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Open Loop Versus Closed Loop Amplifier Topologies

Open Loop Closed Loop
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" Open loop —want all bandwidth limiting poles to be as
high in frequency as possible

" Closed loop —want one pole to be dominant and all other
parasitic poles to be as high in frequency as possible



OCT Method of Estimating Amplifier Bandwidth

: , Note:
MidBand Gain £ (Hp) = w (rad/s)
(Hz) = 21
2Olog(vout/vin)
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" OCT method calculates Yo 7; by the following steps:

— Compute the effective resistance Ry,; seen by each
capacitor, C;, with other caps as open circuits

= AC coupling caps are not included — considered as shorts

— Form the “open circuit” time constant T; = R,,C; for each
capacitor C;

= Sum all of the “open circuit” time constants

1
= BW =~ —x rad /s
D=1 BeniC;




Another Useful Analysis Tool: Miller Effect

Zs
Vin A Vout

Zin
" Derive input impedance (assume gain of amplifier = A):
" Z'm (V;n — Vout)/Zf sz — A‘/z 1-A
" Consider the case where Z; Is a capacitor

1 1
f - s(I—A)C

~ sC
= For negative A, input impedance sees increased cap value
= For A =1, input impedance sees no influence from cap
= For A > 1, input impedance sees negative capacitance!
= Can be used to create active inductor for a specific frequency



Key Capacitances for CMOS Devices

Top View Side View
4 Vas i
wW
v
junction bottom wall junction sidewall
cap (per area) / cap (per length)
Ci(0 Cisw(0)
source to bulk cap: Cip, = 9 WE + = (W + 2E)
\/1 +Vsg /| Dg| \/1 +Vse/|Ps| W (make 2w for "4 sided"
C-(O) C. (0) K perimeter in some cases)
drain to bulk cap: Cigq= ’ WE + = (W + 2E)
\/1 +Vpg /| Dg| \/1 +Vpg /| Pg
overlap cap: Cg,, = WLpCqy + WCinge gate to channel cap: Cy.= % CoxW(L-2Lp)

channel to bulk cap: C, - ignore in this class



CMOS Hybrid-z Model with Caps (Device in Saturation)

---------------------------------------------------------
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Cgs = Cgc + Coy = ?CoxW(L'ZLD) + Coy
ng = Cov
Csph=Cjsp  (area + perimeter junction capacitance)

Cab=Cjap (area + perimeter junction capacitance)



OCT Thevenin Resistance Calculations

" C,.. Thevenin resistance between gate and source

gs
R Rs(l—I—RD/TO)—I—Rg(l—l—(gmb—l—l/TO)RS—I-RD/TO)
th

9s 1+ (gm + gmp)Rs + (Rs + Rp) /70
" C,q: Thevenin resistance between gate and drain
Rthgd — (RD + RG)(l - Tods/ro) + rodsgm B

where 7,45 = 7o||

Rp




OCT Example: Design Wide Bandwidth Amplifier

gR Assumptions:
|Dl L Jn :_1/(1009), !: O,A=0
Voo CgS = 10fF, ng = 3fF

C., = 5fF, C,, = 4fF
R, = 4kQ

in ||:
AV p—
| CL R, = 1kQ
Vin C, = 100fF

" Step 1. identify AC coupling versus OCT capacitors
= AC coupling caps will be regarded as shorts

" Step 2: calculate individual OCT time constants

" Step 3: identify long OCT time constants and modify
circuit to improve its bandwidth




Step 1. Identify OCT Capacitors

gR Assumptions:
Riha (Cga) ) gm = 1/(100Q2),y=0,A=0
Vot Cqs = 10fF, Cyy = 3fF
! Csp = SfF, Cyy, = 4fF
R, = 4kQ

e R, = 1kO
Rtn1 (CL+Cqp) C_= 100fF

" Which time constants are easy to calculate?

" How do we efficiently calculate the more difficult
cases?



Step 2. OCT Time Constant Calculations

gR Assumptions:
Ris(Cod) | g. = 1/(100Q), y= 0, A =

Cys = 10fF, Cyy = 3fF

V
Ly o I out C., = 5fF, C,, = 4fF
R.
n R, = 4kQ

’ TS R, = 1kQ
in |_> O—¢ Rin1 (C,+Cy,) CL = 100fF
Rin2 (Cgs)

" Easy ones:
Rins = Rp||Rwn, = Rr|loo = R, = 1kQ) = 171 = 1kQ - 104fF =
Rthg = Rz’nHRthg — RmHOO = Rm = 4kQ) = To = 4k€) - ].OfF =

0

1()4ps

40p5

" Use formulafor ty: Ry, = (Rp+ Ra)(1 —Tods/To) + Todsgm R

Rp

where 7,4, ZTOHI—I—(g -y

= Riuy3 = (RL + Rfm)(l — 0) + RrgnRin = 5.5k + 40k€) = 45.

