Chapter 6
Frequency Response of
Amplifiers



MOSFET Capacitances-L22



Device Capacitances
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There is some capacitance between every
pair of MOSFET terminals.

Only exception: We neglect the
capacitance between Source and Drain.



Gate to Substrate capacitance
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C, is the oxide capacitance (between Gate
and channel)

C, = WLCqy

C, is the depletion capacitance between
channel and Substrate

C2 = WL(q£SI sub/(4q)F))1/2 = Cd



Gate-Drain and Gate-Source Overlap

Capacitance
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C, and C, are due to overlap between th€ gate
poly-silicon and the Source and Drain regions.

No simple formulas for C; and C,: It is incorrect to
write C,=C,=WLC,yx because of fringing electric
field lines.

We denote the overlap capacitance per unit width
as C,,



Source-Substrate and Drain-Substrate

Junction Capacitances
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Again, no S|mple formulas for C; and Cg:

See right figure: Each capacitance should be
decomposed into two components:

Bottom-plate capacitance, denoted as C;, which
depends on the junction area.

Side-wall capacitance C, which depends on the
perimeter of the junction.



Source-Substrate and Drain-Substrate

Junction Capacitances
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In MOSFET models C; and G, are usually given as
capacitance-per-unit-area, and capacitance-per-unit-

lanath raecenectivalv
INvs1 Ivtll, IU\JPUULIVVI’-
C; = G / [1+VRr/Pg]™ where Vi is the junction’s reverse

voltage, @y is the junction built-in potential, and m
typically ranges from 0.3 to 0.4



Examples (both transistors have
the same C, and C, parameters)

[m]

T,

- o

L
—i L

Y

Drainm
Terminal i

=1

I
wiim
2

Source /,f

Tarminal

(|

Calculate Cpz and Cgg for each structure



Left structure
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Cps=Cgss = WEC; + 2(W+E)C

jsw



Layout for Low Capacitance (see
folded structure on the right)
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Two parallel transistors with one
common Drain



Layout for Low Capacitance (see
folded structure on the right)

B e | Cpg=(W/2)EC+2((W/2)+E)Cy,
i ] 7 ™ W Cop=2(WI2)EC+2((W/2)+E)C,y, =
. Torminl = WEC,; +2(W+2E)C;

! jsw

Compare to the left structure:
Cpg=Cgsg = WEC, + 2(W+E)C

jsw

Cgg slightly larger, Cg a lot smaller. Both
transistors have same W/L



Ces,Cap at Cutoff
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Cgg at Cutoff
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C; = WLCqy,Cy= WL(QegN,,/(4Pg)) 2 =C,
Cp=C1C,/(C+Cy)= WLCoCy/ (WLCo+Cy )
L is the effective length of the channel.



Cpg and Cqg at all modes
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Both depend on the reverse voltages Drain to

Substrate and Source to Substrate
Recall C, = C,, / [1+Vg/Pg]™



Cas,Cgp at Triode Mode
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If Vg Is small enough, we can assume
Vss=Vgp 2 Channel uniform - Gate-Channel
capacitance WLCy is distributed uniformly



Cas,Cop at Saturation Mode
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Csp=C, W because there isn't much of a
channel near Drain.

(It can be proved):



Cgg at Triode and Saturation
Modes
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Cgg IS negligible, because channel acts as a
“shield” between Gate and Substrate. That is, if
Vg varies, change of charge comes from Source
and Drain, and not from the Substrate!



MOS Small Signal Model with

Capacitance
Cop
- l r’:_"__\ o D
Cas "'r_-u Im¥gs =Er, Fons Vs
=Ceyg 5°¢ — i i
Vis T 58




C-V of NMOS 1T
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In “Weak Inversion” C4g is a series
combination of Cyy-capacitance and Cy,-
capacitance - Low capacitance peak near

Ves=Vrh



High-Frequency Response of
Amplifiers-L23

Basic Concents
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Miller's Theorem
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Replacement of a bridging component (typically a
capacitor) with equivalent input and output
impedances, for the sake of facilitating high-
frequency response analysis.



