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IC Technologies
CMOS

Si Bipolar

BiCMOS

GaAs (E/D MESFET & HFET)
InP Heterojunction Bipolar
SiGe Bipolar and BICMOS

Applications
Telecommunications
Optical
Wireless
DSL

Computing Applications
A/Ds and D/As
Audio including voice
Displays
Disk drives and CDROMs

Sensors and Actuators

Automotive
Engine control
Displays
Anticollision systems
Airbags

Biomedical
Pacemakers
Hearing aids
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Analog Circuit Hierarchy

Device Technology
CMOS, bipolar, GaAs MESFET, HBT

Basic Circuits
Amplifiers
Current mirrors
Buffers

Functional blocks
Operational Amplifiers
A/D converters, D/A converters
Voltage controlled oscillators
Mixers
Comparators
Phase lock loops
Voltage references
Filters

Subsystems
Modulators and Demodulators
Optical and wireless transceivers
DSL and LAN modems

Systems
Cellular phones
Disk and CD ROM drives
Modems
Measurement instruments
Automobile air bag
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Advantages of single-chip implementation

1) Reduced system size — cell phones, hearing aids.

2) Increased speed — no parasitic capacitances from pins and
interconnect

3) Reduced power dissipation — fewer off chip drivers required

4) Increased reliability — fewer packages, fewer interconnects
and fewer bond wires (connections are most unreliable)

5) Reduced cost — smaller and simpler printed circuit boards,
fewer packages (It costs about $10,000 per kg to launch
a satellite)

Disadvantages

Integrating digital and analog components on same chip may
increase design time and number of iterations due to noise
coupling

Other technologies may offer improved performance

For instance, InP low noise amplifiers have lower noise
figure than other technologies and may set the performance
level for the whole system.
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MOSFET Operation Simplified (Fluid Dynamics Analog)
Vr = turn-on Voltage (threshold voltage)

1) Cut off: Vgs < V1, Vps = 0

G Source Gate Drain
S _— D Tank Tank

i
z
¥
\
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)
!
|
|
|
)
i
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¥
\

4) Saturation: V(;s > VT y 0< VDS > VG - VT
Flow becomes independent of Vps
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The MOSFET
Enhancement mode n-channel transistor (NMOSFET)
L
w
G
S D
L ™)
P-type
Substrate
(Body)
B
MOSFET Symbols
N-channel P-channel
FETs FETs

1 ]
] -

M1 M1

If bulk is connected to proper power supply:

M1

_I B at lowest _I B at highest
chip potential chip potential
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Basic MOSFET Equations

N-channel MOSFET Equations (simple model)
Ips =0 Vas <Vr Cut Off

w Vis® .
Ips = K'T{(Vcs -V Wp: ’%:](I+AV[)S) Vas >Vr. Vps <Vs ~Vy  Triode

Ips :%k*%(mgs VP (1+ AVps) Vas >Vr, Vps >Vgs -V Saturation
V=V A0, @) =20,
K'= uC,, C,. =345/F/u® for t=10 nm

K’, V1o, v, @, A are process parameters
W and L are device geometry parameters

The simplest model in SPICE (Level 1 or default model) uses the
above equations.

Parameter SPICE Parameter Units
K’ KP AN
V1o VTO \%

y GAMMA Vo8
A LAMBDA V!
@ PHI \%

Typical values

A 0.05-0.005 V'

VTO 05-1.0V

K’ 200uA/V? (tox = 0.01u)

y 2-1.0V%
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N-channel device I-V Characteristics

VGS3
N VGS’VT
on- J
l' lo | saturaton
w /,f“ Saturation
+ // /
+-| Vos - /
v - /
< ) / VGS2
vest
Vs = -1/ Vos
P-channel device I-V Characteristics
IDS
VDS
VGS=-1.5V
VGS
+
VGS=-2.5 G

Saturation Non-

| saturatign
[Vl V4l

VGS=-3.5
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P-channel MOSFET Equations (simple model)

1) Multiply all voltages by —1
2) Compute current as for n-channel
3) Multiply current by —1

OR
Isp =0 Vs <[V Cut Off
Vs

5 (1+Vsp) Vo >Vrl|s Vsp <Vsg -|V7| Triode

w
Isp = KP'T Vs -VrlWso -

[ .
Isp :EKP'T(VSG — Y 1+ AVsp) Vs >IVrl, Vsp >Vsc —|V;| Saturation
Ve =Vyo— 7@+ Vs —V0)

Kp'= )y Cox

Example

Vs =4V, Ve =2V, Vp=1V
V7=0.8,1=0, Kp' =100 pA/NV?
W =10y, L=2p

| Vos|>|Ves|-|Vr| = insaturation
1 w
Isp :EKP'T(VSG —‘VTDZ(“'/WSD)

= Mlo7"(2 —|- 0.8 (1+0)=250u(1.44) = 3604

SD 2 2u
Ips = -360 pA
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Body effect parameter (y)

M1

= ]

SB M1

<

N-channel device

Vy =V +r @47y —@)
Example

Vio=0.5V,y=03V% Veg=3V,d=06V
v, =0.5+03(/3+0.6 -0.6)
Vy =0.5+0.34=0.847

P-channel device

Vi =Vr *7(\/(1)‘”/33 *‘/6)
Example

Vig=-0.7V,7y=06V*® Vgs=2V,0=0.7V
7,/=0.7+0.61250.7-+07)

V. =—(0.7+0.48) = —1.18V
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+
V

SB

The source and drain terminals are interchangeable
In our equations Vps > 0. Interchange terminals if Vps < 0.

Example 3V

Vro=1V, =0, K =60 pANV? =L

I

Y
=05V 0=08V ov <+
W=1u,L=1n

%
1) Calculate Iy for Vy =1V 2V

Since Vy =1V >0V, the drain is on the right

VGS=3V,VDS=1V,VSB=2V

3V
VT:VT0+7(\/®+VSB_\/6) == IY
oV m D
v, =10+05(2+08-+08) & W

V, =1.0+0.39 =139V
Vgs-Vr=3-139=161V

Vps < Vgs - V1 = non-saturation region

w Vs’
Ips = K'Tl:(VGS Vi Wps = D2S :l(l +Vps)

2
I = 60;4{(1.61)1 - ﬂ(l +0x1)=66.6ud=1,
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2) Calculate Iy for Vy=-1V
Since Vy =-1V <0V, the drain is now on the left

Ves =4V, Vps=1V,Vgg=1V 3V
|

1
V=Vt /o7y Vo) oy §T Le=®

D 1V
v, =1.0+0.5(1+0.8 -0.3) 2V
V, =1.0402=12V

Ves-Vr=4-1.2=28V>Vps = non-saturation region
1 1?
I s =60u7 (2.8)1—5 (1+0x1)=138ud =1,

ly = - 138pA
Calculation of Vg for a given drain current

Transistor in saturation

Example
Vro=0.8V, =0, K =77 pA/V?
=035V ®=08V 1=1ma}| SV
W =10y, L=2p

VG-I -1V
a) VD =5V

VT:VT0+7(\/¢)+VSB _\/6) ov
V, =0.8+035(1+0.8 —0.8)=0.96/

Assume transistor in saturation

21
Ve 2V, + %S/
K'—
L
3
Vs =0.96 + & =0.96+2.28V =3.24V

77x10°6 10
2

Check assumption: Vgs - VT =2.28 V < Vps =5V = saturation

region
I .= 1 K'K(V _V )2 .
ps =% Ves T r/ assuming A small b) With Vp = 1V, the saturation assumption is invalid
= 1V
5] 5] For non-saturation : 1"N
V..-V.= DS V..~V + DS
GS T or Gs ="r w . v _| Aav
K— K- : :
L L [vs =K T{(Vm _Vr)Vus - L; } ¢
ov
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I Vv Determination of y and Vo
Vs =V, + D5 DS
K'K Vs 2 From previous measurement, V1 is known as a function of Vgg
L
107 1 Vy =V + 7O+ Vg — @)
Ve 2096+ ——————— + — = 4.06V T 5

77x10*69x1
2

Check assumption: Vgs - V1 =4.06-0.96=3.1V>Vps =1V =

non-saturation region

Parameter Extraction

Determination of K and Vy (K = K’'WIL)

At very small Vps, {ps = K(VGS -V )VDS
Slope = KVps, extrapolated intercept is Vr
V.

SB3
/

VSW VSBZ
| / /

D

If W/L is known then K’ = K/(W/L)
If slope is not the same for all curves, use an average value
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Plot V1 versus 4@ + Vg, -Jo assuming ® =0.6 V
Ve Slope =y

N

TO

Jo+V, —Jo
Slope =y, intercept = V1.

Calculation of A
1 W
Ips = EK'T(VGS =V 1+ V)

For afixed Vos and Vg Ips =1y (14 AV )

g

K'w
where 1o ZTT(VGS -V )
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IDI (1+A‘VDS1)

1D2 - (l+]’VDS2)

Sove £ e A=y
olve for A: Viosad pr =Vpsid pa

CMOS Integrated Circuit Technology

Starting Material

Start with a single-crystal Silicon wafer — up to 12” diameter (300
mm)

sio,

P substrate

Grow oxide layer
Si+0; > SiO;
Temperature raised between 850°C to 1100°C
Consumes Si at rate of 0.44 times SiO; thickness

A unique property of Si is that the SiO, oxide layer thickness can
be controlled very uniformly

Photolithography
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UV light
Iz J ; ; J iiiu’ iiliiiiili Mask
Photoresist Photoresist
sio, Sio,
P substrate P substrate
1) Apply Photoresist 2) Expose with UV light

Creating N and P-Type Regions

Photoresist 5 ! -Photoresist
Sio, Sio,
P substrate P substrate
3) Develop Photoresist 4) Etch SiO,
Positive resist : exposed resist is removed SiO2 can then be removed
Negative resist : p dresistisr with hydrofluoric acid

[ sio,

P substrate

5) Strip resist leaving patterned SiO,
Diffusion

Deposit a layer of material on surface
Boron for P-type and Arsenic or Phosphorus for N-type
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Raise temperature to ~ 1000° C to allow impurities to
diffuse into substrate and replace Si atoms
Highest impurity concentration at surface

lon Implantation

Atoms are inserted at high energy into substrate
Must be annealed at ~800° C to activate and reduce
damage to substrate
Most common method because

Very uniform across wafer

Peak of impurity profile can be below surface

Deposition and Etching
Deposition

Various materials need to be deposited on the wafers to
fabricate circuits

Chemical vapor deposition (CVD) is a common method to
apply polysilicon, silicon nitride (SizN,) and other dielectrics
Metals are typically evaporated onto the wafers

Etching

Used to remove materials with high precision
Wet etching

plasma etching

Reactive ion etching
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Layout Example of PMOS Transistor

P-type N-well contact
Source and drains Via

/ gate '/

Metal 2

Contacts

N-well
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Process Flow

N-=Type implant

5104

s

p-substrate p-substrate

(] L)

il
p-substrate p-substrate w,,' to be formed.

n-well
p-substrate p-substrate
{e) in
N-Type Implant M-Type Implant
Poly o :Pofr
p-substrate
g (L)
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Calculation of Threshold Voltage

L

S D

e ST

_ N— S
Channel

Depletion Deplgtion P-type
Region Region Substrate
B

Assume Vps = 0.
As voltage is applied to the gate, a depletion region forms in p-
type substrate.

VgL s o .
T e where N, is density of acceptors in p-type
substrate. Integrating twice in vertical (x) direction yields

_ gN, x12)
- 7 , where xp is the depletion depth.

¢

&

. - 2¢e¢
Therefore 70 gN,

The charge exposed per unit area Qdep =gN ,x;, =+/2gN ,&¢

When ¢ reaches 2 ¢r inversion occurs where ¢r is the Fermi level.
An increase in ¢ results in no further increase in xp but electrons
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can flow from the source/drain. This forms a channel between
source and drain.

The voltage on the gate required to produce inversion is called
the threshold voltage, V.

Q. 0
V, =24, +—L+¢ —=5
T ¢[ Cnx ms COX

oms is the work function difference between gate metal and Si.
Qss is the surface charge at Si — SiO, interface.

Cox is the capacitance per unit area of the gate oxide.

st dep() + Qdep - Qdep()

Ve =20, +¢, ——>+
! ¢F " CUX CQX CQX
L )
e Correction
V1o term
Qdep - Qdep() _ \/ZqNAg(2¢F + VSB) - \/ZqNAg(2¢F)
CDX CUx

Qdep_QdePO :@( 20 + Vg _M)

C

ox

29N &

C and is typically about 0.5 V°°

ox

_ b _ 2
C _T =345/F for tox = 10 nm = oxide thickness

ox
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Ve :Vro+7(\)2¢F Vs _M)

_KT I N,
Pr= 7 n(}T) where n; is the intrinsic impurity concentration

i

of silicon.

Derivation of Non-saturation Equation

L

If Qa is the charge per unit area, then the current
t
1C o
t t
Now consider the channel when Vgs > V1 and Vps = 0.

=0, , where the v is the velocity.

L
w
G
S D
N+ dy N+
- —
— Ly N— — -
| e |
y=0 y=L
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The charge induced in the channel is

o= CoxWL(VGS - VT)

If Vpbs > 0 then the surface potential is a function of position
V(y=0) = 0 and V(y=L) = Vps

The charge per unit area is

0, (»)=CoVgs =V =V (1))

Ly =—0,Wv=—Q,WuE =0,V (— %)

ox

dv
[DS = ,UC W(Vcs _VT _V(y))aTy

Vbs

L
J]mdy = uC, W I(VGS -V - V(y))dV
0 0

y2
IL= lucuxW|:(VGS -V )VD - ;S:|

w Vs N4 Vs
Ipg = pC,, L{(VG -V )VDS _55:| =K L|:(VG -V )VDS _lz)s:|
W w
where K'=uC,. and K=K T:ﬂcoxf_

This equation is only valid for Vps < Vgs — V7

K'w )
For Vps = Vgs — V7, IDS :77(1/65 _VT)
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When Vps = Vgs — V1, the value of Vps is called Vpssat
0,(L)= CUXWL(VGS =V =Vps ) =0, implying there is no mobile

charge, which can not be true!
Channel Length Modulation

Above Vpssat channel pinches off at drain end

K'w
I s :?g(VGS _Vr)2

Lesr =L -AL

L_¥~1(1+
L, AL L
@ L1-2F

( L)

To first order

AL
— <V
L DS or

1 W
Ips ZEKVZ(VGS _VT)Z(I"'ﬂ*VDS) for Vps >Vgs —Vr
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Second order effects in MOSFETs

Subthreshold conduction

square law

subthreshold

Velocity saturation

\

V

sat

Slope =pn

E
V= ﬂT
1+ AC
For a 1u device with Vps > 2 V, the electron velocity is saturated

Ip e (VGS - V;) but not a square law
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without velocity
saturation

Wit velocity 4
saturation ..

Hot electron effects

High field in drain region give enough energy for carriers to enter
oxide.

changes Vo over time

leads to significant substrate currents - rq, term

Small geometry effects on V1o and y

Gate Length
Vo decreases as L decreases because more of depletion region

controlled by source and drain
y decreases because substrate has less effect
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To VTO

2 .

L w

Gate Width

Vroincreases as W decreases because field under gate
weakened by fringing effects

y increases because more charge controlled by body

Drain induced barier lowering (DIBL)
The drain acts as a second gate and modulates the depletion
charge = shift in V1o

S D S — D
S S )
l‘\\;777 777777777777 4// \\\\‘ 777777777 <,/l . S o . /

charge
controlled
by gate

Vio'=Vio = AV (L) = AVy (Vg ) + AV (W)
Punch through

The drain source depletion regions reach one another resulting in
current below surface
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Avalanche breakdown

Electron-hole pairs create additional e-h pairs at high Vgs

D
triode . \
region \  avalanche
| \ region
// saturation \
region \
/
7 \
VDS
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SPICE

Example SPICE circuit to measure I-V curves of N-channel
MOSFET
WinSpice 3 is a free interactive SPICE program

Input file

Circuit Title

*First line is the title line comment line! SPICE will ignore it
* an asterisk at beginning of line is a comment line

* voltage sources
vds 305V
vss200

vgs 102

m13122cmosn |I=1u w=10u ad=20p as=20p pd=24u ps=24u

.MODEL CMOSN NMOS ( LEVEL = 1 VTO=0.7 KP=200u
+GAMMA=0.5 LAMBDA=0.02 PHI=0.7)

*scans vds in 0.1 volt increments from 0 to 5 V for 5 different
*values of vgs: 1,2,3,4,and 5V

.dcvds050.1vgs151

.plot -i(vds)
.end

nh vdsfbranch
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Small-signal DC Model (low frequency)

Analog circuits often operate with signal levels that are small
compared to bias currents and voltages.
Small-signal (linear) models are useful to predict circuit operation

ly

Linearized
Approximation

Operating / iy
Point . A . d,// ,,,,,,,

N

gs

V, Vs
GS

Small signal operation

Nomenclature
Lower case is used for small-signal values.
Upper case with upper case subscripts is used for DC biases.
Upper case with lower case subscripts is used for total signal.
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dm: small-signal transconductance

e L
o Ve

In saturation: assuming AVps <<1

= a[d :K‘Z Vi —Vy)
L
Vos =Vr = DS
N4 N4
g, =K DS =\ 2K Dy
o, W
In non-saturation:  &m = v K TVDS

gs
Where is region where small-signal model is accurate?
Assume Vgs = 0 and the transistor is in saturation

. 1w

Ios +iy =5 K T(VGS —Vy+v, )

Consider the function (x+8)* =x* + 2x6 + 6°. In order for linear
o2

) )
approximation to be accurate 225 <<1 or X«l'
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v
8 <<
Therefore 2(Ves = V1) in order for iq to be accurate
21
Ves =Vr = ‘[;IA/

Note that by increasing L the region of small-signal

(linear) operation can be increased.
dmb: Small-signal substrate transconductance

ol, _ i,
al/bs Vi,

Emp =

Saturation: assuming AVps <<1

oy, _ W

Emp = v, f( o = V1)
w ov,

=K'—WV., -V, L —

Emb I (Vos T)aV.vh gm aVsh
_VT0+Y(\/®+VYB _\/6)

o, 14 =

ov, 2V +®

gmb :ngm

n=5m 50103
g”l
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Non-saturation: assuming AVps <<1
ol, _ K'WV ov; KWV ov;

s = S
v, L ™oy, LMo,
In both cases &y =718

Emp =

= Ugm

das: small-signal drain-source conductance

_ol, i,

Sa Wy v,

In saturation:
_ol, K'W )2 2 .
B VGS -

8us v, 7?( as ~'r

HD
=Wy~ M 1Ves <<t

1,
Id ans

In non-saturation: assuming AVps <<1

ol
8us o de

N4
=K Z(VGS -V; 7VDS)

