FUNDAMENTAL ELECTRONIC
CIRCUITS

Assist. prof. Laura-Nicoleta IVANCIU, Ph.D.

C5 - Frequency response. Current
sources and current mirrors.



and current mirrors.
Contents

» Frequency response of transistor amplifiers

» qualitative analysis for CS amplifier
» quantitative analysis for CS and CE amplifiers
» cascode amplifiers

» Current sources
» Current mirrors
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C5 - Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» CS amplifier - revisited

Mid-frequency complete circuit

¥;
Coupling capacitors: C Cp, Cs l(

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 3



C5 - Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers
» Premises
o mid-frequency:
— coupling capacitors — short-circuits /
— internal parasitic capacitances — open-circuits
o low-frequency:
— coupling capacitors — equivalent impedances &

— internal parasitic capacitances — open-circuits
o high-frequency:
— coupling capacitors — short-circuits
— internal parasitic capacitances — equivalent impedances &

The effect of the output resistance of the input signal source and load
resistance must be taken into account.
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C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» Gain — frequency plot of CS amplifier

v QB
I I
I I
I I
| I
I I
I I
I I
I I
I I
| |
I I h’ f
low frequency fL Bagg = fu —fi f g high frequency
- -
/ mid-frequency \
Due to coupling Due to parasitic
capacitances capacitances
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C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» Gain — frequency plot of CS amplifier

o mid-frequency:

|A,(jw)| = const

o low-frequency:
— coupling capacitors determine f;

fLld(w)ld

o high-frequency:
— internal parasitic capacitances determine fy

fLlA,Gw)l
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C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» CS amplifier — mid-frequency

real signal Ves
source ~~
~

Kp Ces 5 load

R \Ce: 15 F@
ﬂ:‘l ‘RL o o No capacitors in the small-signal
,. X equivalent circuit
7
xglc Ij —r o Frequency independent
behavior

|A,(jw)| = const

I T .1 ITT:
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C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» CS amplifier — low frequency OPTIONAL

real signal VPS
source =~

Rp Ceoo - load

/
| L.

A © v
Ry i lmg o Coupling capacitors in the small-
il signal equivalent circuit

R. —— o Frequency dependent behavior
S — S -
(high-pass type)

W0 o) wgey AU

Ves(j ) o LY

l Iﬁds ’
L Sets £, — low
cutoff frequency

RD RL

S —— ¥
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C5 - Frequency response. Current sources Frequency response of transistor
and current mirrors. ifi

amplifiers
» CS ampllflgr — high frequency OPTIONAL
real signal By
source ~\\ Ry Con ~ load
R \‘ Ces H i,/ v
ﬂﬂ \RL i lmg o Parasitic capacitors in the small-
: 7 signal equivalent circuit
v, lc " Re —_c, o Frequency dependent behavior
T (low-pass type)
fLl4A,Gw)l d
=7
R G i ng | D ’*’o(}a—))
. o1 . ([
Ffﬁ@) LAY R _
o (Cgs R B v Sets f,; — high
l() Kg l}"’gs@ﬂé) l r R cutoff frequency
O . ds I
gVl

- : S
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C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» CS amplifier — low frequency analysis OPTIONAL

g I o o . . oy,

R Cu i;060 Co  vofjey

e i Tt
w?(j Ro l gmvgsﬁﬂ:ﬂl ol

Ay,(jw) = ZO((]IZB

-
g
L
w8
|
|
%
| E—— |
)
g
-
[

-_ee e e e e .

vy(jw) = Fi(jw) - v;(jw) | | iqg(jw) = Fs(jw) - vy(jo) | |v,(w) =F,(w) - ig(jjw)

Ap(jw) = K, (jw) - Fs(jo) - Fi(jo)
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C5 - Frequency response. Current sources Frequency response of transistor
and current mirrors. amplifiers

OPTIONAL

» CS amplifier — low frequency analysis

A,(jw) = 1;082; =F(w) - Fs(jo) - Fi(jw)

o each coupling capacitor determines a low cutoff frequency

oo _ vgUw) JwRgCc; B 1
Fi(jo) = vijw) 1+jw(R+Rg)Cc; Jui = 2n(R + R;)C¢;
. a(jw) ImVgs(Jw) 1
F,(jw) = 4 = -
sU0) =3 Gw) vgs () +gmvgs ) (Rsll-——) e
JwCg T Im ” S S
F (jw) = v, (jw) 1
0 id (](1)) fLO —
27T(RD AF RL)CCO