Miller's Theorem Statement

R

Let A, = V,/Vy be known.

Then (a) and (b) above are equivalent if:
Z,=Z/(1-A,) and Z,=Z/(1-A,")
Equivalence in V,Vy and currents to Z's.



Proof of Miller's Theorem

R

Current equivalence: (Vy-V\)/Z=V/Z,
Thatis: Z,=Z2/(1-V /V )etc.

A simple-looking result, but what does it mean?



The most common application
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« Mid-band gain of amplifier is known to be —A.

* We want to know (at least approximately) how
does the bridging capacitor C¢ influence the
amplifier's bandwidth.



Exact vs. Approximate Analysis
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» For exact analysis, replace C with its impedance
Z-=1/sCr and find transfer function V(s)/Vy(s) of circuit.

* Approximate analysis: Use Miller's theorem to break
capacitor into two capacitances, and then study the input
circuit’s time constant and the output circuit’s time

constant.



Miller Effect — input capacitance
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* Input circuit’'s added capacitance due to C¢:
Since Z, is smaller than Z by (1-A,/), and since
Cr appears in denominator of Z, it means that
input capacitance C,=C¢(1-A,). If |A,| is large,
C, may become pretty large.



Miller Effect — output capacitance
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 Output circuit’'s added capacitance due to Cg:
Since Z, is smaller than Z by (1-A, "), and since
Cr appears in denominator of Z, it means that
output capacitance C,=Cc(1-A,"). If |A,| is large,
C, will be almost equal to C .



Bridging component restriction

Both sides of the bridging component must be
fully floating, for Miller’'s theorem to be valid.

If voltage, on either side, if fixed then there is no
Miller effect.

Later we'll use Miller's theorem to deal with Cp.
Therefore in CG and Source Follower amplifiers,
in which one side of Cp is ground, there will be
no Miller effect.

Main impact of Miller is on CS amplifiers.



Meaning of “approximated analysis”

* There is little use for the complete high-
frequency transfer function (all its poles
and zeros).

* We are interested in the amplifier only at
mid-band frequencies (at which all
MOSFET capacitances are considered
open circuit), and may be a little bit
beyond, near high-frequency cutoff (-3db)
frequency.



Approximate Analysis Meaning
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* We calculate input circuit's and output circuit’s
time constant for the sake of determining the
amplifier's bandwidth.

* We use the known mid-band voltage gain in
Miller's theorem.



Validity of Miller’'s analysis at HF
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* We use the known mid-band voltage gain in
Miller's theorem.

At high frequencies, much higher than the -3db
frequency, gain is much lower - Miller's
theorem, using mid-band gain, is not valid!



Bandwidth Calculation
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« Typically, the two time constants are rarely of the
same order of magnitude.

* The larger time constant determines the
amplifier’'s -3db frequency.

* The smaller time constant (if much smaller than
other) should be discarded as invalid.



Poles and Zeros
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A time constant t = 1/RC means that the transfer
function has a pole at s=-1/r.

« Typically, every capacitor contributes one pole to
the transfer function.



Example below: All poles are real;
No zeros

Vo () _ AA,
Vin (S) (1 + SRSCin )(1 + SRICN )(1 + SchP)




Complicated example
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* There are three poles due to the three
capacitors. It's hard to determine poles location
by inspection (some poles may be complex)

* There may be some zeros.
+ Difficult due to V,,V, interaction (via R;,C5)



Example: Feedback capacitor over
finite gain

Cr
il

* Vouls)Vy(s)=-A
* (Vin(s)-Vx(s))/Rg=SCr(Vx(s)-Vouls))
« Exact Result: V_ (s)/V,.(s)=-A/[1+sRsCr(1+A)]



Example: CG Amplifier

¢ Cg=Cpss1tCsp

to ground.

» Cp=Cps+Cpg Capacitance “seen” from Drain to
ground.

