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Chapter Goals

Review transfer function analysis and dominane@gproximations
of amplifier transfer functions.

Learn partition of ac circuits into low and higleduency equivalents.

Learn the short-circuit time constant method toeste upper and
lower cutoff frequencies.

Develop bipolar and MOS sm-signal models with devic
capacitances.

Study unity-gain bandwidth product limitationsBJTs and
MOSFETSs.

Develop expressions for upper cutoff frequencynweérting, non-
iInverting and follower configurations.

Explore high-frequency limitations of single andltiple transistor
circuits.
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Chapter Goals (contd.)

» Understand Miller effect and design of op amp fr&acy
compensation.

* Develop relationship between op amp unity-gaigdiency and slew
rate.

» Understand use of tuned circuits to design higha@Qd-pass
amplifiers
» Understand concept of mixing and explore basicemexrcuits.

» Study application of Gilbert multiplier as baladamodulator and
mixer.
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Transfer Function Analysis
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Low-Frequency Response
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Low-Frequency Response
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Transfer Function Analysis and
Dominant Pole Approximation Example

« Problem: Find midband gairk (s) andf, for { = J
A (5)=2000 100
: : : 1OOQ
« Analysis: Rearranging the given transfer function to ggm wtandard
form, s(¢+100
Now, AL(S)_ OO(S+1O)(S+1OOQ
L( )= L( ) (c)_ S(S+1OC)
OA _200 L% sr10)(s+100
L o (s+10)(s+1000

Zeros are at s=0 and s =-100. Poles are at ss=10000
f __\/102 +10007 - 2(0° +100° =158Hz

All pole and zero frequencies are low and sepatayeat least a decade.
Dominant pole is ato=1000 and, 1000/2T- 159 Hz. For

frequencies > a few rad/s: AL(s) 2oom
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High-Frequency Response
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)= c Wy -
A=A L FL() \/ 1 1 2 2

I ) S CLP)

2 2 ., 2 2
“rm Ypot Wzt Yy

1
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High-Frequency Response
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Direct Determination of Lowrequency
Poles and Zeros:-G Amplifier

+"’Jnr? R
% Vo(8)=lo(SR=gnVgs(s). DRy
§ . . iﬂl R3 +(1/SC3) + R3
C, * —_—— S
A I S R;% - grn(R:"JRD)3+ 1 VgS(S)
|

AN I M Vo
1k Im_‘ : 00KQ | - C (RD + R3)
R|§ 5 —_{_"2 — C+C R
= 430kQ 1.3 k02 10 uF Vg (9)= 1G V.(s)
s+C(R +R;)+1 !
{1]]
C, _ _ S+CUC2RS)
v Ves®)TVg Vst 1= Vgl
| C,Wam|Ry|
«(©) $ 0 Vo (s)
" A 9=/ o Avid L(s)
= _gm( R?J % +R
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Direct Determination of Lowrequency
Poles and Zeros:-G Amplifier (contd.)

. ss+@C Ry
S+ 1 1 - 1 }
CR*Rg)) cywonRg | CsRp*Ry)

The three zero locations are: s = 0, 0,R1%,).

The three pole locations a s=- 1 — 1 - 1
" CR R ¢ Jwgnlr] PR

Each independent capacitor in the circuit contgbuine pole and one
zero. Series capacito@ andC, contribute the two zeros at s=0 (dc),
blocking propagation of dc signals through the aimgpl The third zero
due to parallel combination &f, andRgoccurs at frequency where signal
current propagation through MOSFET is blocked (atyltage is zero).

S+
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Short-Circuit Time Constant Method to
Determinew

- .
L

A Coupling and bypass
capacitors

Device capacitances

dB

o (log scale)

o

Midband gain and upper and lower
cutoff frequencies that define
bandwidth of amplifier are of more
Interest than complete transfer function.

Lower cutoff frequency for a
network with n coupling and
bypass capacitors is given by:

n
w s 1

R
i =1RsY

whereR4 IS resistance at
terminals ofith capacitoiC, with
all other capacitors replaced by
short circuits. Produd®C, is
short-circuit time constant
associated witle,.
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Estimate ofy for C-E Amplifier

Vee =12V Using SCTC method, fdZ,,
4.3 kQ _ CE _ N
Ris =R, *(Rg|RE) =Ry * (Rgl1)
ForC,, r +R
— R 7
RZS_R4R|E_R4 ’30+§_h
_. *R[RY
=R, )
o
ForC,,
Ras™Ra*(RoIRIC= Ry (R fo)
HRetRe
3 1
a)LD_z e fL:735I—Iz
=155
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Estimate ofy for C-S Amplifier

Using SCTC method,
ForC,,

Rs™R *(RsRig)=R *Rs
ForC,,
Rs=ReRis™Rs
. ForGC;,
Ras= Ry +(Rp | Rip) = R+ (R )
Ryt Ry

1
gm
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Estimate ofwy for C-B Amplifier

RI C'l C2

an— | 1 Using SCTC method,
o T ML el I ok J
: 43kQ 22 kQ 75 kQ = For Cl’