Dominant pole: max(f,, £, 1), if the nearest pole or zero is at least a decade away.
Usually given by £, for equal coupling capacitances

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits

11



C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» CS amplifier — high frequency analysis OPTIONAL

Ces

G Vo

Ry Ay(jw) = ZO(O]Z;

:l Ves(f ) l "
GnVes(fco)

S

Cus - ot shown, since it generates a pole at a much higher frequency that the one generated by C,;and C,

ng,eq =(1- av)ng

ay = —gmRi, = —gmRelIRolI7as) | Cga,,, = (1 + gmR'1)Cga

Cyqis reflected at the input according to Miller’s theorem

vi{j )

(O

E ! o "
K : EmVas(joay | |
Rg vﬁﬂc’@l::cgﬂ — 7 ,
C l R’ =ry||Rp||R;
gd,eq
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C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers
» CS amplifier — high frequency analysis OPTIONAL
vi{j )  Guvglia) | © ]
l R R: vgsﬁmﬂlch | v
l R =ry||Rpl|R;

Ci = Cgs + Cga,,, = Cgs + (1 + gmR'1)Cya

. v,(jw) Rg : 1
A = = — R
v(jo) v;(jw) R+R; 7™ "1+ joR||R)C;
. RG I}
Avo =~ g, I L
fu

~ 2n(R||Rg)C;
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C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» CS amplifier — frequency analysis summary "G

7 - 1
1
fLS — 1
_ 1
fio = 2Ry + R)Ceq
JE Bsag = fu — f1 .
fi = max(fi;, fLs fLo)
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C5 - Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» CS amplifier — frequency analysis example

C,=C,=C,=10 uF, R=20KQ, R.= 2 MQ, R,= 10 KQ, R, =20 KQ, R,= 10 KQ, /= 400 pA
K=100pA/V2, (W/L) = 18, V,= 100V
Cpo= C,y=1pF @ /=400 pA

Compute £, £, A,,. Draw the gain-frequency plot.

gm = 1.2 mS 1, = 250 KQ
= ! = - ~ 8 mH
Ju = 2R + Rg)Co  2m(20 + 2000)103 - 10 - 1076 =~ 7 f,=21Hz
1 1
fis = : = : =~ 21 Hz
- —_ 3. . —6
21 (gm ||R5) Cs  2m(75110) 1031010
1 1
fro = (0.5 Hz

~2n(Rp, + Ry)  2m(10 +20)103-10-1076
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C5 - Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» CS amplifier — frequency analysis example

C,=C,=C,=10 uF, R=20KQ, R.= 2 MQ, R,= 10 KQ, R, =20 KQ, R,= 10 KQ, /= 400 pA
K=100pA/V2, (W/L) = 18, V,= 100 V

Cp= C,y=1pF @ /=400 pA

Compute £, £, A,,. Draw the gain-frequency plot.

A —__Ke R = - 12-65=—7.7
vo = TRy RIMILT T2 42 4T TN

|Ayolgp = 2010g(7.7) = 17.7

Ci = Cys + [1+ gl IRp|IR)]Cgq = 1+ [1 + 1.2(250{|10]|20)] - 1 = 9.8 pF

1 1

- = = 820 KH
2n(R||R:)C;  2m(20]]2000) - 103 -9,8 - 10~12 Z

fu
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C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» CS amplifier — frequency analysis example

C,=C,=C,=10 uF, R=20KQ, R.= 2 MQ, R,= 10 KQ, R, =20 KQ, R,= 10 KQ, /= 400 pA
K=100pA/V2, (W/L) = 18, V,= 100V
Cpo= C,y=1pF @ /=400 pA

Compute £, £, A,,. Draw the gain-frequency plot.

4,| 4 [dB]

A, =177
14.7

f,=21-10"
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C5 - Frequency response. Current sources
and current mirrors.

