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Basic Concepts I

o Amplification is an essential function in most analog circuits !
e Why do we amplify a signal ?

e The signal is too small to drive a load
* To overcome the noise of a subsequent stage
o Amplification plays a critical role in feedback systems

In this lecture:
e Low frequency behavior of single stage CMOS amplifiers:
e Common Source, Common Gate, Source Follower, ...
e Large and small signal analysis.
e We begin with a simple model and gradually add 2nd order effects

=) Understand basic building blocks for more complex systems.
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Approximation of a nonlinear system

Input-Output Characteristic of a nonlinear system

y(t)=a, +ax(t)+a,x’ () +...+a x"(1) X, <SX<X,

In a sufficiently narrow range:
() = oy +ayx(1)

yd

where o, can be considered

the operating (bias) point and
o, the small signal gain
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Taking Channel Length Modulation into account

Calculating 4 starting from the Small Signal model:

VDD
= & & ::Vou. R
o+
v(il"l ) tﬁ gmv‘l %rﬂ, %RD Vo] " Vout
i (@)
g V(r,/IR)==V |
S0 | > AV=VOM =-g,(15 1/ Rp)
V=V, Vi
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CS Stage with Current-Source Load

e Both transistors operate in the saturation region:
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General expression to calculate A, by inspection

Lemma:
Av=-G R .
G, : the transconductance of R, : the output resistance
the circuit when the output is of the circuit when the
shorted to grounded. input voltage is set to zero.

o
S -
Vin ) Fout Aot 4 lout Rout Rout
-
o
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CS with Source Degeneration

Small Signal model:
o
+ "..
Vin ( ;. Vi ImVYs
Rg
(a) h)
G — ]D — gml/l
! I/m I/1 + ng/IRS
G, = —5n
1+ ngS

ngD
—_ e — AV = -
AV - GmRD 1 + ngS
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Voltage Gain of Degenerated CS

Small Signal model including body effect & channel length modulation:

_V — Vou
ImV¥ %ro éOmem % Rp

_ _ out
]R _]RS_

R,

R
= V,=-V -5
S outRD

The current throughr,: | = V ou Vi+g Vi)
o RD m
R R V

]ro = [gm( ou S)+gmbl/ou _S] ‘ I/ou =]r0r0_ - RS

D t RD t RD t RD

V. R R R
V o= V. +V. —)+g V =, -V —=

out RD [gm( out RD ) gmb out RD ] ) out RD
I/ouz‘ ngORD

v R, + Ry +71,+(g, + &),
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Gm of Degenerated CS

Small Signal model including body effect
and channel length modulation:

I out

In
+
+
Vin Vi ImV %ro (i; Imb Vbs
V, i x
R

]out = gml/l _gmeX -

I"O s
I R =
=gm(l/in_]outRS)+gmb(_IoutRS)_ S
Yo
‘ G — ]out — ger
"V, Rs+[1+(g, +gw)Rs 17,
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Output Resistance of Degenerated CS

Vl = _]XRS

I,-(g,+g.,)

I'x
|||—+ - <
-+
The current flowing in r: “ Cégmw %"o %gmb"bs _? Vx
I =

=1y +(8, +8u)Rsly %RS

o) Ve =15y +(g,, + &) Rl y ]+ 1 R

VX

out =
]X

R =1ol1+ (g, + 8,)Rs ]+ R

Rout = [1+(gm +gmb)r0]RS +l"0

R, =(g,+&uw)oRs +1, = R, =[1+(g, +g,.)Rs1ry

H. Aboushady
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Voo

Source Follower Voltage Gain

Vino_l M-|
Vout
Rs
I/out =|:ng/1 +gmeBS]RS L
= [gm (I/m - I/out) _ gmbl/out ]RS (a)
- Ay = v ) ¢ R, Small Signal Equivalent Cu:.cmt
Vin 1+ (gm + gmb )RS Vin £+ J] @ gmv1 &mbvbs
Since: gw =18, = Ve
And for : g,.Rs >>1 T Rs
A, b
| ) ] e —————— 1
Av =
= (1+17) / d
—r—Vm \./-
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Common Gate Gain

- v,  Small Signal Signal Equivalent Circuit
= Rp

—oV

out II|—+ o vout
4 Vi é)gmtﬁ Erg ImbVbs =R,

I/out RS _l_I/in =O
RD

The current through r,isequalto -V, ,/R,-g,V,-2,,V:"

