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Previously on ELCN 201

Steps of AC Analysis

1. Eliminate the AC source and determine the DC operating
point of the MOSFET particularly V.

2. Calculate the values of the small-signal model parameters
Im-

3. Eliminate the DC sources by replacing each DC voltage
source with a short circuit.

4. Replace the MOSFET with one of its small-signal equivalent
circuit models and determine the required quantities.
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Previously on ELCN 201

Model of the Amplifier

In AC analysis, the amplifier is replaced by: Voo
a) Gain (4,)
b) Input resistance (R;;,) e \g Re
c) Output resistance (Rt ) oV,
Rout ip
— —AMN\— —=
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Previously on ELCN 201

Analog Design Octagon

Gain, speed, power dissipation,
supply voltage, linearity, noise,
or maximum voltage swings are Power

Noise <«———» Linearity

o . Gain
the important aspects of the P==h™" ‘
performance of an amplifier t 5 T, -.

Input/Output v Supply
Impedance Voltage

These parameters trade with
each other, making the design a Speed a—s gm0
multidimensional optimization

problem.



Introduction

Differential and Single

Noise and interference are the major problems in electronics
circuits specially in the analog circuits.

/V\ —{ Amplifier F—— /\\/\

Single ended amplifier suffers from the noise and interference
problems.

If two wires are physically close together, the interference
voltages on the two wires will be equal.



Introduction

Differential and Single

Any signal can be generated from the difference of two out-of-
phase signals each has half the required magnitude

TN N —— 4
Summer p—— /\/\

The difference signal between the two wires will contain no
interference component.

/\\/\ SRS 71
Amplifier F——
~ ™ — -
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The MOSFET Differential Pair

Configuration

The diff-pair consists of two matched transistors, Q; and Q-,
operated in the saturation mode whose sources are joined
together and biased by a constant current source /.

% %
The current source I ususually T T
implemented using a MOSFET Ro3 Sk,
source/mirror. Vorod |1 2| Loy,

The drain of each transistor 1s I:Q1 QZ:I
connected to the positive supply -
through a resistance R,.

I
In most cases R}, is replaced by active loads %
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The MOSFET Differential Pair

Operation with a Common Mode Input

\oltage

When a common mode voltage V), is applied to the two gate

terminals

Vemr — Vem = Vst — Vigsz
=0

Vis1 = Visa = Vs

Voo

RD§

| o1

Voo

.

§R

+—o0

VDl O—
Qs
Vem

D
VDZ
% VCM



The MOSFET Differential Pair

Operation with a Common Mode Input
\oltage

When a common mode voltage V), is applied to the two gate
terminals

Yoo Yoo
R § §R
I 1 ! I
Ip1 =1Ipz; =3 Voo =5k 17 gh oV =38
ICH
+ +
S

Vb1 =Vpa =Vpp — ERD Vem(E) Yes! %E Ve Veu
I



The MOSFET Differential Pair

Operation with a Common Mode Input
\oltage

I
V_R°_'l§ El_°V_RD

o]
V= Ve — Vs H% %

=Vem — (Vop + V1)



The MOSFET Differential Pair

Operation with a Common Mode Input
\oltage

If V¢ 1s varied while keeping Q4 and Q, in the saturation mode,
the current I will divide equally.

Yoo Yoo
The oqtput voltages (Vpq and R3S Sk,
Vpo) will not change. PRI DTS ¥ v ln,
The differential pair does not I:Q’ QZ:I
respond to (rejects) common- V() Ves - Vos (%) Veu

mode 1nput signals. 1 /‘%, ) L
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The MOSFET Differential Pair

Operation with a Common Mode Input
\oltage

An important specification of a differential amplifier is its input
common mode range that keeps its proper

operation Yoo 2
Rp Rp
The highest value of Vgp i1s ; : . : 1
At . Vop —5Rp o— l_ _l'_OVDD__RD
limited by the requirement that 2 : ! 2
Q1 and Q, remain in saturation I:Q1 Qz:l
+ +
Vem Ves Ves

' s Vem
I i —
VeMmax = VDD—ERD + Vr = /J%?l =



The MOSFET Differential Pair

Operation with a Common Mode Input
\oltage

An important specification of a differential amplifier is its input
common mode range that keeps its proper