» CE amplifier — low frequency

| signal
e Vrs
I \‘\ Coy
——+|
At ]
KON
/
,/
le - ZT[(R + Ri)CCi . 21'[(R ~+ RBllrbe)CCi
1 1
fLe — / - !
2n(R'||Rg)Cy  2mRECg
fro = 21(Ry + R;)Ce, - 2m(R¢c + Rp)Cco

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits

Frequency response of transistor

amplifiers

OPTIONAL

Rp = RBlllRBZ

rbe+RB||R
g +1

RIIE = RE”R, = Rg||

fi = max(fii, frer fro)
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C5 - Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers
» CE amplifier — high frequency JERIDI AL
R 11 Ce oy
SRR ﬂ
Y v, (] g, Ve (1 ©)
v, (Jﬂf’)lo Ro| |5 Cb]-l he (; ) él b R.| | R,
1 . oy,
_ ” _ gmvbe (.] &J) e
v, (] fﬂ}l Rl | #. C, =l1”be (] @) l R}
Ay (jw) = — MG ImRel|R) ———7 Rg||mpe
R + Rp||rpe I +jwR;C Apo = =32 Rollrs Im(Rc||IRL)
R; = 1pel|Rp|IR
C;=Cpe +(1+ ngi)Cbc 1

f —
" 2n(rpe||R5||IR)C;
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C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers
» CS & CE amplifiers - summary JIFRIOIAL
CS CE
RG ! R ||T'
Ay = — mR _ BllTbe
R +RGg L AVO R _I_RB”,rbegm(RC”RL)
1
fy = ‘= 1
sat [EO0 1 21(rpel [R5 [IR)C;
C; = Cgs + ng,eq = Cgs + 1+ ng,L)ng Ci=Che + (1 + ngi)Cbc

Problem: when the gain increases, the parasitic capacitance reflected at the input
also increases, so the high cutoff frequency decreases

Avo T, Ci T, fH l Solution?

Cascode amplifiers: CS+CG or CE+CB, to
obtain a wide bandwidth

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 20




C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors. ifi

amplifiers

» Cascode amplifiers — CS + CG — medium frequency

+V . -
Py Vol I, N
Rf33 (— o _'*LI. ’
' — o H 0
J_” r, Vo 7 ‘_‘
Ry
R, ’_. 1 | Ry, 1 R
o ng ’
—| T, T
) Il
y. R _TII
:"O =1 I' ' —=w Ri = RGlllRGZ = RG
1 I':DS R, = Rp||(ro1 + To2 + 9mzTo1702) = Rp
same current through 7, 7, Im = Im1 = Imz

OPTIONAL

Ay = —gmRp
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C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» Cascode amplifiers — CS + CG — high frequency

Coa T,
3 ) ~ & ¥
| | D
R

—] T |Gl [Ca

1}10 R, ’—b ==C, T |
Ci i

I

|

=~
>

C; = Cgsl + (1 - Avl)ngl = Cgsl + Zngl

1
- 2m(R||Re)C;

fu

OPTIONAL
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C5 — Frequency response. Current sources Frequency response of transistor
and current mirrors.

amplifiers

» Cascode amplifiers — CE + CB (BJT amplifiers)

VPS For identical 7, and 7, transistors
C 5o Rp = Rp;||Rp;
L H Thve = The1 = The2
RC?UJ Im = Im1 = Im2
]
Y.
1O
OPTIONAL
RB”Tbe 1
Ay, = — Im(Rc||RL) fo =
v R + Rp||rpe 7™ 27 (Tpe||Rp||R) (Cpe + 2Ch¢)
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st Ahasace AL LLULECLIEE I Current sources and current mirrors
and current mirrors.

» To begin with

= What is a current source?
- a circuit where the current is independent of the load resistance I, # f(R))

- the current is not influenced by the supply voltage, temperature variations or other operating
conditions

Io# f(Vps), In # f(T)

= What is a current mirror? Where is it used?
- a circuit that generates dc currents in direct ratio with a reference current
The reference current is mirrored. I, = ratio - Ixgp

- used to bias integrated circuits

= Current sources and current mirrors w/ MOSFET or BJT?
Yes!

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 24



st Ahasace AL LLULECLIEE I Current sources and current mirrors
and current mirrors.