The current through R;is equalto -V, ,/R,: ), -

— V
’”0( Vo -2 _gmel)_RLmRS +V, =V

out
RD D

-V R V
7'0 ROW _(gm +gmb)(l/0utR_S_I/in) — Igm RS +I/in = I/out
D D D

H. Aboushady University of Paris VI



Common Gate Gain

Common Gate Amplifier:

(&, + &) +1

= R
vCG D
Ry + Ry +7, +(g,, + &)k
Degenerated Common Source Amplifier:
Em’
s = T 0 R,

H. Aboushady
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Biasing of a Cascode Stage

The cascade of CS stage and a CG stage is called “cascode”.

M1 : the input device
M2 : the cascode device

Biasing conditions:
e M1 in saturation:

Ve =V, =V,
V.=V, 2V, =V,

V,zV, +VGS2 ~ Ve

e M2 in saturation:
V.=V, >V Ve =V,

out

v

out

— I/m V + VGSZ

sz

H. Aboushady

V,

out

Ves2— VTH2

X

+
Ves1— VTH1
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Cascode Stage Characteristics

Large signal behavior:
As V,, goes from zero to V,,
For V,, < V,, M1 and M2 are OFF

— Vout =Vpp

Output Resistance:

e Same common source stage with e, e,
a degeneration resistor equal to r,, : o> v
R, =[1+(&n + &2 )02 o1 + T2 £ _M1 | rm
Rout =~ (gm2 + gme )r02r01 " Aow
'
e M2 boosts the output impedance of M1 Vel M
by a factor of g_r,, .
Voro—lfo M,
Vino—| M,

o Triple cascode R 11
=) difficult biasing at low supply voltage. |
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Cascode Stage Voltage Gain

_ Voo
Av=-G R _ ’
1
Gm = gml Vout
Vbo—l M2
Ideal Current Source:
Vin°_| M1
Rout = (gm2 + gme )r02r01 =
A, = (g + &oir2)02 &uilor
......... Voo
VossH[E m } cascode
Cascode Current Source: ' Current
Voo M;i Source
R, = &ulorlor ! &mitostos i
o~ V
A4, = gml(gm2r02r01 // gm3r03”04) e MU
Vino—| M4
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Folded Cascode

vin °_It M1 vout

Im1Vi,

Simple Folded
Cascode

H. Aboushady

Folded éascode
with biasing

Folded Cascode
with NMOS input
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Output Resistance of Folded Cascode

Degenerated Common Source Stage:

R, =[1+(g, + &)V 1R + 7,

Folded Cascode Stage:
M, = M,

Rs =) ro1//ros

R, =[14+(g,s + &2 1o I Fp3) + 1,

H. Aboushady University of Paris VI






Voltage Gain of Degenerated CS

I/out gerRD
4 R, +Rs+r,+(g, +&,,)R,

Vi En'o Ry[Ry +7,+(g,, +8&,,)Rs7]
V, Ry +[1+(g,, + &Ry Ry + Ry +75 +(g,, + &) BT

%
o = Gm (Rout // RD )
Vin

The output resistance R =[1+ + R.1r

of a degenerated CS stage: 1+ (8, + &) s 1o

The Transconductance G = L _ Enlo

of a degenerated CS stage: | '~ Vi Rs+[1+(g, +8,,)Rs 115
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Estimating Gain by Inspection

Av — ngD — _ RD Vho—'
1+ngS 1/g-m-l_]zS \
B
Im
. Resistance seen at the Drain Ag
Gain = - : : 1 _j
Total Resistance in the Source Path Rg+ o
Example: Voo Voo
I-‘70 Ro
Vou Vout
A =— RD Vin o[, M, Vino—l[, M,
/g  +1/g , A, o
1 -
(@) (b)
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The concept of Half Circuit

If a fully symmetric differential pair senses differential
inputs then the concept of half circuit can be applied.