" from Source



Example: CG Amplifier

* Need to determine (by inspection) the two poles
contributed, one by Cg and another by C,.

* This is easy to do only if we neglect r,.

« Strategy: Find equivalent resistance “seen” by
each capacitor, when sources are nulled.



Example: CG Amplifier

TSZCSRS,quCs Rsl[1/(8 01t €mb1)]
TD:CDRD,eq:CDRD

A=(811Zmp )R/ (1 (8101 81mp1)R)
Vou(8)/ Vin(8)=A/[(1+stg)(1+s1p)]



High-Frequency Response-
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High Frequency Model of CS

Amplifier
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« Cgp creates a Miller Effect.

* |tis essential to assume a nonzero signal
source resistance Rg, otherwise signal voltage
changes appear directly across Cgg



Csp Miller Effect on input
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» Let A, be the low frequencies voltage gain of
the CS amplifier, such as A=-g,,Rp.

» Capacitance added to C5g is C5p(1-Ay).
* Ti=Rg[CostCoqp(1-Ay)]




Csp Miller Effect on output

 Capacitance added to Cpg is Cgp(1-Ay")=Cqp.

* Tou = Rp(CoptCpp)

» Ift,, and t_, are much different, then the largest one
1s valid and the smaller one 1s invalid.



Common Source (must be In
Saturation Mode)

.
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ik - Ve Neglecting input/output interaction,
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Vlng :=EG5- = I f | 1
5 T pin 27Rs[Cqs + (1+09,R5 )Cop |
1
fp,out =

27|(Cgp + Cps )Rp |



CS Amplifier's Bandwidth if Rg
large
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* Tou = Rp(CopTCpp) 5 Tin=Rs[CastCop(1-Ay)] 5 Ay=-g,Rp

 If all transistor capacitances are of the same order of
magnitude, and 1f Rq 1s of the same order of magnitude of R
(or larger) then Ay(s)= -g, Rp/(1+s7,,) : Input capacitance
dominates. BW=t,=1/2nt,_



CS Amplifier's Bandwidth if V,  Is
almost a perfect voltage source
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* Tou = Rp(CaptCpp) 5 1in=Rg[CastCop(1-Ay)] 5 Ay=-2,Rp

 If all transistor capacitances are of the same order of
magnitude, and 1f Rq 1s very small : A(s)=-g. Rp/(1+st,,) :
Output capacitance dominates. BW=1f,=1/2nr_,,




High Frequency Response of CS
Amplifier — "Exact” Analysis
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« Use small-signal diagram, and replace every
capacitor by its impedance 1/sC ; Neglect r

« Result: Only two poles, and one zero in
out(S)/V (S)'



CS HF Response: Exact Result

Can
i
e

I HE x
o l l r l l @ Vout
. T Cas 1""_1 (% Im¥s = Cpg % Ap
Main 4 = - i — I —
Path ~ = - -
Vout(s) _ (SCGD _gm)RD
Vip(8)  $°RsRo(CesCop +CoaeCes +CoarCor) +5|Rs (148, R5)Cop +RsCos +Ro(Cop +Cop)|+1
( S | S \ 5 S
Assume D=L—+1JL—+1J: + +1, 0,>0,
W, W, W0, O

fpin = 1
" 27(Rs [Cos + (1+ 9, Rp)Cop ]+ Rp(Cop + Cpp))




CS Exact Analysis (cont.)

_ Re(1+8,Ry)Cep +RiCos + Ry (Cep + Cpp)
o 27ZRS I:QD (CGSCGD + CGSCDB + CGDCDB)

1
fp,out ~ 9
2ﬂRD (CGD + CDB)

for large Cgq

f ~ 9mRsRpCop
,out
p 27R5Rp (CesCop +CasCpp +CopCos)

- O
271(Cgs +Crp)

, forlarge Cg,



CS Amplifier RHP Zero

Right half plane zero, from the numerator of V_(s)/V,.(S)

Vout(S) — (SCGD B gm)RD ]

Vin (S) Sz RS RD (CGSCGD + CGSCSB + CGDCDB ) + S|_RS (1 + gm RD )CGD + RS CGS + RD (CGD + CDB) J+ 1

SCop — U e _ 1oy




Zero Creation

Feedforward
Path

: ; : s
Main -I_- dipd Mp2 oz tx
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« A Zero indicates a frequency at which output
becomes zero.

