Today’s topic:
1. Basic current mirrors
2. single-stage amplifiers
3. differential amplifiers



The purpose of this Chapter is to discuss fundamental circuit building blocks.

A good knowledge of these basic building blocks is critical to understanding many
subjects to be discussed later.

CMOS current mirrors and gain stages are emphasized here, while the general small-
signal analysis method can be applied to BJT versions.

When analyzing transistor circuits to determine their small-signal behavior, it is
implicitly assumed that signals are small enough that linear approximations about an
operating point (Q point) accurately reflect how the circuit operates. These linear
approximations may be represented schematically by replacing transistors with
small-signal equivalent circuit, whose parameters (such as gm, rds etc) are
determined from the operating point.

A note on notations in the book and the lecture:

To the extent possible in this chapter, operating point quantities are represented with uppercase voltage and
current symbols (e.g., Vgs, Ip) and small-signal quantities with lowercase symbols (e.g., Vg, ig). However,
the practicing designer must always be alert to imprecise notation and remain able to interpret meanings
within their proper context.



A general procedure for small-signal analysis:

Set all signal sources to zero and perform an operating point analysis for all currents and voltages. A volt-
age source set to 0 V is the same as an ideal wire—a short circuit. A current source set to 0 A is the same
as an open circuit.

Replace all transistors with their small-signal equivalents where the parameters g, ry.. etc, are found
from the operating point voltages and currents using the relationships in summarized in Section 1.3.

Set all independent sources equal to zero, except for the signal sources that were zeroed in step (a). This
includes power supply voltages, bias currents, etc. Remember that setting a voltage source to zero means
replacing it with a short circuit, and setting a current source to zero means replacing it with an open circuit.
Analyze the resulting linearized small-signal circuit to find small-signal node voltages, branch currents, small-
signal resistances, etc.

If desired, the complete solution may be found by superimposing the results of the operating point
analysis in step (a) and those of small-signal analysis in step (d). The result so obtained is approxi-
mate because the small-signal analysis approximates transistor nonlinear behavior with linearized
models.
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3.1 A simple current mirror

An ideal current mirror is a two port circuit that accepts an input current lin and
produce an output current lout=lin.

Also, an ideal current mirror will have zero input resistance but high output resistance.

Both transistors are in active region (so the drain voltage of Q2 must be larger than Vesf2).

If Q1 and Q2 have the same size, and finite ras is ignored, then Q1 and Q2 have the same
current (due to the same Vgs)

However, when rdsare considered, the transistor with larger Vas will have larger current.
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A simple current mirror: input resistance

We can use the following small-signal equivalent circuit to compute the input
resistance of the current mirror. (lin is open and low-frequency model is used).

Then, apply a test signal voltage Vy at node Vi1 and measure the current iy

. vV v
by = _L+gmlvg5] = _L"'gmluy

Fas Fas)

Input resistance is given by rin=Vy/iy =1/gm Il rssi = 1/g,,

Q1 is sometimes referred to as a diode-connected transistor.

Vgs1 %‘_ iy = Vy/rin

lin .- - -l ----------------- L _ . 0 V4
; * . A
: Fast : : 1
Q : ! Vgs1 Om1Vgs1 ! + Vy 3 ! — :ri”
I , : —_ :

-------

(a) (b) (c)
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A simple current mirror: output resistance

Using the model for the input resistance from previous slides leads to a simplified
small-signal equivalent circuit for the overall current mirror. .

Output resistance is given by rout=Vx/ix =rds2

Fout lNout = Ids2

Vbias ._Ii Q, In this configuration, as long as gate terminal is

small-signal ground, the resistance looking into the
—= drain is ras2



A simple current mirror: output resistance

Using the model for the input resistance from previous slides leads to a simplified
small-signal equivalent circuit for the overall current mirror. .

Output resistance is given by rout=Vx/ix =rds2

.................................