() ih) (<)

o A differential change in the inputs V,,, and V, , is
absorbed by V, and V, leaving V, constant

H. Aboushady University of Paris VI



Application of The Half Circuit Concept

Since V, experiences no change, node P can be considered
“ac ground” and the circuit can be decomposed into two
separate halves

=) Two common source amplifiers:

VX VY
—=-g,R, ——=-8.5
I/inl in2
VX — VY
-—g R
I/inl — I/in2 gm P

H. Aboushady University of Paris VI



The Half Circuit Concept : Example

Taking into account the output resistance

(channel length modulation)

=) Two common source amplifiers:

Vy

V.

inl

H. Aboushady

_gm(RD //r01)

My _

I/in2
Sl Y
Vv gm( D rO)

_gm(RD //r02)
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Cascode Differential Pair

, Voo Current Source Load:
L
i ' —> A, =g,y 1Top)
Vou
o—{oM, M, l—] Low gain 10 to 20.
Via
. T
?'ss
" ) v V,

- "’ M; Mg t' ” o >
To increase the gain: Vbs Voa {5 M7
Cascode Differential Pair A
> Vor o—ff=—— Voo s—{[* M5
A, = 8,1(&3037o1 ! &mstosor) +— Vour >4 +—0 Vour

Vors s T M?’ Vor o[ w4
vﬂ
v;.:_{ tﬁ" e M’lm-] ' HE“‘
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Operational Amplifier: Performance Parameters

Gain: the open loop gain of an op-amp determines the
precision of the feedback system employing the op-amp

)
20log A, |

Small Signal Bandwith:
Unity-Gain freq., f,, and the 3dB freq., f;_,g- \

Large Signhal Bandwidth (slew rate):
Op-Amp response to large transient signals.

Output Swing:

Linearity: non-linearity can be reduced by using a differential
circuit and by increasing the open-loop gain in a feedback system

Noise and Offset: input noise and offset determine the minimum
signal level that can be processed with reasonable quality.

Supply Rejection:

H. Aboushady University of Paris VI



Single stage Op-Amps

Simple: Cascode: -
Voo M M 00
] Vgogi Mo
M M
VOGWD_I 4 * VNQ Vb?% > 6{ a:
CLI VM‘HE“‘ MzFH th I L HVOMH
} ) Vbi‘ ] - 1
L) = M3 M"

Small Signal Low

Frequency Gain @ 'ss

Ay =g, Fon I 1op)

A, =20

AO = gmN[(gmNFOZN //ngFOZP)

Output Voltage Swing

2[VDD — (VEGI + VEGZ + VEGSS)]

2[VDD — (VEGI + VEG3 + VEGS + VEG7 + VEGSS)]

H. Aboushady

=
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Single stage Op-Amps

Example:
Design this amplifier (find all W/L as well as Vb1, Vb2 and Iref) with

the following specifications:
Vop =3V

Differential Output Swing = 3V Mb}l:‘j i i
Via

Power Dissipation = 10mW

A, =2000 bos R
Assume: o .
14,C, = 60uA/ V' o
w,C,. =30ud/V? bl B~ . uz;Il-]
A, =01V | A =02V Mor i — !l{u, |

L, =0.5um
y=0 , Vi =V =07V

H. Aboushady University of Paris VI



Folded Cascode Circuits

The Idea:

The input device is replaced by
the opposite type.

Same Gain:
V. =g .R V.

out out’ in

(a)

Advantage:

More room to choose the
different voltage levels.

(b)

H. Aboushady University of Paris VI



Folded Cascode Ampilifier

Cascode Folded Cascode
~ Yoo Voo
’1&) GB Iz ’18*) Iz
¥ Iss
e 27 Lo | ¢—o Voul

Ver o5 { My M2 Vm’-ﬂ; {l;
M; M, > y °""":I l:ll"] My My

(a) Biasing Current (b)

1
[SS 1551=ﬁ+11

2

Input Common-Mode

Vn,CM <V =Vess + Vi Vz‘n,CM >V —Voss + ‘le‘

1

H. Aboushady _ University of Paris VI



Folded Cascode Ampilifier

Output Voltage Swing

] o
W~V +Voos + V] + Vo] PR LLT

M My
Vh:—' h 3 4
X v
Vg e 1= IE
Small Signal Gain “:l:‘“° e 2

Ay = &l €370 Fo1 1 Fps) 11 & 7707 0 ]

H. Aboushady University of Paris VI



Folded Cascode Ampilifier

Telescopic Folded Cascode
Iss
V o—:" e ’_u: M
in
Ciot
+——
Vb-z’—l[i“ -
i
(a) (b)

