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Topics

◮ Differential signals and amplifiers

◮ Various gains of a differential amplifier

◮ A MOS differential amplifier

◮ Differential and common-mode equivalent half circuits

◮ Large signal characteristics of an nMOS differential pair

◮ Effect of device mismatches



Differential and common-mode signals

VCM

VCM

VCM

Va Vb

Average value

VCM = (Va + Vb)/2

Difference Vd = Va − Vb



Differential and common-mode signals

VC

Va Vb

VC

vc

VD = 0

vd

Vd = Va − Vb = VD + vd

Vc = (Va + Vb)/2 = VC + vc

VA

VC = (VA + VB)/2
vc

VD = VA − VB

vd

Vd = Va − Vb = VD + vd

Vc = (Va + Vb)/2 = VC + vc

VB



Differential and common-mode components in two signals
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Vd/2

-Vd/2

va
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vb

b

Va = VA + va
Vb = VB + vb

VC

vc

Vc = (Va + Vb)/2

= (VA + VB)/2 + (va + vb)/2

= VC + vc

Common-mode signal:

Vd = Va − Vb

Differential signal:

Va = Vc + Vd/2

Vb = Vc − Vd/2

= (VA − VB) + (va − vb)



Differential amplifier

AV
va Avva AV

va
Avvd

vb

A single-ended amplifier A differential amplifier:

amplifies only the differential signal

Rejects the common-mode signal/noise/fluctuations present in the input



Advantages of differential signal processing

Av0

Av0

Input common-mode signal

Rejected at the output

Differential signal processing:

Single-ended signal processing:

Input differential signal

Processed to the output



A fully-differential amplifier and its gain

va

vb

von

vop

vop = A11va + A12vb

von = A21va + A22vb

Let us assume:

A11 =
vop
va
|vb=0

Computation of each coefficient:

A12 =
vop
vb
|va=0

A21 =
von
va
|vb=0

A22 =
von
vb
|va=0

va

vb = 0

von = A21va

vop = A11va

von = A22vb

vop = A12vb

va = 0

vb

A fully-differential amplifier



Differential and common-mode gains

va

vb

A fully-differential amplifier

von

vop vop = voc + vod/2

von = voc − vod/2

va = vic + vid/2

vb = vic − vid/2

vic = (va + vb)/2

vid = (va − vb)

voc = (vop + von)/2

vod = (vop − von)

vod = Admvid + Acm−dmvic

voc = Adm−cmvid + Acmvic

Adm: Differential-mode gain

Acm: Common-mode gain

Adm−cm: Differential-mode to common-mode gain

Acm−dm: Common-mode to differential-mode gain



Differential and common-mode gains

va

vb

A fully-differential amplifier

von

vop vop = voc + vod/2

von = voc − vod/2

va = vic + vid/2

vb = vic − vid/2

vic = (va + vb)/2

vid = (va − vb)

voc = (vop + von)/2

vod = (vop − von)

Adm = A11−A12−A21+A22
2

Acm = A11+A12+A21+A22
2

Adm−cm = A11−A12+A21−A22
4

Acm−dm = A11 + A12 − A21 − A22

In a balanced differential amplifier, Adm−cm = Acm−dm = 0.

Even in a perfectly balanced practical amplifier (vic = 0), Acm 6= 0 is possible.



Common-mode rejection ratio (CMRR)

va

vb

Fully-differential amplifier

von

vop

va

vb

Differential amplifier with single-ended output

vo = Admvid + Acmvic

Commom-Mode Rejection Ratio (CMRR) = |Adm

Acm

|

Notes:

Some references use CMRR = | Adm

Acm−dm
| for fully-differential circuits.

We will stick to CMRR = |Adm

Acm
| for both the circuits shown above.

Acm−dm and Adm−cm are mainly caused by component mismatch.

Acm−dm = Adm−cm = 0 for a perfectly balanced circuit.



CMRR of two stage amplifiers

Acm−dm of the first stage limits the overall CMRR

Acm of the first stage limits the overall CMRR

Acm−dm of the first stage limits the overall CMRR

(a)

(c)(b)



Input offset voltage
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Due to device mismatches,

VOD can be non-zero for VID = 0.

Input offset voltage is the differential input

voltage at which the differential output is zero.

VIC

VOD = 0

For a zero differential input,

differential output should be zero.

VID = 0

VIC

VOD 6= 0VID = 0

VIC

VOD = 0VID = VOS

VOS



Two single-ended amplifiers to process a differential signal?