— é E Vgs2 Om2Vgs2 <+> E : rd32$ + V,
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An example 3.1 (page 119)

Consider the current mirror shown in Fig. 3.1, where I, = 100 pA and each transistor has
W/L = 10 um/0.4 pm. Given the 0.35-um CMOS device parameters in Table 1.5, find r,,; for the
current mirror and the value of g,,,. Also, estimate the change in I, for a 100 mV change in the output
voltage. What voltage must be maintained at the drain of Q, to ensure it remains in active mode?

L 0.4 um

- = 25 kQ
ALl (0.16 pm/V)(100 pA)

Fout = lgso =

Omi = A 21Cox(W/L)Ip, = 0.97 mA/V

AL AV _100mV _, Estimation using low-frequency small-signal
. 25KQ 3 linear equivalent circuit
Ve = J 21, = 205 mV
1, Cox(W/L)



3.2 A common-source amplifier

A common use of simple current mirrors is to be active loads in a single-stage amplifier.
By using an active load, a high-impedance output load can be realized without using
excessively large resistors or a large power supply voltage (for example, a 100k resistor load

with 100pA bias current would need a power supply of at least 10V).

The common-source (CS) topology is the most popular gain stage, especially when high
input impedance is desired.

o Active load

Q, .t_'l_I Q,

Lpias Vou
’ (V) .T—‘Orout
— v, o @
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Small-signal analysis of CS: DC gain Av

Assume that all transistors are in active region, the small-signal model of the CS amplifier
with active load is shown below:
(note the resistance R2 is made up of parallel of ras1 and ras2.)

Av = m = _grmH: = _gml{rdsl ” rds:)
1IIIIIIIir'n

Depending on device sizes, currents and technology used, the typical gain for a CS
amplifier could be between -5 to -100.

Av is about one half of the intrinsic gain of Q1: A; = Qmifas = 2/ (AVy). if Fgsa = Fys:

To maximize the gain, it is desirable to minimize Vefr1. For a fixed bias current, this is to
increase W? Rs

AN l ¢ O Vout

Vin &) Vos1 T Im1Vgs1 % Ry = Taer Il Tye
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Small-signal analysis of CS: rin and rout

o
Ibias —oO VOUt
% rmﬁ\l/__ﬁ Fout
r—n Vin C 501

: o Active load
Q,
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- rout=R2
Rs lin= oo -

O Vout

@
gm1Vgs1 @ % Rz = l4s1 ” F4s2

Chapter 3 Figure 05
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An example 3.2 and 3.3 (page 121)

Assume ly.s = 100 pA, all transistors have W/L = 10 um/0.4 pm in Fig. 3.4, and the device
parameters are those of the 0.35-um CMOS process in Table 1.5. What is the gain of the stage?

21 Coi(W /L) Loias = 0.97 mA/V

Omi
L _ 0.4 um

ALl (0.16 pm/V)(100 pA)

Ay = —Qmi(Tes I Tasn) = =097 mA/NV(25 kQ || 25 kQ) = —-12.1 VIV

Fas1 = lgs2 =

= 25 kQ

Modify the design in Example 3.2 to increase the gain by 20% by changing only the device width, W.

Neglecting higher-order effects, with the drain current fixed the output resistance (rue || rgs>) is nominally
unchanged. Hence, in order to increase gain by 20%, we must increase g.,, by 20%. Due to the square-root depen-
dence of g,, on W (with fixed current), this in turn requires a 44% increase in W,. Hence, the new size of Q, is
(14.4 um /0.4 pm). The resulting gain is

gml = “jzuncux(Wf‘(L}]lbias = .17 mA/V
= Ay = O (Faes || Tasa) = —1.17 mA/V(25 kQ || 25 kQ) = ~14.6 V/V

Ve = A/ 2l = 171 mV
HaCox(W/L)

13



3.3 A common-drain amplifier

Another general use of current mirrors is to supply the bias current for a common-drain or
source follower (SF) amplifier.

SF amplifiers are commonly used as voltage buffers.

A
s Vool Q
Lpias @ ¢——o Vout

Active load

Chapter 3 Figure 06
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Small-signal analysis of SF amplifier: gain Av

In the small-signal model, note that the voltage-controlled current source that models the
body effect of MOS transistors is included as there is finite source-body voltage (unlike CS
amplifier), which may become a major limitation on the small-signal gain.

