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Limits of Ultra Low Power

» What are the fundamental lower limits to power consumption?

=—- | Vpp

= Average value of |

Lo =1-C- Vpp
= The average power consumption P is then given by

rd

Assumptions:
100% efficient transconductor

(l.e. | o,=lop)

= 72
P=Vpp-f-C:-Vpy, = DD . r.c -V,

f
IPP
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Limits to Ultra Low Power

The noise current power spectral density (PSD) is given by
Sni = 4kT - y- G,

The total mean square noise voltage across capacitor C is given by
v kT

C
Where vis the noise excess factor which will be assumed to be unity

2
Vi =

The signal-to-noise ratio SNR is then given by

2/
SNR:M o op2 8 on
KT/C P c

The power consumption can then be written as

P:B-I?—D-kT-f-.S‘MQ

IPP
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Limits to Ultra Low Power

= Power consumption is minimized by maximizing the peak-to-peak signal with rail-
to-rail operation V, =V,

Py =8-kT- f-SNR

» P s proportional to frequency which actually corresponds to the bandwidth B for
low-pass filters

» A factor of merit (actually demerit, the smaller the better) can be defined as

K = P T zgv_VDD
kT -B-SNR Vpp

= Kis minimum for ‘v‘pp=VDD (rail-to-rail linear operation)

=8

_‘I’DD

K &

min

© Mohamed M. Aboudina, 2014



Min. Power Consumption versus SNR

* The minimum power consumption P_. is proportional to frequency (bandwidth)
= |t corresponds to an absolute minimum for processing a signal with an analog

circuit
> 10°
Q il
S 10°[  33uWMHz
?g 107 B .
— 10-12 -
2 - 8kT=32107"
S 10 = 50 N
Y ~ 33 pW/MHz m=50 N
E 10 ;
% 107" ; |
— I —gnalo
= 102 kT : | | I °
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Min. Power Consumption versus SNR

* The minimum power consumption P_. is proportional to frequency (bandwidth)

= |t corresponds to an absolute minimum for processing a signal with an analog

circuit

Minimum power per pole [J]

10°
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Practical Limits

= K . constitute an absolute minimum not accounting for many non-idealities

= |n practical analog circuits there are many non-idealities that can seriously
degrade (increase) the K factor far beyond K.,

» Current inefficiency (non-ideal class B operation)

» Linearity requirement

» Additional bias circuits

» Limited matching

» Additional noise contributions (from flicker noise and from other devices)
» Parasitic capacitances

» Charge injection
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P,,;nfor a Transconductance Amplifier

VD D

Vi, — Vpp > Vpssam + Vpssap

= K factor of a generic transconductor = Example of a simple NMOS

Is given by transconductor biased in Sl for better
linearity
"o - 1 .
- ) DD ‘DD _ _
- T -B-SNR 2 4?{?@' V.Z G K minimum fDerSsatn VDSsaip VDSsat

in-rms  ~m

2
K > 8}’}?(—?}55” }

= Can be minimized by maximizing S

V. /Vpp (rail-to-rail operation) and
G,/Ipp (bias in weak inversion) = Can be minimized by reducing Vpgg,
and hence the supply voltage V
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P,,;nfor a Transconductance Amplifier

* However, decreasing Vpg., INcreases the total harmonic distortion THD due to
the square-law characteristic according to

2 |
THD = Vr’n _ \/E ' I'/.:'J':-ﬂu.s N ( VDSS‘(H } _ 1
AnVpssar 4V Dssar v 8n? - THD?

In-rms

= K can then be expressed directly in terms of the THD as

K > J/ZZ ° 5
THD= 3-THD-~

= Having THD < 1% requires K > 6700 instead of 8 (factor 840 higher!)
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Why Low Voltage?

