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CS Amplifier with Constant Current Source
Current Steering Circuits

CS Stage Followed by CG Stage

Cascode as Current Source

Cascode as Amplifier
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CS Amplifier with Constant Current Source

V .
o0 /-\ Vss Vs fl' ransistors Q,, Q;, and Qh
V$S3 VGSZ
I @ f; HI : :
Qs |

ra form the current mirror that
f=

acts as the current source.

 ovo() I -, | Note that transistor Q, is an

o | Zuet Q enhancement load—it acts
() as the resistor in the current
vi(t) —l Q4

VGI \ mirror circuit. /

Ve : :
I The important thing to source'resistance 1, of this current

realize when analyzing this sourc.e — requires the small-signal
circuit is that the gate-to- analysis — there are four (count em’)
source voltage for transistors transistors inlthis circui’.c, determining
Q,, Q,, and Q, are DC values! the small-signal circuit must take
forever! - the answer is actually a
?? NO.

A: In other words, the small signal voltages v
Vgs for each transistor are equal to zero: gs2

Vgs3 - Vgs4 =0
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CS Amplifier with Constant Current Source (contd.)

Q: But doesn’t the small-signal source v;(t) create small-signal voltages and
currents throughout the amplifier?

A: For some of the circuit yes, but for most of the circuit no!

Note that for transistor Q, there will be small-signal voltages v, (t) and vg41 (t),
along with i1 (t). Likewise for transistor Q,, a small-signal voltage v4,(t) and
current i4,(t) will occur.

But, for the remainder of the voltages and currents in this circuit (e.g.,
Vpsa, Veso , Ip3), the small-signal component is zero!
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CS Amplifier with Constant Current Source (contd.)

Vss _ Vs Q: But wait! How can there be a small-
G . ‘fsﬁo . signal drain current ig,(t) through
Voss 10 Qs I I Q: Vbsa Va2 transistor Q,, without a corresponding
N ! small-signal v 4, (t) gate-to-source
Tt o vlt) voltage?
sLI'"ef +0 Q: VDSvaG,S1
. w 651+v951 A Tr.ansistor .Qz is the important device
+—| Qs v, 10 in this analysis.

Vesa 0

* Note its gate-to-source voltage is a DC value (no small-sighal component,
Vgs2(t) = 0), yet there must be (by KCL) a small-signal drain current!

* This is a case where we must consider the
MOSFET output resistance 7,;. The small-signal iy, = g, Voo —
drain current for a PMOS device is: fo2
Vds2

r'02

VdsZ

* Since vy, = 0, this equation simplifies to: /, = —
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CS Amplifier with Constant Current Source (contd.)

* Equivalently, the small-signal .

PMOS model is:

L

Thus for vys, = 0, the small-signal

r\ model becomes:
} s
}

r VgsZ =0 Visz r

0?2
6 . T i

Thus, the small-signal
model of the entire
current mirror is simply
the output resistance

of the MOSFET Q,, ! 5
vi(t)

@
—
o—

Iy ' D21y

* Or, simplifying further:
Sz
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CS Amplifier with Constant Current Source (contd.)

It is evident that the output resistance of the current mirroris ,» ro
simply equal to the output resistance of MOSFET Q, !!!! © ?

Vss

Vss

The resulting small-signal circuit of this amp is:

| oV,
. * the small signal voltage gain is:
Vos rlr _ _

Vi - GV ? o =Gt To1|[loz = 2JKiTer Motz
]
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CS Amplifier with Constant Current Source (contd.)

Note this result is far different (i.e., larger) than the K,

result when using the enhancement load for R, v K
2

However, we find that the output and input
resistances of this amplifier are the same as R =00 R =r,
with the enhancement load:

7

o

A current mirror may consist of many MOSFET current sources!
Voo Voo Voo Voo

- [This circuit is particularly\
Rg Lr_f_ Ruél H = e RLZélILFhf Ris élrtf"hf useful in integrated circuit
design, where one resistor

st || I = — = —= R is used to make multiple
\_  currentsources. )

Q: What if we want to make the sources have different current values? Do we
need to make additional current mirrors?
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Current Steering Circuits
A: NOI!!

Recall that the current mirror simply ensures
that the gate to source voltages of each

transistor is equal to the gate to source V(;Sef =V
voltage of the reference:

Therefore, if each transistor is identical (i.e., I, .
Kref =Ky =+, and V™ 1 =Vpy = Vpp = )

then:

=K (V,

K

ref

(VGr'sef _ VTref )2
2
- VTn) =1,

GSn n

[ In other words, if each transistor @, is identical to Q,., then ]

each current I, will equal reference current I ...

But, consider what happens if the MOSFETS are not identical.

consider the case where K, # K,..¢ (but Vg, = (Vp)ReD).

In such a scenario I, =K (v, -V, ) =K, (V& -V )2

the drain current
l;ef ﬁ(;
Ii)Tl\AIiII now t)EE: = ﬁ<; K - K 'I;ef

ref ref

Specifically,

4 The drain )
current is a
scaled value of

\_ Iref! J
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Current Steering Circuits (contd.)

