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Three Ways to Load
a CS Amplifier
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CS with Resistor Load

(Review from Lecture 10)
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CS Amplifier with Resistor Load

Voo

Rp

Vout
My

VIN

Resistor Rp connects drain to Vpp. Simple, but Rp is passive —
does not depend on V.

VDD:].O V, K,,:].O mA/V2, VTN:0-7 V, )\:0, RD:]. kQ
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Resistor Load: VTC Equations

My in saturation (VDS > Vigs — VTN)Z

Ka
/D - 7(VIN - VTN)2

KVL: Vout = VDD — IDRD

K.Rp
2

Vour = Vpp — (Vin — Vn)?

Small-signal gain: gm = Ka(Vin — V1)
A, = —gmRp = —Ka(Vin — VTn)Rp

At Viy =1.7 V: A, = =10 x 1073 x 1.0 x 1000 = —10
Note: Gain depends on the operating point (V).
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Resistor Load: Load Line

CS Amplifier: Resistor Load Line
Vpp = 10.0 V, K, = 10.0 mA/V?, Vyy = 0.7 V, Rp = 1000 Q

10

8.

6 Vs = 1.0V
< Ves = 1.4V
S Ves =17V
a Vs =2.0V

4 = Rp=1000Q

o

Vbs = Vout (V)
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Resistor Load: Transfer Curve

CS Amplifier with Resistor Load (Rp = 1 kQ)
Vpp = 10 V, K, = 10 mA/V?

= Resistor (Rp = 1 kQ)

Vout (V)
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CS with NMOS Active Load

(Review from Lecture 11)
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CS Amplifier with Diode-Connected NMOS Load

VOUt

Rp replaced by diode-connected M, (gate tied to drain). Load is
nonlinear but still does not depend on V.

Vop =10V, K,n=10mA/V? Kp=04mA/V?, V=07V, A=0
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NMOS Active Load: VTC Equations

KCL: /Dl = ID2

M]_ in saturation: IDl = K2”1(V[N — VTN)2

M, diode-connected (Vigsa = Viop — Viout):

Ipo = £2(Vpp — Vour — Vrw)?

Setting equal and solving:

Knl
Kn2

Vour = Vop — Vv — (Vin — Vw)

Gain: A, = —/Kn /K = =25 = —5

Note: Gain is constant in the saturation region — set by W/L ratio.
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NMOQOS Active Load: Load Line

CS Amplifier: NMOS Active Load Line
Vpp = 10.0 V, K,; = 10.0 mA/V?, K,; = 0.4 mA/V?

10

64 Ves =10V
Vos =1.4V
Vgs =17V
— Vs =20V
4 | =M, diode (K,; = 0.4 mA/V?)

Ip (MA)
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NMQOS Active Load: Transfer Curve

CS Amplifier with NMOS Active Load (W/L; = 4)

VDD =10 V, AV = -5

10 1

Vout (V)

Vop =V =93V

= NMOS Active (W/L, = 4)
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CMOS Inverter

Complementary NMOS + PMOS Pair
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CMOS Inverter Circuit

Voo

Vout

M; (NMOS) and M, (PMOS) share the same gate (V) and drain
(Vout). Both transistors respond to V!

VDD:].O V, K,,:Kp:10 mA/VZ, VTN:‘VTP|:0-7 V, A=0
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PMOS Current Equation

For the PMOS transistor M,:

K
I = “2(Vse — | Vel

Since VS = VDD and VG = V[NZ
Vs¢ = Vop — Vin

K
Ip pMmos = TP(VDD — Viy — |V7p|)?

Key insight: Unlike Rp or diode-connected M,, the PMOS
load current depends on V!

Both driver AND load change simultaneously as Vjy sweeps.
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Five Operating Regions

As V) sweeps from 0 to Vpp:

Region V)y range M; (NMOS) M, (PMOS)
1 0< Vin < Vrn Cutoff Triode
2 Vv < Vi < Vg Saturation Triode
3 Vin = Vi Saturation Saturation
4 Viy < Vin < Vpp — |Vrp|  Triode Saturation
5 Vop — |Vrp| < Vin < Vpp  Triode Cutoff

Vi = switching threshold (midpoint voltage where both are in saturation).

Region 3 is the transition region — the VTC is nearly vertical here.
This is where the gain is highest.
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Regions 1 & 5: Cutoff Cases

Region 1: V)y < V7 =07V
My is off (Ip = 0), M, pulls V,,: to Vpp:

| Vour = Voo =10V

Region 5: Vi > Vpp — ’VTP‘ =903V
M2 is off (ID = 0), M]_ pU”S Vout to O:

Vour =0V

Full rail-to-rail output swing: V,,; goes from 0 to Vpp.

