» 9.1 Cascode Stage

> 9.2 Current Mirrors




{ R out1 o{ Rout2
vb Q1 Vb.—II:M1
=Rg = Rg

R, = (1+ g R )’"0 + R,

{Routl — [1+gm(RE ||r7z)]r0 +RE rﬂ
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=3IV for both transistors,

» 11 Q. and @, in Fig.9.2(a) are biased at a collector current of
‘A determine the output resistance. Assume B =100 and

Vi1 Q4
V2 Q,
(a)
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9m = Ic/Vr,r0 =Va/lc,

g = /BVT/IC

Vas BV
R\tﬁIC1-VrAI- IC,"z Ic]_
o Vi Icr Vao + BVr
Ios  Ien
1 _ Va _ BV AV
T Ier Vi Va+ BV

Ic =1c1 = Icp and Vy = Va1 = Vo
R, ~ 328.9 k().



Rout,max ~ gm1r01r7,1

Rout,max ~ 18er1

» The maximum output impedance of a bipolar cascode is
bounded by the ever-present r_ between emitter and ground
of Q,.
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» Suppose in Example 9.1, the Early voltage of ¢, is equal to 50V.
Compare the resulting output impedence of the cascade with the
upper bound given by Eq.{9.12).

Since g1 = (26 )71, 11 = 2.6 kQ, ro1 = 5k, and roz = 50 k2, we have

Rout ~ Gmi1Tol ('rOlH'rrrl)

~ 475 k().

The upper bound is equal to 500 k{2, about 5% higher.
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» We wish to increase the output resistance of the bipolar cascade of Fig.
9.2(a} by a factor of two through the use of resistive degeneration in the

emitter of Q.. Determine the required value of the degeneration resistor If
Q, and @, are identical.

0{ R oyt Routa = [1 + gm2(Bp|[rz2)lro2 + Re||rre.

Rout ~ 9m1To1 (RoutA ‘ |T'7r1)-

RoutA' |rﬂ'1 - 2(7‘02 | |T7T1 )

R = 27927 1

outA

Vo1 —Toz

» Typically r_is smaller than rg, so in general it is impossible

to double the output impedance by degenerating Q, with a
resistor.C

CH 9 Cascode Stages and Current Mirrors



out

-

o

R, =11+ g, o, | 1)1 + 70y |1 7y

R, =& (”02 | rﬁl)

~
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0{ Rout% gm1 r01(r02"r‘j‘c1)

( Rout=T02 |:> Vb1._I:Q1

Vb2 Q, Vb2 ’—EQ 5

V,,, determines the current level.

> Instead of treating cascode as Q, degenerating Q,, we can
also think of it as Q, stacking on top of Q, (current source)
to boost Q,’s output impedance.
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Vv, V,
o; Rout { Rout J- cc cc

Vbie—, Q> Ay
Voo Q1 5> Vb Q1 X 0> Imz O
X QL” ros Voze—_ Q4 Vb2 Q4
Vbz._lg-QZ = m2 t t
- Rout Rout
(a) (b)
: ] i I I
R,, =|1+g,, | 7oa | 721 | [Fo1 + | 702 [l 721
| m?2 m?2
/ 1
R ~|1+ & ml ro, +—— = 2r,,
k \ Em2 Em2 /

» When the emitter of Q, is connected to the emitter of Q,, it’s
no longer a cascode since Q, becomes a diode-connected
device instead of a current source.
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-~ a
R, = (1+gm1’"02)’"01 T 7,

R =g ¥,r
kout ml” O1" 02 y
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3 Design an NMOS cascade for an output impedance of 500kQ2 and a current 7
of 0.5mA. For simplicity, assume M and M, in Fig 9.8 are identical (they
need not be). Assume u,C,, = 100pA/V? and A = 0.1V "L

We must determine W /L for both transistors such that
gmi1TO1TO2 — 200 kf2.

Since ro1 = ro2 = (M p)~! = 20 kf2, we require that g,,; = (800 Q)~! and hence

1
\/QIu’nCoa: EID e ———

L 00 O
It follows that

W
7 15.6.

We should also note that g,,,1701 = 25 > 1.

CH 9 Cascode Stages and Current Mirrors 12



{Rout=r02 :> Vb1 ._II-:M1
X
Vo2 s—|, M, Vo2 5 M,

0( Rout ® 9m1To1 o2

» Similar to its bipolar counterpart, MOS cascode can be

thought of as stacking a transistor on top of a current
source.

by B.

» Unlike bipolar cascode, the output impedance is not limited
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Vo2 —{|* m,
X
Vo1 —[E m,

gl
R
4 D

R, = (1+gm1’"02)’"01 T 7,

R =g r,r
kout ml” O1" 02 y
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» During manufacturing, a large parasitic resistor, Ry ,has appeared
in a cascode as shown in Fig. 9. 11. Determine the output
resistance.

R, 1s in parallel with ro; .

