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Fully-Differential Circuits 

•Differential-mode output

•Common-mode output•Common-mode output 
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Fully-Differential Filters: Effects of current source impedance and mismatches

A very important parameter:A very important parameter: 

Solving the circuit: 

Ys is the admittance associated with the current source 2IB

V lt i N t th ff t f th i t h i ll i Ad d A d•Voltage gain: Note the effects of the mismatches, especially in Adc and Acd
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Fully-Differential Circuits

•Ideal voltage gain•Ideal voltage gain

•Ideally even-order distortions are cancelled
•Ideally common-mode signals are rejected 

•Two-Stage, Miller, Differential-In, Differential-Out Op Amp

DD SS DSsatN DSsatPOCMR V V V V   
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•Folded-Cascode, Differential Output Op 
Amp

•Two-Stage, Miller, Differential-In, Differential-Out 
Op Amp with Push-Pull Outputp p p

DD SS DSsatN DSsatPOCMR V V V V    2 2DD SS DSsatN DSsatPOCMR V V V V   
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•Fully differential circuits are widely used due to their large available signal swing, and
superior supply and substrate interference immunity.
•They need them to be able to reject the common mode disturbances generated by the digital•They need them to be able to reject the common mode disturbances generated by the digital
circuits, the class-AB drivers, the clock drivers, etc.
•As a consequence, all mixed-signal circuitry requires the amplifiers to be fully-differential.
However, his will cost a lot of additional power consumption. Consequently, an extra amplifier
will be required to stabilize the average or common-mode output level. It is called the
common-mode feedback (CMFB) amplifier. It obviously takes additional current.

Simple CMOS fully-differential OTAp y

•Problem: keep M1-4 in saturation
•The biasing voltages VB1 and VB2 have to beg g
such that all transistors are in the saturation
region.
•The problem of the two biasing voltages is that
they have to be matched to such a degree thatthey have to be matched to such a degree that
the average output voltages are somewhere
halfway between the supply voltages, to keep all
transistors in saturation, even for a large output , g p
swing
•Control VOUTCOM Control IDS5

Radivoje Đurić, 2015, Analogna Integrisana Kola
7



Common mode output voltage stabilization

Common Mode Feedback CircuitsCommon Mode Feedback Circuits
•The common mode output voltage is stabilized by sensing the common mode
output voltage and using negative feedback to adjust the common mode voltage to
the desired valuethe desired value.
•Model for the Output of Differential Output Op Amps

•Roi represents the self-resistance of the output sink/sources.
•If the common mode output voltage increases the sourcing current is too large.
•If the common mode output voltage decreases the sinking current is too large.
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•Conceptual View of Common-Mode Feedback

•Function of the common mode feedback circuit:•Function of the common-mode feedback circuit:
1) If the common-mode output voltage increases, decrease the upper currents sources or
increase the lower current sink until the common-mode voltage is equal to VCMREF.
2) If the common-mode output voltage decreases, increase the upper currents sources or) p g pp
decrease the lower current sink until the common-mode voltage is equal to VCMREF.
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Simple CMOS fully-differential OTA with CMFB-1

•Both output voltages are measured. Since we only want feedback on the common-mode
signals, we have to cancel out the differential signals. This is done at node 4.
•Now we have to close the loop with an amplifier and feed it to a common-mode point Any•Now we have to close the loop with an amplifier, and feed it to a common-mode point. Any
biasing point in the circuit can be used for that. For this amplifier it is node 5.
•Clearly, part of the circuit belongs to both the common-mode and the differential amplifier. For
example, transistors M3 and M4 are DC current sources for the differential signals, but single-
transistor amplifiers for the common-mode signals.
•Also, the CMFB amplifier is always connected in unity-gain feedback. Nodes 1 and 2 are at
the same time the input and output of the CMFB amplifier. It may thus require more power to
ensure stability
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ensure stability.
•The differential amplifier is evidently shown without feedback



