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Why do we need to use Common-Mode Feedback Circuits ?

- In the past, circuits have mainly one input and one output and both
referred to ground.

- Low voltage power supply make single ended circuits very difficult
to perform optimally. An alternative to single-ended circuits is to
use fully differential circuits.

* To double the output swing a fully differential circuit are used.

* The output terminals of fully differential circuits are equal and
opposite polarity.

» Additional properties of fully differential circuits are: improved
output swing, linearity and common-mode rejection ratio.

* How are the differential outputs referred to ?
* How are the common-mode signals eliminated in a Fully differential

circuit ?



- A CMFB circuit, in a fully differential circuit, Is
generally needed for two reasons:

(1) To control the common mode voltage at different nodes
that cannot be stabilized by the negative differential
feedback. This is usually chosen as a reference voltage
yielding maximum differential voltage gain and/or
maximum output voltage swing

(2) To suppress the common mode components, that tends
to saturate different stages, through applying common
mode negative feedback.



Background and motivation .

—Vpp Vo= Voo - IpR —T Voo
=R Vp o—1[M2
IDl _Ovol —OVOZ
Vmo—{ |:M1 vino_{ |:M1
__VSS:O __VSS:O

Can we determine the DC operating points for V; and V,?

Let us first consider the case of one transistor and one resistor.

voL

M1
saturation

Vo= Vin - Vi
M1 ohmic

Tppt omhic I,_s’a‘rur'a’rlon v
Vv GSn
DD
R
VGSZ
Vesi
: ~Vbs

M1
OFF

Analog and Mixed-Signal Center



Second case: Two transistors one n-type and one p-type Vo2t | : :
I, + Mltriode / M1 saturation Vool L+ II¢ IIID IV
P2 / 6s1 = Vip Vi - (Veg - | ' |
6s1 = Vra |pr|)
| | | Vo
| Vs Voo Ves § Vop V00 ’

I M1 cutoff

For Vss =0 Voo - (Vsg - [Vipl) IT M1 sat, M2 triode
ITT M1 sat, M2 sat

IV M1 triode, M2 sat

KW K! W2
2NL1 L Vi -V, ~vg, P2+ An (Vor ~Vss ) =—2—2(Vpp Vi -V, Pli+ 2, (Vpp ~Voy)
KCL
Io, =,

+ Small variations due to process (or to the input) could force the operations in IIT to
move to regions IT or IV.

* Vj, is difficult to fix and the regions of operation of M1 and M2 are very sensitive
to process variations and input variations.

Analog and Mixed-Signal Center (AMSC)



What is the effect of mismatch between the p-type current
source and the n-type current source?

L@
I,- In% Pop
O > T v

I @ ?‘on

o Po=Po// Py

V, due to the transistor mismatches, in Iy; and I, , is
given by

V,=(T, - L) ro = A IR,

For instance for Al=15pA and r, = 266 kQ, this results in

V, = 4V. Since this error can not be produced, M2 is forced
info triode region.

We will study techniques to force AT close to zero.

Analog and Mixed-Signal Center (AMSC)



Examples of voltage amplifiers types
+ Single-Input Single-Output Amplifiers

T = @I I
vino_| r__MD V, o— S ¢ b2
Veo—{ [ Vio—{ [ Mo 2
O - A v
Vie— EMD ﬁ R Vret —Vo Vie— I__QAD ) Vo
@Ib Ve L

* Pseudo Differential Amplifiers

Vi T,
vina— - in vinb— _> < .
| [%zvocrj oV, | [%zvocrj e Ve | 5 @
j }%"_Ovb = = Ves v




How is the common source amplifier related fo common-mode
feedback?

- Fully differential (FD) circuits need common-mode feedback to
operate properly and to fix the DC of the output nodes.

