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High Frequency BJT Model
Cascode BJT Amplifier
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Gain of 10 Amplifier — Non-ideal Transistor
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Gain starts dropping at > 1MHz.

Why!

Because of internal transistor
capacitances that we have ignored
In our mid-band models.
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Sketch of Typical Voltage Gain Response
for a CE Amplifier

4,(dB) A
Low . High
3 Midband g
Frequency "T"ALL capacitances are neglected, i.c. ¥ Frequency
Band External C's s.c. I Band
Internal C'so.c. |
Due to external |
blockingandby-¢~ 4+~ 3dB ™| Due toBIT parasitic
pdss capacitors. } | % capacitors C_and Cu'
Internal C's ofc. : External C's s.c.
201og,|4,|(dB) |
I
I
I
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L = f(Hz)
S Ju (log scale)
BW=f,—f.~fu GBP=
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High Frequency Small-signal Model

C SPICE
[ B I“ cJC=C
Bo Wy , T -0 (C uo
£y _l CJE = Cjeo
" V. o ( - - r, TF =1
F
= RB =r
& 5 L
1 c
: : E Cu= - m
Two capacitors and a resistor added. 1+ VCB)
A base to emitter capacitor, C_ Vo
A base to collector capacitor, Cu C,=C,+C,~C,+2C,,

Aresistor, r , representing the base C. =T, g

terminal resistance (r, <<r,) 1= forward-base transit time
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High Frequency Small-signal Model

The transistor parasitic capacitances have a strong effect on circuit high
frequency performance! They attenuate base signals, decreasing v, , since

their reactance approaches zero (short circuit) at high frequencies.

As we will see later C, IS the principal cause of this gain loss at high

frequencies. At the base CM looks like a capacitor of value & CM connected
between base and emitter, where £ > I and may be >> |.

C, I
1l ——c

Be AN ' ! | |
,+_
ree V. = C_ 7 T,

|

E

This phenomenon is called the Miller Effect.
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Prototype Common Emitter Circuit

Cu
|
AA— | ’
17 Ve )
VSGL A%RB | VS® RB§ gr" ::Crr ’ l gmvbe ;RC

At high frequencies High frequency
“low frequency” small-signal ac model

capacitors are “short circuits”
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Multisim Simulation

CU
2 pF
Ry {
500 b lc
A . ‘
VS@ RB C Vee l EmVe

X
‘ [N Fhase - save |
— ertical Horizontal
m x| | o
F| &0 dE Flzo 2] [mH=E]
1| ode 1 kHz
46.07dB
£ = 100.0kHz
.................................................. @ hG G oot G

F eode = |F[zo 2] [MH=[
I[ ode = 1[4 = |kHz £
40.21dB
=l = 5.651MHz
.............................................. PR & ok G

Half-gain point
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Introducing the Miller Effect
C

u
lc v,

The feedback connection of C, between base and collector causes it to
appear in the amplifier like a large capacitor (1 —K)C, has been inserted
Between the base and emitter terminals. This phenomenon is called the
“Miller effect” and the capacitive multiplier “/ — K" acting on €, equals the
CE amplifier mid-band gain, i.e. K=4 =—g R_.

NOTE: CB and CC amplifiers do not suffer from the Miller effect, since in
these amplifiers, one side of C, is connected directly to ground.
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Miller's Theorem

+Iii7;]_|_ [1+=L ]zt]—'_

V, AvVlﬁtB V, <=> Vi Z] 22 V,=4,V,

_ T - i T i |
= L 77—

V.=V, Vl_AvVl V, 7 =V1= Vl: 4 2w C
[= = = = = ~ => 1 11 Ji I—Av J f u
1—A4, _ 1

1= .
vty jemfC,(1-4,)
— /= Vz_ V2= Av = V2 V2 Vz Z
Z Z Z => Z,= [ SL A s>
1 — —
1 —— A | :

A v gnored in

Z,= Ve Vo L practical

P, -1 %fcu circuits
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Common Emitter Miller Effect Analysis

c le Determine effect of C;
e : .
R b Vs ! . , Using phasor notation:
| ? ’ ]RC=_ngbe+]C
R, 8
Vs@ Ry §rrr —C_ Ve D 8wl i R or
; ; ) V0= _gm Vbe_l_]C )Rg

¢« o e € where ——
N ]Cu=(Vbe— )SCU .