* The two paths from input to output may create
signals that perfectly cancel one another at one
specific frequency.



Zero Calculation
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» At frequency at which output is zero (s=s,) , the
currents through C;5 and M, are equal and
opposite. Can assume that at this frequency
(only) output node is shorted to ground.

* V,/(1/s,Csp)=9,,V, =2 Zero expression results.



RHP Zero Effect on the Frequency
Response

Feedforward
Path

Main J=- --;p-l |-;pq- |:'|:| ;
 RHP Zero (like LHP zero) contributes positively
to the slope of magnitude frequency response

curve = reduces the roll-off slope.

 RHP Zero (contrary to LHP zero) adds
NEGATIVE phase shift.



RHP Zero Impact
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* |t is often negligible, as it happens in very high
frequencies.
* It becomes important if CS amplifier is part of multi-stage

amplifiers creating a very large open-loop gain. It may
affect stabilization compensation.



Input Impedance of CS stage
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High-Frequency Response-
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Source Follower



High-Frequency Response of
Source Follower — No Miller
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* No Miller Effect — Cy Is not a bridge capacitor

(as Drain side is grounded).

« C, is a combination of several capacitances:
Cse1» Cpess: Cap.ss and Gy, of next stage.



High-Frequency Response of Source
Follower — No solution “by inspection”

= VED

» Because of C4q that ties input to output, it is

Impossible to fmd various time constants, one
capacitor at a time — combined effects of C¢

and C,



Source Follower HF Response
Derivation Assumptions
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« Use small-signal diagram and 1/sC terms.

? Nl b A4

« Simplifying assumptions: We neglect effects of r
and y (body effect).



Source Follower HF Response
Derivation
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Sum currents at output node (all functions of s):
V,Cssst+9,,V=V,,C. s, yielding:

V4 =[C S/(9mntCssS)IVout

KVL: Vi ,=Rg[V1CgeSH(V4+V oy, )CipSlHV Vo,



Source Follower Transfer
Function
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Vout(s) — gm + SCGS

Vin (S) Sz RS (CGSCL T CGSCGD + CGDCL) + S(gm RS CGD + CGD T CGS )+ gm



ldea for detecting "dominant pole™:

1 1 1

N/

(1+s7)(1+57,) 7,0,5 +(r,+7,)5+1 7,5,5° +7,5+1

If t, >> 1, = Can find 1, by inspection of
the s coefficient



Source Follower Dominant Pole
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Source Follower Dominant Pole
(If Rg Is very small)
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Source Follower Input Impedance

At low frequencies we take R,, of CS,
Source Follower, Cascode and Differential
amplifiers to be practically infinite.

« At higher frequencies, we need to study
the Input Impedance of the various
amplifiers.

» Specifically for a Source Follower: Is Z;,
purely capacitive?



Source Follower Input
Impedance Derivation
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T Laying C,p aside, as it
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remaining part of Z:
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Source Follower Input
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-G =Cs0,,/(0,+0,,)+Csp (same as Miller)



“Miller Effect” of Cgq

l 2w, Low frequency gain is
i) = il - Im/(Im+Imp)
Comiler=Cas(1-Ay)

#+
1 -
S

At low frequencies, g_. >>|sC, |
1

Ziy (14 (90 / Gup))+ 1/ Gy

GS

-G =Cs0,,/(0,+0,,)+Csp (same as Miller)

Effect not important: Only a fraction of Cg
Is added to C,



Source Follower HF Z.

