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The Circuit
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CS Amplifier with Thévenin Source Resistance

VDD

Ips Rp

e —0 J o Vout

M,

Vin

Key difference from BJT: /I =0 = no voltage drop across
Rty = Ves = Vin
Circuit parameters: Vpp =10V, Rp =1k, Ry =1009, K,=10
mA/Vz, VTN =07V
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Designing the Q-Point
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The Problem

We know that V,,; = Vps can range between:
Ves — Vv < Vps < Vpp

For maximum symmetric swing, we want the Q-point
approximately midway:

V 10

This requires:

Voo — Vosg 105

Ine = _
bs Rp 1000

=5 mA

Question: What value of Vy do we need to achieve Ips = 5
mA?

Dr. Lau (University of Kentucky)
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Finding the Required V)

We need Ips =5 mA. Since Ig = 0, we have Vs = V) directly:

Step 1: From Ips = % (Vs — Vrn):

2/DS 2x5x10-3
VGS_VTN:\/Kn :\/ 10 < 10-3 =Vi=10V

Step 2: Vgs =V +1.0=07+10=17V
Step 3: Since I = 0:

Vin = Vgs + I - Rt = Vs +0 = Vs

Viy = 1.700 V

No iteration needed! Unlike BJTs, we solve directly.
R7y has no effect since I = 0.
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Edge of Triode

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



Edge of Triode

At the edge of triode, the MOSFET satisfies:
Vps = Vs — Vn

Unlike the BJT's fixed Vg soe = 0.2 V, this boundary depends on
Vcs.

Combining with the load line Vps = Vpp — Ips - Rp and
Ips = K2(Vgs — Vrn)*:
Let x = VGS — VTNZ

K K,Rp

X = VDD_TnX2RD = TX2+X_VDD:0

Question: What value of V)y puts us right at this edge?
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Finding V)y at the Edge of Triode

. -3
With feRo — 1010771000 _ 5.

~1+ 17200 —1+ /201

2
—10= = =1318V
5x° 4+ x 0=0 = x 10 0 318
At the edge of triode:
Ves = Vin 2.018 V
VDS = VGS — VTN 1.318 V
Ips 8.68 mA

Vi =2.018 V| (edge of triode)

For Vjy > 2.018 V, the MOSFET enters the triode region.
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Effect of Rp
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Effect of Rp on the Load Line

Load Lines for Different Rp Values

—— Rp=2000Q
50 - Rp = 500 Q
—— Rp =1000Q
—— Rp=20000Q
—— Rp=5000Q
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Transfer Curve V,,; vs V) for Different Rp

Transfer Curve V,,: vs V) for Different Rp

10 1

Vout (V)

Rp =200 Q

2 Rp = 500 Q
—— Rp=10000Q
—— Rp=20000Q
—— Rp=50000Q
0 - - - - - -
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

Vi (V)
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Voltage Gain at V,,; =6V

The slope of the transfer curve (in saturation) is:

dVout
dViy

where Ips = (Vpp — Vout)/Rp = 4/Rp at V,,: =6 V:
RD (Q) IDS (mA) V/N (V) dVout/dV/N

=—Rp-gn=—Rp-Ka(Vin — V)

200 20.0 2.700 —4.0
500 8.0 1.965 -6.3
1000 4.0 1.594 -8.9
2000 2.0 1.332 —12.6
5000 0.8 1.100 —20.0

Compare with BJT: gain of —60.6 at same V,,; with Rc = 100 Q.

MOSFET gain is much lower because g, = 2Ips/(Ves — Vin) < Ic/ VT
(BJT).
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Parallel CS Amplifiers
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Two CS Amplifiers Sharing One Source

Voo Voo

Ip1 Rp1 Rpa Ip2

Vout2
M,

Vin

Same parameters: Vpp =10V, Rpi = Rpp =1kQ, Ry =1009Q, K,=10
mA/V?
Still using Vjy = 1.700 V (our single-MOSFET design)
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KVL: Why Rty Has No Effect

KVL around the input loop:
Vin = Vs + (le1 + l62) - Ru

Since lg1 = lgo = 0 (MOSFET gate draws no current):

regardless of how many MOSFETs are connected!

