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© NMOS-NMOS Voltage Divider
© PMOS-NMOS Voltage Divider

9 NMOS Current Mirror

@ Summary
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MOSFET Voltage Dividers

Setting voltages with transistor sizing
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Motivation: Why a MOSFET Voltage Divider?

@ Resistor voltage dividers require large silicon area

@ MOSFETSs can act as voltage-setting elements with much
smaller area

@ The output voltage is controlled by the W/L ratios of the
transistors

@ This is the foundation for:

o Bias generation in analog circuits
o Reference voltage circuits
e Understanding CMOS inverter switching threshold

Key idea: Two diode-connected MOSFETs in series act like a
voltage divider, but the “ratio” is set by transistor sizes, not
resistance values.
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NMOS-NMOS
Voltage Divider
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Two Diode-Connected NMOS in Series

Both MOSFETSs are wired as active loads
with the gate tied to the drain (Vs = Vps).

V
2 Current flows as long as the voltage across
each device > Vry, which guarantees
saturation. Same Ip flows through both.
Mo Voltages:
+
v @ My Vgs1 = Vmip
GS2
I - ® My Vs = Vpp — Vmip
VMID
Parameters:
o Mll K,,l = k:, . (W/L)l
My N o Msy: anzk:,(W/L)g
Vis1 @ Same V7 for both
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NMOS-NMOS Divider: Derivation

Both in saturation (\ = 0):

Knl
2

Kn2

> (Vesa — Vrn)?

(Ves1 — V)3 Ipz =

Ip1 =

KCL: Ip; = Ip> (series circuit, same current)

Kn1 K2
2 2
Take the square root (both sides positive):

V Knt (Vmip — V1n) = vV Kn2 (Vob — Vmip — V)

(Vmip — Vn)? = (Voo — Vmip — V)3

The % cancels. The square root turns the quadratic into a
linear equation in Vjp!
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NMOS-NMOS Divider: Solving for Vip

Define the sizing ratio:
R [Knz _ [(W/L)
K (W/L);

Vmio — Vv = R (Vop — Vo — V)
Vvip —Vin=R-Vpp —R-Vmip — R-V1n
VMID(l + R) =R-Vpp+ VTN(]- — R)

Then:

R - Vpp + VT/\/(l—R)
1+R

Vivip =
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NMOS—-NMOS Divider: Special Cases

R-Vpp + Vin(l — R) (W/L),
MID 1 T R where (W/L)l
Condition R Vvip
V
Wi =wj, | R=1 | Yo
(W/L)1>>(W/L)2 R—0 — Vn
(W/L) < (W/L)2 | R—00 | = Vpp — VIn

Intuition: A wider transistor has lower Vs for the same current.
Making M; wider = smaller Vgs1 = Vp drops toward V.
Making M, wider = smaller Vs = Viyp rises toward Vpp — Vry.
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Power Dissipation: We Want Less!

Both dividers draw current from Vpp, dissipating P = Vpp - I.

Resistor Divider NMOS Divider
V3p k! <W> .
=__DD P=Vpp- 2| — ) (Vmip— Vn)*
Rt R po- 5\ 1( mip— VTn)
To reduce power = increase Reduce power = decrease
R+ R (W/L),
= larger resistors = more = smaller transistors, less
area area

MOSFET advantage: Scaling both (W/L); and (W/L)»
down by the same factor keeps Vjyp constant but reduces
power and area.

With resistors, reducing power means increasing area!
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NMOS—-NMOS Divider: Numerical Example

Given: VDD =5 V, VTN =0.7 V, k;, = 200 ,uA/V2
Design goal: Set Viyp =25V
Solution: Choose R =1 = (W/L); = (W/L)2

1.5+07(1—1) 5
=2=25V
1+1 2 v

Vivip =

Design goal: Set Vyp =15V

Solution: Solve for R:

R+0.7(1-R
15— SRF0TU=R) = 15(1+R)=5R+0.7—0.7R
1+R
15+ 15R =43R+0.7 = 0.8=28R = R=0.286
W/l _
= R? =0.081 g, (W/L); =100, (W/L), =8.1
WD, 0.0816 = e.g., (W/L); = 100, (W/L), = 8.16
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NMOS-NMOS Divider: What About the Current?

Once Vyp is known, the current is:

Kn
Ip= 21(VMID — V) =

k! w
AL Vivip — Vrn)?
> <L>1( MID ™)

From the previous example (Vjp = 1.5 V):

200 % 10°°

5 -100 - (1.5 — 0.7)> = 10 mA - 0.64 = 6.4 mA

Ip

Important: The W/L ratio sets Vi p, but the absolute W/L
values set the current.