T ReRRRR R

1
—)
9m

R¢|| R FOI’CZ,

Ryg=Ry*(Re|Ri) IRy *Re

Lol
_"?;Jyr____
ey
AN

! Ric les
: o—
Rth=R1||RE§ XTZ i %_Rj §R3
l
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Estimate ofy for C-G Amplifier

Using SCTC method,

R 6 ' ' & FOI’Cl,
I
W e— |
- _ _ 1
@ ks T mS w3 Rls—FWR&Fqs)—Fw%g)
_ m
% ® ®
L ForC,,
Ry =Ra*+(Rp | Rip) TRg Ry
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Estimate ofy for C-C Amplifier

"..p'(.{_.
R ¢,

!
L KQ o yF

Uy
100 k2

Using SCTC method,

e

m{j F * For Cl’
i 310 iﬂ‘ ) Rs=R *(Rg|Rp)
: | =R +[RBHr72 +[,3O +1j{REHR3D

ForC,,

r +Rt
= = 4 h
s~ R* FRelRe) "R e s 1
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Estimate ofey for C-D Amplifier

Using SCTC method,

R, © | = ForC,,
|

W]
C; _ CD\ —
| kQ =R + \ =R +
01 4F I Ris=R *(RgIR{I=R *Rs
Uf' II R3 +
47 uF "
2%kQ | - ForC,,
“RsRG o
Rys=Rs*RgRGR =R *Rs
m
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Frequencydependent HybridPiI Model
for BJT

C .
i & . I I . & fj Capacitance between base and
+ emitter terminals is:
VR.§ Upe - CJT EmUbe § r,
! Crr=9mTE
E
Capacitance between base I is forward trans-time of the
collector terminals is: BJT.C, appears in parallel with
~ C,uo r . As frequency increases, for a
Cﬂ— o) given input signal current,
\/ CB "Jc impedance o€, reduces,, and

C _is total collector-base thus the current in the controlled

L : | .
junction capacitance at zero bias, Source at transistor output.

@ is its built-in potential.
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Unity-gain Frequency of BJT

1c(9)=(0m~C)V,, (S)

The right-half plane transmission zeip
= +g,/C, occurring at high frequency can
be neglected.

pon__ o = o
s(Cﬂ+Clu)rﬂ+l (s/a)ﬂ)+1

w;= 1/t (C, + C,) Is the beta-cutoff
frequency

=(9m—SC,)I..(S) Ui Stw,_ Stw
(Om= Gl S(C,+C)r +1 B B
AFEa B (C+C )y Cp+Cy,
| .(S . : :
Dﬁ(S)=IC( . CaC Im ) andf; = ay /277 is the unity gain
p) SCr+CY bandwidth product. Abovis BJT has no
appreciable current gain.
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Unity-gain Frequency of BJT (contd.)

dB

Current gain i3, = g,f ,at low
frequencies and has single pole roll-

1B ) .
o off at frequencies #, crossing
through unity gain atv.. Magnitude
201og B, ¢ of current gain is 3 dB below its
= 3B low-frequency value
I |
I —20 dB/decade
20 F | C —gm_C —4OIC_C
13 fr=lﬂof;; T= U~ U
| : : 28 r
' [
| | 1 | | . -
10° 106 107 108 N 10°
Frequency (Hz—Ilog scale)
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High-frequency Model of MOSFET

CGD
G O—» I —O D Cop ;
| I d
* I
Crig —— Ugs EmYgs § '8 : =
GS — ¢ lg 1 CG‘S - Ugs 8mVgs r,
®

S _ gm
T Ces*%6D
|d(S):(gm—SCGD)VgS(S) - W y y
:Ib(s) (gm_SCGD) f :,un OX |_( GS TN):§'un(VGS_VTN)
SCsstCop) T (213)C WL 2 L2

| (s)

1p9=0 =Tl s
S S

g®) @ [1+(Cig/Cap)
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Limitations of Highfrequency Models

« Above 0.3f;, behavior of simple pi-models begins to deviate
significantly from the actual device.

« Also, w; depends on operating current as shown and is instai as
assumed.

« For given BJT, a collector curreiy, exists that yield;,,.

e For FET in saturatiorC;5andCgp are independent of Q-point
current, so

a’TngD\/G Frimax

A fr

log I
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Effect of Base Resistance on Midband
Amplifiers

C

BJ
o—MAN—0 8 | o0 BO—VA— C B C
I I + T + +
rl r ' ——— . Upe v § ' 2,V r, Upe Iz Bl r,
i QL p— CJ'T SmVbe To - i =
l E l E

To account for base resistairr, is
absorbed into equivalent pi model and
can be used to transform expressions for
Base current enters the BJT throughc_g  c-c and C-B amplifiers.