Compare with the BJT case:

VIN = VBE +2 IBl : RTH (BJT — RTH matters!)

Adding more MOSFETs does not change Vs or Ips.

The Q-point is completely unchanged from the
single-MOSFET case!
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Operating Point: No Change!

With Vjy =1.700 V and Iz = 0:

Single MOSFET  Parallel MOSFETs (each)

Vs 1.700 V 1.700 V
Ips 5.00 mA 5.00 mA
Vs 5.00 V 5.00 V
Rty drop 0mV 0 mV

Every value is identical! Adding a parallel MOSFET has zero effect on
VG5, ID_g, or VD_g.

Compare with BJT: adding a second transistor caused /g to drop by 38%!
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SPICE Simulation — Single CS Amplifier

* Single CS Amplifier - Operating Point

Vdd vdd 0 DC 10

Vin in 0 DC 1.7

Rth in gate 100

M1 drain gate O O NMOS_IDEAL W=100u L=1u

Rd vdd drain 1000

.model NMOS_IDEAL NMOS(VT0=0.7 KP=100u LAMBDA=0)

SPICE operating-point results:

Ves 1.700 V
IDS 5.00 mA
Vs 5.00 V

Note: Vigs = Viy = 1.700 V exactly — Ry drops zero volts.
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SPICE Simulation — Parallel CS Amplifiers

* Parallel CS Amplifiers - Operating Point

Vddl vddi 0 DC 10

Vdd2 vdd2 0 DC 10

Vin in 0 DC 1.7

Rth in gate 100

M1 drainl gate O 0O NMOS_IDEAL W=100u L=1u

M2 drain2 gate O 0 NMOS_IDEAL W=100u L=1u

Rd1 vddl drainl 1000

Rd2 vdd2 drain2 1000

.model NMOS_IDEAL NMOS(VT0=0.7 KP=100u LAMBDA=0)

SPICE operating-point results (each transistor):

Vs 1.700 V
IDl = ID2 5.00 mA
Vps1 = Vpso 5.00 V

Identical to the single-MOSFET case — confirmed by SPICE.

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



Numerical vs. SPICE Results

Single MOSFET Parallel (each)
Numerical ~ SPICE ~ Numerical ~ SPICE
Ves 1700V 1700V 1700V  1.700 V
Ips 500 mA 5.00mA 5.00 mA 5.00 mA
Vbs 5.00 V 5.00 V 5.00 V 5.00 V

Numerical and SPICE results agree exactly.
No temperature correction needed (unlike BJT where we set Vi = 26 mV).

MOSFET Ips = %(Vcs — Vrn)? has no temperature-sensitive exponential.
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What If RDl 7é RDZ?

Dr. Lau
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Parallel CS Amplifiers with Different Rp

Vb Voo

500 Q 1500 Q

Vout2
M>

Vin

Same transistors, same Vjy = 1.700 V, same Rry = 100 Q — but Rp; = 500 Q,
Rp> = 1500 Q
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SPICE Simulation — Different Rp Values

* Parallel CS - Different RD values

Vddl wvddi O DC 10

Vdd2 vdd2 0 DC 10

Vin in O DC 1.7

Rth in gate 100

M1 drainl gate O O NMOS_IDEAL W=100u L=1u

M2 drain2 gate O 0 NMOS_IDEAL W=100u L=1u

Rdl vddl drainl 500

Rd2 vdd2 drain2 1500

.model NMOS_IDEAL NMOS(VT0=0.7 KP=100u LAMBDA=0)

SPICE operating-point results:
M; (Rp1 = 500 Q) M, (Rpz2 = 1500 Q)