Scaling both (W/L)1 and (W/L), by the same factor keeps
Vmip the same but changes Ip.
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PMOS-NMOQOS
Voltage Divider
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Diode-Connected PMOS on Top, NMOS on Bottom

Now replace the top NMOS with a PMOS
active load (gate tied to drain). Current flows

Voo 4 as long as Vsgo > |V7p|.
Vse2 Voltages:
= o M, (NMOS): Vegs1 = Vo
o M, (PMOS): Vsga = Vop — Vv
Ip * Viup Parameters:
o My: Ky =kl - (W/L)y, threshold Vy

M H

+ o Msy: sz = klg . (W/L)z, threshold |VTP|
Visi

This is the CMOS topology!
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PMOS—NMOQOS Divider: Derivation

Saturation currents (A = 0):

M; (NMOS):
Ip1 = Kznl (Ves1 — Vn)* = K2nl (Vo — Vrn)?
M, (PMOS):
Ip> = %(Vscz - \VTPD2 = %(VDD — Vimip — ’VTPDZ
KCL: Ip1 = Ip»
K2"1(VM,D — V)2 = %(VDD — Vb — |Vre|)?

Taking the square root:

V Knt (Vmip — V) = vV Kp2 (Vop — Vvip — | V7pl)
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PMOS-NMOS Divider: Solving for Vyip

Define the sizing ratio:
o [Ke [l (Wi
Km k- (W/L)

Vimip — Vv = R (Vop — Vo — | V7pl)
Vmip(1 + R) = Vv + R (Voo — |Vrpl)

Then:

R (Voo — |V1p|) + Vi
1+R

Vivip =

Note: R now involves both k;, and kj, since the transistors are
different types.
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PMOS-NMOQOS Divider: Special Cases

R(Vpp — |V V K
Vmip = (Voo 1‘+7’:|) + Y where R = Kpi
n
Condition R Vwvip

Voo — |V1p| + VIn

Km=Kp | R=1 ;

Ko > Kp2 R—0 — Vrn

Kn < Kp2 | R—00 | — Vpp— |Vrp|

If VTN = ’VTP‘ and Knl = Kp22
Vvip = VDD/2 (symmetric CMOS')
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Comparison: NMOS-NMOS vs PMOS-NMQOS

NMOS-NMOS PMOS-NMOS

y R-Vpp+ Vn(l—R) | R(Vpp — |VTP|) + VTN
MIb 1+R 1+ R
R defined as \/Kn2/Kn]_ \/KpZ/Knl
Range Vrn to Vpp — Vi Vrn to Vpp — [V7p|
Vpp — |V V

R =1 result Vpp /2 bo — | 2T'D| + Vi
Process params k! only ky and k;,

In both cases: Vjp is set by the ratio of transistor sizes, and
the absolute sizes set the current.

Dr. Lau (University of Kentucky) EE461g: Introduction to Electronic Circuits 18 /41



PMOS-NMOQOS Divider: Numerical Example

Given: Vpop =5V, Vi = 0.7V, [Vrp| = 0.8V, K. =200 uA/V2,
ki, =80 pA/V?

Design goal: Viyp = Vpp/2=2.5V. Solve for R:

42R 1+ 0.7
25 H2RAOT e 2BR—42R 07 = R=1.059
1+R
Ko  kp(W/L)2 (W/L), 200
R?P=-P P 7 _1121 =1.121-=—= =12.80
Ko K(W/Dr 7 (W/L) 80
The PMOS must be 2.8x wider than the NMOS to get
Vmip = Vbp/2

(because k;, < kj,, the PMOS is inherently weaker)
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NMOS Current Mirror

Copying current with matched transistors
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From Voltage Divider to Current Mirror

What we have: Key idea:
The diode-connected M in our If we connect a second NMOS (M;)
voltage divider sets a specific Vgs1: with its gate tied to the same node, it

sees the same Vs:
Vst = Vmip
' Viess = Vst = Vb
which produces a current:

So M3 carries:
rer = KLy, Vin)?2
REF = 7( cs1 — V) K. ,
lour = 7(\/653 - V)

Same Vs, same equation = the current ratio depends only
on Kn3/Kn1 = (W/L)3/(W/L)1
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NMQOS Current Mirror Circuit

M, (PMOS) and M; (NMOS) form the

Vbp
Vse2
M, F_
IrRer
T —
Ves1 Vess

divider (diode-connected). M3 shares Vs

2 (Ves—

2

with M.
Both M; and Mj in saturation (A = 0):
lout
Irer = 52 (Ves—Vrn)?,  lour =
Current ratio:
" lour _ Kz _ (W/L)3
lrer Km  (W/L)

If (W/L)3 = (W/L)li IOUT = IREF
The current is mirrored!