. V, %
operation Ybp Voo

. Rp Rp
The lowest value of Vi 1s , : . . : 1
determined by the need to Voo = 3R |3 24— Voo —5Ro
allow for a sufficient voltage I:‘% Qz:l

+ +

across the current source I for Vi Ves : Ves

VCM
it to operate properly. 1 /J % , 1

VCMmin — Vsreq + VOU + VT



The MOSFET Differential Pair

Example (1)

For the MOS differential pair shown, let Vpp = — Ve = 1.5V,

I=04mA, and Rj
= 2.5 k). Assume that the current source requires a minimum

ki (W/L) = 4mA/V? , V; =05V,

voltage of 0.4V to operate properly.

a) Find V,, and V;5 for each
transistor.

b) What 1s the highest and
lowest permitted values of
Vem

c) For Ve =0, find Vs |, Ipq,
Ip,, Vp1, and Vpo.
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The MOSFET Differential Pair

Operation with a Differential Input Voltage

To apply a differential voltage, the gate of Q, is grounded and a
signal V; 4 1s applied to the gate of Q.

Via = Vis1 — Vis2

Voo Yoo

When Vid 1S pOSiﬁve, VGSl will
Rp Rp

be greater than Vggp and Ipq 3 o 3
will be greater than I, and the Voo ot 02| o v,
difference output voltage (.Vod " I:@ QZ:I -
= VDl - VDZ) will be negatlve. Vid Vos1 : VYes2
When V;; is negative, the difference  ~ %' =

output voltage will be positive.
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The MOSFET Differential Pair

Operation with a Differential Input Voltage

The differential pair responds to difference-mode signals by

providing a corresponding differential output signal between
the two drains.

I will flow completely in Q4 Kpﬂ LS
when V;g; reaches the value RoS Sk
that corresponds to Ipq =1, oo | To| vy,
and Vs, 1s reduced to a value

equal to the threshold voltage ¥ ':01 QZ:L;

VT Via 5 : -
1 , W 5 — %l —
I = Ek” T Ves1 — Vr)



The MOSFET Differential Pair

Operation with a Differential Input Voltage

21
V651=VT+\/k;L(W/L)—VT+\/_\[ (W/L)

- VT + \/_Vov

V,, 1s the overdrive voltage .llm Iz 1._0

Vb2
WhenlDl—I/Z 0, 0
min ?E ' l
Vss

- (VT + \/_Vov) VT \/_Vov

Via

= Vst | — Vs
max max



The MOSFET Differential Pair
Operation with a Differential Input Voltage

If V;q is increased beyond v2V,,, Ip; remains equal to I, Vg

remains equal to V; ++/2V,,,, while Vs rises correspondingly,
thus Q- 1s kept off.

Voo Voo
In the negative direction, as T T
Viq reaches —V2V,,,, Q; turns Rog R
off and @, conducts the entire Voro—oi |1 2|1 oy,
bias current /.

- t@ QZ:J/ -
The range of differential-mode ia ks | =
operation 1s = %1 =
—V2V,, < Vig < V2V,
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The MOSFET Differential Pair

Large Signal Operation

Via = Vgs1 — Vis2 I =1Ipy +1Ip;

1 , 114 1 W
Ip, = Ekn (T) (VGS1 - VT)Z Ip, = Ek‘:l (T) (VGsz - VT)Z

Solving these equations

I [ 1\(V; Vig/2\
o= 1+ 5) (%) - (42)
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The MOSFET Differential Pair

Large Signal Operation

2
| | V; Vii/2
Ipip2 =55 e 1- ia/
’ 27 \Vou/ \ 2 Vov

To obtain a linear amplification Ioa | Iox
from the differential pair, and
for a given V,,, , V;4/2 needs to
be kept much smaller than V,,,,.

I [ 1\/(Vy w el N\
IDl,DZ = E i V_ 7 —500 —400 —300 —200 —100 O 100 200 300 400 500 Via(mV)
ov

ld

—
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The MOSFET Differential Pair

Large Signal Operation

Iorps = =+ (—
Dl,D2_2— Vov

To obtain a linear amplification
from the differential pair, and
for a given V;4, V,, needs to be
increased.