* FD amplifiers consist of common source circuits embedded

in differential pairs. Thus, the properties of the single-input
common source circuits are part of the FD amplifiers.

ib jR:DD _ Mzﬁ }—?—SMZ
- oV i _ 0 Vin o—||:‘M1 - ;MPFOV

ISS SS

Analog and Mixed-Signal Center (AMSC)



* In anumber of applications the inputs and output are short circuited, i.e.,

* From previous slide, for the load resistor Ry, the
input and output common-mode levels is well defined

vin vo
Vo,cm — VDD - ISSRD /2

* For the case of a current source load implemented by PMOS
transistors M2 and M2’ the common-mode level is not well

defined.
Vis * CM Levels depend on how close Iy, and Iy
v, M2 | are to Is./2.
P- p-
) P2Vl ! * Inpractice I is implemented by a NMOS current
Vi ML M Vin source, and similarly for M2 and M2' by means
of a PMOS current source.
Is Ve2
M3

- These two current sources are not ideal creating a
finite error between Iy y, m2 and Iss/2.

Reference.-J.F. Duque-Carrillo, * Control of the Common-Mode Component in CMOS Continuous-Time Fully Differential
Signal Processing, Analog Integrated and Signal Processing,Vol. 4, No.2, pp131-140, Sept. 1993



Effects of drain current mismatches on the DC output
voltage: An example of a FD "resistor equivalent”:

P
_ +
/

P+

O Vpp
w
W T M2 M2 T
L | i |
MB2 ] .
4PT_OVO P
‘ = +
R, = _‘ M1 M1
MB3 || || m3 I
w——wll™ [
T L

Suppose that the drain currents of M2 and M2’ (in the saturation
region) are slightly smaller than Is./2, to satisfy KVL at nodes P- and
P+ then V. and V,. must drop forcing M3 to enter in triode region,

producing only 2Iym2, pmz-

Also if drain currents of M2 and M2’ are slightly greater than
I../2 then both M2 and M2' must enter into the triode region, so

that their drain currents remain I../2.

Analog and Mixed-Signal Center (AMSC)



Closed loop negative feedback effects on the DC output voltage

* The high impedance nodes are difficult to fix their DC operating
points. This is the case of Single-Ended Differential Amplifiers

(Op Amps and OTAs).

+ Op Amps in open loop yield

Vo
V, = or
-VSS
Fortunately, Linear Applications of single ended circuits are based on

negative feedback, and this feedback circuitry also fixes the DC
operating point, i.e.,

R, V.= A(0-V)
Ry " VR
i /\/\/ V- - bUT V- =0 1 1
Vo,dc: 0

Closed—Loop: Negative Feedback for symmetric power supplies.

Analog and Mixed-Signal Center (AMSC)



I/0 characteristics of a FD Amplifier.
Vg = Vo - V= A (V- V)

R
Vo,dm = AVo,dm lele
Therefore V,4,=0 if V*=V- (well defined)
But

Voem=1/2 (V, + V)= ? (undefined)

Where should the value of V, ., be set? Determined?
i Output

Vo' This is the region where V, .

e /’ must be fixed. Yielding
K= maximum output voltage

V-V swing and (maximum)

differential voltage gain.

R5|?W Linear ERSI?W d

I/0 characteristics of a FD Amplifier.

Analog and Mixed-Signal Center (AMSC)



V, cm iS usually fixed by an additional negative (common-mode) feedback
circuit such that the differential voltage gain is maximized.

- Basic Operations
Vi

t——Y%"  — Sensing the output CM level,
l.e.,
vin OVO'
+ —
Vy +V,
T VO cm
Veme [[CM (H,) 2 ’
) cevel — Comparison with a voltage
vcorrec‘rio Circuit r'efer'ence |e,
CM Detector
Reference V — V
Voltage 0,Cm ref
Conceptual Architecture of — Injecting the error correct-
Common-Mode Feedback ing level to the amplifier bias
circuitry.

Stability requires to have negative

— Avoid injection of CM signals
feedback:

to nodes of the amplifier

which do not correct the
PHASE (H;H,H-) < 135° FOR < o u v
ocm:

Analog and Mixed-Signal Center (AMSC)



If the output signals are current signals, the CMF architecture
could be represented as follows:

V,-nbi Fu”y L OVO+
Differential
V,o—— Amplifier oV,
> ICMC
LCM
Sense

Current
Amp

Tr'ansconduc’rance
Level Sense Circuit

A conceptual current mode implementation of Level Sense
Circuit, CM Sense Current Amplifier (Comparator)



A Simple CM Feedback Without Reference

Vol

%

Simple approach

VDD

P L
M10 M1L |
VCM
CORE
OP

AMP
Output Output
Branch Branch

IV,

Core Op Amp can be a two-stage, folded cascode or other

Needs higher power supply
Sacrifices output voltage swing.



