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Microelectronic

Analog Circuit Design

( ELH 475 )

lecturer

:
Ali Zeki
office

:
room 2416
phone

:
(212) 285 36 48

e-mail

:
alizeki@ehb.itu.edu.tr

homepage
:
http://www.ehb.itu.edu.tr/~alizeki/

homework
:
  5% (5(1%)

quiz
:
15% (3(5%) 

mid-term
:
40% (2(20%)

final
:
40% (1(40%)
  Outline (subject to modification)
* Why analog IC design?

* Basic MOS Device Physics
* MOS I/V Characteristics

* Second-order Effects
* MOS Device Models

* Basic Amplifier Stages

* Current Mirrors

* Frequency Response of Amplifiers

* Noise

* Operational Amplifiers and Feedback

* Stability and Compensation

* Biasing Circuits

* CMOS Processing Technology

* Layout Considerations and Techniques
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Why Analog?

Analog circuits are

fundamentally necessary for
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( processing of natural signals  
( digital communications 
( disk-drive electronics 

( wireless receivers
( optical receivers

( sensors
( microprocessors and memories
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Analog design is much more difficult with respect to

digital design, because
· multidimensional trade-off considerations

(unlike digital design wherein one primary trade-off is dealed with)

· analog signals are much more sensitive to noise, crosstalk and other interferers

· 2nd order effects influence performance much more heavily

· design automation is not easy (almost every device hand-crafted)
· modeling and simulation of many effects bring difficulties

(evaluation of simulation results requires experience & intuition)

· analog circuits fabricated in a digital (low-cost) process

show low performance (proposal of novel structures is required)

Why integrated analog circuits?

Great improvement






   1960

  2000
in integration
   

Min. feature size:   25m ( 0.18m
density and speed ! 
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The complexity of on-chip analog circuits/systems can no longer be achieved by discrete analog circuits/systems.

Why CMOS?
CMOS versus bipolar and GaAs technologies:

DIGITAL







ANALOG
√ fewer devices required per gate

√ higher input impedance

√ power dissipated only at switching

x slower & noisier

Good news: rapid scaling down helped improving the speed.

Today, multi-GHz analog CMOS circuits are being produced !

Basic MOS Device Physics

2nd order effects influence analog circuit performance worse.

As IC technologies scale down, these effects worsen further.

· Therefore, an insight into device operation is very essential for an analog designer.

MOSFET as a switch:
-for which VG value(threshold) is it ON?
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when VG -resistance between D-S: RON=?, ROFF=? 

is high, -what is the function RON=f(VD, VS, VG)?

switch  -is RON linear or non-linear?

is “ON” -what limits speed of the switch?
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MOSFET structure: 



  effective channel length:
  Leff=Ldrawn-2LD
 Ldrawn
: drawn channel length

LD
: side diffusion 

 (L will be used instead of  Leff)
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The p-substrate (“bulk” or “body”) must also be taken into consideration as an electrode (MOSFET is a 4-terminal device ! )
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 nMOS (on p-substrate)


 pMOS(on n-substrate)



CMOS (nMOS on p-substrate, pMOS on n-well)
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In an n-well CMOS process (today’s most common)

all nMOSTs share the same p-substrate, whereas,

each pMOST can have its own independent n-well.
[image: image14.png]


MOSFET Symbols:






  




(a)






  (b)




 (c)

a: All four terminals shown (arrow indicates the Source)
b: B omitted (tied to GND/VSS for nMOS or  VDD for pMOS)

c: “switch” symbols (preferred in digital design)
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MOS I/V Characteristics
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Threshold:
In reality, a MOSFET turns on gradually with VG ; therefore it is difficult to define an absolute threshold.

In semiconductor physics: 

VTH : 
The gate voltage for which free electron and hole concentrations are equal at the Si-SiO2 interface.


VTH = MS + 2F + Qdep/Cox′

MS : work function difference of Poly-Si gate and Si substrate
F : Fermi potential [ F= (kT/q) ln(Nsub/ni) ]

Nsub : Substrate doping concentration
Qdep : Charge in the depletion region [Qdep = (4q Si F Nsub)½ ]

Cox′ : Gate oxide capacitance per area [Cox′ = ox/tox ]

Siox : Dielectric permeability of Si and SiO2 , respectively

tox : Gate oxide thickness
In measurement of VTH:

Measurement of VTH is actually determination of the absolute ON/OFF boundary from the drain current level (difficult ().

