P. Bruschi: Notes on Mixed Signal Design Chap 3, Part.3B

1 Fully differential amplifiers: transistor level perspective.

1.1 A fully differential operational amplifier based on the folded cascode topology.

Circuit description and analysis

Operational amplifiers based on a single folded cascode amplifier are suitable to be used in most
switched capacitors applications, where only capacitive loads are present. On the other hand, they are
not appropriate when resistive loads (or resistive feedback networks) have to be used, since their output
resistance is very high and a resistive load, even in the hundreds of kQ range would cause the gain to
drop to low values. Nevertheless, since switched capacitor circuits represent a large fraction of the fully
differential circuits being currently developed, it is important to study the single-stage, folded cascode
fully differential amplifier. The typical topology [1] is shown in Fig.1.1.

M11b
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M11a |M122 j M9 ] M10

BIAS CIRCUIT

Fig.1.1. Folded-cascode fully differential operational amplifier

The bias circuit is formed by a precise wide swing cascode mirror (see Chap. 3.1), whose input section
is made up by M11a and M11b. The bias current /5 is mirrored into the currents /y, /; and I>. Current /;
is fed to M13. The gate of M13 (node V'3) can be connected to M3, M4 gates (node V3) so that current
I; 1s mirrored into M3 and M4. We will show later that this is not a correct biasing option, but let now
start by assuming that Vg and Vg; are connected together (dashed line in Fig.1.1). VkI and Vk2 are
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constant voltages used to bias the wide swing current mirror and the common gate stage (M5, M6),
respectively.

In order to study this amplifier, the generalized Norton equivalent circuit (see App. 3.4) of both outputs
will be derived as shown in Fig.1.2. We probe the output ports with a voltage source equal to Vcwmo,
where Vcewo 1s the output common mode voltage that the amplifier must assume, by specification. The
resulting circuit, shown on the right in Fig.1.2, can be further simplified, assuming that the output
resistances Rou7 and Rou2 are equal.

M5 | M6 L7| Vk2<]
V02

Fig.1.2. Derivation of the generalized Norton equivalent circuit of the amplifier output ports.

The simplified circuit is shown in Fig.1.3. Having set R equal to Rou2, corresponding to neglecting
output resistance mismatch, greatly simplifies calculations. For an analysis that does not make this

assumption, see App.3.6.
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Fig.1.3. Simplified output equivalent circuit

By simple consideration, the output resistance in the nominal case is given by

R, =Rey|Re (1.1)
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where Rcy is the output resistance of the cascode mirror providing bias current /> (M7,M9 and M§,M10
current mirrors), while Rcp is the resistance seen from the drain of the common gates (M5 and M6).
Performing small signal analysis to M5 (M6 is symmetrical), we note that M5 source is connected to
ground by the parallel of the resistances seen towards the drain of M3 and M1, corresponding to rq3 and
2rq1, respectively. Therefore, the resistance seen from M5 source and gnd is of the same order as 74 and
resistance Rcp is of the same order as the output resistance of a cascode mirror.

As a result, due to (1.1), the output resistance Rou is also of the same order of magnitude as the output
resistance of a cascode mirror, i.e. of ra(gnra).

By simple considerations, the output short circuit currents /sc; and Isc> are given by:

1 v,
Igey =1 =1y =1, = 11_(?0+gml?d]_12
I (1.2)
Vi
ey =1, =1y, =1, = 11_(?0_&111?0[]_12
Currents [, I> and Iy are all derived by the same bias current /, thus we can nominally write:
10 - kOIB
h=hds (13)
I, =k,

where ko, k1, k2 are the nominal current gains of the mirrors. Since all individual mirrors are affected by
systematic errors (e.g. due to the effect of the r4’s) and random errors (due to matching errors), we can
rewrite equations (1.2) as:

k.l
Ise, :kllB -

k.1 v,
Ige, =k 1 _%_kzlza +gm1jd + 1,

V.
—k =g, 4 I,
2 (1.4)

where /. and I are error currents that represent the sum of the errors of each single current mirror.
Note that different current sources contribute to Isc; and Isco. For example, current 1> is provided by
M7,M9 for Isc; and by M8-M10 for Isc2. Matching errors between these sources cause /s and /2 to be
different. Furthermore, due to matching errors between M1 and M2, Ip; and Ip2 are not identical and
equal to 7y/2 when V;4=0. This also contributes to make /.; and /.. different.

Now, let us split /¢; and /s> into a common mode component (/) and a differential component (Ale) as:

N (1.5)
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With a simple transformation, we can refer the differential component to the input offset voltage Vi,
with:

A[c :ngKU (16)
Using (1.5) and (1.6), Eqgns. (1.4) can be re-written as:

1

k.1
se1 =k p— . _kZIB_%(vid_vio) + 1,

(1.7)
kol

Em
Iscz :k113 _T_kzlg +T](vid _vio) + Is

Considering the equivalent circuit of Fig.1.3, the output voltages Vo1 and Vo2 can be written as:

{I/ol = VCMO + ROutISCI (1'8)
Vr =Vewo + Roud sca
The output differential voltage V,s and the output common mode voltage Vo are then given by:
I/ad = V:;Z - I/()l = Raut(]SCZ _[SCI) = gmanut(Vid _vi()) (1'9)
1 1
Voc = % = VCMO + Rout(%] = VCMO + Rout(kllB - % IB - k213j + Roulls (1 . 10)

Equation (1.9) indicates that the differential-to-differential mode gain Add (i.e. the amplifier gain), is
given by:
Add :gmlR (111)

out

and that the offset voltage vi, defined in (1.6) is actually the total input offset voltage of the amplifier.
Since Rou is of the order of r4(gmra)., the total gain of this amplifier is of the order of (gmr4)* . Then,
gains up to 10* (80 dB) can be obtained with the topology of Fig.1.1.