At high frequencies, ¢, << |SC, |

1 1
Zin ~ T + 2 gm
SCes SC.  s°CiCy

At a particular frequency, input impedance
includes Cgp in parallel with series
combination of C;5 and C, and a negative
resistance equal to

-9n/(CgsCLov?).



Source Follower Output Impedance
Derivation Assumptions

Body effect and Cgg
contribute an
Impedance which is
a parallel portion of
Z,—Wwe'll keep itin
mind. We also
neglect Cgp.

Zour =V, /1, =2



Source Follower Output Impedance
Derivation

VICGSS + gmvl =—1 X
V.C.SRe +V, =V,

ZOUT :Vx / Ix
- SRCgs +1
gm +SCGS




Source Follower Output

Impedance - Discussion
Loyt =Vy /1y
SR;Cqs +1
"~ gy +Ce
=1/g,, ,atlow frequencies

~ R, , at high frequencies

We already know that at low frequencies
Zoutz 1/gm

At high frequencies, Csq short-circuits the
Gate-Source, and that’'s why Z_ , depends
on the Source Follower’s driving signal
source.



Source Follower Output

Impedance - Discussion
ZOUT :Vx / Ix

B SR.Cqs +1

gy +5Ces

=1/g,, ,atlow frequencies

~ R, , at high frequencies

1 Zoul b 1 Z ol &




Source Follower Output
Impedance - Discussion

Typically Rg > 1/g,,

Therefore |Z, (w)| is
iIncreasing with w.

1 Zoul b 1 Z ol &




Source Follower Output
Impedance - Discussion

If |Z,,(w)| is increasing
with w, then it must have

an INDUCTIVE
component!

1 Zoul b 1 Z ol &




Source Follower Output Impedance —
Passive Network Modeling?

Can we find values for R,, R, and L such
that Z,=Z_, of the Source Follower?

out



Source Follower Output Impedance —
Passive Network Modeling Construction

Clues:

At w=0~Z,,=1/g,, ;Atw=wo 2 ,=Rg
At w=0~Z=R, ;Atw=~~Z=R+R,

Let R,=1/g,,and R,=Rqs-1/g,, (here is where
we assume Rs>1/g., !)



Source Follower Output Impedance —
Passive Network Modeling Final Result

Output impedance inductance
dependent on source impedance,
Rs (if Rg large) !



Source Follower Ringing
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Output ringing due to tuned circuit formed
with C, and inductive component of
output impedance. It happens especially if
load capacitance is large.



High Frequency Response-
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Common Gate Amplifier
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CG Amplifier neglecting r,

» Cs=Cgq1+tCsg, Capacitance “seen” from Sout

to ground.

» Cp=Cps+Cpg Capacitance “seen” from Drain to
ground.



CG Amplifier if r, negligible

« Can determine (by inspection) the two poles
contributed, one by Cg and another by C,.

* This is easy to do only if we neglect r,.

« Strategy: Find equivalent resistance “seen” by
each capacitor, when sources are nulled.



CG Amplifier Transfer Function if r

IS negligible
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TSZCSRS,quCs RS 1/(€m18ump1)]
TD:CDRD,eq:CDRD
A:(gml+gmb1)RD/( 1 +(gml+gmb1)RS)
Voul8)/ Vi (8)=A/[(1+st5)(1+s1p)]




CG Bandwidth taking r, into
account
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Can we use Miller’s theorem for the bridging r,
resistor?



CG Bandwidth taking r, into
account
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Can we use Miller’s theorem for the bridging r,
resistor? Well, no.

Effect of r_ at input: Parallel resistance r_/(1-A,)).

Recall: A, is large and positive = Negative
resistance! > How to compute time constants?



CG Bandwidth taking r, into
account
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Need to solve exactly, using impedances 1/sC,
and Kirchhoff's laws.



