EEEB273 — Electronics Analysis & Design Il

(6)
MOSFET

Differential
Pair

Reference: Neamen, Chapter 11

Learning Outcome

Able to:

* Describe the mechanism by which a
differential-mode signal and
common-mode signal are produced
in a MOSFET differential-amplifier.

« Describe the dc transfer
characteristics of a MOSFET
differential-amplifier.

6.0) Essential Formulas

Region NMOS PMOS

Saturation |y, o> ypg(sat) Vsp2 Vsp(sat)

ip=K,[vgs =Viy ]2 ip= Kp[vsc +VTP]2

;ra_ntsition vps(sat) = vgg = Vi vsp(sat) = vgg + Vip
oint

Mobility of electrons, holes
K MGV _k, W By :
n oL 2 L Eor Oxide permittivity
. Oxide thickness
g MG _k, Wl .
P annel Width, Leng
oL 2L W, L Ch | Width, Length
- k’'=u C Process conduction
Cox = €ty k", _ B o parameter (provided by
p = Hp Cox manufacturer) 3

6.1) Basic MOSFET Differential Pair

* Figure 11.19
shows the basic
MOSFET diff-pair
configuration
using N-MOSFET.

Figure 11.19:
Io Basic MOSFET
differential-pair

o configuration.

6.1) Basic MOSFET Differential Pair (cont)

 Two identical transistor M, and
M,, whose sources are connected
together, are biased by a constant
current source 1, which is connected
== to a negative supply V-

z”o-ﬂ M, My ‘
- E[O'u - * The drains of M, and M, are
I conneci/eer through R,, to a positive
Figure 11.19: EUpply
Basic MOSFET

» Assume that M, and M, are always
biased in the saturation region.
Even with vg; = v4, = 0, the M; and
M, can be biased In saturation region
by the current source I,,.

differential-pair
configuration.

5

6.1) Basic MOSFET Differential Pair (cont)
Example 11.8

Objective:
Calculate the dc characteristics of a MOSFET diff-
amp.

Consider the diff-amp shown in Figure 11.20.
The transistor parameters are:

K, = K,, = 0.1 mA/V2,

K,;=K,,= 0.3 mA/V2,
and for all transistors

A=0and Vpy=1V

Determine the maximum range of common-mode
input voltage, i.e. find v, (max) and v, (min).
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6.1) Basic MOSFET Differential Pair (cont)
Example 11.8 (Cont)

v¥=10V

I 1

V =-10V
Z

Figure 11.20: MOSFET diff amp for Example 11.8

6.1) Basic MOSFET Differential Pair (cont)
Example 11.8 (Cont)

Vv¥=10V

Rp= Rpy=
16 k2 16 kQ

, - Current
V =-10V S orCe

8

Figure 11.20: MOSFET diff amp for Example 11.8

6.1) Basic MOSFET Differential Pair (Cont)
Example 11.8 (Cont)

Solution:
The reference current can be determined from:

_ Vi-v- _VGS4 _ 2O_VGS4

Il
Rl Rl
i T I = Kns(vcs4 —Vix )2
Thus Wi =17V, —11=0 22/ de

Yields Vs =2.40V
and 7 =0.587mA

6.1) Basic MOSFET Differential Pair (Cont)

Example 11.8 (Cont)
The quiescent drain currents in M, and M, :

Iy =Ip, =1,/ 2~0.293 MA

The gate-to-source voltages are then
I, 0.293

Visi =Vasa = +Viy =

nl

The quiescent values of v,,; and v, are

+1=2.71V

Vor=Vos =V-I;;R,/2

=10-(0.293m)(16k)/2 =5.31V

6.1) Basic MOSFET Differential Pair (cont)
Example 11.8 (Cont)

V=10V

L
SR=
< 30kQ

6.1) Basic MOSFET Differential Pair (cont)

Example 11.8 (Cont)

The maximum common-mode input voltage is the
value when M, and M, reach the transition point
ven(Max) = Vg, (max) + Vg,
= (vo; - Vpsi(sat)) + Vs,

The minimum common-mode input voltage is the
value when M, reaches the transition point
vy (Min) - = Vg, (min) + Vg,
= (V= + Vpgy(sat)) + Vg,
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6.1) Basic MOSFET Differential Pair (Cont)

Example 11.8 (Cont)

The maximum common-mode input voltage is the
value when M, and M, reach the transition point,
Vpsi = Vps, = Vpgi(sat) = Vg - Vi
Vpsi=2.71-1=171V
Therefore,
vey (Max)  =vy, - Vpg,(sat) + Vg
=531-1.71+271=6.31V

The minimum common-mode input voltage is the
value when M, reaches the transition point,
Vpsa = Vpsdsat) = Vg, - Viy=2.4-1=14V
Therefore,
veu(Min) = V- + Vg (sat) + Vi
=(-10)+1.4+271=-589 V i

6.2) DC Transfer characteristics

* Use circuit in Figure 11.19. Assume M, and M, are
matched and neglecting their output resistances:

ip = K, g =V )’ (11.60(2)

ipy =K, (Vo = Vi ) (11.60(b))
Taking square roots and subtracting

\/a_\/g = JFn(VGSl _V052)= \/K»n'vd
where V4 = Vg1 —Vea = Vas1 ~ Vesa (11.61)

is the differential-mode input voltage.

