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Introduction

RF MOS Transistor Structure and Layout

= RF MOS Transistors are usually large devices

= |mplemented as multi-finger devices due to the “narrow-line effect” limiting the
transistor width

Wi

I
il

Ny - # of fingers

EEEEEEEEE S

L W -width of a single finger

SEEEEEEEEE Ly : length of a single finger

EEEEEEEEE W = Nf-We: total width

S Minimum # of
drain diffusions

E P .- I © C. Enz | 2021 Low-power radio design for the loT Slide 2 ICLAB



Introduction

What Changes at RF?

Transistor characteristics such as gain and transconductance start to degrade due
to intrinsic frequency limitations and extrinsic parasitics

Frequency limit of intrinsic part set by frequency w, delimiting quasi-static
(QS) and non-quasi-static (NQS) operation

Wys = Wspec 'Qqs (95-94)

—_— ~
technology unitless and

and geometry only bias
dependent dependent

3
(QS +44 +1)
49% +4¢7 +12q9,q4 +10g, +10g, +5

A 2IUUT
.
In saturation (g, > qy)

with  @e.

and Q=15

3 Wi
(qs +1) = ) Vp—=V
115 15 /. 15Yp—
4q5 +10g,+5 | 39s=3\ir =57, S

To avoid any degradation due to NQS, w,s =~ 7x to 10x operating frequency

Q=15

Achieved by sufficiently large bias and/or reduced length
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Introduction

What Changes at RF?

o 1) 3 WI (sat)
O 24 ~p5_ s - vy
qs — = 2 — )15 _ 15 [ _15¥p~ Vs
0] =g == [i, =22 §] (sat
spec  A4qy +10q,+5 |4 ds =4\l TR O, (sat)
100 300 Vg =Ve=O
E o 250 - e # f—vq =20
é I Vd = Vs ‘ éé ~vg=40
i ~—vg =60
S - g 200 ]~ va=80
~~ ~~
» » vg = 100
80' 10 E_ 80' 150 . gsr:&oggt.i;]vl
I - I 100 - strong inv.
& i 23 approx.
G T e T G 5L weak inv.
r weak inv. approx.
.~ T T—strong inv. (sat)
1 Lo il v aannl Lol Lo 0 ---------- Jomoomoonooad] | (PR, N i
0.01 0.1 1 10 100 0 40 80
IC=1p/ Ispec Vp = Vp /Ut

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

What Changes at RF?

= Limitations due to extrinsic parasitics are strongly dependent on the layout

= Usually frequency limitations are due to extrinsic capacitances and particularly
the capacitance at the drain (Cgp; and Cgpe)

= Some limitations are characterized by several figures-of-merit (FoM) such as:
» Transit frequency F;
» Maximum frequency of oscillation F,,,
» Minimum noise figure NF,,;,,
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Transistor Figures of Merit

Transit Frequency — Definition
4 {2

E

= The small-signal current gain h,, is defined as

b a I Y Gp—jw(Cpn+Cep) | G wy
21 = 7 =5 = = —
Iy

Port 1

2

¢ Hod
o€¢—o
<

L

oo T joCg T jwls  jw

= The transit frequency is then defined as the frequency for which the current gain
magnitude becomes unity

1 G,

F=—.—
YT 2m ¢,

= where C; = C¢; + Cg. IS the total gate capacitance made of an intrinsic part
C¢; and extrinsic part C,

= The intrinsic gate capacitance is proportionalto W - L - C,,. and bias dependent
C. C. Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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Transistor Figures of Merit

Transit Frequency and Extrinsic Gate Capacitance

= The extrinsic gate capacitance C, is made of the overlap capacitance C,,
and the fringing capacitance C; ¢

Cge = Cgo + Cop =W - (CGOW + CGfW) =W - Cgew
= where C,.yy IS the total extrinsic capacitance per unit width

= Note that C¢, and Cy; ¢ scale with W but not with L
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Transistor Figures of Merit

Measured Current and Unilateral Power Gains

= F,and F,,,, are obtained from measurements for one operating point by simple
extrapolation (32nm bulk CMOS process in the example below)

60 Wy = S{hﬂ} " Wspot

N
o

Where wgp,; is a sufficiently

small frequency (typically 1GHz)
at which the current gain shows a
—20dB/dec slope

NN
o

F__ =260 GHz

h21 and U (dB)

112.5 nm pitch N

10 | 26nmx0.6umx50 .. — F =420 GHz
o | Ves0vvosy
1 10 100 1000

Frequency (GHz)

P. VanDerVoorn, et al., Symposium on VLSI Technology, 2010
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Transistor Figures of Merit

Transit Frequency of a 45 nm SOl CMOS Process
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Transistor Figures of Merit

Transit Frequency of a 28nm Bulk CMOS Process

400
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K. W. J. Chew, et al., RFIC, 2015
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Transistor Figures of Merit

Transit Frequency Scaling

1000 = L | } I } L IE
—_ . y N
:E B ‘\.foioe\t\7 N
¢ 100k ® o-._ =
— - [ 2 3

v - ~. % Z
® RGN

Q - Vp=15V NG
v 10 ; ,(\3Ifm=—4(()3m-max . E
- Wi=5um N
W =200um i

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

L[Hm]

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

Gmsat = W'Cox'vsat — . A Gmsat zvsat
Co =W -Ls- Coy C=T0 T L

= Scales only as 1/L¢ when velocity saturation is present instead of 1/ L]%

H. S. Momose et al., IEDM 1996.
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Transistor Figures of Merit

MOSFET Model Valid for RF from Weak to Strong Inversion

= To take advantage of the highest transit frequency reached at minimum length
MOSFET operating at RF have usually a minimum length

= The high transit frequency achieved with advanced CMOS technologies can be
trade-off with power consumption by shifting the operating point from strong
inversion to moderate or eventually even weak inversion

= |tis therefore crucial to have a MOSFET model that accounts for velocity
saturation and is valid from weak to strong inversion
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Transistor Figures of Merit

Inversion Coefficient Definition

= Qverdrive voltage V; — Vi or V¢ — V- not convenient for weak inversion

= Replaced by the inversion coefficient IC characterizing the global level of
inversion of the transistor in saturation

IC 2 ID |saturation Typical values of Ispecu for 28-nm:
750 nA for NMOS

= Where the specific current I, is defined ds 200 nA for PMOS

Ispec

A w. . A A kT
Ispec 2 Ispecn = 7 With Ipéen £ 2nuCo, Uz and Ur & -

= The different regions of operation in saturation can then be defined as

Weak inversion Moderate inversion Strong inversion
(WI) T 1 (M) T (SI)
; ; . I . ; » IC
0.001 0.01 0.1 J 10 100
Subthreshold

C. C. Enz, F. Krummenacher, and E. A. Vittoz (EKV), Analog Integrated Circuits and Signal Processing Journal, vol. 8, pp. 83-114, July 1995.
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Transistor Figures of Merit

Simplified EKV Charge-based Model (in saturation)

The normalized drain current in saturation or inversion coefficient is given by
IC = Iplsaturation _ 4(q5 + qs)
Ispec 2+ A, + \/lg(ZC[S +1)? +4(1+ 4,)

" s = Qi(x = 0)/Qspec is the normalized inversion charge at the source
where Qspec = —2nCox Uy

= A is the velocity saturation (\VVS) parameter corresponding to the fraction of the
channel under full VS

2UT

L . 2uqlU
Ao = =2 with Lege = =22-T =
L Vsat Ec

= (, is related to the gate and source voltage according to

B . _Vp __Vg-V5o_ Vs KT
v, — vs = In(qs) + 2q5 with v, = o= nun U= UL Ur

= Only requires the following 4 parameters: 1, Is .., Vro, Lsat

C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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Transistor Figures of Merit

Effect of VS on the Drain Current in S

= |n Sl and saturation, the model reduces to
B 2q¢
141+ (Acq5)?
= L., represents the portion of the channel that is under full VS
= For very short channel and/or high overdrive voltage

Ho . Vp — Vs
Usat L

lq

245

Ac

= Remembering thatin Sl g, = (Vp — V5)/(2U7) leads to the denormalized drain
current given by

ID = WnCoxvsat(VP - VS) — WCoxvsat(VG - VTO - nVS)

Acqs = »>1 =i =

= The current becomes a linear function of the charge and therefore of the
overdrive voltage and also independent of the length
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Transistor Figures of Merit

Effect of VS on the Drain Current (40nm Process)
Short-channel

Long-channel
_ B 2
Ip = o (Ve — Vro)
10°
2| n-channel .
107" w=40pm S .
L qo'fL=2pm A4 i
o | Vo=tavo Y
> L I SR s/ i
~ 10" dﬁ
o 2| Q) B
] 10 \ i
O 10°F
10" - / il
10.5 | ’ I I I

-04 -0.2 0.0 0.2 0.4 0.6 0.

