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\begin {equation*}\text {MOSFET:} \;\; A_{diff} = g_m\, R_D \qquad \text {BJT:} \;\; A_{diff} = g_m\, R_C\end {equation*}
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$V_1 + V_2 = 2\,V_{CM}$


$V_1 - V_2 = V_{diff}$


$V_{CM}$


$V_{diff}$


$(V_1, V_2)$


$(V_{CM}, V_{diff})$


$V_{CM}$


$V_{OUT}$


$V_{diff}$


$V_{diff}$


$V_{CM}$


$V_1 = 3.2$


$V_2 = 2.8$
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Decomposing
Two Voltages

into Common-Mode and Differential
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Two Input Voltages V; and V5

Consider two voltages applied to the gates (or bases) of a differential
pair:

Vi Vs
# # # = # # # » # # —>
Voltage
We can describe these two voltages using two new quantities:
Common-mode voltage: Differential voltage:
Vem = itV Viig = Vi — V2
2

he diff — th
(the average — the midpoint) (the difference — the spread)
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Visualizing Viepr and Vi on the Number Line

Viie = Vi — V2
A
Vewm
% % % ® % ® % ® % % —
V. V. Voltage
& AN /2
~" ~"
Vdife Vi
2 2

Vewm sits at the midpoint between V4 and V5. Each voltage is
Viifr /2 away:

Vs Vs
Vo = Ve —
5 > M 5

Vi =Vem +

Check: Vi + Vo =2Vey v Vi— Vo= Vg v
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Why Decompose This Way?

Any pair (V1, V») can be uniquely written as (Ve Viirr)

The differential pair circuit responds differently to each:
Common-mode (V¢y): shifts both inputs together —
ideally no effect on Vpour

Differential (Vyif): pushes inputs apart — produces the
output signal

This lets us analyze the circuit’s response to each component
separately

Key idea: The differential pair amplifies the difference Vi and
rejects the common part V.

This is why it is called a differential amplifier.
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Numerical Example

Suppose V4 =3.2Vand V, =28 V.

Common-mode: Reconstruct:
3.2+2.8 _ Oi B
VCM:TZ:?).OV V1—3.0+2 =32V/V

4
V2:3.0—0—:2.8V/
Differential: 2

Vyir =32—-28=04V

Ve =3.0
# : @ : @ : @ : —
2.6 2.8 3.0 3.2 34
Vo =28V ~Vi=3.2

Vi /2 = 0.2Vgigr /2 = 0.2
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Differential Pair

with Two Different Inputs
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Differential Pair with V; and V,

+Vop +Vbop
Rp Vout Rp
Vb1 Vb2
My
Vo v e,
Vs
IRer
—Vbp

Now Vi # Vo, — the gates are driven by different voltages.
How does the circuit respond?
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Replace Vi, Vo with Vey and Vg

Using our decomposition:

Vit Vit
Vi =Vem + ; Vo = Vem —
2 2
+Vbp +Vbp
Rp Rp
Vb1 Vb2
My
My
Vi VS V,
diff diff
2 2
Vewm I Irer I Vem
= Voo =
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The Common-Mode Component: Ve

Ve sets the operating point (bias) of the differential pair
With no signal applied (v = 0), both gates sit at Vey
This is identical to Lecture 18 with Vgjas = Vem

The current splits equally: Ipy = Ipy = Igege/2

The source voltage is: Ve = Ver — Ves

where Vs = Vry + Voy is set by /REF/Q ﬂowmg through each
transistor

Since the current splits equally: Voyr = Vb1 — Vp2 = 0 (as we saw in
Lecture 18)

Ve is a large voltage (on the order of the supply) — it determines
the bias currents and node voltages

Because Vcy is large, we analyze its effect using the large-signal
model of the MOSFETSs (the /-V equations from Lecture 18).
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The Differential Component: =+ vy /2

vgife is the signal that the differential pair amplifies

It is small compared to Vp; — a small perturbation around the
operating point

Applied with opposite signs to the two gates:

Vi=Vem + vcgff Vo= Vem — vagﬁ

Gate 1 Gate 2

This pushes M; and M, in opposite directions

When vy > 0: Vsq increases, Vsp decreases
Ip1 increases, Ip, decreases (but Ip1 + Ipo = IrerF)

Because vy is small, we analyze its effect using the small-signal
model of the MOSFETs (gm, ro) — linearized around the
operating point set by V.
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Small-Signal Circuit