Note: The current through C
depends only on 7, | ]Cu=(Vbe+gm VbeRC_[C“RC)SCu
4

o
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Common Emitter Miller Effect Analysis I]I

From slide 7: | l
be C

Ie=(Vy+g,VyRe—1c Re|sC W

g |

Collect terms for 7, and V..

VS@“‘ RB§ ;rn —C vbe<l ngbé )

1+sR.C,|I.=1+g,R

c|SC, V4, A E— {
/ _(1+ngC)SCuV =S(1+ngC)C“V N ’
< (l—I—SRCCu) v (1-|—SRCCH) bel v

wR.C, K1

| 2

Miller Capacitance C : C,,=(1-4,)C,=(1+g,R.)C,

eq
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Common Emitter Miller Effect Analysis Il

C.,=1+g,Rc|C

u

For our example circuit:

1+g, R.=140.040-5100=205

C =(205)-2 pF~410 pF

eq_
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Simplified HF Model
C

u
| |

||
Ry b e ]C? lc

- = c,
V=V Rjﬁ!:"RS la Ry b Vs ‘II > lC ,
Ry=r.[l(R,]IR;) Vi Lc Veel> g, Vi §RL

. e

Thevenin Equiv. =
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Simplified HF Model
CIJ
ﬁi b | T lc v
Vbe 0
Vi —c, Db&Vu g
€, : '
— \Mllle:s Theorem
_ ﬁ b— C
]qi  be
V5® —C_=C, <D 8nV i ;RL

Ceq=<1+ngC>C
C.,.=C,+C, C

tot
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Simplified HF Model
R, b— c y
Icul Vbe
V& Lo =c,| D&Vu g R,
. il
C = .
fot Ve (dB) &= -6dBloctave
Cu=Cr+(1+g,Rc)C, Vs ¥\ -20 dBidecade
: , ok | ‘
I R T 20log, 4, |
v Ve 1+j2mfC, R 1+JL ;
4,=¢ R, and 1fH v — >
y,=g R, and f,= 2nC R /, f(Hzlog scale)
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The Cascode Amplifier

A two transistor amplifier used to obtain simultaneously:
1. Reasonably high input impedance.
2. Reasonable voltage gain.
3. Wide bandwidth.

* None of the conventional single transistor designs will satisfy all
of the criteria above.

* The cascode amplifier will satisfy all of these criteria.

« A cascode is a CE Stage cascaded with a CB Stage.

(Historical Note: the cascode amplifier was a cascade of grounded
cathode and grounded grid vacuum tube stages — hence the
name “cascode,” which has remained in modern terminology.)
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The Cascode Amplifier

CB Stage , CE Stage CB S;tage
R] lczi R ; }
C ig; Cli— 1 .FCZ Q];——l'—"vo
T br 81, i, Ol Vo Ry ST
,,,,,,,,,,,,,,,,,,,,,,,,, A TATY ‘
CE Stage — p o |E L : i |
R, C 2 ' V&, Ve vy Ll Y ER.
Sy Hm —> KQ2 i ..‘-- =R
£ o AiL_L >
Vv (# E2 : R *
S @ TRS, f ! RB=R2||R3 — R;n1=@=@=10w““’”1
E . - .le] .lc2
l ac equivalent circuit
Comments: -

1.R, R, R,, and R .set the bias levels for both Q1 and Q2.

2. Determine R for the desired voltage gain.

3.C, and bep are to act as “open circuits” at dc and act as “short circuits”
at all operating frequencies /> f i .
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Cascode Mid-Band Small Signal Model

CB Stage { %R

C Bz TR

o] STl vo

............ L

c Ty, ik
l WRJ,E i Z» ré?z
! II BE EElulE
1-’.? "rsf'_‘-:- :; R_; ER -
1 Sa
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Cascode Small Signal Analysis

1. Show reduction in Miller effect
2. Evaluate small-signal voltage gain

OBSERVATIONS

a. The emitter current of the CB Stage is
! the collector current of the CE Stage. (This
<R. also holds for the dc bias current.)

o

l€1=lCZ

b. The base current of the CB Stage is:

. ie] icZ

1,,= =

B+l B+
c. Hence, both stages have about same
collector current i.;~i;and same g, , r, r_
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Cascode Small Signal Analysis cont.
The input resistance R to the CB Stage is

of

‘ | «— ¥ thesmall-signal “r ”forthe CB Stage, i.e.
CB i!”llr v l} Lot Lo
— ~ bel “ - E m¥ bel [ ¢l —_ ¢
Stage = TR B
R, Ler § f,—R -, The CE output voltage, the voltage drop
A Tli gt T eIER from Q2 collector to ground, is:
-:: e ’ n ¢ he i rTl' rTl'
- Tr” s Pt Vo=V Sy S = Lot
Vol | l B+1 B+1
R, ig| SR Therefore, the CB Stage input resistance is:
i R ve] rn
L= = =7
- inl _l-e] B_|_ 1 el
_ Veo g Rin] _ Fe _ r,
AvCE—Stage_v_SN_ RE __RE<1 => Ceq=<1+ E)Cu<2Cu
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Cascode Small Signal Analysis - cont.
Now, find the CE collector current in terms of

-E'J

I

a'ui .
f— = F T vbel{-l | gm vbe]

I;T'ﬁ

| 4
RS i-su'i L
A IE.E' m 17, L
‘[l % J‘ ;;RC
-c"}..-" vbeﬂl EmVbe2
)|
Ry la| IR,
ic]Nlel=ic2N_ieZ ] .~
c?
OBSERVATIONS:

the input voltage v :

[, =Biy,~

for bias insensitivity: (B+1)

V

S

R

vS

N,

Recall i ,~

Lpy™

b,

Ry|[Rg+7, +(B+1)R,

Bv,

N,

Vo=, Rl‘:

Ry||Ry+r +(B+1)R;

(B+1)R,

R, >R ||R,+7_

1. Voltage gain 4 is about the same as a stand-along CE Amplifier.
2. HF cutoff is much higher then a CE Amplifier due to the reduced Ceq.
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Cascode Biasing

1. Choose 7, — make it relatively large to
reduce R, ,=r,=V /I, to push out HF

o.Cc. R, 1. J,-T:R break frequencies.
61 s Q_;: Vo 2. Choose R . for suitable voltage swing
e . .
I R 1 i R, =low L, V., and R, for desired gain.
R (5/” 2 ) l[cz e
A — % 3. Choose bias resistor string such that
:[? oc. R, " its current / is about 0.1 of the collector
o £
l i current /.
1 4. Given R, I ,andV _=0.7Vcalc. R,
0(2[E2_1C2_1E1=O(_1C]:>IC1NIE2 ore
1

5. Need to also determine R] & R2.
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Cascode Biasing - cont.

-

R R Since the CE-Stage gain is very small:
oy Y, a. The collector swing of Q2 will be small.
S 2 b. The Q2 collector bias V =V -0.7 V.
R ; inl e]_ i C2 Bl
‘ v, ["'QZVCZ Ve 6. Set V= Vp=1V=2V =1V
R This Will imit V.V =V o=V 32 =0.3V

will keep Q2 forward active.

Verr=V o= V=V o= (Vg,—0.7V) 7. Nextdetermine R . ltsdrop V' =1V
=V, —07V—-V,+0.7V with the known current. R V=V s,

2_

'=VB]_VBZ Il
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Cascode Biasing - cont.

” 2 I I 4 - _:.Vr_'r_'

V=V _1r
i ]1 ]1
_ VB2
8. Then calculate R.. R,=——

]1
where 7V ,,=0.7V+I1.R,

v
Note: R,+R,+R,= ICC
1

9. Then calculate R].

2008 Kenneth R. Laker, update 110ct11 KRL
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Cascode Bias Summary

SPECIFIED: 4, V_, V_ (CB collector voltage);
SPECIFIED: 1_(or 1 ) directly or indirectly through BW.
DETERMINE: R, R, R, R, and R..

/ e Vo g R
SET: V= Vp=1V=Ve,~1V STEP1: Re=7~ Re=p
L V B V
RAY R STEP2: p,=t 2 Ve_ 1V
VBI Q] ]1 01 ]C
1 L
| Ry V. 07V+I,R
3-l-33 v T—Vlw ]':V{.L. STEPS3: R3= ]BZ — 7 RAY>
02 1 AL e
:-;R . R +R —|—R — VCC= VCC
‘ 3 :RE 1 2 13/ I, Ol[c
= STEPA4: R1=i_R2—R3
Lo=lp~1o=1g=1 0.17,
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Cascode Bias Example

! kY % A
*R, E v V. I R-1.75 IR,
—L % Lo VZ=VCC—-ICRC—
R P
A 02 —2v % 92V, v
‘R : 1R407 Lk
=73 ;-RE | SR, IR,
—1 T

[p=lg=lg~1g=>1~1

Cascode Amp Typical Bias Conditions
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Cascode Bias Example cont.