6.2) DC Transfer characteristics (Cont)

*lfv,>0, thenvg, >vg, and vgg; > v,

which implies that ij,; > i,
« Since ip+ipy =1 (11.62)
(\/g_\/lg —ip, )Z = (\/Z-W)z =K,v;
X ; 1
iy —ip ZE(IQ _Knvj)
i =1

oion +i (1,-k2) =0

6.2) DC Transfer characteristics (Cont)

* Applying the quadratic formula, rearranging terms,
and noting that ij,, > 1,/ 2 and v, > 0, can obtain

—b %+ /b% — dac

2a 1

6.2) DC Transfer characteristics (Cont)

* The normalized drain currents are

1, (11.68)
I, 2

and i _1_ (11.69)
1, 2

= These equations describe the dc transfer
characteristics for the circuit. They are plotted in
Figure 11.21 as a function of normalized differential

input voltage v,/ /(2IQ/KW)

6.2) DC Transfer characteristics (Cont)

Fig11.21:  Normalized dc transfer characteristics
for MOSFET differential amp.

» From (11.68) and (11.69), at a specific differential
input voltage, bias current 1, is switched entirely to

one transistor or the other.
o =V 1o/ K, (11.70)

18

= This occurs when ‘Vd
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6.2) DC Transfer characteristics (Cont)

* Forward transconductance = the slope of the dc
transfer characteristics for the ij,, curve.

» From Figure 11.21, maximum forward
transconductance occurs at v, = 0, so that

di
g, (max) =<2
Va

(11.71)

v,=0

* Using (11.66),

K.l _

g, (max) = %’” (11.72)

where g, is each transistor’s transconductance.
19

6.2) DC Transfer characteristics (Cont)

* The slope of i), characteristic curve atv, =0 is
the same, except negative.

Note:

« Similar to BJT diff-amp, the differential-mode
input voltage must be held within a small range
of voltages so as to remain linear.

» However, the v,(max) for the MOSFET diff-amp is
much larger than v,(max) for the BJT diff-amp.
Why? Because the gain of the MOSFET diff-amp
is much smaller than the gain of the bipolar (BJT)
diff-amp.

20
Next

6.3) AC equivalent circuit

» Figure 11.22 is AC equivalent circuit of diff-amp
configuration, showing only diff voltage and signal
currents as a function g,,. Assume output resistance
looking into the current source is infinite.

Figure 11. 22 M
AC equivalent o w
circuit for MOSFET ? i
differential amplifier. = | eround =

21

6.3) AC equivalent circuit (Cont)

* Using this equivalent circuit,
the One-sided output voltage
atv,, is

v,=v, —+g’”2"R (11.73)

Figure 11.22: * Then the differential voltage
AC equivalent ain is
circuit for MOSFET 9
differential amplifier.
A, Yo _ 8uRp — K., R,
v, 2 2
(11.74)

6.4) Differential- and Common-Mode Input Impedances

* At low frequencies, input impedance of
a MOSFET is essentially infinite.

=>» This means that both the differential-

and common-mode input resistances of
a MOSFET diff-amp are infinite.

23

6.5) Small-signal Equivalent Circuit Analysis

+ Can determine basic relationships for differential-
mode gain, common-mode gain, and CMRR from
an analysis of the small-signal equivalent circuit.

Fig 11.23: Small-
signal equivalent
circuit, MOSFET
differential amplifier.

24

Lecturer: Dr Jamaludin Bin Omar

6-4



EEEB273 — Electronics Analysis & Design Il

6.5) Small-signal Equivalent Circuit Analysis (Cont)

- Assume that transistors are matched, with 4 = 0 for
each transistor, and that constant-current source is
represented by a finite output resistance (R, # ).

* Two transistors are biased at the same quiescent
current, and g,,1 = 82 = &
» KCL equation at node V,

8.V,

gsl

V
+ nggJZ = RS

From the circuit, V,=V,-V,and V,,=V,- V|

o0

1%
Then, g, V,+v,-2v.)= Rj (11.76)
25

0

6.5) Small-signal Equivalent Circuit Analysis (Cont)

+ Solving for V
V. = M (11.77)
: 1
2+

&R,
« For a one-sided output at the drain of M,
V,=V,= _(gmvgsz)RD = _(ngD )(Vz _Vs)
« Substitute (11.77) and rearranging terms yields

V2(1+IRJ—V]
Ry|—8nle) (11.79)

8aR, 26

V,=-8.,

6.5) Small-signal Equivalent Circuit Analysis (Cont)

+ Based on relationships between input voltages V;
and V, and differential- and common-mode voltages,
as given by Equation (11.29), Equation (11.79) can

be written
V — ngD V _ ngD
‘ 2 1+2¢g,R, " (11.80)