Now, let us consider the output common mode voltage, given by (1.10). By design, it is possible to
choose the current gains ko, k1, k> such that:

kl—kz_o—kzzo (1.12)

This guarantees that, in the nominal case, where /s and /= are zero, the output short circuit currents Isc;
and Isc2 are also zero. As a result, in the nominal case, Voc=Vcmo. Unfortunately, due to the presence of

systematic and random errors, we have to take into account the presence of the error current /.. From
(1.10) and (1.12) we get:
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V. =V +R, I (1.13)

oc out” €

The error current /¢ is generally a small fraction (e.g. 1 %) of the amplifier quiescent currents (/;, I,
I>). However, due to the high value of the output resistance Ro.s, €ven a small error current is sufficient
to produce very large differences between V,. and the target value Vcwmo. In order to give a quantitative
estimation of the error, R,.: can be substituted by its expression derived from (1.11):

4 I, I,
R I =24 =Vier s = Woe A - (1.14)

Ve =Vewo = Ry,
Em DI 0

Since /- is a small fraction of the bias currents (it derives from matching errors), then the ratio 7=/ Iy is
of the order of 10, With a gain Aa in the range 10°-10* (typical for this kind of topologies), and
choosing Vrz=100 mV, we find an error |Voc-Veumo| in the range 2-20 V. Such an error is so large that
the output common mode voltage may exceed the power supply rails, i.e. it can be greater than Vg or
less than zero. This cannot occur, but it is a clear indication that the output voltages Vo1 and Vo2 are
both saturated to the minimum or maximum limit of the output voltage range, implying that some
devices are in triode region. The situation in the case that both output voltages are saturated to the
upper limit of the output swing is depicted in Fig.1.4. This occurs when the output common mode
voltage V,. is much higher than the target value Vcuyo, which should be set to the middle of the output
range. Applying a differential voltage, eventually puts one of the output voltages out of saturation, but
pushes the other one even further into saturation. For this reason, it not possible to find an interval of
input voltages where both outputs are in the linear region.

0 Vv

id

Fig.1.4. Dependence of the output voltages on the input differential voltage in the case that both outputs are saturated high,
i.e. the output common mode voltage is close to the upper limit of the output swing.

The ideal situation is depicted in Fig.1.5 (left), where the both the output voltages coincides with the
middle of the output range for vi¢=0 and then show symmetrical linear dependences on vig when the
latter is within the input differential range. The behavior shown in Fig.1.5 (left) represents the
particular case of null input offset voltage. The more realistic case of non-zero offset voltage is shown
in Fig.1.5 (right). This is a perfectly acceptable case, since an input voltage interval in which the output
voltages behaves in a symmetrical linear way is still present.
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Fig.1.5. Dependence of the output voltages on the input differential voltage in the case of correct output common mode
voltage: zero offset voltage (left) , non-zero offset voltage (right).

Output common mode stabilization: the Common Mode Feedback (CMFB) method.

In order to obtain the correct operating conditions shown in Fig.1.5, it is necessary to control the output
common mode voltage (V,.) and set it the correct value (Vcumo). The most effective approaches uses
negative feedback to form a so-called Common Mode FeedBack circuit (CMFB). This consists in
modifying one the main bias currents [y, /;, I> in such a way to introduce a term proportional to the
error (Voc—Vcemo). We will choose to modify /7, but the other cases (i.e. when Iy or 1> are involved) are
quite similar. Generally, it is not desirable to act on /Iy, since this current directly biases the input
differential pairs and then affects the input transconductance (gm1).

According to this approach, current /; is no more constant but is given by:

I, = kllB_g;(V _VCMO) (1.15)

oc

where g™ is a transconductance factor. To do this, it is not possible to connect V'3 to Vs in the circuit
of Fig.1.1, i.e. the connection represented by the dashed line should not be done. Two different
methods to make /; follow Eqn. (1.15) will be explained later. Now, let us see how Eqn. (1.15) results
in a precise control of the output common mode voltage.

Following the same steps from (1.3) to (1.7), with the sole difference that /; is given by (1.15),
equations (1.7) becomes:

k 1,
Loy =kl,-g, (Vo VCMO)

)kI

k[ _gml (Vid_vio) + IS
2 (1.16)

Lse, =k, gm(Vo —Vewo — k1, +g2,,,,( vio) + 1,

Using these expressions in (1.9) and (1.10) we obtain that the differential mode is not changed, while
the expression of the common mode voltage becomes:

k
I/ac = VCMO ()ut(k [ 2 - k21 j + R()utls gm ()l/lt(V(lL VCMO ) (1 * 17)
Again, choosing all the current gains in such a way that (1.12) is respected, we obtain:

6
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Voc = VCMO + Routla - g:rlRout (Voc - VCMO ) (1 . 1 8)
Solving for V,., we get:
R I
S ol S 1.19
oc CMO 1 + gm Rom ( )

Comparing this expression with Eqn. (1.13), that was obtained without the CMFB approach, shows that
the error present in (1.13) is now divided by (1+g»*Rou). Considering that g,,* is generally made equal
to the transconductance of a MOSFET, the term g,*Rou is of the order of (gmrs)® , that it is >> 1.
Therefore, the CMFB strongly reduces the discrepancy between V,. and Vewmo caused by [e.
Considering that g,,*R..: >> 1, equation (1.19) can be approximated by:

VoV - (1.20)

o CMO € *

m

The residual error is now given by the product of /: by a relatively small resistance, namely 1/gn™. As a
result, the output common mode voltage V,. differs from Vcuo only by a small voltage, which is
typically only a few mV large. In practical implementations, g,* is actually the transconductance of a
certain MOSFET. Indicating with Ip* and V7g* the drain current and equivalent thermal voltage,
respectively, of that MOSFET, the error can be rewritten as:

1 I, .
Voe =Vemo =1 — =7V (1.21)
gm ID

Considering that I/Ip* is again of the order of a relative matching error (~102), and that Vrzz* is, at
most, of the order of a few hundred mV, the residual error will be only of a few mV. Comparing (1.21)
with (1.14) we note that the error is now much smaller and the common mode voltage is effectively
stabilized.