1 (e, ) 1
Small signal output resistance is ry /0 *gjx - v, T
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DC small-signal equivalent circuit

Ly = 8wV T 8usVas T &mvVis

Ge— — . D
+ gmvgs
VQS G gds GD gmbvbs
S Vbs
+

4.8

Example: p-channel FET

V1o =-0.8V, 1 =0.01, K’ = 100 pANVZ, y = 0.5 V*%, ® = 0.8 V
W=10u,L=1pn
Calculate the small-signal parameters for Vgs =-3 V, Vps =-3 V,

VBS =2V
Yo +7,, —V@)
v, =-0.8-0.5(y0.8+2 -10.8)=-0.8-039=-1.197

Vse - [V1| =3 -1]-1.19| =1.81V
Vsp =3V >Vsg - [V| = saturation region
AVgp = 0.01(3) = 0.03 << 1

K,' W( 1004 10

Iy >~ Vo -y = TT(1 81)° =1.64mA
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g, = \/ZK'%]SD = \/2(100y)$(1.64m) = 1.81m§ =1.81mS

4 0.5

n= = =0.149
2V +®  242+08

g,, =ng, =0.149(1.81mS)=0.27mS
g, =Al, =0.01(1.64m) =16.44S
1 1

ry=—=——=61KQ
8y 16.4u

Example: n-channel FET

V1o =0.8V, 1 =0.01, K =100 pANV? y = 0.5 V5, ® = 0.8V
W=10u,L=1p

Calculate the small-signal parameters for Ves =3 V, Vps =3V,
VSB =2V

Since all parameters and voltages are the same (with appropriate

MOS Single-Stage Amplifiers
Common-Source Amplifier

Common-source amplifier with resistive load
When V; =0, M1 cut off = Ip=0, Vo = Vgq

When V; = Vgs > V1, Vps= Vpp, FET enters saturation

K'w (

2 L
V, decreases as V; increases until M1
enters non-saturation (Vo < V- V1)

K - Vl )Z Rn

Vo =Vop —1pRy =Vy, =

\V} Cut off =

[}
VDD /

/ Saturation

negative signs) the small-signal parameters are the same: Non-
gm=1.81m3 Saturation
gmp=0.27mS Vps=ViVy /
9e=16.44S K
ro=61KQ
v, v
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Small Signal Analysis Common-source amplifier with active load
G D v, M1 off
* 0 R, * Voo v e M1 Saturated
Y Ves C) QmVQSCD/%jVDS o A DD M2 non-saturated
— - S = = ) vbias-l
8 m2 / Both Saturated
- m +
e + V
v R, Vi -I o M1 non-saturated
' VsV, () i To A - +— M2 saturated
L - = - B
VTn V\
Vst = Vbs2 = 0
7, RD Vgs2 = 0, Vgs1 = Vi
voz_gmvi(roHRD)z_gmvt ro:_RD _B V+
—_ b:
v rR, > s
Av: - =—&n 5 R =—&n - — 0 0
v, + 7,
i o D P Vs ( Q/JQSC %’bs To
D +
lim 4, =-g,7, == D
Rp—o |
i.e. the maximum possible voltage gain is r -
P 9e9 “Onfo Therefore £~
o —
forRp <<ro, 4, =—8,Rp Small Signal Analysis .
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+ +
v, == ll7,) O v @ o g,m v,
-
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Yo — 8w
A,===-g, ()=
Vi gt 80
Common-source amplifier with N-channel load
VO
Voo v M1 & M2 cut off

= VoV s

Both Saturated

wm +
\ ‘I Vo M1 non-saturated
- Vo /\MZsaturated
VT1 V'
7% ) V.

—1I,=Ips= T(VDD Ve=Vr) B

i

K'W 2

atV, =0, _1x:1DS:7f(VDD_VT) .
atV,=Vop—Vr, k=0 ot "
=

D
__IT° _L_
V. V, r
Vgs = -Vy, Vbs = -Vx Vs ® 9@ o § 0
B

. +
L + gmvgs + EntVos —8oVe = 0 S
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i =g+ g+ 8 =

i 92 Y2t 902
g=7"=8, 78w *tE&

V. +
Tor Vo

RoZ
X +
Vi V. =V C 9.V
Small Signal Analysis e 1 i
=

Vo = 7gmlvi(’;;1 I R()Z)

4 _V_ —8m
Vi 8t 8wt 8wt 80
~Z8m
since & >> &o>&m 4= &m
Remarks

Voltage gain is low ~ 10 or 20

e PR )
2 \/2IDK'(V%)2 \/(WL)Z

i.e. independent of the dc operating point when both devices in
saturation

4,

With P-channel diode connected load, similar result but no body
effect Vo

A :i: _gml
Vv
Vi &atT8&mt8&n

Av”MVV:/LI V.-|M1 v
Ju ) 0
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Common Source Amplifier Summary
Resistor load

Gain a function of bias
Large variations in passive loads

Av = _ngD
N-channel diode connected load v,
Improved linearity
Controlled gain
Gain small <10
Low output swing v { v,

P-channel diode connected load Voo

No body effect
W M2
A~ Hy AI +

V V’up[%}z V‘-I "

P-channel active load

Higher gain v _|

Output bias not well defined — "

Needs feedback "

Large swing A4,=-g, (rol I ”oz) v _I
Page 43
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How low can V, go?
For saturation Vps > Vgs - V1> 0.2

Example

For Vop = 3V, Ip =100mA,
biased at 1.5V, K,’ = 100 pA/V2

28 V, max = 2.8V

V, min =0.2V
0.2

V, amplitude ~ 1.3V without distortion

At edge of triode/saturation

K'W KVW
=y VT =5
—6
Vg = | PLos =0.2:>(Zj o 2y 2x100x10 " _
K'K L), KV, 100x107(0.2)
L
w 50u
Can choose (T) =,
2 H
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Amplifiers

Parameters of interest and how they are measured

Amplifier Representation

. * +
R.

v, ' Gy G,V § R, o

) =

Ri I'—>
R=2 K R
1 .
l‘ . .
Alternative representation
R\
Gm and A _ , Using Thevenin’s equivalent where 4, =—G,R,
b &
i
G, == v, Output
Vi shorted
I [V,
4=2="2%=G.R
li it
iX
P
R, —e]
v Rs E
R, =—2
0 l~u
Ay
v Output
_ Y _ i v, open
Av == _GmRa circuited
v, -
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Small signal analysis _ . _
g y: Vi = Ve V5 Vyo =V,
G D v v
J + gmvgx+gmbvbs_R” =0
- RD L Iy
Yo o Yo 11
= - Em(Vi=Vo) = &mpVo — Vo +—|=0

vgs = vbs = *V‘-

Vo = _(gmvgx + &b Vas )RD = +(gm + 8w )ViRD

~A, = % = +(gm + gmb)RD

ii:(gm+gmb)vi Ri:%zi

G,=8,*8&u R, =R,

0

Voo G

<
+

Py
1S
I
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RL Ty
(gm +8mp T8, +gL)va =8mVi

Yo _ Em

nA,="rt=——°m
Vi Emt8mp+8otE8L
] » A~ En
If go is negligible compared to gm v~g +g. +g
m mb L
IV P S
FRL>w,0>0= " g,+8, 1.8 I+7
gm

Since n ~0.2 the source follower gain doesn’t approach unity as
RL 2 «. A MOSFET in a well with the body tied to the source
would result in unity gain for large R,.

Output Resistance
1
R =——
g, +g., for large R.
Source followers used as
buffers because of low R,
Level shifters — the value of Vg can be set to an arbitrary
value by choosing proper WI/L ratio
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Remark V.

The region of operation is always saturation
Ves=Vi-Vou; Vbs=Vop-Vout V. ~{
If Vi is small, then Vgsis small and Vpsis large
Vi max — VDD > VGS max — V[)D 'Vout - saturation

V

out

Common source amplifier with source degeneration

Calculation of Gn 5 D -~
. + Vs + ==
lD = gmvgs gmbvbs - -
v, Vs ) ImVgs C) ImbVs fo
V.

yo Y -
, s
i,=g,v,=-v)—g, v —— S
D m\Vi s mb"'S I v +B

r, + bs _i
but vy =i,Rg = ¥s Rs

. . . i R
ip=8,(vi—ipRs) = g,uipRs -

o

Ro . Ry
" ip|1+8,Rs + & Rs +— |= g,V
Source degeneration reduces Gn, 4{ + T
but increases R, + i
Vo G _'D _ gm
v, m =TT
@ Vi 14+(g, + 8w +8,)Rs
Small signal analysis - Remark Original G, was gm, this is now reduced
For large R
A =, R
G D b ~ Enm — 1 = 1
¥ 5 G, =~ = =
(8 + &m)Rs 148m |p (1 + ’7)Rs
Vs C) InVgs )gmbvbs o Rp v, §
v
' = = i.e. depends on the active device parameter n
s (Y *&B
bs
1 D
— i G
e R Calculation of R, - -
= i
. — V, v, T,
L Vo = Vp =~ Vg = _lxRS — Vg ) O gsC GmbVbs 0V,
4,===-G,R,|R, S 1, v wB =
) + bs *o
i —
Vs Rg -
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Ve =V + (= &mVes — &mbVos o Calculate G,
)
Vy = lst + (lx + (gm +&mb )lst )ro

Ve =i (Ry + 7y + (& + Emp ) RST,)

1%
Ro :ii: Rx +7, +(gm +gmb)Rsro
x

i.e. R, increases as R increases
R() ~ r[)(l +ngs)

Cascode Configuration

Connection of common source and common
gate amplifiers

High R,

High voltage gain

Good high-frequency response

Calculate R,

o

’,Ro y R
M2 M2
M1 =
rD1

i.e. source degeneration with Rg = ro

||i ||i

Ry =11 +700 +(&m2 + &mp2 or7o2

Page 51
EE 422/522

+ ¥ 1 M1
= Vg C) GmVgs >gmbvbs o v,

+ 1ov, 4B
==
VI -
b
i, =i; (current gain is unity)

iy Iy
Gp=7—=1Xg1 =8m
nw

Unloaded voltage gain

A, =GRy = =gylrn + 72 + (Za + G2 ot 2]
Av ~® =&mEm2"o1702
This is the gain of two stages, one inverting and the other non-
inverting
Input impedance at intermediate node
G D _I‘

+ M1
— Vg C ImVgs C ImbVbs To R, R

+ s ' Vbs_’ﬁ = TR‘" =
v_X TIX -
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Vgs =Vbs = "Vx
. (v —i Rp)
lx+gmvgs+gmbvbs_ S =0
0
. v, IR
legmvxfgmbvxiix*» * =0
3 o
(. R, 1
Iy I+—=|= Em+&mbt— [Vx
o o
R
1+—L
Vx "
R, ==
* Em T 8&mbpt—
o
Remarks

1 R
&m >> gmh’% = Ri _[1+LJ
o Em 7

o

. 1 .
if Ry <<7, = R,=— = thevoltage gain from
&m

input to intermediate node ~ 1

if R; >>r, when R; is due to a cascode active load

R, =r,(1+g,r,) then R, = 1[1+)‘()(1 +gmr0)] =7,
Em T
The impedance of the intermediate node and therefore the

voltage gain can be large if the load resistance is very large
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Cascode gain stage

VDD
2
Rup ~ 8Emlo
2 Voias _I
Rdown ~&mlo
G =8nm
Vg
Av = Gm (Rup H Rdawn) B2 —I |
1, 1 2, 1 2 y
Av:_gm(Egmroj:_Egm o :_E(gmro) VB\asi-I +
VO
This is the gain of two stages. _|
VI
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Differential Signals
A single-ended circuit is subject to various noise sources

Voo
Iy * Rz W

Ripple in Vp,
w.rt Veg

L

Parasitic
ss Resistance

V.

ForM2: Ve =Vpp —11Rp1)—Vss

Any variation in Vpp with respect to Vss will be amplified by M2
and cause spurious signals on the output (noise)

If the Vss that M1 sees is different from M2 due to parasitic
resistance, then a similar problem results

Capacitive coupling between other signals and the output of the
first stage adds noise to the desired signal

The problem is that the amplifiers amplify the voltage between the
input terminal and Vss and the output voltages are between the
output terminal and Vpp.

A solution is to make amplifiers that amplify the voltage difference
between 2 input terminals and deliver the output as a voltage
difference between 2 output terminals.
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Voo
T
?RL %RL
Vor
r VoZ
Vi —
i
Vie =
1
V,

ss

Noise that couple to both Vi and V; leaves the difference Vi - Vi,
noise free.

Differential voltage Vig = Vi1 - Vip
Common-mode voltage Vic = % (Vi1 + Vi2)
t V-

The key idea is to amplify the differential part of the signal and
reject the common mode part of the signal.
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One circuit approach Voo

Vo1 = 7ngLVi1 1 * R,
Vo2 = =&mR1 Vi Vo, Vo,
Output differential voltage : i M2

S Vol =Vo2 = =&mRp (Vi —Vi2) Vit Vie

Vv, 42 V2|

Vod = 7ngLvid

Output common mode voltage :
Vol Vo2 = =8m R Vit +Vin) e

Voc = _ngL (Zvic)
The input common-mode voltage is amplified along with the input
differential signal. This circuit is that it does not reject the output

common-mode voltage. Changing vic changes the currents |y and
lo.

Large signal common-mode output voltage

V)= (VDD _IIRL)+(VDD _IZRL)
02)_

2
R
Voc=VDD—7L(11+12) Y LY
To keep Voemindependent of Vi; need M1 M2
to keep |1 + I constant. This can be ‘I |‘
accomplished by using a current source

and a source coupled pair.

MOS source coupled pair

DC transfer characteristics

Want to find Alp = Ip1 - Ip2 in terms
of Vid
Each MOSFET is assumed to be
in saturation

K'w

Ip = Ves —Vr )
D 2L(GS T)

21,

K'WA

Assuming matched transistors

. w
Vi =Vra; K'y\=K'; ( j [f]
1

Vs =Vr +

21, 21p,
Vit =Vig =V =V =Via =| V1 + = Vr
W W)
& &
21 21
KV D1 K' D2 (1)
Al
Alp Ay 51

Define I =1 +— and | =1 D

p1=Ip*t—; p2=b~— ERE I

At the source node [Dl +ID2 =lg = ZID

From equation (1) Vjy.[——=+/Ip; —+

2 [ o2
. %% " =Ipi+1py=2\Ipilpy = Iss =2 [DZ—NTD

KW
. 2 LVd =Ig— \/410 NDZZISS*\/ISSZ*NDZ
l1+12=1ss independent of V. Iss )
2 K'W. 2
]SS _MD :ISS_7TVU1
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KWV 4 W, Alp Iy Alp
T2 —Ap =17+ 2 v o = Iy =lp+—L2="054,"D
SS D SS (2 L] id SS 2L id D1 D 2 2 2
2
1 2 v, |
KW o (KWY, 4 ’mzﬁ*'ilss N
AID - 215‘5‘7 L V,d B 77 id 2 2 Vmax 2 Vl'ﬂﬂX
Igs
a2 oKWY, o 2 o WhenViy =0, Ip ===
D 2L id EZ id
K'w 212 - When Vid :7Vmax’ Ip =0
A==V ES%*VMZ
2L WhenViy =Viaxs  Ip1=1Iss
I KW I
With ¥, = ,SS > =T =5
R 2L Vo Inq
2L
Vu Y lss
Alp == VW =Vid* =21 ( Via ] [4} |
ma ! ‘“a" ! max 2 Vmax /
Remark
For Vig = Vmax, Alp =lss |
Ip1 = lss _Ss
|D2 =0 2
Therefore the above expressions are valid for | Vig | < Viax
Let us plot Ipq as a function of Vig i i v
A id
Vmax2 _Vmax1 Vmax1 Vmax2
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Vmax depends on device geometry and Iss

As % increases, Vmax decreases
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Calculation of G,
— 61D1

G =
"Wy

V,=0

1
2 2\
21 TRz v, 17
G, = £ ss 177( id ] *\/3153 id 177( id )
2 Vx| 2\ Viax Viax | 2\ Vinax
V,=0
V2 Iy 1 20 1 Wl 1
Gn="" == =Sy 2K' = =g
Veax 2 [ Igs 2 L2 2

K'w

2L

Remark
The source-coupled (SC) pair can be thought of as a source
degenerated common source amplifier Voo

Im*
il _G __ 8 _Sn _8&m :]b

v, " l+g,Ry 1+1 2 r
Small signal analysis

Define two small signal quantities

Vig = Vi1 —V;, = differential mode signal

When the amplifier amplifies the voltage difference and rejects the
common mode then it is a desirable situation

Any common variations in the input signal are cancelled out when
using the difference voltage (i.e. supply voltage variations,
coupling, etc.)