external base contact and traverses a

high resistance region before | =gmV = gmﬁVbe: Im Ve
entering active area, models

voltagegdrop betwea;n base contact 9m=9m rnrf Iy r,ﬁgr)<

and active area of the BJT. [y =Ty +Ty Bo'= 5o
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Summary of BJT Amplifier Equations

with Base Resistance

COMMON-EMITTER COMMON-COLLECTOR COMMON-BASE
AMPLIFIER AMPLIFIER AMPLIFIER
Terminal voltage gain
Ug ﬂoRL ﬂo RL
Au - - + + ! R
! vy rl. 4+ (Bo + DRg r+ (B + DR, Em L
'R " R
rL=ry+r. ~__SmTL = +—g,,, L~
; 1 4 grln R 1+ g:,n Ry
, _PBo
Em = =
"57
Signal-source voltage gain
A=Y _ gmRe Rpl[Rip + gnRe Rgl|Rie >~ 41 + gnRi R
i I +g,Re \ Ri + Rgp||Ris 1 +g,R. \ Ri + Rp||Ric ) — 1 + g, (Ri||RE) \ R; + Rg
1
Input resistance rl+ (Bo + DRg i+ (B + DRy ——
gl”
1 R
Output resistance ro(1 + g, Rp) Skl s roll + g, (R || Rg)]
gm /30 + 1
Input signal range = 0.005(1 + g/, Rg) = 0.005(1 + g, R.) = 0.005[1 + g/, (R || Rp)]
Current gain —Bo Bo+1 a, = +1
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Single-Pole High Frequency Response

Let’s first start with a simple two resistor, one capacitor
network.

kS R,
X — I:\)ZSC:1 — 1+SR2C1 R
V, 1 R, 1 *

Rl Voewe L +
__R 1 (D TFo -
R1+R2[1+S RR, clj .

R+R =

R, 1

“R+R [1*9RIR]C)
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Single-Pole High Frequency Response

(cont.)
Substituting s=j&f and using M .
f =L/(2nR,||RIC,) A gee
1
Ve _ R, 1 " -
v, R+R( . f g " NS
R+R, £1+ JJ ¢ —22 D
fp éﬂ :40 N
This expression has two parts, T
the midband gain, RR,+R,), £ - \
and the high frequency : “ N
characteristic, 1/(1+iffj. L |-
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Miller Effect

We desire to replace,Qwith C,,to
ground. Starting with the definition of
small-signal capacitance:
c- A0
AV

Now write an expression for the chanc
In charge for Cxy

AQ=C,, (AV,=AV,)=C, (AV, - A AV,)
=C AV,(1-A,) R,

We can now find and equivalent
capacitance, &

C AV(I-A)) ¢
eq = : AV > = ny(l_ Axy)

X

Jaeger/Blalock Microelectronic Circuit Design, 4E
8/10/10 McGraw-Hill
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C-E Amplifier High Frequency
Response using Miller Effect

First, find the simplifed small- .
signhal model of the C-A amp.

3

v; Ry
V(__‘E_“ — IE \"r
ReZ 43kQ @

| i

30 kQ I R,
01pF Ryl +
L J—0
00kQ § - 5 Ry

R, 1 !

C, = =
10 kQ — (b)

1.3kQ 10 pF

. ! i
= i Tx0 v, g Ve R
— EmVb ==
(©
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C-E Amplifier High Frequency
Response using Miller Effect (cont.)

Vb: Rin D rlT

Vi R+Rn r.x-l_rﬂ
__RIRINGH) o1y
R+RIR N +1,) o+,

V

Terminal gaini Ay = VC == | Re IRs L =g, R || Rs L =g, R,

b

Input gain is found as A =

Using the Miller effect, we ~ Cup =C,(1-A,) +C,(1-A,)

find th_e equivalehnt i | =C,(1-[-g,R])+C,(1-0)
capacitance at the base as: — Cﬂ(1+ ngL) + C,T
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C-E Amplifier High Frequency
Response using Miller Effect (cont.)

The total equivalent Regg = (Rin + 1) || R
resistance at the base is — —
=(RIR R+ 1) [[r, =15
The total capacitance and CeqC = C,U +CL
resistance at the collector is Rec =L IR IR C R |[RyE R
1

., =
Because of interaction Pt olC,A+g,R)+C, ]+ R[C, +C]
through G, the two RC

time constants interact, C,=[C,(1+g,R)+C,] +i[cﬂ +C, ]
giving rise to a dominant .
pole 1 1

)

"G o([C,A+g,R)+C, ]+ FL[C,J +C.)

nQ
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Direct High-Frequency Analysis: &
Amplifier

Vee= 12V ('H
' " || "
O L 4 I | O
4 +
¢ J\ o Ul :: 8 UI Us RL e CL
- CJI e
L
L — — — —
- RL—R3HR ~=100kQ43kQ Ry R1HR2 30kQ10kQ
R+, The small-signal model can be simplified
by using Norton source transformation.
v = ;! R, = R e
th 1R +Rg R +Rg
i = Vth
le= = R +
> Rntix 70 =Ry +1)
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Direct High-Frequency Analysis: &
Amplifier (Pole Determination)

Ll = Ll R R

From nodal equatlc_)ns for the circuit Cp =CrrtCyj 140 R i Llie L
In frequency domain, 4 m r L,

©=1y(s) ) e
V (s)=1.(s

C IS A o :AbD c

_2 r
A=s (CE(C +CL)+CECL A Tt

C g +C ( ) C Wpy °m n_°m
+5 + +g +g_|+ +

8L T u\EL T e T 8 )T S0 | T 8 5 mo C,T[1+(C ﬂ)]+CL CatCL

High-frequency response is given by
2 poles, one finite zero and one zero gmgjlest root that gives first pole limits

at infinity. Finite right-half plane frequency response and determings
zero,ay = +g,/C,> @y can be Second pole is important in frequency
important in FET amplifiers. compensation as it can degrade phase
For a polynomiat>+sA, +A, with margin of feedback amplifiers.