Vg — V1o [V]

ID = WCoxvsat(VG T VTO)

10 50
n-channel

1L W =120 um

10 L =40 nm Q&Q —40
0L _Vp=11V _____/~._ I S

10 va

10"+ Q0 130 _
2 & @)

107 ¢ ~20
3| N .

10 velocity |,
4 .

10 saturation

10° ! l l 0
-0.6 -04 -0.2 0.0 0.2 04 0.6

Vg - V1o [V]

= Velocity saturation has a strong impact on the drain current in strong inversion

= The current becomes proportional to V; — Vi,

= Hence the gate and source transconductances become independent of the
current (and independent of the length)
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Transistor Figures of Merit

Drain Current for 28 and 40-nm Bulk CMOS Processes

28-nm and 40-nm Bulk CMdS Processes
101 . ® W=108um, L=30nm
€ W=3um, L=30nm

Symbols: Measurements
-1 |_ Lines: Theory

-0V, Vp=1.1V
=0V, Vp=1.1V

02 00 02
Vg-V1o [V]

= Simple model validated on 28-nm and 40-nm bulk CMOS processes over more
than 6 decades of current despite only requiring few parameters, namely:

C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.

n, Ispecm, Vro, Lsat
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Transistor Figures of Merit

Effect of VS on the Transconductance in S

The effect of VS on the source transconductance in Sl is given by
Gms . ds

Gspe c B \/1 + (Acqs)z

= where G,,s = n - Gy, is the source transconductance and Gspee = Ispec/Ur =
2nfUr

A
Ims =

= Ford.-qs > 1, g, Saturatesto 1/1,

1 L . .
Ims = — = in S| and saturation
A'C sat
= orin denormalized form
Gs
~ pec L
Gms = 1 W CoxVsat
C

= (G,,s becomes independent of the length and of the current
= |tonly depends on v, and increases with W

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

EPFI: © C. Enz | 2021 Low-power radio design for the loT Slide 19 I ol .Y :]




Transistor Figures of Merit

G, vs. IC for 28 and 40-nm Bulk CMOS Process

10 g
0 E 28-nm and 40-nm Bulk CMOS Processes
- ® W=108um, L=30nm : G nG
1 [y WS, LE0Rm gms(IC) 2 5 = T
E @ W=108pm, L=40nm 5 ms Gspec  Gspec
C S_ymbols: Measurements !
0.4 L Hnes: Theory JAJIC+DZ+4IC -1
O"g’ - ' T 2 QAJIC+ 1) + 2
0.01 F =~ LforIC » 1
: Ac
i : Lsat
with A, =
0.001 ¢ L
- - and Ly, = 2oUr = 20T
B : sat — -
0.0001 | | IIIIIII 11 IIIIIII 11 IIIIIII | | IIIIII| | | IIIIIII L1 11111 vsat EC
0.0001 0.001 0.01 0.1 1 10 100

IC

= Simple model of transconductance validated on 28-nm and 40-nm bulk CMOS
processes over more 5 decades of current despite only requiring few parameters,
namely:

n, Ispecm, Vro, Lsat

C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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Transistor Figures of Merit

Effect of VS on the Drain Current in WI

= Velocity saturation also affects the current in weak inversion (in saturation)
: ds
lg =
1+

= The source transconductance is then given by

g0
ms — — U
1+

= The source (gate) transconductances remain proportional to the current

= The G,,;/Ip ratio remains equal to unity as for the long channel case

A. Mangla, J.-M. Sallese and C. Enz, MIXDES 2011
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Transistor Figures of Merit

The Current Efficiency G,,,/Ip, FOM

11— -
e 0.55 \i\
\|_ 0.2} I
2 7 EEANNNG
c L e
‘e 01F L 3
O | .f ---without VS o )
— with VS Videt 4 1/22\P
002k o ol el .......i i .E/. Ll
0.001 0.01 0.1 1 10 100
Ims _ GmsUr  GunUr  J(AJC+1)2+4I1C—-1
ig I, I,  ICQA.(AJC+1)+2)

WI and sat.
SI and sat.

A. Mangla, M. A. Chalkiadaki, F. Fadhuile, T. Taris, Y. Deval, and C. C. Enz, Microelectronics Journal, vol. 44, pp. 570-575, July 2013.
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Transistor Figures of Merit

G.,/Ip vs. IC for 28 and 40-nm Bulk CMOS

28-nm and 40-nm Bulk CMOS Processes

| Symbols: Measurements

Lines: Theory
0.1F
0.01 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1
0.0001 0.001 0.01 0.1 1 10

IC

Ims _ GmsUr . GmsnUr . \/(ACIC +1)2+4IC -1

i I, I,  ICQA.(AJC+1)+2)

C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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Transistor Figures of Merit

IC,G,, and G,,,/I for

28-nm FDSOI Process

10 7 1 0
; 28-nm FDSOI CMOS Process
10 [~ .
P S I 2 e 4 80 ! B W=60pm, L=300nm
? Symbols: Measurements
1L : Lines: Theory
10 :
) 28-am FDSOI CMOS Process 60 - @ 01
O 10° ® W=60pm, L=30nm e £
¢ W=60um, L=80nm o
10° F m. W=60um, L=300nm 40 0.01
Symbols: Measurements
10% & Linés: Theory
20 0.001
10° .
107 Lostmtmthempmpasbemsosmt 0 0.0001
-03 -0.2 -01 00 01 02 03 04 05 06 0.0001 0.001 0.01 0.1 1 10 100
Ve-V1o [V] IC

28-nm FDSOI CMOS Process

® W=60um, L=30nm
€ W=60um, L=80nm

0 . m W=60um, L=300nm
= | Symbols: Measurements
:_) Lines: Theory

cC

— 01

& C
@) C

0.01 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII L1 11111l
0.0001 0.001 0.01 0.1 1 10 100

IC
C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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Transistor Figures of Merit

IC,G,, and G,,,/I for

: so 1N
10 28-nm finFET CMOS Process 28-nm finFET CMOS Process ;
101 - ® W=280nm, L=30nm 70 ® W=280nm, L=30nm
0 ¢ W=280nm, L=70nm 1 @ WE2B0AM . LETORM. T e
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IC
C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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Transistor Figures of Merit

G.,/Ip vs. IC for 40nm Bulk CMOS Process

Long-Channel L=2um Short-Channel L=40nm
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Transistor Figures of Merit

G.,/Ip vs. IC for 28nm Bulk CMOS Process

Long-Channel L=1.8um

Short-Channel L=31nm
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Transistor Figures of Merit

G.,/Ip vs. IC for 28nm FDSOI CMOS Process

Long-Channel L=300nm Short-Channel L=30nm
2 < 2 T
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Transistor Figures of Merit

Transit Frequency versus Inversion Coefficient

= The transit frequency can be written in terms of the inversion coefficient as

G
w, = O _ spec_ 8msUC) where G, éZnyConUT
Cg nW-LCy . ., Coe L
““w.L.C,
= where the normalized source transconductance is given by
(IC W ICx1
2 AICH =L ithoutvs 4. =0
(A, -IC+1)" +4IC -1 2 ¢
= =<
Sms (A IC+)+2  |VIC Sl without VS 7C>1and 2, = 0
€ Sl with VS Ao 1C>1
yl
(&

