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$A_{diff} = g_m\, (r_{o2} \| r_{o4})$
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$i_{M3} \approx g_{m1}\frac {v_{diff}}{2}$


$\displaystyle v_{sg4} = \frac {v_{diff}}{2}$
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$r_{o3} \gg \frac {1}{g_{m3}}$


\begin {equation*}\frac {1}{g_{m3}} \| r_{o3} = \frac {r_{o3}}{1 + g_{m3}\, r_{o3}} \approx \frac {1}{g_{m3}}\end {equation*}
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\begin {equation*}i_{M3} = g_{m1}\frac {v_{diff}}{2} \cdot \frac {r_{o1}}{r_{o1} + \frac {1}{g_{m3}}} \approx g_{m1}\frac {v_{diff}}{2} \quad \text {(since } r_{o1} \gg \frac {1}{g_{m3}}\text {)}\end {equation*}
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\begin {equation*}v_{sg4} = i_{M3} \cdot \frac {1}{g_{m3}} = \cancel {g_{m1}}\frac {v_{diff}}{2} \cdot \frac {1}{\cancel {g_{m3}}} = \frac {v_{diff}}{2} \quad \text {(matched: } g_{m1} = g_{m3}\text {)}\end {equation*}
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$\displaystyle i_{M4} = g_{m4}\, v_{sg4} = g_{m4}\frac {v_{diff}}{2} \quad \quad i_{M2} = g_{m2}\frac {v_{diff}}{2}$
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$\displaystyle v_{sg4} = g_{m1}\frac {v_{diff}}{2} \cdot \frac {1}{g_{m3}}$


$\displaystyle i_{M4} = \frac {g_{m4}}{g_{m3}} \cdot g_{m1}\frac {v_{diff}}{2}$
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\begin {equation*}i_{out} = g_m\frac {v_{diff}}{2} + g_m\frac {v_{diff}}{2} = g_m\, v_{diff}\end {equation*}
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\begin {equation*}R_L \| r_{o2} \| r_{o4} \approx R_L \quad \text {(since } R_L \ll r_o\text {)}\end {equation*}


$i_{out}$


$R_L$


$r_o$


\begin {equation*}A_{diff} = g_m\,(R_L \| r_{o2} \| r_{o4}) \approx g_m\, R_L\end {equation*}


$g_m = 0.4$


$R_L = 1$


$\Omega $


\begin {equation*}A_{diff} \approx 0.4 \times 1 = 0.4 \quad \text {vs.} \quad 100 \text { (no load)}\end {equation*}


$r_o \gg R_D$


$R_L \ll r_o$


$+V_{DD}$


$M_3$


$M_4$


$M_1$


$M_2$


$V_1$


$V_2$


$M_7$


$M_6$


$R_{REF}$


$-V_{DD}$


$v_{out,1}$


$M_5$


$v_{out}$


$M_8$


$R_L$


$g_{m,n}(r_{o2}\|r_{o4})$


$R_L\!=\!1$


$g_{m,n}R_L$


$g_{m,n}(r_{o2}\|r_{o4})\!\cdot \!\frac {g_5 R_L}{1+g_5 R_L}$


$g_{m,n} = 1.40$


$r_o \approx 118$


$\Omega $


$g_{m5} = 12.0$


$I_{REF} \approx 900\;\mu $


$M_5$


$W/L = 100$


$\pm 5$


$R_{REF} = 10$


$\Omega $


$R_L$


$\Omega $


$\sim $


$\times $


$v_{out}$


$v_{diff}$


$v_{out,1}$


$M_5$


$v_{out,2}$


$I_{BIAS}$


$R_L$


$1\,$


$\Omega $


$\infty $


$\approx 1/g_{m5}$


$I_{D5} = I_{BIAS} + V_{out}/R_L \approx 900\mu + 2490\mu = 3.4\;$


$g_{m5} = 12.0$


$R_L$


$g_m$


$\displaystyle \frac {g_{m5} R_L}{1 + g_{m5} R_L} = \frac {12.0}{13.0} = 0.92$


\begin {equation*}A_{total} = 83 \times 0.92 = 76 \;\;(\text {SPICE: } 76)\end {equation*}
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$\displaystyle i_{Q4} = g_{m4}\, v_{eb4} = g_{m4}\frac {v_{diff}}{2} \quad \quad i_{Q2} = g_{m2}\frac {v_{diff}}{2}$
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@ Why Replace Rp with a Current Mirror?
© MOSFET Differential Pair with Active Load