Note that the voltage-controlled current source modeling the body effect produces a
current that is proportional to the voltage across it, which makes it equivalent to a resistor
of 1/gs1. This allows to simplify the circuit to the right-hand side.

1I""vzuul",l:".s.l _gml(vin_."‘rom) = U

1 ] A
Av - Vout — Om! - g’”' = grnl(_ ” - ” Fas H rds:‘/}

Vin Jm + G, B Umi + 9s1 + s + Qas2 Om1 Qs

+ + =
Vgs1 v g V<*> Mds1 Vge1
?_ Im1Vgs1 s1Vs1 - gm‘IVgS1
*
Vg1 OVout
Rs‘l

HEl = rdsl ” rds? H I-"fgsl-

Chapter 3 Figure 07 Chapter 3 Figure 08 15



Small-signal analysis of SF: rin and rout

Vin = Vg1 Oj

Fin A
—>
V.. Q
A 2 R I: " 1/gmi || res1 || 1/gs
. .—E | VOUt
IblElS@ rout'o

J TS

Q2 lds2
Q; 4, 1 | -

Active load
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i 1 1
gm+1!'rRsl_gm+gsl_gm

Y lin= oo

d1 —S
? | Vin O__J,

i +

" r
gs1 <*> ds1 Vv
? gm1vgs1 Gs1Vs1 _ gs1
. 2 O Vout = Vst ?
Vsi
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Transform to a resistor
when calculating rout
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Example 3.4 (page 123)

Consider the source follower of Fig. 3.6 where Iias = 100 pA, all transistors have W/L = 2 um/0.2 um,
b = 0.4 Vand ¥y = 0.3 V"%, and the other device parameters are those of the 0.18-um CMOS process in Table

1.5. What is the gain of the stage? assume that Vgg = 0.5 V

Omi = A2HnCoiW/L), Ipias = 0.735 mA/V 0.18 um
NMOS PMOS
fast = o = —— = 0.2 pm = 25 kO 2070
ALlp  (0.08 pm/V)(100 pA) 0.45 —0.45
g, - YO 0.08 0.08
sl =
zthSB + |2¢'F| 85 85
03V ' ’ >
o = — On_ ~ 0.13g, = 0.1 mA/V L6 .
2.J05V+08V
1.7 1.0
A, = 0.735 mA/V - 0RV/V = —19dB 1.6 2.4
0.735 mA/V + 0.1 mA/V + 0.04 mA/V + 0.04 mA/V . .
0.35 0.35
0.50 0.55

Hence, it can be seen that body-effect is the major source of error causing the gain of the

SF amplifier to be less than 1.0.
17



3.4 A common-gate amplifier

A common-gate amplifier is used as a gain stage when small input impedance is desired.
Also, it is often used when the input signal is a current as small input impedance is desired.

Aside from its low input impedance, the common-gate amplifier is similar to a CS amplifier
as the input signal is across Gate-Source terminal and output taken from the Drain terminal.

Hence, in both amplifiers, the small signal gain equals the product of gm and total
impedance at the drain.

: = Active load
Q

Chapter 3 Figure 09
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O Vout

i %
§ gm1VgS1 gs1vs1 rd51 RL
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V.
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(Im1%9s1 )Vs1<*> Fds1 R.
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O Vout

Chapter 3 Figure 11

Vou(GL+ Qas1) = Va19asr — (Dmy + 951 )Vsy = 0

—) ':out _ Qmuc;r Eis:; Qasi _ (Gt + Gs1 + Qas (Bl rast) = g (Rl 1asy)
sl L dsl

is = ""Fsl(grnl + gsl + Qum) - ."'r-:ru1gds]

) g, = ds _ Gmi* Gs1 + Jus
Vsi 1 + Qus1
G,

I

G B



Comparison of the impedances

Fin

VOU v O
O Tou '”°T| " 1/gm || rest || /g

= 4 f
+ -
o1 _  (9m1+0s1 )Vs1<+> M1 Re
* —
Ve1 LA r Vi, ,
" °—1 —1
Rs + =
v @
? -_— s gm1vgs1 +
Vi ¢ OVout