~

= And the normalized capacitances are given by

1—% WI and saturation

cGi = Co=Cg, +Cqr =W -|C +C =W-C
l 1—# Sl and saturation Ge = =Go 7 =0f (GOW v ) Gel
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Transistor Figures of Merit

Transit Frequency versus Inversion Coefficient

Replacing Gy results in

24- C C 24-
w, = H 2(]_T ) gms( ) — a)Spec . gms( ) where a)spec A H 2(]T
L Crs + CGe Crs + CGe L
“Tw.L-C “Tw.L-C
ox ox

For short channel devices, c,; is usually dominated by the extrinsic part (and
hence independent of IC)

e 2 Ce  _ coi+ Cee . Cce _ Ciew
w-L-c, ' WwW-L-C, W-L-C, L-C,
= Resulting in
L- Cox 2u-Ur Cox
Wy = Ogpec * - 8ms (IC) = 17 ' C *&ms (C)
GeW GeW

which only scales as 1/L compared to wsy,.. Which scales as 1/ L?
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Transistor Figures of Merit

Maximum (or Peak) Transit Frequency

= For short-channel devices C;; < Cg,

Hence, the specific transit frequency w,.. roughly scales as 1/L
ISpeCI:I
nUr - Cgew - L

~y

wtspec —

= The transit frequency saturates in Sl due to velocity saturation to
a)tspec Cox

Wipeak — = Vsqt
A C
c GeWw

= 3Since Cgeyy does not scale with L, w4, does not scale with L either

" wpeqk CanN therefore only take advantage of scaling through the increase of C,,
mitigated by the possible increase of Cg.yy/

C. Enz and M. Chalkiadaki, APMC 2015
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Transistor Figures of Merit

Specific Transit Frequency w;,.

J(Ae-1c 41 vaic -1

w;, =W .
1 R (P rTRee s 4 (Ae  IC+1)+2
(l)tspec <i> ,,,’ Ef:,"’
A A )T """t - -
¢ ‘ . Oyspec - 1C - WI IC <1

wtspec(l)_ """""""" I : .
L : =14 Oypec NIC  Slwithout VS IC>1and 4. =0
i i E Ospec :
| 1 1 e Sl with VS IC>1
L : Ae
. 5
L : 1) A - IC+1)" +4IC -1

/ : : : Qt = = gms(lc) = \/(ﬂc 2 )
T T i i —1 T =|C a)tspec C.( C'IC+1)+2
001 01 1 1101 100
PR

Wespec 1S the transit frequency obtained for IC = 1 assuming WI (obtained from

the WI asymptote)

A
Dtspec = Wt ‘WI and IC=1 —

C. Enz and M. Chalkiadaki, APMC 2015

Dspec

DOgspec

Co

e

CGe

CGi

_|_
w-L-C,. W-L-C,,
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Transistor Figures of Merit

F,vs. IC for 40nm Bulk CMOS Process

10 = //, ,/’?
E £ =1/0,=2.05 /’/,/’/ i
N o Fisa™263 GHZ
o E Ftspec=128.4 GHz : i i W=108um
8 i - : : : L=40nm
i) I 1 1 n=1.48
LL 01F ,/’/, : : : Ispecsq=650nA E
~ E -7 L1 ] lgpecm2.1MA 3
ny i L1 Le=19.5nm -
i L1 A=04875 ]
0.01 ¢ ® measurements | 1 1 1A=205 3
: — -BSIM6 o A =421
i — theory | 1 1 Cguy=640pF/m
0001 Lol Ll L1 ||||||| |I 1 |:|||||| L1 11t
0.001 0.01 0.1 1 10 100
Inversion Coefficient IC
F J@Jdc+1)y+alc—1 |1 Wlandsat
Je = Fespee 0™ A(AJC+1)+2 |3 Slandsat

Ac

C. Enz and M. Chalkiadaki, APMC 2015
A. Mangla, M. A. Chalkiadaki, F. Fadhuile, T. Taris, Y. Deval, and C. C. Enz, Microelectronics Journal, vol. 44, pp. 570-575, July 2013.
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Transistor Figures of Merit

F,vs. IC for 28nm Bulk CMOS Process

10 3 ot e
- =1A=15 P _
P s — g Fipear=340 GHz
E Fiepec=226.6 GHz | T
8 - i ot W=108um
Q - T I 11 L=31nm
2 . Ll n=1.46
w 01 - EEEE R
~ E 11 lpe=39mA 3
L X |11 LgF2020m ]
0.01 ¢ bt
: ® measurements 111 g5 %935
- I_ theOI’yI i : : CGeW=670pF/m .
0001 L1 i L1 i1 L1 i1 Lit i L b 11t
0.001 0.01 0.1 1 10 100
Inversion Coefficient IC
F JIc+1)2+4lc—1 (I Wlandsat
e 2 Frspee O™ AQJC+1)+2 |5 Slandsat,

Ac

C. Enz and M. Chalkiadaki, APMC 2015
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Transistor Figures of Merit

Figure-of-Merit for Low Power RF

A. Shameli and P. Heydari, ISLPED 2006
T. Taris, et al., RFIC 2011
= CL A. Mangla, J.-M. Sallese and C. Enz, MIXDES 2011

= The voltage gain and noise factor of common-source stage loaded by similar stage
(i.e. having a fan-out FO equal to 1 and hence C; = Cgg) are given by

AV, G G . :
Ay, 2 20out = Om o~ om iy, =
AVin GagstjwCy, jwCy, w

Gm _ Gm o

CL Cgs

F=1+ y”g (assuming thermal noise from M1 and resistance Rq only)

m S

= A FoM can be defined in order to maximize the gain-bandwidth product and
minimize the noise factor at a given current

w R |G, w
FoM 2 a5 mm
(F_l)'lb YnD Ib

= This FoM is proportional to the G,,,/I}, - w; ratio, which is an important FoM for low-
power RF IC design
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Transistor Figures of Merit

The G,,,/Ip - F, FOM is Maximum in Moderate Inversion

10 E 1 LI IIIIII 1 LI IIIII’1\ 1 LI II;I/VI 1 1 ILLU: 1
o= T o T A=
- — k=113 K ] 3
2r /::’Jllsr\\ ) 1 _3
1 :_'"'_'_'""'_'_','7?1‘//'"':"}_'\T':_:';_: 7_
= ; T TN ‘
@) 4: :@‘// /’// ] : : : \\Oe'/ . L =9
S PN R N9} 22
P 7 | [ | \\
0.1 ¢ 2 o !
- P | b . N—— =
2 | [ | _
001 L 1l [ |||||i ] ! |!||||!| IR R FOMOptzFOM(ICOPt):O'AI.?’
0.0 0.1 1 1 100
Inversion Coeéfficient |
1 1 1
e Q3 % (
2
IC Wi ICx1
g -Q gZ 1 \/(ﬂc-IC+1)2+4IC—1 .
FoM pp =S8 —1L —2ms — . =1 Sl without VS IC>1and 4. =0
IC IC IC |  Z.+(A.-IC+1)+2 |
5 Sl with VS 1IC>1
A - IC

C. Enz and M. Chalkiadaki, APMC 2015
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Transistor Figures of Merit

G.,/Ip - F;vs. IC for 40nm Bulk CMOS Process

1 [ 7 Ay =

E W=108um ey E

4F L=40nm s : N .

- n=148 " T, s ey SN2

2r Ispecsq=650nA ) i ]
0.1 E lpec=2.1mA i
& E Lgy=19.5nm !
s 4r 2,=0.4875 :
@) ol :
Ll l

— | —

0.01¢ 0205

afF ® measurements | 2_ .