Vdd Vdd

RL RL

M1a M1b

+vid/2 −vid/2

von vop

+vid/2

−vid/2

von

vop

−A

−A

A ≈ gm1RL

Adm = Acm ≈ gm1RL CMRR = 1

Pseudo differential pair can be used for differential signal processing but has poor CMRR!

Recall: A differential amplifier is supposed to amplify the differential input only.

Pseudo Differential Amplifier



An nMOS differential pair: Introduction

Vdd Vdd Vdd Vdd

RL RL

M1a M1b

Vic + vid/2 Vic − vid/2

von vop

Iss

RL RL

M1a M1b

Vic + vid/2 Vic − vid/2

von vop

Iss/2 Iss/2
P

P

Vic + vid/2 Vic − vid/2
N1 N1

N1 is an LTI network

P

Vic Vic
N1 N1

P

+vid/2 −vid/2
N1 N1

Zero voltage (virtual ground)

Zero current (open circuit)

Common-mode equivalent

Differential equivalent



An nMOS differential pair: Equivalent Half Circuits

Vdd VddVdd Vdd

RL RL

M1a M1b

vid/2 −vid/2

von vop

P

Vic Vic
N1 N1

P

+vid/2 −vid/2
N1 N1

virtual groundopen circuit

Common-mode equivalent Differential equivalent

RL RL

M1a M1b
Vic

Vic

von vop

Iss/2 Iss/2

CM equivalent half circuit DM equivalent half circuit

The response of the full circuit can be predicted from the equivalent half-circuit(s).



An nMOS differential pair: CMRR

Vdd
Vdd

RL

M1a

vid

RL

M1b

Vic

voc

Iss/2

CM equivalent half circuit DM equivalent half circuit

|Acm| → 0 if the current source is ideal. |Adm| ≈ gm1RL

CMRR → ∞

vod



An nMOS differential pair: Effect of tail resistance

Vdd Vdd Vdd Vdd

Vdd

Vdd

RL RL

M1a M1b

Vic + vid/2 Vic − vid/2

Von Vop

Iss

RL RL

M1a M1b

Vic + vid/2 Vic − vid/2

Von Vop

Iss/2Rss
2Rss

2Rss

RL

M1a

Vic

2Rss

Voc RL

M1a

vid

vod

CM equivalent half circuit DM equivalent half circuit

|Acm| ≈ gm1RL/(1 + 2gm1Rss)

|Adm| ≈ gm1RL

CMRR ≈ 1 + 2gm1Rss



Another method to find out the CM response

Vdd Vdd VddVdd Vdd

RL RL

M1a M1b

Vic Vic

Von Vop

Iss Rss

RL/2

M1a +M1b

Vic

Rss

Voc

|Acm| ≈ gm1RL/(1 + 2gm1Rss)

RL RL

M1a M1b

Vic Vic

Von Vop

Iss Rss

N1
N1

Vic Vic
1 1

2 23
4

5

3
4

5

If two identical networks are connected as shown above and excited by a CM signal, then the ith nodes

in both the networks will have the same potential. We can short the two ith nodes.

2gm1



An nMOS differential pair: Large-signal DM characteristics

Vdd Vdd

+
−

+
−

RLRL

M1 M2

V1 V2

VONVOP

Iss
V1

V2

ID2ID1

ID1

Iss/2

ID2

Iss

V1 − V2

0−(VID)max (VID)max

Gm

V1 − V2

0

V1 = VP + VTH +
√

2ID1
µnCoxW /L

V2 = VP + VTH +
√

2ID2
µnCoxW /L

P

V1 − V2 =
√

2ID1
µnCoxW /L +

√

2ID2
µnCoxW /L

ID1 =
Iss
2 + µnCox (W /L)(V1−V2)

4

√

4Iss
µnCoxW /L − (V1 − V2)2

ID2 =
Iss
2 − µnCox (W /L)(V1−V2)

4

√

4Iss
µnCoxW /L − (V1 − V2)2

Maximum differential voltage at whicn ID2 = Iss

(VID)max =
√

2Iss
µnCoxW /L

=
√
2(Vov )|VID=0

VON = Vdd − ID1RL

VOP = Vdd − ID2RL

−(VID)max (VID)max

Gm = ∂(ID2−ID1)
∂(V1−V2)



An nMOS differential pair: Large-signal DM characteristics

Vdd Vdd

+
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+
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RLRL