Differential-mode gain Agm (Vic = 0)

‘}.
vip = 17d+vic
=_Yid |

Vip = Vie

2 Ic
The circuit is perfectly balanced
and symmetrical

Node A does not experience any
change in voltage. Signals at the
gates of M1 and M2 are equal and
opposite = node A is at an ac
ground

Can use a simplified half circuit for analysis

vDD

VDD
RD
M1 )
=
2

Vi t+v; .
e = % = common mode signal M1 —
v LJ«I
LV = ’7d + Vi 2
—_Yid
Vip = 5 +Vie Half Clrcuit
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The differential mode half circuit is a common source amplifier m d N
=— _——— an
v v; m
Yod g (R 1, L+ g 2Rss) %
VOL‘
A _VYod _ R Aem = =_Gm(RDHro) Voo
s Adm = __gm( DHro) ic v M
Vid g R ic
- D
A, ~-g R, for r,>>R ~—=" 2 for r,>>R
dm EmfD 0 D o 1+2ngSS ° b
. = | 2Rgs
Common mode gain Acm (Via = 0) Common Mode Rejection Ratio (CMRR) %S
Vil = Vie
Via = Vie CMMR = Adm Vs

The drain currents must be identical

Rss and Iss can be splitin 2 as
shown

No current will flow in the lead
connecting the two sources

The common mode half circuit is a
source degenerated SC pair
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cm

Desired signal — differential signal
Undesired signal — common mode signal

Desire large CMRR
CMRR for MOS SC pair
CMMR = % =1+2g,, R

Emltp Voo
1+2g,Rgs

CMRR improved if Res is large i.e. need ™ l

a good quality current source
M1

Input Common-mode range VTI

Range of input common mode
voltage that will keep transistors
in saturation

For M1 (M2) in saturation
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Vps =Vpp —IpiRp —Vs
Veos =Vie=Vs
saturation:  Vpg 2Vpey =Vis —Vp

“Vpp—IpRp Vs 2Vie =Vs —Vr
=Vie<Vpp —IpiRp+Vr
“Viemax) <Vpp —IpiRp +Vr

Need to make sure current source operates properly. Say a
voltage V, is required across the current source, then

Vie=Vas1 2V;
Vg is determined by amount of current through M1
Vie 2Vi+Vs1

c —

Vieminy =Vas1 + V7

V.

ie(min) = Vpsann +Vr + V1

VDsatl = Vmax at | SS

|4 1
VDsatl = y%x at %

More on CMRR

R
CMMR=—5m"D__ _112g Re~2g, R
gnRp

1+2g,Rss
21
CMMR ~ Z[¢]R <
T

GS1 ™~
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1 IR
Ip =288 — CMMR ~ 255255
2 Gs1—Vr
For high CMRR:
Make (Ves1 — V) small but not in subthreshold region
Make IssRss large i.e. good current source

Ay
CMRR expressed in dBs is ZOIOgAJ

cm

Example
VTO = 0.8, K =77 uA/Vz, VSB =0 V, W = 10],1., L= 2|,J., |ss =100 ],lA,
Rss = 1MQ, Rp = 100KQ

21 1 100
Vs —Vr = g/:l SgV:/ lgﬂ =051
K'— \/K'— TTp——
L L 2u
CMRR = ZOIOg(M) =52dB
0.51
gy =2 _ I _100ud_ 50
Vasi—Vr Vos—Vp 051
Ay =~ Ry =196 100K =—19.6
“ufp 196 0,05

cm

T 1+2g,Rgs  1+2(196u)(1M)
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Single-ended Input to MOS SC pair

Now consider the case where the input signal v; is applied to M1
and M2 is grounded and the output is taken at the drain of M2

v,
__Jod
Vo == 5 + Voc

_ Vid
Vo == Adm 7 + Acmvic

o

Note that if the output is taken
between one node and ground,
the gain is % compared to
taking the output differentially
The common-mode gain is not
halved.

Via =vi-0=v;

vi+0 vy

Vie = ~ 5

2 2
Remark

Note that it doesn’t matter to Aqm if the input is applied all to one
input or to both, only the magnitude of the difference matters.

It does matter to Acm whether the input is applied differentially or
to a single side since there is a common-mode component for a
single-sided input.

A .
Vo = '%(W)"’Acm(%j

v, = (ﬁ—ij =9.78v;
2 2
<. Gain=Y2=9.78
Vi
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Small-signal circuit analysis (single-ended input)

v
Find 4v="7

i

Vo = _ngDngZ

Vi = Vgl ~Vgs2

Also (g,,Vgs1 + 8mVes2 ) Rss = Vg2

__U+g,Rss)
EmRss

Vst gs2

Then v; =v,q v, =—1
i gsl gs2 |: ngSS

. (1+ng55)ng52

_ EmRss v

1+2g,,Rgs

) v &mRss
LA =-2=g R m
Y Vi &n D[l + 2ngSS)

Or Vg = i

Remark

AV :_Aﬂ_'_ACJ
2 2

R
4, =Y g R, ——8nfD__
2 1+2g,,Rgs
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A

v

2

1+ 2gm RSS

1 [ngD +2ngngRSS _ngD

)

ngSS
A, =g, Rp| —2—=>—| asexpected!
v D[1+2ngSSJ b
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MOSFET Current Sources

Current sources are used as
Biasing elements
Load devices (instead of resistors) in amplifier stages
High incremental resistance of current sources =
High voltage gain at low supply voltages
Requires less layout area than resistors

Key idea ih
If ro is neglected, the current Ip of a FET is only a
function of Vgs in saturation. *‘I

VGS

To generate a certain current |,

Determine Vgs required to support |, In Saturation
21,
Vos =Vr + Z .
K'Z and apply across G-S of MOSFET in
L
saturation.
th Ve
Can also obtain multiple copies of m1 M2

I, if M1 and M2 are identical.

Generation of Vgs =
M1 is always in saturation
Vpp =IgrR+V5g

Vpp =IgR+Vy + 2Ur
K'—
L
Solve for Ir
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Simple MOS current source

In saturation, neglecting r,

)
I, =I L

w
L R
Current Mirror 2x
Effect of r,
VDD bl
In, ¢ D Ves = Vst
[ los ¥
ID4 #IDZ
AV,
+ [w m2 | " bs
V,
Vst DS2
_ Vos
- Vost Vosz

If Vps of M1 and M2 are different then Ipz #l p4
1 W
Ipy :EKII(VGS =V 1+ AV ps)

1w
Ip, =5K'T(VGS ~Vr P (1+ 2V ps2)

I 1+ AV, .
o2z TP DS2 L a5 desired
Ip, 1+ AVps1

The error Al = o AVps = A pAV g
W ps
Remarks
e Decreasing A decreases the error Alp - use long channel
lengths
¢ If Vpst and Vps; are the same, mismatch in channel lengths
lead to mismatches in A and error in Ip
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o For current source matching must use identical channel
lengths
¢ Ratio of currents is set by channel width, W

Minimum possible voltage for proper Voo
operation
R
Vomin = Minimum value of VDS of M2 that H
ensures saturation w1 M2 | .
Va
21 -

o

Vomin = VDxaz‘ = VGS 7VT = —
KW/
L

Small signal analysis

Ves1= Ves2= 0

ImVgs
Vs mVgs To2

Since Vs is held fixed by Ig, vgs = 0
+

Ves C ImVgs To2

From the above simplified circuit R, = ro2

Desired properties of current sources
¢ Large output resistance R,
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e Large range of V, for which R, is high i.e. small Vomin
¢ Matching of currents Voo

For the simple current source R, = ro2.
How does one improve R,?

One solution is to use a cascode
connection, which gives a very high
Ro.

MOS cascode current source

Calculation of R,_of cascode current
source

First determine R, of following circuit:

y R G D I

-—
M1 + +
Vblas - Vs () ng95<> GmbVbs To Vy
S T ==
+ 1V, B
R ==
S —
Vs Ry
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Ve =V +(iy = Vs = EmbVis o
Vy = ist + (ix + (gm +&mb )ixRS )FD
Ve =i (Ry 475+ + o )R Tp)

\4
Ro :%:Rs +7, +(gm +gmb)Rsro

Iy

We know that R, of M1 in cascode current source = ry4

Therefore in above circuit Rs = ro1 and r, = ro2 SO
Ra =Tt t (ng +gmb2)rol"'a2
Can realize very high R, by addition of more stacked cascode

devices

21
Vasa =Vass =Vr+ | =77 =Vp +AV
W
kW

_[ar
AV = K'V;/L

Vi=Ves3+Vgsa =Vr +AV +Vp + AV
Vy=2(Vr +AV)

M2 is non-saturated when drain of

M2 is lower than gate of M2 by V1. o "hue ovenuasd
Vos: =V, =Vy
Vis: =20V +AV) =V, — |
SV =Ve =20V +V, =V,

v Voss = V3 +Vy =20V +V,

omin =
VT

4 2AV

M1, M2 in saturation
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For a simple current source Vomin = ~1.1 — 1.4 V since AV ~ 250-
300mV and Vi is typically between 0.6 and 0.8 V.

Problem
Although AV can be reduced by using large W, the V term
represents a significant loss of voltage swing!

It would be nice if Vomin contained no Vr term

Lowest possible value for Vg is when M1 enters non-saturation
Bias M1 at the edge of saturation i.e. Vg = AV

Need to bias Va at V1 + AV above Vg for M2 to be in saturation
Thus Va needs to be V1 + 2AV but the circuit generates 2(V1+ AV)
so we need a level-shifting arrangement of Vr

Conceptual picture
V,

DD

| M1, M2 non-
° safurated

M1, M2 in saturation
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Practical implementation of Vt level shift
Vess =AV +Vp

=>Ve=V,—(AV +V7)
With V,=20Vp +AV)

=>Ve=AV+Vr

However, V¢ = V1 + 2AV is what is
required. Increase Va by AV =
Vgs3 needs to increase by AV
Vgss = V1+ 2AV = decrease W/L

of M3 by 4x

o

21, 21, 21,
AV = ;o 20V =2 =
W/’ W w1
K /L K /L K'TZ

Also implement Igias With
another mirror

This circuit is called a high-
swing cascode
Vomin = 2AV ~ 500-600mV
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Example (high-swing triple cascode)

Vob = Vomin + IbRL

Large implies Vpp should be large which is not always practical.

VDD
T ¥
| Vo How do we overcome this problem?
Ok w7 | 34V Use a load element which has the following properties
V+3aV | o A large variation in the voltage drop across it results in
1w a small variation in the current through it. i.e. a large
AV incremental resistance
9 & M2 W e Support a large dc current without dropping a large dc
7 voltage across itself
w | AV I
K K Slope = 1/R_ 2
L L }! 'y
+
— \ R v la \ 1
. 1 2
Current sources as active loads v Var v
Q2
Why active loads and not passive loads? Both loads 1 and 2 show the same variation in | as V is varied
(the slope is 1/R_ for both)
For the simple CS stage
Voo However, for a given bias o
v, current lq, load 2 produces a ol ,_Slope =gy, =1,
A, =—"%>=-g, R, much smaller dc drop Vq, than ca :
Vi R load 1 for which the drop is Va1 i
21, 2 i
A4, = B R, = B {IDRL} m . Recall the ID-VDS characteristic E
G T Gs T a.l v, of a MOSFET. The equivalent Simple R,
. . \ - small-signal resistance, as a i
To obtain large gains IpR. should be large. For - load. is 9 v
— 3 DS
M1 to be in saturation: Vomin = Vpsat
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ps =r, with (Kj :(K) we have
olp L), \LJ;

r z%:rolD :%:SOV for A =0.02V"!
D

If a simple resistor of value r, were used, then a 50 V drop would
be required to support the same current.

Summary
Use of r, of a MOSFET allows high voltage gain without requiring

large power supply voltages.

Common source amplifier with active load

Assume M1, M2 and M3 are in saturation
21,
ref

Ve =Vip +Vpsur =Vrp + % V%
3

Kp'(W
Lrer =Tp(fj3(Vx ~Vip P (1+2p7,)

=S8 0= vn P+ 2000 7,)
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2_(1+ZP(VDD —V,,))l

(1 + ﬂ’P Vx ) o

Ky'(W
IZ:IIZTN[T) (Vi*VTN)Z(lJriNVo)
1

1+ 4p(pp = 7,)) KN'[W) 2
P/ R0 Ry . N (L VA
I+ 27 N1+ Ay7,) 9~ 2 1( i~ V)

L

Assume  Ap(Vpp =V, )<<1, ApV, <<l, AyV, <<l

1 ~
1+0
(1+0)(1+a)=1+6+a ford,a<<1

) v P <05 2000 =, Y0 207 = 247, )

1-0 for o <<1

L
=1y [1+2p(pp —V,) = ApVy = AnV,]
~ 1 [+ 2ppp =V )= (Ap + An WV, ]
solving for V, we have

Ap 1 1 Ky' W] )
V,y=—2L  (Vpp —V )+ ——— | 1-—— 2 (v, -7,
o AP+/1N(DD A)+;~P+/IN|: Ly 2 [L l(z TN):|

Remark
V, extremely sensitive to Vi and lrer.

Example
If Vop = 8V, hp = An = 0.02, V= 1.2V

v —w(sfl.Z)JrL{l—LKN'[K] (2 7VTN)2}

’0.04 004" 1, 2 \L
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v, :%(3.8)+ 251 L(current from M1)
ref

The factor of 25 makes it difficult to bias properly in this
configuration of current source biasing
Remark
Small-signal analysis

Av =—8m (r()l H }"02)

Ro =To1 H To2

Source-coupled pair with active load

Replace R 's
with active
loads

=

Need to adjust I, such that
output common-mode (CM)
voltage is at the desired
value — difficult to do.

Suppose only a single-
ended output is of interest,
Vop.
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Bias value of V,, extremely sensitive to lrer1 and lresa.
Need to modify the circuit to stabilize the bias voltages

Remark
M2 and M3 form a cascode so the output is very sensitive to the
voltage at the gate of M3/M4 i.e. lief1.

Use a current mirror for the
active load = bias voltages
get stabilized

If et increases, then Iy and
I, increase because of
M3/M4 current mirror, I3

increases by an equal Voo
amount = |, and I; are e
equal o

In the previous circuit they
could be different. v

Consider a signal viq applied to the input

If vig increases, then |, increases and |, decreases

I3 also increases because of the M3/M4 mirror

= Current (I2-13) is pumped into the output resistance at vot,
which if unloaded is rq||ros

Small-signal analysis
Calculation of gain and R,

Recall
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out

ﬁ X
y -y

Small-signal Gain

Vid
Vld
Atnode3
v,
i+i——%=0
Top
v 1
=== =- v,
2rop 2gmrop
Atnode2
i = Vst (v, —v,)/r, =0
v, v; 1 1
2 _gm(l_vsj_ - Vo =Vs |—=0o0r
2rop 2 ngrop Ton
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1 1 1 Vig
Vo| m—+——— |+ g, 1+ Ve =8m—
2rop ngrapron Emlon 2

L<< &n = <<1
o To8m
V, Vi
'V'70+gmvszgmlid (1)
2 2
Atnodel

iy +gmvgs2 +(vo _Vs)/rnn =0

1 1 V;
vu[ +*]*gmvs =g, 4 @

2r0p [

Adding equations (1) and (2)

) 11
S Vol 3 | = 8wV
T, rop T,

on

1 1
Vo| ==+ |=8mVid
Top Ton

v, 1
oA, Zi:gm E :grﬂ(rop I ron)

r

Top on
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Output Resistance

Now Vg =Vgeo =—v

Atnode3 i) +ij+i, ="/ =0
"

2i|+ix—%P =0 1)

Atnode 2
1
g’ﬂ

i = 8Vt + (V2 =) /15, =0

V) = I

. 1.
i 7gm(7vs)+(7g711 V) 1oy =0

m

il(l+ ! ]+gm(1+ ! )vszo
&mTon &mTon

R
Atnodel

i +gmvg32 _(V.v —VI)/VM =0

. v - v . v
I —guvs +—==0 = i +ij+—=0 =2 =-——*
on ron rﬂn

Substitute in equation 1

1 1
—v—"+ix—v—x:0 = [—4——]\{‘ =i,

Ton Top Ton  Top
Ro =Ton H rt}p

Simplified analysis for R,

Current through rop = Vy/rop

M1
Consider M1 _=E‘|

1 1
R; = — since R =——is small pr~t
g 8

m m

Ry =+ guRs)ron = 21

. 1 Ve . .
i —&m| 1+ vy +——=0 sincevyy =-v; Consider M2
gmron ron
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. 1
With Rg = —
m
Yx 1
So current through M2 is 5, which flows into M1 and 1/gm and Vs T T v,
on
1
v v v, v, =—v; and —

. X
therefore 1 =5 .
21,

Atnode A then:
Y v v
X __x X _
o2 2r, 7
on on op
1 .
—+— |V =i
Ton rap
:>Ro_ on ”rop

ngS
1+ngS

The gainof aSFis
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2
. g
I =8mVgs1 = %Vi
at the output we have Vi Vs
. . . . . . 1
lo =iy =iy =iy —(~iy) = 2, .

iy :2%‘% =8mVi -
=G, = o Em
Vi
Remark
The small-signal gain A, = GnR, for a non-inverting amplifier
= A= gm(ron”rop)

Common-mode Rejection

Assume all transistors are matched:
M1 with M2, M3 with M4

Increase Vic= Va increases

This causes It to increase because
of current through Rss

Therefore |1 and I, both increase but
remain equal

Thus |, = 0 = V, does not change

Can short B and C since V, = V.
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The equivalent circuit becomes

Acy =

-1 | To3s [ 28m1,2

neglectingr,; ,
]+2gml,2RSS] ’

2834 2
-1 8m1,2

. 1
Acy #—— since r,3 4 >>
&m3a 1+ ngl,ZRSS) ’ Sm3as
_ -t
2Rg58m3,4

Acy =

~CMRR~—%m__>Rcg.,
Zop* Zon

The circuit is very insensitive to input common mode changes =
CMRR is very high

Summary of differential to single-ended circuits

Parameter Circuit A Circuit B
Gnm %’” Zm
R, RL ”ron rop ||r0n
A B (R, 17,n) gnlup 17n)
2R55 & mp&mn
CMRR 1+2g,,R —=
Emtss Zon + &op
Remarks

o Effective G, in circuit B is twice that of circuit A because
of the current mirror active load

e The CMRR of circuit B is much superior to that of circuit A

o Circuit B delivers much higher voltage gain than circuit A

¢ Circuit B has a much higher R, than circuit A

Page 89 Page 90
ECE 422/522 ECE 422/522
Operational Amplifiers The block diaf;ram is that of negative feedback
S,=aS, =alS; =Sy} Sy =15,
Ideal Opamp _ _
Differential input S, = a(Si fSo)
Single-ended output S a

Infinite gain
Infinite input resistance
Zero output resistance

Applications of Op amps
Inverting, non-inverting amplifiers
Voltage follower
Differential amplifier
Nonlinear analog operations
Log, exponential, limiting, rectification, square rooting
Integrator, Differentiator
Switched-capacitor integrator

Basic Feedback Concepts
Basic

,/ Amplifier

‘\Feedback
Network

Gain of the system in absence of feedback in called open-loop
gain: a of the amplifier

With the feedback the gain is closed-loop gain
fis usually <1
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o

= <« closed -loop gain
S, l+af Pe

1

T = af is called the loop gain

a 1
m =—
af 50 1+af f

Remark
The closed-loop gain is independent of any variations in a.
f is typically composed of passive elements.