EXAMPLE OF LOCAL CM FEEDBACK WITHOUT REFERENCE
TWO-STAGE AMPLIFIER

oV2

O;
Vol

VDD
. i L
—||_Mm10 M11 ||
1 ch VBP I
1 . [ B
R M3 M4 <
> | |
M7 [ ﬁ M6
4 HWW—— —AWWH | . .
CZ RZ RZ CZ
v M1 M2 |f—ovT
I I |
M9 * M8
p > M5 L
V_BN
Output Output
Branch Branch

Reference. CMOS Analog Circuit Design, P. E. Allen and D. R. Holberg 2nd Edition , Oxford



CM signal detectors : two conventional cases

Performance Observations
V 2 al - 1
S — alvo,cm + azvo,dm + 0!3V 0,dm AR Al, AB - High DC offset due to source
AR 1 2R+4IB +4ﬂ followers
CM Detector 2 %= A > - Other buffers can be used to
B 2R+ |[— reduce the DC offset
A * Mismatching between the
V_|i tH_V Al. 21 passive resistors is the dominant
R, R, AV, + 8 =% error in o,
AA A AN L 21, \ p
Iy Is, 8 ?
° Ae IB(2R+ ZJ
B
o 1 . 1 . 1
’ 21y \/8ﬂ|B [ 2 JZ
2R+ |[—
B
CM Detector 3 _1q
& = * High DC offset

v, v, * Highly non-linear CM signal
—“fv—il_ a :MJF%. B detector

Oy =— [— J.F. Dugue-Carrillo, * Control of the Common-Mode Component in CMOS
8\ 1 B Continuous-Time Fully Differential Signal Processing, Analog Integrated
and Signal Processing,Vol. 4, No.2, pp131-140, Sept. 1993



Amplifier performance with CM control by current steering.

STRUCTURE

A

THD
+1V, , @100KHz

v° T = Vet
mean=8.2 dB Vir i
M o=11.1 dB A T M3 Viias3 M3E
detecton WcC=21dB e
2 4 ——
M |_vbIClS5 vbias 4B
VSS

VDD

M].A:l Gbin<1 MlB
M2A v JleM2E

CM
detector

3

mean=20 dB
6=9.5dB
WC=33.7 dB

A folded amplifier as an
example of a FD amplifier

mean=22.1 dB
0=9.6 dB
WC=36.2 dB

mean=9.4 dB
c=8.5dB
WC=23 dB

0.015 %

Low-distortion CM steering loop.



Example of a compensated Op Amp and a CM sense circuit

op amp | CM sense



1% 1 E 33 ,f‘}',.__ Fu
Wha‘r IS a common mode feed- for'ward
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 (or applied to
an internal node of the amplifier) with the purpose to
cancel the output common-mode current component.

Next we consider two examples, one with a BiCMOS OTA
implementation and another one with a fully balanced

~-3 fully symmetric CMOS OTA.

We will discuss the advantages and limitations of this
feed-forward versus the common-mode feedback.



Cancellation of the output common mode current signal

+
V+ +\ IC,d I +
In gm - > 0
Vi, — b lo
In / | C’d
IcY 1 'c =9mcVem
_|_\ Imd = Ime
_?_mc_ Note that the output of gmC has two identical current copies
/

? ) I

+ _ — I Vbias
Vin :ch+vin/2 lo VFI—-I d_

+
0
Vin = Ven Evinlz \ Ve—T=s S ~
+
c.d = 9md Vem + Vins2 ——{ [ f
Ia,d = U mg (ch _Vin/2) ViJrr] W WM(Zl W”j\,/'l W MZ| |—
+ +
lo =lcqg—lc =9mgVins2 (fj (fj (1)
lo =lcqg—lc =—9mg Vins2

(b)
Pseudodifferential BICMOS transconductor with feed-forward common-mode
cancellation. (a) Conceptual idea. (b) BiCMOS implementation.

[*] F. Rezzi, A. Baschiroto, and R. Castello, "A 3V 12-55 MHz BiCMOS Pseudo Differential Continuous-Time
Filter", IEEE Trans. Circuits Systems I, vol. 42, pp 896-903, November 1995.