Chapter 3 Figure 11
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— O = s — Omi + Js1 + Jas;
Vs 1 + %
G,
o= — = (LII L rdal)(l + HL) = (1 + HL) ¢==mmmm Compare to Slide 16
Qin Omi s Fas1 Omi Fasi

If Ri=rds2=rds1, rin=2/gm1 for low frequency. If RL is even larger, then rin is more than 2/gm1. 51



Small-signal analysis of CG: rout

R
[1+(9, +94)Rs +—1ruR,

dsl

lMNout
| o
= + Ix
Vost _ (Im1+9s1 )Vs1<+> Mds1 R.
Vx
¢ —_
Vst L Fin —
% S
Cha;ter3 Figure 11
Ix = Vx/RL— m1+ + X= V
- /RL— (gm1+gs1)Vs1 (V_ Vs1)/rast o=
(gm1+gsl)Vsl + (Vx-Vsl)/rdsl = Vsl/Rs IX

If Ri=ras2=rdas1 and Rs=0, then not surprisingly rout=rds1/2

RL + IFdsl

22



Example 3.5 (page 127)

Design the common-gate amplifier of Fig. 3.9 to have an input impedance of approximately 50 €2 using the 0.18-um
CMOS devices in Table 1.5 with I ;s =100 pA, (W/L); = 2 um/0.2 pm.

0.18 pm
Since (AL), = (AL), ifwetakeLl, = L, = 0.2 um we ensure rye>» = R = rge, NMOS PMOS
fin = 2/0m) 270 70
Hence, to ensure r;, = 50 €, 0.45 -0.45
Om = 2/(50 Q) = 40 mA/V 0.08 0.08
If we take Vo, = 200 mV, 8.5 8.5
los = lp, = Gy Ve /2 = (40 MAV)(200 MV)/2 = 4 mA > .
1.6 1.7
This requires the current mirror to provide a gain of 4 mA /100 pA = 40. 17 10
(W/L), = 40(W/L); = 80 pum/0.2 um 16 )4
gz 0.35 0.35
(W/L), = —— = 148 um/0.2 um
ZHHCGKIDI
0.50 (.55

23



3.5 Source-degenerated current mirrors

Simple current mirrors presented before have relatively small output impedance.
To increase this output impedance, a source degenerated current mirror can be used.

/ .
e :
<oV P -«
1 h 6 3 +
~

g_ § Vgs \+ gm2vgs/<+> Fye2 I~ Vy

m1 - N 7 —

? "A [ & VS
R, $ 4 N =
// i e
A 1 /7 * ¢$ HS\ ~
e 7/ ~
I Iout 4 g ——— RN ~
in ’ 7 Chapter 3 Figure 13 = .
Vv,
r 1IlIIr1;|s1

r out .
Q, :ll 1 ||: | | :
| | 02 : fe Mt :
Q, I $ Vgsi Om1Vgss Ql:/\ $ E
R, 5 5 R, e =

- r—a Q1 r—n —
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Small-sighal model to find rout

Note that in the small-signal model to compute rout, (1) the gate voltage for both Q1 and Q2
is 0 as no small-signal current flows to the gate, (2) we neglect the body effect.

v. = iR,
Vg = -V, : gm1 Vst = Ves1/Fas1 Compare to Slides 22
. V,—V . . -1
by = QmaVgs + —— I, = _|xgmzﬁg+m
Fas2 Fds2

rDUl = E = rds:‘[l + Hs(gm? + gdsi)] = rdﬁi‘(' + Hﬁgmi) = rds'}[l + Hs(gmj + gs'z)] If bOdy effect indUded

Ix

. <4+
= ) .
e Vs Om2Vgs <'> $ Fye2 % B Vi

Vs

. e

Chapter 3 Figure 13
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Example 3.6 (page 128)

Consider the current mirror shown in Fig. 3.12, where [, = 100 pA, each transistor has W/L = 10 um /0.2 um,
and R, = 1 kQ. Using the 0.18-um CMOS devices in Table 1.5, find r,,, for the current mirror. Assume the body
effect can be approximated by g, = 0.159,,.