- . Bee : 1/xc4/34.21 -

2F — theory : 1/}\‘0 =2.61 1

0001 Ll L 1 nl Ll |:|||||||| 11 11111l

0.001 0.01 0.1 1 10 100
Inversion Coefficient IC
5 2
2
¥e) 1 \//1 AIC+1)" +41IC -1
FOMRF = ng t — ng — . ( ¢ )

IC IC IC| J.(A-IC+1)+2

(&

C. Enz and M. Chalkiadaki, APMC 2015
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Transistor Figures of Merit

G.,/Ip - F;vs. IC for 28nm Bulk CMOS Process

1 a s AN 3

E W=108um SN :

4 L=31nm A ! ¢ .

2f“n‘=‘1‘.46““‘““““7"““ | ""'"""":
lspecsg=870NA i
. 0.1 F lpec=3.9mA !
r - L,=20.2nm :
L |
= T 2,=0.6516 i
@) ol |
LL l

— | —

0.01 ¢ | an=153 3

B | -

af =236 ]

i ® measurements | 43 i

2r — theory : 1/7\,0 =1.77 1

0001 L vl L ol L vl :I Ll L1 111

0.001 0.01 0.1 1 10 100

Inversion Coefficient IC
2

2
ng.Qt_ggw_ 1 \/(/IC-ICH) +4IC -1
IC IC IC | A (A.-IC+1)+2

(&

FOMRF =

C. Enz and M. Chalkiadaki, APMC 2015
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Transistor Figures of Merit

Combined FoMs vs. IC for 40nm and 28nm Bulk CMOS

L1 llllll.

L1 lllllII/

1 _________
= W=108um
o - L=40nm
~ - n=1.48
E 01 = Ispecsq=650nA
o = 1peo=2.1MA
C Le,=19.5nm
" 1.=0.4875
0.01
10
fiem=1/1,=2.05
1
- 0.1
Y
0.01
0.001
1
— - BSIM6
= 0.1 &— theory
=
L

0.01

0 001 1 llllllll 1 llllllll L1 11111l

0.001 0.01 0.1

Inversion Coefficient IC

C. Enz and M. Chalkiadaki, APMC 2015

1E
F W=108um
- - L=31nm
= - n=1.46
g o1L
(o) T E lgpec=3.9mA
C Lga=20.2nm
- 1.=0.6516
0.01
10
fioa=1/A=1.5
1
- 01
w -
0.01
0.001
1E
E— theory
r 0.1
S
L -
0.01 =
0001 1 llllllll
0.001

lspeosq=870NA

L1 lllllll

/
(| llllllII

/
1 !lllllll

)
lllllll
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|
1

1 llllllll L1111
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10 100

Inversion Coefficient IC
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Transistor Figures of Merit

Maximum Frequency of Oscillation

= F,isonly a narrow way to characterize the ability of a device to operate at RF

= Another figure of merit that also accounts for the R; and Cp can be defined from
the unilateral power gain U which corresponds to the maximum available gain
(corresponding to the transducer gain with matched source and load impedance
Yo = Y{; and Y, =Y,,) with its feedback transadmittance neutralized (Y;, = 0)
2
Y1)

U= where G, =R{Y,! with k,le{1,2
4(Gy Gy — G12Gy) =T .2}

= From simple QS model one obtains

2 2
U ~ Gm ~ Gm — (wmax)
4RGC;(GyCq +GpCap)@®  4RGCoCopw° N @
~ G, ~ 1 G, 1 Wy
Cmax = “2\RCiCop 2\ RGC
2R5C (GasCo + GuCop) ¢CcCop ¢Cep

The smaller the R - C;p product the higher the E,, ;. (it is therefore also used as
another figure of merit)
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Transistor Figures of Merit

Minimum Noise Figure

Having high F; and E,, ;. is not sufficient, low noise is also required

= This feature is measured by the noise factor F' or the noise figure NF
NF 2 10-logF

= The noise factor F is defined as the ratio of the total noise power measured at
some point along the amplification chain (usually at the output) to the noise due to
the generator only measured at that same point

= The noise factor depends thus on the generator admittance and becomes
minimum for a particular value of this generator admittance

= The minimum value of the noise factor F,,,;,, (or noise figure NF,,;,,)
represents what a device can ultimately achieve in terms of minimum thermal
noise contribution and is therefore used as a figure-of-merit

= Fora MOST biased in strong inversion it is approximated by F,,,;,, = 1 + wﬁ
t

= The higher the F; the smaller F,,,;,, for a given operating frequency
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Transistor Figures of Merit

FoM of a 45 nm Bulk CMOS Process

pon [nm]
60 i 50 40 33.3 28.6 25
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= 40r Ry 0.938umx60 - _
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< ol
=0 fr= 350 GHz
300 i
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Hongmei Li, et al., VLSI Symposium 2007
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Transistor Figures of Merit

Minimum Noise Figure

= Advanced processes can achieve a NE,,,;,, smaller 0.5 dB below 7 GHz as shown
below for a 32nm bulk CMOS process

Minimum Noise Figure [dB]

2.5
R --+=-NFmin
20 1 <>‘<> -=0-- Associated Gain | |
X AG :
157 00%—>
- & L2
1.0 | 0,9,9-?
NFmin o* ®
T ﬁ’/’ L
B T
0 5 10 15 20
Frequency [GHZ]

P. VanDerVoorn, et al., Symposium on VLSI Technology, 2010

W
o

[9p] ules) pajeroossy

N
o
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Transistor Figures of Merit

FoM of a 32nm Bulk CMOS Process

500
N | ®HP,112.5nm pitch
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P. VanDerVoorn, et al., Symposium on VLSI Technology, 2010
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Transistor Figures of Merit

Minimum Noise Figure for a 28nm Bulk CMOS Process

—. 5
5. |Solid fill: NMOS e PolySiON
© 4rNo fill: PMOS A HKMG
;9} [=0.03 um; Wf=3um; Nf=16;
% 3 F Vg=vd=Vvdd "‘e%
= 2f AA 8%2:550.6
E [
5 A::Ageg?
% g ¢ “e ée
0 r . r . r
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Frequency [GHZ]

K. W. J. Chew, et al., RFIC, 2015
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Transistor Figures of Merit

Noise Factor

= The noise factor of a single transistor is given by

F = Fpin +%.{(GS _GOPt)z +(BS _BOPt)z}

S

= Where G, 2 R{Y;}and B, £ 3{Y;} are the real and imaginary part of the source
admittance Y,

= F requires four noise parameters F,,,;,, R,,, Gope, Bope

= Noise matching corresponds to F = F;,, for Gg = G, and Bg = B¢

For long-channel.
~ /nD

R, +Rg Zwi + W
m YnD =19, Pnc =1
Foin ;1+2a)CGS-7;’;D \/ nG '(1—C§)
m VnD P — 2 c. =204...0.6
YnD 51’12 ¢

C. C. Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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Transistor Figures of Merit

Short-channel Effects on y,,p (in saturation)

— 4F 4
>~ F :
..8 3 E L=40nm, YWi=1 00, OLYnD=O.O68 E 3 70X10-3
L . \\ . 60
§ 5 L=100nm, y,;=1.25, 0,,p=0.033 501~
S ob L=120nm, y,=1.26, a,,,=0.027 o 4op
L C / e} 30
% C
= C 20+
§ E Coefficient values + one standard deviation
— 1k — 10| oy i
o n S b =2.8489+0.108
E : ] 0 | | | |
= ;\ L=180nm, v,,=0.98, .,,,=0.016 3 0 S 10 19 20 25x10°
I_E O s L=240nm’YWI=086’ aYnD=00111 raal 1 L1 1111 ] O 1/L [1/nm]
0.1 1 10 100

Inversion Coefficient IC [-]

= The noise excess factor y,,, can be modelled versus IC as
Ynp = Ywi T Ay.p IC
= Where y,,; and «,,  are empirical factors
" a, , scales approximatively as a, _ = 2.85/L where L is in nm

A. Antonopoulos et al., “CMOS Small-Signal and Thermal Noise Modeling at High Frequencies,” TED, vol. 60, No. 11, Nov. 2013.
M. Chalkiadaki, PhD Thesis 2016.
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Transistor Figures of Merit

NF_,;. and R versus IC for 40nm Bulk CMOS Process

= The minimum noise figure NF,,,;,, and input-referred noise resistance R,, show a
minimum in MI due to the sharp increase of y,,; at high IC