For example, if Kj is twice that of K,.r (i.e., K1 = 2K,.f), then Ip; will be
twice as large as L..r (i.e., Ip; = 2L.¢f).

Voo Voo Voo Voo

From the standpoint of integrated circuit design, we can change
the value of K by modifying the MOSFET channel width-to-
length ratio (W/L) for each transistor.
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Example-1

* Determine all the currents in the following and find the value of R
Vpp=5V

3 4 WrL),
: #,Co = 20uAIV* lp, = leer (W / L)
Iv‘—'
M 2
> uC, =50uAlV
7] —25yA*10/1 S0uA
|, Vp=-lV N\ 5/1 Yy,
| V=W
7 TR AL PP
D3 = TREF (\\ / L H
5 o Y A P (W/L),
Y i, 3 ! lm-
[I ps = lrer = 25,UA]
g ot
"Le 10 1L>Z§
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Example-1 (contd.)

21
\ Vese =Vip _\/ m

R— +9— (Vs ) —Visy = (-5) ,upCOX(W /L),
IREF
21
Vi.ew =V + b1
—~R= 10 +Veep —Vosn eoN TN \/ u.C, (W /L),
IREF
A -
= Viss
 The resistor R can be replaced by an active T.I :'_
load such as the PFET shown here - what M: i
¥ 6 “'—‘
will be its W/L? s




"“..) ECE315 / ECE515

\b(\‘lllj
¢y
” Lab

< &
i ign ReS®

Example-2

. . . VDD
An integrated circuit employs the
following CD and CS stages. ""o_—{ e Vinz °—[*_ w1,
Design an NMOS type current Voutt Vout
mirror that produces I, and |, 0.2mA 0.5mA () 1,
from a 0.8mA reference. L

Required current for CD stage is 0.2 mA, hence mirror equation gives:

Ly W/L),., . 0.2 _ (W/L),, They are in the ratio of
lee  (W/L) 0.8 (W/L) ' 2t0 8
REF REF REF
Vior o—| M,
Similarly, for CS stage the Y
ratiois 5to 8 fae ) 0amn e
=0.2 mA

= Mger
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Common Gate Stage

~

__ Ry+r, R, 1
1+ (gm + gmb)ro (gm + gmb)ro (gm + gmb)

* " Nin

* Case-l: R;=0 e Case-ll: R, is an
Vv, r ideal current source  Rin >
in Ix 1+ (gm 4+ gmb)ro ie, RD —> oo
the input impedance of common-gate stage is low only if the
Voo load impedance connected to the drain is low

V
Rout ZI_X:{[1+(gm + gmb)ro]RS + ro} ” RDJ

X
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CS- stage followed by a CG-stage

Vin
|| + 0,
1 gmbl :
* Use the CG stage expression to obtain the small signal voltage gain as:
4 ” 1 )
Vout _ _ (ng + gme)r +1 01 gmbl
A= Ry
VA 1 1 o 1 N 1
Lo T 14 (Fmz + Gn2)Voa | Toa |l | +R; ol g g
\ bl gml mb1 m2

significantly larger gain when compared to CS stage
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Example -3

The CS-stage in both the following circuits senses AV at node X and delivers a
proportional current to a 50Q transmission line.

(a) Calculate small signal gain at low frequencies.
(b) What condition is necessary to minimize wave reflections at node X
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Cascode Stage

e Terminology: It stems from erstwhile vacuum tube in which cathodes were

cascaded. In practice, the output of first tube (anode) feeds the input of second
tube (cathode)

* Configuration: CG-stage in cascade with CS-stage - actually CS-stage is called the
main device whereas CG is called the cascode device

 Basic Idea: combines high input impedance and large transconductance of CS
with the current buffering property and the superior high frequency response of
CG stage

e Cascode Provides: wider bandwidth, increased small-signal gain, high input
impedance, customized output impedance

e Applications: Current Source, Small-Signal Amplifier




HID ECE315 / ECE515

\\(\‘3“3
¢y
” Lab

& 2
Sign Res®

Cascode — as a current source

Current Source: requires very high output impedance

Rout Cascode Transistor (CG Stage): always in
{ saturation and is the main device that
provides a constant current source
Vb2 M
Degeneration Transistor (CS Stage): in
Vi1 @6 saturation and acts as a degeneration

resistor for a fixed bias point - provides an
impedance of r,

C r + r + I 1(gm1 + gmblroz) = Rout

X - g m1V1 - gmblvl) rol
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= Rout — r02 + r01 + rol(gmlroz + gmb1r02) - r02 + r01 [1+ roz(gml + gmbl)]

/ Rout - r01 + r02 [1+ IFol(gml + gmbl)]
However: r (9., +0,,,)>1 \
rol(gmlroz + gmb1r02) > rol
, : Appropriate candidate
[’ R > (G + gmbl)r°1r°2] ) My already in ey’ for constant current
- saturation
Very High Output Impedance

source
In this case, M, boosts the output resistance of M,
by a factor of (8,,,+8,,p1) (o1
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Vop

