Fully Differential OTA
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Fully-Differential Circuits
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Fully-Differential Filters: Effects of current source impedance and mismatches

A
101111 A very important parameter: CMRR =—4
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Solving the circuit:

Example: n
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Ys is the admittance associated with the current source 2IB

*\/oltage gain: Note the effects of the mismatches, especially in Adc and Acd
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Fully-Differential Circuits
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*Two-Stage, Miller, Differential-In, Differential-Out Op Amp

o g R:
Vo O—.—l P'ﬁ.h.ﬁ,,—
OCMR =Vpp + ’Vss ‘ —Vpssain — Vbssatp 1

Ms— =

[© —[C s

R; C:; f'1| 0
Vil o—|l: M1 M:j|—0h1
M5
ngi— > IK
BN
VSS

Radivoje Buri¢, 2015, Analogna Integrisana Kola



*Two-Stage, Miller, Differential-In, Differential-Out *Folded-Cascode, Differential Output Op

Op Amp with Push-Pull Output Amp
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OCMR = VDD + ‘VSS ‘ _VDSsatN _VDSsatP OCMR = VDD + ’VSS ‘ o 2VDSsatN o 2VDSsatP
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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 mo
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 OTA

*Problem: keep M1-4 in saturation

*The biasing voltages VB1 and VB2 have to be
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 that
the average output voltages are somewhere
halfway between the supply voltages, to keep all
transistors in saturation, even for a large output
swing

*Control Vg rcom Control Ipgs
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+*Common mode output voltage stabilization

A lr Civ~rito

*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 value.

*Model for the Output of Differential Output Op Amps

» VbbD TVDD
i,1(source) R, R > I nlsource) i,1(source) R, R, in(source)
Vol © o Vo2 Vol © oVo2
I, (sink) R 3 R4 I »(sink) i,1(sink) R 3 R4 i (sink)
Class A Output Push-Pull Output 060718-08

*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
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*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 V yrer
2) If the common-mode output voltage decreases, increase the upper currents sources or
decrease the lower current sink until the common-mode voltage is equal to V yrer
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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
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.

*The differential amplifier is evidently shown without feedback

nint Anv
A\ | L. 7\

Ily
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»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 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 B,B,g,,sR,1 - This gain is not so high but only a small amount of
gain is needed.

*The stabilization of the common-mode output voltage does not need to be so accurate.

*The outputs will both be at Vg5 4 above the negative supply.

*The GBW_ ), will evidently be given by the B;B,g,,5/(2rCL). 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
common-mode rejection ratio.
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"Requirements fully-differential amplifiers
*High speed : GBW,, > GBWp,
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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 Pgy < Ppu.

*Requiring the GBW,,, to be as large as the GBW,, 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 Vpg3< Vg3~V

*The three functions of the CMFB amplifier are
clearly distinguished.

*The output voltages are measured by the two
transistors M3. Their Drains are connected to
cancel the differential signal and the feedback
loop is closed.
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*The input transistors M1 of the differential pair
function as cascodes for the CMFB.

Vps ~200mV, Ipg = BVpg (Vs —Vr )

Omz = ﬂVDS
gml
GBWny =
M 27C,
Om3
GBW.,, =—""
M 27C,

Vss

It is clear that in the linear region, the transconductances are much smaller than in the

saturation region. The common-mode GBW(,,, is therefore smaller than the GBW,,. This is a

disadvantage!

*Why do the transistors M3 operate in the linear region?

*There are two reasons:
v'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 V5. Clearly M3 must be in the linear region.
v'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.

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 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.
) VoD
M7 II:II- M5

M5 -||:IB:2.I.'|

VSDS ~ zoomva IDSS = IB\/SDS (VSGS o ’\/TPD i
s = Moo Ve
GBWDM - B gml CL
Oms 3
GBW,y, = < GBWpy 3
27C, j|7 ‘
-
B:1
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»Two-Stage, Miller, Differential-In, Differential-Out Op Amp with Common-Mode Feedback

VbD

e ]y, |
i i
C

c R M3 Mi—% .
L L Va2
Volo——¢— (A AN —1="

Vil o—II: M1 Mﬂ —ovi2

qu' = M> 'l:h{8
™ t',ew L= |

Vss Fie. 7.3-12

*The loop gain of the common-mode feedback loop is
~_ Ymio
LGey =

-If the CM voltage should decrease, the source-ga?égvoltages of M10 and M11 are decreased.
*This causes more current to be injected into the top connection of the sourcing current
sources, R,; and R4 .