1.0 1.2

1.0 \\
0.8

0.8

m’ .
S 06 N L \ _
£ = 06 B
nd %
S 04 I b\& ------ 1
i i 04 *H
0.2 O O Measurements | | O O Measurements i
: —— —— Analytical Model 0.2 | — —— Analytical Model
I N . BSIM6 - I BSIM6 -
00 1 111111 1 1 ||||||I 1 111111 OO 1 Lol 1 L1 11111 1 L1 1 111
0.1 1 10 100 0.1 1 10 100
IC IC
7
Fmin;1+2a)cGS-7"D-\/ﬂ"G-(1—c§) R, =74 R
m VnD m

L M. Chalkiadaki and C. Enz, TMTT, July 2015.
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Transistor Figures of Merit

Actual Noise Figure

= The actual noise figure also shows a minimum in Ml

1.5
n=1.48
M=6
N=10 o lspec=2.1 MA
6.0 : W=1.8 um \ ®2 Lo=19.5 nm
; vV NFgz, Méasurements E 10 — L=40 nm N 7\‘C=0'4875
| — NF gz, Analytical . Vp=1.1V N o, =0.0689
501 . NFs Analytical v ] D . ¥nD
= ~ gVerVm=o0sy F o1 T \\ Rg=3.7 Q
3 W
sl N T v 0.5 .
< I ]
2ol ﬁ AAfAQA 1 ® Measurements F5p-1 O Measurements F-1
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M. Chalkiadaki, PhD Thesis 2016
M. Chalkiadaki and C. Enz, TMTT, July 2015,
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Introduction

Transistor Figures-of-Merit (FoM)

Equivalent Circuit at RF

Large-signal Model at RF

EPFI: © C. Enz | 2021 Low-power radio design for the loT Slide 50 ICLAB



Equivalent Circuit at RF

Equivalent Circuit at RF

RS "_S_I_ _mt_r_lrlSﬁart B
T Dss f DBD U _l

|
| Substrate Network
|

L __1

Intrinsic part of
Rc the transistor

Substrate
B Network

=P=] o e

Low-power radio design for the loT
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Equivalent Circuit at RF

Intrinsic Quasi-Static Small-signal Model

Go
Copi= = Capi
AVg So ) di
AVs
CBSi CBDi
v v
Bo ® T T

]m :Ym.AVG
Ims :YmS'AVS
La =Y -AVp

Channel time constant 7, defined as
the propagation time along the channel
and equal to the inverse of the quasi-

D static frequency w;
_ 1 _Cms_Cmd_Cm
AV, fgs = B B B
P Wys Gms Gmd Gm
°oB
Y, =Gy (1= jo-745) =G, — jo-C,

Y, =G, (1 jo- qu) G, —Jjo-C,,

Ymd = Gmd

(1 ]a)rq) G,g—Jjo-C,,

I:PI-I © C. Enz| 2019
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Equivalent Circuit at RF

Source and Drain Resistances Scaling

Lsal _ Rcon
| . via W a
salicide
Rcon-min_ fffffffffffff
L i source v I " Lsa
drain Hdif N

extension

1
RS (D) = Ryge + Reon + Rogr + Ry = Ryge + Reppy € W W=N f Wf

= Rsand R, dominated by contact and source/drain extensions (SDE) resistances
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Equivalent Circuit at RF

Gate Resistance
Wf

Rg = RGtop + RGext T Rivia + RGeon

1 Wf w

—. Risq Repyy =—22

) Rqu

Salicide resistance: Rgyp =

vid s . yo,
Silicide to poly contact resistance: R = con
Nvia POy Geon Nf'Wf'Lf

Where R, is the gate salicide resistance per squares (typically 3 €2/sq) p.y, is the silicide
to poly contact resistance per area (typically 20 Q/um?)
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Equivalent Circuit at RF

Gate Resistance
RGtop/2| RGtop/Z

Rgvia [m lll n I n lil n

IAAA AAN— Py —AAA
| AAA YVVV i YVVY y

D
VAL I TITITIT 'g

RGext | RGext

silicide

polysilicon \

RGVia u lil EENE lll mlD
G- — W————WW—
)< /  AEEmEEEEE §
oxide RGext I RGext

= Connecting the gate at both ends and assuming the metal has negligible
resistance

RGtOP n RGext n RGvia
4 2 2

RG = + RGcon

Which is about 4 times smaller than the resistance of a gate contacted only on
one side
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Equivalent Circuit at RF

Capacitances Scaling

1 A
CoclW RSﬂRDOCW WINfo

= The different RC time constants due to R and R, do not depend on W but only
on the gate length Lr and overlap length L,,,

= For a minimum length device, the poles due to R¢ and R, are at a much higher
frequency than the transit frequency F; and can therefore be neglected when
calculating the Y-parameters

= Neglecting the substrate network for the moment leads to the following small-

signal schematic which will be used for deriving the Y-parameters
L Re

gi
Gc ) ""'A'l o o
e Co o= G 1y =Y -(V ()~ V (b))
= .+ / - b
o o oo ’_q>*_‘ s = Yy °(V(Si)_V(bi))
Cep = Cepi +Cape O N / Iy V)V (b
CGB = CGBi +CGB€ Vi Se A Sl " ‘.di 2 D Ymd _G md ( ((j Z)_ ( l))
Cono =Cpc: +Cpo: ' <I>' ' m=Ym —JO Ly
BS BSi BSj e v, Y =G _ i C
Cpp = Cppi + Capy Wy Yms Gms . Cm ’
Ces=F . ==Cap md = Ymd —JPCma
BZ T ?T_I T o B
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Equivalent Circuit at RF

Approximate Y-parameters

= Neglecting Rs and R, and the substrate network

- ]COCG
Yll:1+j0)RGCG C AC C C
. G =Ltgs vCep LGB
. ~_—J?C6p
12 1+jC()RGCG
v = Gn=Jo(Cop+Cn)
21= 1+jC()RGCG
2 .
v~ Gas + @ R6CopC + jo-(Cgp +Cpp)
22 = 1+jCORGCG |
= Assum|ng (’URGCG K 1 El—ja)RGCG for C()RGCG <1

) ) 1+j(!)RGCG
Yll =W RGCG +jC()CG

2 .
N 2-0"ReCeCqp — joCap
~ 2 )
YZI — Gm —Q RGCG (Cm +CGD)—]0)‘(Cm +CGD)
~ 2 )
Y22 = Gds + @ RG '(CGCBD +CGCGD +CGDCm)+]a)-(CBD +CGD)

= Can be used for direct extraction of components from measured data
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Equivalent Circuit at RF

Direct Extraction of Small-Signal Circuit Components

o 4% >0 R.=427Q
G— = 4.
— 350} Ce =323.5fF - 4'5_—___0 e @_Q.GO 0-a00.c0Q0G 000
8 3 0-0-6 0-0-6 0-6-6 0-G-60 -G O-G0O-G0H-G0L 4 Oj)—O oC0 U .
¢ 300} . ' |
5 250 Cop + Cas = 245.7 fF — 3.5
3 FO 0RO O R O S O @ D © Or © =G O C}._. 30 _
O 200 Ne=20 Ve=1.18V 1 o2 2.5 .
T 450l Wi=t0mm Vp=1V | 2 ok i
8 L=0.5 um Vg=0V 15k B
O 100 Cep = 79.8 fF — ' Nf=20 Vg=3V
- EANKALAADNAANANNAAL AN AN A 1.0 W;=10 pm Vp=0V ]
§ 50 - 05 L=0.5um Vg=0V ]
0 ] ] ] ] 0.0 ] ] | I
S 6 7 8 9 10 5 6 7 8 9 10
Frequency [GHZ] Frequency [GHZz]
S
Co -2l I
a G — - )
S0y 3{n)
Co = 3N}
GD —
[0,
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Equivalent Circuit at RF