Ves 1.700 V 1.700 V
IDS 5.00 mA 5.00 mA
Vps 7.50 V 250V
Ips is identical — it depends only on Vs, not on Rp. Rp only

affects Vps = Vpp — Ips - Rp.
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Transfer Curves: Rp; = 500 Q2 vs. Rp>, = 1500 Q2

Vout (V)

Parallel CS: Rp; = 500 Q vs Rp, = 1500 Q

10 1

=—— Vour1 (Rp1 = 500 Q)
V=17V —— Vouz (Roz = 1500 Q)

Vps1 = 7.5V

Active Region
(Saturation)

0.5 1.0 15 2.0 2.5 3.0 3.5
Vin (V)
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Adding a Gate Resistor
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Parallel CS with Resistor Between Gates

Voo Voo
Ip1 § Rp1 Rp2 Ip2
Re
Voutl o————] /\/\/\/ Vout2

Ml LI M2

R
Vi TH

Rpi=Rp2=1kQ2, Rry=100Q, R;=109Q, Vjy=1700V
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SPICE Simulation — Gate Resi

* Parallel CS with Gate Resistor

Vddl wvddi1 O DC 10

Vdd2 vdd2 O DC 10

Vin in O DC 1.7

Rth in gatel 100

Rg gatel gate2 10

M1 drainl gatel O O NMOS_IDEAL W=100u L=1u
M2 drain2 gate2 0 0O NMOS_IDEAL W=100u L=1u
Rdl vddl drainil 1000

Rd2 vdd2 drain2 1000

.model NMOS_IDEAL NMOS(VT0=0.7 KP=100u LAMBDA=0)

SPICE operating-point results:

My M>
Vgs 1700V  1.700 V
Ips  5.00 mA 5.00 mA
Vps 5.00 V 5.00 V

R has absolutely zero effect! Since /g = 0, there is no voltage
drop across Rg.

Compare with BJT: Rg = 10 Q caused a 12% current mismatch!
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Transfer Curves with Rg = 10 Q2 Between Gates

Parallel CS with Rg = 10 Q: Both Curves Identical

—_— Voua (M1)
V=17V == Vo (M2)

10 1

Both Q-points
identical!

—~ 6
2
3

>

4 B

2 Ic =0 = No drop across Rg

= Vgs1=Ves2 =Vin
0 T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Vin (V)
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Merging to a Single Rp
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Parallel CS with Shared Rp

Voo

Rp

o Vout

Re

Mo
RtH
Vin

Rp=1kQ, Ry =1009Q, R;=109Q, V,y=1.700V
Now Ip totar = Ip1 + Ip2 flows through a single Rp.
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SPICE Simulation — Shared Rp

* Parallel CS - Gate Resistor, Single RD

Vdd vdd 0 DC 10

Vin in O DC 1.7

Rth in gatel 100

Rg gatel gate2 10

M1 drain gatel O O NMOS_IDEAL W=100u L=1u

M2 drain gate2 O 0O NMOS_IDEAL W=100u L=1u

Rd vdd drain 1000

.model NMOS_IDEAL NMOS(VT0=0.7 KP=100u LAMBDA=0)

SPICE operating-point results:

M, M,
Ves 1.700 V 1.700 V
IDlv /D2 4.64 mA 4.64 mA

ID,totaI =0.27 mA VDS = Vout =073V

Vps =0.73 V < Vgs — Vry = 1.0 V — both MOSFETs are in
triode!
Since Ig = 0, there is no self-regulating mechanism like BJTs. The
doubled current pushes Vps below the saturation boundary.
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Transfer Curve: Shared Rp

Shared Rp: Double Current Pushes MOSFETSs into Triode

10 + i == Single MOSFET
Vin=17V = Shared Rp (two MOSFETSs)
8 B
\
\
\
\
\
61 \ Single: Vps = 5.0V
> \
- \
3
> \
\
4 4 1\
\
\
\
\
\ Shared: Vps = 0.73 V
24 (triode!)
0 T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
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Gate-Drain Connected MOSFET

Voo

RD lIDS

My

Gate tied to drain = Vg =Vp = Vgs = Vps

Since Vps = Vgs — Vy + Vo > Vs — Vi, the MOSFET is
always in saturation.