= 73 = 43.5k() - 3f F = [136.5ps

= Rp = Ry,

HkS)
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Step 3: Identify Largest OCT Time Constant

Assumptions:

g, = 1/(100Q)),y=0,A=0
Cys = 10fF, Cyy = 3fF

C,, = 5fF, C,, = 4fF

R, = 4kQ

R, = 1kQ

) C, = 100fF

Time constant associated with C, is the longest:

73 = 45.5k2 - 3f F =|136.5ps

Why is this time constant so large given that it is
associated with the lowest value capacitor?

How do we change the amplifier topology to reduce
this time constant value?
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The Miller Effect Analysis Provides Helpful Intuition

R, C

- W ]

gd

" Notice that C4 is in the feedback path of the common
source amplifier

= Recall Miller effect calculation: Ci, =(1—A)Cyq

= For this amplifier:
A= _ngL — Cm = (1 -+ ngL)ng =11- ng = 33fF
— T3 = R, C,,, = 4k() - 33fF = 132ps
» This analysis agrees well with OCT calculation of 136.5ps

Can we change the amplifier topology to lower this time constant? .




Consider Adding a Cascode Device

R

Vbias
\ Mo
Cout \g

‘V‘M|_> - M;
V.
&

" Examine the impact of this topological change using

the Miller Effect analysis

1
A = —gmlg— ~ —1 — Cm — (1 —I— 1)ng1 = 2 . ngl — 6fF
m2

= T3 = R, C,,, = 4k() - 6fF = 24ps

Vout

Cascode device dramatically reduces the C 4, time constant!

13



Does the Miller Effect Impact the Cascode Device?

RL
C9d2 Vout
Vbiasi \
> M2

wA—{ ™,

" Observe that the capacitance seen by V., IS not of
concern since this voltage is not part of the signal path

" The signal path sees the time constant:
T4 = RLHRthd2 . ng2 ~ RL . ngg = 1k€) - 3fF = 3p8

= This time constant is much smaller than the other time

constants of the amplifier y



Perform OCT Calculations for Updated Amplifier

Riha (Cya2) R,
Vout Assumptions for all devices:
Ve g,. = 1/(100Q),y=0,A=0
M Cys = 10fF, Cyq = 3fF
Rth5 (C932) I_> O<—| CSb - 5ﬂ:, Cdb = 4fF

|_> Rin1 (CL*+Coapo) R =4kQ

R, = 1kQ
9 C, = 100fF
|_> Rthe (Cgs1+Csp2)

Runi = Ri||Ren,, = R = 1kQ = 7 = 1kQ - 104fF = [104ps
Rins = Rin||Rin,, = Rin = 4kQ = 75 = 4kQ - 10fF =[40ps
Rth4 = RLHRthdg ~ RL = 1kQ) = T3 = 1£S) - 3fF = 3p8

Rins = Rin,||Rih,, = 1/gmalloo =100 = 75 = 1002 - 10fF =|1ps

Rth6 = Rthd]_HRthSQ = OOHl/ng = 1002 = Tg — 10052 - 9fF = 09]?8
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Perform OCT Calculations for Updated Amplifier

Rihg (Cya2) L
L, Vout Assumptions for all devices:
Vi g. = 1/(100Q), y= 0, A = 0
My C..=10fF C_, = 3fF

> gs 1 ~qgd

Rth5 (C932) I_> O<—| CSb - 5ﬂ:, Cdb = 4fF

Res (C )|_> 8>b Rin1 (CL+Cypo) R =4kQ

e -+ R, = 1kQ
M 3_<_| C, = 100fF
Vin l_y o Rihe (Cgs1tCsb2)

Rih2 (Cgs1) —

" Use Thevenin formula for Cy4 calculation:
Rins = (Rp1+ Rg1)(1 — rods/To1) + Todsgm1Ran

1

Rp1
1+ (gml - dmb1 )R31

where 7,45 = To1]|

1

9m?2

gm2

= 5 =8.1kQ - 3fF =

24.3298
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ldentify Longest OCT Time Constant

Rth4 (ngZ)