Common Mode Feedback control based on a static circuit.

The first example of CMFB circuit [1] is shown in Fig.1.6. This circuit does not involve dynamic
operations, such as periodical charging and discharging of capacitors and does not require a clock
signal. For this reason, it will be indicated as “static” CMFB.
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Fig.1.6. Static CMFB circuit

This circuit has to be applied to the amplifier of Fig.1.1, where it substitutes the branch formed by
Mlla, M11b and M13. The output indicated with Vcurs has to be connected to the gate of M3 and M4
(voltage Vg3) in the circuit of Fig.1.1. For simplicity, we will consider that M31 is identical to M3 and
M4 and therefore /;=Ip3;.

1=1,, =1

D22

+17

D23

(1.22)

D31

The circuit is formed by two differential pairs: M21-M22 and M23-M24. These pairs receive the input
differential voltages given by Vo;—Veumo and Vo2—Vemo, respectively. If these differential voltages are
much smaller than the maximum input value of the pairs, Vpumax, than a linear behavior can be
considered and currents /p22 and Ipz; are given by:

k1, g,
Iy, = . __ZI(V(A _VCMO)
2 2 (1.23)

kI, g,
1023 = 128 _Tn(Voz _VCMO)

Substituting (1.23) into (1.22) and considering that M21-24 are identical, so that gm2/=gm20=gm23=gm24,
we get:

V. +V
1 :kIIB _g;ﬂ (Vol +V,, _2VCMO):k1[B _ngI( o 5 = _VCMOJ (1.24)

Since (Vort+Vo2)/2=V,¢, we finally obtain:
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1, :kllB_gmzl(Voc_VCMO) (1.25)

Let us recall that, in order to implement the CMFB control, we needed to produce a current /; that
follows (1.15) Inspection of Eqn. (1.25) demonstrates that the circuit in Fig.1.6 really perform the
required operation with g,*=g.>;.

A major drawback of this circuit is the fact that the two differential pairs M21-22 and M23-24 must
operate within the input linearity interval. Note that each pair receive an input voltage equal to the
difference between the respective output voltage (Vo; or V,2) and the target common mode voltage
Vemo. This problem is illustrated in Fig.1.7 where an example of time evolution of the two output
signals is represented.

A M21-22 input

M23-24 input

|
time

Fig.1.7. Sketch of the signal present at the input of the differential pairs in the static CMFB circuit.

In order for the differential pair to remain in the linearity interval, the maximum difference between
each output signals and the common mode voltage Vcwmo is nearly equal to the gate-overdrive voltage of
M21-24. The maximum differential voltage is two times this value, so that:

max(V,,)=2max(V,,, ~Veyo )2 2(Ves = V.),, (1.26)

o

The overdrive voltages cannot be made arbitrarily large, since the following constraint should also be
satisfied:

VCM - VGSZI > Vmin (1-27)

where Vi 1s the minimum output voltage of the mirrors providing the tail currents &;/p. It can be easily
shown that the maximum feasible Vgs—V;: voltages are generally around a few hundred mV, resulting in
a maximum swing for Vo4 voltage that rarely exceeds 1 V. Another limitation of the circuit of Fig.1.6 is
its static power consumption.

Dynamic Common Mode Feedback control.

An alternative circuit is based on a switched capacitor implementation. Consider voltage Vg3 in Fig.1.1.
If Vgs=Vs, then I;=kilp. If we produce a variation AVs3 we obtain a current variation given by
Al = —gm3AV 3. Then, the current I; corresponding to a voltage Vz+AVs3 will be given by:
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I, (for Vo, =V, +AV, ) =kl,—g, AV, (1.28)

Therefore, in order to implement a CMFB that satisfies (1.15), it is sufficient to produce a voltage
Veurs (i.e. Va3) given by:

Verrs =V + (Voc - VCMO) (1.29)
If Vo, were available, we could obtain it with a two-phase switched capacitor circuit as that of
Fig. 1.8 (a).
_______________ | e — — —
l phase 1 Ve=Ve—Vemo | | C :
: | -+ | | phase 1 |
! | | |
[ C | | c I
! | | |
| v, | | |
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Fig.1.8. Switched capacitor CMFB control when V. is directly available (a) and not available (b).

In phase 1, the capacitor is pre-charged to Vz—Vcumo, while in phase 2 the terminal that was connected
to Vemo 1s now connected to Vo, and the other terminal is left open so that it produces the voltage:

VCMFBZV +VC=V +(VB_VCM0)=VB+(V _VCMO) (1-30)

oc oc oc

This is just what we need. Unfortunately, V,. is generally not available, so that we have to produce it
from the output voltages V,; and V,,. The circuit in Fig.1.8 (b) does this job using two identical
capacitors. Phase 1 is identical to the case of Fig.1.8(a) and both capacitors are pre-charged to Vz—Veumo
Then, one capacitor is connected to V,; and the other one to V,2. We can intuitively understand that the
effect is identical to connecting both capacitors to the average value of V,; and V., that is to Voc. The
circuit of Fig.1.8 (b) is implemented with the topology shown in Fig.1.9.