In circuit analysis/simulation:

A model valid in both weak and strong inversion dictates an “asymptotical” VTH , slightly different from those defined in semiconductor physics and traditional measurement methods.

Nevertheless, in a preliminary analysis for strong inversion, we can assume that a MOSFET turns on abrubtly for VG(VTH.
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  I = Qd′ v
Qd′ : charge density in the carrier flow direction [Coulomb/meter]
v : carrier velocity [meter/second]
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For VGS(VTH , any charge on the gate is mirrored by a charge in the channel. Therefore inversion charge density at the Source side must be proportional to VGS-VT .

a- For VD=VS=0 (i.e. VGS=VGD) (or for a very small VDS) the inversion charge density all along the channel for VGS(VTH is






Qd′=WCox′(VGS-VTH)

b- For VDS≠0 the inversion charge density in the channel is dependent on the surface potential:

 



Qd′=WCox′[VG-V(x)-VTH]

W: Channel width

V(x): surface potential wrt the Source
Since in an nMOST carriers in the channel are electrons,

ID=-WCox′[VG-V(x)-VTH] v
Recalling that v=E and E=-dV(x)/dx ,
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ID=WCox′[VG-V(x)-VTH] n dV(x)/dx

Since the current is constant along the channel,

     ID= nCox′(W/L)[(VGS-VTH)VDS- ½VDS2] 
 (triode region)

* If VDS«2(VGS-VTH) (deep triode region) then this equation can be approximated as  ID ≈ (W/L) nCox′[(VGS-VTH)VDS] ;
thus, the MOSFET is a VGS-dependent  linear resistor with
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Ron=[nCox′(W/L)(VGS-VTH)]-1
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Saturation:
For VDS(VGS-VTH , the output (ID-VDS) characteristic DOES NOT follow the parabolic (dashed)  curve but saturates due to pinch-off.

Pinch off: For VDS=VGS-VTH , the drain edge of the channel is at the onset of inversion since VGD=VTH : The channel is pinched-off  at the drain edge, i.e. Qd′|x=L=0 . The pinch-off point moves further to x=L′ for VDS>VGS-VTH , where V(x=L′)=VGS-VTH . Then, taking the integrals for saturation from (x=0 , V=0) to (x=L′ , V=VGS-VTH)  yields

ID = ½ nCox′(W/L')(VGS-VTH) 2     (saturation)

Assuming  L'≈L , a MOSFET in saturation can be used as an ideal current source ( not floating ! ) . It can be used for amplification purposes as well, with a transconductance

gm
= (∂ID/∂VGS)|VDS=const.

= nCox′(W/L)(VGS-VTH)

= [2nCox′(W/L) ID]½ = 2ID /(VGS-VTH)

---------------------------------------------------------------------

Second order effects :

· body effect

· channel-length modulation

· subthreshold conduction
· short-channel effects (VTH variation,  degradation with VGS , velocity saturation, hot carrier effects, etc. - to be studied later)
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body effect:

[image: image23.png]Saturation Region




As VB becomes more negative, more holes are attracted to the bulk, leaving behind a wider depletion region (larger Qdep).

Recall that,        VTH=MS+2F+Qdep/Cox′    and

for VSB=0,   Qdep=(4qSiFNsub)½
For VSB≠0 we must replace 2F with 2F+VSB in Qdep equation:

VTH = VTH0 +[(2F+VSB)½ - (2F)½]

VTH0 : threshold voltage for VSB=0 ,   : body effect coefficient

= (2qSiNsub)½/Cox′
       ( ~ 0.3 ... 0.5 V½ )

[image: image24.png]


---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

channel-length modulation: Recall that, in saturation, the pinch-off point moves away from the drain to x=L’ as VDS increases beyond VGS-VTH . This means that, ΔL=L-L’=f(VDS). A first order modelling yields ΔL/L≈VDS (: channel-length modulation coefficient). Then, drain current in saturation is

  ID ≈ ½ nCox′(W/L)(VGS-VTH) 2 (1+VDS)

{ L' = L-L = L(1-L/L) ≈ L/(1+L/L)    for L/L<<1 }
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This means that the MOSFET has a finite output resistance, i.e. it can no longer be regarded as an IDEAL current source.

