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When the source follower is cascaded with a CS stage, the DC level shift seriously degrades the output swing.

The voltage swing at the output is 1 VGS worse wrt voltage swing at node X.  (
Common-gate Stage

[image: image3.wmf][image: image4.jpg]


SF could be viewed as a voltage-mode impedance matching circuit (OR voltage buffer). Similarly, CG stage is actually a current buffer (i.e.  Ai ≈ 1, Rin is low, Rout is high).
input-output characteristic for (a)
In (a), a DC current flows through the input signal source. To avoid this, the circuit in (b) can be used. Analysis of the CG stage in (a):
For VGS<VTH (i.e. Vin>Vb-VTH) , M1 is off and Vout=VDD.

For VDS<VGS-VTH (i.e. VDD-RDID(Vin)<Vb-VTH), M1 is in triode region.

In saturation, Vout=VDD-RDID  (  ∂Vout/∂Vin= - RD ∂ID/∂Vin
ID= ½(Vb-Vin-VTH)2  (  ∂ID/∂Vin = -(Vb-Vin-VTH)(-1-∂VTH/∂Vin)

Since Vin=VSB, then ∂VTH/∂Vin = ∂VTH/∂VSB =(  ∂ID/∂Vin=-gm(1+)

  ( ∂Vout/∂Vin=Av= gm(1+)RD 

“Well done, BODY EFFECT! ”
Input impedance is also important besides the gain:

Rin= (∂Iin/∂Vin)-1 = -(∂ID/∂Vin)-1 = [gm(1+)]-1 
(low)
/!\ A low Rin is good not for voltage-  but for current-mode input signals. 

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

Another possible use is in impedance matching applications: In both circuits below, Av is same (gmRD), but a larger Av is achievable in (b) since RD can be large enough ( RD≈50Ω is needed in (a) to prevent reflection ).
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By including effect of ro we can obtain more accurate Gm , Rin , Rout and Av expressions. 

Using the small signal equivalent, we obtain 

Rout= [1+(gm+gmb)ro]RS + ro ≈ (gm+gmb)roRS+ro = [1+(gm+gmb)RS]ro
Where RS is the resistance of the input signal source Vin .
[image: image7.jpg]Im1V1
—= +— Vout
|||——+
V, ¢ Im2V2 ImbVbs Rp

Vin Vi Im1V1




It’s not a surprise observing that this is the same Rout expression as the source degenerated CS stage.

However, Gm is negative and |Gm| is a bit different wrt Gm of a source degenerated CS stage, yielding a slightly larger gain:

[image: image8.jpg]



Av=-Gm(Rout|| RD) ≈ -GmRD =



    




       (

          (The large Rout guarantees  Rout >> RD )

Unlike CS and SF configurations, the input resistance is not infinite. Using the same small-signal equivalent,

Rin= (RD+ro)/[1+(gm+gmb)ro] ≈ (gm+gmb)-1 (1+RD/ro)

It is also interesting that Rout is affected by the input signal source resistance and Rin is affected by the load resistance.

* For RD=0, Rin=(gm+gmb)-1

* For RD=(, Rin=(  (e.g. ideal current source load)
---------------------------------------------------------------------------------------------------------------------------------------------
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The CG stage could also be driven by a non-ideal current source with an output resistance RP . Then the transresistance (Vout/Iin) and output resistance of the circuit can be calculated as

 
Rt = RP Av|Rs=Rp 

and 
Rout = Rout|Rs=Rp
This information will be useful when analysing the CASCODE circuit.

[image: image10.jpg]Vin °'_|

(a)

—
~IS o

Ip

w
Vino—|

4L

(b)

Vioe—|
Vin °_I

(c)

rIR IS o



Cascode Stage:
  
  * The driver in a CS stage is a 

   VOLTAGE-to-CURRENT CONVERTER .

* The driver in a CG stage is a

   CURRENT BUFFER .

                                           ( CASCaded  triODEs ? )

A CS-CG cascade , namely a  CASCODE, can be regarded as a very-high-output-resistance VOLTAGE-to-CURRENT CONVERTER.
This stage can thus be viewed as a ‘transistor’ with a large ro. Such a “transistor” can achieve a much larger Av when loaded with an almost ideal current source (e.g. cascode current source).

Transconductance (Gm) of the cascode stage is determined by the driver, M1 (i.e. Gm=gm1). Rout is the CG (or CS) output resistance where RS(ro1, gm(gm2, ro(ro2 and gmb(gmb2 .

The upper transistor M2 is usually referred to as the cascode transistor.
[image: image11.jpg](a)




Voltage swing limitations (large signal analysis):

If both M1 and M2 are in saturation, ID1 and ID2 are determined by M1 (via Vin). 