To study this circuit in a rigorous way, it is useful to first analyze the behavior of a generic capacitive
divider as that shown in Fig.1.10. In phase 1, we pre-charge capacitors C; and C: to voltages 7, and

10
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V" respectively. In phase 2, we connect the capacitor series to a voltage Vs, as shown in the figure.

The target is calculating voltages V; and V> in phase 2. Since capacitors are connected in series, the

same charge flows through them in the transition from phase 1 to phase 2. Therefore, we can write the
following equation:

— Vz(l) + CI(VI(Z) _Vl(l)) (1.31)

2 2 C2

Obviously, voltages in phase 2 should also satisfy:

Vz(z) _ Vz(l) + Ach — Vz(l) +%

VO sr® =y, (1.32)
Vo2
Ce 1 0—e 2 —<]
VCMO + C
V, ——
c
D—To—4—"2D
+ | C
vV, —/—
— Vor
10 2 o—<]

Fig.1.9. Actual implementation of the circuit of Fig.1.8 (b): dynamic CMFB circuit.

phase 1
(1)+
Vv, —G,
+
(1) m——
VT -1 C1

Fig.1.10. Capacitive voltage divider connected to V4 (phase 2) after pre-charging of the individual capacitors (phase 1).

Substituting (1.31) into (1.32) we obtain an equation where the only unknown is V. Solving this
equation, we get:

11
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_ CZVAB - Csz(l) + CIVI(I)
C, +C,

(1.33)

Note that if capacitors are not pre-charged, i.e. their voltage is zero in phase 1, (1.33) reduces to the
well known ac expression of the capacitive divider: ¥, =V43C2/(C;+C>). Now, let us go back to the
CMFB circuit in Fig.1.9. In that case, C/=C>=C. Furthermore, in phase 1 we have:

Ve =v, -V,
{ (21) s (1.34)
no= _(VB _VCMO)

In phase 2, the common terminal of the two capacitor is not connected to a voltage source and it will
assume the voltage Vewmrs as a result of charge transfer through the capacitors. Since Vig=Vor—Vor1,
equation (1.33) becomes:

) _ C(Voz —Va )_ C[_ (VB —Vewo )]+ C(VB —Vewo ) — (Voz -V

¢ e : D) 39

Considering that, from the circuit of Fig.1.9:

Verrs =Vor + V1(2) (1-36)
We finally get:
V., +V
Venrs z(()z—Ol)+(VB _VCMO) (1-37)

2
Since (Vor+Vor)/2=V,e, equation (1.37) is equivalent to (1.30) as initially requested.

The circuit in Fig.1.9 should be coupled to the amplifier of Fig.1.1, by connecting Vs, V,; and V2 to the
corresponding nodes in Fig.1.1 and Vcurs to Ves. A problem may arise from the fact that during phase
1 the CMFB circuit is disconnected from the amplifier. In this interval, since a feedback path is
missing, the output common mode voltage is prone to disturbances and drift. This drawback can be
easily overcome with the simple modification shown in Fig.1.11.

Voz
De 10 ® 2 o—e—]
Vewmo C C'
D—/10—Q—/2 o—O—D CMFB
C C'
VOT

10 & 5> o——<]

Fig.1.11. Dynamic CMFB with AC feedback path.

12
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In practice capacitors C’ have been added between each output terminal and the Veurs node. These
capacitors provide a direct path that is active even during phase 1. If both output voltages increase, then
Vo increases, then also Veurp is pulled up, reducing /i through (1.15), and this, in turn, counteracts the
initial increase of V.. On the other hand, the output differential voltage does not affect Vewrs, due to
obvious symmetry reasons. Capacitors C’ alone could not provide a complete CMFB control, since
they are sensitive only to AC variations of V,.. DC feedback is provided by the switched capacitor
section composed by capacitors C and the switches.

The dynamic CMFB circuit described in this section does not suffer from output swing limitations,
since switches (complementary pass-gates) and capacitors operates correctly over the whole rail-to-rail
range. The main drawback of this circuit is the fact that capacitors C are discharged (in phase one) and
connected back across the output terminals (vo1 and ve2) in phase 2. The current to charge the capacitors
in phase 2 must be provided by the output ports. This implies that an impulsive current is drawn from
the amplifier, producing unwanted spikes on the output differential voltage and an effect similar to a
load resistor that reduces the gain (switched capacitor equivalent resistance).

Noise performance of the folded-cascode fully differential amplifier

The input referred noise of the fully-differential operational amplifier can be studied using the circuit of
Fig.1.12.

Fig.1.12. Fully-differential operational amplifier with indication of the MOSFETs that give the dominant noise
contributions.

In order to evaluate the effect on the output noise, it is necessary to add the noise current sources to all
devices shown in Fig.1.12. Then, we can find the contribution of each noise source to the output short-
circuit currents Isc; and Isc> and finally calculate the output noise using the equivalent circuit in
Fig.1.3.

The analysis is performed on the nominal circuit (no matching errors) with zero input differential
voltage.

