ECE 4430 - Analog Integrated Circuits MOSFET Differential Amplifiers — 26

MOSFET DIFFERENTIAL AMPLIFIERS
(READING: Text-Sec. 3.5)
INTRODUCTION
Objective
The objective of this presentation is:
1.) Define and characterize the MOSFET differential amplifier

2.) Show the large-signal and small-signal performance

3.) Show alternate implementations of the differential amplifier
QOutline

» Large-signal transconductance

Large-signal voltage transfer

Small-signal performance

Other characteristics of the differential amplifier

Summary
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LARGE-SIGNAL TRANSCONDUCTANCE
Transconductance Performance of the Differential Amplifier

Consider the following n-channel differential 4 VoD
amplifier (sometimes called a source-coupled | | !
N 1lip1 ip2]|
pair): VG1 '\f'l v l M|2 VG2
+ 3 | 3
l' VID VGs1 VGS;—‘
Bias \
Where should the bulk be connected? Consider |[m4 M3||lss |,
a p-well, CMOS technology, :]I 7 =Vau
D1 Gl Sl 2 G2 D2  Vpp B
i — o o e ha Fig. 260-01
= -
_p— ks J
n-substrate
Fig. 260-02

1.) Bulks connected to the well: No modulation of V7 but large common mode parasitic

capacitance to substrate = sensitive to substrate noise injection (PSRR Performance is
degraded).

2.) Bulks connected to ground: Smaller common-mode parasitic capacitors, but
modulation of V7.

If the technology 1s n-well CMOS, the bulks must be connected to ground.
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Transconductance Performance of the Differential Amplifier - Continued
Defining equations (Assume that the MOSFETSs are in saturation):

2iD11/2  (2iD2)1/2 , ,
vID =vGS1 —vGS2 = F; s and ISS=iD1 +iD2
Solution:
2 4 2 4
18 1sS| 1D A bl o i, 1SS Iss|PD A b1
= s, 2= T2 uss Ty,
SS SS

which are valid for vip < (2I5S/5)1/2.

I1lustration of the result:

If Vid ==, .. Vosi > > Vas2, Ip; = [SS: Ip2 = 0

If Via <<, .- Vgs1 << Vg2, iD] :0’ iDZ = ]SS

Differentiating i1 (or i) with respect to vyp and setting Vyp =0V gives

K'11sSW1
gm=dip1/dviD(VIp=0) = (,B]SS/4)1/2 = ( 4‘2‘? JI/Z (half the gj; of an inverting

amplifier)
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LARGE-SIGNAL VOLTAGE CHARACTERISTICS
Voltage Transfer Characteristic of the Differential Amplifier

MOS differential amplifier with resistor loads and MOSFETs

in the saturation region. The differential output voltage is:

voD=VDD-iDIRD - VDD +ipD2RD

Pip A

4

| D

=Rp(ip2-ip1) = Rp| ISS 1SS

[llustration of this relationship:

Hgg

Note that typical values of 146% range from

2-4V, which means that the linear range of

MOS differential amplifiers is £2-4V
compared to £0.1V for BJT diff. amps.

VDD 4
v

—o0 +VOD - o— | .
|ip2

iDll + +
Lo AP
wl<j§;_;isg ;L' 'J; y£2;2§t>w2

Vss

Vo1 Vo2

Fig. 260-04

15 2
Fig. 260-05
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Source Degeneration of the MOS Differential Amplifier

Increases the range over which the source-couple pair behaves as a linear amplifier by
essentially decreasing the overall gain/transconductance (decreasing the slope).

4 Vbb

. o

. L o +VOD - 0—,
|Dll

. l: M1 sz Loob o i
Vit VGSL ) . o
@ lss Fig 260-06
Vss

Because of the increased linear range of MOSFET differential amplifiers, source
degeneration is not as useful as for BJT differential amplifiers because gain is lost,
thereby making the linearity-gain tradeoff less attractive (gain is typically already lower
with MOSFETs than with their BJT counterparts = smaller values of g;;,).
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SMALL-SIGNAL PERFORMANCE
Differential- and Common-mode Small-Signal Performance

The small-signal performance of a differential amplifier can be separated into a

differential- and common-mode analysis. This separation allows us to take advantage of
the following simplifications.

Half-Circuit Concept: VDD% VDD% For differential analysis:
I D

Source = ac gnd!

[0 +Vod - o

g1 l . + lldz

M1 M2
Wi 1 1 Je
N = : = [ 2
Vbbp + Vpp =
RD% %RD
) +Vold - 0—

|d1l ¥ & lldz For common-mode:

\ M1 _T_ _T_ Mz;__l . Source-degenerated
e Yot : 3 ) Ve CS amplifier!
= 2 2 =
2Rss 2Rss
Vss v Vss Vss Wss  Fig. 260-07

concept is only valid if the resistance looking into each source is equal.