Measured versus Analytical Y-parameters

N-channel, N¢= 10, W, =12 um, L= 0.36 um, Vg =1V, Vp =1V

1 : % 15
Re{y} o gl onaiviesi| 0] IMiysi}10 !
[MA/V] [MANV] 51 o000
. 02 4 6 8 10 07 %2 4 & 8 10
' 0 a _
Without
pards 0 Imiyo) -1 Ot trans-
[mANV] — [MA/V] -2 |
-0.2 3 __capacitance
300 2 4 6 8 10 87
Re{y,} 20 GGVC~?CCGC§03069W> Im{y,} :4 v ol
[MAV] 101" sybstrate [MA/V] g e |
O( coupling 10 -ZO > 4 5 8 10
BB,
Re{y,,} 2.0 Im{y,,} 2 0 2@5;995"
[mA/V] 1_0. OOt Ny [mA/V] ; QOQQQO/QOB(V
% 2 4 6 8 10 % 2 4 6 8 10
Frequency [GHZ] Frequency [GHZ]

E P - I © C. Enz| 2019 Low-power radio design for the loT Slide 59 ol WY :}



Equivalent Circuit at RF

Intra-device Substrate Coupling

g_=F

i PI_’E."_
bi

— G G

Eliminate to Ros Rec 3

save 1 node Re 2R,
gi gi

4 Rsos Ross 4 < Ross 4
Res = =Rsp Res = =Rso
B B B B
o ¢ ] (o, @ o

= Saves one component and one node, but makes the circuit asymmetric
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Equivalent Circuit at RF

Substrate Resistive Network — Even Number of Fingers
B S D

o o o G
o

PRI

Gsin | G Gasiz | Genp Sj szbi:: Ross ::b
— " " " B Res 2 =Reo 5
Rss1 Fps Roses/\ Foses \Foss4 © l °
RBD‘] RBD RBS] = RBS4
RBSZ RBS3 RBDI = RBD2
N -1
A N Y
N P > 2=\ N, Kpss-sh
> N DSB 1o RSBk Wy
CBSj:ZCBSjk:NS.CBij N
k=1 I ZS: 1 1 N 1 2 2Wf
L N Rps o Resk  Rpsi Rpsa  Rpsi 7BS—end
Capj =D Crpji =Ny - Cpgjr
=i I 0 SRS S B S
Rpp T Repr Rept Rpp2  Rppi  ¥Bp—end
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Equivalent Circuit at RF

Substrate Resistive Network — Odd Number of Fingers
B S D

o o o G
o

el el v

sb=bi """"" db
Gosit | Gepjr | Gespe Dj2

AAAA
LAAALS
o]
O

W — — W 5 3 B
Ras1 Fos Fose2 W ° T °
Feo2 Fes2 Rpg < Rpg
Rpp1 < Rppo
Rps1 = Rppy
N N -1
‘ 5 1 Lo L
Cpsi = D Casik = Ny - Cpgyr z ZZR E[N fW 'RDSB—sh]
=l DSB i BDsBk Wy
Ny Roc = Rpn =R
Bs = Rpp = Rpgy
Cppj = Chpjk = Ny -Cagjr | W,
k=1

Rps  7BS—end
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Equivalent Circuit at RF

Simplified Substrate Networks

= 3Since Rpsp is inversely proportional to N¢, for RF MOS transistors with many
fingers (N > 4) Rpsp < Rps, Rpsp <K Rpp hence Rpsp can be neglected

"= Rpsand Rgp are then connected in parallel and result in a single substrate
resistance Rz which is often enough for capturing first-order intra-device substrate
coupling effects and additional substrate thermal noise

Rpbss sb=bd=bi

sb=bi """"'A db
Rss % %RBD Rs
B B Bo—e —oB

I

= Qther substrate networks have been published

bi bi
}M—Nm—{l sb db
B _T_ B Bj % %n B

[Liu, IEDM 97] Epitaxial process [Tiemeijer, ESSDERC 98]
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Equivalent Circuit at RF

Substrate Resistance Extraction

120 T T T 110
WI/L = 100/0.18 |]
4100
Gate Emou Vo=V, =0V |]
= sl Cu # of fingers = 40 |90
§ L
2 60
E L
'g 40
Q_ L
S 20
© Body 0 \ \ ,
0.5 1.0 1.5 20 25 3.0
Frequency [ GHz ]
5 ] ] T 1 1 T ¥ 1 —
O measurement G
4 simulation with R_, § —
— . . . Q
----- simulation without R_ oot Q
5 o-B8 C
E @
©
'_:Q‘I g
[
T &
o 7}
o
o
7))

0 2 4 6 8 10
Frequency [ GHz ]
[0 J.Han, M. Je, and H. Shin, EDL, July 2002.

12 14 16 18

_ 140 — : — 120
< —o—V =0V WIL£100/0.18 [{
- E 120 | —O0— vds=o5v #ofﬁngers=4o.1oo._.

d; ) ]
§ § —A—V =10V leo g
] S | £
- 5 100 D_n_nhumm : g
g g [ C 460 %
@ S 8o i | L
2 c {40 o
E Q 60 Oome G e g
:‘g ‘.g B Ag i 20 8
] 3 ' vV -0.3)V g
w = 40 A X th A \ R 0 7))
1.0 0.5 0.0 0.5

Gate Voltage [V ]
Width of Body Contacts, W, [um]
2.5

240'-!1 T 210' 1|0 '5 ¥
L=0.18 um
200- .
1 | NMOSFET ]
160 - .
120+ .
80 - .
40- -
0 : T r T . T . r
0.0 0.1 0.2 0.3 0.4

1UW, [um”]

.:' PI'I I © C. Enz | 2019

Low-power radio design for the loT Slide 64 m



Equivalent Circuit at RF

Extraction of m-Type Substrate Resistance

0 —————————————200
| V=V =0V ]
Gate O _ _ _ {180
Source Drain — 25 _(|;- 0.13 pm, N, =16, W = 1.8 ym .
1% Com ¢ = [ js;’_@i%:@:@ﬂm:g‘o’g: §:87070-9:8=688 . R 160 2
== A d’20—Clde'vv""'\g/"vv"\gv'vv'@ ] o
| g VVVVVVVVVVVVVVVVvVvvv@Rsb_’14og‘
ol s C L i
== ,” N, S o 15} *° é 3
S P e § | coo0o-o008888839 GRITIIR 5 2
Rasnt  Rusn © o < sb2.]
RS"‘? ; fRdh 010-9900099992229902999900. .9,
' - SR
C -
é Body g:@-o:o/o O\O/O‘\o /O\?/O\OI‘O\o—pfo’ol‘0~o~o,0 | dsb1

] ) 0
10 15 20 25 3.0 3.5
Frequency [GHz]

5-0 ' I ! I N I I T T 8 I ¥ I by I " I T . T
4.5 (Vo =0V, V=1V ] - O Measurement
T tL=043 um, W =1.8 um 7+ Macro-model with n-model -
4.0+ ) ' 77N, =42+ - = = Macro-model with T-model
("_') 3.5 _Symb;:_c;:giizu;?:::; 4 u'_)' 6 [coc Macro-model with one-R_ model o
E 3.0 - = T-model 1 E 5 I 1
“a 250 5 _ i =t
S 2.0 THE N1=24_ .:;D ar =T i
g 1.5 5 PN, = 16- e 3l )
1.0 - et = L . g 1V
0.5 e ] 2+ -
oo BE ] - L =0.13 um, W, = 1.8 um, N, = 16
"0 20 40 60 80 100 120 "0 20 40 60 80 100 120
Frequency [GHz] Frequency [GHz]

L 1. M. Kang, J. D. Lee.and H. Shin, EDL, May 2007.
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Equivalent Circuit at RF

Complete Equivalent Small-signal Circuit (Saturation)

Cas = Casi + Case
Cep = Cepi + Cope
Cep = Capi + Cope
Cps =Cpsi +Cpg;

Cgp =Cppi +Cpp;

/

Rgs Rsp

v v
Bo ° _T_ o B

Y
y —Zims
" n
o G Y, =Gy (1= jotys) =Gy — joC,y,
=

" Vs = Gy '(l_ja)rqs): Gps = JOC g

C :Cms
m

m Ym '(V(gi)_V(bi))
Ly

=Y,,s -(V(si) =V (bi))
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Equivalent Circuit at RF