13
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MOSFETs indicated by the red ellipses in Fig.1.12 produce the dominant noise contributions. All the
remaining devices produce negligible effects. In fact:

e MoOa and MOb introduce only common mode effects (their noise currents cause identical effects
on V,; and V,2) and therefore their contribution in the nominal case (perfectly symmetrical
circuit) is zero.

e M7 and M8 are the common gate section of a cascode mirror and we have already shown (see
Chap. 3.1) that their contribution is negligible.

e MS5 and M6 are the common gate stage of the amplifier. Their contribution to the output short
circuit currents is negligible for the same reason of M7 and M8. This is explained in Fig.1.13,
where the small signal equivalent circuit of the common gate formed by M5 is represented.
Resistor 75 is the small signal resistance connecting M5 source to ground. This resistance, as
we have already stated at the beginning of this chapter, is the parallel of 743 and 2r4; and is then
of the same order of magnitude as r4. M3 noise source has been split into two current sources,
each one with a terminal connected to ground. Repeating the study performed for the cascode
mirror in Chap 3.1, we can demonstrate that the two sources give practically opposite
contributions to Isc; and then their effect cancels out almost completely.

r35

l\/ls}—/T;77

iSC
D O, =,

nd

"n5

TTrr

Fig.1.13. Equivalent circuit used to demonstrate that the common gate stage gives a negligible noise contribution

Let us study the effect of the MOSFETs that really give a significant noise contribution.

e The noise currents of M9 and M10 reach the output ports practically unaltered, as demonstrated
in Chap. 3.1 about cascode mirrors.

e The same happens to M3 and M4 noise sources. Indeed, they are connected to the input of the
common gate stage formed by M5 and M6. Since the input resistance of the common gate
(1/gms) is much smaller than all the other resistances connected to M5 and M6 sources (of the
order of rq’s), practically the totality of M3 and M4 noise currents get into the common gate
stages and, through them, reach the output port, contributing to the output short-circuit currents.

e The noise sources of M1 and M2 are floating; they can be split into two sources, each one with
a terminal to gnd, exactly as in the case of the two stage, single ended op-amp studied in
Chap.3.2. The currents entering M1 and M2 sources produce only a common mode effect, thus

14
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they can be ignored. The current sources connected to M1 and M2 drains enter the common
gate stage (M5, M6) and ends up into the output short circuit currents.

As a result, with very simple circuit analysis we can write:

Vn—()ut = Rout(l‘nch - inscl ) = [(inl - inZ )+ (in4 - in3 )+ (in9 - inlO )]Roul (1 '38)

The input referred noise can be obtained by dividing v,-ous by the amplifier gain, gmiRous:

[(l'nl - i,,g)"‘ (in4 _in3)+ (in9 _inLO)] (1.39)
Emi

v =

n—rti

The input noise power spectral density (PSD) can be obtained by substituting the PSDs to each current,
taking into account that M2 is identical to M1, M4 to M3 and M10 to M9 and that all noise currents are
independent:

S]l +S13 +S19

S, =2 . (1.40)
gml
Substituting the current PSDs with the corresponding voltage PSDs, we get:
g2 S, +g..S, +g..S
Sy =2 = m32 = 2 = 2(SV1 +F32SV3 +F92SV9) (1.41)
gml
where:
F3 E%:i VTEI ; F9 = Emo =Iﬂ VTEI (142)
Em  Api Vigs gm Api Vigo

Equation (1.42) shows that this stage is not particularly efficient in terms of noise. With respect to the
single ended op-amp discussed in Chap. 3.2 there are two more transistors that contribute to the total
noise (six instead of four). Furthermore, M3 and M4 give a larger contribution since F3 includes the
ratio Ips/Ip1. Typically, in rest conditions, Ip3 is set to 2Ipi, i.e. Ipi1=lo/2, Ip3=lo . The reason is shown in
Fig.1.14, representing the currents in the case of a fully unbalanced input pair caused by a large input
differential signal.

Note that, if 71<Io, the current in M5, calculated as /i-Ip1=I1-1o, would be negative. This is not possible,
but would simply mean that Ips gets to zero before that the input pair becomes saturated. In that case,
the input differential range would not be fully exploited, and the output short circuit current at port Vo
would not reach the maximum (negative) value of Io/2. With [ set to Io, M5 drain current gets to zero
just when the input differential voltage reaches Vpaax, so that the full input swing is maintained.
Increasing /1 beyond /o does not give benefits and only increases power consumption. For this reason,
generally /; is set to a value close to /.
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Fig.1.14. Currents in the amplifier for an input differential voltage as large as to fully unbalance the input pair.

With this design choice, the ratio Ip3/Ip1 is equal to 2, so that it is difficult to obtain an F3 coefficient
much smaller than 1 in order to cancel the noise of M3, M4.

Furthermore, this stage is also not efficient in term of power consumption, since we have two sections,
namely the common source (M1, M2) and the common gate (M5, M6) each one requiring its own bias
current.

1.2 Brief introduction to the telescopic amplifier.

A more efficient stage is the telescopic amplifier [1], consisting in a non-folded cascode amplifier. The
schematic view of the telescopic amplifier is shown in Fig. 1.15 (a). The denomination “telescopic”
derive by the large number of series devices present between gnd and Vs , recalling the structure of an
extensible telescope.

In this amplifier, the common source (M1, M2) and common gate (M3, M4) are formed by devices of
the same type. In the example of Fig.1.15 (a), they are n-MOS, but the version with all p-MOS is also
possible. The advantage of the telescopic amplifier is that the devices of the common gate are placed in
series to those of the common source, so that the same current that bias one stage is re-used for the
other one. On the contrary, in the folded cascode we need two different currents to bias the common
source and the common gate. Then, in equal conditions of bias current for the common source and
common gate, the telescopic amplifier used half the current of the folded cascode. Furthermore, with
the same arguments that have been used for the noise analysis of the folded cascode, it is possible to
show that in the telescopic amplifier only four MOSFETs (instead of six) give a significant
contribution to the total noise. These transistors are M1, M2, M7 and M8.
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Fig.1.15. Telescopic amplifier (a); a method to adapt the Vi, bias voltage to the input common mode voltage (b).