U %
SRepp 1. Choose I/, — make it a bit high to lower 7.
Vel R 17 iﬂ Tryl =5md=> r,=0.025V/1,=50Q

01
‘A’ _L" Verr=Vea—IeRe—1—1:Rg

1.0 —
j( J( vee 2. Set desired gain magnitude. For example
—

02 v,~1 |7V it4 =10, then R/R = 10

I R+07 -
o < Ry f—; 3. Since the CE stage gain is very small,
’
I

can be small, i.e. chz =V, =V, =1V.

VCEZ
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Cascode Bias Example cont.

E R Specs: R,
> R — = — ==
v IR rfic V=12V V=7V I.=5mAd |4, R 10
o1
‘A’ _';\ VCE1=VCQ:ICRC_1_ICRE
L0 | JF _:if,p, Determine R for V_ =7V .
‘L’ _LRQ2 V{;.[-.‘.E':j VCC_ VC] 5 V
+ === =1000Q
IRA07 ¢ p 510°4 51074
I o E ICT‘EE

R. R
R=—S="S=100Q
Ela] 10

v
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Cascode Bias Example cont.

f , Vee=12 R.=1kQ I.=5mA. R,=100Q
11/31 _IIR _1.7§Rc IR, Make current through the string of bias
SRR & resistors 7, = 0.11_= 0.5 mA.
A WO Verr=Veq=IcRe—=1=1cRg V 12
Ry 1.0 a Ve Ri+Ry+ Ry=—==—2 =24k
I 02 V- =12V 1 5-10
L IR0 f Calculate the bias voltages (base side of Q1, Q2):
_+0.
2k SRe pp, VeI Ry—17V=12V =05V —1.7V =9.8V
‘l‘ Vg =Vg=1V

V,=I.R,+0.7=5-10"-100+0.7=1.2V
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Cascode Bias Example cont.

I 1 .
R ‘R V,,=510"R,=12V
CB |24 Vﬂ
I Mol R,=2.4k (2
R C., :R’ V., E};‘;{y Vo=V g,=5- 10_4R2= 1.0V
A A [ i =
|L_ e | [ . O2 R2=2kQ
i_Rj P Recall: R,+R,+R,=24kQ
| E
1 R,=24000—-2.400—2000=19.6 k (2

Vee=12, R.=1kQ, V=12V,
[.=5mA, R,=100Q, V,—V,=10V

30
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Completed Design
r,=50Q=1.=5mA R!l TR
< $C
V=1V C Yo
Cl | | Vb QI
R ‘R —
Av =R_= 10 R C. T 2 LVL{.
E - AP Im . Vs 02 =12V
vV () :
g S ;-R :
: 3 {RE
R,=19.6kQ R;=1k.Q
R,=2k (2 R,=1000
R,=24kQ

1
2WCWR

Ju=

C,..=C_+(

fot

RE
=C,+1.05C,
If C =12 pF

Cu =2 pF

C, =14.1pF
chascode= 2258 MHz

tot

For CE with |4 | = 10
| yee=94 MHz
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Frequency-dependent “beta” h_

f‘4—£rl

— B = -
I

|-~——0———Mhr ? - - o
B C C . .
+ 1 short-circuit
v, V.27 e, 67 Tt To
! current

oy =y, i -

The relationship i, =B i, does not apply at high frequencies /> f,/
Using the relationship —i = {()” ) —find the new relationship

between i, and i . For i, (using phasor notation (I & V) for

frequency domain analysis).

@ node B": I,= L+an+sCu V_ where r,~0 (ignore r )
r

T

NOTE: s = 0 +jm, In sinusoidal steady-state s = jo.
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Frequency-dependent h. or “beta 7

I.= (g —'irI

g

B’ = |
I

o AAN— , . o
|.—
V.“ ? 1/1'1 rJ-_ = (:13'7 g’?‘l VTI rr:

E | i ' )

me

l—+SCﬁ+SCu
r

T

I,= v, @nodeC: I.=(g,—sC,)V, (ignorer)

Leads to a new relationship between the 7, and / :

1 g —sC
hfe= ‘= al
I, 1
—+sC +5C,

r

T
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Frequency Response of h_

gm—SCu

e
—+sC +sC,
r

TT

multiply N&D by »_and set s = jo

(g, JjwC,)r,
14+ jw(C +C,)r,

factor N to isolate g

B

<1—jw§—;>

h .=
4 jw(C +C)r,

e BVT
—_—— y = —
Em v P
C
For small w=w,,,: w, —“<<1<L
ow gm 10
and: w, (C_+C,)r <1<
low T u’/ "o 10
B C
Note: w,,(C,+C,)r.=w,, (C +C,)—>w,,—
gm gm
We have: | h,=g,r.=B

2008 Kenneth R. Laker, update 110ct11 KRL
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Frequency Response of h. cont.

