ECE 4430 - Analog Integrated Circuits MOSFET Differential Amplifiers — 33

MOSFET DIFFERENTIAL AMPLIFIERS
(READING: Text-Sec. 4.3.5)
INTRODUCTION
Objective
The objective of this presentation is:

1.) Introduce and characterize the amplifiers using active loads
2.) Show how analyze these amplifiers

QOutline

* MOS current mirror load differential amplifier

e Summary
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MOS DIFFERENTIAL AMPLIFIER WITH A CURRENT MIRROR LOAD
Voltage Transfer Characteristic

VDD =5V .
: M4 active
"""""""""""""""""" M4 saturated
M2 saturated :
""""""""""""""""""" M2 active———
05 1
- - VID (Volts) Fig. 330-01
Note: The output signal to ground is equivalent to the differential output signal
2 Vo1 = Vo2 = (ip1 — ip2) (Y as2//Tas4) 2 Vo/Via = (0.5gm1 — [-0.58m2]) (Tas2//Vas4)

e Load current mirror transforms the double-ended differential signal into a single-
ended signal.

Regions of operation of the transistors:
M2 1s saturated when,

vDS2 2VGS2-VTN — voUT-VS1 2 VIC-Vs1-VTN — vouTr 2 VIC-VTN
where we have assumed that the region of transition for M2 is close to vyp = 0V.

M4 is saturated when,
vS§D4 2vSG4 - VTPl = VDD-vOoUT 2 VSG4-lVTPl — voUT < VDD-VSG4t|VTP|
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Input Common-Mode Range (ICMR) fVDD
ICMR 1s found by setting vjp = 0 and varying vjC Thm thm
until one of the transistors leaves the saturation MS:I |__||:M.4 ,
. lIDB lID4 ouT
reglon. ftmllios 2um{]ins ¥
Highest Common-Mode Voltage > w1 o Voo
Path 1: from G1 through M1 and M3 to Vpp: " Vesu L ) Vo2 vouT _!
VG1 bl lss VG2

Vic(max) = VG1(max) = VGo(max) _ il__ll|ll__>'l\/'5 o

=VDD -VSG3 -VDs1(sat) +VGs1 7 VBiaSi 1 11 0o

=VDD-VsG3 + VTN1
Path 2: from G2 through M2 and M4 to Vpp:

Vic(max)’ =Vpp -Vsp4(sat) -Vpgo(sat) +VGs2

=VDD -Vsp4(sat) + VTN2

Vic(max) =Vpp - VsG3 + VTN1

Lowest Common-Mode Voltage (Assume a Vgg for generality)

Vic(min) = Vgs +Vpss(sat) + VGs1 = Vss +Vpss(sat) + VGs2

where we have assumed VGs1 = VGSs2 throughout the input common-mode voltages.
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Example 1 - Calculation of the Worst-Case Input Common-Mode Range of the n-
Channel Input, Differential Amplifier

Assume Vpp varies from 4 to 6 volts and V'§s = 0, and K’ varies from 45 to 100

uA/Vz, Vrp from 0.7 to 1 V, and Vyy from 0.6 to 0.8 V to calculate the input common-
mode range of an n-channel input differential amplifier with a PMOS current-mirror load.

Assume I§Sis 100 uA, W1/L1 = W2/Lp =5, W3/L3 = W4/L4 =1, and VpS5(sat) = 0.2 V.
Include worst-case variation in K' and V7 in calculations.
Solution

Smallest Vic max: Smallest Vpp, largest Vgaa, smallest K’, smallest Vy,

VIC(max) =4 — 2 '50“‘24 +1[+0.6=4-2.49+0.6="2.01 volts
A504/V72 -1

Highest Vic min:  largest Voo, smallest K’, largest Vo,

Vicmin) = Vss+02+ | |20 L gg]_02+147 =167 volts,
45ud/V? .5

which gives a worst-case input common-mode range of 0.34-V with a 5-V power supply.

Reducing Vpp by 340mV more will result in a worst-case common-mode range of
zero. We have assumed 1n this example that all bulk-source voltages are zero.
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Small-Signal Analysis of the Differential-Mode of the Differential Amplifier

A requirement for differential-mode operation is that the differential amplifier 1s
balanced".

Vout
. [_‘7 M1 MZEI _
Vid Vout °
M5 |out

vB.aSil__| Iss _ + vid o D1=G3=D3=G4 H D2=D4 .

las — L :

T 1 i_ Vgst Vo2 :::::C ::::: vouti

- : - 9m1 AV S mS C1: | gm2Vged lds2q Tdsa

S1=52=-53=54 Fig. 330 03

Differential Transconductance: Assume the output of the diff. amplifier is an ac short.

iout = Vgslgml(rdsl//rds3//[]/gm3])gm4 — Vos28m?2 zvgslgml(]/gm.?)gm4 — Vos28m?2

R Vas18ml — Vgs28m2 =gmdVvid
where gm1 = gm2 = gmd and i,,,;” designates the output current into a short circuit.

