. Every other output V,( t)D
05(1) = (0, () + =1 3L.7)
2 — During time 7 + T (VOS(1+T) = Vos(t)):
_ O u
0+ = ¢ F( 1)5 (31.8)
1+=
O 1 O
Vot
g(t+1) = ng/ (1+1)-—2=5 (31.9)
ZD
g1+ 1) = ¢5(0) (31.10)
0s - ¢ The charge across capacitor 3 is constant from time t to t+T since it is not con-
T 2T 3T 4T T nected anywhere.
Figure64:  Theoutput voltage as afunction of the time. During time ¢ + 2T (V (¢ +21) =V (¢)):
V,(t+21)
(T/2) the output voltage will be /. @(1+27) = C -7, (1) + 5 (31.11)
d) The circuit is insensitive to parasitics so the transfer function will not change. Vo(t+21
The speed of the circuit will decrease since a larger load is applied to the output of q,(t+21) = C %/ (t+21)-V, (1) + __2____)D (31.12)
. 2 211 os A O
the amplifier.
e) Assume that at time t the circuit is in the state as shown in Figure 65. Vo (t+21)
o i a3(1+21) = G35t +21)-V (1) + ————1 (31.13)
During time t, t+2T, t+4T and so on, vi see that ? A
Voy(t+2n1) = (V, (1) =V, (t +2n1))4 (31.1) Charge conservation:
t+T1)+ t+T)+ t+7T) = t+21)+ t+21)+ t+21
Vy(t+(2n+1)1) = (V,,(6) =V, (t+(2n+ 1)1))4 (31.2) 4,( ' ) +a5( ) q3(' ). 4,( )+ as( ' ) +as( . )
. Inserting the above equations in the charge conservation equation and then a Z-
Eq. (31.1) gives transformation gives the transfer function (Z-transform of V (1) = V,(z))
V,(t+2nt) 1
V., (t+2n1) =V (1) - - (31.3) Vy(z) =

ID C +C,
Eq. (31.2) gives C3B Ay

V (t+@Q2n+1)1) = Vo) (31.4) 1 +C
" 141 ' qc,+ )7 —czzDV @)+ 7 45(2) HAZ
A (31.14)
Use charge redistribution analysis C3% +-0
During time ¢: z— ______C___C_
EI G
01(1) = =V, () + =2 VZ(I)D (31.5) aHrgr
The solution for exercise a) is obtained by letting 4 — o
(7)
9 (1) = CZ%/I(I )=V os(1) + 2 D (31.6) e !
+ z —Cyz
V(z) = _—————Z_l C V.1 (31.15)
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Figure 65: The switched capacitor circuit.

32. Switched capacitor circuit.
a) The SC circuit in the different clock phases are shown in Figure 66. We do a

Phaselattimet Phase 2 at timet + T/2

Vi KC,y o
%, Jo. N
® [0 1
= i

= V, + 1=
KC, o KCy
Phaselattimet+T Phase 2 at timet + 3T/2

Figure 66: Switched capacitor circuit in different phases

charge redistribution analysis. First we state the initial conditions of the circuit.
Phase 1 at time ¢
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q,(1) = vy, () OCy; (32.1)
9(1) = 0 (32.2)
Qo) = 0 (32.3)
(1) = v, (1) (K OC, (32.4)
Phase 2 at time ¢+ 7/2
q,(t+T/2) = v, (t+T/2)0C, (32.5)
ay(t+T/2) = v,,,(t+T/2) [T, (32.6)
Gox(t+T72) = v, (t+T/2) K OC,; (32.7)
qx(t+T/72) = v, (t+T/2) K OC, (32.8)

The charge on the negative input node of the OP (g,(¢) + ¢q,¢(?)) is distributed
between all four capacitances, i.e,

g (1) +q (1) = q(t+T/2) +q,(t+T/2)+ ...

gt T/2) + gyt +T/2) (32.9)

Phase 1 at time ¢+ T
q(t+T) =v,,,(t+T)C;q,(¢+T) = 0; (32.10)
qix(t+T) = v, (t+T)OC, OK; g (t+T) = 0 (32.11)

and we get a charge conservation because no charge can leave the negative input
node of the OP.

g (t+T) +qx(t+T) = q(1+T/2) +q,x(1 + T/2) (32.12)
Phase 2 at time t +37/2
g (t+3T/2) = v, (1+3T/2) C,;

q,(t+3T/2) = v, (t+3T/2) [C, (32.13)
Gox(t+3T/2) = v, (t+3T/2) K [OC,;
g (t+37/2) = v, (t+3T/2) K [, (32.14)

The charge on the negative input node of the OP is distributed between all four
capacitances, i.e,

g (t+T)+qx (t+T) = q(t+3T/2)+q,(t +3T/2) + ..
g g(t+3T/2) + gy (t+3T7/2) (32.15)
By combining Eq. (32.12) with Eq. (32.15) we get
q(t+T/2)+q (t+T/72) = q(t+3T/2)+q,(t+3T/2) + ...
g g (t+3T/2) + gy (t+37/2) (32.16)
which is equal to
Vou(t + T/72) OC, + v, (t+T/2) OC, K = v, (¢ +3T/2)OC, +
(Vo (t+3T/2) OC, + v, (t+ T/2) LC, K +v,,(¢ + T/2) [T, [K)32.17)

by using the z-transform we finally get the transfer function
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Vout(z) - K(Z(CZ + C]) _C])
Vin(2) —(z(C,+C))-Cy)

, 1.e., an inverting amplifier.

=-K (32.18)

b) To see if the circuit is sensitive to parasitics we examine all the parasitic capaci-
tances and check whether they can destroy the operation.

&% P

KC, [
Vin o % o
o |
T |
>/ ‘ ‘ >/ - Voui
KC, c —®

/X/Cp?'

C Pl . will not affect the transfer function because it is always connected to the in-
put node

C P2 is shorted between ground a virtual ground.

C p3 will not affect the transfer function because it is always connected to the out-
put node.

C pa-- .is either shorted or connected to the output node and will never contribute to
the output.

Cpsee
C .. is either shorted or connected to the input node and will never contribute to
the output.

is either shorted to ground or virtual ground.

, 1.e., the circuit is insensitive to parasitics.

¢) If the switch transistors would have a non-negligible on-resistance the charging/
discharging through them would not be instantaneously. This affects the speed of
the circuit and not the transfer function. To compensate for this problem one have
to make sure that we are using non-overlapping switching signals and that they are
slow enough so that the circuit has time to settle properly.
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