Two main motivations for low-voltage:

1. Reduce thk dynamic power consumption of digital circuits according to

L 2
Fyw=171-C-Vpp

2. Maintaining limited electric field in the device and avoid strong short-channel
effects due to process down-scaling

= But definitely NOT to reduce the power consumption of analog circuits
= | ow-voltage usually results in higher power consumption for analog circuits

» [ ow-voltage is often imposed the full system integration (system-on-a-chip or
SoC approach) including analog and RF in deep-submicron technologies

» |[ow-voltage can also be imposed by energy-scavenging sources producing only
small supply voltages
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Impact of Supply Voltage Reduction on Power Consumption
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= Assuming uncompressible and equal saturation voltages for NMOS and
PMOS, the minimum supply voltage for a given signal voltage swing is given by

‘DD = Vpp +2Vpssar = Vpp =Vpp = 2Vpssar

= The power consumption is now given by

P=Kpip-— 5;; .kT-B-SNR ot
D =" DSsat

I

K _ ‘DD
Knin Vb = 2Vpssar
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Consequences of Supply Voltage Reduction

* Most fundamental
» Voltage swing given by V. < Vi, = 2:Vipg
> If Vpgeat = Vpp/2 (or V, = 0) then K >>> 1

» If voltage is split half between bias and signal: Vg, = Vpp/4 (or V, = Vpp/2) then K
acceptable

= V,,and Vpg,, must therefore be reduced proportionally with Vyp
consequently, inversion coefficient has to be reduced and operating point is
progressively moving towards moderate and@eak inversiom

= (QOther consequences:

» Vpp approaching V; = poor switch conductance (eventually conductance gap)
» If V;is lowered = open switches start to leak

» Vpp below V, = requires special band-gap voltage reference circuits

» Transistor stacks no more possible = requires special LV circuit techniques
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Minimum Supply in Weak Inversion for Different

Voo 1.0
0.9

'y VDSsatl , 0.8

/\. H 0.7
Vpp \ » —- 0.6

Ve >
0:3
L 0.2

] 0.1
JIDD = IJGS + 2I;DSSGF +prp DD (R RT piiil L sl

0.01 0.1 1 10 100
a5 =Vr +2n-Ug vln(e“rc —l) IC

Ur=26mV
Vpp =2 Ut =52 mV
Vpgsat =4 Ut =104 mV

Vpp [V]

iVDSsat

weak inv. moderate inv. F‘s'trong inv.

= Supply voltage below 1V pushes bias point towards moderate/weak inversion

= For achieving Vpp=0.5V, threshold voltage should be smaller than 0.3 V and bias
point has to be in weak inversion (IC < 0.1)
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MOSFET Models

Bulk MOSFET Models

= BSIM3
= Threshold Voltage based MOSFET Model
= First CMC standard Model

= BSIM4

= Threshold Voltage based MOSFET Model with
enhanced physics features (mobility, BTBT, gate

leakage.....)
*. BSIM6
= Charge based Symmetric MOSFET Model
= Charge based core

= BSIM4 physics models and parameters
= Under standardization review in CMC
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45-min Seminar [1]

* BSIM6 Model description (EKV)

 Why use Charge-based Models?

* Background on Charge Based Symmetric Model

e Charge, Current and Voltage Expressions in more details
e All transconductances expressions

e Special Cases

* Important Derivations

[REF1] C. C. Enz and E. A. Vittoz, Charge-Based MQOS Transistor
Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley,
2006.

[REF2] E. A. Vittoz and C. C. Enz, "EKV Model of the MOS Transistor," in
Sub-Threshold Design for Ultra Low-Power Systems, Springer, 2006.



Outline

* Limits of Ultra-Low-Power Analog Circuit Design
* Limits of Ultra-Low-Voltage Analog Circuit Design
* MOS transistor in Weak Inversion

— Definition
— Properties
— Impact of Short-Channel Effects on Weak Inversion



Drain Current

, v _ -
fD:ﬂ'W"(_Qf)'E = Ip=p- j.CQ? dVwith f=u-C o

I;S ax
Q; . : = Q is the inversion mobile charge
1 > I
Cox | Vg > Vg (strong inversion) density (electrons for n-channel)
n-Vp_ = Vis the channel voltage (electrons

quasi-Fermi potential), equal to Vg at
- (VP — V) the source and V, at the drain

-

=V is the pinch-off voltage given by

Ve —Tro

n
= Vq,is the threshold voltage (at V=0)
= nis the slope factor

VPE

Vs Vb Vp = 1 is the electron mobility (at low field)
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Charge-Based Forward and Reverse Currents

* Ip =Ip — Iy

* Normalized drain current (Inversion Coefficient - IC):
- id =if_ir=(qg+QS)_(q%1+qd)
— (s: Normalized charge density in the channel near the source
— (q4: Normalized charge density in the channel near the drain



Modes of Operation (if versus i)

1000
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Approximate Current Expression (Valid in all regions)