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

subthreshold conduction:
[image: image27.jpg]


The MOSFET does not turn off abrubtly for VGS<VTH ; there

exists a weak inversion current:

 ID= I0 exp (VGS/VT)

: nonideality factor (>1) , 

VT : thermal voltage (VT=kT/q)

VTH can be roughly viewed as “the VGS voltage for which ID/W=1A/m ”. 

e.g.
A device with W=100m, will be in vicinity

of subthreshold operation for ID=100A. 

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Assume VTH=0.3V is chosen to obtain low voltage operation.

For VGS=0 , ID falls to only about IDnom/5000 .

( In digital circuits, this current may cause a significant stand-by power consumption.

( It also causes loss of information in memories and sampled-analog circuits.

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

For subthreshold operation,  gm=ID/VT (similar to BJT), therefore higher gain is achievable wrt strong inversion.

( However, the requirement for large W and low ID in subthreshold operation causes severe speed degradation.

MOS Device Models

MOS device layout determines many important parameters which influence the performance:

L, ADrain, ASource , etc. have process-dictated lowest values, limiting current sinking capability and speed.
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Example: Stages of drawing layout of a circuit is shown below.
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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MOS Device Capacitances

Basic I/V characteristics and second order effects studied so far describes the DC behaviour. An understanding of the AC behaviour requires knowledge about device capacitances.
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◊ gate-channel oxide capacitance:
 C1 =WLCox’
◊ channel-substrate depletion cap.:   C2 =WL[q Si Nsub/(2F)]½
◊ gate-drain, gate-source overlap cap.:   C3,C4 ~WLDCox’

however, Cov’ (overlap cap. per unit width) is used:   C3,C4 =WCov’
◊ source-substrate, drain-substrate junction cap.: 
C5, C6

  C5=Cj’AS+Cjsw’PS , C6=Cj’AD+Cjsw’PD,  Cj’=Cj0’/[1+VR/(2F)]m
/!\ DB and SB junction capacitances are VOLTAGE-DEPENDENT  /!\

Cj’: bottom-plate junc. cap. per unit area 

 (VR: VDB  or VSB)
Cjsw’: side-wall junc. cap. per unit length (perimeter)  (m~0.3)
AS,AD,PS,PD:source and drain diffusion areas and perimeters
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Example: Calculate SB and DB junc. capacitances of the two structures given on the right.

Solution:
* For the tranzistor in (a)
CDB=CSB=WECj’+2(W+E)Cjsw’

* For the tranzistor in (b)
CDB=½WECj’ + 2(½W+E)Cjsw’

CSB=2[½WECj’+2(½W+E)Cjsw’]


=WECj’ + 2(W+2E)Cjsw’
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---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

 Oxide-based capacitance contribution to each inter-terminal capacitance changes with the mode of operation ( cut-off / triode / saturation ).

[image: image34.jpg]l WLCox+WCoy |- ----emeone

WLC" +WCov

14 x (V)




--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
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Example: Sketch the inter-terminal capacitances (CEN, CEF, CNB, CFB) of M1 in (a) for 0V≤Vx≤3V range (VTH=0.6V,  ,=0).

 (a: circuit ,   b,c: obtained curves of capacitance variations)
[image: image36.bmp]MOS Small-Signal Model

Low frequency models:  a: basic model (=0 |=0 or VSB=0) ,  b,c: (≠0 |=0 or VSB=0 )  ,  d: (≠0 ,≠0 , VSB≠0 ) .

ro = (∂ID/∂VDS)-1 ≈ (ID)-1 
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gmb
= ∂ID/∂VBS = nCox’    (VGS-VTH) (-∂VTH/∂VBS) 

=  gm

   [  = -∂VTH/∂VBS = ∂VTH/∂VSB = ½/(2F +VSB)½ ]
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---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Actually, the small-signal model should also include the  parasitic resistances. 

· RS is important when ID is large or gm is low.