=

R, D R, D
Vd1 Vd2
My
Ma
Vs
4 Vdiff _ Vdiff

DC supplies — ground, DC current source — open circuit, Vepy
removed.
Only the small-signal sources =+ vgis /2 remain.
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Small-Signal Model

L

Rp Rp

Vdi1 Vd2

§ Demen ame(}) §
Vdiff Vdiff
t2 2

2

Vs

Each MOSFET replaced by its small-signal model: gp,V,s current source
in parallel with r,.
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Matched Parameters

Since both transistors are biased by V¢y with equal currents
Ip1 = Ip2 = Irer /2, their small-signal parameters are identical:

Transconductance: Output resistance:

8ml = 8m2 = 8m ro1 = fo2 = Ig
21p W S,
&= oy V2R Y

where Ip = IREF/2 where Ip = /REF/2

Both g, and r, depend only on Ip = Iger/2, which is set by Vcy

The small-signal parameters are not functions of v+ — they are
constants determined at the operating point

Because the circuit is symmetric, we can write g, and r, without
subscripts.
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KCL at the Source Node v;

Apply KCL at the shared source node (ignoring r, for now). The
currents flowing into vs from My and Ma:

8mVgsl + 8mVgs2 = 0
. . Vdi
Substituting vge1 = Zdiff

Vdiff _
Vs and  vgeo = — — V!
2
Vdiff Vdiff
en(Z50 —w) ram(- 5 ) =0
Vy; Vy;
g%/éﬂ_gmvs_&)/éﬂ_gmvszo g

vs =0

The source voltage is always zero regardless of vyis.

When a node’s voltage is zero no matter what signal is applied,
we call it a virtual ground.
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Substituting vs = 0 into the Current Sources

L

RD RD§

Vd1 Vd2

BmVdiff 8mVdiff
SO 3.

ve =0

8Bm Vdiff

pointing down = + pointing up

_ &m Vdiff
8mVgs2 = — T

Both sources now push current in the same direction through the
circuit.
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Virtual Ground # Actual Ground

vs = 0 means the source node is at zero voltage — but it is not
connected to ground

It is its own node and must satisfy KCL independently

Current that enters vs through one r, cannot magically appear
at the ground on top of Rp

Instead, every electron that flows into vs through ro1 is matched
by an electron flowing out of vs through ry

The two r, currents cancel at the source node — they circulate
between the two halves, not through ground

Actual ground: can sink or source unlimited current.

Virtual ground: voltage is zero, but current is not absorbed — it
must go somewhere else in the circuit. KCL still applies.
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Right Half: Current into the Drain of M,

= Vdiff . . . .
T The current w is injected into
the drain node.
Ro It must flow through Rp or r, (in
parallel):
Vd2 Since r, > Rp:

RDHro ~ RD

Nearly all current flows through Rp:

Vp = _|_gm;/diff Rp

vs =0
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Left Half: Current out of the Drain of M;

BmVdiff

The current is pulled out of the

—

drain node (opposite direction).

Rp Again r, > Rp, so current flows through Rp:

_ 8m Vdiff
Vg1 = ———=— Rp
Va1 . 2

The output voltage:

r § @ &mVdift Vout = Vd1 — Vd2
o
2

8mVdiff EmVdiff
= — Rp — R
2 P 2 P

Vout = —8&m Rp Vdifr

ve =0
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Differential Gain

The differential voltage gain of the differential pair:

If we define vou: = Vg1 — Vao:

Vout
Adirr = = —8mRp
Vdiff
If instead Vour = Vgo — Va1t
Vout
Adiff = = +gm Rp
Vdiff

Whether the gain is inverting or non-inverting depends on which
output you call positive

The gain magnitude |Agir| = gm Rp depends on bias current and Rp
ro does not appear because r, > Rp

Think of V4 as VT and V, as V, just like an op amp.
The differential pair is the input stage of an op amp!
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BJT Differential Pair

Same Analysis, Different Device
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BJT Differential Pair with V; and V5

+Vee +Vee
Re Vour Re
—>
Ve Ve
Q1
Vi Q2 Vo
Ve
IRer
—Vee
Same topology as the MOSFET pair: Vj # V), @1 and Qs
matched.