Simple CMOS fully-differential OTA with CMFB-2

•Again, the output voltages are measured. The differential signals are cancelled out and the
CMFB loop is closed by means of an amplifierCMFB loop is closed by means of an amplifier.
•Now transistors M1 and M2 are common to both amplifiers. They function as a (differential)
amplifier for differential signals, but as cascodes for the common-mode signals.
•The common-mode equivalent circuit is easily found by putting all differential devices in
parallel and connecting them to the common-mode input signals
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Common-mode feedback equivalent circuit

•Actually, the open-loop gain is B1B2gm5Rn1 . This gain is not so high but only a small amount of 
i i d dgain is needed. 

•The stabilization of the common-mode output voltage does not need to be so accurate.
•The outputs will both be at VGS5,6 above the negative supply.
•The GBWCM will evidently be given by the B1B2gm5/(2πCL). We have two input transistors M5The GBWCM will evidently be given by the B1B2gm5/(2πCL). We have two input transistors M5
and M6 but also two load capacitors. The GBWCM can therefore be made quite high, at the
cost of a lot of power consumption though!
•Finally, it is important to note that the gain of the CMFB amplifier is used to increase the

d j ti ti
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Requirements fully-differential amplifiers
•High speed : GBWCM > GBWDM
Indeed if the common mode amplifier were slow only providing DC biasing then a highIndeed, if the common mode amplifier were slow, only providing DC biasing, then a high-
speed spike on the supply line or the substrate would throw the input devices or the active
loads in the linear region. Slow common-mode feedback would then take too much time to
restore the biasing in the input stage. During all this time, the high-speed differential amplifier
would be out of operation. This why this specification comes first.
•Output swing limited by : Output swing of differential-mode amp, input range of common-
mode amp and low power PCM < PDM.
•Requiring the GBW to be as large as the GBW will require a lot of power directly•Requiring the GBWCM to be as large as the GBWDM will require a lot of power, directly
conflicting with the last specification. We will see that there is no easy way of avoiding this
compromise. In principle, a fully-differential amplifier simply doubles the power consumption.

CMFB amplifier with linear MOSFET-1
•This is probably the simplest possible CMFB
amplifier.
•It consists of a differential pair, the current
source of which consists of two transistors M3 in
the linear region, with a VDS3< VGS3−VT.
•The three functions of the CMFB amplifier areThe three functions of the CMFB amplifier are
clearly distinguished.
•The output voltages are measured by the two
transistors M3. Their Drains are connected to
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cancel the differential signal and the feedback
loop is closed.



•The input transistors M1 of the differential pair
function as cascodes for the CMFB.
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•It is clear that in the linear region, the transconductances are much smaller than in the
saturation region. The common-mode GBWCM is therefore smaller than the GBWDM. This is a
disadvantage!
•Why do the transistors M3 operate in the linear region?
•There are two reasons:There are two reasons:
First of all, to have an output voltage in the middle, we need a large VGS3. So as not to
loose a large voltage drop, we need a small VDS3. Clearly M3 must be in the linear region.
The other reason is linearity. We need a linear cancellation of the differential signal to
avoid the reduction of the differential gain because of the feedback. Transistors in the
linear region are very linear indeed!
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Fully-differential amplifier with linear MOSFET
•The differential amplifier is a symmetrical amplifier, whereas the CMFB amplifier is the same
as before. It uses transistors M5 in the linear region.g
•By matching the transistors M5 to M7, the output voltages will be around zero. Assume then,
that we have a B factor of three. Transistor M5 is then 50% larger than transistor M7. Its
current is also 50% larger than in transistor M7. Their VDS voltages are the same because of
cascodes M6 Their VGS al es m st also be the same Since the Gate of M7 is connected tocascodes M6. Their VGS values must also be the same. Since the Gate of M7 is connected to
ground, the output voltages must also be around ground.
•Moreover, the output voltages are better defined (by matching) than in the previous circuit,
where they depend on transistor sizes.y p
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Two-Stage, Miller, Differential-In, Differential-Out Op Amp with Common-Mode Feedback