Let us explore how a common-mode feedforward can be sensed and then
applied. Consider a fully differential OTA with two current-mirrors

o

o

V,
—O —o
vin-
Ibias
""""""" *) cofrecting
signal

FD OTA

al| L)al;
Icm
level sensing
circuit
CM
Sense
Amp OIr‘ef

- Correcting signal can be voltage or current. Note that I,*,and I -are

equal to gmpprver (Vin™- Vi) and gmperyver( Vie -Viy*) - respectively- That is,
we are sensing the input voltage. We are not sensing the output voltage.
- al,* and oI~ are copies of I.* and I -, respectively. In practice the value

of al,isa=1ora=1/2.



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

f
ks
-h;l A

i
ol
A 4
L
<l
= +

I

A

_____________________________________________________________________________________

current addition transformed intfo a V.,

» Since Vi terence = 0, Veorrection = Verm and can be applied to MY and MY.

Analog and Mixed-Signal Center (AMSC)



FD OTA CMFF (current-mode)

| £

| Wl I e M
l'o li0+
o - A
VO_{ UAI M ‘_\7 o
MX’ I | X | MY

* OTA FD CMFF Implementation (Self-Bias)

Analog and Mixed-Signal Center (AMSC)



Common feedback of more than one amplifier and their interconnections

- Observe that only one CMFB circuit is needed per output.
If the Amp 1is 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 amplifier. An example of this type has been
discussed before i.e., the Fully Balanced 4 current-mirror OTA

Complete Amplifier 1 Complete Amplifier 2
' Common- ' ! < ; . Common- ] < '
. Mode || %4, | . Mode || %4, |
V.- Feedforward : % VR VR Feedforward | %, V.-
inl ' Detector | ! - o sprevious = Yin | | Detector | | | °
T & o0 —




O,
i *
Vin+——>— 3”‘1 : g m; Il 9 Mg - Iol

29,

In V, I,

Vir—p | 2m T O, O, —.?—vro?_
gmz +
O,

Block Diagram Representation

L M Ve M
V(M My — Mz M, | T my b Ve
I I I +I T2 (. Iz Iz;h

ol < -
vo+ ‘ + A ] _ . ‘ vo

VCMFB_| [Ms Mf:l I M, j I V, I E M. I |:M6 M;l }_ Vemre

(from next stage)

NEXT OTA IS DETECTING THE COMMON MODE FROM THIS OTA AND
FEEDING BACK TO THIS OTA



Common-Mode Rejection Ratio (CMRR):

{ dBv )

21

&1t

T

G

o

42

3

21

a) CMFF b) CMFB

Cormmoeon Mode Rejection Ratic

c) CMFB & CMFF

v: CMRR (CMFF Only st CMRR {CMFE-+CMFF)
o CMRR (CMFB Only
g ee 1K 18K 1geK M 1M 1geM

freq { Hz )

1G



Transient Response

Transient Respohse

1: Voom ECMFF Only% 1 lem
Lo 76m WYocm (CMFE Only a1 Voom (CMFB+CMFF) . 86U
opOmE  68m ; ; ; ; R

&y

Sfﬁlﬁmé SEm
?@Eimé_ 42m Sy
Grﬁﬁimé_ J@m 4y
5rZ?Eim§_ 28m Sy
‘HZ?Eimé_ TE@m 2y

3gemE 0.8 10L

Eﬁmmi —1@“'1:--------- @,B;

{ A)



Total Harmonic Distortion
(Single-ended)

THD %=

15,

13,1

1.4

9.3

0

5.3

J.8d

1.6

a1 THD
w1 THD

5

Tatal

CMFF Only Single Ended}

Harmonic Distartian

CMFF+CMFB Single Ended)

a: THD {CMFB Cnly Single Ended)

400m

P T
SEEm

P T
BEEm
Vid (Peak_to_Feak)

N

BN



Total Harmonic Distortion
(Double-ended)

THD =

3.6

2.

1.8

1.