Inverting amplifier

Atnodel [;-1,=0
Vs=Vi _Vi=V,
R )

Vs Vo (1
R Ry

=0
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If a is large enough so that

1 1+& <<1 then
a R,

Yo . R
Vs R
Remarks

o Closed-loop gain depends only on external passive
components Ry and R,

o If a were to change from 5x10* to 10°, this 100% increase in
gain would have no observable effect on closed-loop
performance. Performance independent of variations in a.

Summing-Point Constraints

Negative feedback circuit, stable operating point
Gain of opamp is large
V; Lo —0 forlargea
a
V; =0 is a summing-point constraint. Since V; =0, no voltage

exists across the input resistance of opamp = no current flows
into the opamp input terminals.

Revisit inverting amplifier

p
L=-5; L=I
1 Rl 1 2
oV, ==Ryly =Ry, =——2Vg
Yo _ Ry
Vs R
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Non-inverting amplifier

R .
V.=V, 1 since /; =0
R +R,

VS:VX:VO( R jsince V=0

R +R,
Yo =1+ R
Vs Ry
Remark

Common-mode input voltage = Vs.

Voltage Follower

% =1 non -invertingamp with R, =0, Rj =
s

Differential Amplifier

R .
Ve="W 2 since /; =0
i R +R,

Vo=V, —1iR,
11 — VZ 7Vx
Ry
Ry

Vs =VX*R*(V2*VX)
1
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% :VX(HRJJ—ﬁV Rtk Ry

2 2
? Rl Rl Rl Rl
v :M Ry V_RJV :RJ(V_V)
°" R \R+R, R, RN ?

Logarithmic Amplifier

v,
14
I :?f:lc =Ige %

1 4
Vie =V =S =¥y In—5-
Ig IR

14
=V, =V, =Vr lnITSR

Integrator/Differentiator

C R
dvg *
I, =C——= V. —»
1 dt _s R
1
dv. = A\
V,=-I,R=-RC—% o
dt
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General Impedances (s-domain)

Vs
L =S ==V =-1,7
1 2 o 242
4
V,=-22y,
o Zl N
V0_722
Ve 2

Deviations from ideality in real opamps

1) Finite gain
Gain is high and can use summing-point constraints in a
feedback configuration

2) Input bias current
Not of significance in MOS opamps

3) Input offset current
Not in MOS opamps

4) Input offset voltage
Due to process variations. Places a lower limit on the
magnitude of the dc voltage which can be accurately
amplified

5) Common-mode rejection ratio

CMRR = |

cm

6) Input Resistance
Rin = ocofor MOSFET inputs
Even otherwise has little effect on circuit performance in
closed-loop configurations
7) Output Resistance
Typically 40-100Q). Affects stability under large capacitive
loading
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8) ac and transient behavior
Unity gain bandwidth ~1 to 100 MHz
Compensation to ensure circuit does not oscillate
Slew rate limitations

—O—]

Bias

CMOS Opamps
V. + " " — —
- Differential to Second Output —=
. DC level "
single - ended Shift Gain Buffer
v, conversion T Stage ——— Stage

Q) @ ® @ ®

1 — amplify voltage differences between the input terminals,
independent of their common-mode voltage

2 — convert differential signal into single-ended

3 —dc level shift to properly bias the second gain stage

4 — second gain stage for additional gain

5 — output stage required for driving heavy resistive loads and
large off-chip capacitances

MOS opamps are typically used for on-chip applications where

Input Differential Amplifier

n-channel or p-channel

In n-well technologies (where p-channel transistors are in a well)
p-channel stages are used to reduce power-supply coupling.
Source and bulk are tied together.

Differential to single-ended conversion
A current mirror active load provides this function. This functional
block can be implemented in the first stage itself

Implemented as
a current mirror

L w2 Mz
SS ‘

M lgias

\"

ss

Note: VD54 = V(353

This can be shown by taking Ips and Ip4 and setting them both
equal to lgs/2

1w 1
Ips :EK'T(VGB *VT)Z(Hchss):%

1 _w 1
Ipy :EK‘T(VGSS *VT)Z(H/WDM):%

they drive small capacitive loads ~Vass =Vbsa

= Output stage is not necessary
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DC Analysis of the CMOS Two-Stage Opamp Ipg =1y
Assumption [K)
The opamp is within a feedback loop that forces the output to Igs =1,y LJs ; Ipg =1l
some specified voltage, usually zero. Because of the large gain, [Zj
if this assumption is not made, output would be at Vpp or Vss. LJg
Example: 0.1mV Vos and a gain of 10° = V, = 10 V! Iy

Ipy=1Ipy =5 = Ip3=1py

We take the unity-gain configuration
with one input grounded = V,~ 0
i.e. Vi1 . Viz = Vo =0
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Since  Vy =Vss +Vpsa =Vss +Vis3

1
Vi=Vss +Vr, + 5

(ignoring channel-length modulation)

The first-stage output is one Vgs above Vgss. The next stage must
shift the dc level toward the positive supply voltage

Level shifting can be done by a p-channel source follower or by
using an n-channel MOSFET as a common-source amplifier.

An n-channel CS amplifier provides level shifting and added gain
in a single stage. A p-channel current mirror is used to maximize
second-stage gain.
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Complete Topology

Cc — compensation capacitor to ensure feedback amplifier is
stable

Also Ip7 = Ipe since 1,=0
Calculation of Node Voltages

Nodel: ¥} =Vpp —|Vss)

Voss| =|Ve|+ 2y
w077,
SV =Vpp -V, 2Ly
Vi =Vpp =|Vp|- r(m
P L
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Node2: ¥ =[Vgs1,| M1&M2identical

Vy =Vp|+

Node3: V3 =Vss +Vis34

2! D%
Ky [%33,4

21

Node4: V, =V +Vy, + *(QT
/4

&x W),

To avoid creating a systematic offset voltage we must impose the
constraint

Vo1 =Vpy =>V3=V,

I D%
. 2 _ Ips

[%]3,4 [V%]e
But current in M5 and M7 are also related as
Ipg _ (WL)7 _ (WL)6

Ips m i 2[1/%]3’4

More on Systematic Offset Voltage

V3 = VSS +VTn +

Recall
The input offset voltage Vos is the differential input voltage for an
output voltage of OV. It has two components
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1) A systematic offset due to improper transistor sizing
and/or bias conditions

2) A random offset which is due to random parameter
variations in the IC fabrication process

For the 2 stage CMOS opamp if the inputs are grounded and we
also require V, = 0 then Ip7=1Ips and Vp1=Vpy orVz=V,

Which gave us the condition

R 7

= = M3 W M6

AR AN 7 N B

(S —)

Remark

To minimize the effects of random process-induced channel-
length variations on the matching of the devices, and thus the
random offset, the channel lengths of M3, M4 and M6 must be
identical. The current ratios must be provided by a proper choice
of channel widths. As usual there are tradeoffs involved.

Common-mode input range

For Vig= 0, it is the difference between the highest dc common-
mode input voltage Vic.max and the lowest dc common-mode input
voltage Vic.min such that all devices remain in their constant
current regions (saturation region).

Vic-max

As Vi is increased, |Vpss| decreases and M5 will enter non-
saturation.
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VDD
‘VDSS‘ =Vpp _(Vic + ‘ch‘)
For M5 at the edge of saturation a1 Iss
V\C VIC
‘VDSS‘ = ‘Vcss‘ _‘VTP‘ T«L M|T
21,

B ~Vge| = T

ut Voss|=Voss|= Ve |+ K, /L),

Vop _(Vic—max +‘VGS1‘)= ‘VGSS‘_‘VTP‘
= Viemax =Vop + Ve~ Vass| - Vasi|
Remarks

o For Vic.max to be close to Vpp, reduce |Vgss| and |Vgs1| i.e.
increase W/L

e In the limit [Vgs| = [V7p| + A = Vs

“Vie-max = Vpp =|Vrp| =24

Vic-min

. . v,
Ensure M1, M2 are in saturation s

lSS
Vo1 =Vss +Ves3 =Vss + Vv +
Fv
Vosi|=Vs1 =V N ic
Vs =Vie +‘VGSI‘ v
M3 M4 D2
Vsl =Vieomin +Vasi|= Vo1 =Vasi| = Vzp|
V,
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“Vieemin =Vp1 _‘VTP‘ =Vgs + ‘VGS3‘ _‘VTP‘
. A
Vic—mm - VSS +VTN + K‘N (W/L)3 ‘VTP‘

Remark

e Increasing [%} lowers Vicmin (i.€. improves)
34

¢ In the limit, Vic.min = Vss if the n- and p-channel thresholds
are equal

Output Voltage Range

M6 and M7 limit output range i

M7 saturated for: o

Vis7|= Voo Vo = WVasa|~Vre|

i.e. Vomax =Vop ~|Vast|+ V| M7
21

V. Vo — |— DT

0—max DD K'P (W/L)7 Vo
M6 saturated for:

M6
Vpse =Vo-Vss 2Vase —Vrn a{
21

Vi min =Ves + |2 Y

o—min SS K'N (W/L)6 ss

DC (low-frequency) Gain

Since the MOSFET has an infinite input resistance consider the 2
stages separately
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=
N
<
)

M3 M4 M6

Vss

Y g

ol _ _ ml
= gml(r(JZ ” 704)7

Vi 8021 804

Y —8mé

o _ _ m
= _gm6(r06 H }"07)—
Vol 806+ 807

. A% v v -

. Overallgain 4, = -2 =% x-°l = Em68ml

Vi Vol Vi (got') +g07)(g02+g04)
Remark
The overall gain is related to (gmfo)?.

Design Example of 2-Stage Opamp

Specifications
Vpp =25V, Vgs =-2.5V. Total power dissipation = 1.25 mW
Area constraints and high r, requirement

= Wmax = 150, Lmin = 3p
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[Kj _150u _
L max 3/1

Need large gm for improved bandwidth, as we shall see later.

Small Vgs - Vr for high common-mode input and output ranges
= Large WIL for the signal path

@

s N5 woo pA

S =R

M1 M2 @

()

ref

M3 @ M4
25V
1.25mWw
i i =250,
Power constraint = bias current add to 25V (25 pA

Bias first and second stages at 100 uA each = ler = 50pA

Vpse =Vo-Vss 2 Vass —Vin
Em = VZK'ID W/L

For large gm and small Vgs - V1
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(WL)s - (%)7 - % =30= (V%)l - (V%)z
Also (V%)5 = (%)7 since I, = 1004
Choose (V%)} and (%)4 to avoid systematic offset voltage
L7
(AN

) -007) A - 2

Note
We are keeping L’s identical for matching

) -L7), -

DC operating point
This will be computed with V1= Vi = 0 and V, = 0, assuming a
feedback arrangement.

Transistor data
n-channel: V1 = 0.7 V, & = 0.09/L p/V, K’ = 50 pA/V?
p-channel: Vr =-0.7 V, = 0.09/L w/V, K’ = 25 uA/V?

21 pg
K'p (/L)
~ Vo1 =Vpp -Vess|=2.5-1.1=1.4V

Nodel: [Vgsg|=|Vzp|+ =L

21
Node2: [Vgsa| = Vpp|+ |[—2—— =07+ 20U _ o8y
K'p(W/L), 2541x50
-V, =098V
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Node3: Vggs = 0.7+ |20 _ ¢ ogp
50ux25

A V3=-25+098=-1.52V

Noded: Vggq = 0.7+ | 21004 _ ¢ o5y
50 x50

S Vy=-25+098=-1.52V

Operating point check

All devices should be in saturation for the circuit to work properly.
Use SPICE to check individual transistors by hand.

Calculation of input common-mode range

Vieemax = Voo +Vre|~Vass|-Vesi|

Wess| = 0.7+ | 21004 _y
251%50

Small signal quantities

&m = 8m =2 p12K'p W/L), 5 =2x500x254(50) =353.504/V

Zms =21 7K' (W/L)g =[2x1001x5044(50) =707 ud 1V
i —7] Il a——
02 Jplp 0.03x50u

=666.7KQ

1
Toa = = gy = 666.7KQ

AnIpy
1 1
fog =———=————— =333 3KQ
Aplp;  0.03x1004
A, =—8m 8m6  _3535,(666.7K || 666.7K)707 (333K ||333K)
802+ 804 &o6 T &o7
A4, =140,000

R, =16 || ry7 =166.7KQ
SPICE simulations

Vos and open-loop gain

Vie—max =2.5+0.7-1.1-0.98 =1.12V
Vieemin =Vss +Vas3 —[Vrp| =—2.5+098-07=-222v | [T " N v T —
\SIope =A,
Remark Y
Viem is asymmetrical. To increase Vicmax Need to reduce |Vgss| and e 08
|[Ves1| = M1, M2 and M7 should be made wider or the length oV v,
reduced. Both violate given constraints!
Output voltage range
Vomax =Vop +Vip|-[Vas|=2.5-04=2.1V
or Vos
v, Vg |21 55.028=—2200
o-min SS N (W/L)6 . . g
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v — (5
vin700
vinp800 1.0
Input common-mode range and A¢n,
v .control
o dc vin -50u 50u 2u 0.5
reset
Slope = A oo 0.0
ope = plot v(5) i i e
v + Vo oy .endc i i / Slope = ;
os - 7 ' i
i -0.5 Vo
! .end ;
\A ! —10
viooov o VY, ‘
—_— -1 5: . : .
—60.0 -40.0 -20.0 n.o 20.0 40.0 B0.0
swee] uv
Could also use a .TF command for Acm i
Vos = 17.5 uV

SPICE file for measuring Vs and Ay,

* Two-stage op-amp
*inputs: inverting node 7, noninverting node 8

*Power supplies
VDD 10025
Vss 200 -2.5

*Current mirror
M8 1110 10 CMOSP L=3u W=75u
Iref 1 20 50.0uA

*Differential amp

*ISS

M52 110 10 CMOSP L=3u W=150u

*Drivers
M13722CMOSP L=3u W=150u
M2 4 8 22 CMOSP L=3u W=150u

*Active loads
M3 3 3 20 20 CMOSN L=3u W=75u
M4 4 3 20 20 CMOSN L=3u W=75u

*2nd stage
M7 5110 10 CMOSP L=3u W=150u
M6 5 4 20 20 CMOSN L=3u W=150u

.MODEL CMOSN NMOS( LEVEL=1 KP=50u VTO=0.7 LAMBDA=0.03)
.MODEL CMOSP PMOS( LEVEL=1 KP=25u VTO=-0.7 LAMBDA=0.03)
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Aam ~1.6V/100uV =

SPICE file for measuring Vs

* Two-stage op-amp
*inputs: inverting node 7, noninverting node 8

*Power supplies
VDD 10025
Vss 200 -2.5

*Current mirror
M8 1110 10 CMOSP L=3u W=75u Ves 5
Iref 1 20 50.0uA

*Differential amp

SS
M52 110 10 CMOSP L=3u W=150u —_

*Drivers

*unity gain feedback: output(5) connected to inverting input
M13522CMOSP L=3u W=150u

M2 4 8 22 CMOSP L=3u W=150u

*Active loads
M3 3 3 20 20 CMOSN L=3u W=75u
M4 4 3 20 20 CMOSN L=3u W=75u

*2nd stage
M7 5110 10 CMOSP L=3u W=150u
M6 5 4 20 20 CMOSN L=3u W=150u

.MODEL CMOSN NMOS( LEVEL=1 KP=50u VTO=0.7 LAMBDA=0.03)
.MODEL CMOSP PMOS( LEVEL=1 KP=25u VTO=-0.7 LAMBDA=0.03)
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vin800

.control
run
print all
.endc
.end

Output:

WinSpice 33 ->op
WinSpice 34 ->run
WinSpice 35 -> print all
V(1) = 1.4064046+00

72739e-05

v(8) = 0.000000e+00

v(10) = 2.500000e+00

v(20) = -2.50000e+00
vdd#branch = -2.55340e-04
vin#branch = 0.000000e+00
vss#branch = 2.553398e-04

WinSpice 36 -> show all
Mos1: Level 1 MOSfet model with Meyer ca

device mé m4 m3
model cmosn  cmosn  cmosn
id 0.000104 5.06e-05 5.06e-05
is -0.000104 -5.06e-05 -5.06e-05
ig 0
ib -9.67e-13 -3.78e-13 -3.79%¢-13
vgs 0978 0.981 0.981
vds 25 0978 0.981
vbs 0 0 0
von 07 07 07
vdsat 0278 0.281 0.281
0 0

IV el > |V 4.l for saturation

vds 153 1.09
vbs 0 0
von -0.7 -0.7
vdsat -0.394 -0.394
rs 0 0
rd 0 0
gm 0.000515 0.000254
gds 2.9e-06 1.45e-06

[V 4ol > |V 4l for saturation

asat

SPICE file for measuring input common-mode range and Acn,
* Two-stage op-amp
*inputs: inverting node 7, noninverting node 8

*Power supplies
VDD 10025
Vss 20 0-2.5

*Current mirror
M8 1110 10 CMOSP L=3u W=75u

Iref 120 50.0uA VosVig T

<

*Differential amp
IS8
M52 110 10 CMOSP L=3u W=150u Vi

*Drivers
M13722CMOSP L=3u W=150u -
M2 4 8 22 CMOSP L=3u W=150u

*Active loads
M3 3 3 20 20 CMOSN L=3u W=75u
M4 4 3 20 20 CMOSN L=3u W=75u

*2nd stage
M7 5110 10 CMOSP L=3u W=150u
M6 5 4 20 20 CMOSN L=3u W=150u

.MODEL CMOSN NMOS( LEVEL=1 KP=50u VTO=0.7 LAMBDA=0.03)
.MODEL CMOSP PMOS( LEVEL=1 KP=25u VTO=-0.7 LAMBDA=0.03)

rs vid 7 8 17.27u
rd 0 0 0 vic800
gm 0.000748 0.000361 0.000361
gds 2.9e-06 1.48e-06 1.48e-06 .control
tf v(5) vic
run
Mos1: Level 1 MOSfet model with Meyer ca dcvic-2.525 .1
device m5 mi run
model cmosp  cmosp plot v(5)
id 0.000101 5e-05 dc vid -200u 200u 2u vic -2. 2. .5
is -0.000101 -5e-05 run
ig 0 0 plot v(5)
ib -5.9e-13 -4.23e-13 .endc
vgs 1.09 1.09 .end
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Output: Frequency Response

WinSpice 1 -> f v(5) vic

Transfer function analysis ...

WinSpice 2 -> print all

transfer_function = 4.922230e-01 ACM
output_impedance_at_v(5) = 1.694335e+05
vic#input_impedance = 1.000000e+20
WinSpice 3 -> tf v(5) vid

Transfer function analysis ...