ID1=ID2 ≈ ½(1(Vin-VTH1)2

Which MOSFET enters triode region first, depends on Vb, RD, VDD, (1 and (2 .

1o) M1 enters triode region when



Vin > Vb-VGS2+VTH1 

[ VGS2=√(2ID2/(2)+VTH2=√((1/(2)(Vin-VTH1)+VTH2 ]

2o) M2 enters triode region when

Vout-VX < Vb-VX-VTH1  (  Vout < Vb-VTH1

[Vout = VDD - ½(1(Vin-VTH1)2 RD]

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

small signal analysis:
Expected result :  Av=-gm1RD  (for 1,2 = 0 , 2 = 0)

Actually,  affects Av very little, thanks to the shielding property. (  Therefore a larger RD (wrt  CS stage) can be used to obtain a larger Av .

[image: image12.jpg]


Assuming 1,2=0 but 2≠0 (i.e. gmb2≠0) it is interesting that the gain can still be given as Av=-gm1RD.(body-effect-free)
This is because, Iout is determined not by M2 but by M1 only.

For1 , 2 , 2 ≠ 0, small-signal output resistance can be easily extracted by using the Rout expression of the CS or the CG stage with  RS ( ro1 : 

  Rout ≈ (gm2+gmb2) ro2 ro1

---------------------------------------------------------------------------------------------------------------------------------------------
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A current source load helps achieving a large gain:  Av=GmRout

Actually Gm is slightly lower than gm1 due to a finite ro1:

[image: image14.jpg]


Gm = gm1 ro1/[ro1+(gm2+gm2b)-1|| ro2]
(Gm=gm1 can be assumed if (gm2+gm2b)-1<<ro1)

Thus,
Av ≈ gm1(gm2+gm2b)ro1ro2

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

A cascode current source can be utilized as the load. Then, Av=gm1(Rout||Rout,cur.src) .

It is clear that increasing Rout helps improving Av. 
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Comparison of 2 techniques for increasing Rout, would be helpful:

1- increasing L  (b)
2- cascoding (c)

· Using a 4 times longer L increases Rout by a factor of 2.

( But gm is lowered unless W is increased to keep W/L constant

( Increasing W to keep gm unchanged increases Cout by a factor of 4


CoutRout increases by a factor of 2  (
GBW is reduced by 2. (
· Cascoding increases Rout by a factor of (gm2+gmb2)ro2 .

( Gm remains unchanged

( Cout remains almost unchanged (Assuming M1(M2)

( but CoutRout increases by a factor of Av2 .

( Nevertheless, GBW remains almost unchanged (if M1(M2). Furthermore, an improvement in GBW is also possible since by sizing M2 to reduce Cout .
( Cin is greatly reduced (significantly relaxed Miller effect)

Folded Cascode Stage: pMOS-nMOS in cascode configuration
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I1 is needed to keep both MOSTs on.

input voltage swing widened  with respect to conventional cascode stage

For the circuit in (b), 
ID2 ≈ I1 - ½(1(VDD-Vin-|VTH1|)2

· for Vin=Vin1=VDD-√(2I1/(1)-|VTH1|, M2 runs out of current ( Vout=VDD
(for Vin<Vin1, M1 operates in triode region to keep |ID1|=I1 as Vin changes)

· for Vin≥VDD-|VTH1|, M1 is off ( ID2=I1


HOW ABOUT NODE X ?
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Since VG2=Vb=constant, as ID2 rises VX drops.

As Vin drops beyond Vin1, VX tends to VDD.
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When calculating the gain and output resistance, the finite resistance of the current source I1 ( ro3 , for a realization like the one on the left ) should be included in the expressions.

A current source load can be used to achieve a larger Av.

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

Differential Amplifiers

single-ended signal:
measured wrt a fixed potential
differential signal:
measured between 2 nodes, having equal and opposite deviations around a fixed potential  (the “common mode” level)

[image: image20.png]


/!\ The 2 nodes must show the same impedance to that potential, as well.
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Single-ended vs. differential

Differential signals have

· higher immunity to environmental noise 
· higher immunity to supply noise
· larger (usually doubled) voltage swing
· higher linearity (even-order cancellation)
· simpler biasing (will be explained later)
wrt single-ended signals

disadvantages of dif. operation:

· requires larger area and power consumption (a minor drawback when advantages are considered)

· [image: image22.png]


a CM feedback circuit is required to stabilize the CM (i.e. DC) potential level of the output nodes. (CM: common-mode)
Simple differential circuit:
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M1 and M2 are identical !
This circuit is differential but gain and Vout,CM are Vin,CM-dependent since ID1 & ID2 depend on Vin,CM (low CMRR) .