For common-mode, the half-circuit
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Small-Signal, Differential-Mode Performance of the MOS Differential Amplifier

Circuit and small-signal model:

Vbp
RD% Ri I:\)outl
|n
. o+
Idll v:_:l D V'd—Vm ng|n<9 % %
LA
y V,

Vid

sl -
> g

— Fig. 260-08

Half-circuit performance:

Vol -8ml1RD
Rin1 =%, Royt1 =Rp, and vig 2
Differential performance: Rig=©, Rod = Rout1TRour?

2 Roy = Vv/is = (Vor—vo)/is = [(€nVid/2)Ro1H(EmVia/2)Ro2]/(€mVia’2) = Ro1 + Ry2

Vod Vol Vo2 -gmlRD +gm2RD

and vid = vid - Vid = 7 - 7 =-gm1RD

where g1 = gm2.-
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Small-Signal, Common-Mode Performance of the MOS Differential Amplifier

Circuit and small-signal model:

Vbp
Rp % Rin Rout
O—b | O
o + + <J +
S OmVgs I'ds

Id1 +
l VOl Vg
0 y )
. l:M 1 j)_ D ic RD% Vout
Vic Vgsl | = 2R
— I $ - -
L o o
-2 @Rss% Fig. 260-09
Vs v Vss

Half-circuit performance:
Rin1 =,  Rour=rdsll +(&m + gmbs)2RSS] + 2RgS,  and
Vol —&uRD
vo2 1+&,2Rss

Common-mode performance:

—Z.,RD
Rjc =0, Roc= (rdsl] + (gm + gmbs)2RSS] + 2RSS)||Rp, & Yoc L ,
vie 1+8,,2Rss

where g;1 = gm2 and rds] =rds2.
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Common-Mode Rejection Ratio (CMRR)

The common-mode rejection ratio is a measure of the differential amplifier’s ability to
reject the common-mode signal and amplify the differential-mode signal.

—g.,.RD
_ | Adm| _ Vo1’ via 2
CMRR = /% = ~ ~ g RgsS
Aem| Vo1’ vie —&uRD "
I+g, 2Rss

Thus, the larger the input transconductance or RggS, the larger the common-mode
rejection ratio.
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OTHER CHARACTERISTICS OF THE DIFFERENTIAL AMPLIFIER
Input Common-Mode Voltage Range

The input common-mode voltage range (ICMR) is the range of common-mode input
voltages over which the differential amplifier amplifies the differential signal without

significant change.
Consider the following:

VDD¢
+| Rp ép{
Ipp =1Iss o _ °2 P
Ibpb  Ipp
M1 }r 2 21 M2
+ __|.| vpg(sat) :I +
Vic(max) VGSl_ _ Ve
- VBias lISS
M3
Vss
Maximum ICMR Voltage:

vic(max) = Vpp-0.5ISSRp-vpS1(sat)+VGs1

=Vpp-0.5ISSRp + V71

N

[5)) |DDl
M1 2 2

M2

Jr

VG

. —
Vie(min) VesL

Vss

Fig. 260-10

Minimum ICMR Voltage:

vie(min) = Vgstvpgs3(sat)+VGsi

= V§stvDs3(sa)tvps1(sa)+rT]

Prof. G.A. Rincon-Mora



ECE 4430 - Analog Integrated Circuits

Slew Rate of the MOSFET Differential Amplifier

Slew rate 1s a voltage rate because current available to charge a capacitor 1s constant.

MOSFET Differential Amplifiers — 26

dvc iC
Slew rate = SR = g - C
where i and v are the current through and voltage across a capacitor C.
$VDD 4 VDD
lss Iss
Rp Rp - R R
+ VIOID ) Circuit at <|£S ? VDIi + V|O,D - ng ’ 425
Cs j_: iDll Cl;t) l'DZ CSJ_ VOD 0 s |D1—0l Co' E: bDZ—'SS j_: Cs
; Mz o
Vi1<<0 VGsL VGSZ vI >>0 Vi 1<<0 VGsL _V G Vi2>>0
@ @ Fig. 260-11
Note that the current in M1 is 0 and M2 1s /gg. The slew rate can be found from,
dvD1 dvp)

0.5Is§=Cs™ g T Co@(vm vp2) & 0.35[g5=-C dt + Co@(vm vD2)

Thus, summing the two relations, /g§ = ZCOE(vpl-sz)JrC S@(VDI'VDZ)

IS 0.51g¢
2C,+Cg Cyt0.5C

d
= (2Co+Cs) 4 (vD1-vD2) = |SR=
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SUMMARY

 Differential amplifier amplifies the difference signal between two voltages and rejects
the common mode signal

« The transconductance characteristics of the MOS differential amplifier switches from
all of the current in one side to the other side within +£2-4V

* Source degeneration increases the range over which the differential amplifier behaves
as a linear amplifier

 The half circuit concept is very useful for analyzing the small-signal differential and
common mode performance

e The maximum and minimum input common mode range is:
vie(max) =Vpp - 0.5ISSRp + V71
vic(min) = V§stvps§3(sa)+VGsi

* The differential amplifier has a slew rate limit of /55/Ceg Where Ceq 1s the equivalent
capacitance seen from either of the drains to ground.
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