Measured versus Simulation for 0.35um CMOS Process

N-channel, N¢= 10, Wf—12 pm L;=0.36 um, Vg =1V, V=1V, EKV v2.6

1 0 omeasured
Refyi} o gl| -~ anavical| &
[mA/V] — ?lmulatlon
0 :
0.20 2 4 6 8 10
Re
[m,{byﬁi O e R 000000,
-0.2
30O 2 4 6 8 10
Re{y21} 2) 2e0eaee0ne00e008006006000
[MANT 10
0O 2 4 6 8 10
Re{y,,} 2.0 Im{y,} 2 5009
[MANV] 1.0 go0ee®™ [MANV] 5 Mw
O ; 0
O 2 4 6 8 10 O 2 4 6 8 10
Frequency [GHZ] Frequency [GHZ]
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Equivalent Circuit at RF

Y-parameters versus Bias

N-channel, N;= 10, W;=12 um, L= 0.36 um, f=1 GHz, V= 0.5, 1, 1.5V, EKV v2.6

20 T 5
Re{y,q}
[LANV] 10

Rety) | Im{y .}

30
Re{y,q} () o © measured
[mA/V] 10 — S|mulat|§0§ﬂﬁ

2 e 0 1 iO -
10 10 10 10 10 10 10 10 10 10

ID/ Ispec ID / Ispec

2 3
10 10
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Equivalent Circuit at RF

Simplified Equivalent Small-signal Circuit

= Neglecting again the poles due to R and R assuming that they are at a much
higher frequency than the transit frequency F;

= For large number of fingers (N¢ > 4), the substrate can be replaced by a single

substrate resistance Ry, leading to the following small-signal common-source
schematic in saturation which will be used for deriving the Y-parameters

Cas = Casi + Cgse
Cep = Cepi + Cope
Cep = Coi + Cipe
Cps = Cpsi + Cpg;

Cpp =Cppi + Cpp;

v,

/1 RG
G o—MWW—t

Cos=

-0

L, =Y, -(V(gi)-V(bi)
Liys = Y '(V(Si) - V(bi))
Y, =G

m

- joC,,
Yms = Gms - ijms

EPl-I © C. Enz| 2019
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Equivalent Circuit at RF

Approximate Y-parameters

= Assuming that
2
e [Récé + R (RGcé n 2RBC2;B)J + @*R2R3 (céB - CBCG) <1

= which can be valid for operating frequencies up to the low THz range

= Neglecting: (i) all the higher than second order terms and (ii) the least dominant
terms, the simplified expressions for the Y-parameters in saturation can be derived as

Yll = 0)2 (RGCé +RBC(2;B)+ja)CG

Yy = 0 (RgCppCop — ReCepCq) — o Cop

Vo1 = Gy + @ | RgCir(Cp = Cp = Cps )~ R6C (Cop + Cp) | - j@-(Cip + Cpy)
Yoy = Gy + @0° [RBCBD (Cap —Cpy + Cous )+ R6Cop (Cap + Cm)] + jo-(Cgp +Cpp)

= Where G,,— is the effective gate transconductance accounting for the

degradation due to the source resistance
G

m

1+ G, - Rg

Gm -eff =

M. Chalkiadaki and C. Enz, TMTT, 2015.
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Equivalent Circuit at RF

Measured versus Analytical for 40nm CMOS Process
N-channel, M=10, N; = 10, W, =2 um, L= 40 nm, Vg =0V, Vp = 1.1V

60x10°~ | | \ | | 0.5
" | v VgVie=-025V ﬁ """" ﬁymbols: I\l/lyiasluren:jeTts rrrrrrrrrr 04
'—“: 40 —| O Va-Von=-005V| i AP Ines: analytical mode i
Ay L | & vz-v12=o.75v X P ﬁﬁw 0.3
e I — I oar s / T 0.2
o I Y- <<= I e 0.1
0% 0.0
09 0.00
CR: -0.04
>
D -10 -0.08
o V VgV =025V
| | O Vg-Vu=-015V| L TAS V] ~
-15 o vz-vig =-0.05V ] 0.12
-3 O Vg-V,=0.15V SERR
-20x10" | A vovie=075V -0.16
5 5 0.0
— 10 &5 e 3 0.1
> 3 6600 -0.2
D 102 ‘ S Man ek >_0.3
x 10 '
f BN Xy -0.4
-4 i Y o) MA 05
10 :
10” [ — - 0.30
0.25
~— -1
R 10 0.20
¥ 107 200000 0.15
A 0.10
0 b ‘ 0.05
o I 0.00
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M. Chalkiadaki, PhD Thesis 2016 Frequency [GHz] Frequency [GHZ]

M. Chalkiadaki and C. Enz, TMTT, July 2015,

{refw {¢ R {"'A}w

{cehiw
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Equivalent Circuit at RF

Current Gain vs Frequency for 40nm CMOS Process

H Gm-eﬁ” _]a)(CGD +Cm)
r1(@) = :
JjoCg
70 :
| V Vg - Vyp =-0.25V
600G O 4 Vg - Vqp=-0.15V|—
N O Vg- Vyg = -0.05V
50 N O Vg Vy=0.15V | _
V- Vo = 0.35V
o C A Vg -Vqp=0.75V
% 40 —_— AﬁalytiTgal Model ||
— - - - BSIM6
el 30 e SR TR —
T
— 20 ,,,,,,,,,,,,,,, —
10 QT R g —
Cop+Cp | v g Tmmen. |
CG _1 . 111

Frequency [GHZ]

M. Chalkiadaki, PhD Thesis 2016
M. Chalkiadaki and C. Enz, TMTT, July 2015.
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Equivalent Circuit at RF

Transit Frequency vs IC for 40nm CMOS Process

£ = Gm-eﬁ‘ ~ Gm-eﬁ"
Z \/ > 2~ 22C,
27\ C —(Cop + Cpy)
1000 g ; 3 E
F| O Measurements | ~ICo ]
[ [----BSIM6 \ . ]
" | — Analytical Model| LN ]
100 S =
N : :
L - .
O 10 E—/’ """""""""""""""""""""""""""""""""""""""""""""" E
N §
e E
f MI sl ]
0.1 1 1 IIIIII. 1 1 IIIIII. 1 1 IIIIII. 1 1 IIIIII. 1 L1 11111
0.001 0.01 0.1 1 10 100

IC

M. Chalkiadaki, PhD Thesis 2016
M. Chalkiadaki and C. Enz, TMTT, July 2015.
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Equivalent Circuit at RF

Unilateral Gain vs Frequency for 40nm CMOS Process

a)z 0)2 2 G’%'eﬁ( ~ Gm-eﬂ
U= 7 1 2 ; 4|:RBCGB (GdsCGB - Gm-eﬁCBD) + RGCG(GdsCG + Gm-eﬁfCGD)] 4 R6C6Cap ~ RCopCrp]
w?* - Ll + (a)) J IR RpCap (GdsCGB - Gm-eﬁ’CBD) +RqCq (GdsCG + Gm-eﬁ’CGD)
P P RpRG(CppCo + CGBCGD)(CG (Cpp = Co + Cus )+ C5(Cop + G ))

80 3
- | — Analytical Model |4
60 |---BsIve
\ o 2 \ -20 dB/dec |
r— 40 """""""""""""""" < J """"""""" """"""" ~ """""""""""""""""""""""""" ]
o i s D - 3 i
O,
— 20 =
= ]
v -
OH ¥ |
O - VTO =-0.05V .
|| O Vg-Vg=015v | . B |
-20 Ve V=035V | > N
(2 Vo V=07V ] 40 dB/dec 2
_40 1 1 L1l 1 1 L vl VAN N
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Frequency [GHZ]
M. Chalkiadaki, PhD Thesis 2016
M. Chalkiadaki and C. Enz, TMTT, July 2015.
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Equivalent Circuit at RF

[ max Versus IC for 40nm CMOS Process

2
\/a)p -(«/4K+a)p -,

frnax =
max 2\/572_
1000 ¢ 5 -
; VoL :
I (0 - S =
I - .
O : )
» B -
®© - -
\l—E | | |
M5 O Measurements / Using Slope Correction |—
C | { Measurements / Using Traditional Model| 3
N === BSIM6 / Using Slope Correction N
i O — Analytical Model ]
- w m « S
1 1 1 IIIIII' 1 1 IIIIII' 1 1 IIIIII' 1 1 IIIIII' 1 11 11111
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M. Chalkiadaki, PhD Thesis 2016
M. Chalkiadaki and C. Enz, TMTT, July 2015.
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Equivalent Circuit at RF

Outline

= |ntroduction

= Transistor Figures-of-Merit (FoM)
= Equivalent Circuit at RF

= Large-signal Model at RF
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Large-signal Model at RF

Large-signal Model at RF

= Dominated by static (DC) I-V nonlinearity (i.e. nonlinearities coming from the
capacitors seem not to play a significant role)

N:= 10, W,= 12 pm, L= 0.36 pm N;= 10, W,= 12 um, L;= 0.36 um
Ve=1.055V,Vp=1V,Vg=0V,f ,=900MHz P, ;=-4dBm, V=1V, Vs=0V, fy,=900 MHz
20 | ] ] ] ] | | 10 LI I I T T TTT] 1
10 e fund (meas.)