rootsa andb, a =A, andb=Ay/A;,.
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Direct High-Frequency Analysis: &
Amplifier (Overall Transfer Function)

Vv, (s) (sC,,-9,,)
Vo(S):Rth Sl
+
i *Tx O 97| 1+ (810 [ 1+ (8T |
Vi (5) (1—(5/402))
V()= o (_nger)
R *Ty g gm(1+(s/wpl)j(1+(s/wpz)j
V. (s) R, r 5
Dvo(s)D-Rth m L 70
+r
i T2 (5 wpy)| BoR, 1
Vols) A Anid =" P17
A  (s)y=_0\) mid mid r_C
\n(® Vin(s) (1+(s/wpl)j ; +feth+rx+r77 0T
Dominant pole model at high # ] v
frequencies for C-E amplifier is as " B St S Lfg 4
shown. .
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Direct High-Frequency Analysis: &
Amplifier (Example)

e Problem: Find midband gain, poles, zeros dnd

 Given data: Q-point= ( 1.60 mA, 3.00\},=500 MHz,43,=100,C,
=0.5 pFr, =250, C, =0

 Analysis: g,,=40l-=40(0.0016) =64 mS,.= £/g,,=1.56 K.

g 1
C,=—M —-C, =199pF f, = =156MHz
¢ 271‘1. H Pl ZHmCT
R, =R_|R _,=100kQ4.3kQ2= 412k
L= | o= Cng =512 MHz
— — — +
R, =RpR, =7.5kQIk=8820 C,+C )
Ch r%(Rth +y) =652 f=_9M_=204GHz
R 21C
_ L _ H
ol _Cﬂ+cﬂ[1+ ngLj+r_(Clu+CL)—156pF
7O = = (— =-13E
Ain=A A, =0-514-264)=-13¢
Jaeger/Blalock Microelectronic Circuit Design, 4E Chap 17-35
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Spice Simulation of Example-E

Amplifier

+1000 +10K +100K +1Meg +10Meg

+100

Frequency (Hz)

Microelectronic Circuit Design, 4E Chap 17-36
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Estimation ofa, using the OpeiCircuit
Time Constant Method

At high frequencies, impedances of $

coupling and bypass capacitors are si "

enough to be considered short circuits 'z v <— Ky, mV Ky
Open-circuit time constants associated - ?

with impedances of device capacitance,

are considered instead. ( ) [,
-
G 1 + -

[ -
H g R C. r.i'l'rlg U Ux Eml g HJ'.
~ o - . "
=1 'L
whereR,, IS resistance at terminals of F -
. . . V
ith capacitoC; Wlth all _other Rio=-%=Tp* 1+ gnR + L
capacitors open-circuited. Iy 5
e : 1 1
For a C-E amplifier, assuming =0 2% DR C +R C = c
Ro="mo - Yo T
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High-Frequency Analysis: &G Amplifier

Analysis similar to the C-E case yields

the following equations: h=R R

RL Ll
{}1pF o -
43kQ IRks - th I R*Rs +%

- R
L
: Cr=Cas*CopllamR [+ - (Cap *C)
— 1 Rth
1.3kQ | 10 pF O =
Pl C
! T
996 Q _ Ym
Ra 4 “P27C iC
oo th e ',_, i Ry —¢ GS I_
- : 4.12kQ +g
m
“27¢
GD
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C-S Amplifier High Frequency Response
with Source Degeneration Resistance

First, find the simplifed small-
signhal model of the C-A amp.

+Vop

4.3 kQ
R, g Ry

I Ug
D 3 +
v; GS Ug,, GD C.,‘ L N
R C, 4 1| lF . i 43kQ | 100kQ -
1 dp 1 = = =
MA—] [ ™ RS ==, Ré =
i @ —— 0.1 uF 100 kQ - 1.3kQ
! -

= . Recall that we can define an effective
0., to account for the unbypassed
= source resistance.

e On
1+ 9, R

<
o
—VW—e
=

Om
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C-S Amplifier High Freguency Response with
Source Degeneration Resistance (cont.)

.. \V RG
Input gain is found as =9 =
P A Vi R+R;
_ RIIR
R+R R
. . . :V_d:_ 1 _ngD ||R3
Terminal gain i Ag v, On (R [IRp IIRs) L 1+ g R

Again, we use the Miller Cers = Can (17 Agg) + Cos1 = Ag)
[-ngL])+CGS(1_ OnRs )

effect to find the equivalent =Cg,(1- o »
capacitance at the gate as: OnRs OnRs
= GD(1+ ngD ||RL)+ CGS

1+9,Ry ~ 1+g,R
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C-S Amplifier High Freguency Response with
Source Degeneration Resistance (cont.)

ggte; ti(;tal equivalent resistance at theRqu = RG || RI = Rth

The total capacitance and resistance —

) = +

at the collector is Cqu CGD CL

R.,=FR,||R, ||[F: LRy ||R. =R
Because of interaction througltgp, a0 = Fio [1Ro 1R LRy [IRs =R,
the two RC time constants interact,
giving rise to the dominant pole:

