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F10 — Frequency Response

Outline

Amplifier gain function
Low frequency coupling/ bypass of a discrete CS amplifier
High frequency transistor internal capacitive effects
High frequency MOS and BJT model
Current gain transition frequency
Miller’s voltage theorem
Frequency response analysis
« Gain, dominant pole, short/ open circuit time constants
« CS amplifier
« CG amplifier and Cascode amplifier

Reading Guide Sedra/Smith 7ed int
« Chapter 9.1-9.5, (9.6-9.8)
« Appendix F (Bode plot rules)

Problems Sedra/Smith 7ed int
« P9.14,9.15, 9.24, 9.30, 9.67
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Frequency Response of Amplifiers

 Low frequency band, f < f;

(not in dc coupled IC amplifiers) GB = [Ay|BW = |Ay|(fy — f1)

« Low corner frequency, f; a A
. 7| (dB)
* Coupll.ng and bypaSS o Low-frequency >i< Midband >-€— High-frequency band
capacitances band |

* All capacitances can be neglected * Gain falls off

e (Gain falls off | » + due t(? ic ii;}Cl‘llél]
' due to the effects| b 3 dB capacitive ettects
Midband, f; < f < fy of couplingand / —————T————— _/F ————— of the BIT or the
MOSFET

« Bandwidth, BW = fy — f;
« Midband gain, Ay,
* Neglect capacitances

High frequency band, f > fy
« High corner frequency, fy
 Intrinsic capacitances
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Gain bandwidth product, GB,
is a key figure of merit.



Amplifier Gain Function

« Amplifier gain function, A(s), where s = jw = j2nf is the complex angular frequency
« Low frequency transfer function, F; (s)
« Midband gain (no frequency dependence), A,
 High frequency transfer function, Fy(s)

A(s) = F (s)AyFy(s)

« Transfer functions, F(s), can be found from circuit analysis in the s-plane (using immittances)
* Rational polynomial in s, with m numerator coefficients a; and n = m denominator coefficients b;
« Physical (R, G, C, L) networks produce real coefficients, which yield real or conjugate paired roots
* Numerator roots, Z; = —wy;, a.k.a. transmission zeros (+20 dB/dec and +90° about |s| = w;)
- Denominator roots, P; = —wp;, a.k.a. poles, natural modes (—20 dB/dec and —90° about |s| = wp/)

. m S
F(s) = i=o S’ _ i=1(s — Z;) _ 1= (1 i (UZi)
" obisT T (s - Py) n s i
j=0"] j=1 J j=1(1+ wp; Poles may come with up to

an equal number of zeros.
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Low Frequency Coupling/ Bypass of Discrete CS Amplifier

. . . . . Vs A
« Signal coupling capacitances, isolates bias and \m’mB)
pass signals to/ from input/ output ¢“/3d3
« Gate input 20 dB/decade ___T \
: |
« Drain output |
|
|
. 40 dB/decade |
« Bypass capacitance, cancels parallel component { :
« Source bias network resistance : : 20 log | Ay|
VDD I |
60 dB/decade : : :
| |
Ra: 40 dB/decade I : :
WS : : S .
1 Jz feo Je3 I f(HZ)"
vV, (log scale)
sig RG
R 1 1
i L Zc = FC ~ jwC Coupling and bypass impedances

“disappear” at high frequency.
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MOSFET Internal Capacitive Effects

« Channel capacitance
« (Gate-source

2
CCh - § WLCox

« Overlap capacitances
« (Gate-source
« Drain-source

Cop = WLyyCox

« Junction capacitances
« Source-body
« Drain-body
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High Frequency MOSFET Model (recap)

* Transconductance

’ w ’ w 21p ’ m Ves mb Vos

« Qutput resistance . :

— b

1 L Ly W, o=t
Al AL AL £

o =

o
« Channel and overlap capacitance S B

2 | . .
Cgs = CCh + Cov - _WLC0x + WLovCox GO A I 2.l

3
Cas = Cop = WLpyCox < Cgs

(Body) :
 Transconductance Imp = X9m, 0.1 < y < 0.2
« Junction capacitance Cyxp = beo/ 1 + —
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High Frequency BJT Model (recap)

* Transconductance

r C“
Bo- v\j\, = ” - - o(C
I¢ 4
Im = 1, IV —C, g, V. r
Vr
« Qutput resistance l
Y., = & E
o I! Metal
C contact
« Base/ emitter resistance & i P
E Emitter Base Collector L
,8 Tn region region region
T =— T =77
Im (1+p)
« Base access resistance
B

Tx

« Base transit and junction capacitances

Cr=Che+ Cie = Tpgm + 2Cjep  Cy = (;
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CS(/ CE) Amplifier Cutoff Frequency

« The frequency where the transistor current gain
transitions from above unity to below unity,
i.e. where the gain cuts off

« Current gain transition frequency, fr

I i
Ai(fT) — 1_(? =1 (ﬁd %—ACW Vﬁ:-" ..EIH o
i O ° & O
" |
« MOSFET £ C,D Voo ==, 8m Ves r ;
P |
N =
21t(Cys + Cyq)