M1 M2

V1 V2

VONVOP

Iss
V1

V2

ID2ID1

VOPVON

Vdd

0
P

(VID)max =
√

2Iss
µnCoxW /L

VOPVON

Vdd

VOPVON

Vdd

−(VID)max (VID)max

VID

−
√
2(VID)max −

√
2(VID)max

VID

VID

(VID)max
√

2
− (VID)max

√

2

Doubling Iss to increase Gm: Doubling (W /L) to increase Gm:

Doubles the output swing

Increases the maximum VID by
√
2

Vdd − 2IssRL

Vdd − IssRL

Gm increases by
√
2

No change in the output swing

Increases the maximum VID by
√
2

Gm increases by
√
2

Vdd − IssRL

Vdd − IssRL

2I
ss
R
L I s
s
R
L



An nMOS differential pair: Large-signal CM characteristics

Vdd Vdd
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−

Vdd Vdd

+
−

Vdd Vdd
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Vdd Vdd
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Vdd Vdd
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RLRL

Vin,CM

RLRL

M1 M2

Vin,CM

P

M0

VB

RLRL

M1 M2

Vin,CM

P

RLRL

M1 M2

VO,CM

Vin,CM

IDID

P

M0

VB

Ron1 Ron2

rdsIss

P

(a) Vin,CM < VTH (b) VTH < Vin,CM < VGS1 + (VB − VTH) (d) Vin,CM > VDD − IssRL/2

RLRL

M1 M2

Vin,CM

P

rdsIss

(c) VGS1 + VB − VTH < Vin,CM < Vdd − IssRL/2 + VTH

Ron0

Vin,CM Vin,CM Vin,CM
VTH

ID

VTH

VO,CM

Vdd − IssRL/2

VTH

VPICMR

(c)(a) (d)

VTH + Vov1 + Vov0 VTH + Vdd − IssRL/2

VO,CM
VO,CM VO,CM VO,CM



Device mismatches in differential pair: VOS

Vdd Vdd Vdd Vdd

(W /L)2

(W /L)1

R1 R2

(W /L) + ∆(W /L)

R +∆R/2 R −∆R/2

(W /L)−∆(W /L)

R = (R1 + R2)/2

∆R = R1 − R2

(W /L) = ((W /L)1 + (W /L)2)/2

∆(W /L) = (W /L)1 − (W /L)2

ID −∆ID

ID +∆ID

Input Offset Voltage: VID at which VOD = 0 ⇒ ID1R1 = ID2R2

ID1

ID2

VOS = VTH1 − VTH2 +
√

2ID1
µnCox (W /L)1

−
√

2ID2
µnCox (W /L)2

≈ ∆VTH + VGS−VTH

2

(∆ID
ID

− ∆(W /L)
(W /L)

)

ID = (ID1 + ID2)/2

∆ID = ID1 − ID2

VTH = (VTH1 + VTH2)/2

∆VTH = VTH1 − VTH2

VGS − VTH =
√

2ID
µnCox (W /L)

≈ ∆VTH + VGS−VTH

2

(

− ∆R
R

− ∆(W /L)
(W /L)

)

→ since ID1R1 = ID2R2 ⇒ ∆ID
ID

= −∆R
R



Device mismatches in differential pair: Acm−dm

Vdd Vdd

R1 R2

i1 i2

vin,cm

Rss

P

i1 = gm1(vin,cm − vp) ⇒ vo1 = −gm1R1(vin,cm − vp)

i2 = gm2(vin,cm − vp) ⇒ vo2 = −gm2R2(vin,cm − vp)
vo1 vo2

vp = − (gm1+gm2)Rss

1+(gm1+gm2)Rss
vin,cm

vo1 = − gm1R1

1+(gm1+gm2)Rss
vin,cm

vo2 = − gm2R2

1+(gm1+gm2)Rss
vin,cm

vod = − gm1R1−gm2R2

1+(gm1+gm2)Rss
vin,cm

|Acm−dm| = | gm1R1−gm2R2

1+(gm1+gm2)Rss
|

Exercise: Find out Acm, Adm, and CMRR.



Summary

◮ Differential and common-mode signals

◮ Differential amplifiers

◮ Different gains: Adm, Acm, Acm−dm, Adm−cm, and VOS

◮ DM and CM equivalent half circuits of a balanced
fully-differential amplifier

◮ Studied the large and small signal characteristics of an nMOS
differential amplifier

◮ Effect of device mismatches on the circuit performance