C()pl —

1

ngL CGS I:\)L
RlCo (bt ) o+ Ceo *CO)

And from previous analysis:

a) — gml — gm w — +gm| — +gm
2 y — -
" (Ces+C) (1+g,R)(Ce+C)) C,, (1+9.R)(Cs)
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C-E Amplifier with Emitter
Degeneration Resistance

Analysis similar to the C-S case yields
the following equations: Mo = Reg = (R + 1) [I[1, + (B+DR]

R =RdR,

1
& rerC:T
~ 1

G R Mg R T, D

@, 0 O
2m1+ g, Re)(C, +Cy)

+On

w, =
2711+ 9, Re]J[C,]
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Gain-Bandwidth Trade-offs Using
Source/Emitter Degeneration Resistor

Adding source resistance to the CS Y -g.R, |IR
amp caused gain to decrease and Ag =4 = Imo 111 1
dominant pole frequency to increase. ‘ V, 1+9.Rs
_ 1
a)pl

R IRy Ces 4 R |
C..(1+ + + C..+C

However, decreasing the gain also Q.. = O, 1
decreased the frequency of the p2 —
second pole. (1"' O RS)(CGS + CL)

Increasing the gain of the C-E/C-S
stage causqmole-splitting, or
iIncrease of the difference in
frequency between the first and
second poles.
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High Frequency Poles for the
C-B Amplifier

' . 1

u,¢ RE’%RE L% % T = A1 1+ ng
43 kQ 22kQ 75 kQ V
s =Y~ g,Re IR Dg,R,

€

= A
R, v, _-_<> v, % RiC — r0(1+ gmrn || R| )

=  Since (, does not couple input ai
¢ . output, input and output poles can be
N found directly.

Coc=C, Coc =C,+C,
1 _
Rqu=g—IIREIIR Rec =Re lIRL LR,
" ~ 1 1
W=7 o %= RIR)C, +C) R(C,+C)
(— IR [IR)C, ~~ ¢ “ooh “ooTh
On
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High Frequency Poles for the
C-G Amplifier

R;

100 Q
_—q
1.3kQ 43kQ 100kQ | —

i é i (b) ) )

S o+

T 4.12 kQ
—

Similar to the (-B, since (;p does not couple the input a
output, input and output poles can be found directly.

Ces = Cos Cep =Cop +C,
1 _
Reqs=g—|IR4IIR Rep =R [IRLER,
) 1 1
Wy, = T ng Wy, = C +C [ C_+C
(— ||R4 ”RI)CGD CGD (RiD ”RL)( GD L) RL( GD L)
O
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High Frequency Poles for the
C C Ampllfler

E’

Ces =C,(1- A,)+C,(1- A,)=C,(1-0)+C, (1_1%;; EL)

"G e
Ree = R IRy = (R [ R) + 0] [, +(B+1)R] = (R +r) | [r, +(B+1L)R, ]
Cee =C,+C,

_ (Rth+rx)
Ree =Re IR ll/g, +W] IR
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High Frequency Poles for the
C-C Amplifier (cont.)

) R, ; _L + J_ =
Uy (',u Ty Upe er Enl'pe S
= I =

The low impedance at the output makes the inBubantth time
constants relatively well decoupled, leading to pvates

o = 1 o = 1 . 1
= C P2 IR s
(R +nJllln + B+ ORD(C, + i) e IRAETE (/g + " IRIIC, +C.]
The feed-forward high-frequency path through Cp leads
to a zero in the C-C response. Both the zero and the w, 7.9m
second pole are quite high frequency and are often C,

neglected, although their effect can be significant with
large load capacitances.
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High Frequency Poles for the
C-D Amplifier

= by 1
| S Ry l : G &
&) SO
% UU :

|
B C—) 430 kQ Rb% —C; ' GDT % i J_ .
13kQ uxay - ‘ T -
L =

“ = 1
Similar the the C-C & R, (Cop + Cos )
amplifier, the high T 1+g,R
frequency response is 1 1

dominated by the first
pole due to the low
Impedance at the output
of the C-C amplifier. w, [ 9m

GS

W, = 0
" [RelIRI[Css +C 1 [L/g, [IRI[Css*+C\]
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Summary of the Upper-Cutoff Frequencies of

the Single-Stage Amplifiers (pg.1037)

Common-emitter

Common-source

Common-emitter with
emitter resistor Rg

Common-source with
source resistor Rg

Common-base

Common-gate

Common-collector

Common-drain

1 1

Ry = R;||Rg

= = o = Iz|| [rx + (R1||RB)]
rz0Cr R
T'ro Cn +Cu(l +ngL)+(Cu+CL)r_]
w0
L 1
RN I R
T Ry, CGS+CGD(1+ganL)+(CGD+CL)R_L]
i h

1

Cn QmRL
— I — 4+ Cu |14+ ===
_1+ngE M( 1+ngE

1

R
rx0 ) +(Cu +CL)—LJ
'm0

T'r0 :r.'r”[r.r +(R1"RB)]

[ Cgs
By |l
® | T+ gnRs GD(

1
R(C,+Cp)

1
Ri(Cep +CL)
1

R
g”’iL) L e

14+ gmRs R,

cY
[(R;||Rp) + 7] (m +Cu)

1

Cgs
(R/||Rg) | m——— +C
1R (1+ngL GD)

A

Ry, = Ry||Rg

Jaeger/Blalock
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Freqguency Response: Differential
Amplifier

Ce IS total capacitance at emitter node
of the differential pair.

