CM OS Cascode Transconductance Amplifier

= Basic topology.

= Current supply must have a very high source resistancer . since otherwise it

will limit the output resistance of the amplifier
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Current Supply Topology

m p-channel cascode current supply is an obvious solution

>

= need to design a totem pole voltage supply to generate Vgp, Vg3, and Vgy

EE 105 Fall 2000

Page 2 Week 14




Totem Pole Voltage Reference Complete Transconductance Amplifier

= Match device sizes of Myg, M3g, and Myg to My, M3, and My, m Vpjag User must supply avery precise DC voltage Vg 55> 1.2 V sothat the
CS/CG cascode is biased so that it isin the high gain region

—I; i 5V . M= |
L ‘J My =My =3

p =M,
E ! . My = Mgy = 6542
My =M =547
|
|

CS-CG two-port parameters: Gy, = g

Output resistance: Royt = ro2(1 + Omz for) Il fo3(1 + Ima o)

Output swing:

VouT(max) = Vb4 - Vep3(sat) = Vb - Vseas - Vaaas + Vses - Vepa(say)
VOUT(max) =5V-15V-15V+15V-05Vv =30V

VouT(min) = Vb1 * Vosxsat) = Va2 - Vo + Voo =2V -1.4V +04V =1V
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Multistage Voltage Amplifier Eliminating Current and Voltage Sour ces

Example to understand a complicated circuit =  Replace current and voltage sources with symbols

VDD:5V

RE 3510 .*’HL«{. -Ips
y ) 'os
Qs
JI OFuA

agy
RV —evorT Hr M3
2N -
VB2 —K Q,
—VouTt

V;(SN\#[: My G Ip1o

m 10 MOSFETS, 3 BJTs, 1 resistor ... must identify building blocks
Step-by-step approach to identifying the “important” transistors --

1. replaceall transistor current sources and voltage sources by their symbols -- look
for diodes and current mirrors! (Ms, Mg/Mgg, M7/M7g, and Mg and Q,g are part
of current sources or atotem pole voltage reference.)

2. for the (few) remaining transistors, identify the type and use two-port small-
signal models to understand the circuit’ s operation. (For the above amplifier, the
remaining transistors are My, Q,, M3, and Qg4.)
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Identifying Amplifier Stages Cascode Stage Output Resistance

n-channel MOSFET M, has its source grounded --> common source = Cascode input stage output resistance determines gain

npn BJT Q, hasits gate tied to a voltage source (from “totem pole” string of Van =5V
diode-connected transistors) --> common base b

p-channel MOSFET M3 hasits drain connected to ground --> common drain
npn BJT Q4 hasits collector tied to the positive supply --> common collector -Ips

Voltage amplifier is a cascade of two-port models: <t Routcics

Rin Rout(csicr) Rout VB|AS+<F

1. common source/common base with cascoded current-source supply: very high
output resistance R, ;(CS/CB) --> can get extremely high output resistance, with
atransconductance equal to that of the CS stage

= Output resistance: note that Re =y >>rp,

) . . . P . ROut,CB = (b02r02)||roc6 = (bor02)||(r06(1+gm6ro7))
2. common drain: no loading on previous stage since infinite input resistance

3. common collector: low output resistance
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CS-CB-CD-CC Two-Port Parameters

m  Since CC and CD stages have unity gain (approximately), we can quickly
estimate the voltage gain by finding v;3/Vvj,, where v;z is the input to the CD
stage

n Voltagegain:

A/ » (_gml)Rout,CB = _gml((bor02)| |(r06(1 + gm6r07)))

= Output resistance: source resistance of CC output stageis relatively small, since
it preceded by a CD stage.

_ 1 ,Rscc _ 1 1
out — Rout,CC » g_ + +

R ==
m4 b04 gm4 gm3bo4

DC Bias and Output Swing

= Assuming all n-channel devices have Vgg= 1.5V and p-channel devices have
Vg5 = 1.5V, wecanfind al the node voltages ... we also assume that Vg ashas
been adjusted such that the circuit isin the high-gain region

1 A Y
[LEEN N} 1 d
2R WHe T

AN

T il

B

= Output swing: must consider the limited swing of previous stages (back to
cascode) since the the CD/CC output stages are “DC level shifters’
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Multistage Amplifier Frequency Response

= Summary of frequency response of single-stages:
CE/CS: suffersfrom Miller effect
CC/CD: “wideband” -- see Section 10.5
CB/CG: “wideband” -- see Section 10.6

(wideband means that the stage operates to near the frequency
limit of the device ... f1)

= How to find the Bode plot for a general multistage amplifier?
can't handle n poles and m zeroes analytically --> SPICE!
develop analytical tool for an important special case:
* no zeroes

* exactly one “dominant” pole (w; << Wy, Wa, ..., W)

out AO

Vip | (@Fj(w A )) (1 +j(waw,)) (Va) (1 +j(woaw,))

(the example shows avoltage gain ... it could be 15 4/Vin or Voudllin)

Finding the Dominant Pole

= Multiplying out the denominator:

VO ut _ AO

Vin . 1+ bjjw+by(w)+ % + b, (jw)"