The input referred noise is given by:

VTE 1
VTE 7

I
=2(S,, +F2S,,) with F,=n7 =207

S D7 (1.43)
g&n  Ip

) VTEl —
vni VE7
Note that M7 and M8 are biased with the same current as M1 and M2, so that F7 includes only
equivalent thermal voltage ratios that can be easily made smaller than one, attenuating the contribution
of M7 and M8. When thermal noise specifications are particularly strict, this contribute to reduce the
request for high current consumption, so that the telescopic amplifier can require less than one third of
the current of a folded cascode designed for the same input thermal noise density.

Unfortunately, the telescopic amplifier suffers from the well know output swing limitation of pure
cascode stages. The output voltage should stay over Vi2-Vu, in order to keep M3 and M4 in saturation
region. This would suggest to make Vi as low as possible, but Vi sets the upper limit of the input
common mode range. Then a trade-off should be made between these two requirements (output swing
and input common mode range). As a result, the available output swing is generally much smaller than
that of a folded cascode stage.

Thus in a signal processing chain made up of several cascaded stages, the first stage is often a
telescopic amplifier, since first stages generally handles small signals, then large output swings are not
required. Since the first stage is the one that contribute to most of the noise, the use of a telescopic
amplifier allow reaching small input noise densities with relatively low current consumptions. In the
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following stages, where the signals are larger, folded cascode amplifiers are used, due to their large
output range (almost rail-to-rail). The worst noise performance of the folded cascode is not a problem
since, being placed after the telescopic amplifier; their contribution to the total noise is less significant.

Let us recall the fact that Vi sets the upper boundary of the input common mode range. This can be a
problem if Vi, is fixed. Fig.1.15 (a) shows an example of Vi generation which adapts to the input
common mode voltage. If V;. increases, also the source voltage of M1 and M2 increases. Device MA,
being diode connected and biased by the constant current /4, acts as a voltage shifter. Indeed: Vk2 is
given by:

Vi, =V =Veg + Vs (1.44)

1

Eqn. (1.44) proves that, if Vic increases also Vi is increased of nearly the same amount, extending the
input common mode range. Obviously, the increase of Vi, reduced the available output swing, thus the
circuit of Fig.1.15 (b) does not eliminate the typical limitation of telescopic amplifier, but makes it
more flexible, since the trade-off between the input range and the output swing is changed as a function
of the characteristics of the input signal.

1.3 Frequency response and compensation of the folded cascode fully differential
operational amplifier

Before analyzing the complete amplifier, it is necessary to find an approximate and very simplified
description of the frequency behavior of a common gate stage. The small signal equivalent circuit that
we will consider is shown in Fig.1.16, where we have depicted the common gate stage formed by M5
in the circuit of Fig.1.1. In most cases of interest for integrated circuits, it is convenient to consider that
the input signal of the common gate is a current, represented by current source i; in Fig.1.16. The
output signal consists in the short circuit current is.. Resistor rys is the parallel of all resistances that
connect the source of M5 to gnd. This resistance, as we have already found previously, is of the order
of the ra.

Parasitic capacitance Cp is the sum of the Cgss (dominant contribution), Csgs and the Cpg of all the
MOSFETS whose drains are connected to the common gate input (M1 and M3 for the amplifier of
Fig.1.1).

Fig.1.16. Small signal equivalent circuit of the common gate stage formed by M5 in the folded cascode amplifier.
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The resistance seen toward the source of M5 is practically equal to 1/gns. At low frequencies, where C,
can be neglected, i is practically equal to is, since the input resistance (1/gms) and rss form a current
divider where 1/gns, being much smaller than rss gets almost the totality of the current. At higher
frequencies, the impedance of C, gets so low that it cannot be neglected with respect to 1/gns. The
capacitors start stealing current and is is progressively reduced. As the frequency tends to infinity, i,
tends to zero. With these considerations, it is easy to understand that the simplified transfer function of
the stage is:

Jec(8) = ! where: .. = I ! = &ns (1.45)
1y —C, G,
Ocg &ms

Now, let us go back to the folded cascode amplifier. Consider the circuit in Fig.1.12 from the point of
view of small circuit analysis. The input pair, (M1, M2), injects differential mode currents into the
common gate stage (M5, M6), so that M5 receives —gnvia/2 and M6 g,,;vid/2. In addition, M3 and M4,
driven by Vcwmrs, injects the common mode currents given by (1.15), where the small signal component
is —gm*Vvoc. These currents reach the output nodes through the common gate stage and form the output
short circuit currents is.; and isc2. Then:

. v, .
lscl = (_ gml _d_gmvoc]fCG (S)
2 (1.46)

. Vi *
lch = [gml 7(1 - ngOC]fCG (S)

The small signal equivalent circuit of the amplifier output ports is shown in Fig.1.17 where the
common mode capacitors (Co) and the differential mode capacitor (Cp) are shown. The capacitors are
the sum of load capacitors and parasitic capacitors.

Cp 1l
[
"4
VO1 . - _D 02
% =D Pz =
T R ; Tc
out sct "sc:2 Rout o

Fig.1.17. Small signal equivalent output circuit.