Dr. Lau (University of Kentucky)
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Current Mirror: Scaling the Current

lout _ (W/L)3
IrRer  (W/L)1

(W/L)3 vs (W/L); | Ratio Result

(W/L)3 = (W/L)l 1:1 IOUT = IREF (copy)
(W/L)3 =2 (W/L)l 2:1 IOUT =2 IREF (amplify)

(W/L)3=3(W/L)1 | 1:2 | lout = % Irer (reduce)

A single reference current Iger can generate multiple different
currents by using mirror transistors with different W /L ratios.
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Putting It Together: Divider + Mirror

The voltage divider (M,, My) sets Vip

Voo Voo and IreF.
* The mirror transistor M3 copies (or
Vsaz scales) that current:
M RS | b (WL
out = Irer (W/L);
IRer
Design procedure:
v n A I M @ Choose (W/L);, (W/L), ratio to
Vesi  Vess set Vivip

@ Choose absolute sizes to set Igrer
© Choose (W/L)3 to set loyr
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Current Mirror: n Does It Work?

For M5 to mirror accurately, it must be in saturation:

Vpsz > Vs — Vrn = Vvip — Vi

@ M, is always in saturation (diode-connected: Vps; = Vis1)
@ Mjs saturation depends on the circuit connected to its drain
@ If Voyr drops below Vyp — Vrn, M3 enters triode and oyt

decreases

Compliance range: The mirror output is accurate for
Vour > Vies — Von = Vov  (the overdrive voltage)

With \ # 0: lpyt varies slightly with Vps3 due to channel-length
modulation.
Output resistance of the mirror: ro3 = 1/(X louT)
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Maximum Load Resistor R;

With R, connected from Vpp to the drain of Mjs:
Vbs3 = Vpp — lout - RL
For M3 to remain in saturation:
Vbs3 > Veszs — Vv = Vivip — Vv = Vov

Substituting:
Vpp — lout - RL = Vov

Solving for Ry:

Vpp — Vov _ Voo — (Vmio — V)
lout lout

RL,max =

Larger R, = more voltage drop = lower Vps3 = M3 pushed
toward triode
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What If R, Changes?

Suppose R; varies by +10% due to temperature or manufacturing
tolerance.

With an ideal current source (A = 0):
@ loyTt depends only on Vs and (W/L)3 — not on Vps3

@ Changing R; changes Vps3 but not /oyt

@ The current is perfectly constant

With a real MOSFET (A # 0):
K
lout = 7n3(VGs — Vrw)? (1 + A Vis3)
@ Vps3s = Vpp — lout - RL, so changing R, changes Vps3
@ Changing Vps3 changes lpyT through the A term

@ How much does /oyt change? = We need a small-signal
model!
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Graphical View: Load Line Meets MOSFET Curve
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The slope in saturation (1/r,) means load line shifts cause Alps.
With A = 0 the curve would be flat and Alps = 0.
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Small-Signal Model of the Current Mirro

R
L T \
! I
I vl
1 | A O‘ut
1 | ‘
8m2 ) ‘
! I
! I
! I
Vinid ‘ !
: Q) 8m3Vgs I
I
! I
1 | |
&ml (open) ! I
! I
! I
_ | ‘
! I
- I
l ]

Ms small-signal
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Simplified Small-Signal Model

Since Vpp and GND are both AC ground folds down in parallel
with %, and RLHro3.

Vmid

i § i § Q) 8m3Vgs ro3 § R
(open)
I ;
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Simplifying: vgs =0

The gate of M3 is connected to the divider output V,,;q.

But vpiq is set by ging—lz connected between two AC grounds — so:

Ve = Vmid =0 = Vgg=Vvg—vs=0-0=0

Since vgs = 0:

gm3Vgs =0 = current source becomes an open circuit

The circuit reduces to just ro3||Ry:

Vout

RL
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Norton Equivalent of the Current Mirror

Replace all three MOSFETSs with their
Norton equivalent:

@ Current source:

lout = Irer - W/b)s
(W/L)h

RL

@ Output resistance:
1

fo3 = ———
7 Xlour

} Cl lour - Zres | @ Load: R; connects to Vpp

The current mirror looks like an
ideal current source /py7 in
parallel with ro3.