WinSpice 4 -> print all A
transfer_function = -1.61465¢+04 * 'OM
output_impedance_at_v(5) = 1.694335e+05 Ro
vid#input_impedance = 1.000000e+20

v — (s}

Slope = Acu

0 2.0 1.0 0.0 1.0 2.0
svesp v

Acm ~1.6V/3.2V =
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Circuits operate at different frequencies

Example
- Audio amplifiers 20Hz-20KHz
- Telecommunication circuits ~ 200KHz
- Video Amplifiers ~ 50 MHz
- RF circuits > 100MHz
- Cellular applications 1-2 GHz

So an understanding of how circuits operate over a frequency
band is important.

We will work with small input signals — small-signal analysis will
be used extensively.

Input will be considered to be a sinusoid — phasor analysis and
complex variables.

Goal

Find the amplitude and phase of an output signal given an input
sinusoidal signal.

Low-pass Filter

V,
vo Y 1 i TC v,

Vin R+%m’1+ joRC

Use impedances: z. :j%o(:' Zg=R

Voltage division Vo =
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1

. %
Magnitude = |-°

Vin| 1+ (eRC)?
Recall:
1 _ 1 a-jb_a-jb_ 1 __ inpra)
a+jb a+jba-jb b*+b? a+ jb

v
Phase= 4=~ tan™(@RC)

in

Observations
Vo Vo o
<<l:|—|=L ZL—=—-tan"0=0
LA 1 vin Vin
Vo 1 Vo o
<<l:|—~= ; L——=—tan o =90
ORC<<1: G RS’ “Vin

Plot these quantities as a function of frequency (log).

IV,
Vi Asymptotic curve
actual A |
| -20 dB / decade
|
|
f
@
|y RC
| !
V, Asymptotic curve
/-2
tual I
_ 40| actual
|
|
—90°+ I
T

Jre “

Bode Plots
Transfer function =T(jw)=[T(jw) £T(jw)

Magnitude: the plot of A = 20 log [T(jW)| as a function of @ in log
scale is the Bode plot for magnitude

Phase: the plot of & =/T(jw) as a function of ®in log scale is the
Bode plot for phase

Example
T(jw):l+% w=-z,is azero
“ : :
A(e) = 20 log 1+'—‘ =20 log 1+[£] =10 log (1+ [EJ )
7 7 a

w<<z, A(w) =10log1=0dB
2 2]
0>z, A(®)=10log [ﬂj =20 log <
z 7
o =z, A(w) =10 log (1+1) = 10 log 2 = 3dB.
For frequency m, = 2 o, (®;, w,>>z,) change in A (o) is
2601 o8
A (o) — A (o) = 20 log 71 20 log P 20 log 2 =6 dB.
1
o, = 2 o; — frequency separation is an octave
-. slope = 6 dB/octave

Alternatively,
o, =10 o; (o, @, >>z,) then

A(@)-A(@)=20log —, -20log - =20log 10 =20 dB
1

i.e. slope = 20 dB/decade because frequencies are separated by
a decade
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Slope = 20 dB / decade The low pass filter was an example of
A(dB : .
(d5) T(jo)= i.e.apoleatp,
Slope = 6 dB / octave, 1+ j—
Py
1 . )
6dB |————mmmm P.= re Hz (RC has units of time)

Z

" 102,
(winlog scale)
The curves asymptotically approach a straight line
w<<z, ¢(@=tan'0 =0
=2 6(w=tan*1 =45°

0>z, ¢ (®)= tanto =90°

Aw)
actual
z, _
| Asymptotic curve
6(w) I
90 |
VA
|
450, actual
|
0° 4 ? I
| Asymptotic curve
! ©

Z
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Bode Plots of Arbitrary System Functions

Kj m[1+ j—m][lJr J—wJ . «(1+ J—w]
4 2z Zm
B
P P2 Pn

T(jo)=

A(@) = 20loglT (j) = 20logK |+ 20log|ja+ 20Iogl+J—:) +...+20logL+ 12
—20I0g1+£ —4..—20I0gl+E
1 n
8(w)=0"0r180° +90° + tan’l(ﬁj +ot tan’l[ﬁj —tan’l[ﬁj - tan’l{ﬁj
d 4 Zy Py P
signof K
Remarks

1) If K is negative then a phase angle of 180° is added.

2) Bode plot can be constructed by summing the magnitude
and phase contributions of each pole & zero

3) Asymptotic plots are often sufficient

Example

c
High-pass filter +
Vo_ R _ jwRC Vi R Vo
Vin R+%WC 1+ jwRC -
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/ /ijC
Alw)
/ Sum
0dB [ = T
VAN
/ N\ 1+ joRC
! \
f
VFre @
90° e _:_ —_——
* | joRC
450 “1|‘
o “\
() : . sum
o= = —aaee
\ |
N
—45°+ N
'\ 1
oo | ;l;JmRC
|
e “
MOSFET Capacitances
4
,‘ Intrinsic Device
-
S G D
w
—
[——T— Gate source/
L drain overlap
| 7~
/7

Gate bulk overlap
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We will partition the FET into intrinsic and extrinsic parts. The
intrinsic device is in the channel area only.

Extrinsic Capacitances

Overlap capacitances

Due to overlap and fringing fields between gate and bulk, source
or drain. Modeled in terms of constants Cgsg, Copo and Cggo. A
0.5 u process might have Cgso = Cgpo = 0.2 fF/u and Cggo = 0.

Casov = Ceso X W Copov = Cepo X W Cgpov = Caro X L

Junction capacitances

W
S D
| S
— — - Sidewall
Sidewall
Depletion P-type
Region  Substrate Bottom wall

B
These are due to the S/B and D/B junction diodes. The junction
diodes are always reversed biased for proper operation, but have
an associated capacitance. Source and drain sizes are
dependent on layout and therefore capacitances also depend on
layout. A portion of the capacitance depends on area (bottom)
and a portion on perimeter (sidewalls).
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-

L

Area of source diffusion = AS = Wb (m?)
Area of drain diffusion = AD = Wc (m?)
Perimeter of source diffusion = PS = 2(W+b) (m)
Perimeter of drain diffusion = PD = 2(W+c) (m)
Cio
Cootom =C; = Area————
(1+ ViJ)MJ where
Py
Cj = CJ = zero bias junction capacitance per unit area (F/m?)
Pg = PB = bulk built in potential (V)
M; = MJ = bulk junction grading coefficient
V; = applied reverse voltage (V)

. CjSNO
(o} =Cg, = Perimeter — >~

sdevel @+ ij)mJSW where
PBSN
Ciswo = CISW = zero bias sidewall junction cap per unit area (F/m?)
Pgssw = PBSW = bulk sidewall built in potential (V)
Mjsw = MISW = bulk sidewall junction grading coefficient
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C; =Csdewall +Chottom

Example: N-channel MOSFET in 0.5um CMOS process

CJ = 0.557 fF/um? CJISW = 0.256 fF/um, PB = PBSW = 0.99,
MJ =0.6, MISW =0.1, W=50u,L=1p,c=b=2p

Caso = Capo = 0.2 fF/u and Cggo = 0.1 fF/p
ForVps=3V,Vsg=2V = Vpg=5V and Vsg=2V

_ 50x2x0.557 fF + 2x(50+2)x0.256fF _  55.7fF . 26.6 fF

(1+V73)MJ (1+ Vs yMasw (1+i)0~5 (1+i)0v1
Ps Pasw 0.99 0.99

Css

Cgqg =28.7+238=525fF

Since ¢ = b, source and drain areas and perimeters are the same,

Cos = 55\./7 fF + ZS.GfF _ 55.75fF + 26.65fF =189+ 222=411fF
@+ TIMs (14 VI Mo (14 2§06 (1, O yo1
Ps Pasw 099 099

Cosov = Cepov = 50].1 X 0.2 fF/ju =10 fF
Ceeov = 1u X 1 X 0.1 fF/u = 0.1 fF
Intrinsic Capacitances

Cut off region

For Vs < V7, there is no conducting channel. Therefore intrinsic
Cgs=Cgp=0. Channelis at bulk potential and Cgg = WLCy.
Non-saturation region, small Vpg
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Inversion layer in channel

Total capacitance between gate and channel = WLCyy = Cgs +
Cep

The device is symmetrical so Cgs= Cgp = %2 WLCox

Similarly, Cgs = Cgp and equal % the total capacitance between
inversion layer and bulk: Cgs = Cgp = 1n(¥2 WLCoy)

Ccg = 0 since the inversion layer shields the gate from the body

Saturation region

Channel pinches off and Vps has no effect on the channel charge
= Coep :0andCBD =0
Cgg nonzero but can be ignored

2
Ces = g\M-Cox as will be shown next.

Derivation of Cgs in saturation

C W
dy = ﬂ#(ves -V; —V(y))dV
l'os
s :
Subsiituting, Qe ="~ Oj(ves ~Vy =V(y)fav
COZXW2
ot — ﬂi{[(ves -V; )_ (VGS =V )]3 + (Ves -V; )3}
3l s
CoW? 2C, WL
Qu = uC ILVIV = (VGS -V )3 = O; (Ves _VT)
oX 2
STT (Ves _VT )
— aQto! — ZCOXVVL
Ve 3

Summary of Intrinsic capacitances

Capacitance transitions smoothly from low Vps in non-saturation

to their values in non-saturation.

The charge per unit area in the channel was found to be c WLC,y (1+ 1 Vpg J
GS = 2 i i
Q(y)= Cox(VGS Vi —V(y)) 2 3Vpsat non-saturation
The total charge in the channel is then 2
. Ces = EWLCox saturation
Qut = ICOXW(VGS =V; =V(y) )dy 2
0 Cop, = WL Cox 1_[vos]
| _ .
av 2 VpsaT non-saturation
We found before that ! os = #CaW(Vos = Vs —V(y))d— or
CGDi =0 saturation
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Overlap capacitances Cagsovs Capovs Casov
Con = non-saturation and saturation Junction capacitances (area and perimeter) Csgy, Cgpg
GBi Intrinsic capacitances Casi, Capi,» Cagir Capis
Co = WLC,, _ _ Cesi
Bs =7 2 non-saturation and saturation
WLCox VDS < CGBi I |
Cepi =7 2 1 v non-saturation WLC,, +Cosoi] |
DSAT |
CBDi =0 saturation 2/3 WLCox +CGSov_ I
Cogi = WLCox cut-off region % WLC,, +Cig,, 7]
Cosi= Cepi= Cgsi= Cpgi= 0 cut-off region
. . ) ) C(.‘,Sov’CGDov
Example of intrinsic capacitance C
GBov
— 2 — — — — 2
Cox = 3'4% g:/u + (Tox = 10nm) V1o = 0.7 V, . = 0, K’ = 153 pAIV Cut off Saturation | Non-saturation GS
y=07V"> ®=08V,W=10u,L=1p A

VDS:3V,VSB:2V,VGSZ3V

V, =0.7+0.7(y2+0.8-/0.8)=1.25v
Ves-Vr=3-125=1.75V < Vps =3V = saturation region
WLCox = 10 x 1 x 3.45fF = 34.5 fF

Ces = %WLCOX =23fF

Ces =nW"2C°X = 07 354 _36tF

228 2

Coepi = Cogi = Capi = 0

Total capacitance is the sum of intrinsic and extrinsic
capacitances.
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Gate capacitances

Csg =Csgpi + Csgy
Cos = Cosi + |Cpgy

Ces =Casi + Casov
Cep = Copi + | Capov
Ces = Cesi + CeBov
From Examples

Cos =Cgsi+ Cosov =23 fF + 2 fF =25 fF
Cop=Copi+ Coaov=0 +2fF=2fF

Coe =Cqgi+ Copov=0+0.2fF=0.2 fF

Csg =Csgi+ Cspy =3.6fF+525fF=56.1fF
Cpg=Cpgi+Cppy =0+41.1fF=41.11F

Page 128
ECE 422/522




Complete MOSFET small-signal model

CGD
[
G OH’T—{ — o oD
+ v mb*BS
S OO

so ;L
BS C C
+ SB DB
Cas B

Unity Gain Frequency

This is the frequency at which the magnitude of the short-circuit
current gain of the FET is unity.

=

ii = jo(Cgp + Cgs + Cya)Vgs

—al

io = OmVgs

neglecting current through Cgyq
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i0 gm

A:f:ja)icgb+cgs+cgdi
gm :l
Ai:latm:mTj ij(Cgb+Cgs+ng)
= I ~9m
- Cy +Ce+Cy) Cg
wT gm — gm

T2 27(Cp+Cp+Cy) 21C

gs

In saturation for n-channel MOSFET

aly w 2
= =K'— -V. =<
gm avgs L (\/GS T) and CGS 3\M-ng
w 1
- iluncox T(Ves -V;) 1 H E(Ves -V;) ~ E,un(vss -V,)
T - - 2
2 ngcox e gL oL

Note: fr increases when Vgs — Vt increases or when L decreases
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WinSpice 3 Input file

*Common-source amplifier 2K

vds 303V

vss 200 @
vgsl01l5ac1l M1 Vi

rl 342K 10

c140 1pF Y e 1pF
P 9s u

m14122cmosn I=1uw=10u @

+ad=20p as=20p pd=24u ps=24u

MODEL CMOSN NMOS ( LEVEL = 1 VTO=0.7 Voo — @
+ KP=200u GAMMA=0.5 LAMBDA=0.02 PHI=0.7) @
.end

.control $ can run in batch mode - $ is not a valid inline comment
op $ runs dc operating point

print all $ prints all node voltages
dcvgs03.1 $ runs dc analysis with input from 0 to 3V
plot v(4) $ plots v(4), the output

ac dec 10 1K 1E9 $ runs ac analysis from 1KHZ to 1 GHZ with

$ 10 points per decade
plot vdb(4) vp(4) $ plots magnitude of v(4) in log scale, and phase of v(4)
.endc $ ends batch mode  « "

Output

WinSpice 2 -> source example2.cir
Reading .\example2.cir

Circuit: *Common-source amplifier

DC Operating Point ...

v(1) = 2.000000e+00
v(2) = 0.000000e+00 v
v(3) = 3.000000e+00 W

v(4) = 5.926081e-01

vds#branch = -1.20370e-03

vgs#branch = 0.000000e+00

vsst#tbranch = 1.203696e-03

AC analysis ...
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Common-source amplifier-frequency response

G Gy D
+ GoVe:
“Ta, S ORI gro Re
s L
Vss Co Vs
Ao
Cop =

Common-source

— — ——

Complete small-signal
. MOSFET model
Small-signal model for circuit
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Yout = + joCout

out

Node 1
1y = vy (Vin )+ J0C 4 Vg =, )
1y = (i +J0C g gy — jCyqv, (1)

Node 2
&mVes + VourVo = J@Cqq (ng\. -V, )
8 = J@Cqa Pgs =~Wou + J@Co o
R R o)
A vgs =V,
&n —JjoC ed

Substitute for vy in (1)

. *(}’”m + jmcgd)
1= ()/ + joC oy | —————=|v, — j@C oV,
) " ¢ gn—J@Co )° “e

. ) : 24 2
B —()’m +J(0ngx,"am ‘*‘./'L’ng)—./wcgdgm —0°Cyy
8m—J@Cyq

l.x‘ V{)

; 2~ 2. 2. 2
L = Y You = JOC g (Vin + Your )+ 07 Cpg” = joC gy 8y — 0 Cyy
&m = JoCyqy

s v()

Expand the first two terms in the numerator

1 |
YinYout :[Rf; JoCi, J[ . + /own]

C,
+ja)RL“’—(u2C‘-,,C

out
out s

1 C,
= +jo—"
RS R()ll/ R
1

Rg Ry

. . 2
[+ j0R oy + FORSC,y ~ 0 Rs Ry iy Con)

. ) 11
Brin + You Jj@Cyq = jC gy [7 +

Rs R

+joC, + ijuu/J
out
JaCgq . .
= E[(Rg + Ry )+ jORs Royy Ciy + jORs Ry Cont]
RS RH!II

1 . 2 2
= RR [/W(Rs +Rou )ng —® RgRy, CgqCip — @ RSRmucgdCom}
S Rout
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Substitute these back in with RgR,, factored out

A , : , . N
IR o R RS + R YCa = Rs R CoCon + CaCin + CoaCon 7R |
? (8 m = J@Cgq )R Rout

v, ~ Ryulgn — joCya)

vs 1+ ]’”[Rawcg,l + RyCo (14 Rout) + RotCot + R:Cm]* mZRSRwl/(CmC(m/ +CgaCin + ng("mu)

 Cyy
*ngm[lf/w “%j
V” m

- . 2
Vs 14 jolRyuCaq + RsCot 1+ 8 R )+ RougCons + RsCin |- 0 Ry Ryt (CuCos + CoaCin + CgaCons)

Observations

— gl)‘l
1) The transfer function has a zero at ¥z =~ .,
&

i.e. the voltage gain is zero when all the current through
Cgq is the transconductance current & no current flows
through the load i.e. vo=0.

2) Recall the unity gain frequency for a MOSFET
__ &n
C,+Cy
= wz>>wr i.e. beyond the useful range of operation

@r

3) The denominator of the transfer function is a second order
polynomial i.e.there are two poles.
For poles Py & P,

D(w) = 1+j%}(1+j%}

(11 o’
=l+jo| —+— |-—
B P) RP,
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1 1
LetTI:F & n=g
1 2

= D(w) =1+ jo(zr, +1,) - 0'1,T,

For the transfer function
7,+7,=R ng +RC, ,(1+g,R,)+RC, +R

out g out

nr, =RR,(C.C,, + ngcm + ngcom)

C

out

out

4) The Bode plot of the 2-pole transfer function
A

Vo

"7 (1t jor )1+ jor,)

A,

Vo

-20 dB / decade

-40 dB / decade

Jooo Ju ”

5) If the poles are widely separated (we will confirm this later)
then

1 1
== > 7,=—
1 2
where we have assumed |P,|>>|P4| i.e. P is the dominant
pole.
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D(w) =1+ jor, - o’t1,
= Tl = Rv [Cirr + ng (1 + ngnur )]+ Rmu (ng + Com)
1

or B=
R[C,+C,(+g,R,)I+R,,(C,+C,,)
Pt !
* RRR,(CC,+C,C,+C,C,)

_ Rs' [Cin + ng (1 + ngout )] + Roul (ng + Cout)
) =
RsRoul (CinCoul + ngcin + ngcout)
RS [Cin + ng I+ ngour )]+ Routhd

ForC,, =0; P, =

Rs Rout ng Cin
oL o1 1 s,
Routcgd Rscin Routcin Cin
g
Sm _ Em ~ Em _ oy o
Cin CotCo  Cg _
Dominant pole
S B> or \

c

Consequently, P, is a high frequency pole and the dominant
pole approximation can be made.