Ve—Vs(p) Ve=Vro—1"Vs(p)

ir — IF{R)

spec

) 2; 2 2.[
=In“|1+e Ur =In“|1+e nUr
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Moderate and Weak Inversion

4
10 /
5 weak / Vg =0V
107 inversion / _
&) asymptote » 0000 A ==-—-
20 -
o 10 N -
- ! - -
— 1{]1 B 4 , -
10 ¢ !
9 10 ¢ |1
2 ! | _
10 !f :‘ Vio=035V
T : 2P =07V
4,0 I strong Yo =0776V
10 I inversion o= 1 VY
5 !f I asympt::rlte | b=
10
0.0 0.5 1.0 1.5 2.0
Vs [V]
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Moderate and Weak Inversion

10°
weak ,! Vg=0V
103 — Inversion /
o asymptote ¢
2 10l
~ 10
O
-1 'f
O 10 I
- |
-2 .
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|
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10
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Ve [V]
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Moderate and Weak Inversion

10°
5 weak Vg=0V
10 ™ inversion 7 ) ]
o asymptote  S{rong inversion
a 10 b
—  10'F Ispec
_D '
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O 10 !
10° | |
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Moderate and Weak Inversion

103 - weak ,f Vg=0V
10 inversion 7 . .
o asymptote  SEroNg inversion
3 L |
a 10 N
— 10'F  lspec
O ot . e ] moderate | ___________
y 10 inversion
9 10—1 L
10° |
. weak inversion | V=03V
10 strong
10*4 inversion
= ; asymptolte
1900 05 1.0 15 2.0
Ve [V]

= Strong inversion spans over wide range of voltage, but...

= Moderate and weak inversion span over more than 6 decades of current,
whereas strong inversion is limited to less than 2 decades
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Drain Current in Weak Inversion

= Drain current in weak inversion Vo5

ID:IF_IR:I.Spe?("(if_fi*) W|th IF(R):‘[,SP{?(’"Q Ur

where I (i) and I, (i,) are the forward and reverse (normalized) currents,
respectively and Iy is the specific current defined by

) W
Ispeczzn'ﬁ'bl":‘rspec Z
with S=u-C,, % and  Jpp =2n- - Cpy - U%
= Vyis the pinch-off voltage given by Ip Vo
v V6 =0 o—¢
p=—"1—t"
n

= The drain current can then be written as Ve 7
Ve-Vro Vg Vp VS
ID — Igp.g:f e n-U}— ) l:e L-'I —e Lri,. } v v
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Drain Current in Weak Inversion

= The drain current can also be written as

T s
U
= Saturation is reached for Vg >> Uy
Vp-Ts Va—-Vrg—n¥yg Vg—nVg
Ur _ nU _ , U
Ip=Ip= ISPFC ! _Ispec'e ! =Ipg-e "7

where |y, is the leakage current (current flowing in saturation for V;=V¢=0)

TTo

- aU
Ipg = Ispec‘ e "1

= [ eakage current highly sensitive to threshold voltage
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Drain Current in Saturation versus VGS

* The saturation voltage Vp-Vg can be expressed in terms of the Vi voltage as

Vp—Vs = Vg —Vro—n-Vs _ Ves =Vt

n n

where V; is the threshold voltage for V4> 0
Vp =Vpo+(n—1)-Vs

= The drain current in forward saturation (forward current) can then be written in
terms of the V4 voltage as

7 ,f
Vos—Ir

.07

2n-Uy

I
i :—szf =In®| 1+e

spec
= Which in weak inversion and forward saturation reduces to

I Vs VT
Iﬂ’ — —D =.p nlUT
I

spec
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Inversion Coefficient

= Qverdrive voltage Vg—V; not convenient for weak inversion

= Replaced by the inversion coefficient IC characterizing the global level of
inversion of the transistor and formerly defined as

IC = 1113:{({{:;"},)

* |n saturation i; >> i and therefore

i I 1 . . i
IC=ip= D _ D I (saturation) with [, =2n-11-Cpy - U%
l Ispec IS})(?(‘[ E

= The different regions of operation in saturation can then be defined as
IC<0.1: weak inversion (WI)
0.1<IC<10: moderate inversion (MI)

10<IC:  strong inversion (Sl)
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|IC versus Overdrive Voltage

IC

= The inversion coefficient IC (in saturation) can be expressed in terms of the
overdrive voltage V5-V; and reversely

