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1 Problem 1: Fully-differential Simple OTA

In many mixed-signal circuits, the amplifiers are fully-differential amplifiers. This means that not only
the input is differential but they also have a differential output. There are many advantages of using
fully-differential amplifiers, including:

e Reject any common-mode disturbances,
e Provide larger output swing,
o Avoid poles from current mirrors, thus achieving higher closed-loop speed.

However, the DC common-mode output voltage is not defined and needs to be stabilized and set at
a well-defined common-mode voltage. This requires an additional common-mode feedback (CMFB)
circuit and hence leads to additional power consumption. Therefore, the extra power consumption
needed for the CMFB is an important specification.

Depending on the application, the bandwidth of the closed-loop CMFB circuit may need to be
sufficiently large to avoid both outputs to saturate for a long-time making the amplifier out-of-order
for the differential signal. This means that the open-loop gain-bandwidth product of the CMFB circuit
GBW,, needs to be at least as high as the gain-bandwidth product in differential mode GBWjy,,,
i.e. GBWy,, < GBW,,,. Indeed, if the common-mode gain-bandwidth product GBW,,, is much smaller
than GBWjg,,, a fast and large common-mode signal at the amplifier input could saturate the amplifier
outputs. Since the CMFB is slow, it takes time to recover, making the amplifier useless during this
time. Requiring the GBW,,, to be as large as the GBWy,,, will require a lot of power. Of course it
depends on how the CMFB is implemented but usually fully-differential amplifiers consume about the
double than their equivalent single-ended amplifiers.

For differential-in and differential-out amplifiers, we can define four gains according to

Vod = Adq* Via + Aca * Vies (1.1)
V;)c = Adc : ‘/id + Ac . ‘/im (12)

where

V;d = VinJr - Vinfy (
Vint + Vin—

R (
Vod = V;)ut—‘r - V;)ut—a (
V;Jut—O— + VYout— (

Voc = 9

Ay is the differential input to differential output voltage gain, A.q is the common-mode input to
differential output voltage gain, Ay, is the differential input to common-mode output voltage gain and
finally A, the common-mode input to common-mode output voltage gain. Of course we are mostly
interested in Ay, which should be made larger than the other gains A.4, Agq. and A.. Note that if the
amplifier can be assumed to be perfectly symmetrical, then A.; = Ag. = 0. If there is any mismatch
between the positive and negative signal path or in the CMFB circuit, A,y # 0. This means that a
change in the common-mode input voltage may not only change the output common-mode voltage
but also generate a differential output voltage which translates into distortion. Even with perfect
symmetry, A, # 0 is possible, but not desired since the common-mode voltage then propagates along
the circuit. We therefore want the common-mode gain A, to be smaller than the differential gain
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Ag. This is measured by the common-mode rejection ratio CM RR defined as the ratio of the desired
differential voltage gain A, to the undesired common-mode voltage gain A,

Ag

M 2
CMRR A

. (1.7)

In a differential amplifier which is not perfectly symmetrical, we can also define |A4/Aqq4| and |Ag/Aqge]-
Of these |Ag/Acq| is particularly important since it measures to what extend the differential output
voltage is actually produced by the desired differential input voltage instead of the undesired common-
mode input voltage. This ratio is important because once the common-mode input voltage is converted
into a differential output voltage it is then treated as the desired differential voltage by the subsequent

amplifiers.
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Figure 1.1: Schematic of the fully differential simple OTA.

Figure 1.1 presents the schematic of a fully-differential simple OTA which does not need any additional
current for the CMFB. Transistors M3, and Mgy, are connected to the positive and negative outputs to
establish the output common-mode voltage. The output common-mode voltage is extracted from Mg,
and Mg}, which operate in the linear region. They change the voltage at the common-source node and
therefore also at the output through the action of My, and M;yy.

A

o What is approximately the level of the common-mode output voltage Voo = (Vour+ + Vour—)/27

e Derive the small-signal differential-mode transconductance

AIout-i— - AIout—

Gmd =
¢ AViq

(1.8)

and the differential gain-bandwidth product GBWy,, assuming a perfectly symmetrical circuit.

e (alculate the small-signal common-mode transconductance G, of the CMFB circuit in open-loop

G o Aloutf o AIoutJr
T AVaza  AVam

(1.9)

To do this you need to disconnect the gates of M3, and M3, from the outputs. The open-loop
common-mode transconductance is then obtained by applying a common-mode voltage at the
gates of Ms, and M3, and measuring the common-mode output current. Hint: Assuming a
perfectly symmetrical circuit, you can use the half-circuit in common-mode operation.

e How do they compare?

« Calculate the small-signal differential voltage gain Aq = AV,q/AV;4 assuming a perfectly sym-
metrical circuit where AVig 2 AViy — AVj,— and AVyy 2 AV,uey — AV,ys— are the input and
output small-signal differential voltages. Deduce the differential DC voltage gain A4y, the cut-off
frequency we g and the differential mode gain-bandwidth product GBWyg,.
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« Calculate the small-signal common-mode voltage gain A. 2 AV,./AVj. assuming a perfectly
symmetrical circuit where AVi. 2 (AVi,t + AV, )/2 and AV, 2 (AVyuts + AV, )/2 are the
input and output common-mode voltages. Deduce the common-mode DC voltage gain Ay, the
cut-off frequency we ¢ and the common-mode gain-bandwidth product GBW,,.

o Calculate the corresponding DC CMRR = Agg/Aco-

« Calculate the common-mode to differential-mode voltage gain A.q £ AV,4 /AV;. assuming there
is a Gy,-mismatch AG,,1 between Mi, and M.

e Propose a way to improve the CMFB offering a better control on the output common-mode
voltage without increasing the current consumption.
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2 Problem 2: Fully-differential Folded-cascode OTA
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Figure 2.1: Schematic of the fully-differential folded-cascode OTA including the CMFB circuit.

Figure 2.1 presents a fully differential folded-cascode OTA. The common-mode voltage is extracted by
differential pairs Mg,-Mg;, and Mg.-Mgq and compared to the common-mode reference voltage V,.r. If
the output common-mode voltage is different from V., it is then adjusted by means of the current
sources Mg,-May, to bring it back to V,..r. To analyze the CMFB, we will derive the open-loop gain
(actually transconductance) by opening the loop at the input of the CMFB circuit (i.e. disconnecting
the gates of Mg, and Myq).

What is the level of the common-mode output voltage Vo = (Vours + Vour—)/27?
Derive the differential-mode transconductance G4

o AIoutJr - AIoutf
a AVig

G (2.1)

and the differential gain-bandwidth product GBWy,, assuming a perfectly symmetrical circuit.
Calculate the DC open-loop common-mode transconductance G,

o AIoutf o AIoutJr
AVaoa  AVgga

Gme (2.2)
and gain bandwidth product GBW,,, assuming again a perfectly symmetrical circuit.

How do they compare?

What is the total current consumption for GBW,,, > GBWy,, 7 How much is the current penalty
compared to the single-ended case?
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