Differential mode half-circuit is similar

to a C-E stage. Bandwidth is determined
by ther,nC;  product. As emitter is a
virtual ground C.¢ has no effect o
differential-mode signals.

For common-mode signals, at very low
frequencies, R
ﬁptc(o)‘ D2RC

EE

Transmission zero due @ is
1

S= —a)Z = —
CEE REE

<<]1
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Freqguency Response: Differential
Amplifier (contd.)

] 1
— =2 7T XD
ke - REEO REE
3 Bo*l 9y,
&0 v, a)PD
C]T 1+2REE +C |1+ ngC .|.RC .|.CEE
LH2gRec| 1y H +2g.Rec 1y || 20
— 2 As R is usually designed to be lar
1 1
W [ 0
P C_+C
- e T_EE+C (R.+r,) C#(RCHX)
Common-mode half-circuit is similar to a 29, HYC X

C-E stage with emitter resistoRZ:.
OCTC forC,andC,,is similar to the C-E

stage. OCTC fo€C/2 is:

A

2R - log w
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Frequency Response: Common
Collector/ CommorBase Cascade

Ree is assumed to be large and neglected.

r_.+r 1 F_,+r 1
CCl-m1 xi CB2-"m2 x2
ROU 1301+1 Dg RIh ﬁ02+1 Dg
ml m?2

U <

The intermediate node pole is neglected since
Rev, the impedance is quite low. We are left with

12 the input pole for a C-D and the output pole
of a (-B stage

1
a)pBl = Cnl
([Ry *+ ral ll[rs + (B+DRL(C 1 + ]'+ngL)
_ 1
= c
([Rn * Ll l[[2r,D(C . + 2)
1
Wy, U
R(C,+C)
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Freqguency Response: Cascode Amplifier

There are two important poles, the input pole for

the C-E and the output pole for the C-B stage.
The intermediate node pole can usually be
neglected because of the low impedance at the

p— CL

input of the C-B stage. |Ris small, so the

second term in the first pole can be neglected.
—G. Also note the R, is equal to 1/g..

0,

1 1
Wogy = -
roCr I’,,Ol([Cm(l'i' ]m) +C ]+ l?u[c,ul +C,])
ml” El 710
1 1
1/g o (2C,+C_)
I’,,Ol([Cm(1+ %) +C,] + m2 [C,ul +C ) oL m

m2 n01

W, U 1
" "R(C,,*+C)
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Frequency Response: MOS Current

Mirror
oo - This is very similar to the C-S stage
l .j simplified model, so we will apply the
() v, i s C-S equations with relevant changes.
- l—>‘ _ 1
Wy =
o T (/g )C;
2
v gml( s *Cas *Copaltt gm2r02)+1/8 Cep2)
_2C i+2C r
GSLgml GD2 02

Copz Assumes matched transistors.

: | =i .
f 5 CT iF § v | — Hﬂ‘] zth | § I IJ—T
Sl
Ces) + Cisa
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Frequency Response: Multistage
Amplifier

*Problem:Use open-circuit and short-circuit time constanthmds to
estimate upper and lower cutoff frequencies andiwatth.

*Approach: Coupling and bypass capacitors determine low-fraque
response, device capacitances affect high-frgqucmaq:;onse.

o 1
9 I r/ ) =
| &5 ma
G ma Gs
2 i * —
A R
0k ! Riy " SZ
0.1 pF R Ry
C) 51.8k0 § v
Ur A
= | MQ 33kQ | 2500
L

R[h

At high frequencies, ac model for
multi-stage amplifier is as shown. 5%?"—‘
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Frequency Response: Multistage
Amplifier Parameters

Parameters and operation point information for the
example multistage amplifier.

Transistor Parameters

gm g ro Bo Css/Cx Ceo/C, Ix
M, 10 mS 00 12.2 k2 00 5 pF 1 pF 0
0, 67.8 mS 2.39kQ 542 k2 150 39 pF 1 pF 250 @
03 79.6 mS 1.00 k2 344 kQ 80 50 pF 1 pF 250
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Frequency Response: Multistage
Amplifier (SCTC Estimate ofy)

SCTC for each of the six independent coupling anzhbs capacitors are

calculated as follows:
=R +(R;|R. )=10kQ+IMQ

_1 OlM
1
%524 =
I

R3S=(RD1HR01) ( Ry zn2)
_2.69kQ

0.01

=(RD1Hr01 * R32H n2)
Rh2™ RszRD]JrofS?]Q

Rh2 "'
R, =Re, e -19.40
02

Rsg= (Rcz R

= (Rczuroz
~18.4kQ

+|R

02" RpalFins

| 3+ B DR, HR )))

[, =3:9%Q

R _+r
th3 7173:3119
’803+

=3330rad/s
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Frequency Response: Multistage
Amplifier (High-Frequency Poles)