Example: r, effect if Ry Is replaced
with a current source load
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Current frgm \,/. ’rhmunh R.is:V..C s+(-V.,)C. s
in 'S out™~L> "\ YV 1/¥

Adding voltages: (-V,;C,;s+V,C; s)Rst+V, =-V,
= '[ VoutCLSRS+Vin]/(1 +CinRSS)

Also: r (-V,,C;s-9,,V1)-V,=V

out




Example: r, effect if Ry is replaced with
a current source load — final result

ra— L’m
I—IIE—
Fa :“_' v, H‘._;

\/ (q\/\/ (Q\ (1+g o )/D(s), where:
(S)_roCLCinRSS2+[roCL+CinRS+(1 *0mlo)CRg]s+1

The effect of g,,, can now be added simply by
replacing gn, by g+ 9mp-




CG with Ry load Input Impedance
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W M,

i
""'ln[‘i\] C
£ I 5

- -
= m

Recall the exact R, formula at low frequencies:
Rin=[Ro/((9m*mp)ro)I+[1/(9m*Gmp)].

Simply replace R, by Z;, and Ry with
Z=Rp||(1/sCp)



CG with current source load Input
Impedance

e Moy

|E i . I_ l
{:L i glI'I"I"II1 fD G
ap | @ Vot P I L
rs °T =% , .:.f )
v -
¥in j = & in Ii:_}_ I Cin
L}

Recall the exact R, formula at low frequencies:

Rin=[Ro/((9m*Gmb) o)1+ [1/(9m*Gmp)]-
Here replace R, by Z,, and Ry with Z,=1/sC,




CG with current source load Input
Impedance - Discussion

_vm

I—IIE—
Mo :“__ Wy, H'._,_

Zin=[1/8C /(G ) )] [1/(Gm* G -

At high frequencies, or if C, is large, the effect of
C, at input becomes negligible compared to the
effect of C., (as Z,,=2 1/(9,,+9p) )




CG and CS Bandwidth Comparison

If Rg is large enough, bandwidth is
determined by the input time constant

CG: 1,=(CastCsp)[Rg[I(1/(8mT81mp))]
CS: Tm_[CGS_I_(l_I_gm D)CGD]RS
Typically -3db frequency of CG amplifier

| R 1 |

by an order of magnitude larger than that
of a CS amplifier.

If Rg is small, 7, , dominates. It is the same
in both amplifiers.



High Frequency Response-
L27

Cascode Amnllflpr



Key ldeas:

» Cascode amplifier has the same input
resistance and voltage gain as those of a
CS amplifier.

« Cascode amplifier has a much larger
bandwidth than CS amplifier.

» Cascode = CS->CG. CS has a much
reduced Miller Effect because CS gain is
low (near -1).



Cascode Amplifier Capacitances

Cope | ¥
{1 T Vot

Vb "_"_II: M, I Copz* G

L — -
Casa s

Capn
I

Ay
wal 15w, %EDN*ESEI?
&
hri-l[llrj -

TCes1 =
=




Cspq Insignificant Miller Effect
In

Capz |y i
I'_'T"‘ ‘ol
L "'E:_'lt Ay I Comz+ Cp
c

F—x =

Gg
Cl:-ln'l
|
Ag
M l Cpg1 + Csaz
PRl I

C I\/I iIs CS with a load of 1/(n »+d ) (’rhp input
Imb2/

reS|stance of the CG stage)
* A= -1 /(9219mp2) Which is a fraction.
 Effect of C4pq at input is at most 2C 4,




Cascode Input Pole (if dominant)

Yoo
Rp
Capz | y
_'| l"'4:-;|I
Vi o=gperi M IEDE?""E'L

— X

Casg

S

Ag

||
at kM, % Cpa1 * Cspz
hl'  —

Y
i ) Tﬂﬁm = —

1

278 [Coq +(1+ 7" )Cop]

foa




Cascode Mid-section Pole (if
dominant)

luw Total resistance seen at
o Node X is M, input
u.,-{_uruz %%M resistance.