Nominally, I, = I, and thus we find the small-signal parameters for this current mirror to be

Gms = J2UnCox(W/ L)y = 1.64 mA/V

Also we have

Fgs2 = 02 pm = 25 kQ)

0.08 pm/V 100 pA

' ™
Fout = 25 kQ[I + 1 kﬂ(l.ﬁél mA/V+0.15-1.64 mA/V + ;QJ} = 73.15 kO
25 k

Also note that the voltage drop across R, equals 100 pA < 1 kQ = 0.1 V

Therefore, compared to the simple two-transistor current mirror, the output impedance of

source-degenerated current mirror has output impedance increased by a factor equal to
(1+gm2RQ.

Note also that such a formula can often be applied to moderately complicated circuits to
qguickly estimate the impedance looking into a node. 26



3.6 Cascode current mirrors

Cascode current mirrors can be used to further increase the output impedance.

Note that rout’ looking into the drain of Q2 is simply ras.

The rout looking into the drain of Q4, can be derived from the formula for source-
degenerated current mirrors, by considering Q4 as a current source with a source-
degenerated resistor of rds2 from Q2.

A ri:-ut = rds-i[ I + Hs.(gm + Qs4 + st:)]

I_ Vout I llout where now R, = r4.. Therefore, the output impedance is given by
In
\ /

|"‘{:-th = rdsl[l + rdsf{gm-*l + gsl + st:)]

I r rout = Fasal 1+ Fas2(Gma + Gs4) |

= rds4(rdszgm4}
Q;:'ﬂ_l'ﬂ Q Thus, the output impedance is increased by a factor of
4

gmardsa, Which is the gain of a single transistor. Such a large
Fout F_ increase can be important to realize single-stage amplifiers

with large gains.
Q1 Q2

T

The drawback in using a cascode current mirror is the
—_— e reduction of the maximum output voltage swing.

27
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llout ¢ 1

v Fout

2 Both are small-signal

Chapter 3 Figure 14
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Minimum output voltage

What is the minimum voltage at Vout to maintain Q2 and Q4 in active region? If we assume
all transistors have the same sizes and currents, and therefore the same Vgsi=Veffi+Vini,

where i=1,2,3,4, then

A

Iin ) VOUt I llout
\ 4

| v lout

-

Fout’ r_
Q1 Q2

Chapter 3 Figure 14

Ve = Vasi + Vgs: = 2V + 2V,
Vos: = Ve —Vgss = Ve — (Ve + Vi) = Ve + Vy,

So, the Vas2 for Q2 is larger than the minimum needed
which is Verf.

Since the smallest output voltage Vbs can be Vos2+Vefr2
before Q4 goes into triode region, so the minimum
allowed voltage for Vout is

Vou = Vpsa+ Ve = 2V + V,

The loss of signal swing is a serious drawback when
modern analog IC are used with low power supply of
1V. (Later, we will see how to address this issue).



Example 3.7 (page 130)

Consider the cascode current mirror shown in Fig. 3.14, where [, = 100 pA and each transistor has
W/L = 10 um/0.4 um. Given the 0.35-pm CMOS device parameters in Table 1.5, find r,,; for the current
mirror (approximating the body effect by 0.2g,,). Also find the minimum output voltage at V,,, such that the out-
put transistors remain in the active region.

Nominally, I,y = I, and thus we can find the small-signal parameters for this current mirror to be

i = 2UnCod W/ L) o = 0.97 mA/V

Fasz = Tdse = 04 pm = 25 kQ
A 0.16 um/V 100 uA
V Fowt = 25 kQ[25 kQ(0.97T mA/V + 0.2 x0.97 mA/V + 1/25 kQ))] = 753 kQ)
out
Iin IOUt Vi = \/ P = 0.205 V
1 Cox(W /L)

v Fout

So the minimum Vout is then 2Vest+ Vin=0.98V,
Q3:| |: Q. which 0.77V larger than the simple current

mirror while rout is increased by 30 times.
lMNout’ \r_

Q1 Q2

Chapter 3 Figure 14



3.7 Cascode gain stage

In modern IC design, a commonly used configuration for a single-stage amplifier is a
cascode amplifier. This configuration consists of a CS transistor feeding into a CG one.
In (@) below, both CS Q1 and cascode transistor Q2 are NMOS (telescopic-cascode
amplifier)

In (b), CS Q1 is NMOS and cascode transistor Q2 is PMOS (folded-cascode amplifier).