Effect of Device capacitance on the nondominant pole in telescopic
and folded cascode

Croe = Cpgz + Copy + Cppy + Copy, Coi =Cos3 + Cgpy + Cpp + Copy

+ CGDS + C'DBS

H. Aboushady University of Paris VI



Two-Stage OpAmp

High Gain High Swing

&
l

vln: Stage1 | _ | Stage2 Vout

Output Voltage Swing

2[VDD - (‘VEGS‘ + VEG7 )]

Small Signal Gain

Ay = & Ty 1153)% &5 (105 11757)

H. Aboushady University of Paris VI



Frequency Response of Amplifiers

e General Considerations
o Miller Effect
e Association of Poles with Nodes
eCommon Source Stage
eSource Follower
e Differential Pair
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Miller Effect

e Miller’ s Theorem

:X V4 Y; q:x Yé

{a) {

with AV=& we have ZI=L Z, = Zl
V, I—Av l—Av‘
e Proof
/
VX—VY=VX ) Z = 7
/ A 1-—L
VX
/
VY_VX_VY ‘ ZZ: |4
zZ  Z -
2 v,

H. Aboushady University of Paris VI



Example 1

e Calculate the input capacitance Cin:
Cr

1 !
7 = L Z, = sCr x b Y
sC . 1+ 4 e
‘ Cin = CF (1 + A) (a) ’ (h)
Av = - should be calculated at the frequency of interest.

X

To simplify calculations we usually use low frequency value of Av.

Miller’ s theorem cannot be used simultaneously to calculate
input-output transfer function and the output impedance.

H. Aboushady University of Paris VI



Association of Poles with Nodes

Rs M Vout1 Ry N |/outz R, p ¥
Vin O
in
- cln

"

= ] [

v e a1 V)
. R, + 1 sC. 1+sR.C,
SCin
VN(S)= Voutl(S)
1+sR,C,
VP(S)= V:)ut2(S)
1+sR,C,
= Voz(S)_ Al Az 1
V. 1+sR,C. 1+sRC, 1+sR,C,

H. Aboushady

University of Paris VI



Association of Poles with Nodes

I/out ( Al A2 1
s) =
V. 1+sR,C. 1+sRC, 1+sR,C,
1 1 1
w, =——- w, = —— W, = ——
RSCin RICN RZCP

3 poles:
each determined by the total capacitance seen from each node to
ground multiplied by the total resistance seen at the node to ground

H. Aboushady University of Paris VI



Example 2

e Calculate the pole associated with node X:

The total equivalent capacitance seen
from X to ground: C,=C.(1+A4)

1 1
R,.C, R.C.(1+A)

The pole frequency: W, =

H. Aboushady University of Paris VI



Common Source Stage

Neglecting channel length modulation and
applying the Miller’ s theorem on C,,, we have:

The total capacitance at node X:

CX =CGS +(1_Av GD

where, 4, =-g2.R,

The 1st pole frequency:

w

pl

) Ry (CGS + (1 +g,Rp )CGD )

The total capacitance at the output node:

Cout = CDB + (1 — AV_I)CGD =~ CDB + CGD

The 2nd pole frequency:

H. Aboushady

1

a - =
r RD (CDB + CGD )
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Common Source Stage

The transfer function:
I/out (S) — - ngD

Vin(5) (1 + S][l + S]
w,, @,

Sources of error (approximation):
e we have not considered the existence of zeros in the circuit
e the amplifier gain varies with frequency

H. Aboushady University of Paris VI



Common Source : “exact “ Transfer Function

To obtain the exact transfer function:

Applying Kirchoff Current Law (KCL):

Vx =V +5CssVy +SCGD<VX - I/out)= 0
Ry
1
SCGD<Vout _VX)+ngX + (SCDB +R_)Vout =0
D

H. Aboushady University of Paris VI



Common Source : “exact” 1st pole

After some manipulations, we get:

V. (S Cop — &, )RD

out

V.

mn

R¢R)& s*+ [RS (1 +g,.R) )CGD + RyCop + Ry

|

with &=C..C.,+C.C,, +C.,Cpp

|

Writing the (

S
denominator as: D =

1+ —

W,

1+

w,

S

\

Assuming ‘Wm‘ << ‘a)p2

w, o,

Cos + R) (CGD +Cpp )]5 +1

2

1
+
47,

w p

pl

1

=

Cl)p1

) Ry (1 +g,Rp )CGD + RyCop + RsCys + R, (CGD +Cpp )