If we consider only the differential components of isc; and is.2, the reduced equivalent circuit shown in
Fig.1.18 can be used. Capacitor C,p is given by:
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Cc,=C +2C, (1.47)
The differential mode gain is given by:
\ -2v 1
Add (S) = o = — = gmanut —fCG (S) (1 '48)
y Vi I+s/s,
Vod™ _2V01
Vot - + - Vot
OO
Rout ’)/) Rout

Fig.1.18. Small signal equivalent output circuit for the differential mode

where the pole s, is given by:

S_l
" R C

out oD

(1.49)

Due to the very high output resistance, the angular frequency of the pole, ®,=sp, is much smaller than
ocG, therefore sp 1s the dominant pole. In these conditions, the unity gain frequency for the differential
mode amplification is given by:

Em
0 = £ (1.50)

oD

If we intend to use the amplifier in closed loop configuration and we want it to be stable, with a reliable
phase margin, even in the case of f=1 (output V,; connected to input Vi> and V,> to Vi;), then the first
non-dominant pole (ocg) should be at frequencies higher than wop. Considering the analysis made in
Chap. 3.2 for the single-ended op-amp, wop and wce play the role of wo and 2, respectively. If wop is
too high, it can be reduced by simply increasing the capacitive load of the amplifier, as clearly
suggested by (1.50). Clearly, this has the side effect of reducing the GBW, which is equal to wop/2m. If
the specifications do not allow this, it is necessary to increase wcg, and this is generally done by
increasing the bias current and then the power consumption.

In addition to differential mode stability, also common mode stability should be guaranteed. The output
common mode voltage is set to the desired value by a feedback loop (CMFB) that should be stable. The
output equivalent circuit for only the common mode voltage is shown in Fig.1.19. The differential
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mode capacitance Cp does not affect the common mode behavior since it connects two points, V,; and
Vo2, which are symmetrical in the common mode analysis, and then are at the same potential.

V01 Voc=V01 V02=V01
<] * * ©
__CO 1 1 -1
- R out C% / <> R out __Co
/A1 )

~InVodfea(S)

Fig.1.19. Small signal equivalent output circuit for the common mode. The section corresponding to v, is identical to that
of Vo1, so that only one section can be considered.

Note that voc depends on the current sources, which, in turn, depend on vee. This can be schematically
represented by the block diagram of Fig.1.20, which is equivalent to the circuit in Fig.1.20.

B=1

v

[ A=—9Efce(3)( ROut/CO)

Fig.1.20. Block diagram representation of the small signal, common mode feedback loop

The circuit represent a classical feedback where the loop gain is given by:

+ R

A s)=—-g —2— s 1.51
curs (8) gml‘*‘S/Spc S (s) ( )
The CMFB dominant pole, s, is given by:
s = ! (1.52)
r ROUICO '

while, as for the differential mode gain, the first non-dominant pole is due to the common gate stage
(®ca,). The CMFB unity gain angular frequency, moc, is given by:

@, =2 (1.53)

Again, in order to achieve a large phase margin for of the CMFB loop, ®wcg should be higher than woc,
possibly o, =3®,.. This can be obtained by reducing woc, increasing the common mode capacitors
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C,. Note that increasing C,, we reduce both mwoc, and wop, improving at the same time the differential
and common mode stability.

1.4 Transformation of the folded cascode operational amplifier into an
instrumentation amplifier.

The topology illustrated in Fig.1.1 can be simply modified to obtain an instrumentation amplifier (in-
amp) that, differently from other architectures, does not uses negative feedback from the output to the
input to set a precise gain. A simplified schematic view of this amplifier is shown in Fig.1.21.

MSFJ / M4
Veyre LFL’ | W’
Vg—[r[m Irs M2]}—<'32 M5 | RM6 1 \/sz
AN Vor a+——4DV,,
R, E;
©, D, OO
2 2 2 2
i

Fig.1.21. Fully differential instrumentation amplifier.

The operating principle is based on source degeneration, i.e. the insertion of the resistance R in series
with M1 and M2 sources. The bias source Ip (tail current) has been split into two sources lo/2. In this
way, in rest conditions (vig=0, symmetric configuration), no current flows into Rj. Let us write currents
Ip1 and Ipg:

1
I =—r+1Iy
% (1.54)
Iy, = 30 —1p
Subtracting Ip from Ip; we find:
I =1y, =214 (1.55)
The voltage across resistor R1 is the difference between the source voltages of M1 and M2:
Ve =Vsi =Vso =V, =V _(Viz - VGSZ) = Va _(VGSI - VGSZ) (1.56)
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If Vgs1 were equal to Vgs2, then the voltage across R1 would be equal to the input differential voltage.
We will discuss later how precisely this could happen. For now, we will suppose that:

Vo =V, (1.57)

At the amplifier output, we can write:

{1D5=12+1R2 (1.58)
Ipe =1, =1y,
But: Ips=I;-Ip; and Ips=1;-Ip>. Substituting these expressions into (1.58) we get:
{11_1D1:12+1R2 (1.59)
Ii=1,,=1,-1,
Subtracting these two equations, we find:
[Rzz_(IDl_ID2) (1.60)
2
Using (1.55), we finally get:
Ty = =1y, (1.61)
We can write Ir> as a function of the output differential voltage, Voi=Vo2-Vor :
I, = Vi =V _ —Vea (1.62)
RZ RZ
Using (1.62) for Iz and the approximate relationship (1.57) for Vz;, equality (59) finally gives:
Vi
2
A = Vud — _IRZRZ — 1R1R2 — R1 — & (1.63)
Y Ve Ve Vo Va R,

Summarizing: the degenerated input pairs produce a current difference, Ip;-Ip; that is nearly
proportional to the input signal, and in particular equal to Vis/R;. This current is transported to the
output ports and made to flow into R>. The output voltage is then VizR2/R;. The amplifier gain is then
given by a resistor ratio and can be made precise.