; Rout
O
M1 Rout — gml('rOl ||Rp)rO2-

Vir =[5
b1 % R P If gm1(ro1||Rp) is not much greater than unity,

we return to the original equation, (9.22),

Vb2 °—||:.;2 { »

=1+ g,.70:) 70 | RP)_I_FOZ}

» Rp will lower the output impedance, since its parallel
~ combination with rp, will always be lower than rg,.
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. ] ’.out ' ™\

Circuit G lou

v L ac m V.
in = GND 9 in voutzg

» The short-circuit transconductance of a circuit measures its
~strength in converting input voltage to output current.
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» Calculate the transconductance of the CS stage shown in
~ Fig. 9.13(a).

— VDD —— VDD
Rp= Rp= . .
’out G _ Lout
T Vout ? - l " Vin
dacC .

vlno_ll__j-M»] Vlno_ll_—j-M.l - GND _ D1
— — VG st

(a) (b) — Imit-

G-
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out — _Gm Vin Rout
T _Gm Rout

» By representing a linear circuit with its Norton equivalent,
the relationship between V_, and V;, can be expressed by
the product of G, and R, ;.
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> Determine the voltage gain of the common-emitter stage shown |n

Fig. 9.15(a).
Vee
. I'x
l" I out -
Vout
ac +
Vin Q4 Vin Q1 T GND Vin Q
(a) (b) (c)
Lowt 18 simply equal to the
Gm1 Vin, 1.€., 7o does not carry a current It follows that
Gm — bout R, = U_X Ay = —GnhBou
I ix [
— —9m1TO1-
— Jm1 = TO1-
LAV _g mlr OIJ
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Vee Vout
’ 1 gm1 V|n Vb1 Qz
- ° Vout
r
Vin Q4 % o1 Vin Q4
(a) (b)

» Since the output impedance of bipolar cascode is higher
than that of the CE stage, we would expect its voltage gain
to be higher as well.
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'out

Gm 2 gml
A = =g 7028m T |1 7)

» Since rgis much larger than 1/g,,,, most of | o, flows into the

diode-connected Q,. Using R, as before, A, is easily
calculated.
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» The bipolar cascade of Fig.9.16(b) is biased at a current of TmA. If
V ,=5V and $=100 for both transistors, determine the voltage gain.
Assume the load is an ideal current source.

V,
cc gm1 = (26 Q)71 rry & 7o A2 2600 €2,
11 rol1 ~Tro2 = o k). Thus,
v
out gm1(ro1||rr2) = 65.8

Vor—{_ @, G ~g

A, = =g,7028m For || 722)

Vino_IS-Q1
|4,| = 12, 654.

(b » Cascoding thus raises the voltage gain
) by afactor of 65.8.
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» A bipolar cascode amplifier is also a CE stage in series with
~ aCB stage.
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e ey

{Rout = 703 || 8maor (Tor | ”nz)}

» Since no current source can be ideal, the output impedance
~ drops.
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Vo205 (R, = 2,705 (0 172) || 20702 11 722

» In order to preserve the high output impedance, a cascode
.~ PNP current source is used.
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» Suppose the circuit of Example 9.9 incorporates a cascode load
using pnp transistors with V', = 4V and B = 50. What is the voltage

gain?
J— VCC Ron ~ Gm2T02 (TOl | |Tﬂ'2)
Vb3 . Q4 Rop ~ m3Tos3 (TO4||TTI'3)°
™ The load transistors carry a collector current
Vip e Ve Qs of approximately 1 mA. Thus,
™ t Rop = gmaros(roa||r=s)
Vout =9 Rop = 151 k2
P +— R, R,n = 329 kQ.
Vb1 — Q> [Av| = gm1 (Ron||Rop)
= 3, 981.
L~ )
Vino— Q1

» Compared to the ideal current source case, the gain
has fallen by approximately a factor of 3 because
the pnp devices suffer from a lower Early voltage
and B.
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V — _GmRout \
, R —gml[(1+gm2’”02)’”01 ""”02]

vy =8 mlo18 m2lo2 y

TN
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Vb2 °_||£r M4

‘R~ R

Rop n ~ 8m2lo2to1
—oV
R out -~
oN Rop ~ 8m3l03704
Vor +—if. w1 R, =R, |IR
out on (0
X N y
Vin°_||-_. M 4

> Similar to its bipolar counterpart, the output impedance of a
MOS cascode amplifier can be improved by using a PMOS
cascode current source.

CH 9 Cascode Stages and Current Mirrors 28



/Rchc/(R1 +R,) =V, In(1, /1) h

1 w R
]1:§ﬂncox L(R +2R Vo _VTHJ
\ : 2 94

» Since Vq, Ig, 1, and V4, all depend on temperature, |, for
~ both bipolar and MOS depends on temperature and supply.