6) The capacitor Cyq appears as Cqa(1+gmRout) in the term with
Rs
ie. ng(1 ‘('ngout))=ng(1 'A)

This multiplication by the gain is called the Miller effect and
the capacitance Cy=Cgyq(1+gmRout) is called the Miller
capacitance.
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So although Cgyq is a small capacitance its effect is much
larger depending on the gain of the amplifier.

We will use the Miller capacitance to simplify our analysis
with the capacitor Cyq that couples the input & output. This is
an approximation but works well as we shall see!

7) Examine the large time constant 1 corresponding to the
dominant pole

- Rs[cin + ng (1 + ngout )] + Raut (ng + Coul)

Ta 7

7= 7 , the sum of time constants

We will be able to determine 11 by an approximate technique
known as zero-value time constants (to be done later).

Miller’s Theorem (Miller Effect)

£

Let k= ., be a known quantity, which is a complex number.

Page 137
ECE 422/522

V=V, _ v~k _ v(-k)

z z Z
_ Vi Y
S zja-k z,

z

Therefore, if Zu = |_x Were shunted across terminal ® and

ground, the current drawn from ® would be the same as that of
the original circuit. This is the Miller effect.

Vo™V _ v, v, [k

z oz
_v(k=Dk _ V)
CZ Zk(k-D

So the original circuit can be transformed as

7" 0

Z, Z,
=

Z

Z = ; ZZ:ZL;Zifkislarge
1-k k-1

Similarly j, =

Remarks
- ks the forward voltage ratio. The Miller effect can only be
used to find the forward gain and input impedance. NEVER
use it to calculate output impedance.

- Physically Cgq is getting multiplied by the voltage gain of the
amplifier and hence has a larger effect at the input.
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Application of Miller Approximation

For simplicity neglect Cout

VO

ImVes Rout =ro IIRL * R

@
|
Pls
m;U
-
g *J
J\/\\//\/-‘

Assuming current through Cgyq is small we can calculate the gain
from ® to @
k=220 g R, =-g,R,
1%

Vi o5
" Cgyq reflected to the input is Cqy(1-k) = Cga(1+gmRL)
Cum = Cga(1+gmRL)

The circuit becomes
v Lol Ll 2
" T e Tgm : L

where we have assumed that gnR_ is large and Z, = Z.

This circuit is much simpler to analyze. Furthermore, we obtain a
1-time constant system

1
Y[n = E‘FS(C"" + CM)

The time constant associated with the capacitance (Ciy+Cu) is
Rs(Cin+Cm).
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From the detailed analysis the time constant is

Rs[cin + ng (1 + ngL )] + RLng
T —

Miller capacitance Output time
constant

Key Points

1) Use Miller approximation @ —“— @
for calculating ONLY input Y2
impedance and forward @
gain. DO NOT use for Cu=Cell-4,) |
calculating output
impedance.

|||——|
II|—| e

2) For calculation of time
constants use the low frequency gain.

3) At low frequencies C. appears as a capacitance at the input
of value Cy=C¢(1-Ay(0))

4) For higher frequencies A, is frequency dependent
= the input is reflected as an admittance
Ym(s)=sCc(1-Av(s))
C. no longer appears as the pure Miller capacitance.

Calculation of bandwidth (-3dB frequency)
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k
A(s) = 2 )
1+bs+bys™+---+b,s

A
R
+ VVV + where
c Y < 1
b = -——
1o ‘ Z[ P,)
Now consider a dominant pole say P4 then

[P1]<<|P2l, |Ps], .....|Pnl o

1
1 2 1
(L
Then |p Z( P,J

7%
1
0348 = pe = S = pe
i=2
b= 1
so that 1 = _F is the coefficient
1

G

corresponding to the dominant pole

The magnitude |A(jw)| is

For the simple CS amplifier we have seen that
amcgd + Rs (1 + ngum )ng + Ra Cin + Ruurcom
‘A(]a))‘ - 2 2 2
1+[wj 14{0)) IJ{wj
F,

How do we get this information for complex circuits?

7, +7,=R
and if we assumed a dominant pole then

Tl = Ruu/ng + Rs (1 + ngom )ng + Rscin + Rau/szl

For a dominant pole P4 this is approximated as

A

= DRC
i=no. of caps
Let us revisit the dominant-pole approximation
Consider the transfer function
A(s) = k
[1_111_1]”.(1_1] A(jo)| = -
RN P P, (e
Where the zeros are not important in the frequency range of P
interest.
A(s) can also be written as Remark
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Example of ZVTC method with CS amplifier
Cy

This approximation will be accurate until w = |P4|, and the transfer

function has no zeros.
W.3as = |P4
Vgs
§RS Cm _ gmvgs

How can we calculate P4 (at least a reasonable value) without

Ri=Rs

having to evaluate the whole transfer function?
.. time constant = RsCin = cin

Answer: zero value time constants (ZVTC).
ZVTC Method
- yields a dominant pole if it exists = fairly accurate -3dB

Cad

out

frequency

- Does not give any info about the zeros

= for a circuit in which there is a dominant zero, the -

3dB frequency calculated using ZVTC will be wrong
Procedure
- For each capacitor C; in the circuiti=1, ...., N,
1) Open all other capacitors Cy,.....Ci.1,Ci+1,....CN= 0 Node @-
Ve =N = iR
Node @:
i+ Ve 2 - 0

i.e. setthem to a ‘0’ value
2) Find the Thevenin resistance R; seen by capacitor C;
(short independent voltage sources and open current
= V= 7Rour (ix + gmvgs)
=Ry (i + g Rsi) = =Ry (1+ 8, Ry i
Ve =V =V =LRo+ Ry, (14 g, R))i,

= ix [R()ur + R,v (1 + Em R()ut )]

sources)
3) Calculate the product RC; — this is the zero-value time

constant associated with C;.
- Sum up all the individual time constants.

Then b =>'RC,
Remark
This calculation of by is exact.
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vy Numerical Example
. Ri :f:Rour"'Rx(l"'ngout) w 50/1 5V
Iy Ip=400pd4, —=—"%
. _ 1 L 2u
. z-Cw, - ng [Rom + Rs( + ngum )] 2 400 u
k' =50ud/V=, Vp =1.0V
= CR,, +R(+g,R,)C,, . O
— A=0.05V"forL=2u _/\/\/\/__I
Miller capacitance
2
Cout Cox = 1fF 1 1PF
Cov = Cas0 = Capo = 0.5/F 1 pim =
.
R >
v out R -— R. . . .
Rs o LRV ) Cou out For the device in saturation
= Cpy =C, W =05fFx50=25fF
=R,C, 2 2
rc,, = fourCour Cp = EWLCUX = 5(50)(2)(1) fF
Final Sum =67fF+25fF =92 fF
Calculate gm & 1o
bl = ZTI'” = RsCin + ngRaut + Rx (1 + ngaut )ng + Roul Cout W 50
g, =|2kT,— = 2><50><400[—},uA/V
Remark L 2
This is the same expression we obtained from the exact analysis —1mAlV
with a dominant-pole approx. ) 1
I " AL, T 0.05@00x10%) 0k
. -3dB . X
Zfi D ( )
For this example Rout = 50kQ, Cout = 1pF.
Compute various time constants:
tc, = RCj, = R,Cy =10k x92 fF = 0.92ns
z—Cm, = Roulcgd + Rx (1 + ngout )ng
= (50k +10k(1+50))25 fF = 14ns
e, = CourRou = 1.025 pF'(50kY) = 51.25ns
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~. the largest time constant is due to the load capacitance. vas o
1 9 vbs 0
@y = ——————x10"rad /sec von s
0.92+14+50 vdsat 078
1 rd 0
=— = gm  0.00103
f—sdB - 20 D 345 2,46 MHz gds  1.9e-05 = 1, =52.6K
gmb 0
cbd 0
SPICE Simulation Sor 3.300-14
cgd 0
* calculate poles and zeros
“input: 4, output: 1 5V V(1) = 1.038790e+00
Vv(2) = 1.780000e+00
*Power supplies v(4) = 1.780000e+00
VDD 1005 400 p v(10) = 5.000000e+00
vdd#branch = -4.00000e-04
*circuit vsi#branch = 1.646420e-20
M8 1200 CMOSN L=2u W=50u 10K M1 Transfer function analysis ...
ID 10 1 400.0uA transfer_function = -5.39456e+01 A,
rs 4 210K —/\/\/\/——I output_impedance_at_v(1) = 5.259697e+04
cl101p 1pF vs#input_impedance = 1.000000e+20
Pole-Zero analysis ...
*sources — Warning: Pole-zero iteration limit reached; g
vs401.78ac1 pole(1) = -1.37590e+09,0.000000e+00 = f; =219 MHz
"MODEL CMOSN NMOS( LEVEL=1 KP=50u VTO=1.0 LAMBDA=0.05 pole(2) = -1.47954e+07,0.000000e+00 = f,=2.35 MHz versus 2.46 MHz by hand
+TOX=34.5n CGDO=.5n) zero(1) = 4.102564e+10,0.000000e+00 = zero =41 GHz
.control Remarks
op -
run " 1
show m8 model = e .y
print all - qu Z p | is valid in general
tv(1) vs i=l i
o o1 0 vol pz i.e. the sum of zero-value time constants equals the sum of
prindt all the reciprocals of all poles, whether or not a dominant pole
.endc .
‘end exists.
1
SPICE Output - Setting ©P-3a8 = STz, can give an error if a dominant pole
DC Operating Point ... ) . _U .
Mosl: Level 1 MOSTet model with Meyer capaci situation doesn’t exist. However, the w_sgs will then be a
vic : S .
model cmosn pessimistic estimate.
id 0.0004
i ~0-000% - If parts of a circuit are isolated from the rest then the ZVTC
ib -4.02e-13 will give the pole information associated with these parts.
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Hence, the ZVTC could also be A
used to estimate non-dominant 1
poles. <ﬁ‘
c\
7,=CR, § T
Rx
= pole = L
C

ith

Example of Error

Consider a circuit that has two identical negative real poles at wx
A

o

A(jo) =
(ijJ[ij]
, ,

\A(ja))\:ﬁata)%dg = 4 4

2 ﬁm

[
= 035 = 0\ (\2 ~1) = 0.640,

X

1 1 2
Using ZVTC we will obtain ZTU T o + o o
1
=0 35 = 27‘[ = a;X = OSCOV

i.e. ZVTC will result only in 22% error!
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Example
K'=60pd/V?, 1, =2004°

Ceso=Cepo =0.3fF/

Cro=08fF/p A WA
V.

Pp=0.6V, =06V |
Vp=01V, y=04r"2 1=0r"!
V, =25V, MJ=05

i).Calculate small-signal low-frequency gain.
ii).Use ZVTC method for calculating -3dB frequency

C —fu_ 3.45x107"°F /cm
ot 0.2x107cm
DC analysis
V, =25V =V, =5-25=2.5V

Vi, =0.7+0.4v2.5+0.6 7\/0.6]:1.1V

=1.725/F / 1

k' W
1y, :ET(VGS_VT)Z
:@ i (2.571.1)2 =235u4
2 \1
Gain
= 21, _ 2x235 =3364/V
Ves =Vy  25-1.1
gm =\/2k']0(%j = \/2x60x235($) =1.68mA/V
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1

Low - frequency gain=—g,,| -——————
Em2 + &mb2

__gml 1 :_gmll
&m2 | 4 Smb2 gm2 147
Em2
I S BT
2 Vgt 242.5+0.6
3
4 _Lesx10* 1
g 336 1+0.11

ZVTC method

Calculate capacitances
Cy =Cgs1 + 1+ g, R0 )Cop1
Cy =Cap1 +Cpp1 + Casz2 + Csp
1 1

y=———— = ———
Em2+ &mp2  &ma(1.11)
Cpp =03 /F/ px100u =30 fF

R =1k R

=2.68kQ
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2
Cas1 = 3 WLC,, +WCss0

=§(100)(1)1‘725+100(0‘3) IF
=115+30=145/F
Cosa =2 LT+ 403) fF

=46+12=58F
ChV _0.8x100

Cap = 03 35 =352/F
o
0.6
PB
CoW 0.8x4
Copp = 0 = =14/F

0.5
(1 + Vspo j \/1 + 2
0.6
?B
Calculate time constants
7, =CR, =R[Cs +(1+ g,.R,, )Cspn]
oml o,

4,, «already
calculated

=1k[145 + (1 +4.5)30] /F =310ps.

5, =R,(C,+C))
=2.68k[Cpp; + Cppy + Cosy + Cspr + €, ]
=2.68k[30+35.2+5.8+1.4+100]/F
=462 ps.
1 +7, =310+ 462 =T772ps

1 1
Sosas =

27 TTax10 " 20OMHz
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SPICE Simulation

* calculate poles and zeros

5V

*input: 4, output: 1

*Power supplies
VDD 505

*circuit
M25510 CMOSN_2 L=1u W=4u 20p
M11200CMOSN_1 L=1u W=100u
rs 421K

cl 10 100f

*sources 00 i i
vs40.98ac1 e o '

irequency He

010

.MODEL CMOSN_1 NMOS( LEVEL=1 KP=60u VTO=0.7 LAMBDA=0.0
+TOX=20n CGDO=.3n cgso=.3n cbd=80f cbs=80f phi=0.6

+pb=0.6 mj=0.5 gamma=0.4)

.MODEL CMOSN_2 NMOS( LEVEL=1 KP=60u VTO=0.7 LAMBDA=0.0
+TOX=20n CGDO=.3n cgso=.3n cbd=3.2f cbs=3.2f phi=0.6

+pb=0.6 mj=0.5 gamma=0.4)

.control

op

run

show m1 model m2 model
print all

tfv(1) vs

print all
pz4010vol pz
print all

.endc

.end

Output

DC Operating Point ...
Mosl: Level 1 MOSfet model with Meyer capacitance model

device ml m2 a8 dbimagivili)}
model cmosn_1  cmosn_2
id 0.000235 0.000235 2B oo
is -0.000235 -0.000235
ig 0 0 1.0
ib -9.69e-13 -2.9e-12
vgs 0.98 2.5
vds 2.5 2.5 °
vbs 0 -2.5
von 0.7 1.1 O
vdsat 0.28 1.4
rs 0 0
rd 0 0 -20 0l - .
gm  0.00168 0.000336 e dl;&mr “j"“
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gds 0 0
gmb 0.000434 3.81le-05
cbd 3.52e-14 1.05e-15

cbs 8e-14 1.4le-15
cgs 5.76e-14 2.3e-15
cgd 0 0
cgb 0 0
cbd0 8e-14  3.2e-15
cbdsw0 0 0
cbs0 8e-14  3.2e-15
chssw0 0 0

V(1) = 2.5049986+00
v(2) = 9.800000e-01

v(5) = 5.000000e+00
vdd#branch = -2.35200e-04 Ip2
vs#branch = 3.430483e-20

Transfer function analysis ...
transfer_function = -4.49034e+00
output_impedance_at_v(1) = 2.672823e+03
vs#input_impedance = 1.000000e+20

Pole-Zero analysis ...

pole(1) = -8.30652e+09,0.000000e+00 1.32 GHz
pole(2 K 244 MHz versus 206 MHz
zero(1) = 5.600000e+10,0.000000e+00 8.91 GHz
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Frequency response of two-stage CMOS opamp

1
VSS
R1=roz2|| fos C1=Cgss + Cgaa + Caps + Cga2 + Cap2
R2=ros || fo7 C2=CL+ Cave + Cga7 + Cap7
C =C.+ (:gde
C
| ‘
N
= R, % :) R,
s= (4 1 G c
GitVin Cy _ m2 2
i p——
Stage 1 Stage 2
Gt = 9m Gz = 9ms
v, (G, —SC)RR,

i, 145[RC +RCy+ RC+RC(1+ G, R+

$*R,R,(C,C, + CC, + CC,)
The denominator is in the form of a 2-pole transfer function
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2
D(s)=|1-2]1-2|=1-5% L+L L5
P, P, A P,) PP

If P4 is the dominant pole then

2
D(s)=l-—> 42>
h  RA
1
=>P=-
R,C, +R,C,+R,C+R C(1+G,,R,)
For large C & G2R2
O S
"7 G,,RR,C
From the s® term: P = L !
P, R,R,(C\C, +CC, +CC,)
P G,,C _ G,,C
*T C\C,+CC,+CC, C\C,+C(C+Cy)
Remark
As C increases |P1| decreases whereas |P,| increases
Gm2

= pole splitting. The limiting value of |P,| is C, +C, alarge

frequency.
Pole splitting

When C = 0, we have 2 poles in the circuit.
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B 1

e
1

*TORG

With the capacitor C
1

Pz-———— 50 aC?T
GmZRlRZC
G, ,C G
Ppz—————mr . Tm 4 1
C\C,+C(C+C,y) C +C,
jo
T s
C1+éz %chz %lcl G,,,ZRIIRZC

As C is increased, the poles split apart and a dominant pole
situation is created.

Uncompensated
(without C)

/— -20 dB / decade

-40 dB / decade

Corerensatéld 7

1 1
|P|-—17 [Pyl —" @
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Assuming a one-pole roll-off due to |P+|, we have
A‘,(S) — GmlRleZRZ
1+sG,,RR,C
Unity gain frequency = |A/| = 1
G, RG,,R
‘AL(O\))‘ mlfM M~ m25v2 =1
(thGmZRlRZC
— Gml — @

e C

R

How to choose C?
As we will see later, one choice is to make |P2|=wy
GC _Gm
CC,+C(C+Cy) C
Can solve a quadratic to obtain C.
If Ci <<C, C, then

GnC = _—ml

ccC, C
G, ..

or C= G—C2 = maximize G, for smaller C.

m2
Remarks
1
Av = GmlRleZR2

(O =,
e Gm2R1R2C

G
A 05 =?""= 1 o,

i.e. Gain x bandwidth is a constant (GBW)
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27
@y € Gy 5 Avxgl:V DV 211
8o Gs —Vr D

Increasingl, =g, T but (Vgs-Vp)T =4, 4
Design Example (2-stage op amp)

The dc and low-frequency gain were done previously. Now we
look at the high frequency behavior with C =7.5pF.