· RG is important in very high frequency applications.
( Proper techniques (e.g. the RG reduction technique shown on the right) help keeping RS and RG low enough. (




   a: RG high ,  b: RG reduced

[image: image39.jpg]Vi O—-I M1




As the frequency increases, device capacitances show effect. Therefore, they must be included in the small-signal model. 

   Complete MOS small-signal model.

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

SPICE “LEVEL-1” MOSFET Model Parameters:
VTO

: VTH @ VSB=0




LAMBDA
: 
GAMMA
: 







CJ


: Cj0’
PHI

: 2F






CJSW

: Cjsw0’

TOX

: tox






PB


: B (built in pot.)
NSUB

: NSUB






MJ


: m  for Cj
LD


: LD






MJSW

: m  for Cjsw
UO


:  







CGDO

: Cov’  for CGDov
JS


:  D/S  Ileakage per unit area 
CGSO

: Cov’  for CGsov

Basic Amplifier Stages (low-frequency behaviour)
· common-source stage

· common-gate stage

· source follower

· cascode stage

· differential gain stage

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

For a narrow range of the input x(t) , the nonlinear transfer function of an amplifier can be approximated with a linear function

y(t) ≈ Y0 + A xin(t)

 ( A: small-signal gain
 ,
Y0: operating (bias) point  )
( This approximation is enough for a rough analysis of the input-output characteristic (very useful to get a quick insight).

/!\ As input signal amplitude increases, however, nonlinearity dominates, requiring a large-signal analysis.

Common-source Stage

1) resistive load, 2) diode-connected load, 3) current source load

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CS stage with resistive load

[image: image40.png]


For Vin=Vin1 :

Vout=Vin-VTH

M1 enters the triode region beyond A. 
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In saturation:
Av=∂Vout/∂Vin
≈ -gmRD = √(2ID) RD
    (=nCox’  )

??? What can be done to increase Av ?
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increase      (others constant) 
( speed degradation (
* increase VRD  (others constant)
( output swing degradation (
* decrease ID  (others constant)
RD must be increased to keep VRD=st. 

( output node RC constant increases
( speed degradation (
/!\ 
 There is a TRADE-OFF between

/!\
gain, bandwidth and voltage swing

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Also, as RD is increased, channel length modulation starts to show effect; then, the voltage gain must be corrected as,

Av = - gm RD|| ro

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

[image: image43.bmp]CS stage with diode-connected load
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Usually, ro>>(gm2+gmb2)-1  :

  ( =gmb2/gm2 )


  \ A:  triode-sat. boundary /
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Using gmi=√(2iIDi) [i=1,2] and ID1=ID2 ,  we obtain,

 This yields a very linear I/O relationship

  if Vout-dependency of  is ignored. (
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If the diode-connected load is a pMOST, then body effect no longer exists. Assuming ro>>gm-1 ,
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Since  n~2.5p , achieving a gain of 10 requires (  )1~40(  )2 , bringing large capacitances. (
Using ID=½gm(VGS-VTH) and ID1=|ID2|, we obtain


|VGS2|-|VTH| = (gm1/gm2)(VGS1-VTH1) = |Av|(VGS1-VTH1)

This means that, overdrive voltage (i.e. VGS-VTH) of M2 must be 10 times that of M1.(  (Student:”But why is this bad?” )

e.g. If VTH1=|VTH2|=0.7V, choosing VGS1-VTH1=0.2V mandates VGS2=2.7V to achieve Av=10.  (Great output swing limitation)

((This circuit can be improved by inserting a current source)

Example: Calculate Av of the amplifier shown below (IS=¾I1).
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Solution:
Since IS=¾I1 , then |ID2|=I1/4
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(
Moreover, |ID2|=I1/4=ID1/4 means that
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[image: image54.jpg]lout

(L}
= ro ImbVbs




n(  )1(VGS1-VTH1)2 =p(  )2(|VGS2|-|VTH2|)2
yielding  |VGS2|-|VTH2|=¼Av(VGS1-VTH1)

For |Av|=10, overdrive of M2 must be only 2.5 x that of M1;

OR, for a certain output swing, a gain 4 x that of conventional diode-connected load CS amplifier can be achieved. (
/!\ In today’s CMOS technologies, channel length modulation is more effective & MOSFET behaviour departs from the square-law:

· ro should appear in equations

· gm should be obtained from more precise current expressions

Av = - gm1 (gm2-1|| ro1 || ro2)

[image: image55.bmp]CS stage with current source load

Vout,max ≈ VDD is possible. (
A high gain and wide output swing can be achieved at the same time. (
Biased by a dc voltage (Vb), M2 acts as a current source load (M1 is called “driver”).