» The output voltage, in general form, is
‘/() = AdVd +A V

cm’ cm

* The transconductance g,, of the MOSFET is
7 - &n=2K, I, =42K,1,

27

6.5) Small-signal Equivalent Circuit Analysis (Cont)

6.5.1) Differential- and Common-mode Gains

* Therefore:
=> Differential-mode gain is

8.R R |K.!
A, = 5 D — lanlg (TDJ =\ ¢ R, Mm.82a)

= Common-mode gain is

_ —&.Ry _VZKnIQ R (11.82(b))

" 1+2g,R, 1+2,2K,1, R,

For an ideal current source, R, = o, soA,,, = 0.
28

6.5) Small-signal Equivalent Circuit Analysis (Cont)
6.5.2) Common-Mode Rejection Ratio

= Common-mode rejection ratio (CMRR) is
1
CMRR = 5[1+2m'R0] (11.83)

This demonstrate that the CMRR for the MOSFET
diff-amp is also a strong function of the output
resistance of the constant-current source.

- The value of CMRR can be increased by
increasing the output resistance of the current
source. The increase can be accomplished by
using a more sophisticated current source circuit,
such as the MOSFET cascode current mirror. 2o

6.5) Small-signal Equivalent Circuit Analysis (Cont)
Example 11.9

Objective:

Determine the differential-mode voltage gain,
common-mode voltage gain, and CMRR for a
MOSFET diff-amp.

Consider a MOSFET diff-amp with the configuration
in Figure 11.20. Assume the same transistor
parameters as given in Example 11.8 except
assume 4= 0.01 V-! for M,

30
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6.5) Small-signal Equivalent Circuit Analysis (Cont)

vi=10V

Rp= Rp=
16 k2 16 kQ

\ﬁ—l

Current
Source

V =10V

31

Figure 11.20: MOSFET diff amp for Example 11.8

.5) Small-signal Equivalent Circuit Analysis (Cont

Example 11.9 (Cont)

Solution:
From Example 11.8, bias current is 1, = 0.587 mA.

The output resistance of the current source is then
Ry=1/(21,) =1/(0.01x0.587m) = 170 kQ

The differential-mode voltage gain is

4, = | Klo g [DOS8TM) gy
d 2 D 2

>  A4,=867 =

6.5) Small-signal Equivalent Circuit Analysis (Cont)

Example 11.9 (Cont)
Solution: (Cont)

and the common-mode voltage gain is

_ -\2K,1, R, —J2(1)(0.587m).(16k)

Acm - =
1+2,2K,1,.R, 1+2/2(1)(0.587m).(170k)

> A, =-0.0469
The common-mode rejection ratio is then

CMRR 45 = 2010g,,(8.67/0.0469) = 45.3 dB

33

6.6) Two-Sided Output

* For an ideal MOSFET op-amp, with the two-sided
output defined as with V, = V4, — Vy,, then

Vo = ngD (Vgsl_ gsZ) = ngD (Vl_ VZ)
With: V,=V,.+V,/2and V= V.. - V,/2

=> Differential-mode voltage gain is

Ag=gmRyp (11.84(a))
= Common-mode voltage gain is
Anm=0 (11.84(b))

A, =0is a consequence of using matched

devices and elements in the diff-amp circuit.
34

6.6) Two-Sided Output (Cont)

6.6.1) Effect of R, and g, mismatches

R, mismatch gn mismatch
Ry =R, + AR, &m = &n + 18,
Ry, = Ry —AR, 8 =&y — 18,

Vo =8, (RoVe =BV o) | Vo = Rp (g, Vet = 8V )

Ay 2.k g2.Rp

i L OR, R,(24g,)

= B RO ‘l + zR{)gm

CMRR ‘ |4, | 8. Ro 1+2R.g,
4, (AR, /R,) 2(Ag,./g.,)

Note: CMRR of mismatched elements in MOSFET diff-amp
is identical with the results of mismatched elements in the

BJT diff-amp. 35

Next

Larger circuits

36
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6.1) Basic MOSFET Differential Pair

'bil

el O—I
+

vGs1 _ VGs2

Figure 11.19:

Basic MOSFET
differential-pair
configuration. o

6.2) DC Transfer characteristics (Cont)

Fig 11.21:  Normalized dc transfer characteristics
for MOSFET differential amp.

mx = VoK, (11.70),

= This occurs when ‘Vd

6.1) Basic MOSFET Differential Pair (cont)

vi=10V

Rp= Rp=
16 k2 16 kQ

\_I_I

Current
Source

Figure 11.20: MOSFET diff amp for Example 11.8

V =10V

38

6.3) AC equivalent circuit

I\li

Signal

| & rosund

Figure 11.22: AC equivalent circuit for MOSFET diff-amp. 40

6.5) Small-signal Equivalent Circuit Analysis

Fig 11.23: Small-signal equivalent circuit, MOSFET diff-amp.a1
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