Device Parameters
n-ch:Co, = 0.5 fF/u, Cjo=0.1 fF/W2, Ciswo = 0.5 fF/p

PB = PBSW =0.8, MJ = MJSW = 0.5
p-ch:Co, = 0.5 fF/y, Cjo = 0.3 fF/?, Ciswo = 0.35 fF/p
PB = PBSW =0.8, MJ =MJSW = 0.5

tx=15x10°m =150 A; Cox = 2.3 x 107 Flem? = 2.3 fF/?

For area and perimeter calculations use Lgix = 6um for source and
drain regions.

Calculate capacitances

Cgﬂ,:zW-L-CerCW-W
3 :

= %(150)(3)(2.3) +0.5(150) fF

=765 fF
Cpuo =0.5x150 =75 fF
Cy =75 fF

Coy =0.5x75=375 fF
Cyp =0.5x150=75 fF
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C,-AD  C,,-PD

Caps = v, 05 V. 05
1+ 1+
PB PB

AD =75x6=450u> PD=162u

Drain of M4 is at -1.52 V, bulk is at -2.5V = Vpg = 0.98V

0.1x450+0.5x162
0.98
0.8

 Cpy =
1+

=84.5fF
Drain of M6 at OV, bulk at -2.5V = Vpge = 2.5V

n Cppe = 0.1x900+0.5x312 ~121fF
25
I+—
0.8

Drain of M2 at -1.52V, bulk at Vs = 0.98V = Vpg, = 2.5V
Drain of M7 at OV, bulk at +2.5V = Vpgs = 2.5V
r Cpyy = Cpr = 0.3><900+(;.3;5><312 —186.7 {F

1+—
0.8

5 €1 =Cl + Caqa + Capg + Cour + Cap
=765+37.5+84.5+75+186.7=1.15pF
Cy=Cp+Caps +Cqar +Capy
=7.5+(0.121+0.075+0.1867) = 7.88 pF

C=C¢+Cys=Cc +75F

Page 160
ECE 422/522




Calculate the unity gain frequency
We have Gt = gm1 = 353.5uA/V, Gmz = gme = 707pAN

Lo, =% where CE%C2
C

m2

. C;%xSpF:4pF

.. C.=4-0.075pF = 4pF

353.5x10°°

X102 =88 Mrad/sec
x10™

fu =14MHz
Calculate the pole frequencies

R =333.34kQ; R, =166.67 kQ

1
707x107°(333.34)(166.67)10° x4x10
o, =636 krad/sec = f, =1013 kHz

-6 12
P = _JO7>107 410 _ 60.9 Mrad /sec

1.2x8+4(1.2+8)
o fry =9.7 MHz

Pz

Remark

GmZ ~
e A zero appears at @ = c - 28MHz g itis beyond

the unity gain frequency.
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e From SPICE the poles and zeros are
poles: 855 Hz, 10 MHz, 17 MHz
Zeros: 17 MHz, 28.6 MHz
funity =~10 MHz

SPICE file

* Two-stage op-amp

*inputs: inverting node 7, noninverting node 8
vinp700ac1

vinm 8 0 17.2745u

*Power supplies

VDD 100 2.5

Vss 200 -2.5

*load cap

c1507.5p

*compensation cap

cc544p

*Current mirror

M8 1110 10 CMOSP L=3u W=75u AD=450p AS=450p PD=162u ps=162u
Iref 120 50.0uA

*Differential amp

*1SS

M52 110 10 CMOSP L=3u W=150u AD=900p AS=900p PD=312u ps=312u
*Drivers

M1 37 22 CMOSP L=3u W=150u AD=900p AS=900p PD=312u ps=312u
M2 4 8 22 CMOSP L=3u W=150u AD=900p AS=900p PD=312u ps=312u
*Active loads

M3 3 3 20 20 CMOSN L=3u W=75u AD=450p AS=450p PD=162u ps=162u
M4 4 3 20 20 CMOSN L=3u W=75u AD=450p AS=450p PD=162u ps=162u
*2nd stage

M7 5110 10 CMOSP L=3u W=150u AD=900p AS=900p PD=312u ps=312u
M6 5 4 20 20 CMOSN L=3u W=150u AD=900p AS=900p PD=312u ps=312p

.MODEL CMOSN NMOS( LEVEL=1 KP=50u VTO=0.7 LAMBDA=0.03
+cgdo=0.5n c¢gso0=0.5n ¢j=0.1m cjsw=0.5n mj=0.5 mjsw=0.5

+pb=0.8 tox=15n)

.MODEL CMOSP PMOS( LEVEL=1 KP=25u VTO=-0.7 LAMBDA=0.03
+cgdo=0.5n c¢gs0=0.5n ¢j=0.3m cjsw=0.35n mj=0.5 mjsw=0.5

+pb=0.8 tox=15n)

.control

op

print all

ac dec 10 200 20meg
plot vdb(5)

pz 7850 vol pz
print all

.endc

.end

dp db(mag(v(5}))
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{ rmguency Hz

Output
Circuit: * Two-stage op-amp

DC Operating Point ...

V(1) = 1.406404e+00
v(2) = 9.745308e-01
v(3) = -1.51948e+00
v(4) = -1.52169e+00
v(5) = 1.238277e-06 (Near zero)
v(7) = 0.000000e+00
v(8) = 1.727450e-05

v(10) = 2.500000e+00
v(20) = -2.50000e+00

vdd#branch = -2.55340e-04
vinm#branch = 0.000000e+00
vinp#branch = 0.000000e+00
vss#branch = 2.553396e-04

AC analysis ...
Pole-Zero analysis ...
Warning: Pole-zero iteration limit reached; giving up after 264 trials

pole(l) = -3.24673e+08,1.030280e+08
pole(2) = -3.24673e+08,-1.03028e+08
pole(3) = -1.14110e+08,0.000000e+00
pole(4) = -6.51190e+07,0.000000e+00
pole(5) = -5.38023e+03,0.000000e+00
zero(l) = -3.27455e+08,0.000000e+00
zero(2) = -1.13284e+08,0.000000e+00
zero(3) = 1.875935e+08,0.000000e+00

Note that poles and zeros are in radians/sec

Slew Rate

Up to now we have looked at the small-signal behavior of our op
amp. However, the behavior with large input signals is also of
interest.

Vi)
5V

Unity gain configuration
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Suppose that the circuit has a one pole transfer function then

V 1
Zo(g) =
V,( ) 1+s7
1
where 7=
-3dB

5
For Vi(s)= S (e astepinput)

1 .5_5 (s+%)—s _é_ 5

1+st ;_ s(s+%) _S S+%

or V,(t)=501-¢"")

Vo(s)=

V (t
o® Expected

Slew rate =7; (usually specified in V/us)

Examine the operation of the 2-stage CMOS opamp
The origin of the constant slope region is a large signal behavior.
At time=0, V;* steps to 5V, the output voltage cannot respond

immediately = V,=0
= Vi_= 0& Vi+= 5V
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Unity-gain
C | feedback

.. M2 cuts off and current Iss flows through M1 & M3;
M3 - M4 current mirror = lgs is drawn through Cc

A constant current Is flowing through Cc generates a voltage
ramp whose slope is
AV _ L,
At C.
Voltage at node 1 fixed because of M6
= V, increases as a ramp voltage

The 5V input signal drives the input-stage out of its linear
region of operation (i.e. small-signal). The circuit operates
nonlinearly and therefore we cannot expect a linear analysis to
predict correct operation.

For a large negative input step, M2 is heavily on, M1 cuts off
= M3-M4 current mirror is off
= current lss flows through C.
ISS
Node 1 is fixed by M6 = V; is a negative ramp of slope '~ -
C

The slew rate (SR) = Iss
Ce

Relationship between SR & Unity Gain BW (UGBW)

, —&m
Ce
SR = I&v :£'@:£Wu
Ce &u Co &m
SR 1 1,
= — =V N

@Dy, Em - 21, /(Ves =Vy)
Since I, =21,

What about C_ ?
When C, is large, the slew rate could be determined by C,.

Positive step at input
= C is charging up
Current to charge up C_ is
only lp7 - Iss since Iss goes to Cc.

VO
V1 drops so current through s l
M6 is reduced = Ip; - Iss is ma G
available to charge C. _I
SR — M — ID7 7155
L

At C, 5V

Negative step at input
M6 can discharge C. when it is overdriven so this is not a
problem.

Page 165 Page 166
ECE 422/522 ECE 422/522
At C Ip—Iy Iy o y— SRduetoC, Circuit can deliver large positive and negative currents
t LT o = C. to charge C¢ or C. and may not display slew rate
L ¢ | limiting. We will look at one such circuit later.
, 1, -1
or C =—2—5C. sRdleto Cc/ i Key Points
SS 1
1 : SR = ﬁ - & o,
= % -1C, CL C, Ce &m
5 log scale SR Iy I

Usually would like SR to be independent of C,, since C, is not a
design parameter.

Take SR, > SR

or 107 _ISS >1£
CL Cc

or I,, >[SS+%ISS
C

C
=1, > 1| 1+—%
D7 SS( CL]
How to improve Slew Rate?

s=ls
CC

=> increase lss and/or decrease Cc.

Increasing lIss increases power dissipation
= use class AB input stage
- low dc current
- under transient conditions current for charging
Cc can be significantly increased.
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—= =—35 =V, -V;)
o, gu ILs/WVe=Vp), o
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“Full-power” bandwidth
Slew-rate limitations also affect performance of the circuit
when handling large sinusoidal signals at higher frequencies.

Vi =Viysin(or)

= CZ’ = oV, cos(wt)

a;

1

dt

max

av,
For dt

<SR , the output will

max

follow input. However, for larger
values waveform distortion will
occur.

ar,
Since ;| *%

max Vi)

A, . V. T 7 actual waveform
= slew limiting will occur " with slew limiting
as the frequency is
increased when Vix=Vpp / /

t
The frequency at which this sine )\
occurs is the “full-power” wave

bandwidth

Example
6

10
Vop=5V; SR=1V/us = @p :de /sec
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- fp=31.8 kHz (full-power bandwidth)

Settling time

\Y
V.
R = — i % of final value

Slope = SR

VD
- t
Settling time
Ty
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Stability of feedback amplifiers

KFeedback
Network

If the amplifier is represented by a single pole transfer function

=a(s) = %
s
1-=
A
ao = low frequency gain
P+ = pole frequency in radians/sec

Assume a purely resistive feedback path = f constant
V,=Va(s), V.=V,-f,

A(S):E: a(s) — LI(S)
V. l+a(s)f 1+T(s)

i

where T(s) = a(s)f is the loop gain
A(s)=%lU=5/R)

a
1+ o

(l—S/P])f

a, a

o 0

- A - A
l-—+a l+a,f)——
pras (e -y

1

a 1

:l+ao.f1_i, 1
B l+a,f
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The low-frequency closed-loop gain is
an —_ an

*lraf 147,
where To=a.f is the low-frequency loop gain.

The pole frequency for the closed-loop system is P+(1+a.f)
= Wags = [P1] (1+a0f) = |P4] (1+To)

— - 20log—2—
g1+T

o

Remarks
- The gain a, has been reduced by a factor 1+ T,
- The bandwidth has been increased by (1 + T,)
. a,
Gainx BW =a,|P|= 1+7T |RI0+T,) is a constant.
- Designer can use negative feedback to trade gain for
bandwidth.
Gain
(dB) R 20loga,
Gl
| -20 dB / decade
|
) |
‘A(wa 1 a,
|
|

|7 (+7,)R] @
log scale

Gain curves for any T, are contained in an envelope bounded by
curve of |a(jw)|
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jo

(1+7, ) || N

Consider a 3-pole transfer function typical of many op amps
before compensation.

as) = [l_%][l- 5 j[l?]

Bode plots
lal
(dB)
-40 dB / decade
-60 dB / decade
[}
(log scale)
Za

2

Consider a(s) in a feedback loop with f constant
o T(jw) = a(jw)f and will have same frequency variation as a(jw).

For a system to be stable all poles must be in the left-half plane.
, a(jo
Aoy =Y
l+a(jo)f

45, 180 _ )5, £180
1+a,,Z180f  1—ayf

at wigo A(orgy) =

IfT= a1gof =1 then A(jw180) — o0
= unstable
Remark

If |T(jw)| > 1 at the frequency where ZT(jw) = -180°, then the
amplifier is unstable (Linear system feedback theory)

There are two measures of stability: Phase Margin and Gain
margin. Phase Margin is the more common specification.

Phase Margin = 180° + £T(jw) at frequency where |T(jw)| = 1.
Must be > 0° for stability.

Gain Margin the value of T(jw) in dB at the frequency where
£T(jw) = -180°. Must be < 0 dB for stability.

How do we determine where |T(jw)| = 0 dB given the magnitude
Bode plot of a(jw)?

Consider X =20logla(jw)f|=20loga(jw)|+20log f
=20logla(jow)|- ZOIOg%

The vertical distance between the curve 20log|a(jw)| and the line
20log(1/f) is a direct measure of the loop-gain magnitude in dBs.

Za(jo)
0°

aljol
(dB) | loop gain magnitude
To | ,
| loop gain = 0 dB
1
2000g—| ¥ 4
/ I
|
| ®, @
| o
|
|

—45°]

—90°

1800 — — — — — — — — T
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T 20loga, | in=0dB For this case PM=90° and this is a very stable amplifier. A typical
jaljo)y . oop gain = lower value for PM is 45°; 60° is more common.
(dB) — F ———
Case1 PM=45°; freal & constant
= LT(jw,) =-135
where w, is the frequency for which |T(jw,)| = 1
T(o,)|=laGo,)f|=1 = la(jo,)]=—
o S
Remarks a(jo)
- the point where 20log |a(jw)| intersects the line 20log(1/f) A(jo) = ——"—
is the point where loop-gain magnitude is unity or 0-dB 1+T(jo)
. LN 1350
- Can take the curve |a(jw)| as a curve for |T(jw)| if atw,: T(jw)=1£-135°=le"
20log(1/f) is taken as the zero axis. A(jo,) a(jow,) a(jw,) a(jm,)
] A = — > = - = -
- 20log(1/f) = 20logA,  i.e. the low-frequency gain in dB I+e/% 1-07-0.7j 03-07;
because 4o = L= L if a,f >>1 (+/0.58 =0.76)
l+a,f f ’ .
: o=@ 13,
Consider the single-pole example: %o 076  f 7

At frequency w,, |T(jwo)| = 1. This is the point at which the basic
amplifier has a -3dB frequency (single-pole amplifier). However, in
this case there is a 1.3x of peaking above the low-frequency gain.

Case2 PM=60°
= LT(jwo) =-120°, |T(jwo)| =1
1 1 1 1

oA = =—
[AGe,) f\1+e*f12°°\ f|1-,0.866-0.5
L1
SO f
Case3 PM=090°
. 0.7
\A(jw(,)\=7
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Relative PM = 450

Gain
_/\/ PM = 60°

PM = 90°

Peaking of gain for PM < 60°

Example 1
The loop-gain of a feedback system has two poles —w+ & -5 ws.
Find the dc gain of the loop-gain for a phase-margin of 60°.

o

T(jo)=——t—
(ijJ(ijj
, Sw,

For phase margin:  |T(jw,)| = 1 when £ T(juw,) = -120°

ZT(jo,)=—tan" L —tan™ Lo = _120°
a)l a)]

= tan| tan" 22 + tan"' 22 | = tan120° = —1.732
, Sw,
tan(4) + tan(B)
1—-tan(A4)tan(B)
wﬂ a)O
Yo Do
o S0

tan(4A+B) =

=-1.732
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6x

5-x

5 =-1732

or x2-5= bx
1.732

A64 +4/(3.464)?
3464234647 +20

2

=3.464x

Since the value of x>0

Lo —4.56
]
Check: <£T(iw,)=—tan"4.56—tan™" ? =-120°
Now [T(im,)|=1 = L 1
, [0)
I+ == | [1+] =2
\/ (a)l] \/ (5‘01]
L =1=T,=63

1+(4.56) JH(%)Z

.. dc gain of the loop-gain is 6.3.
Example 2
At what value of T, will system become unstable.
|T(jwx) =1 when £ T(jwy) =-180°
Z T(jw) =-180° as w — «©
". system is stable for finite values of T,
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Compensation

The process of making an amplifier stable that would otherwise
be unstable in a feedback configuration.

Consider the Bode plots shown below:

20loga,

|a(jo)] 4 20dB/ decade

(dB)

-135°
—180%
—225°
—270%

For a feedback factor f1, phase margin = 45°

f2: " " = OO

f3’ " " < OO
Thus the amplifier will be unstable with a loop gain larger than
aof2; otherwise need compensation.
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How do we make this amplifier stable?

Observation

For a feedback factor of f3 the magnitude of the loop-gain
becomes unity (0 dB) well below -180°. So we should make the
gain go to unity before the phase crosses -180°.

One solution

Introduce a dominant pole Pp at a sufficiently low frequency such
that the gain rolls off and crosses 0 dB before the phase reaches
180°.

Remarks
1) This reduces the bandwidth of the amplifier. The process is
known as narrow banding.
2) The most difficult case to compensate is for f=1.

'/ 20loga, \a(i(u (dB) /-Original gain curve

-20 dB
’/- 0 dB / decade

-40 dB / decade
s

-20 dB / decade

|

|

|

|

| Gain after
| compensation
|

|

|

|

!

|
(7ol 1A I~ :\Ps\ @
. log scale)
Za(jo | (
a(jo) | Y
~—/—=F '
-90 |

Original phase
—135° 1 — ,/r
|

PM = 45°

—270eF
Phase after_—¥

compensation
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If Pp is chosen so that |a(jw)| = 1 at the frequency |P4| then the
phase margin is 45° as shown.
a()

a(jw) =
1+jwj[l+jw][1+jw](l+jwj
[ L)) S

The amplifier is now stable in a unity-gain or other feedback
configurations. The original amplifier was unstable in a unity-gain
feedback.

Remarks
- The basic amplifier has a UGBW of only |P4| which is
much less than before.
- Loop gain begins to diminish at |Pp| and all benefits due to
feedback diminish.

Example
a, =5000;
_A =300kHz, _B =2MHz, A =25MH:z.
2w 2w 2w

Find |Pp| to compensate the amplifier for f=1 & PM=45°.
PM =45°= UGBW =|P|

1
GBW =a,|po| = {1 = P =L ||
o

fp= L L 300K) =60
D= 9 5000
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Now consider the amplifier that we compensated for f=1, in a
feedback arrangement with f<1.