Compare this result with w,, calculated using
H. Aboushady

Miller’ s Theorem
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Common Source : “exact” 2nd pole
Vo (S Cop = & )RD

Vo RyR,&E s + [RS (1 + 8. )CGD + RCop + RCos + R, <CGD +Chp )]9 +1

mn

with £=C_C.,+C.C,,+C,C,,

s 11
having D= + + s+1
0,0, |0, o,
1

and w, =
Ry (1 +g,.R) )CGD + RCyp + RyCos + R, (CGD +Cpp )

then @ = 1 1
RSRD§ a)pl
= |o, = R (1 + 8l )CGD + RsCos + R, (CGD +Cpp )
2
’ RsR), (CGS Cop +CosCrs + CopCops )

H. Aboushady University of Paris VI



Comparison between “exact” and Miller’s theorem

1st pole: exact o = 1

If " R(Cos + (14 8,Rp )Cop )+ Rp(Cop + Cig )
RD (CGD + CDB ) |

is negligible  Miller | ”' ~ R.(Coo +(1+2 R, )C.p)

2nd pole: exact ,, _ R (1 + 8,1 )CGD + RCos + R, (CGD +Chs )

r R R), (CGS CGD + CGS CDB + CGD CDB )

_ R
if Cgg >> (1 +g,.R, )CGD + R_D (CGD +Cpp )
S
W = Cis
2
g Ry, (CGS Cop +CosCrp +CopChp )

|
i w,, =
Miller | 7 RD (CDB + CGD )

H. Aboushady University of Paris VI




Common Source : transfer function zero

After some manipulations, we get:

V., (S Cop — &, )RD

Vo RyR,&E s + [RS (1 + 8. )CGD + RCop + RCos + R, (CGD +Chp )]S +1

mn

W, = E
CGD
Yoo

Feedforward Rp v 1k

Path | out
== |

Vious in

Rg
Main -_L <t;pi (-;92 wz 5

H. Aboushady University of Paris VI



Stability and Frequency Compensation

Y(s)  H(s)
X(s) 1+ H(s)

Condition for oscillations

B H(jo) =1 { fHGwp =1
/B H(jw)=—18
Unstable
20logip H (W) $ Excessive
: ‘ Gain
| _\‘ )
: w (log scale)
pH(w) y Ex:\oulvo
Phase

H. Aboushady (a)

Stable

................... \ ;(log scale)

0
0
20log | H{w)| !
0
-180°

-
w {log scale)

...................

(b University of Paris VI



Bode Plot & Root Locus

Bode Plot:

(1) The slope of the magnitude plot changes by
+ 20 dB/dec at every zero frequency

- 20 dB/dec at every pole frequency

(2) For a pole (zero) frequency of o,, , the phase begins to fall
(rise) at 0.1w,, , experiences a change - 45° (+ 45% at w,,, and a

change of -90° (+90°) at 10w, .
Root Locus: s =0, + jo,

jok
+Wpt-eer X

-Wpl---X

Weossnaa -Wp

H. Aboushady
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One-Pole System

AO 20log i H () A
H(s) = l+s/a 20!0931\0\
Y(S) B H(S) ’ :’° (,’,(Iog scale)
X(s) 1+p H(s) !
Bode Plot: o (log scale)

We plot ‘ P H (s)‘

and £ H(s) at s=jw
A single pole cannot contribute to a phase shift greater than 90°
=)  the system is unconditionally stable.

o b
Root Locus: "
s, =-w,(1+ /5 4,) - o} px0 |
/ O
We plot the location of the poles -

as the loop gain varies

H. Aboushady University of Paris VI



Two-Pole System

Bode Plot: \

20log g H ()]

Gain
Crossover

¥

0 . -~ -
®py Wp2 o (log scale)
>(:) (log scale)
/[BH(®)Y
B\ = Gain |
=) No Phase Change
=) More Stable System

H. Aboushady University of Paris VI



Two-Pole System

Root Locus: 4,

H(S)=(1+S/a)p1)(l+s/wp2) ) Y(s) _ H(s)
Y(S)= A, X(s) 1+ H(s)
X(s) (+s/w,))+s/w,)+p A,