My + Ma + M
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Intuition: What Is the Current Mirror Actually Doing?

The current source oyt is not pulling current down through R; — it
is holding it back.

@ Without the current mirror, R; is connected between Vpp and
ground, so the current would be:
Vbp

Ir, = TL > lout

: . . V
The mirror limits the current to lpyt < %.
L

V,
o What if % < loyt? Since loyT = Ips, the MOSFET cannot

sustain that much current with the available voltage across R; .
The MOSFET leaves saturation and enters the triode region —
the current mirror no longer works as designed.

The current mirror works only when R; is small enough that

Vi . . .
% > loyT, keeping M3 in saturation.
L
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BJT Version: PNP + Resistor + NPN with Current Mirror

Q

R § lout

Irer |Rrer

Q Qs

EE461g: Introduction to Electronic Circuits
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BJT Reference Current: Irer

Both @ and @y are diode-connected (Vg = V), so they are in
the active region.

KVL around the left loop:

Vpp = VEego + Irer - Rrer + VBE1

Solving for Irgr:

Vop — VBe1 — VEro
RRrer

IRer =

With typical silicon BJTs (Vgg =~ Vegg =~ 0.7V):
Vpp — 1.4V

Irer ~
Rrer

Unlike the MOSFET divider, Irgr is set by Rger — not by
transistor sizing!
The BJT Vg is nearly fixed, so the resistor does all the work.
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BJT Current Mirror: loyt

Q1 and @3 share the same Vgg. The collector current of a BJT:

Ic = Is eVBE/VT

For @ and Qs:

N Vie/ V-
Irer ~ Isy eVBe/ VT,

lout = Iss e"e/VT

Taking the ratio:
lour _Is3 _ As

IrRer  Is1 A

where A is the emitter area of each transistor.
If Q1 and Q3 are identical (A3 = A;):

Vop — 1.4V

lout = Irer = A
REF

MOSFET mirror: scale current by W/L ratio (easy to adjust)
BJT mirror: scale current by emitter area ratio (harder to
adjust)
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BJT: Load Line Meets /- vs Ve Curve

Ic
Teor
N L
~>
+ ‘k\\ Ic vs Ve (Early effect)
M~ \\\
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I \\\\\\
I N
1
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The slope in the active region (1/r, = Ic/Va) is steeper than the
MOSFET (A is larger), so Al¢ is larger for the same AR;.
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BJT Small-Signal Model of Q3

Vout

8m3Vbe ro3 R

Q@3 small-signal

Unlike the MOSFET, r, draws base current i, = Vpe/rr, which loads
the bias network.
MOSFET gate draws zero current (open circuit).
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Simplifying: vpe =0

Vmid IS set by % Rrer, % between two AC grounds. Even though rr3
loads the node, viq is stiﬁ driven to AC ground:

Vb0 = Vpe=Vvp—Vve=0—-0=0

Since vhe = 0:  gm3 vbe = 0 (open circuit),  ip = Vpe/rx =0 (1
irrelevant)
The circuit reduces to the same result as the MOSFET case:

Vout

R
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Norton Equivalent of the BJT Current Mirror

Replace all three BJTs and Rrer with

Vbp their Norton equivalent:
@ Current source:
As
R, lout = IRreF - A
,,,,,,,,,,,,,,, Vpp — 1.4V
Vout @ Where: IREF = bbb 27
, Rrer
Va
lout

@ Load: R; connects to Vpp

Same Norton form as the
Q1+ @ + Reer + Q3 MOSFET mirror!

Only the expressions for IoyT and
ro3 differ.

} ‘ @ Output resistance: r,3 =
| (D lout ro3 |
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Key Takeaways

© Active load MOSFETSs (gate tied to drain) are always in
saturation

@ Two in series form a voltage divider where Vjyp depends on
W /L ratios

© NMOS-NMOS: R = /(W/L)2/(W/L)1, uses only K/,

Q@ PMOS-NMOS: R = \/Kp2/Kp1, PMOS must be wider
(ky < kp)

© Absolute sizing controls current and power; relative sizing
controls voltage

@ Current mirror: A second transistor sharing Vs with the
diode-connected device copies the current, scaled by

(W/L)3/(W/L)

Next: Current mirrors as active loads in amplifier circuits.
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