Also, for large dif. signals, ΔID1≠-ΔID2 (ΔVout1≠-ΔVout2
    (not true differential)

Keeping ID1+ID2=const. can solve this problem. 

ID1+ID2=const.( ΔID1=-ΔID2

  
(true differential)

 This is achieved in
“basic differential pair”
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Basic differential pair (also called source-coupled pair or long-tailed pair)
ID1+ID2=ISS=const. ( ΔID1=-ΔID2  

                     (true differential)

As long as all MOSTs are in saturation, 

· for a large Vin1-Vin2 :  M2 off, ID1=ISS ( Vout2=VDD , Vout1=VDD-RDISS

· for a large Vin2-Vin1 :  M1 off, ID2=ISS ( Vout1=VDD , Vout2=VDD-RDISS

For Vin1=Vin2=Vin,CM : 
  ID1=ID2=½ISS   (  Vout1=Vout2=VDD-½RDISS
Allowed Vin,CM range :



      
  ( regardless of value of Vin,CM )
VGS1 +VGS3-VTH3 ≤ Vin,CM ≤ min {VDD-½RDISS+VTH1 , VDD }

~~~~~~~~~~~~
~~~~~~~~~~~~
~



     ~~~~~~~~~~~~~~~~~~~~~~~~~~          ~~~~~

 to keep M3 in sat.
 

to keep M1   _/



\_  max. achievable








and M2 in sat. 
    

     voltage within the chip
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---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Small-signal differential voltage gain vs. Vin,CM :

[image: image27.png]



How about the differential

output swing?
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Assuming a large enough dif. Av, 

(i.e. |Vout,DM| >> |Vin,DM|)

Vout,max=VDD 
(M1 or M2 driven into cut-off) 
Vout,min≈Vin,CM-VTH1 (M1 or M2 driven into triode)
Then, max. achievable dif. output swing is  Vout,DM,max=VDD-Vin,CM+VTH1 .

                                 (with a proper bias)
Therefore, a low enough Vin,CM is appreciated.
(but not always available from the preceding stage).

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Deeper analysis: Assume a large signal dif. input voltage, ΔVin=Vin1-Vin2
ΔVin = Vin1-Vin2 = VGS1-VGS2 = √(2ID1/) - √(2ID2/)
(   ΔVin2 = 2ID1/+ 2ID2/ - 2 (2/) √(ID1 ID2)

Using  “  ID1ID2 = ¼[(ID1 +ID2)2 - (ID1 - ID2)2] = ¼(ISS2 - ΔID2)  ”  yields

½ΔVin2 = ISS - √(ISS2 - ΔID2)
(   (ISS - ½ΔVin2 )2 = ISS2 - ΔID2

ISS2 + ¼2ΔVin4 - ISSΔVin2 = ISS2 - ΔID2

 (   ΔID 
= (ISSΔVin2 - ¼2ΔVin4)½







= ½ΔVin (4ISS/ - ΔVin2)½
Then, the differential transconductance can be given as

Gm = ∂ΔID/∂ΔVin = ½(4ISS/ - 2ΔVin2)/(4ISS/ - ΔVin2)½


[ The transconductance is an even function of ΔVin (nonlinearity!) ]

/!\ Gm drops to zero for ΔVin=(2ISS/)½ =: ΔVin1

[ Note that, ΔVin1=√2(VGS1,2-VTH) ]


 For ΔVin << (2ISS/)½,
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Gm ≈ √(ISS) =: Gm0 (small-signal dif. transconductance)

note: For a small ΔVin  ΔID ≈ ΔVin(ISS)½

        












    = Gm0ΔVin
Then,  Vout,DM = Vout1-Vout2 = -RDΔID ≈ -RDGm0ΔVin .

Consequently, the small signal dif. gain can be given as

Av,DM = - Gm0RD = - RD √(ISS)

[image: image30.png]Vin1* Vin
e A




The input-output curves given on the left reveals the effects of aspect ratios (W/L) and tail currents on  allowed Vin,DM range.

(W/L)b  > (W/L)a

( ΔVin1,a < ΔVin1,b

ISS,c > ISS,a  

( ΔVin1,c > ΔVin1,a

Small-signal analysis of the differential pair

Method-I: We can apply superposition, since we assume a linear (small-signal) circuit.