Av = - gm1 (ro1 || ro2)

ro2 - VDS2,min trade-off is relatively looser wrt  R-loaded amp.

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Increase W2
  (  VDS2,min =|VGS2|-|VTH2| is reduced (
Increase L2 (also increase W2 to keep same VDS2,min)  (  ro2 increases (
/!\ However, these adjustments bring a penalty:
larger capacitance at the output node ( speed degraded (
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------/!\ Vout,DC is not well-defined ! (For larger ro1||ro2, this uncertainty increases) In a feedback loop Vout,DC is forced to a known value.

CS stage with triode load

[image: image56.bmp]By using a proper Vb value, the current source load can be converted to a triode load.

Ron2 = f (pCox’,Vb,VTHp) 

( Multiple process-dependent variables influence Ron2 ; also, a precise Vb is hard to obtain. 

Most important advantage of this amp. is that Vout,max=VDD , whereas Vout,max=VDD-|VTHp| for diode-connected load amp. 

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

[image: image57.jpg]Vout

Vru

(b)



CS stage with source degeneration

Source degeneration increases the linearity.(
( But the gain is sacrificed:
 Av=-gmRD/(1+gmRS)

If  RS >> gm-1 ,   Av≈-RD/RS   (bias-independent)

  (i.e. HIGH LINEARITY)

[image: image58.jpg]


A new transconductance of  Gm=gm/(1+gmRS) can be defined.

a) without source degeneration  

b) with source degeneration
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Since gm is bias-dependent

RS >> gm-1 condition will not

hold for low input biases.
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Body effect and channel length modulation must also be included:

( Source degeneration also boosts Rout of CS stage:

Rout= [1+(gm+gmb)ro]RS + ro ≈ (gm+gmb)roRS+ro = [1+(gm+gmb)RS] ro







    (


“Hey! Thank you BODY EFFECT!”





( assuming (gm+gmb)ro >> 1 )
Output resistance increased by a factor 1+(gm+gmb)RS. (

Thus,     Av=-Gm(Rout|| RD) ≈ -GmRD =



    




     (


( A great Rout-boosting guarantees Rout >> RD )

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Source Follower

· A CS stage needs a high impedance level at the output node to achieve a high voltage gain.

·  When it is to drive a low-impedance load, a buffer should be used, otherwise the gain lowers drastically.

Source follower is the simplest voltage buffer. (
( but with a DC level shift.  ( )

Small-signal gain:



Neglecting body effect,

if  RS >> gm-1, then  Av=1.
When body effect cannot be neglected, and if RS >> (gm+gmb)-1, then Av=1/(1+).  [=gmb/gm]

Dependency of ID1 (thus, gm) on Vin and RS , causes significant non-linearity. (
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Replacing RS with a constant current source makes ID1 (thus, gm) independent of Vin .

( Much better linearity, BUT a non-zero & Vout-dep. gmb still exists

Since ro2>>(gm+gmb)-1, the output resistance is Rout=(gm+gmb)-1 .

“Hey! Thank you -once more- BODY EFFECT!  You reduced Rout .”
On the other hand, Av=gm/(gm+gmb) . Therefore Av=gmRout .

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

When loaded with RL :     Av=gm(Rout|| RL)

Channel length modulation is more effective in today’s processes. Its effect can be added as:

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

( Actually, body effect on M1 is a real trouble maker for an nMOS source follower. It degrades both linearity and output swing. It also causes a non-unity gain even for RL,eq=( .

( A pMOS source follower is more advantageous since body effect can be avoided by assigning a separate n-well for M1 .
BUT,
i) Rout is larger for the same ID1 (due to lower ) (



ii) Cout is larger (due to the large n-well/p-substrate capacitance) (



� EMBED Equation.3  ���
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