© BJT Differential Pair with Active Load

@ Summary
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Active Load

Differential Pair
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Lecture 19 Recap

In Lecture 19, we found the differential gain with resistor loads:

Adift = &m Rp

To increase gain, we need larger Rp or larger gm,

But larger Rp means larger voltage drop Ip - Rp
Reduces output voltage swing
Requires higher supply voltage
Large resistors are expensive in IC design

Solution: Replace Rp with a current mirror (active load)
A current source has very high output resistance (r,) but only a

small DC voltage drop (Voy). This gives us high gain and large
output swing.
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MOSFET Diff Pair

with PMQOS Current Mirror Load
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How the Active Load Works

Ms is diode-connected (gate tied to drain) — it acts as a “resistor”
that sets the current

M, mirrors the current through Ms: if M3 and M, are matched,
Ipsa = Ip3
At the bias point (vgir = 0):

Ipr = Ip2 = Irer /2

M3 forces /D3 = ID1 = /REF/2

My mirrors this: Ipg = Iger/2 = Ipa Vv

The output is taken single-ended from the drain of M, (= drain of
My)

Key difference from Lecture 19: only one output node, not Vp; — Vp»

The PMOS mirror converts the differential pair's two output currents
into a single output voltage at the M, /M, drain node.
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Small-Signal Equivalent Circuit
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arallros
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P -
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Left: My drives current into diode-connected M3 (/ 1/gm3). Right: M,
mirrors that current; M, steers its own. Both act on vg;.
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Left Half: My and M;
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Analyzing the Left Half

Step 1: Simplify the M; resistance.
Since ry3 > g%:
1 o3 1

—r = o~ —
gm3|| o3 1+gm3 ro3 Em3

Step 2: Nearly all of M;'s signal current flows through éﬁ.

The current divider between ry; and —:

&m3 '
) Vdiff rol Vdiff . 1
M3 = 8m——  ——— R 8m—— (since ro; > —)
2 ro1 + 2 2 Em3
m3
Step 3: Find vgg4 across the g% resistor.
1 vaie 1 Vdiff
Vegs = I3 - —— = — = matched: =
sg4 M3 gm3 M 2 % 2 ( 8m1 gm3)
Vdiff
Vet =
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Right Half: M, and M,

S, T
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D4  Vout
AN
im2 ngVd% o2
vs =0
. . . Vdiff o . Vdiff
IM4 = Bm4 Vsgd = 8ms—~— IM2 = 8m2——

2 2
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General Gain Derivation

No assumptions about g,, matching between NMOS and PMOS.

Vdi 1 .
From the left half: vees = gm LA Mirror current:
2 8m3
. 8m4 Vdiff
IMa = — - 8m1
Em3 2
Vdiff

M current change: Aiyz = gma2 Total current into output:

2
lout = = m m Vdi
ut 2 gm2 gm3 g 1 diff

Since M3, M, are matched PMOS: gn4/gms = 1. Since My, M, are
matched NMOS: gm1 = gm2 = &m,n

‘Adiff = &m,n (Fo2l|roa) ‘

The gain depends on the NMQOS g, only. The PMOS g,,'s cancel in
the mirror.
ro2 (NMOS) and rys (PMOS) need not be equal.
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Finding vt

8Bm Vdiff JL

Total current into output node:
Mj pushes +g,*4% in (from mirror)
M pushes +g,*4" from shared source

Vdiff Vdiff
+ 8&m = &m Vdiff

This current flows through r,3||r,4:

lout = 8m

Vout = iout(ro2Hro4) = Bm Vdiff (r02||r04)

8m o

2

Adift = &m (ro2||roa) =

Both halves contribute to the output. The gain is set by g, and the

Dr. Lau (University of Kentucky)
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Input Impedance

The differential input impedance is seen looking into the gates of M;
and Mg.

MOSFET gates draw no DC current (/g = 0)
The small-signal gate current is also zero

Therefore:

Rin,diff = 00

This is a major advantage of the MOSFET differential pair
The input does not load the previous stage
For BJT: Rindifr = 21 = 2 L (finite, but still large)

Infinite input impedance means the diff pair can sense voltages
without drawing current from the source.
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Output Resistance at the Output Node

The output node sees two current sources looking in:

Looking down into M, (NMOS): output resistance rop
Looking up into My (PMOS mirror): output resistance ro4

These are in parallel: Roy: = roz||roa = % (matched devices)

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




What Happens with a Load Resistor?