Total Harmonic Distartian

v THD (CMFF Only Differential s THD (CMFF+CMFB Differential)

=i THD (CMFB Only Differential

I L P T P R T P |
4@ m GAEM A mM 1.4 1.2

Vid (Peak_to_Peak)



COMMON-MODE FEEDBACK AMPLIFIERS:

Characterization and Simulation

Merged Amplifiers

+
>
H,
P
>
Hy
H»
cM T
Detector 4+

Fully Differential Amplifier
With Common-Mode Feedback

Ideal Response

V, =V a, ==

2

Taking Into account mismatches on the
Amplifiers H; and H,yields:

0,Cm !

2
0,dm

Vs - alvo,cm + azvo,dm + a3v

Analog and Mixed-Signal Center TAMU (ESS)



Let assume the linearized ideal case «, #0,2; =0and «, #0.
Note here that the notation is changed to «; = A , @, = Aps

Vi,dm ADD Vo,dm
ADS
A
Vi,cm = Vo,cm
Using MASON’s Rule
A~(1-LG + An~A4 LG
LGy = Asc Acs AbD effective = DD( CMI)D DC CM
LGy = Asp Aps A = Acc 1- LGy, )+ Asp 4 LGpy,
ALGqy = AcsAp C effective D

A ~ A ADS
DC, effective — DD AC—
S

D=1- LGCM B LGDM ACD,effective = ACD

ALGpy = ApsAg

= App



To investigate the non-linear effects, assume o, #0, 23 #0 and a, =0. Thus
The following expressions can be approximated.

= ADngVi dm ADD f Vo,dm + ASDVS
0 cm ADC gm i,dm ADC f Vo,dm + ASCVS

where
Vs = ACSVo,cm + 0[3Vo,dm ; 0[1 - ACS

It can be shown that:

Vi gm . 5| FD with Vo,dm
m T CMFB Vg o
) = 1 a3 Asp Act V, . HD,= 1 o ASD L
2 LGCM I—GDM,ex | 2 LG LGDM ,ex
g .
ACL :Tm , LGDM,ex = f ADD

Analog and Mixed-Signal Center TAMU (ESS)



COMMON-MODE FEEDBACK LOOP

Vocm

+ \VA
Vin * + : + Common-
Fully Differential Mode
Amplifier 4 Detector
Vin " 1 *
. 1
VM, control = Vemce
+
(Voecm = Vewm)
« Negative Feedback, [H;H,H| <1 H3
VOC HlCM H1C|\/| (S)
Hem = = . = .
Vine 1+ HiH Hg 1+ Hy(s)H,(s)H;5(s)
Hpm = H;

» Stability determined by open loop H,H,H,
* H, is the CM-sense (or comparator) Amplifier.

o Vrer =Vem

In Common - Mode

In Differential - Mode



e H, is defined as the gain between input vy, and the output (\/0+ —VO‘)
I.e. two examples

| -~ | -~ Voo
Vbias™ I V. Vg% determines the current for
j O_ Veme = 0.
_. VO
Vi . - —oVin
|
VCMCO_| . —Veix
—Vss
A Simple Fully-Differential Op Amp
Vv
v | Pl | Pl DD
biasl O] |
1 | * Inherent CM detector
Vbia32 - - V...
. +0—] Vocum —ov:~ O TPz e oy = Vs ?
Vo+ ° Vi ,_/W\/ l/w\/— I .Vo_
VbiaS3 " CD (D bias3
) = o Vemev
—Vss

A Simplified Folded-Cascode Fully Differential Op Amp



StaBILITY REMARKS

» The poles of the common-mode feedback are given by the open loop gain
Hy(s)Hz(s)H3(s)

» The bandwidth of the common-mode gain and the differential-mode gain.

 For differential inputs in an ideal amplifier

Vind A Differential-Mode.
2 ¥ +> o De(t:e'\é'tor How to simulate this D-M?
Vi - — Q0
_ tind TV,
2
T'—T\/ref Common-Mode
H
+ cm | M2 1+ H;H,H, 2
Viem — ) _> Detector|
/‘HI VOCm

T'_Oi\aref



How to check stability of this loop?

Vi, o
+ + —— (HH)L'—
CM
L Detector
-/ VogmH \m .
}7
Vi,cm +
_—Ovref

Analog and Mixed-Signal Center TAMU (ESS)



LV CMFB FOR OTAS j' C i' L
— 1 VBl | — VB2
’ '

Typical OTA connection in
fully differential OTA-C

based circuits. y

The common-mode voltage n Vi -

Is obtained from the input of > E j o \A E
the following stage. Poor o ?