Compare: NMOS active load can only reach Vpp — Vo = 9.3
V.
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Region 2: NMOS Sat / PMOS Triode

Vin < Vin < Vi Voue is high, My is in saturation, M, is in triode.
M, (saturation):

K
7( VIN - VTN)2

M2 (triode, VSD = VDD — Vout):

Ip1 =

Vop — Vo, 2
Iz = Ky | (Voo — Vin — | Ve ) (Vop — Veue) — %

Setting Ip1 = Ipo: implicit equation in Vou,:(Vin).

No closed-form solution — must solve numerically or with
SPICE.
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Region 4: NMOS Triode / PMOS Sat

Vi < Vin < Vop — |Vrp|: Vour is low, M is in triode, M, is in
saturation.

M; (triode):

V2
lDl - Kn [( VIN - VTN) Vout - OUt]

2

M, (saturation):
K
Ip> = ?p(VDD — Vin — [Vrp|)?

Setting Ip; = Ipp: symmetric to Region 2.

Also requires numerical solution.

Regions 2 and 4 are symmetric for matched K, = K,
Vv = |V7p|.
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Region 3: Both in Saturation (Switching Point)

Both M; and M, in saturation: Ip; = Ipo:

K, K
7(VIN - \/TN)2 = TP(VDD — Vin — |VTP|)2

Taking the square root:
VKo(Vin — Vi) = V/Ko(Voo — Vin — [ V7e)
Solving for Viy = V-

Ve — Vin + /Ko /Kn (Voo — |V1pl|)
" 1+ /K, /K,

For matched transistors (K, = Ky, VTn = |V7p|):

Ve, — Vvt Voo = [Vre| _ Voo _
M= 2 T2

5V
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Gain at Vy

With A = 0 (ideal): both transistors are in saturation at V).
The VTC slope at V)

dVour
dVin

Vi
With A = 0: gain is infinite! (vertical VTC)
With A > 0 (realistic):
Ay = —(&mn + &mp)(ron || op)

Why so high? Both M; and M, respond to V)y:
VinT = My current T AND M, current | simultaneously!

Dr. Lau (University of Kentucky)
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CMOS Load Lines

CMOS Inverter Load Lines: NMOS vs PMOS for Various Vy
10 Vop = 10 V, K, =K, = 10 mA/V?, Vry = |Vrp| = 0.7 V

= NMOS Ip
== PMOS Ip
J @ Q-point (intersection)

Ip (mA)

8.6 @~ — < =14
g \
2 \
\
\
\
\
VinF9.0 <@ Vi=l.0
0 A
0 2 4 6 8 10
Vout (V)
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CMOS Inverter: Transfer Curve

CMOS Inverter VTC (matched K, =Kp, Viy = |Vrp|)
VDD= 10V, VM=5V

=== CMOS Inverter (matched)

Vout (V)
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Key Insight: Why CMOS Gain Is So High

Load type Load current Responds to V),?
Rp | = Yoo teu No
Diode NMOS | = £2(Vpp — Voue — Vrw)? No
PMOS I =% (Vop — Vin — | Vrp|)? Yes!

In the CMOS inverter, the load is not passive.

When V)y increases: driver (M;) pushes more current and load
(M,) supplies less = V,,,; drops rapidly.
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Comparison
Resistor vs NMOS Active vs CMOS

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



VTC Comparison: All Three Loads

VTC Comparison: Three CS Amplifier Load Strategies
Vpp = 10 V, K, = 10 mA/V?, Vry = 0.7 V

Vol — 10y = Resistor (Rp = 1 kQ)
10 + = NMOS Active (W/L, = 4)
= CMOS Inverter (matched)
Vin =07V
Vop = |Vl = 9.3V
8
—~ 61
2
o
3
>
4
24
04 g

Vin (V)

EE461g: Introduction to Electronic Circuits



Gain Comparison

Resistor NMOS Active CMOS

(Ro=1kQ) (W/Ly=4) (matched)

K
Gain formula —gmRp 2 —o0o (A= 0)
Kn2
|AV| at Vjy = 1.7V 10 5 o0
Output swing 0 to Vpp 0to Vpp—Vrn 0 to Vpp
Static power Ip - Vpp Ip - Vpp ~ 0 at rails

CMOS wins on gain, output swing, and static power.
This is why CMOS dominates modern digital and analog IC design.
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Load Line Comparison

o Resistor Load NMOS Active Load CMOS (PMOS Load)
— Ro=10000

— M load

Ip (MA)

4 6 8 10 2 4 6 8 10 2 4 6 8
Vos = Vour (V) Vos = Vour (V) Vos = Vour (V)
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CMOS Small-Signal Analysis

NMOS vs PMOS Small-Signal Models
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Step 1: Short DC Sources

Vpp shorted

PMOS

Vout

— T ™

vip (T NMOS

Short Vpp to ground. Both M;'s source and M;'s source are at AC
ground.