Two major reasons for cascode stages: (1) they provide large gain when current sources
are realized with cascode current mirrors; (2) they limit the voltage across Q1, minimizing
short channel effects.

The main drawback of cascode stages is that the output voltage swing is reduced in order
to keep both Q1 and Q2 in active region when compared to the CS amplifier.

& Ibias Ibias1

.—o VOLIt Q
2
VbiaS O_It Q2 Vin O_I Q1 jl_o Vbias
= 0 Vout
oo
— Ibiasz %
(a) (b) -

Chapter 3 Figure 15



Small-signal model

The gain from the input to the source of Q, is simply that of a common-source amplifier with a load resistance of

In» and is therefore given by

Va2 Omi

= _ng{rdEI”rinE) =S T
gdsl + gin’_r

Uin

The impedance looking into source of Q2

(3.52)

The gain from the source of Q, to the output is simply that derived earlier for the common-gate stage.

= _gmlgm“-'(r:js]”

(stz + GL)

Ru)

in2

g ) = - 1/t ) = gmz"‘ga’*"'gds‘ ~ Qm:
1+ it 1+ il
Fas2 Faso
L
§ R, . =1/G, ﬁut _ Om2 + Uso + s>
Vs: gds’! + GL
—oV ~
out = Oro(Tsal[RL) =
Fa2 The overall gain is
_rlt Q2 Rom A, = UE"‘UGIH
— v =
- t Fin2 Vin Vs2
VSZ o—.
rdsl The impedance looking into drain of Q2

Vin o‘l\/\/_||591

Chapter 3 Figure 16

gmzrdsl rdSE

The total output resistance will be

R,

rdz

Rouw = Ta

32



Example 3.9 (page 133)

Find approximate expressions for the gain and output resistance of the cascode stage in Fig. 3.15(a) assuming |y
is a simple current source with an output impedance on the order of R =r,

Compute approximate numerical results assuming all transistors have g, on the order of 0.5mA/V and ry; on the
order of 100k€).

We shall drop the indices for all small-signal values under the assumption that the transistors are somewhat
matched and to simplify matters since we are only deriving an approximate answer,

I 2
Jin2 ® =0m = Minz = —
2 Om
—l—_ Assuming r4e, 1s much larger than r,,,, the gain
§ RL = I/GL E o~ gm _ 9
Vi Qnm/2
® O Vout Vour |
— = ~Qnlas
rdz Vs: 2
|
| ,|_: Q, Rout A, = Yoz Veu o g
—_ t rinz ""'in "'rs.j
Voo O—9 : . .
82 Since R, « ry,, the output resistance is Rout = Fus
r.dsl
Vin ; ||591 .. . .
R, L The gain in this case is only a factor of 2 larger than that for a
Chapter 3 Figure 16 common-source amplifier.

Also, almost all of the gain is across Q2.



Example 3.10 revised (page 135)

Find approximate expressions for the gain and output resistance of the cascode stage in Fig. 3.15(a) assuming |y
is a simple current source with an output impedance on the order of R =~ Donpldsp = I lis

Compute approximate numerical results assuming all transistors have g, on the order of 0.5mA/V and ry, on the
order of 100kC.

We shall drop the indices for all small-signal values under the assumption that the transistors are somewhat
matched and to simplify matters since we are only deriving an approximate answer.