C . W , Al (dB
(1-jo—=)g,r, (177 1—1]{ #14B)
=" Ll = —g r = Sy 20log,, B
I+jw(C,+C,)r, w f f
W, /s -
W, > f
B C fﬁ f
(C,+C)r,=(C +C )—>—=> f.>f,
Em  Em
Hence, the lower break frequency or — 3dB frequency isz
Je=3m(C.1C)r. 2m(C.+C)p the upper: fZ_ZWCu/gm_ZTrCu

where [f.>10 f,
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Frequency Response of h, cont.

Using Bode plot concepts, for the range where: [ </,
hfe=gm Tl'=ﬁ
For the range where: f,<f</f, s.t. 1= flf.

~ 1

We consider the frequency-dependent numerator term to
be 1 and focus on the response of the denominator:

hf= Emln = P
’ A A
1—|—]fB) 1—|—]fB)
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Frequency Response of h, cont.

Enln p

Neglecting numerator term: h,= =
L) (1L
Wy I
R R
nd for f/f, >>1 (but </11.):  |h,|= ; =5
7
Unity gain bandwidth: |A,, =1=>B% | o, =12 (=B S,

W BJT unity-gain fre-
J+=5—-=BJs  quency or GBP
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Frequency Response of h, cont.
=100 r,=2500Q C, =12pF C,=2pF g,=40-10"S

1 10107 ]
= = =28.57-10
TlexC ], (12+2)25 ps

_wg  28.57
21 6.28

I s 10° Hz=4.55 MHz J =B fz=455MHz
Y =8 40-107°-10"
z C 2

U

68
fz=2 2 =3.18-10° Hz=3180 MH=
TT

Hz=20-10"rps
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Scilab f_Plot

/T Bode Plot

Beta=100;

KdB= 20*log10(Beta);

fz=3180;

fp=4.55;

f=1:1:10000:;

term1=KdB*sign(f); //Constant array of len(f)
term2=max(0,20*log10(f/fz)); //Zero for f < fz;
term3=min(0,-20*log10(f/fp)); //Zero for f < fp;
BodePlot=term1+term2+term3;
plot(f,BodePlot);
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l:":

hl',e Bode Plot

hfe vs. Frequency

hfe (dB)

M
[ |
L
.
|
T +
....................................................... [
||||||| T T T TR E DI TR H =
||||||| | Bieieil nllenillled fhl e il il pllielenielnd tienllel il
|||||||||||||||||||||||||||||||||||||||||||||||||||||||
I 1 I [ I [ I
||||||||||||||||||||||||||||||||||||||||||||||||||||||||
1 1 1 [ I [ 1
||||||| | I I E N N N e .
L L. Lo—.—.— L. Lo . _ L. L. .. _ L___ -
1 1 1 1 1 1 1
1 1 1 1 1 1 1
|||||||||||||||||||||||||||||||||||||||||||||||||||||||
1 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1
||||||| e et e R S S ) N i
||||||||||||||||||||||||||||||||||||||||||||||||||||||| =
||||||| T T T TR Er N T =
||||||| F=-—-—-F- = —-—f—-—-—f-—-—-—p——s—-f-g e —p—-— -
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Multisim Simulation

rx C-mu
1 Ohm v-pi 2 pF « 1
A o * H * ¢
o
[b
+ . H
GU v-8ig p— 12"’:: r-test
r-pi P 1 Ohm
2.5 kK Ohm

Insert 1 ohm resistors — we want to measure a current ratio.

I. gm—SCu
he=7=
* —+s(C,+C))

r
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Simulation Results

X
| [EEEEEEEN  Fhaze | Save
— “wrtical — Horzontal ——————
EA | | EA
F| 40dE = |F[1o = |GHz &
|| -e0 dB = =1 [kHz |&
40.00dE
e 1.083kHz
""""""""""""""""""""""""" & n & ® o @ TheOI’y:

Low frequency |7, fr=Bf,=455MH:z

x|
| _ Phase | Saxre|

— wiartical — Horizontal

ER | | Em

F| 40 dE = |F[10 = |GHz =
I|-60 dB = = [kHz =

0. zardE
=S 470 aMH=

e f; In f;\' f; it G

Unity Gain frequency about|440 MHzl
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