Increasing V,, results in a
reduction in the gain.
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The MOSFET Differential Pair

Large Signal Operation

2
| | V; Vii/2
Ipip2 =55 e 1- ia/
’ 27 \Vou/ \ 2 Vov

To obtain a linear amplification Ioa | Iox
from the differential pair, and
for a given V;4, V,, needs to be
increased.

Increasing [ restore the gain
back. However, increasing I,
increases the power dissipation.

—500 —400 —300 —200 —100 O 100 200 300 400 500 Via(mV)
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The MOSFET Differential Pair

Small Signal Operation

To obtain the small signal parameters,
MOSFETs is replaced with the corresponding T model

I

+ Vod —
V41 O—+——O0 O—<¢+—0Va2

Im Ugsl<l> l gmvgsz
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The MOSFET Differential Pair

Small Signal Operation

P (L)
2 2 gs1 gs2

Via = Vgs1 — Vgs2
As the current i1s the same 1n
the loop

ImVgs1 = —ImVgs2
— Vid
Vgs1 = —Vgs2 2
Vid Via

— vgslzz’ Vgsz=_2
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The MOSFET Differential Pair

Small Signal Operation

Dividing v;; between the two
transistor result in making the
signal voltage at the joint
source connection to be zero,
acting as virtual ground.

20, 20/2) I
Im =y T Vo Vo

ov

. I\ (vig

la = ImVgs = V_ (7)
ov
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The MOSFET Differential Pair

Small Signal Operation

Va1 = —9mVgsRp
= —9gmRp %
Vaz = ImVgsRp
= gmRp ?

Vod = Va1 — Va2

= —9mRpVig




The MOSFET Differential Pair

Small Signal Operation

The gain if the output is taken as a single ended from one of the
two output terminals

Vai 1 5 Ry
—_— — E'ngD R § , §
vid Vd1 O—r—(-; ” C_)——O Vdz
Va2 1 5 ,
_te E Im RD ImVgs <¢> T>gm gs
Vid _ _
If the output is taken differentially, " e 31 igv; -
the gain becomes B
Vod i
—= = —gmRp

Vid



The MOSFET Differential Pair

Small Signal Operation

An advantage of taking the output differentially is an increase in
gain by a factor of 2. = =

. . . R R
Single ended | Differential & o T
1 Vi1O——4—0 O—f——O Va2
2 9m Rp ImRp ImVgs <¢> T> ImVgs
+ o
Yia 1 1 _Yia
2 S m §”~f 2




The MOSFET Differential Pair

Small Signal Operation
Differential Half Circuit

Due to the symmetry in the differential amplifier and because it
Is fed with a differential signal in a balanced manner, the small

signal parameters can be determined by = =
considering only half the circuit.

Ro § RD

+—o0 V42

Vg1 00—
RD t Q1 QZ:I
Vod
V41 0——¢+—0 — Vid
" 2 7 "’:%:"'
o i
Vid




The MOSFET Differential Pair

Small Signal Operation
Differential Half Circuit

The equivalent differential half-circuit has a grounded source, a

result of the virtual ground that appears on
the common sources’ terminal of the

MOSFETSs in the differential pair.

Ro § RD

+—o0 V42

Vg1 00—
RD t Q1 QZ:I
Vod
V41 0——¢+—0 — Vid
" 2 7 "’:%:"'
o i
Vid




The MOSFET Differential Pair

Small Signal Operation
Differential Half Circuit

The differential gain can be determined directly from the half
circuit.

Vod = =
—= = _ngD
Via
RD§ RD§
The half circuit simplify o o Vod Vog
the analysis when 7, is 2 e 2
inserted in the model of g’””gs<l> —|':Ql
the MOSFET 3
4 v;d <+>
vOd i Vgs L 8 N
— =—gmRp//75) *? - i on
vid i — L




The MOSFET Differential Pair

Differential Amplifier with Active Load

To obtain higher gain, the passive resistances R}, can be replaced
with active load (current sources).

- : - Yoo Yoo
The active loads are realized using
PMOS transistors Q3 and Q. Vo1 0s 0 |—vs
n i
V1 o—1 1’01 ’Dzl s

V. 1s a DC bias voltage that sets Q5

@ Q; ]
and Q, each to conducts a current ™ N
equal to I /2. Ver % Vez
1 —
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The MOSFET Differential Pair

Differential Amplifier with Active Load

To determine the small signal gain, the differential half-circuit is
constructed using Q; and Q5.