High-frequency pole at the gateof M 1: Using our equation for the C-S
Input pole:

1
2R [ Copy(1+ GyR 1) +Cos t 2_[1 (Cep1tCLi)]

hl

R, =R,,Ir,llr, =598QI(2.39kQ + 250€2) I112.2k2 = 469 Q
C.=C, +Cy2(1+ On2RR 2)

R,=R, IR Mr, =R, I[r,+r +(By+ DRy IR)IIF, = 3.33kQ
C,, = 39pF +1pH[l + 67.8mS(3.33kQ)] = 266pF
1

fa=

o= 1690 = 689 KHz
29 9kQ[1pF(1 + 0.015(469Q)] + 5pF + (1pF + 266pF)]
9.9k
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Frequency Response: Multistage
Amplifier (High-Frequency Poles cont.)

High-frequency pole at the base of Q2: From the detailed analysis of the
C-S amp, we find the following expression for tlodepat the output of the

MLES S808% _ Cosila* Copn(Gu* Gra+ 82+ Ciilin
2
i 2]Y[CGSJ(CGDZI + CLl) t CGDJCLJ]

For this particular case, ; (Q2 input capacitance) is much larger than
other capacitances, §g simplifies to:

-I: D Cng[hl D 1
p2
2ﬂ[(:GSZlC:Ll + CGDICLI] 27Rh1(CGSI t CGD])
1
fo= = 2.68 MHz
279 .9k SpF +1pF)
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Frequency Response: Multistage
Amplifier (High-Frequency Poles cont.)

High-frequency pole at the base of Q3: Again, due to the pole-splitting
behavior of the C-E second stage, we expect tegidle at the base of Q3
will be set by equation 16.95:

f 0 22
2ﬂ[Cn2(l+(:L2)+CL2]

U2
The load capacitance of Q2 is the input capacitahtee C-C stage.

C b 50pF
l+g RIR  © 1+79.6mS(33kQl 250Q)

T3

Cro=C,o+ - 3.55 pF

67.8mS[1kQ/(1kQ+ 250€2)]
3.55pF

1pF

=477 MHz

I

.
27[39pF(1 +

)+ 3.55pF]
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Frequency Response: Multistage
Amplifier (f,, estimate)

There is an additional pole at the output of Q3,ibig expected to be at a
very high frequency due to the low output impedasiahe C-C stage. We
can estimate ffrom eq. 16.23 using the calculated pole frequemncie

f, = L = 667 kHz

1 1 1
f2+ f? i f2
o 'p2 Tpa

The SPICE simulation of the circuit on the nextislshows an fof 667
KHz and an fof 530 Hz. The phase and gain characteristicsinf o
calculated high frequency response is quite clogkdt of the SPICE
simulation. It was quite important to take int@agnt the pole-splitting
behavior of the C-S and C-E stages. Not doing@alavhave resulted in a
calculated f of less than 550 KHz.

Jaeger/Blalock Microelectronic Circuit Design, 4E Chap 17-61
8/10/10 McGraw-Hill



Frequency Response: Multistage
Amplifier (SPICE Simulation)

10 Hz 100 Hz 1.0 kHz 10 kHz 100 kHz 1.0 MHz 10 MHz
Frequency (Hz)
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Intro to RF Amplifiers

 Amplifiers with narrow bandwidth are often requine radio
frequency (RF) applications to be able to seleetsignal from a large
number of signals.

* Frequencies of interest > unity gain frequencg@fimps, so active
RC filters cart be used.

« These amplifiers have high «, andf, close together relative to cen
frequency)

 These applications use resonant RLC circuits mam fllequency
selective tuned amplifiers.
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The

Shunt-Peaked Amplifier

» As the frequency goes up, the
gain is enhanced by the

R iIncreasing impedance of the

iInductor.

’ A\,(s):(_ng)(l+SL/R) where C=C, +C

1+ SRC+<2LC L "GD

+VDD

\j

 The gain improvement can be
- plotted as a function of
parameter, m, defined below:

+ An(9=-—

1+s+ms?

where L=mR2C

Jaeger/Blalock
8/10/10

Microelectronic Circuit Design, 4E Chap 17-64
McGraw-Hill



The Shunt-Peaked Amplifier

1.1

1.0

0.9

0.8

Shunt Peaking Examples

m=0.71

1Al =0.707

un

0.7F

Normalized voltage gain A,,,

06 [

No peaking (m =0)

Maximally flat (m = 0.41)
Maximum bandwidth (m =0.71)
BW reference (A, = 0.707)

0.4

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Normalized frequency (w/wy)
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Single-Tuned Amplifiers

+Vop » s  RLC network selects the
_L€ frequency, parallel combination
100 pF 'OTI“i of Ry, Ry andr set the Q and
: " LF‘ bandwidth.
R, |+ A/(9) = O(S) SCGD “Im
g v Vi(9) Gp+S(C+Cop)+ W)
__Cs 100 kQ -
“To.o1 uF GP =% +GD +Gg
) * Neglecting right-half plane
. zero, )
RollRs ) + (5)= A .
b Er= éb 8 md 2. % 402
- Q (@]
& ] ab— 1 R
- = C+C. )= P
JLC+Cop)  Q=@Rp(C+Cqp) oL
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Voltage gain

Single-Tuned Amplifiers (contd.)