( 20loga, ‘a(ja)] (dB)

-20 dB / decade

1

|
| |
l |
l |
| |
20log— | loop gain =0 dB
Y %
|
|
|
]

=20log 4, ||| o,

Al o
: (log scale)

12}

N
]
<
&

t
___________ ____l
|

_13se A
3571
~180— — —

i.e. bandwidth is being wasted. The circuit has more
compensation than needed because PM = 90°.

[
O |
SH VY

° o

[T(jw)| = 1 at w= Wy = Wags = Wx

Remark
- Optimum bandwidth can be achieved in circuits if
compensation is added by the user. Gain can be tailored
for higher bandwidths.
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Add a pole |Pp’| for a PM of 45° in a feedback configuration.

. \a(]a‘)] (dB)/— Original gain curve
PP oga,

-20dB
P 0 dB / decade

-40 dB / decade

Gain after
compensation

| |
| |
X I N
l Za(jo) l NN | (log scale)
| A
|

2]

PM = 450

— 270&,
Phase after

compensation

- frequency |Pp’| >> |Pp|

L
4

0

=

- W.adp IS |P4]. For unity-gain compensation @

- For Large A, the improvement is significant (in BW)

Observation

In the above compensation scheme an additional dominant
pole was added to the amplifier. An efficient way to compensate
the amplifier is to add capacitance to the circuit in a manner such
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that |P4| (the dominant pole) is reduced & performs the
compensation function.
= pole-splitting compensation or Miller compensation.

Consider the situation in which only |P4| is reduced.

201 a(jo) (dB) Original gain curve
y~ 20osa, | ]‘ /
/- -20 dB / decade

-40 dB / decade

1
-20 dB per
decade

Gain after
compensation

PINC B @
I | (log scale)
12

Phase after_—¥ _1350

compensation 180

—270%

=360

|P+’| causes gain to be unity at frequency |P,|
= phase margin = 45°
= BWi s |P,|. i.e. substantial improvement compared to
previous scheme since |P2|~10|P+| in practical
amplifiers.
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Recall pole-splitting

C
]
1 - ’
i = Ry v, R,
Im1Vin Ci _ Im2\7 C,
_L_

>

-0 R=—1"o
When C = 0: 1 RC,
po L
R2C2
With the capacitor C
P] ~ _;
g RR,C
P = 8m:C

(G, +C(C +Cy)

Uncompensated

A (without C)
jo /

T '/— -20 dB / decade

I’\__-40 dB / decade

< »
8 */ f/ i = c Cor,'npensaléd—/
G+Cy ReC2 7RG Em iR C l l

. .
[Py —]A| [Po]- [P @

Advantages of pole-splitting or Miller compensation
- Due to Miller multiplication, a small capacitor value yields
an effective large capacitance (~Cgm2Rz) = a low
frequency pole
- The second pole is moved to a higher frequency =
maximum unity-gain frequency is increased.
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Disadvantage
- A right-half-plane zero is introduced. If gm is not high

enough (as for MOSFETS) this can lead to some problems.
Let us now consider the zero

Recall

=

— (8.2 —5ORR,

i 1+s[RC + R,C, + R,C+ RC(+g,,R,) |+ s’ R,R (C,C, +CC, +CC,)

s

Rzl
8.RR,C
P 8mC o &m
CC,+C(C +C,) C +C,
o= &m2
C
_8m
For a one-pole roll off we had @« = C
Pl 8n €
Relative to w, o| g [ C+G,
2 _Em
@ &m

In MOS amplifiers gm1 & gm2 are similar.
What happens if the break frequency caused by the zero is below
the nominal unity-gain frequency of the amplifier?

Zero flattens out gain
Causes an additional 90° phase-shift
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This is double trouble for stabilizing the ampilifier.
=> increase w, or eliminate the zero!

la(jo) |
(dB)

gain flattens out

'/— (unity-gain frequency
increased)

unity-gain

/‘ frequency
\ o

| \
| (log scale)

Additional -90° — __
phase shift

M4 Mé w0 M4 M6

I

Thus C provides a feed forward path that does not have the 180°
phase shift of the common-source second gain stage. The gain
path loses an inverting stage!
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= any feedback that was initially negative becomes positive
resulting in oscillations (unstable)

\7
M4 M6 M4

T ] %

The second stage is diode connected = a resistive load of 1/gm2
to the first stage.

v

—0 — —
=8m

v

i m2

A simpler approach is the use of nulling resistor in series with C.

C R,
-
¢ g | I_"\/\/\F ( g Yo
) R R
ig = 1 v, L 2
Im1Vin G _ Im2¥1 C,
o I
|P4| & |P2| are approximately the same as before but
s L
1
Co| ——R;
Em2
R — 1 . J—
When 2 ~ g Z=® i.e. the zero is eliminated.
Em2
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Remark
- The nulling resistor can be made larger to move the zero
into the left half plane and improve the amplifier phase
margin.
increasing R,

In fact, R, could also be used to cancel a pole.

R2 is implemented as a MOSFET biased in non-saturation
(linear region)

In non-saturation bias
2=k [ =) =7 Gy
d L GS T DS ,_*_\_| o

M4 M6

The resistor is biased with 1=0. _|

N4
ie. 8«7 k Z(VGS -V

Negative feedback
Benefits

Stabilize gain of an amplifier against parameter changes in
devices due to supply voltage variation, temperature
changes, or device aging.
Modify input and output impedances to suit needs.
e.g. Voltage amplifier: large input impedance and
small output impedance.
Reduce distortion in amplifiers (the input-output transfer
characteristics become more linear)
- all audio amplifiers
Increase bandwidth of circuits
- widely used in broadband amplifiers.

Disadvantages
Gain is reduced in almost direct proportion to other benefits
(add extra gain stages)
Feedback causes instability and there is a tendency for
oscillation. An amplifier may become an oscillator!

Feedback Equation (Ideal)

T =af =loop gain

A = closed-loop gain
_ a
14T

For T >>1 A;l
G
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Remarks a fractional change in 'a' shows up as a fractional change
- Since the feedback network is usually formed from in A reduced by (1+T)
stable, passive elements, f is well defined and so is the
overall amplifier gain. Example
- The feedback loop operates by forcing Sg, to be nearl
equal S, yIorens S ’ T-100, 2%-10%
a
S =8-S, =5 -
o T e fS"S %;%%:0.1%
=SS =
+ +
S | o | o Effect on Distortion
?’" = Toaf = 15T - negative feedback keeps overall gain A approximately
i +af + constant = it should be effective in reducing distortion,
Sy a T because distortion is caused by changes in 'a' of the
=7 basic-amplifier transfer curves.

s, lvaf 14T
ForT>>1 Sp=S;; S,<<S; i.e. the feedback loop minimizes
the error signal S..

Gain sensitivity
_a
1+af
d4 _ (1+af)—af _ 1

da  (l+af)  (l+af)’

If a changes by Aa, then A changes by AA

AA=4317

(+af)
A _ Aa 1 Aafa _ Adja
A4 (+af)? @  (+af) 14T

(A+af)
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S, S,
802 Soz
Sor slope = a, Sor d
i
1
|
! slope = A,
Sot S; Sot (14 ayy) S
aq
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= the transfer characteristic will be much less nonlinear that the
original amplifier.

o1

h(Half)
aq

Negative feedback reduces the gain but improves the linearity.

Remark

Review of 2-port representations

b iy
. . P
Linear 2-port o ) 2
@ linear
. v, 2-port v,
Currents flow into the network network :

z-parameters
Vi =zl + 2,

Vy =2yt 2yl

current-controlled
voltage sources

When the output shows hard saturation then the gain is — T
zero and negative feedback cannot improve the situation. U . 2ol .
i, = i =
v v v=2zI1
“ 0 S, 2y = 2] 2y =22 v=2zi
[ =——=—=0 21i,=0 1li,=0
I+a,f 1
y-parameters
I = YV + ViV, A <2
. + +
L=Vt VY, Y11 Y22
V1 V.
: y12vg) C))/21v1 ’
|:11:|_{y11 ylz}{vl} = kf =
AN AR Py
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i i Feedback Configurations
Yu = Y =
Vili,-0 V2ly-o At the output can sample either voltage or current
— iZ — i2 ! = M ! . P
Y =7 Yu =" Voltage sampling = sense output voltage. This is done b
V. v,
2lv=0 Hhy= connecting a network in parallel (shunt)
h-parameters
v = hyiy + by, i R, R (V) voltmeter
I = hyjiy + hypv, P
V.
v, hyo hy | : Current sampling = sense output current. This is done by
2 connecting a network in series.
L o1 My [ V2
Y1 4l
Iy =— Iy = R, R,
h v,=0 V2 i, =0
i i
hyy =2 hy =2
V2li =0 11, =0 At the input the feedback signal can be a voltage or current.
voltage feedback = voltage in series
g-parameters current feedback = shunt
i =g+ 8, i — .
.
Vy =&V T 8xly * v i‘C) ‘
Vi v, - o
{i1:|_|:gn g12:||:"1:| = y
= ] m i
V2 8n 8n]lh °
g =1 g =1 So four possible combinations: Input Output
Vil =0 21,-0 Series Shunt
v v Shqnt Shu.nt
822 =" g1 = Series Series
"2ly=0 Y=o Shunt Series
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Consider a voltage amplifier whose output voltage is to be
stabilized with feedback.
« sample output voltage (shunt)
. feedback a voltage proportional to the output. This voltage
is to be subtracted from the input voltage = in series with
input

i.e. Series - Shunt feedback

Input  Output

Basic amplifier

¥
Vio (%} fv,

— -—
ZZZf

f
Feedback network

Ideal case

Zy, =, z,,=0; unilateralnetworks

v, =av, ;

V/b :ﬁ/o
VA

A

o

%
Transfer function that is stabilized is

v;
Effect on terminal impedances
Introduce terminal impedances in the amplifier z; & z,

Basic amplifier

= 5 |
+ + +
+ Z,
\A z Vv,

¢ fv,

Feedback network

v, =av,
i =V, T, =, fav,) = v, (1+af)
Since il.:v—f => i= v_1
z; 1+af z
o1 .
ip=2L or L=z(1+T)
z; 1+af i

=v,=alv,—fv,) The input impedance with feedback is Z;
or (I+af)v, =av, Z, =z,(1+7)
Vo __ 4 i.e. the ideal feedback equation Series feedback at the input always raises the input impedance
v, l+af by (1+T)
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Transresistance amplifier
Example

z;=10kQ, loop gain (T) = 1000
=  Z = 10k(1000) = 10MQ

Output Impedance

0=v,+ fv, (inputshort) >
+ Zo
and i, _Tav, v, §zl t v,
’ z, _ av,
_Ve—a=fv)
ZO
= (1+af) o
ZO
V. V4 z

— x o o

o

i ltaf 1+T
Shunt feedback always lowers output impedance by (1+T)
Remarks

1) Series-Shunt feedback results in an amplifier with high input
impedance and low output impedance.
2) This is a desirable feature for “voltage-to-voltage” amplifiers
high Z; to prevent loading of the source
low Z, (like a good voltage source)

Equivalent 2-port representation

o—1 t—o o—1— o
+ zi(1+T) +
v Zo_ Vi
i av; 14T vi o
i 7
o 1+T o o——= o
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current input - voltage output
Output quantity to be stabilized is a voltage
= feedback network is connected in shunt at the output

Input is a current

= a current proportional to the output voltage has to be
feedback in shunt with the input.

This is a shunt-shunt feedback

Basic amplifier

e

+ 2 +
o vz o]

— -—
zyqp=0 L Zoyo =0
e Feedback network 2

a=-*% where a is a transresistance
i

&
i = fo = f is a transconductance

Transfer function

v, =ai,
I, =0 —i, =1 -/,

= v, =a(i,—fv,)

= Yo 1 4 i.e. the ideal feedback eqn
i +
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Note
‘a’ has dimensions of resistance
‘f” has dimensions of conductance
T =af isdimensionless.

Remark
T will always be dimensionless.

Input impedance

=iy = 0o
z,="
ll
z .
Vt=l£Z,=1+afli
v, z z

i i i

i “liaf 14T
i.e. Z isreducedby a factor (1+T)

Output impedance

Shunt-shunt feedback = good current-to-voltage conversion
i.e. transresistance amplifier

Equivalent Circuits

o— o
z;(1+T) + +
%0 i
aj; a7 Vo 7' Vo
1+T - -

Current Amplifier

a current input & current output

= sense current at the output  i.e. connect feedback
network in series with the output.
= current feedback to the input in shunt.

shunt-series feedback

Basic amplifier
i I

Transconductance Amplifier
voltage input — current output
= sense output current i.e. feedback network in series
with the output.

= voltage input, convert current to voltage and feedback
in series to the input.

series-series feedback
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__ % o -«
14T Z
.. Shunt-shunt feedback reduces both z; & z, ) z, C o
i ai,
z
Remarks -
1) Shunt-shunt feedback amplifiers take a current input and @»
deliver a voltage output ]
2) To sense input current need a virtual short at the input (like ® 1, Vi
an ammeter), which is what shunt-shunt feedback, produced. — -
3) For an ideal voltage source type of output need low output % Foedback network -
resistance, as is the case here.
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Forz <<z, Basic amplifier
i, a ° =
== +
i l+af ., 2 G %
Z _ ZI _ aIH
T 2
. VI
i i
Output impedance s =
. Z, f
i, =—fi, ° <%>ﬁc Vo
v i <>ai‘ —> -—
i =ai +-* V, Z445 =0 Zpp =0
Z, Feedback network
=i =a(—fi)+2x ‘a’ is a transconductance
! T g, Vi ‘f is a transresistance
fi, i«
(+af)i, = P
%o 2 = = good transconductance amplifier
=7, = Yoz () = 5,04 T) i Lrdf
L Z,=z;(1+T)
Remark 7 =2 (4T
Approaches an ideal current amplifier. Low z, & high zout 0=2,(1+T)
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Matching in Transistor Current Sources

Goal Voo

Generation of two or more current
sources of identical values *Im

However, there is a mismatch due - to
mismatches in W/L and V+'s Ves

Noticing that
K'w 2
Vas =V,
2 Ja ( GS — T)
o, Ip olp 21,

{2 @ T Vas—17)

Ip=

Al A(V%)i 2AVy
we get I V% Ves V7

The first term is bias independent while the second term is bias
dependent.

Remarks

e The second term can be reduced by using large Vgs-V1
. Since V1 has a considerable gradient with distance across a
wafer, care must be taken in biasing current sources from the
same bias line when devices are physically separated by large
distances
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Input offset voltage

For MOS differential amplifiers the effect of mismatches on dc
performance is represented by an input offset voltage

Amplifier
With
Mismatches

Amplifier
With No
Mismatches

Vos = differential input voltage that must be applied to drive the
differential output voltage to zero. i.e. Viq for Voq = 0.

The predominate IV
sources of offset are

mismatches in W, L,

Vrand R.. The input

offset voltage is a

superposition of these w1 M2
different components.

Vos Ves1 Ve_sz B
L Iss
Vss
Vos =Vgs1 Vg2 =0
21 py 21p,
Vos Vgs VgsZ - VTl + - VT 2+
1174 1174
) (A
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Define difference and average quantities

G065, D0
Alp =Ip; ~Ipy 'D:%('Dl“Dz)

1
AVp =Y~V Vp =§(VT1 +Vpy)

1
ARp =Rpj=Rpy Ry = E(RLI +Rpy)

TN G DI D
I e
Note that Vs is in the form

gX)=f(x+Ax/2,y+Ay/2,..)— f(x—Ax/2,y—Ay/2,..)

. 21
where f=Vp+ F(V;?)
L

TN Y
8= é’xAx+8y

Ay+...

Thus

V= ﬂéf AVy +#A1D +TZZ)A(V%)
1
21,

e e G

20, a A(VV)
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Now Vg = 0 so A(IDRL): 0
= Ry Al +IpAR] =0

Ry Al =-IpAR|

Alp __ARp

Ip Ry

Remembering that

y v 21p
GS —'rT = ( ) i
K p% gives
W,
v, =avy + e =V ‘VT { %(J/d
os T+ V%

Remark

For a given percentage mismatch in R and (W/L), the offset
scales directly as (Vgs-Vr1)

The AVy component is independent of bias
Vos ~ 5 -15 mV for MOS

The signs of individual terms not significant since mismatch
factors can be + or -.

Worst case offset occurs when the terms have signs such that the
individual contributions add.
)

\W/L\

Ves =Vr ARL

ia. Vos(worst case) =|AVy|+

Page 208
ECE 422/522




Example

Iss = 50pA, A = 0, K’ = 600 pA/NV?
W = 8y, L =100y, V1 identical, R identical

(W) 0.02

worst case W/L mismatch = 2% — W
1

v VGS VTA(W)

T
ZID 50u
\IK'V% V6O”/oo \160“/00

V,s(worst case) = 'T(O‘OZ) =32mV

Ves =Vr =

AR,
If in addition — R, =1%=0.01 then

v, (we) = ﬂ(oozmm) 48mv

Input offset voltage for SC-pair with active load

V,s = differential input voltage for which
lob=0.

For this condition to be true

Alpiy _Alpy s

Ipia Ipsy M1
For a SC pair we have «I
Vos = Vg.rl - VgsZ
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=3.23V

Vos = AVp1p +

(VGS _VT)1 { Alpy A(%)
2 L Ipi-» (/Ll ,
From the previous current source mismatch analysis
/4
Alpys _ A( /L)374 _ 2AV734

Ipsa (W L)374 Vs =Vr)ss

SRERE -

e ol %34 ?%?‘ﬁ

21 21
now Vos V) =2 and (Vo5 —Vr)y 4 2
Eml g m3

= AVpy +AVpy_q =7 . (VGS S |: (WL)3 - (/)12}
— Eml 2 (WL)3 4 (/)172

Term1 —————
Term2 Term3

SV = AV +

Vos =8Vr12 + AVr3 4

=V =

Term 1 is threshold mismatch of input transistors
Term 2 is threshold mismatch of load devices
Term 3 is W/L mismatches in input and load transistors

Remarks
e Term 2 is minimized by choosing W/L of load transistors
so that gma is small w.r.t. gms
e Term 3 is minimized by operating the input transistors at
low values of Vgs-V1
e Term 1 is independent of the bias current as is the case
for the simple SC pair
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