Now, let us come back to the assumption of linearity between Vz; and Vi4, expressed by (1.57). This is
based on the fact that the term (Vgsi—Vas2) in (1.56) can be neglected, i.e. Vgsi and Vs> are practically
equal. Since, as suggested by (1.54), Ip1 grows and Ip, diminishes for positive Iri (and vice versa for
negative Ir1), Ves: and Ves:2 variations, occurring when a signal is applied, are opposite. For this reason,
(Vesi—Vas2) 1s negligible only when Ip; and Ip, variations are negligible with respect to the quiescent
current /o/2. Since (1.54) states that the /p variations are equal to £ Iy, it is necessary to guarantee that
Ir; 1s much smaller than Io/2 over the whole range of input signals. This is generally not efficient in
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terms of power consumption, since it would require bias currents much larger than the maximum
current variations induced by the signal. This is also not efficient in terms of noise, since the current
noise produced by current sources (Io, I1 and I> in Fig.1.21) is proportional to the bias current (see Chap
3.1 on current mirrors), so that the signal to noise ratio is degraded.

In order to solve this problem, several solutions can be adopted. The simplest is shown in Fig.1.22, that
represents only the input pair and resistor R1, since the rest of the circuit is unchanged.

V” Aota i i Aota
D——+ |j j +—J V.
M1 M2 i2
Vv
R,
ONRON
2 2

Fig.1.22. Modification of the input stage by the introduction of servo-amplifiers.

In practice, M1 and M2 acts as source follower stages cascaded to the differential amplifier indicated
with Ao. The source voltage of M1 and M2 are the output of the composed amplifiers formed by the
mentioned cascade. Note that these outputs are connected to the corresponding inverting inputs,
forming unity gain amplifiers that precisely replicates the inputs Vii and Vi to nodes S1 and S2,
respectively. In this way, the differential input voltages is precisely transferred across resistor R1 and
(1.57) can be assumed to be true over a wide range of input signals.

Finally, we will mention the fact that having placed a resistor across the output ports of the amplifier
greatly simplifies the implementation of the CMFB loop. Indeed, we can split resistor Rz into two
resistors of value R2/2 as in Fig.1.23 (a). The central point of the resistance now is equal to the output
common mode voltage. In this way, the CMFB circuit is simply a differential pair as shown in Fig.1.23
(b). Note that the input of this pair is only the difference between the actual common mode voltage Voc
and the target value Vcmo, so that it does not impose the limitations to the output swing described for
the circuit of Fig.1.6. Clearly, this solution was not possible for the operational amplifier of Fig.1.1,
where placing a resistor across the output would mean an unacceptable gain reduction.
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Fig.1.23. Common mode feedback (CMFB) control, optimized for the in-amp if Fig.1.21.

1.5 Transformation of the folded cascode operational amplifier into a DDA

The symbol of the DDA is recalled in Fig.1.24. The difference with respect of the simple fully-
differential amplifier is the presence two differential input ports: Port B and Port A.

DDA

Fig.1.24. Symbol of a DDA.

The two ports should have identical characteristics, so that the DDA is characterized by the following
input/output relationship:

V.,= AWV, +V,) with A4>>1 (1.64)

0

where Va and Vg are the differential voltage applied to port A and B, respectively. To obtain DDA, it
is possible to expand the amplifier of Fig.1.1 by simply adding a differential pair. The result is shown
in Fig.1.25, where the additional differential pair is enclosed in the gray box.
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Fig.1.25. A DDA obtained by adding a differential pair (gray box) to a folded cascode fully-differential op-amp.

Obviously, current 11 should now feed two differential ports and output common gate. Therefore its
nominal value should be (3/2)Iy (it was Io in the single-input port op-amp of Fig.1.1). A CMFB circuit
is needed also for this amplifier to adjust I; around the nominal value in a closed loop fashion and set
the output common mode voltage to the desired level. The costs of adding the second port are:

e Increased supply current

e Increased input referred noise.

1.6 Two-stage fully-differential operational amplifier.

As in most single-stage architectures, the folded cascode operational amplifier or DDA is not suitable
to drive low resistive loads. This is due to the fact that the high gain of the stage is due to the very high
output resistance, which can be of the order of several megaohms or even tens of megaohms. Resistive
loads of several hundred kilohoms or lower would excessively degrade the DC gain of the amplifier,
impairing accuracy.
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In these cases, a two-stage architecture is recommended. With a two-stage amplifier, the first stage is
not directly connected to the load, so that its output resistance is not affected by the latter. In order to
maintain a rail-to-rail output range, it is necessary to use common-source output stages. In the case of a
fully-differential amplifier it is necessary to add two common source amplifier, one for each output

terminal. A possible architecture is shown in Fig.1.26, where the double common-source output stage is
included in the gray box.

output stage

Vip (pseudo - differential common source)
1 .
Vemrs ¢ I ¢I., Vbias2 ||“u ' | ¢I3
T IC [
M3 M4 Y, M33 M34
Vv k2 V V,
o wela® T R G SR 6 1
M5 M6 "’WV—| [ W [
U1 U2
\é’” MOb M7~ " [ _[
gos vl v ! v M31 M32
~) Moa M9 q M10
; . .

Fig.1.26. A two-stage fully-differential op-amp.

The double common-mode source is called “pseudo-differential”, since it has also a large common-
mode-to common mode gain. This is not a problem with this architecture, but is an advantage since it
allows building a single CMFB control for the whole amplifier. As for the single stage amplifiers
analyzed so far, the CMFB circuit will sense the output voltage Vo1 and Vo2 and modify 11, until Vo is
equal to the desired target voltage (Vcmo). The only difference is that there is an inversion from the
common mode voltage of the first stage (present at nodes Ul and U2) and the output common mode
voltage of the second stage. For this reason, the relationship between /; and V,. will be opposite with
respect to the single-stage amplifier:

I, = k1[B+g;(Vac_VCMO) (1.65)
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Finally, note that Miller compensation (Cc, Rc series) is used to obtain stable closed loop operation of
the amplifier and, at the same time, to stabilize the CMFB loop.
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