•The loop gain of the common-mode feedback loop is
10m

CM
gLG
g

 

•If the CM voltage should decrease, the source-gate voltages of M10 and M11 are decreased.
•This causes more current to be injected into the top connection of the sourcing current
sources, Ro7 and Ro6 .
A i b l d di i hi li d fl h h R d R d h h

9dsg
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•Assuming balanced conditions, this current splits and flows through Ro7 and Ro9 and through
Ro6 and Ro8 .



•The same CMFB amplifier can be applied to a fully differential folded cascode stage as well.
•Transistors MN3 operate in the linear region.p g
•The output voltages will be around 0 because the transistors MN3 are matched to the two
transistors in the current source at the input. Their Gates are connected to ground. The
currents in all branches are the same. The VGS values are also the same. The output
voltages are therefore around groundvoltages are therefore around ground.

The main advantage of this first principle of CMFB is that no additional power is required.
The main disadvantage is that this CMFB amplifier may not be sufficiently fast, depending on
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•This fully-differential amplifier uses two equal

Fully-differential amplifier with resistive CMFB

y p q
resistors R to cancel out the differential signals. In
this way a common-mode biasing voltage is
obtained for the gates of transistors M2.
•The main disadvantage is that the resistors R•The main disadvantage is that the resistors R
must be increased in size to ensure a lot of gain.
•An easy solution is to insert source followers
between the drains of the input transistors M1 andp
the two resistors R. Smaller values of R are then
possible.

Simple implementation: source follower

Vo-Vo+
Vo.c. oo
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Fully-differental folded cascode with source follover
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CMFB with current feedback

M3 M4 IB

VoCMCM Voc
Vo+

V M

IB

detectVo- M6 M7
M5

M MM1 M2

•M6, M7 matched

•The CMFB loop will adjust I 6 7 so that

 6
6,7 04 2

mB
c oc cm

gII V V  

3 4 6 7 52D D c DI I I I  The CMFB loop will adjust Ic6,7 so that 3 4 6,7 52D D c DI I I I 

0 6,7 3 4 52 / 2 / 2oc cm c B D D B DV V I I I I I I      
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CMFB using two differential pairs
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•Differential Vo: Vo+↓ by ΔVo, Vo-↑ by  Δvo      
•Common mode Vo: Vo+↑ by ΔVo, Vo-↑ by Δvo
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•Example of a compensated Op Amp and a CM sense circuit with two differential pairs
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What is a common-mode feed-forward correction circuit ?
•A common mode feed-forward circuit is a circuit sensing the input voltage. Then
this input common mode current is added at each of the two output terminals (orthis input common-mode current is added at each of the two output terminals (or
applied to an internal node of the amplifier) with the purpose to cancel the output
common-mode current component.
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•Let us explore how a common-mode feedforward can be sensed and then applied. 
Consider a fully differential OTA with two current-mirrors

C ti i l b lt t N t th t I d I l t•Correcting signal can be voltage or current. Note that Io+, and Io- are equal to

•That is, we are sensing the input voltage. We are not sensing the output voltage. In practice

 0 m in inI g V V     0 m in inI g V V   
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That is, we are sensing the input voltage. We are not sensing the output voltage. In practice
the value of aIo is a = 1 or a = 1/2.