100

10

0.1

0.01

0.001

Ves—Ir
R N
IC="D _1n2| 14 2"Vr
Ispec"
—
Strong inversion ]
1 /
'
/ Moderate inversion

/

I

3

Weak inversion

0 5 10 15 20

© Mohamed M.
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[1] Lowest Saturation Voltage

I/ I

1.0

0.8

0.6

0.4

Vpsey = 4 UT = 100 mV

Weak inversion provides the minimum saturation voltage (V5. =41t0 5 U,)

This is the main reason why weak inversion is intrinsically associated with low-

voltage circuit design

Unlike strong inversion, this saturation voltage is independent of the threshold

voltage
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[2] Maximum Current Efficiency (G,,,/Ip)

= The current efficiency (in saturation) is maximum in weak inversion

Uy G,-nUp 1 2 {1 w1

. G, .
current efficiency = 2 = - =
Ip Ip gs+1  aIc+1+1 |1/JIC sI

numerical

6 (GAMMA=07 V)
4t T analytical :
""" asymptotes :
. | I | i
0.001 0.01 0.1 1 10 100 1000
C = I /g,
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[3] THD of Drain Current versus IC

100 ¢
jf Fourier coefficients in WI:
- —
) — TN Ip(0)

Ty T~ N\ Vin/(nUp=3 ag = =1C -Igo(x)

o n — spec

S N

2 — \\\ _ID0) e, ()

}_ 1 _ \\ \03 " G” —_ ISLD{?C —_ . B” :‘.,
ol mmc..-f\\\ where I are the modified

) [T B R BN WHRITT| VI RTTIT R TT R: - t
0.001 001 0.1 1 10 100 1000 Bessel function of the 1°
IC kind of order n

= Above plot shows the THD in % versus the inversion factor for different sinewave
iInput amplitudes

= Linearity is strongly degraded compared to S| due to the exponential |-V
characteristic
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[4] Matching

= Assuming AV, and A3 are uncorrelated and An is negligible, the standard
deviation of the relative drain current mismatch of two transistors biased in
saturation with the same gate and source voltages (current mirror) is given by

2
2 Gm 2
O'ﬁ = (T£+ — +J‘”3VTU
Ip B lrD

Apr e 1

A
with o = 2 and OAVyy = With  App o< fgy - Y Np = -

5 WL WL K

» The standard deviation of the gate voltage mismatch of two transistors biased in
saturation with identical drain current (diff pair) is given by
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[4] Matching — Downscaling improves Matching

Avt (mV.jum)

47/ . 1
: 4N A
Ay o< toy N Np o = 3
K K74
16 er—— X C085 (Poly,SiON)
- " & (045 HPA (Poly, SiON)
14 * C300 (Amo, TiSi2)
i 4 C250 (Amo, TiSi2)
12 * C500 (Amo,TiSi2)
[ ® G250 (Paly,CoSi2) .
10 f » G180 (Paly,CaSi2) E
: = C350 (Poly,CoSi2) =
8 Avt=a.tox+b ||, cogo (poly.Cosiz) | B
: af' mV.uminm | |, o5 (paly,Cosiz) =
6f - o b=2 mV.um Co5 (TOSILSION) | g
E & A + = C045 (Paly,SiON)
N o FD-S0I 45
: « coe2
2k i @ CO45 (Paly, SiON)
[ ° o = GAA doped
B Bt il INCAR, (ARG
20 40 &0 S0 100 120 140
Tox (Ang)
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where x is the scaling factor

16

—_—
E =9

—
[ ]

—
=

= -

[=a]

PMOS

Avt=a.tox+b
a=0.75 mV.pm/nm
b=1.5 mV.pm

..................................
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60 80
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[4] Matching

G(A’D/fp)zo G.(AVG) | wa I -_— DT I F
%] [~ T3 nUr=36mVi - [mv] 1: uncorrelated ’
- 15 | —n o(AVg) = 4mV § 30} ----------- ;{f’--
S N amp) = 0.8% £ 2: fully correlated xi’!
£10 - S o 20| 3: same as 2 with Vg=1V 7/~
8ol A % : fz'f
e = 3 7/
2 5 210 STl
L 2 L [Tt
3 ) ;
o 0 M 0 -
10-2 1 102 104 102 1 102 104

Inversion coefficient /IC Inversion coefficient IC

= Current matching bad in weak inversion
» (Gate voltage matching best in weak inversion