[« 2nd (meas.) _, or
OF « 3rd(meas.)
10L — BSIM3v3 (sim.) 10h .

-20

Pout [d Bm]

-40 -30

- | e fund (meas.)

>0 M0 L ong (meas.)

-60 50 ¢ 3rd (meas.) |

-70 ) — BSIM3v3 (sim.)

_80_- ML) 14 Ad ] ] ] _60 L1111l ] Ll ]
-40 -35 -30 -25 -20 -15 -10 -5 0 0.3 1 3 10 30

Pin [dBm] 5 [MA]
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Large-signal Model at RF

Drain Current Linearity

= While noise defines the minimum signal level, linearity is the main specification
setting the largest signal that can be handled for a certain linearity requirement

= To evaluate the linearity of a MOS transistor, the normalized drain current in
saturation can be approximated by the following Taylor series

- Em2 Em3 3
Lisat = dsat0 T &ml " A?) T 7 AU T 6 Avg

= The evaluation of the normalized transconductances g,,,;, become very complex
when calculated as derivatives with respect to the gate voltage. It is much easier to
evaluate them by taking advantage of the charge formulation of the current
according to

-1

kyrk=1 Ak, k. k

a Gy -n"Ur :a ldsat_a Ldsat 0 Vg

g m k = =
Gopec ovs  oqk | oqk

F. Chicco, A. Pezzotta and C. Enz, “Charge-Based Distortion Analysis of Nanoscale MOSFETs,” TCAS1, Vol. 66 , No. 2, pp. 453-462, Feb. 2019.
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Large-signal Model at RF

Evaluation of the Transconductances

= The derivatives 0%i .. /0q¥ are calculated from the normalized drain current
expression in saturation )
o ra.)

2+/IC+\/4(1+/1€)+/1§-(1+2qs)2

Lisat (9 s )=

= whereas the derivatives akvg /0q¥ are calculated from the pinch-off voltage
versus charge expression evaluated at the source

vg — Uy
n

~y

v, —0

» U —v, =2q, +Ing;

= This leads to the expressions of g,,,; in terms of g, given in the next slide

= They can be expressed in terms of the inversion coefficient IC replacing g by

1+ AIC) +4IC -1
J(1+2,10)

qs =

F. Chicco, A. Pezzotta and C. Enz, “Charge-Based Distortion Analysis of Nanoscale MOSFETs,” TCAS1, Vol. 66 , No. 2, pp. 453-462, Feb. 2019.
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Large-signal Model at RF

Normalized Transconductances

= The normalized transconductances g,,,; and coefficients a, b, ¢ and d are given

by
B a—1
gml_\/4+4ﬂc+a2/lc2 ’ a=1+2q,,
g = &nl. 4+4ic+a2/1c22, b:(l—zqs)(3+7qs+6q§),
a 4+44.+a"A; c=1-3q,,
g = £ 164324, +8bA. +8a’c] +a’d A} d=1-4q,

a (4+4,1€ +a?22 )2

= As shown in the next slide, because of velocity saturation, g,,,3 = 0 for an

inversion coefficient IC_,.;; that for short-channel devices lies in the middle of the
moderate inversion

= Linearity is thus improved within a “sweet spot” around IC = IC_;;

F. Chicco, A. Pezzotta and C. Enz, “Charge-Based Distortion Analysis of Nanoscale MOSFETs,” TCAS1, Vol. 66 , No. 2, pp. 453-462, Feb. 2019.
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Large-signal Model at RF

Transconductances G,,,;, versus IC

5 28-nm Bulk CMOS Process
r W=3um; L=30nm;
41 ° DC Meas.
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F. Chicco, A. Pezzotta and C. Enz, “Charge-Based Distortion Analysis of Nanoscale MOSFETs,” TCAS1, Vol. 66 , No. 2, pp. 453-462, Feb. 2019.
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Large-signal Model at RF

Single-tone Analysis
= |n single-tone analysis, the gate voltage variation is a sinewave AV, = A -
cos(wt) and the output current is given by
Ip(®)=1Ipoy+Ipa)- cos(a)t) +1Ip2)- cos(Zwt) +1p3)- cos(3a)t)

= where Ip are the harmonics amplitude given by

G - A
[D(O);IDO_F%’

A3 RU 2G,, -4
IDI;GI-A+G’"3A, HD, 2| -2 = m_— .,
D " 8 ID(l) 8G +Gp3 -4
Gy A I 42

ID(Z):mT’ HD3é D(@3) — Gm3 A

. Ipa 3(8Gm1 +G,; -A2)
P
Y

* Note that HD; = 0 for IC = IC_,-;; due to G,,,3 = 0 as shown in the previous
slides
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Large-signal Model at RF

Single-tone Harmonics Model versus Measurements
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Large-signal Model at RF

Two-tone Model

= |n two-tone analysis, the gate voltage variation is made of two sinewaves AV, =
A; - cos(wqt) + A, - cos(w-,t) the harmonics and intermodulation products
are then given by

Term Frequency Harmonics or IM Amplitude
DC w=0 Iy = Ing + 22 (4, + 4
= p©) = Ipo T’(1+ 2)
w=w G 3 A?
! Ipa,1) = Gmay - Ag + % | A143 + >
1st-harmonic C YE
3 2
w = (1)2 ID(I,Z) == Gml ° AZ + % ° (AzA% + 7)
Gz * A2
. W = 2w Ipeaa) = m4
2"-harmonic Y
2 a2
W = 20, Ipz2) = m4
Gz * A3
. w = 3(1)1 ID(3,1) = m24
3-harmonic E
3" 42
w = 3w, Ip2) = m24
Gmp A1 - A
IM2 w=w;tw, Ipamz) = %
Gms * A - A,
M3 w = 2(1)1 + () ID(IM3,1) = mT
w42 Gms + Ar - 43
W= W T oWy Ipamszz) = ———F——
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Large-signal Model at RF

IP2 and IP3

100 10
28-nm Bulk CMOS Process i F 28-nm Bulk CMOS Process
W=3um; L=30nm; \ L W=3um; L=30nm; °
® Extr. from DC Meas. 1 - e Extr. from DC Meas. !
10 &= - Extr. from DC Sim. BSIM6 :‘ I = = Extr. from DC Sim. BSIM6
=« = Extr. from DC Sim. seKV Q =« = Extr. from DC Sim. sEKV
= Extr. from analyt. approx. ? 1 E —— Extr. from analyt. approx.
2. =, -
p 1 2
< <
0.1¢
0.1 —r—t—0—0 -
001 | ol 1 vl Ll ool L1 001 L1 Lol Ll ol L1111
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10
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= The 2" and 3-order input-referred intercept points are given by

G
Arn =2 |—ml
IP?2 G

m2

and A]P3 — 8

G

ml

m3

100

= Again A;p3 becomes infinite in the “sweet spot” around IC = IC,.;+ Which lies in
the middle of the moderate inversion (IC = 1 in the particular case shown here)
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