Qin2 = 1/ Tina = I — = Qas
1 + gdsgmras
—Tr = liny = My
5 R. = 1/G, Vo 1y,
Uil‘l L om o
L g O Vout Vyu
] since Ry » ryqo, = = Qmlas
d2 Vs
It Q I:‘out
—l— ! ° A I o o __1(g_m"*2
= T Fina W ng ds — 9 ng
\Y;
s2 01 1,
Fdsi I:{c:.ut = HL“rvr:II =~ igmrﬁs
oo
1 : . : : :
R — The gain and output resistance is dramatically improved

Chapter 3 Figure 16

compared to the previous example when a cascode current
mirror is used for lbias. 34



3.8 Differential pair and gain stage

A differential pair have identically-sized and —biased transistors Q1 and Q2.

It is usually used as the input stage of a Operational Amplifier.

|
Ipy | ¢IDQ
V? O_IH| Jov
Q; Q,

GD .

v 35




Small-signal model using T model

To simplify the analysis, we ignore the output impedance of the transistors temporarily.
Defining the differential input voltageas v, = v - v .

1|I"Ilirl _ 'Uirl

Fs1 + I /G + 1/Qma

lgr = g1

Since both Q, and Q, have the same bias currents, J,; = Quo-

id| = huin
Also, since iy, = I = —lgy,
iy, = _levin
2
Finally, defining a differential output current, igy = lg; — lgo,
g1 = g1 lg2 = g2 the following relationship is obtained:
_ i|.'.||_,|I = gmluin
V+ V
rs1 ¢ Is1 |32 ¢ rsz
—>
+ -
vV -V
rs‘l + r:32

Chapter 3 Figure 18
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Differential pair with resistive load

If two resistive loads R, are connected between the drains of Q, and Q, and
a positive supply, the result is a differential output voltage between the two drain
nodes, Voui = (Omi RV, and the stage has a differential small-signal gain of

ngHL'

Note that ras is neglected.

I
Re Re

Vout- Vout+
V' o[} JoVv
Q, Q,

II:Jias

Chapter 3 Figure 17 37



Differential pair with current mirror

As with the CS amplifier, we can replace the resistor by current mirrors as an
active load. Then, a complete differential-input, single-ended output gain

stage can be realized. This circuit is typically the first gain stage in a classical
two-stage integrated OpAmp to be discussed later.

From small-signal analysis of the differential pair,

- : Omi
lgr = lg1 = =— Vi,
2
Q; Q l|31 lga = lay = —ls,
él ‘ IE Fout g, = —s,
i id4T Vour = (—lgs = lg)our = 2isiTour = Qi FouV
s —0 Vout aut d2 da M out g1 Vo Y FoutVin

o_||: iS1T :||_ How to determine the small-signal output
+ resistance rout?

Ibias
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Computing rout

T model was used for Q1, Q2 and diode-connected Q3 was replaced by an
equivalent resistance and hybrid-pi model for Q4.

I:.: = I}{] + |x2‘+ Ixj + Ix;‘_.

Vi
s

Then assuming the effect of ras1 can be ignored (since it is much larger than rs1), then

: Vv, V, . . .
o = = since ry, is typically much greater than r, || r,,.
Fasa + (Fsy Il 1s2) Fds2
This iy, current splits equally between ig, and i, (assuming rg, = rg, and once again ignoring fgg,),
: . . —V
+ J_ Isi = ls2 = .
Fasa Il rsa = Va = Fasa = 4 9maVa 2lgs2
iX1 T T i)(4
iX
&
. V'
Ile l ix3 "
Wi
rd52$

-
)
&
AA—a
\AJ
Al
®
N
1
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Computing rout

However, since the current mirror realized by Q, and Q, results in i,, = i,;(assuming g, = 1/r,, = 1/r,; and
Fgss is much larger thanr,,), the current i, is given by

I:-:-ﬂ = _Isl = _Is? = _|x3

Vi Vi

rout = -

I + ix? + i:-:3 + ixd (Vi/Tasa) + (Vi Ts2)

Fout = Tas> | Fasa
Av = gml(rds: rds:t]
+
Fasa Il Tz = Va J—' e ég v
ds3 s3 ds4 < m4Va
IX1 T T i)(4
iX
&
L
VX

-
)
&
AAA
\AJ
Al
®
N
1
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