With a load R; connected to the output:
The total resistance at the output becomes:

Ril|rozllfoa = R (since Ry < r,)

Almost all of iy, flows through Ry, not r,’s:

8m Vdiff JL
Aditt = &m (RL|lro2||roa) =~ gm RL
VOU
‘ Example: g, = 0.4 mA/V, R, =1 kQ:
R, o, Adif = 0.4x1=0.4 vs. 100 (no load)
Foa ro2

A small load resistor destroys the high gain! The active load's advantage
(ro > Rp) is lost when R; < r,. This is why op amps need feedback,
not resistive loads.
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Complete Circuit for SPICE Simulation

+Vbp

Ms

Vout,1

Vout

Rrer RL

—Vop
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SPICE Simulation

* Active-Load Diff Pair SPICE confirms the theory:
VDD vdd 0 5
VSS vss 0 -5

* NMOS mirror tail (from Lec 17) Formula Thy | SPICE

RREF vdd refnode 10k

M6 refnode refnode vss vss NMOS No load &m n(ro2||ro4) 83 82

+ W=10u L=1u 2

M7 tail refnode vss vss NMOS R, =1k R 1.4 1.

+ W=10u L=1u t &m.n L 0 39
. _&sRL

* Diff pair inputs BUffered gm’n(r02||r°4) 1+gsR 6 76

V1l gatel 0 O
V2 gate2 0 O

gmn = 140 mA/V, r, = 118 kQ, gms = 12.0

* NMOS diff pair

M1 drainl gatel tail tail NMOS rn/\/\/

+ ¥=10u L=iu IRer ~ A, Ms: W/L =100, +5V
M2 out gate2 tail tail NMOS REF N 900‘“ ! 5 / 00, 5

+ W=10u L=tu supplies, Rrer = 10 kQ

* PMOS current mirror load

M3 drainil draini vdd vdd PMOS
+ W=10u L=1u

M4 out drainl vdd vdd PMOS

+ W=10u L=1u
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SPICE: vy, vs. Vyisr

No Load (Gain = 82) With R, = 1 kQ (Gain = 1.4)

0.00

Vout (V)
o
Vout (V)

72 -0.25
-0.50

-0.75

—1000 -750 -500 —250 O 250 500 750 1000 —1000 —750 —500 —250 0O 250 500 750 1000
Vaifr (MV) Vaifr (MV)
Left: steep slope = high gain (82). Right: shallow slope = gain reduced
by RL (1.4).
The 1kS2 load reduces the gain by a factor of ~59x.
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Solution: Buffer with a Source Follower

Common-drain (source follower):
from diff pair < Input Z: co (MOSFET gate) —
doesn't load diff pair
Output Z: =~ 1/gms (low)

Ips = Igias + Vour/RL =~

900y + 24904 = 3.4 mA

gms = 12.0 mA/V (R. boosts gn!)
gmsRL o 12.0

Buffer gain: ———— = -~ =0.92
1kQ & 1+ gmshRe 13.0

Overall:
Atotal = 83 x 0.92 =76 (SPICE: 76)

Vout.1

Igias  Ru

Ry carries DC current = boosts Ips and g5 = better buffer gain.
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Theory vs. SPICE: Detailed Comparison

Parameter | Hand Calc | SPICE
Differential Pair
ID (M1/M2) 450 /.LA 450 ,LLA
8m,n 1.40 mA/V | 1.40 mA/V
ro2 111 kQ 122 kQ
fo4 111 kQ 114 kQ
ro2Hro4 55.5 kQ 59 kQ
Adife 78 83
Source Follower Buffer
Vour (DC) 25V 249V
Ips = Igias + Vour/RL 3.4 mA 3.5 mA
gms 12.0 mA/V | 12.0 mA/V
gmsRL 12.0 12.0
Abuffer 0.92 0.92
Overall
Atotal [ 72 [ 76

Main error: underestimating V,,; DC. With actual values, theory
matches SPICE within 1%.
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BJT Diff Pair

with PNP Current Mirror Load
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BJT Active Load Circuit

+Vee
Qs Qs
Vour
@
Vi Q Vs
Ve
IrRer
—Vee
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BJT Small-Signal Equivalent Circuit

E,

iHr/—.iiHch Ira Bma Veba L loa
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In2
Jve =0

Same as MOSFET, but r, from each base to emitter (ground). vepq
replaces Vega.
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BJT Left Half: @; and Q3