FD OTA with common-mode feedforward (current-mode)

•Current addition transformed into a VcmCurrent addition transformed into a Vcm
•Since Vreference = 0, Vcorrection = Vcm and can be applied to MY’ and MY

Radivoje Đurić, 2015, Analogna Integrisana Kola
25



•OTA FD CMFF Implementation (Self-Bias)p ( )
• We can eliminate Iref and still keep a good CMRR
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Common feedback of more than one amplifier and their interconnections
•When several fully differential amplifiers are used in series, for high-order filters for example,
there is no need to have CMFB around each stage separately. In order to save power, CMFB
can be applied over two differential amplifiers in series, as shown in this slide.
•Observe that only one CMFB circuit is needed per output. If the Amp 1 is connected with a
CMFB, any other amplifier connected to this amplifier does not need the extra CMFB.
•Furthermore in some architectures the CM detector is a feedforward and forms part of the•Furthermore, in some architectures the CM detector is a feedforward and forms part of the
amplifier. An example of this type has been discussed before i.e., the Fully Balanced 4
current-mirror OTA.
•Now, the average output voltage is measured at the output of the second amplifier, and
applied to the common-mode input of the first amplifier. Since the common-mode output of the
first amplifier is used to set the biasing of the second one, all common-mode levels are well
defined.
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•Next OTA is detecting the common mode from this OTA and feeding back to this OTA.



•Fully Balanced 4 current-mirror OTA

Bl k Di R t ti•Block Diagram Representation:
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•Common-Mode Rejection Ratio (CMRR):
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•Transient Response
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External CM Output Voltage Stabilization Scheme for Discrete-Time Applications

•When a clock is available, as in all sampled data circuitry, it can be used towards a low-
power CMFB loop.
•The outputs are measured by a number of switches and capacitors, which provide common-
mode feedback to the gates of transistors M11/M12.
•This feedback is not applied directly to the Gates of M8/M6 to make sure that not all current•This feedback is not applied directly to the Gates of M8/M6 to make sure that not all current
can be switched in the output devices. For common-mode disturbance in the supply lines or
substrate, large transients at the outputs can be avoided in this way.
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•In order to see how this circuit works, it is copied when all transistors are on, driven by clock
W1, and then when all transistors are on, driven by clock W2.

In this slide, clock W1 is high, all the transistors, which are driven by this clock, are on. The
th ff Thi k li i di t hi h th th i l t k Cl l th t tother ones are off. Thick lines indicate which paths the signals can take. Clearly, the outputs

are AC coupled by capacitors C1/C2. Their differential content is then cancelled out. Finally,
this signal is then applied to the Gate of transistor M12 to close the feedback loop.
The GBWCM is set by gm12 and the output load capacitor.
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The GBWCM is set by gm12 and the output load capacitor.
The DC level at the Gate of M12 is not defined because of the coupling capacitances
C1/C2.



•This is why the other two capacitances C3/C4 are precharged to the proper DC voltages.
•Their left side is set to analog ground (Vdd/2), whereas their right side is set at a biasing
voltage which is the same as at the Gates of current mirror transistors M5/M6/M8voltage, which is the same as at the Gates of current mirror transistors M5/M6/M8.
•On the next phase, the capacitors are swapped around, as shown in the next slide.
Continuous CMFB is thus ensured.

•Fully-differential OTA with SC CMFB : Φ2
•In the phase W2, the other transistors are on. Capacitors C3/C4 now provide common-mode
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In the phase W2, the other transistors are on. Capacitors C3/C4 now provide common mode
feedback, whereas the other ones C1/C2 are reset or precharged.



•It is clear that this solution does not take any power at all except for the switching power
consumption of all switches and capacitors.
•However there are a few disadvantages First of all the clock frequency appears in the•However, there are a few disadvantages. First of all, the clock frequency appears in the
signal path. This is a result of clock injection and charge redistribution, which are typical for all
sampled-data circuits such as switched-capacitor filters.
•As a result, we can only use this solution at frequencies well below the clock frequency.
•Moreover, these clock injection and charge redistribution signals severely limit the dynamic
range.
•Intermodulation (and folding) of these signals provide an upper limit to the signal-to-noise
ratioratio.
•Finally, the switched capacitors increase the capacitive load of the CMFB amplifier. As a
result, the GBWCM will be reduced and the common-mode settling time increased.

Radivoje Đurić, 2015, Analogna Integrisana Kola
36