*Assuming balanced conditions, this current splits and flows through R_; and R4 and through
R.sand Rg -
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*The same CMFB amplifier can be applied to a fully differential folded cascode stage as well.
*Transistors MN3 operate in the linear region.
*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 ground.

+§'-.,."
MPIA
Mptlj*r Lljll ~VBus,
HMF’EI&
’MPEj} - Vaus,
+o——-| ; _LCL o +
VIN I
= MHN|Z A
- e | —H—eveus,
M| MN|I A
j: .—1_1'} ‘_% = VBIAS,
l
— L
-5V i

v'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

the application.
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»Fully-differential amplifier with resistive CMFB

*This fully-differential amplifier uses two equal
resistors R to cancel out the differential signals. In
this way a common-mode biasing voltage is
obtained for the gates of transistors M2.

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 and
the two resistors R. Smaller values of R are then
possible.

*The main disadvantage is that the resistors R —-I
vin1f"‘2

Simple implementation: source follower

Vv
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Fully-differental folded cascode with source follover

M4 |:||_1 \ 1 :|..| M4 1 :I:INM Voo
M5 :|| r o L s
T ' C) » "I: L (4]
M3 +

2] 4 m = MBS 2] -
Ve _Il:l_ _|:|"
[1]
M6 |
£ F BZ -
|I:I ) M2 § ||:I M6 (I)
) R, R, ) Vee
Lmin =08 um g "'71" =07V GB“FD_\I =10 MHz C]_ =3 DF
T'll = 60 M‘mvz & K'}] = 30 j..Lmvz GB“?(-:\I = 20 )IHZ
Ve, =4 V/um & Vi =6 V/um all PM > 70°

Vpp/Vss =2 1.5V
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» CMFB with current feedback S

o e oL

V

s ICM

i - Voo
Vo. . A detect L‘ Mg | M, Ms

T ‘7

@

*M6, M7 matched lc6.7 =ITB—%(VOC ~Voem)

*The CMFB loop will adjust I, so that  [Ips|+|Ipa|+ 2167 = Ips

Vo =Voem = 2167 = IB/2:>‘ID3‘+‘ID4‘+IB/2: I 55
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»CMFB using two differential pairs

<§> 5 Vewm

ol | 1]

+A] l o *A
%
_Ai CMFB

VY4

Differential V,: V.| by AV, V1 by Av,
«Common mode V_: V.1 by AV,, V.1 by Av,

) AV,
O =9m2 =9m3 = 9m4 = Al = gmlT

ms Oms
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*Example of a compensated Op Amp and a CM sense circuit with two differential pairs

Vﬂ \:\ Vﬂl .
cm__|
VIE . >
/ V{JE ch_
v
i Veme
Vin |

op amp | CM sense
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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
+If\:l\ :HV‘\I I"‘ 'aYaVNaalaaYale) MI\AI\ f\llFFI\V‘\"‘ :t'\ f\AAf\A f\+ I\f\f\l‘\ I\'F ‘I'If\f\ ‘I'\AII\ 1 I"'V'\I I‘I' +Arm:nr\|r\ I
Uito Mmiputl LUITHNVIIFTNTIVUCS CUTICIHIL 1o aUUTU 4dl ©adull Ul UIT LwU Uulpul wWwoliiinialo \UI
applied to an internal node of the amplifier) with the purpose to cancel the output

common-mode current component.
|

+
Ica

/

Vi

m -

Vin

e IID

2 ::[6

£

Ic.d
v, | ~ .-
Viy =Vgn +—2% Ic 1 Ic =2meVem

/

5<
(rq
rEI

=
<
3
|
\

e (v Ve) e [y Vi)
C.,d gmdLch"'zJ IC,d gmdkvcm 2J

V. - v
|+ ch_IC_gmd(V + 2j_IC IOZIC,d_IC:gmd(ch—%j—IC

V.