Dr. Mohamed Refky
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The MOSFET Differential Pair

Differential Amplifier with Active Load

To determine the small signal gain, the differential half-circuit is
constructed using Q; and Q5.

L ]
The differential voltage gain is given by
Vod N
VU = gm(r01//r03) vd1O——OT
id




The MOSFET Differential Pair

Cascode Differential Amplifier

Yoo Yoo

Another way to increase the gain i
of the differential amplifier is to vaso—|l:o7 Qs:ll—oves

utilize the cascode configuration
Vg2 °—|t Qs Q(’:II_OVBZ
L Rop

Vp1o— +——oVp,
amplifying transistors via @5 and Ron
Q4, and to the active load via Qs le—%l

Vi o—|':
transistors Q< and Q. ':Q, sz
v Ve . Vez
4= _gm(Ron//Rop) 5 %1 ’%

Cascoding 1s applied to the

Via
Ron = GmaT0aT02, Rop = 9YmeTo6708 Ves
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The MOSFET Differential Pair

Common Mode Rejection

When the ideal current source I is replaced with a real current

source having a finite output resistance, the common mode gain
will no longer be zero.

With v, set to zero, the bias Rg ;
current in each of Q; and Q, will
be larger than //2 by an amount

determined by V), and Rgs. . 51:0 sz}%v .
. SS% ( V)1

Vp +v41 o0—— +——o Vp + vy,

Rgs 1s usually very large. Thus, the
additional DC current is usually
small and can be neglected.
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The MOSFET Differential Pair

Common Mode Rejection

To determine the change in the output due to v,.,,, Vpp and Vs
are replaced by a short circuit and [ is replaced by an open

circuit. - —

SR

Va1 O——+—O O—1+—O0OVaz
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The MOSFET Differential Pair

Common Mode Rejection

Vem = Vem = Vgs1 — Vgs2




The MOSFET Differential Pair

Common Mode Rejection

Ve = = —9mRp ”
Va1 Vaz —9ImRp

UVem Vem 1+ 29mRss

If Rgg = oo (case of ideal current
source)

g g
+ Voa —
Va1 O O O
ImVgs 1> <1 9
+ +
1
Vg § o e gvgs




The MOSFET Differential Pair

Common Mode Rejection

_ngD v
1+2g,Rgs ™

Va1 = Vg2 =

Voag = Vg1 — Va2 =0

The differential output voltage is
free of the common mode signal

O Va2




The MOSFET Differential Pair

Common Mode Rejection

For the differential input, a virtual ground develops on the
common-source terminal

ImVgs l T> gmvgs t Q1 Zj
+
b 4 v;d Vgs1

+ 4 B
Vid 1 1 Vid .
e - el 1 . L

2 == § Im Im § Vgs 2 B
- +

e wEE -
i R has no effect on the differential gain




The MOSFET Differential Pair

Common Mode Rejection
Effect of R, Mismatch
—9mRp

Vg1 = % - =
U1+ 2g,Rss T g -
D p T ARp
v _ _gm(RD-I_ARD)v - ;—)”odc—) >
d2 = cm ' “
1+ 29,.,.R
Imiss gD O
Vog = Vg1 — Vo = ImARp v | |
od dil a2 1+2ngSS CTi;l +§i 1§+
The common mode gain A, is 1l 4L

Vod _ gmARD
Vem 1+ ngRSS

Acy =
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The MOSFET Differential Pair

Common Mode Rejection
Common Mode Rejection Ratio

Common mode rejection ratio (CMRR) is a measure of the
effectiveness of the differential amplifier in amplifying
differential mode signals and rejecting common mode
interference

|Aql
|Acml

CMRR =



The MOSFET Differential Pair

Common Mode Rejection
Effect of R, Mismatch

Vbp Vbp
- Voa _ 9ImBRp T T
M Yem 1+ 2gmRss R3S S Ry + R,
vod o— +—o Vpy
Ag=-2=_g R
d vld gm b ':Ql szl
A _ Ve
cMRR = 4!
|ACM| Rss l 1 —
= (1 + 2g,,Rss) /( ) L
D

Rss should be as big as possible, AR, should be as small as possible.