E""" By Mlller CGD1

tlf Al Ilﬁ_ T Com G contribution is at most

CGD1

gmz + gmbz
27[(CGD1 +Cpg +Cqg, + CGsz)

*
>
Q



Cascode Output Pole (if dominant)




Which of the Cascode’s three poles
IS dominant?
1

272‘RS |:CGSI +CGD1(1+ gml j:| Elther fp,A or
Om2 T Ginn2 fp,Y dominates.

f, xis typically

fp,A -

f . gm2+gmb2 a hlgher
> 27[(CGD1 +Cpgi +Cogy + Cesz) frequency.
1




Cascode with current source load

My Vout Mar—t I"’ Vour
lllh HL; r‘na I Elr "Irh' ‘_‘iL;. FDE I L"-‘-
X 1 . X 4 ¥
Ag

vlﬁgw_‘ﬁmi 1:':; hﬁ? Iﬂ:

({al]

* This is done whenever we want larger voltage
gains.

 However we pay by having a lower bandwidth:



Lower Bandwidth of Cascode with

current source load
a;"'ﬂ::-

i ._Tf_' { N I

HB—W—{E-L l..-::

+ Key problem: If a CG amplifier feeds a current
source load, its R,, may be quite large.

* |t causes an aggravation of Miller effect at input.

 Also: The impact of C, (mid-section capacitance)
may no longer be negligible.




[{all
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Differential Amplifiers



Do separate Differential-Mode and Common-
Mode high-frequency response analysis



Differential-Mode — Half-Circuit Analysis

Differential-Mode HF response identical to that
of a CS amplifier.



Differential-Mode HF response Analysis

%y
[ Ao

Gh

. {l_ I—'TII: . Voun

I'EEIB
TCes = =

Relatively low Ay, bandwidth due to C;p Miller
effect.

Remedy: Cascode Differential Amplifier.



Cp depends on Cgps, Cpgs, Cggq @and Cgp,

How large is it? Can be substantial if (W/L)'s
large



FaYa
COo

— O
e -
c ._n.a
o £
o 2
c &
T 5
T +=
F o

et

©

Recall: Mismatches in WIL,

Heg

(gml + gmz)RSS +1

X
Vin,CM




Common-Mode HF response if M, and M,
mismatch (solution approach)

Voo Voo
=Ry Ry Rp Rq
Vou1 =2 X Y—o Vo X ¥
M M
Vin .o [ M, [T | = Vin.cm=—4 |
T I-'l -grn! gm?
: |

Vx _VY g 1_9 2
_ = — m m R
Viom-om View (O +0m)Rss +1

Replace: Rqg With r5|[(1/Cps) , Rp with
Rpl|(1/C, s)



Common-Mode HF response if M, and M,
mismatch - Result

1
(gml _gmz)[RD ||—]
V, -V C.s
A\/,CM—DM (s)= \>/< L= 1 L —
n.CM (gml +gm2)[ro3 H CPS]+1
(O —9m)Rp (1+sr,,C,)
(gm1+gm2)ro3+1 (l‘l‘SR C )(1"‘8 ro}}CP )
T (G )l 1

Zero dominates! A, -\.pm D€gins to rise at
f,=1/(21r_3Cp)



Overall Differential Amplifier’s
Bandwidth

* At a certain high frequency f=f; p
differential gain Ay, begins to fall.

* At another high-frequency f=f; o,
common-mode gain A, begins to rise.

* Whichever of the above 3db frequencies is
lower determines the amplifier's bandwidth
— we are really interested in the frequency
at which the amplifier's CMRR begins to
fall.



* In order to reduce the voltage drop IRy and still
obtain a large enough Ap,; we typically want
gate widths to be relatively large (for W/L to be

large enough)
* The larger W's the smaller is bandwidth.

* Issue is more severe the smaller V, gets.



Frequency Response of Differential
Pairs With High-Impedance Load

Differential {ij\j_‘ ﬁL i i

= n—{ t
output L‘ = r*"}

-'ss

Here C, include C;p and Cpg of PMOS
loads



Differential Mode Analysis: G Node

Poiie PR

°_{|*1__r'l'"| ' f\; n:f‘

For differential outputs, C5y; and Cgp, conduct
equal and opposite currents to node G.