PSRR m@ @ B yher .BG? @ B

IBi

IB IBi

Vm*o—li jp/é igOND L‘{Ml Rl Rl j\‘oj

AN Mc W M

1B @ @ 1B GP 1B IBGP GP B
Pseudo-differential OTAS including the
CMEFB for the first one with good PSRR

NOY




Fig. |. Block fiagram of CMFB with DDA,

Common-Mode Feedback Circuit
with Differential-Difference Amplifier

Zdridaw Czarnul, Shigetaka Takagi, and Nobuo Fuijii




Multipath common-mode feedback scheme
suitable for high-frequency two-stage
amplifiers

ALK, Gupta, V. Dhanasekaran, K. Soundarapandian and
E. Sanchez-Sinencio

A method for stabilising the common<naode feedback (CMFEB) loop in
high-speed fully differential two-stape amplifiers is presented. Existing
approaches may prove o be inadequate for high-speed designs. The
problem becomes acue because of positive DC Bedback by external
network, which leads o “latching states’. The proposed multipath
approach avoids the lawching states while maintaining the stability of

the CMFEB loop.

14
¥oer Hy Ve &
il = >-Dp el

& [e] L

Fig. ? Traditional CMFR and muliipath CMFB schemes

a Treaditional
i Multi path



IEEE TRANS ACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL 53, NO. 4, APRIL 2004 811

A CMOS 140-mW Fourth-Order Continuous-Time
Low-Pass Filter Stabilized With a Class AB
Common-Mode Feedback Operating at 550 MHz

Pankaj Pandey, Jose Silva-Martinez, and Xuemei Liu

Freviows (1A CMFE Pt (T A

Fig. 3. CMFB scheme based on Class AB amplifier.



IEEE JOLTE2AL OF SOLID-STATE CIRCUITE, WOL. 42, 290, 4, APRIL 20907 LE

An 11-Band 3—10 GHz Receiver in S1Ge BiICMOS
for Multiband OFDM UWB Communication

Alberto Valdes-Garcla, Member, JEEE, Chinmaya Mishr, Stdent Menmber, IEEE,
Feromarz Bohmani, Member, [EEE, Jose Siva-Martinez, Senior Member, JEEE, and
Edgar Sinchez-Sineacio, Fellow, IEEE

.. Block | NextG, Block

e ] —_

OIS OFS Dl 1)

|||||

CMFB Error Amplifier

oy cell core and CMFRB circuitry.




458 [EEE TRANSACTIONS ONCIRCUITS AND SYSTEME—I: REGULAR PAPERS, VOL. 54, NO. 3 MARCH 2007

Low-Power Architecture and Circuit Techniques for
High-Boost Wide-Band G,,—C" Filters b T voo #

Manisha Gambhir, Stedent Member, IEEE, Vijay Dhanasekaran, Student Member, IEEE, | Veis P |
Jose Silva-Martinez, Senior Member, IEEE, and Edgar Sanchez-Sinencio, Fellow, IEEE

Vit Vo1
VDD VDD
VEIASP
Vsm:srn_{ I‘_]"m 1 —] [—l;*lﬁ
Wemref . Vs
{7 ME ||
Vcontrolo— '—| I—_p."-"'""f Fig 9. CMFE loop involving two core OTAs and an CMFE amplifier.
T = |
C A - LL{ [, L[ w1
I ] M1z M10 L_..
_L V55
(a)
c
=JMg I_
e T R
26 Vcontrol
Vs'-Wemref -

gims Ci
gmy/2 [ I
|+ :
(b)

Fig. 10, {n) Circuit diagram for the proposed CMEFR EA (b Iis equivaleat rep-
fessan hition,




Final Remarks

DC operating points for high impedances are difficult to
fix

* Fully differential amplifiers with high output impedance
nodes must use common-mode feedback circuits .

» Common mode circuits can fix the DC operating points as
well as eliminate the common mode output component.

* Low voltage constraints impose optimal bias conditions at
both the input and output ports of an amplifier.

- Common mode circuits for LV should be used both at the
input and output