= Nonzero Vg degrades matching, (particularly current matching in WI) due to
correlation between AV5, and An (both depend on doping variation AN,)

Vs
Oarrly ~o =~ 94710 ‘[HE]
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[5] Limiting the Speed (Bandwidth)

= The transit frequency in Wl and saturation is given by

where C; is the total gate capacitance made of the intrinsic C, and extrinsic C,
gate capacitances respectively, and oy, is defined as the w, (in WI) for IC=1

= Proportional to inversion coefficient (instead of v/IC in SI)

= Takes full advantage of 1/L2 scaling since there is no high field effects such as
velocity saturation and mobility reduction due to the vertical field

= Extrinsic capacitances (overlap and fringing capacitances) strongly reduce the f;
(typically a factor 3 compared to intrinsic f,)

* For typical 65 nm process f; = 300 GHz for n-channel MOST (standard V)

© Mohamed M. Aboudina, 2014



Summary of Properties

Pros Cons
= Exponential |-V characteristic similar to = Higher distortion
bipolar = Low speed
= Minimum drain saturation voltage = Low f, compared to strong inversion,
= Minimum gate voltage but increases with scaling (weak
= Minimum gate capacitance Inversion is more and more interesting

for deep-submicron technologies)

* Maximum current efficiency G, /I,

» Max. intrinsic voltage gain » Max. output noise current for a given |
» Min. input noise PSD for given I, » Max. current mismatch
» Max. bandwidth for given kT/C and |, (poor current accuracy)

» Min. input offset voltage
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Velocity Saturation

= A high longitudinal electric field E, causes the carrier velocity v, to saturate

Carrier Drift Velocity v [m/s]

106 B 1 I L] I I ] L] | ] ] L] I I ]
B Acoustical
~ , Vgat Phonons and Optical
:/ Impurity , Phonons

104:—

105 :— _____ _Sfaﬂeﬂffg:d' e

—

Impact
lonization

E

Ll |||;/|cuul ! |||-

10 100 107
Electric Field E, [V/um]
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For Si
Electrons:

Vg = 10°m/s
E.=1V/ium
Holes:

Vg = 8x10* m/s
E,=3V/ium



Effect of Velocity Saturation on Drain Current

ID / Ispec [']

IC =

Long-channel Short-channel
10° . 14 10° 50
el n-channel ! . . E‘I:fcfz‘ilgll;e:lm
ant - E‘:;Errhlm | ~ 0 L=40nm 40
A VR Ry —110 o 10
[ R e a 30
g 18 ~ @ qq"
10 5 =
2 46 O o 47 20
10 0
- 14 10° | :
107 O velocity |,
-4 -2 m"‘ .
10 saturation
10-5 | 0 10'5 | | | 0
04 02 00 02 04 06 08 06 04 02 00 02 04 06
Ve — Vo [V] Ve = Vo [V]

= Velocity saturation has a strong impact on the drain current in strong inversion
* The current becomes proportionnal to V-V,

= Hence the gate and source transconductances become independent of the current

(and independent of the length)
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Effect of Velocity Saturation on Current Efficiency

2
1 = e ————————— —_—
— SE “ A\ ]
_ 6 n-channel NYW L\ i
0 4 W=40um ' -
- L Vp=1.1V : -
|
5 ; -
- ' <
e OhF : GE
O oL == L=2um : N
4F  m— | =120nm : \\ ‘\ “{
- | =40nm ' NN\ :
2 1 IIIIIIII 1 IIIIIIII 1 Illlllll 1 IIIIIIII 1 IIIIIIII \tl\’_l_l_l_l_u_.
0.001 0.01 0.1 1 10 100 1000

IC=1p/ Ispec -]
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Transit Frequency Scaling

= Scaling of w, is affected by short-channel effects such as velocity saturation

Gmmr =n- Cm‘ “Vsat . = Gn,-mr o Vsat
CGDCH‘I'LI'CDIT (___fG L,f

[

= Scales only as 1/L; instead of 1/L when velocity saturation is present

1UUU E I T T T T I | | L IE

N C @ Shpg _ ]
T ~w_ 7

(¢ 100E ® .-_ =
© - ~_%e 7
o - Vp=15V v T

; o - ~o -
s 10 ; ﬁ:‘l: 4gm-max 1*2
- Wg=5pm -

L W=200pm _

1 1 1] 1 | 1 | L1 1 1
0.05 0.1 0.2 0.5 1

L[um]
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