« At center frequencys=jw,

150 - A\/ — Amid'
f, =491 MHz
A =- =—g (T HR H
mid ImRp Im(o D R3)
100
g 2
BW = g _ 1 _ g L
R_(C+C R
50 - Q P( GD) P
0 | | | | |
4.0 44 438 5.2 5.6 6.0
Frequency (MHz)
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Use of tapped Inductor- Auto
Transformer

Cgp andr, can often be small enough to
degrade characteristics of the tuned
amplifier. Inductor can be made to work
as an auto transformer to solve this
-ni, =—c Sk, problem.

VO(S) = nvl(s) :nzvl_(s)

PIOBNOIIMENG
These results can be used to transform the
resonant circuit and high€rcan be
. obtained and center frequency ddesn

_L shift significantly due to changes@y.

Z()=n?z o(©)

* Similar solution can be used if tuned
circuit is placed at amplifier input instead
of output

| |
I
3\)
i AN
E —
o |
s
h
2
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Multiple Tuned Circuits

* Tuned circuits can be placed at both input
and output to tailor frequency response.

 Radio-frequency choke(an open circuit at
operating frequency) is used for biasing.

e Synchronous tuning uses two circuits tuned
to same center frequency for higt

BW,, =BW,v2Y/" -1

1
« Stagger tuning uses two circuits tuned to
6o slightly different center frequencies to
oL l realize broader band amplifiers.

between the two tuned circuits and
4 — eliminate feedback path between them due
to Miller multiplication.

¢ 4 ¢ 0
¢ % j_ ; T L CT R§ Cascode stage is used to provide isolation
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CS Amp with Inductive Degeneration

« Typically need to match input resistance to

— antenna impedance at center frequency,
— usually 50 ohms.

M, * Using our follower analyses, the input
Impedance is found as:
Cos Zi n(s): ng+zs+(9ngs)zs

:
1
i

Zi r](s) :l/sCGS+ sLS+ Req

Wherel%q :+gmLS/CGS

5 * The following slide shows a complete low
noise CS amp where a series inductor
resonates with the input capacitance to

leave only the r esistance at the center
frequency.
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Complete Cascode LNA
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Mixer Introduction

A mixer is a circuit that
multiplies two signals to
produce sum and difference
frequencies:

SO:SZ-Slzsinaztosinalt

. _ cos@)2 - a)l)t - cos@)2 - a)l)t

(89.3 MHz) 2

VHF input ~ Mixer
(100 MHz) 10.7-MHz RF output

band-pass filter (10.7 MHz)

(a)

« Afilter is usually used to reject

io(f) A RF VHF Rejected . .

output input output either the sum or difference

H Lo H H frequency to implement up-

, | , , s conversion or down-conversion.
10.7 MHz I 100 MHz 189.3 MHz
89.3 MHz

(b)
Jaeger/Blalock Microelectronic Circuit Design, 4E Chap 17-72

8/10/10 McGraw-Hill



Single-Balanced Mixer

e This basic mixer form is

. essentially a switched circuit

oi(® C*) R, § 000 that 'chops' the sine wave input
T - with a square wave function

vl(t): Asinalt

s¢(7) “1” = s closed “0” = 5 open
1, 2 1 .
St)=-+— = fsmna)zt
t 2 71n oddnN
o
T 2r
vi(w) A Sy(w) A
g , | | | f K
_Twm _T W, 2w, 3w, 4w, Sw,
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Single-Balanced Mixer Output Spectra

U,(w) A
A

| N () SR 1T

lor /7 N\ 20, / \ 4w / \

Wy— W] W)+ W 3wr—w; 3w+ w;  Swy—w; Sw,+ w
cos(n—a t—cos(na, +a )t
DA A (Na,, -, t-cos(nee,, +a, )
Vo(t)= smai >
Jin odd N
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Differential Pair as Single-Balanced
Mixer

-vp+

*VEE _-VEE
3&)2
Sw,
| | A T | I

Uol@)

2w, 4w, / \
w2+w] 3w, — w, 3w2+w] Swr—w; Swy+ w,
4 _ cos(na.2 - al)t —cos(n a2 + al)t
t)y= > —I sinna,.t+1
O( ) n odd N EERC 2 1RC 2
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Gilbert Multiplier as a Double-Balanced
Mixer

 The Gilbert Multiplier is an
extension of the differential
single-balanced mixer.

 The input polarity is reversed
on the second diff pair and the
signal v1 selects between the
two diff pairs

e The currents are summed in the
load resistors and the DC
component is zero.

 Only sum and difference
frequencies are present at the
output.
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Gilbert Multiplier Mixer Spectra

vi(w) A Uy(w) A
ATwm _-T w, 2w 3w 4w Sw
() (b)
Vy(w) A
S ‘ | ‘ | 1 ! 1 | | I S
T /N e/ w,  / \
W — Wy, W, + Wy, 3“):.‘ — Wy 3&)(. + Wy, Swr“ Wy Smc + Wy

RC 2
Vo) =Vm—= = —n[cosba)c - a)m)t = cos@wc + a)m)t}

Rlnoddn
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End of Chapter 17
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