Q
Ll
®
Q

- BJT =

PR
" on(c, +C)

Current gain transition frequency, cutoff frequency, unity gain frequency...
An important metric for MOSFETs and BJTs.
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Gain Function by Nodal Analysis: CS Amplifier

« Simplify with source theorems

« Formulate KCL node equations

« Equations system
with immittances

« Gauss elimination of internal
node voltages

« Large rational expressions In
complex numbers

F(s)=A

(!’\(

* Is there not a simpler way???
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Ry
) Ve

sig G ” D
‘VW ® ad " 4  d ¢ L 2 O
! |
v;ig Ci) RG § Sae—— Cgs nggs <+> FO§ R!J § RL g l‘.fri
. 4 & F'y ® @ ® o
S v
Ra’
X
o
| C‘
Rl, = R, ||R; Iy &d
Sig sigll 5 G i II D
vy O Vo
2
N X'
A
Ve == C gmv R‘,:_‘

R = r|Bsl&;

Nodal analysis works, but it is tedious

and gives a “complex” result.



BREAK
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Miller’s Voltage Theorem

* Impedance, Z, connected between dependent nodes 1 and 2,
where voltages are V, = KV, related to a common node

« Equivalent to impedances, Z; and Z,, to common terminal

/ 7 ] I =1 L, =1
¥ . T 4k ol B
/I{\ }— /):{\ ’E\ ’ﬁ\
+ + + + Z1
Vl L}: = hf‘lv’r;- = Vl Z] Zz 1;_ - K‘I |

: 1 A I N

Only valid for finding input impedance, since
external circuit must remain invariant.
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How can Miller’s theorem be adapted to transistor analysis?

o 77
C
b K’? ﬁd
= 1l ! °b
Ves == i 8m Ves §ro
S
[ 7 ! =1 Ib=1
. 1 / — — e 2/ l / — 2-"
/E\ ﬁ\ )}5\ }i\
+ + + o+
V, V, =KV, = V, Z Z V=KV,

— - = T T =
Think, think, think. 'T‘ _T_ | .

ETIN70 — Modern Electronics: F10 — Frequency Response



Gain Function by Miller Approximation: CS Amplifier

« Midband gain (same as before) Ra G s

Ay = _ngL

« High corner frequency Vi @) RG§ Voo == G Sszs<+>
« Miller multiplier, (1 + g,,R})

* Input time constant . . : . . . S
1 1 1
fH_an ~2n[c + (1 + gmR;)Cya|RL; =
H gs Imhi)lga|Rsig X
Ve
’V—J @s) } R, & Lo &
I M = - —0 Vo= —g, R}
- 3dB —~ & 1
1 | 20 dB/decade R I o
| (71\‘(, - R) Viig (_) Vi ==, =i, &Y% § R,
20 log |A,,| J
|
‘ —_ —_— - — —
| f C,, = Cy (1 + g,R})

Ji f (Hz) .
(log scale) in
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Frequency Response — Gain Function Zeros and Poles

0 A
 Low frequency band, f < f; | @B
(not in dc COUp'Gd IC amplifiers) | Low-frequency > Midband >~<— High-frequency band
band
« Low corner frequency, fL I * All capacitances can be neglected I * Gain falls off
- Coupling and bypass SinRiay | g } |
P ) g yp due to the effects| A 3 dB | EeENeIE @_f ilt‘tlh
CapaC|tanCGS of Coupﬁng and /Al — ~ ~— — 1T T — T _____ of the BIT or the
MOSFET

bypass
capacitors

« Midband, f; < f < fy
« Bandwidth, BW = fy — f;
« Midband gain, A,

* Neglect capacitances Y -
) ? Ju f (Hz)
A —F A F (log scale)
« High frequency band, f > fy (s) = Fi(s)AyFy(s)
. S
« High corner frequency, fy ) Mo a;st ™. - Z) | J (1 + wZi)
* Intrinsic capacitances FGs)=cir—F 7= am =
P j=0Dbjs’ ?—1(5 —P)) o1 (1 + LP])
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Of all the zero and pole frequencies, which is important?

Y A
ng (dB)
=3 dB
\/
e p— A
. ot
+ |
|
|
Vo 40 dB/decade / :
- | |
: I 20 log |A,,]
] |
60 dB/decade [ | | |
.
40 dB/decade/ | | |
| ! | pemf
| W \ _
0 ! o
Iz Jr Ir3 Jr f (Hz)
S (log scale)
Zm i m (S 7 ) H:Zl (1 + —)
i=0 4iS i=1 i) _ g Wz
n m n _ - S
j=0bj j=1(S P) o1 (1 +—— )
Pj

Think, think, think.
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Dominant Poles

Estimate low and high corner frequencies of midband
from highest and lowest respective pole frequency

Low corner dominant pole, P,
« Defines the “turn” towards midband

« Pole related to coupling and bypass capacitors,
disconnects the input/output at low frequency

« Higher frequency than all else by some margin...