"It can be shown that the current mirror causes this requirement to be invalid because the drain loads are not matched. However, we will continue to use the assumption,
regardless.
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Small-Signal Analysis of the Differential-Mode of the Differential Amplifier -
Continued

Output Resistance: Differential Voltage Gain:
1 ” 4 Vout gmd
OUL= 052 +gdsg  AS2117ds4 Y7 vid  gds2 + gds4

If we assume all transistors are in saturation and replace the small signal parameters of
gm and r g 1n terms of their large-signal model equivalents,

Vou (KlssWW/L)V2 2 [K'1W1J1/2 V\‘,’I‘;t A
"vVia (A + A)Uss2) A + Ag \ssL

«— Stong Inversion—
Weak

| Invers- ]

oC \/ES’ ion

— 1:|-1A <> |_Og(|Bias)
Note the small-signal gain is inversely proportional to the square root of the bias Fig. 330-04
current!
Example: If W1/L1 =2um/lum and /g5 = 50uA (10nA), then
Ay(n-channel) = 46.6V/V (104.23V/V) Ay(p-channel) = 31.4V/V (70.27V/V)

1 1
gds2 + gds4  25uA-0.09V-1

rout = = 0.444MQ (2.22MQ)

-> Larger r,,, implies lower BW!
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Small-Signal Analysis of the Common-Mode of the Differential Amplifier

The common-mode gain of the differential amplifier with a current mirror load is ideally
Zero.

To illustrate the common-mode gain, we need a different type of load so we will consider
the following;:

VbD
M3 M4 M3 M4
Vol Vo2 Vol Vo2
o o) o o)
o I—O‘:I M2_|Fo
+ - l' S
C) Vi g — Vid C) 2+
- 2 + C)Vi C
Differential-mode circuit éeneral -ci rcuit - Corr-]mon-fnode -ci rcu-it
Fig. 330-05

Differential-Mode Analysis:

Vol o Eml_ and Vo2 o 8m2
Vid 28,3 Vid 28,4

Note these voltage gains are half of the active load inverter voltage gain.
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Small-Signal Analysis of the Common-Mode of the Differential Amplifier — Cont’d
Common-Mode Analysis:

o
Assume g1 1s large and can be ignored +
(greatly simplifies the analysis). gl Vol
Vos] = Vol-Vs1 = Vie - 28m17ds5V o
gsl = Vgl-Vsl1 = Vic - 48m17ds5Vgs1 Fig. 33006

Solving for vgg] gives Yesl =1 + 20,017 ds5

The single-ended output voltage, v, 1, as a function of v;- can be written as

vol  gmllrds3|(1/gm3)] (gm1/gm3) 8ds5
vie  1+2gmirdss 1 +2gmirdss  28m3
Common-Mode Rejection Ratio (CMRR):
Vol/Vidl  &m1/28m3
Vol/vicl - gds5/28m3
How could you easily increase the CMRR of this differential amplifier?

CMRR = = 8ml7ds5

With cascode or Regulated cascade (caution: increasing Iss will do the opposite!)
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Frequency Response of the Differential Amplifier

Back to the current mirror load differential amplifier:

4 VDD
Coaz iz |___:_ _.'-\ |!M 222 Choa
- C4 o a
Codl s o o3 9 [ Coa [+ Gl G2 D1=G3=D3=G4 I D2=D4 o
A Codl [ e 9 Vid-Q
-mT~ -1~ T~ i
Tt e ?
Vid - - — glegsl g
M1 M2 | = ] gmg C1 | grmoviged 42 e
- O
M5 SI=S2=-53=54
+[1
VBias; Fig. 330-07
L

Ignore the zeros th;t occur due to Coy1, Cgg2 and Cog4.
C1=Cgdl + Cpdl + Cpd3 + Cgs3 + Cos4,

C2=Cpd2 +Cbda+ Cagdn + (.
and C3=Cgd4

gml gm3 w2
WC3~0. VoutlS)* g5 + gasa Kgm + SCJ sl Vgﬂ(‘g)} [S + @]

2 T gds4 : :
where @) = 8gs ng > = if C3 # 0, RHP Zero exists through M1-M4 path

& C;"=C;+ C; puer =2 pole of Vg, path 1s lower, at g,,5/272C;°
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Frequency Response of the Differential Amplifier (Cont)

If we further assume g7,3/C1 >> (gds2+tgds4)/C2 = @,

the frequency response of the differential amplifier reduces to

Vout(s 1 @)
O.Ut( ) = [ S j [ j (A more detailed analysis will be made later)
Vid(s) ~\gds2 + gds4) \s + @2
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SUMMARY

 Differential amplifiers are easily analyzed by separating the stimulus into a differential
and common mode excitation

e The input common mode range of the differential amplifier is the range of common
mode voltages over which the amplifier senses and amplifies the differential voltage

* The common mode rejection ratio of the differential amplifier is the ratio of the
differential voltage gain to the common mode voltage gain

 The differential voltage gain of the MOS differential amplifier with a current source or
current mirror load 1s inversely proportional to the square root of the bias current.
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