2
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Current Mirror

» The motivation behind a current mirror is to sense the
current from a “golden current source” and duplicate this
“golden current” to other locations.
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Vee Vee

I ReF | ReF

Q, i Current

QRrer Vi : QrReF A
; : Mirror

() (b) (©)
/ S1

copy Ji
S.REF

/

/ REF

» The diode-connected Qi produces an output voltage V,
~ that forces | o1 = Ireps if Q) = Qger-
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Irer (B Y/ copy ?

Q REF-EI 43?1

» Without shorting the collector and base of Qg together,
there will not be a path for the base currents to flow,
therefore, | is zero.

copy
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Vee
| Rep Y /copy ?

Q4

QRrer
Vx

"

» Although a path for base currents exists, this technique of
~ biasing is no better than resistive divider.
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Vee

IREF * / copy1 / copy2 * / copy3
Q4 Q> Q3
e o
I .
).J
]copy,j — ]REF
]S,REF

» Multiple copies of I, can be generated at different
locations by simply applying the idea of current mirror to
more transistors.
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VC C

| REF

Q4 Q- Q3

QREeF

[ ]copy,j = nIREFJ

> By scaling the emitter area of Q; n times with respect to
Qrers leopy,j IS also n times larger than Igge. This is equivalent
to placing n unit-size transistors in parallel.
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» A multistage amplifier incorporates two current sources of values
0.75mA and 0.5mA. Using a bandgap reference current of 0.25mA,

design the require current sources. Neglect the effect of the base
current for now.

Iree (¥) 0.25 mA 0.75 mA

QREer

05 mA
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—_ Ve

Irer (V) 0.25 mA I copy

e

QREF1 QREFZ QREFa

1
[]copy 5 I REFJ

» A fraction of Iz can be created on Q, by scaling up the
~ emitter area of Qgg¢.
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» Itis desired to generate two currents equal to 50uA and
500uA from a reference of 200uA. Design the current mirror
circuit.

VCC
IREF 0.2 mA

[ copy1
e ol
£SO00
%A}J -l
E Q, copy2

» Using the idea of current scaling and fractional scaling,
lcopy2 IS 0.5mA and |, , is 0.05mA respectively. All coming
from a source of 0.2mA.
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VC C

I Rer

I'copy

QRer } Q
AE - - nAE

[ lcopy leopy A
n 3 3
# nl prr h
]COPy_ 1
1+ (n+1)
N g

CH 9 Cascode Stages and Current Mirrors 39



I ReF e
P Qf / ' nl N
Q, copy [Copy _ : REF
A E o nA E 1+ Py (n + 1)
copy ’copy \_ ,B /

np 3

> Because of Q, the base currents of Qg and Q, are mostly
supplied by Q. rather than Izc.. Mirroring error is reduced f3

times.
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» Compute the |, , and |

copy2 IN this figure before and after
adding a follower.

Vee (e
copyl 4 15
Irer () 0.2 mA Before : )
Icopy1 - 107 e
KQF Q1 Icopy2_4+l—5
t X Ag \_ B
= T = = - G B IREF\
R/-J copyl 15
l 4t
e Q copy2 After : P
2 | 100,
10A E copy? 15
4+
= \ B
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» Design this circuit for a voltage gain 100 and a power
bUdget Of 2mW. Assume VA,npn - 5V, \,A,pnp= 4V, IREF = 1OOUA,
and V.. = 2.5V.

I‘/CC
A'U — _gml(TOlHTOQ)
o | VA,nanA,pnp
Vout — )
VT VA,npn + VA,pnp
= —8H.5.

» The gain is smaller than 100 because low Early voltages
and V1, a fundamental constant of the technology,
independent of the bias current.
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» PNP current mirror is used as a current source load to an
NPN amplifier stage.
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I REF

i X

current
Mirror

QREF Q4

> Let Qgerand Q, be discrete NPN devices. Iggeand I, 4, can
vary in large magnitude due to Ig mismatch.
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» The same concept of current mirror can be applied to MOS
_transistors as well.
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I nep Y I copy ?

X
M rer |/ I M,
Floating

Node

» This is not a current mirror since the relationship between
V, and Igge is not clearly defined.

» The only way to clearly define V, with I is to use a diode-
connected MOS since it provides square-law |-V
relationship.
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> Is this current mirror? Explain what happens.

Voo
IReF 5 Y/ copy ?

X

Meer <l I m,

'

Floating
Node

» This circuit is not a current mirror because the gates of Mrer
~and M are floating.
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» Similar to their bipolar counterpart, MOS current mirrors
~can also scale Iy up or down (I, = 0.2mA, |, = 0.5mA).
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CS
Stage Follower

VDD I‘J

l
Vouﬂ vout2
Voo
— Vin1 — Vinz o—]
IRerF L

CS
Follower Stage

VDD
Vina °_| Vina °_|
Vout3 - l”out4
|

il

= M e

» The idea of combining NMOS and PMOS to produce CMOS

current mirror is shown above.
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