High corner dominant pole, Py
« Defines the “turn” towards cutoff

« Apole related to intrinsic input and output capacitors,
short circuits the input/output at high frequency

» Lower frequency than all else by some margin...
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S

F (s) = where Z; = 0and P, = —w;

S
1+(U_L

1 1/ no 1 ) m 1
Wy =~ z N ~ Wpmin
TH j=1Wpj i=1Wgzj

Two octaves (x4) of separation is the rule
of thumb for the dominant approximation.
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Low Corner: Method of Short Circuit Time Constants (SCTCs)

« Assume that one capacitor generates a dominant pole

in the low frequency transfer function

* Implies other capacitors are short circuited
at the low corner frequency

Jw
LN L W jwty
» Method of SCTCs F(jo) 1+ 1@ 1+ jotg
« Turn off external sources wy,

« For each capacitor, C;
« Short circuit all other capacitors
« Analyse resistance seen by capacitor
« Calculate individual time constant, t;
« Sum up the inverse time constants

1 12 1 1 1
fL_ZnTLNZN iT;  2mLa; CiR;
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Rp Ry

T, =Cem(Rp+ Ry)
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High Corner: Method of Open Circuit Time Constants (OCTCs)

« Assume that one capacitor generates a dominant pole
in the high frequency transfer function

* Implies other capacitors are open circuited
at the high corner frequency

. Method of OCTCs ~ [HU®) ¥ —5 =
* Turn off external sources

» Open circuit all other capacitors

« Analyse resistance seen by capacitor

« Calculate individual time constant, t;
« Sum up the time constants

n n
fH_anHNZE , T o AR
=1 =1

Rl
« For each capacitor, C; JV YW
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OCTC: CS Amplifier

e Method of OCTCs

y O

r
sig

. |
‘ |
 Turn off external sources

. sig t G f—— 5§ m'’gs
« For each capacitor, ¢; “Q© = B

» Open circuit all other capacitors

» Analyse resistance seen by capacitor j_
 Calculate individual time constant, t;
« Sum up the time constants

_ _ !/
Tgs - Cgngs - CgsRsig

Tga = ngRgd = ng([l + ngi]R;ig + Ri)
7, = C RcL = CLR;
TH5¥TQS+1bd-FTL
1
If signal source resistance high fu=
Miller effect dominates corner frequency

2TTy
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Rq
A —

+
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OCTC: CG Amplifier

« Method of OCTCs Ry =75+ (1 + gmTo)Rsig . D -
» Turn off external sources 7, + R,
» For each capacitor, C; Tt gn, o T R e
- Open circuit all other capacitors 1 I L e
* Analyse resistance seen by capacitor Tc_@s —
 Calculate individual time constant, t; ‘5\& T

« Sum up the time constants

Tgs = Cgs(RsigHRi) L ? o
. R, ==(C+C,
Tga = (Cga + CL)(RLIIR,) Tn ~ Tgs + Tya '
— 1 = =
« Capacitances to grounded gate fu = 2TTy
« Effectively “moved” to ground
* Analysis simplified Vig
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OCTC: Cascode Amplifier

I
« Method of OCTCs ——9—o—oV,
 Turn off external sources == Cuz
: I:Q2 §R:. =G Ro = 7oz + (1 + gmaT02)701

« For each capacitor, C; 1 . ro, + R,

. ircui | - S Riny =

Open circuit all other capacitors T = M2 = 1Y g to,
* Analyse resistance seen by capacitor I " Ry =7.4||R
T . dl — "o1 in2
 Calculate individual time constant, t; . Con
. sig G _
«  Sum up the time constants —+—I[,0 ==cy Ginwn)s —
Viig | S—— o AognR1 j
Tgs1 = Cgissig I -

:u-

Tgd1 = ngl[(l + gmlel)Rsig + Rdl]

gnRL
= (C C R
Tgsz ( gs2 + dbl) di1 Ty~ Tgﬂ + ngl N Tgsz N ngz {—An_ﬂ\
ngz = (ngz + CL)(ROHRL) 1 0

fH - fﬂB - fnP,

cascode

2Ty

(log sca]e

« If signal source resistance negligible

* Increased dc gain, reduced BW, same cutoff w.r.t. CS Cascode input, middle node (D1,52), or

output may dominate...
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(Differential Amplifier: Common Mode Gain and CMRR)

/
f1 f'.vf\ y VDD

* Noise injected from suppy in first stage Voo w“‘,“‘
« Common mode signal
Rp Ry Vop =5 1\;)]1&;MNLVW_ R,
« Second stage relied on to supress CM noise |, /. ey AVM ltue |
l_'m) ) “"Ii.n‘,: vvi.f v o
« CMRR proportional to sink resistance & Wi
. Prop . ) . O—||:Q1 Q2:||_O _O_II:Qs Q4:|
« Capacitance in parallel to sink resistance

CMRR (dB) I

| -G s
cm\S) = Slsshigs
—6 dB/octave ZZSS ZRSS D

CSSRSS

—12 dB/octave

l
|
I
|
|

Already at low frequency (large RC time constant),
1z fu P CMRR degraded by sink bypass.
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