Aprlpr

s*H(w, +w,)s+(1+f A) w,w,,

1 1
S1,2 =~ 5 (wpl + a)pZ) x 5 \/(wpl + pr)z - 4(1 + /3 AO)wplwp2

'} f(n‘

For B = 0 ﬂ S1,2 = —a)pl,—a)pz L/ Y
B ' ]1;0

* - e

5o L@y -0 - T
1 AO 4 a)plwp2 '

H. Aboushady University of Paris VI
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Three-Pole System

20log | H(w)| A

Additional poles and zeros impact
the phase much more than the
maghnitude

3 H 3 -
W1 W2 o),,g\  (log scale)

-
@ (log scale)

H. Aboushady University of Paris VI



Phase Margin

To ensure stability ‘ pH (S)‘ must drop to unity before /5 H (s)

crosses -180°.

GX: Gain Crossover
PX: Phase Crossover

Frequency Response:

Step Response:

H. Aboushady

Small Phase margin

[BH(®)| A

\< P
¥ (0]

®
180" \
[bH(wly High
£ (|4 peak
1
B
®
4 _underdamped

y(”/\/\/\/\/\
t

fa)

How far should PX be from GX ?

High Phase margin

BH(W)| A

GX

~180
/BH(w) '
¥ il
L )
\ _
(L))
yind overdamped
-

t
13)]
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Example

A two-pole feedback system is designed such that ‘ P H (a)pz)‘ =1
and ‘a)plr<< ‘a)p2 . What is the phase margin ?

o
w (log scale)

0 —

L
w (log scale)
-135°

/BH{w) v

Since /5 H(s)reaches -135°at w=w,,

=) The phase margin is equal to 45°.
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How much phase margin is adequate ?

pH )
For PM=45° = B H(w)=1xexp(-;135) .

1 _ -
v(s)| 1 lxexp(-j135%) K
X(s)|,_,, B 1+Ixexp(-/135°%) 0 \ -
Y(s)| 1 -v2/2-j42/2 '
X(5),_, Bl1-N2/2-jJ2/2
Y(s) 13
X)), | B

{a) J )
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Frequency Compensation

Solution 1

Solution 2

=) Modify /2 H(s)

20!09'|;H((,))| !

Modified
Design

(i)

=) Poles | = Stages | = Gain |
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=) Modify |5 H(s)

20'@'[5”((0)'

- i’

(b)

=) Reduces bandwidth
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Frequency Compensation

Frequency Compensation:
- lower the frequency of the dominant pole
m) increase the load capacitance

How much o must be shifted down ?

20log |y H ()|

-

p,out
Assume:
1- 0,  <<w,,= L Hw, )=135°
2- reqmred PM 45°
20l0g g H ()| i
: . =) -The new dominant pole: @' p.out
0 4+ o -
Wpout  Wpout ;wo-k\ » (log scale) -The load capacitance must be
. & - increased by a factor v, /@', ,,

o (log scale)

[aH{) ¥

Op-Amp GBW = 1st non dominant pole
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Is it possible to compensate using Rout ?

Although, 20i0glg H ()| 4
Aout
p.out =
Rout CL
0 g 3 e

wpott  \ o (log scale)

0 -
\ «» (log scale)

LaH () '

The answer is NO !
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Compensation of 2 stage Op-Amps

20'09|[4H(w)| }

RMI

WpE
QORAL o saadae
P

0 ;‘j (o.(;og scale) (a) (b)
0 Total capacitance at node E:
180 °
270 ° CE +(1+sz)CC

AL
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2nd Stage

=) Common Source Amplifier:

W, = RS|_(1 + 8ok, )(Cc + Copo )"' CEJ+ RCos + R, (Cc +Copo + CL)
’ R R, [(Cc + Copo )CE t (CC + Copo )CL t CECL]
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Pole Splitting

Common Source Amplifier:

i Pole Splitting
CE:[_. ” r \
As /(-)‘

"‘ " ](l) ‘
-t 9
Before
vy Cc Compensation After
In v Compensation
. out —% X Wt [ N —K - -
poy (93 G
A I C,

Before compensation:

1 |
 , = a) ~
"R, (CE + (1 + 8ok, )CGD9 ) " RC,
After compensation:
1 gm9
a = o) ~
8 Ry [CE t (1 + 8,08, )(Cc + Cipo )] r Cp+C,
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