» MOSFET current sources

+ Vog + Vog

Current sink R: VG¢ Current source

(absorbs current) ¢ I ‘ Yo (generates current)

Ry
Vs J,O V;‘ 7, (ag)
7- — b 1
n (aF) VO — VPS . RLI
2
I =Bn(Ves — Vrnn)? I'=p, (VGS . VThp)
VO > VDSsat
Vbs — Rl > Vpssar
SEUCIO'SOUFCGS, consume power
Vbs = Rl > Vs — Vipg g P

voltage sources are necessary

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 25



b sk Al SRR S DS  Current sources and current mirrors
and current mirrors.

» MOSFET current mirror (integrated transistors)

[ REF¢ #I o Ves1 = Ve = Vis2
n dedGn e
7 C 2 :ff GS — VTh
Vst ? Ves2 /4 w
1 2

For identical transistors, the currents are equal.

How can /.- be obtained?

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 26



kst Ahasadce o AL LULULECUIEE I Current sources and current mirrors
and current mirrors.

» MOSFET current mirror (integrated transistors)
floating load + Voo i’ + Vg

? T Vs R, T; | I T,
: |;| ¢ch IREF¢ | F II:VG

Irpr ¢

R
O L SO

| 7 — MOS diode nonfloating load -
- 1
(D connected to G)

To compute Zz-:

_ Vs = Vis To size R for a certain [.-:
IREF - R
Vps —V,
Kl 74 , R = PS GS
Irgr = 5\ 7 (Ves — Vrna) IrEF
2 \L/,

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 27



st Ahasace AL LLULECLIEE I Current sources and current mirrors
and current mirrors.

» MOSFET current multiplier mirrors (different W/L ratios)
? + I{DH T + VPS

R

Irgr | v | F =

.
Py
:
o —
i
&

L (W .
Ippr = 7 (7)1 (VG - VThl)
K, ‘W
I = f(f , (Ve — Vrnz)?
(W/L),
If K1 = KZ and VThl == VThZ then 10 — (W/L)l IREF

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 28



b sk Al SRR S DS  Current sources and current mirrors
and current mirrors.

» MOSFET current multiplier mirrors — example 1

+ ¥
I o Voe= 12V, K= 40 pA/V2,
R PS
“D Vo= 1.2V, (W/L),= 2, (W/L), = 8
Irer |, | l ‘ Size R for I, = 800 pA.
T
Tj I VG ’
_ WL, 2 _
IREF - mlo = g - 800 = 200 |.J.A
I 200
VGSl = VTh + K /W = 1.2 + T = 3.44V
2(7), 74

VPS - VGSl o 12 - 34‘4‘

R =

= 42.8 KQ

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 29



st Ahasace AL LLULECLIEE I Current sources and current mirrors
and current mirrors.

» MOSFET current multiplier mirrors — example 2

+Veg
I¥; Vo= 12V, K= 0.04 mA/V2, R = 42.8 KQ
o0
l—o'° V= 1.2V, (W/L),= 2, (W/L),= 10, (W/L) = 4
1"! m . . .
]| \I‘ T Compute 7. What is the operating region
for 7, and 7,7
 Rs Vos |41 © 1 2
; |—‘ A1 Ve ! ‘ (I _ 0 —=Ves1 = (=Vbs) _ Vps = Vis1
| — Y. b 1 = =
. < R R
I' LT T I —E(K) (V V. )2.
:E ¢I3 \\'l & 1 — 2\ L | GS1 Th’ »
T I—l—l ! I; =0.2mA
. lVD.S‘g .: '
Vast = Vasa ! (W/L),
'\ I - 12 11
k‘xm I) IT/pg i (W/L)l

10
I=O.2-7=1mA

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits
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st Ahasace AL LLULECLIEE I Current sources and current mirrors
and current mirrors.

» MOSFET current multiplier mirrors — example 2

t¥Fps
Iy, Vo= 12V, K= 0.04 mA/V2, R = 42.8 KQ
o0
l—o'° V= 1.2V, (W/L),= 2, (W/L),= 10, (W/L) = 4
1"! m - - -
]| ' \I‘ T Compute 7. What is the operating region
for 7 and 757
Re | | Ves ¢I © 1 2
N t 11
il T Vs _‘ 7, - MOS diode, always in (ap)
E. Ij¢ s ) K /W ,
4 | w =5 (T) Wes v
LT lV : _ L Lo
: v DS, Ves = Vpp, + KW =12+ 004 4~4.7V
Vo =Vos: 2(T) 2
! Vs Ve = —4.7V Vps, = —4.7 — (=12) = 7.3V

____________

Ves, = 3.4V Vpssatz = 2.2V, T, — (ap)

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 31



st Ahasace AL LLULECLIEE I Current sources and current mirrors
and current mirrors.