Cascode device (in CG) = in saturation = routes the
current generated by main device to R

main device (in CS) = in saturation - converts and
‘amplifies an input voltage signal into output current

Bias Conditions of Cascode: * For M, tobe in saturation:

:>Vb _VGSZ >Vin _VTl

Vx >Vin _VTl
=V, >V, + Vs, = Vg

Vout * For M, to be in saturation: V, =V, 2V, —V;,

Vo e %5

VOVl t t VOV 2

Minimum output voltage equals overdrive voltage of M; and M, -
addition of M, reduces the output voltage swing by V.,-V;,
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Cascode — Amplifier (contd.) It _is _a CS stage

and
V, =—g_.rV
therefore generates: X GmlorVi
Voo
R Contribution
¥ from M,
Thevenin
Equivalent
Small Signal Model of Cascode:

out
@gmz % é gme Rp
KVL in loop-1:
V, - R"“t r,—9g.,rV, =0 for @op 2:
D z

_gm r0V|n
\V/ _Vout rvV e 7 _Vout V \V/ Vout V
=V, = R r01+ gml o1Vin B out =~ '02 R o gm2 2 gmb2 2 | R rol_ gmlrol
D D

D

|
<
-
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Cascode — Amplifier (contd.)

Simpliﬁcation VOUt [RD +r,+r,+ (gm2 + gmbz)roerZ] = _[gml(ng + gmbz)roerZ + gmlrol]vin

gives: R
— Vout — A\/ — [gml(gmz T gmbz)rolroz T gmlrol] R
Vin [RD + r01 + r02 + (gmz + gmbz)rolroz] ’

Now: J..(9.,+0. ., )L, >>d I, ‘[ A z—[R - rgmi(?mi?ggmszrgroz)r - R%
D ol 02 m2 mb2/%01"02

rﬁm rﬂuut
Output Impedance: ability __|:—||IM2 ._L_| M,
to  synthesize  desired ] c> [Rout z(gmz+9mbz)rozrol]
F'ot

output impedance _L—ltlﬂh
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the gain of A ~- Ot (Im2 + G2 ) a2
D
Cascode stage: [Ro + o + 105+ (Unz + G2t |
. Halﬂ: A constant current source possesses very high output
In 1

impedance (Ry -¢°), therefore the gain equation changes to:
/ \ A’ ~ _gml(gmz + gme)rolroz — _(gmlrol)'(gmz + gmbz)roz

[It is apparent that the maximum small-signal voltage gain is the muItipIication]

of gains from CS and CG stages - definitely a big plus!

[ Row ® (ng + gmb2)r02rol ]
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Cascode — Amplifier (contd.)
Discussion with respect to alteration in dimension

What happens if Length (L) of the main device is quadrupled while the Width

(W) remains sa |
D
Ip Ip Ver—ls ¥
Vi,oJo W Vi, ol W L
" T L Vi i, ¥
=W 1 - =
A\/z_gmo:\/zluncox LID 1 5
> A, =2A Az=(A)
W
On :\/ZluncoxrlD gmlzg_zm Om2 = 9n
(Vas — Vi )2 = ZIDW Cascode more suited for noise applications
’U”COX(T Quadruppling of Length (L) while keeping the

Width (W) results in doubling of overdrive voltage

For identical devices, cascode also exhibits doubling of overdrive voltage
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Cascode amplifier and Cascode current source - could be used in applications
where the output varies drastically due to any reason! - This variation doesn’t
affect the subsequent sections greatly - shielding property of Cascode

Example: Two identical NFETs are used to generate constant current sources.
However, due to internal circuitry of the system, V, is higher than V, by AV.

Q: determine the resulting difference between I, and
lp, ifA#0

1 , VDSl
o= 2 .o (Vo =V ) (L zvr
v

1 / DS2
lp, = E:uncox (Vb —V; )2 (1+ AVy )

1
Em —lp, = E:unCox (Vb =V )2 (iAV )J




\}5\‘3“.3
Y,
” Lab

1P ECE315 / ECE515

Shielding Property of Cascode (contd.)
Q: Add Cascode devices to M1 and M2 and then check the difference between Iy,

and Iy, ifAz0
w——— 1 )
Analog EDI —lp, = E:uncox (Vb —V; ) (iAVPQ )J
Q
Syst Cascode
X v devices
! !
v i U Vo = AV lo N
h2* PQ — ~
l:- p M, |0 [1+(gm3+gmb3)ro3]rol+roa (gm3+gmb3)r03
Vor—if= l
M, I Mgy | | . 2
) "IDl_IDZZEIUnCox(Vb _VT)

This is a large value and thus the Cascode structure gives smaller variation -
perfect example of Shielding property!!!
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Cascoding can be extended to three or more devices to achieve higher

output
impedance A
r out
v .__“: M / It limits the
b2 3 voltage swing
Vo '—ﬂ: M,
Vln °_| M1

Here the minimum output
voltage equals the sum of three
overdrive voltages

Folded Cascode  Self Study