Dr. Lau (University of Kentucky) EE461g: Introduction to Electronic Circu



BJT Small-Signal Circuit

—
4

RC RC

(o]
@

Vdiff Vdiff

DC supplies — ground, DC current source — open circuit, Vi
removed.
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BJT Small-Signal Model

i

Rc

Vbel r I 8mVbel  Bm
+Vdilf

Rc

Ve2

- "

rr Vbe2
_ Vdiff

2

Ve

BJT model adds r; between base and emitter (finite input impedance).
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BJT Matched Parameters

Since both transistors are biased by V¢y with equal currents
Ic1 = lc> = Irer/2:

Transconductance: Input resistance: Output resistance:
8m1 = 8m2 = 8m el = Ino = I'x fo1 = o2 = to
e ] , _Va
&m =y C & ° e

where Ic = Irgr/2 and V7 = 26 mV at room temperature.

All parameters depend only on Ic = Igrgr /2, set by Vey

Key difference from MOSFET: BJT has finite r, (MOSFET gate has
e — 00)

Circuit symmetry = we drop subscripts: gm, rr, fo-
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BJT: KCL at the Emitter Node v,

By symmetry, the same argument as the MOSFET case applies.

Currents into ve from Qq: through gmVpe1, fo1, and rq1
Currents into ve from @Qy: through gmVpes, roz, and rro
Since the circuit is symmetric and the inputs are antisymmetric
(+Vd,‘ff/2 and —Vd,'ff/Q):
Every current flowing into ve from Q; is matched by an equal
current flowing out through Qs

This includes currents through g, ro, and r,
The base currents ip; = Vpe1/rr and ipp = vpen/rr are equal and

opposite since vpe1 = —Vper — they cancel at v,

The base currents through r, cancel by symmetry — the virtual
ground holds even with finite input impedance.
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BJT: Virtual Ground at v,

All currents cancel at the emitter node, therefore:

Ve =0 (virtual ground, same as MOSFET)

Since v, = 0:

Vdiff B Vi
Tv Vhe2 = V2 — Ve = —

Vhel = V1 — Ve = +

With v, = 0, each vp, is fully determined by the input signal.
We can now substitute directly into the current sources.
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BJT: Substituting v = 0 into the Current Sources

L

Rc Rc §

r l BmVdiff 8mVdiff r
o > 2 o

Ve =0

8m Vdiff

Same result as MOSFET: both sources push in the same

direction.
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BJT: Half-Circuit Analysis

Right half (Q2): Current injected into Output voltage:
collector. vy v
i &m Vdif out — Vc2 — Vcl
Since ro > Rc: | Ve2 =+ Rc ) )
2 _ +gm;dlff Re + gm;/dlff Re
Leliit half (Q1): Current pulled out of Vout = +8m Re Vairr
= ector.g v Differential gain:
m Vdiff
Ve = —=5— Rc "
Adir =~ = +-gm Rc
Vdiff

Identical form to the MOSFET result! Just replace Rp — Rc.-
The only difference: BJT has g = Ic/Vr vs. MOSFET gn = 2Ip/Vov.
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SPICE Verification of Differential Gain

MOSFET Diff Pair: Agitr = gmRo BJT Diff Pair: Agir= gmRc

60 | == Vou: (SPICE) 400 11— Vout (SPICE)
=== Slope =0.60 (measured) ==+ Slope =7.63 (measured)
9mRp = 0.60 300 gmRc = 7.60
40 SPICE slope =7.63
200
_ _. 100
z z
< < o
R N
-100
-200
=300
—-400
-100 75 50  -25 [ 25 50 75 100 -100 75 50 25 [ 25 ) 75 100
Vaitr (MV)

Vaitr (MV)

SPICE confirms Ad,'ﬁr = ngD (MOSFET) and Ad,‘ff = ngC (BJT)
Linear region is narrow for BJT (£10 mV) vs. MOSFET (£50 mV)
because BJT g, is much larger.
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Lecture 19 Summary

Any two voltages Vi, V> can be decomposed into:

Common-mode: Vewy = (Vi + V2)/2  (large, sets bias)
Differential: vgir = Vi — Vo (small, is the signal)

Vem is analyzed with the large-signal model (Lecture 18)
vairr is analyzed with the small-signal model

By symmetry, the shared source/emitter node is a virtual ground (vs = 0 or
ve =0)
Virtual ground # actual ground: KCL still applies, no current is
absorbed

The circuit splits into two half-circuits at the virtual ground
Differential gain:

MOSFET Ad,‘ff = 8m RD BJT: Ad,‘f‘f = 8m RC
Sign of gain depends on definition of vou: (VT vs V7, like an op amp)

BJT has higher gm = Ic/Vr but narrower linear range than MOSFET

Next: What happens when the circuit is not perfectly symmetric?
Common-mode rejection ratio (CMRR).
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