= For both transistors: vgs = vj, — 0 = vj,
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NMQOS vs PMOS: Small-Signal Conventions

NMOS (M)  PMOS (M)

Control voltage  vgs = Vg — Vs Vg = Vs — Vg
Current source  gmpVes, D =S gmpVeyg, S— D
gm Ka(Ves — Vn)  Ko(Vse — [Vrpl)

lo 1/(Anlp) 1/(Aplp)

NMOS: gi,v,s flows D — S (same direction as DC current)
PMOS: gnvs flows S — D (same direction as DC current)

Both models use the convention where positive g, times a positive control
voltage produces current in the same direction as DC.
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NMQOS vs PMOS: Current Direction in CMQOS

NMOS (M,): vz = v, (source at GND)

Zmn Vin flows D — S = out of v,,; to ground.
When v;,1: more current pulled out of v,;.

PMOS (M.): vego = Vs — Vg =0—v;, = —v;, (source at AC gnd)
Emp Vsg2 = Emp(—Vin) flows S — D = into voy.

Negative = current actually flows D — S = out of v,;!

When v;,1: less current supplied into v,;.

Both effects pull v,,; down when v;, goes up:
M; pulls more current out AND M, supplies less current in.
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Step 2: Replace Each Transistor with Its Model
T Vpp shorted

Vsg2 = —Vip
gates
———* l BmpVsg2 rop M, (PMOS)
o Vout
——e

+

v Vgs1 :<:i 8mnVgsl § ron M1 (NMOS)

Key difference from NMOS active Ioad_: Mj;'s gate connects to v;,, not

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



Step 3: Simplified Equivalent Circuit

Vout
S—D
T
v
" <_> 8mnVin l l § fon  8mpVsg T T § rop
D—S
~ ~~
My (NMOS): vgs =i, My (PMOS): veg=—vj,

© NMOS: gmnVin arrow down (D—S)  PMOS: gy,pvsg arrow up (S—D)
@ With vi; = —vjp: both current sources pull current out of vg,;

@ All four elements in parallel between v,,; and ground
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Step 4: Voltage Gain Derivation

KCL at v,,:. Current leaving through each element:

Vout Vout
&mn Vin + — 8Bmp Vsg +—=0
— Fon op
NMOS gm PMOS gm
Substitute vee = —Vj,:
Vout
8mn Vm+ P +gmp Vln‘|'_:O

on op

Both g, terms have the same sign — they add!

Vou
Ay = =2 = —(gmn + &mp)(fon | op)

n

With A =0: rop, rop > 00 = |Ay| =00V
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Why CMOS Gain > NMOS Active Load Gain

NMOS active load (diode-connected M,):

1 m
Av = —8mi (_ || rol) ~ _Q

m2 m2

M,'s g.o appears in the denominator — it limits gain.

CMOS inverter (complementary M,):

A, = —(gmn + gmp)(ron 1 rOP)
M.'s gmp appears in the numerator — it boosts gain!

Diode-connected load: M,'s gate is tied to its drain (Vout).
It senses the output = negative feedback = reduces gain.
CMOS load: M,'s gate is tied to the input (v;,).

It senses the input = both transistors amplify = gain adds!
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Numerical Example (A # 0)

Suppose A\, = A, = 0.02 V5iatVy=Vuy=5V:
Ip = %o(Viy — Vn)? = 102202(4.3)2 = 92.5 mA
gmn = &mp = Kn(Vm — V7n) =10 x 1073 x 4.3 = 43 mA/V

. 1 1 _
fon = fop = XI; = t0o2x0.0925 — 241 {2

NMOS Active CMOS

Al gmi/gm2=5  (&mn+8&mp)(ronllrop)
= (86 mA/V)(270 Q)
5 23.2

CMOS gain is nearly 5x higher — and this gap grows with smaller \.
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Summary: Three Load Strategies

Resistor Load (Rp)

KnR
Vour = Vpp — 2 (Viv — V)2 Ay = —gmRp
NMOS Active Load (diode-connected M,)
Knl Knl
Vour = Viop — Vi — 1| o= (Vin — V. A =—
out oo — Vn an( i — Vrn) K.,

CMOS Inverter (complementary PMOS load)
Yy — Vin + Ko/ Kn (Voo — | VTe|) A, = —50 (A = 0)

1+ /Ko/K,

The more the load responds to V)y, the higher the gain.

Rp: no response — Diode NMOS: no response — PMOS:
full response
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