The coefficient by originates from the sum of jw/w; factors --

1.1 1 _91 1

n
b1: +—+1/4+—:a » —
|

1
Wy W, Wh W Wy

Therefore, if we can estimate the linear coefficient by in the demoninator
polynomial, we can estimate of the dominant pole

Procedure: see P. R. Gray and R. G. Meyer, Analysis and Design of Analog
Integrated Circuits, 3" ed., Wiley, 1994, pp. 502-504.
1. Find circuit equations with current sources driving each capacitor
2. Denominator polynomial is determinant of the matrix of coefficients
3. by term comes from a sum of terms, each of which has the form:
Ry G

where C; is thejth capacitor and Ryj isthe Thévenin resistance
acrossthejth capacitor terminals (with all capacitors open-circuited)
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Open-Circuit Time Constants

m  The dominant pole of the system can be estimated by:

n =1 n .1
& o & 0

W, » = = R-C+ = t+
e T @R SRy

wheret; = Ry; Cj is the open-cir cuit time constant for capacitor C;

= Thistechniqueisvaluable becauseit estimates the contribution of each capacitor
to the dominant pole frequency separately ... which enables the designer to
understand what part of acomplicated circuit is responsible for limiting the
bandwidth of the amplifier.
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Example: Revisit CE Amplifier

m Small-signal model:

e
—4 o~

p—
]
=

= Apply procedure to each capacitor separately

1Cy's Thévenin resistance is found by inspection as the resistance across its
terminals with all capacitors open-circuited:

RTp = S||rp = Rin(I-->'[Cpo = RTpCp

2. Cps Thévenin resistance is not obvious --> must use test source and network
analysis
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Time Constant for C, Estimate of Dominant Pole for CE Amplifier

m Circuit for finding Ry, = Estimate dominant pole as inverse of sum of open-circuit time constants
~1
Wy = (RTpCp + RTmcn‘) = Rinqcp + (Rin¢+ Rout¢+ nginQRout@Cm
i
- . : —_— N
l . [ inspection --> identical to “exact” analysis (which also assumed w, «w.,)
+ i
=Rl =, - <¥/k = | P[P 3 = Advantage of open-circuit time constants: general technique
T l Example: include Cg and estimate its effect on wy
vy isgiven by:
vy = —it(RS| |rp) = -i,R; ¢

Vv, isgiven by:

Vo = _ioRoth: = (it _gmvp)Rout¢ = it(ngin¢+ 1) Rout(I

V¢ isgiven by:
Vi = Vo_vp = it((l'" nginQRout¢+ RinQ
solving for Ry=v;/ i
RTm = Rin¢+ Rout¢+ ngin(IR ¢

out

tC,m = RTmcm = (Rin¢+ Rout¢+ nginQRout@Cm
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Multistage Amplifier Frequency Response

= Applying the open-circuit time constant technique to find the dominant pole
frequency -- use CS/CB cascode as an example

=
W

Vewry

T.arl.l\/;LL)

= Systematic approach:

1. two-port small-signal models for each stage (not the device models!)

2. carefully add capacitances across the appropriate nodes of two-port models,
which may not correspond to the familiar device configuation for some
models
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Two-Port Modd for Cascode

= The base-collector capacitor C,p islocated between the output of the CB stage
(the collector of Q,) and small-signal ground (the base of Q,)

e T
%CMT__ ;.% Pt 4 7[% T 1L

We have omitted Cyyy, which would be in parallel with Cp, at the output of the
CS stage, and C, which would be in parallel with Cp. In addition, the current
supply transistor will contribute additional capacitance to the output node.

m Time constants

Uy = ReCost

thdlo = (Rin¢+ Rout¢+ gmlRin(IRout(I)ngl

1 1
where R, ¢ = Rgand R ¢ = &= 0
out 01| |egm2g Y2

Since the output resistance is only 1/g,,p, the Thévenin resistance for Cyy; isnot
magnified (i.e., the Miller effect is minimal):

1 agm1O 6
R +— +c——=R C »Rs(1+9,..,79. ,)C
Cyato g S Om eg o s‘ gd1” s m1 YIm2)~gd1
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Cascode Frequency Response (cont.)

= The base-emitter capacitor of Q, has atime constant of
16
t =&=0c
CpZo 6gm2ﬂ p2

= The base-collector capacitor of Q, has atime constant of
LCoo = (P02l 02| |Toc||R )Cre » R Crp
= Applying the theorem, the dominant pole of the cascode is approximately

-1
+ + +
W3db »1 Cgslo t nglo t CpZo t CmZo

-1 els
Wagh » RsCys1 + Rg(1 + 911 M) Cggn * & chpZ +R Cpp
m.
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Gain-Bandwidth Product

m A useful metric of an amplifier’s frequency response is the product of the low-
frequency gain |A,o| and the 3 dB frequency wzqg

For the cascode, the gain is |A,q| = |-9,» R, | and the gain-bandwidth product is

ImiRL

xels
RCys1 * Rs(1 + 95y 91p)Cygp * &g ZngZ +*R Chp
m.

|Avo|Wadg >
= |f the voltage source resistance is small, then

ImiRL
2%9m2 * R Cp)

[Avo|Wads > <,

which has the same form as the common-base gain-bandwidth product (and
which is much greater than the Miller-degraded common-source)
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