L,

Vbias

Rth5 (Cgsz) I_> ]
Rihs (Cgq1) |_>

> oy

Rih2 (Cgs1) —

Assumptions for all devices:

g,, = 1/(100Q), y= 0,1 =0
Cys = 10fF, Cyy = 3fF

C., = 5fF, C,, = 4fF

R, =4kQ

R, = 1kQ

C, = 100fF

" The load capacitance now presents the largest time

constant:

Rini = Ri||Rin,, = Ri = 1kQ = 1 = 1kQ - 104fF = [104ps

Can we change the amplifier topology to lower this time constant?
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Add a Source Follower to the Output

R, For all devices:
| dm = 1/(100Q2),y=0,A=0
L, M3 Cys = 10fF, C,y = 3fF
V ias - —
u i, { v, Cen=5IF Cop=4fF
n
R, = 1kQ
C_=100fF
Iy — -
AMA/ I |V|1 bias l —_— CL
Rin ”

" Key idea: reduce the time constant associated with
C, by decreasing the Thevenin resistance that it sees

= Previous design presented R, = 1KQto C,
= Source follower presents R, .3 = 1/g,,3= 100Q2 to C,

Source follower should reduce C, time constant by a factor of ten!
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Calculation of New C;, Time Constant

Riha (Cga2)

L,

Vbias

Rins (Cgs2) |_>

|—>°~o

Rih2 (Cgs1) —=

Ring (Coat) [
YWV Gl
Rin >
Vin ?

R

Ring (Cgas) —

Ly ot

>

My

|—>°~o

Rih7 (Cgs3)

<_| Iblas
Rth6
(Cys1tCop2)

®" Formal calculation:

l Vout

For all devices:

g,, = 1/(100Q), y=0,A=0
Cys = 10fF, Cyy = 3fF

C., = 5fF, C,, = 4fF

R, = 4kQ

R, = 1kQ

C, = 100fF

I Rin1 (CL+Cgp2)

Rins = Rin, = 1/gm3 = 1002 = 7 = 100192 - 104fF =|10.4ps

How large are the additional time constants created by M;?
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Calculation of Additional Time Constants from M,

Rihg (Cgaz) —
R (G SR |_> For all devices:
th4 {gd2 dm = 1/(100Q), y=0,A =0
L, M Cye = 10fF, C,q = 3fF
Vbias |V| 0\. V t CSb - 5ﬂ:, Cdb = 4ﬂ:
M U R, = 4KQ
Rins (Cgs2) |_> Rth7 (Cgs3) R, = 1kQ

AMA Gl <_| Iblas <—|
. Rin ] I_"\>th1 (CL+Csb2)
Vin |_> o Rth6
(Cys1*tCsp2)
Rih2 (Cgs1) —=

Ring = RLHRtth ~ R; =1k} = 75 =1kQ)-3fF =| 3ps
Rs3(1+ Rp3/re3) + Raa(1 + (gmes + 1/703)Rss + Rp3/703)
1 4 (gm3 + gmps)Rss + (Rsz + Rp3)/To3

1+ Rp3/To3 + Ras(gmbs +1/103)  1+0+0
Gm3 + Gmps + 1/703 B gms +04+0
= 717 =100Q2 - 10f F =| 1ps

Ripy =

= 10012

= Ry =
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Estimate Bandwidth Based on OCT Calculations

Rihg (Cga2) % R,

Vbias

Ring (Cgas) —

Ly ot

_ My

RthS(CgSZ)I_>
Rens (Coan) [ i
et
Rin
Vin? |—> o
Rih2 (Cgs1) —=

BW =~

= BW =~

Rih7 (Cgs3)

<_| Iblas
-
Rth A Rth1 (CL+Cgp2) ’
-
(Cys1*tCsp2) 8

1

Z;-nzl RthjC’j B 83.6]98

11.96

2T

=|1.9GHz

> % l Vout

S &2 a S
1 | |

= 10.4ps

40ps
24.3ps
3ps
Ips
0.9ps
Ips
3Ips

= 11.96 Grad/s
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Summary

®" Two techniques prove very useful when designing
amplifiers for desired frequency response behavior
= Open Circuit Time Constant method
= Miller Effect analysis
" Thevenin resistance analysis in combination with the
above offers tremendous insight for designing
amplifier topologies
= OCT method allows quick discovery of large time
constants

= Miller effect provides intuition of the impact of placing
capacitors within feedback

= Awareness of impedances presented by various
amplifier stages allows intuitive approach to achieve
reduction of large time constants
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