Example: /c = 450 pA, 8 = 100,
Va=50V

.
Vebt 1/gm3 58 Q
Llralls S o rw3 | 58kQ
rs | 111 kQ
A o Fra 5.8 kQ

All four in parallel:

Vdi
gm1*4* fo1 §

1
— ||rxs[ros|| rra
~ 58]5.8k||111K]|5.8k
~57T Q~ —

[ ve=0
= 8m3
1/gm3 dominates: rr is 100X larger, r, is
1900 larger.
2 Vdiff
Vebs R Em—o— - _g = (matched: g1 = gm3)
m3
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BJT Right Half: @ and Qs
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BJT Active Load Gain

The analysis is identical to the MOSFET case:

Virtual ground at v, = 0 (same symmetry argument)
Signal current Aj = g, vyifr /2 steered by Q1/@>
@3/ Q4 mirror doubles the current at the output node
Net signal current at output: g, vgir

Output resistance: roz||ros

‘Adiff = &m (ro2”ro4)‘

Same form as MOSFET. BJT has higher g, = Ic/ VT but typically

comparable r, = Va/lc, so BJT active-load gains are also very
high.
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BJT Input Impedance

The differential input impedance is seen looking into the bases of @
and Q.
BJT bases draw finite base current: Ig = Ic/f
Small-signal input resistance per transistor: r. = 3/gm = V1 /I8
Looking into both bases differentially:

2
Rin,diff = 2 rx = 2b
Em

Example: 8 =100, Ic = 450 uA, gm = Ic/VT =173 mA/V
re =100/17.3m =58 kQ,  Rjnqirr = 11.6 kQ
Finite, but still large — compare to MOSFET (R;, = o)

BJT input impedance is finite (2r,) but typically >10 k.
MOSFET wins here with R;, = cc.

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



BJT: What Happens with a Load Resistor?

Same problem as MOSFET:
With R, at the output:

Adift = &m (RL||ro2||f0s) = gm RL

& Vaifr lL Example: IC =450 uA, 8m = IC/VT =17.3
mA/V
Vout Agir = 17.3x1=17.3 vs. gnro/2 (no load)

R, o BJT has higher g, than MOSFET at same
Toa Io2 Ic, so gmRy is larger, but still far below the
open-loop gain.

R, destroys the high gain. Solution: add a common-collector (emitter
follower) buffer.
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BJT: Buffer with an Emitter Follower

Common-collector (emitter follower):
Input Z: rrs5(1 + gmsRL) = BR. (high)
Output Z: =~ 1/gms (low)
gms = lcs/ VT
With Ics =1 mA: gms = 38.5 mA/V
gmsRL =385>1

gmsRL 385

T+ gmRl 395 097

from diff pair

Vout.1

Buffer gain:

1kQ Overall:

Igias  Ru

Atotal = gm(r02||ro4) x 0.97

BJT buffer is better than MOSFET buffer
because gm = Ic/Vr is much higher for the
same bias current.

BJT emitter follower: g,R, > 1 = buffer gain ~ 1. Nearly lossless!
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BJT: Theory vs. SPICE

Formula Thy | SPICE
No load gm(ro2llfos) 1006 | 1004
R[_ =1k ng[_ 17.1 17.4
Buffered | gm(roz||foall Rins) - Abur | 624 631

Key values: Ic =450 uA, g, =172 mA/V, r, = 117 kQ
Why buffered gain < no-load gain:
Qs input impedance: Rips = ras5(1+ gmsRL) = 103 kQ
This loads the diff pair: roa||ros|| Rins = 37 kQ (was 59 kQ)
Diff pair gain drops from 1006 to 640
Buffer gain = 0.975 = Ao = 640 x 0.975 = 624

Unlike MOSFET (R;, = o), the BJT buffer loads the diff pair through

rrs.
Still much better than no buffer: 631 vs. 17.4.
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Lecture 20 Summary

Replacing Rp with a PMOS current mirror creates an active
load

M3 (diode-connected) senses current from My; My mirrors it to
the output

The mirror doubles the signal current at the output node
Output is now single-ended (taken from M,/M, drain)
Gain:  Agir = gm (r02]|roa)

Since r, > Rp, the active load gives much higher gain

A source follower (MOSFET) or emitter follower (BJT)
buffers the output to drive low-impedance loads

Same analysis applies to BJT with PNP mirror load
The active-load diff pair is the input stage of an op amp
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