Ome = Omg = lg = Omg 5 lo‘——gmdj”
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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

al al’
ch
]:Cm
e | Ievel_ seqsing
s - T
V, v, circui
Vm+ vir‘q-
T k? Im“ Ibins CM
bias
correcting Sl
signal Amp Lret

FD OTA
*Correcting signal can be voltage or current. Note that lo+, and lo- are equal to
lg =0 (Vi; —Viﬁ) lo = O (Viﬁ —VirT)

*That is, we are sensing the input voltage. We are not sensing the output voltage. In practice
the value of aloisa =1 ora= 1/2.
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FD OTA with common-mode feedforward (current-mode)

<
v

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

ref

ref

*OTA FD CMFF Implementation (Self-Bias)
» We can eliminate Iref and still keep a good CMRR

Radivoje Buri¢, 2015, Analogna Integrisana Kola

MY

26



?

i, =1 (i.i,)

5 Mg
! 1 | ! lp —Vss
T P
b=k=K= k=lg=Il4=1 '11—'12—5('1“2)
lo =l 1o =1
i —j _jnth ; _h~h i i _jnth 5 _b~h
in=ho—Hk 2 ) 12 =lg 1y 1 )
B 2 2 B 2 2
'1—5(VGS1 ~Vip) =~ (Vesi +V1) '2—5(Vesz Vip) =—(Vgsy +Vr)

. i—-i, B V, +V . _bL-h _ B ([ utVs
|I1=—122=5(V2_V1)[VDD_(122+VTjj h2 =7 2(\/2 Vl)(VDD ( 2 o
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B B Vy 1 1
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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
CMEFB, 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
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.

Complete Amplifier 1 Complete Amplifier 2
Vi’ | F 32323090 B Vorpwiow Ve B 00 E m, Vo
| Common- | | L] . Common- | | B
| [ J? | | (] ’? |
 Mode 1 %, a . Mode ! %, a
v._- | Feedforward: N V- _ v -| Feedforward N V,-
int ' Detector | | | | "o rprevious = Yin | i Detector | | |
= e - L—o0—
——— L_________]L__________J L e !

*Next OTA is detecting the common mode from this OTA and feeding back to this OTA.
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*Fully Balanced 4 current-mirror OTA
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T v T T Ay

(from next stage)

*Block Diagram Representation:
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Common-Mode Rejection Ratio (CMRR):

( dBV )

Qi
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4
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110

0.

—1@
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i@ e 1K 1eK  1eeK M 1eM  1geM 16
freq ( Hz }
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*Transient Response

0: Vocm ECMFF Only% 0 lem
1.0 7¢m ¥ VYocm (CMFB Only a: Vocm (CMFB+CMFF) 80y
O20m 60m f 7@y
820m 50m f 634
730m 4gm | 54
Sduly 30m 40U
5@@m 20m | 30u
HZAm 1@m 2@y
3@ @. e 16U
23@0m a1 21 Ty T I S B T B N
. 2.4 4.0 ©.0n 8.4 1in
! av time ( s ) !
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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
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.

Vdd
M“qd 31};’_““2 cmfb
L — v
L M6 M8 | | b L Cl G2
Vout+ |
Vin+ Vin- |Vout- $1H — —
o Ml MZH%’—“ i — ¢ u
—= = | |om \
/CL L ©
m7 JF——C m3 ma J——L M9 o\ C3
s $ 2
Vss =0V ¢}“ —
®IH !\ “¢iH
L C4

analog GND = Vdd/2
Vb
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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.
vdd

Switches
¢4y closed
gives CMFB
and
precharge C

®1H $1H
analog GND =Vdd2 —=

v'In this slide, clock W1 is high, all the transistors, which are driven by this clock, are on. The
other 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.

v'The GBW_,, is set by gm,, and the output load capacitor.

v'The DC level at the Gate of M12 is not defined because of the coupling capacitances

C1/C2 Radivoje Buri¢, 2015, Analogna Integrisana Kola
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*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

nlta avhich ic tha at tha Catac nf o nt M r tr ctnre I\III:II\IIRII\IIQ
vuuagc WnNICN IS TN€ Saimie as at ine waiesS o1 Cuirent IIIIIIUI LIGIIOIOLUIO IVIO/ IVIU/ IVIO.

*On the next phase, the capacitors are swapped around, as shown in the next slide.
Continuous CMFB is thus ensured.

Vdd

Switches
¢,y closed
gives CMFB
and
precharge C

*Fully-differential OTA with SC CMFB : ¢2
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.
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*It is clear that this solution does not take any power at all except for the switching power
consumption of all switches and capacitors.

oLl f A Ciret Af all th
1 1UVWC VI

/N\AJ OﬁA\lﬂn+ﬁﬂﬁﬁ Y 'alYaYal el
1T VYV UIOGUVGIILGHUO. I ot VI dil, UuUIT UIUUN v
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
ratio.

*Finally, the switched capacitors increase the capacitive load of the CMFB amplifier. As a

result, the GBW,,, will be reduced and the common-mode settling time increased.
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