Circuit parameters: Vpp =10V, Rp =1kQ, K, =10 mA/V?,
Vin =07V
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Why Gate-Drain Connected Is Always in Saturation

Vps Gate-drain connected
~ operates on this line
(always in saturation!)

Vies < Vrn

Cutoff

No channel forms

b = 0/0' Vin Vps < 0

1

1

E Reverse operation
P : (not typical)

1

1

1
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Setting Up the Equations

Since Vg = Vp and Vs = 0:
Vs = Vps = Vp

KCL at the drain node (note: /g =0, so all current is Ips):

Vpp — V K,
— g = Ios = (Vs = Vrn)®
Let x = Vps — Von:
KnRD

5 x*+x—(Vpp— Vn) =0

One equation, one unknown — solve by quadratic formula
(no iteration needed!).
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Solving by Quadratic Formula

With KaRo — 10x10°2x1000 — 5 and Vpp — Vy = 9.3:

~1+V1+4(5)(93) _ —1+ V187

2(5) 10

5x°+x—93=0 = x=

—1+13.675
e L YR,
x 10

Solution:

Ve =Vp = Vgs = Vps 1968 V
Vs oV
Ips 8.03 mA

No iteration needed! Unlike the BJT's transcendental equation
Ic = IseVee/VT | the MOSFET's square-law gives a simple quadratic.
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SPICE Verification

* Gate-Drain Connected MOSFET

Vdd vdd 0 DC 10

Rd vdd drain 1000

M1 drain drain O O NMOS_IDEAL W=100u L=1u
.model NMOS_IDEAL NMOS(VT0=0.7 KP=100u LAMBDA=0)

Numerical SPICE
Ve =Vp =Ves = Vps 1968V 1967V
Vs oV oV
Ips 8.03 mA 8.03 mA

Numerical and SPICE agree (minor rounding in Vps).
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Small-Signal Model: Gate-Drain Connected MOSFET

GD

Ves l 8mVgs § ro

S

Since G and D are tied together, v,s = vgs appears across both elements:
® gmVgs: current = g, - Vgs  (directly proportional to vg!)
® ro: current = vgs /ro  (Ohm's law)
The dependent source gp,Vgs acts like a resistor 1/gm,, because v

is the voltage across it.
No r, — the MOSFET gate draws no current!
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Replacing ginVgs with 1/gp,

GD
1
= r
&m
S
Two resistors in parallel — combine into one equivalent:
1
reqg=— 1| ro
m

With Ips = 8.03 mA and A = 0.02:
gm = Ku(Vs — Vrn) = (10 x 1073)(1.268) = 12.68 mS
ro =1/(Mlps) = 1/(0.02 x 8.03 x 1073) = 6227 Q

Feg=78.9 ]| 6227 =77.9Q ~ 1 90

&m

Simpler than BJT: no r; term! Just 1/gm || ro-
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Feq = 1/gm = ov/(2IDS) where V,, = Vs — V.
The gate-drain connected MOSFET looks like a small resistance to
ground.

Tying the gate to the drain creates an

ACTIVE LOAD

Large signal: acts like a non-linear resistor

Small signal: acts exactly like a resistor re; ~ 1/gm
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Full Circle: The Square-Law Device from Lecture 1

Lecture 1: Square-Law Device Lecture 10: Gate-Drain
MOSFET
|
v IDsl J\VDS
&m —
{
2 _ Ka _ 2
| =gm(V - V) Ips = 7 (Vbs — Vn)
1 . 1
= ————v ~
2gm(V — V) “ Kn(Vbs — Vi)

They are the same device! g, < K,/2, Vi< Vip,
V & VDS = VGS
The gate-drain connected MOSFET is the two-terminal square-law
device.
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