» Biasing a MOSFET integrated circuit

. VPS OPTIONAL
(w/L), L' v dos Iq_j (W/L).
K IJZIREFL 521 w/L).
"L,
IREF¢ ¢IQZIREF ¢I _ 7 (WJ{L)E
! ‘ WL
i Ll . 5,
Tmr n
- s -—

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 32



st Ahasace AL LLULECLIEE I Current sources and current mirrors
and current mirrors.

> BJT current sources

+Vos .
T must stay in a:: Veg > Vegsar
Current sink

Current source
(absorbs current)

J' J (generates current)
lVC’E
+Vps
V l() VBE\ ¢IE T |
. G, I
__ o, U
Ryl <Vps —Vegsat — Ve + Vig
B Vg — Vgg
| =—— 1y Ip=-2—"2E
g+1%F °F Ry %H
| = ﬁ VB_VBEZVB_VBE IEVB-l_VBE QRL
B+1 Ry Rg REg

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 33



st Ahasace AL LLULECLIEE I Current sources and current mirrors
and current mirrors.

» BJT current sinks — setting the base potential

+ Vo +Vpg
R

RE R I B . ¢[
Dy, Vo V V.;*

¥ Vg i
D; ¥/D -|- ?

T

_2Vp Vg 0.7V ;= Yz~ VeE

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 34



st Ahasace AL LLULECLIEE I Current sources and current mirrors
and current mirrors.

> BJT current mirror

"y

4
(ﬂ—H)IE i |¢ 25

o
'
Y

viz

B le  B+2
IREF=ﬁ+1IE+2ﬁj1=ﬁ+1IE z ¢ (F+1) l(,5+1)
Io=ﬁ'_6|)_1115 IO=1_|_2/IBIREFEIREF

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits
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st Ahasace AL LLULECLIEE I Current sources and current mirrors
and current mirrors.

> BJT current mirror

FO Iy = mIREF = Ipgr

_ Vos = Vg _ Vps = 0.7
IREF - R - R

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 36



st Ahasace AL LLULECLIEE I Current sources and current mirrors
and current mirrors.

> Biasing a BJT integrated circuit

OPTIONAL

Vg T3 Ts T
S | —
.;.Prj ~lrer ¢I56:2IREF
¥ Ira
|
o
¢I . ¢ F780=3Irgr
~Irer
T4 T? TS‘ TE‘
> k< KKK
i
EE,
-Veg |

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits

2Vps — VBE1 - VBE2
Ippr = R
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b sk A USSR LU LR S DS Current sources and current mirrors
and current mirrors.

» Current sources w/ OpAmp and T, floating load
+Vee

l ‘o Negative feedback NF
V= §

T

i 0

, Adjustable current sources:
o = B+1R « modifying v, - voltage-controlled current source
e a potentiometer in series with R.

Riip < Vee — v — Vegsat
See Seminar 3 & Lab 6

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 38



kst Ahasadce o AL LULULECUIEE I Current sources and current mirrors
and current mirrors.

» Current source w/ OpAmp and T, nonfloating load

7, and 7, - identical transistors

lp1 = lp2 iop = P1ip2

vr= () o . _ o .
I ic =1ic1 +2igy; = P1ip1 + Z.le
: . .1
ic =igy(B1+2) lBZ_ﬁ1+2
i :ﬁ ic — lgl
O Flp 427 B +2
R\_ lvf o = ig—— ig=—b—i
See Seminar 3 - 0 C1+£ CTB+1E
— - 2
1 %
lo = : : o] Lo = 4 ZiE iE:_I
ﬁ+11+ﬁ1R R p+1,,2 R
1 1

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits 39



C5 - Frequency response. Current sources
and current mirrors.

Summary

» Frequency response of transistor amplifiers
» Current sources

» Current mirrors

Next week: Power amplifiers — class A, B, AB

Laura-Nicoleta IVANCIU, Fundamental Electronic Circuits
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