1o) For Vin1≠0 , Vin2=0 ,


Vout1/Vin1 = -gm1RD1/(1+gm1RS1) = - RD/(gm1-1 + gm2-1)


Vout2/Vin1 = [gm1RS1/(1+gm1RS1)] gm2RD2 = RD/(gm1-1 + gm2-1)

2o) For Vin1=0 , Vin2≠0 ,


Vout1/Vin2 = RD/(gm1-1 + gm2-1)


Vout2/Vin2 = - RD/(gm1-1 + gm2-1)

Combining (1o) and (2o) yields  Av,DM = Vout,DM/Vin,DM = -gmRD , where Vout,DM=Vout1-Vout2 , Vin,DM = Vin1-Vin2  and  gm=gm1=gm2 .
Since gm=√(2ID1)=√(ISS) , this is the same result as the one obtained from the large signal ΔID=f (ΔVin) expression.

Method-II:  The “half circuit” method…

Notice that for small input signals, VS=VS1=VS2 = ½Vin1+½Vin2. This implies that, VS is an AC GROUND for fully-differential input signals (i.e. Vin1=-Vin2).

[image: image31.png]



Then, the circuit can be converted to a simpler form.

The same result as that of Method-I is obtained, by using Vin,DM=2Vin1 .
(Conveniency of this method is more apparent from the example below)

[image: image32.png]


Example: Calculate the dif. voltage gain of the dif. pair by accounting for channel length modulation.

Solution: By using the half circuit method (Method-II) we obtain the circuit on the left and then we can easily calculate the gain as 

(Vout1-Vout2)/(2Vin1)=-gm(RD||ro)

where  ro = ro1= ro2 .

      (obtaining this result with Method-I would be more lengthy and difficult)

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Even if the input signal is NOT fully-differential (Vin1≠-Vin2), we can decompose the input signals to differential and common-mode parts, by using  

Vin1=½(Vin1+Vin2)+½(Vin1-Vin2)=Vin,CM+½Vin,DM
Vin2=½(Vin1+Vin2)-½(Vin1-Vin2)=Vin,CM-½Vin,DM
Note that, for Vin,DM=0 and Vin,CM≠0 ,  Vout1  and  Vout2 will conserve  their

DC values (VDD-½RDISS), independent of the instantaneous value of Vin,CM.

However, due to some nonidealities and device mismatches, this independency is altered causing a non-zero CM gain.

[ CMRR (common-mode rejection ratio) is aimed to be kept as large as possible  ]

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

Common-mode Response

A differential amplifier is expected to suppress the CM signals (e.g. environmental noise, supply noise).

In the basic differential pair, in absense of non-idealities and mismatches AV,CM=0 , supplying an infinite CMRR. (
What will happen in presence of non-idealities and mismatches ?

[image: image34.png]


Effect of finite output impedance of tail current source

For pure CM input signals, Vout1=Vout2=:Vout .
(  Av,CM = Vout/Vin,CM = - gmRD/(1 +2gmRSS)

but, Vout,DM=Vout1-Vout2=0, i.e, as long as the output is taken in a differential manner, CMRR will be infinite ! (but mismatches will alter this)

[image: image35.png]


By including the output capacitance C1 of the tail current source, [RSS ( RSS+(sC1)-1] we find that |Av,CM| increases with frequency. ( 

Just a reminder: The differential gain drops with frequency (.
Effect of RD-mismatch: Assuming RD1=RD and RD2=RD+ΔRD ,
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Vout1/Vin,CM=-gmRD/(1+2gmRSS)

 
Vout2/Vin,CM=-gm(RD+ΔRD)/(1 +2gmRSS)
( Av,CM-DM = Vout,DM/Vin,CM
              = -gmΔRD/(1 +2gmRSS) 

                        (due to RD-mismatch only ! )

Av,CM-DM : CM to DM conversion gain
Output DM signal is influenced by the CM input signal (.

Since Av,DM≈-gmRD  (   CMRR = |Av,DM/Av,CM-DM| = (RD/|ΔRD|)(1 +2gmRSS)

     (due to RD-mismatch only ! )
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Effect of common-mode noise in the presence of resistor mismatch (the differential output voltage is contaminated by the input noise, Vin,CM )
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Effect of gm-mismatch: gm-mismatch is due to , tox , W , L and VTH mismatches .

Assuming gm1=gm  and gm2=gm+Δgm ,

  Vout1/Vin,CM=-gmRD/(1+gmTRSS)

  Vout2/Vin,CM=-(gm+Δgm)RD/(1 +gmTRSS)
where gmT=gm1+gm2 . Taking gmT≈2gm yields

Av,CM-DM = -ΔgmRD/(1+gmTRSS)

              ≈ -ΔgmRD/(1 +2gmRSS)

                      (due to gm-mismatch only ! )

(
CMRR = |Av,DM/Av,CM-DM| = (gm/|Δgm|)(1 +2gmRSS)