Therefore node G is ground for small-signal
analysis.

In practice: We hook up by-pass capacitor
between G and ground.



Differential Mode Half Circuit
Analysis

Ceaom

E '[' = Voun
Vin1 FIL % Fonll Foa == |— 1

-I-

Vout (S) _ (SCGD B gm)RD

Vin (S) 52 RS RD (CGSCGD + CGSC:SB + c:GDCDB) + S[RS (1 + gm RD )CGD + RSCGS + RD (CGD + C:DB )]+ 1

Above (obtained earlier) “exact” transfer function
applies, if we replace Ry by r||r.s



Differential Mode Half Circuit
Analysis — final result

Cam

Mmoo

* Here, because C, is quiet large and because the
output time constant involves r_,||r,; Which is
large, it is the output time constant that

dominates.
* fhz1/21TCL(ro1”r03 )



Common-Mode HF Analysis

P

= D—{I._I Hz I..,I|—|

-'55

Result identical to that of a differential
amplifier with R load.

Recall dominant zero due to C; (source)



Differential Pair with Active Current

Mirror Load — Vo
My j H,, Qutpul
P
. lern-rrf-n" +— Voo
Single-ended Pole g
output ﬂ—||:|m-, I_:||]
* lss

There are two signal paths, each one Has its
own transfer function.

Overall transfer function is the sum of the
two paths’ transfer functions



The Mirror Pole

Ce arises from Csg3,Css4,Cprs,Cpgq @and
Miller effect of Cgpy and Cgp,. Pole is at s=-

Ima/Ce



Simplified diagram showing only
the largest capacitances:

e ¥
My :"'T—l_fE [y
T I * 1 _'L ® Vo
= . c,
.I..i“':'_tl: My . ‘“z.d_-ﬂ_‘ =

E

Solution approach: Replace V.., M, and M, by
a Thevenin equivalent



Thevenin equivalent of bottom
circuit (for diff. mode analysis)

« We can show that:

* VyE9m1ro1Vin=9mnron Vin
* Ry=2r =2r,\



Differential Mode analysis

——(= |
Ax v,

* We assume that 1/g,,p<<r,p
* VE=(Vout'VX)[(1/(CES+ng)] /
[Ry+(1/(Cgs+g,,p)] voltage division



Differential Mode analysis (cont'd)

* Current of M, is g,.,,VE
* - maVE-bEVou(Crstryp)



Differential Mode Analysis - Result

ﬂl:i'
1 !
2 1 "{g Hd

. ."rnu-'l

*
-+

1YY ﬂ-lj;t I":'L =rop
Vi = =

Ry

Vout — gmN r.oN (2ng +CES)
V. 2r.r,C.C s>’ +as+2g o(r, +r,)

In

a= (2roN + I )CE + I'op (1 + 2ng F'on )CL



Differential Mode Analysis — Result
Interpretation

Vout — gmN r.oN (2ng +CES)
V. 2r.r,C.C s> +as+2g (I, +r,)

In

a= (2roN + I )CE + I'op (1 + 2ng F'on )CL

This type of circuits typically produce a
“dominant pole”, as the output pole often
dominates the mirror pole.

13 7

In such a case we can use “a” (above) to
estimate the dominant pole location.



Differential Mode Analysis —
Dominant and Secondary Poles
f ~ 2ng(roN +roP)

" (2 +1)Ce + T (142,61, )C,

ngP(r +rP) 2ng(r +rP)

oP(1+2ng oN)C PngroNC
|

(1 1T )C,

Ingd
"~/

N

By substituting f,, into the exact transfer
function we can find the higher frequency pole:

f2=9mp/Ce



Single-ended differential amplifier
summary of results

1
" 27T(roN | lop )CL




In summary

Differential amplifiers with current mirror
load and differential output have a superior
high frequency response over differential
amplifiers with current mirror load and
single-ended output.



