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ABSTRACT

AN ULTRA WIDE BAND CMOS LOW

NOISE AMPLIFIER DESIGN

Nahusha Bhadravati Mohankumar, M.S.

The University of Texas at Arlington, 2010

Supervising Professor: W. Alan Davis
An RF ultra wide band low noise amplifier designed for the frequency
range of 12-18 GHz of operation is presented in this paper. The low noise amplifier is designed
using the state-of-the-art complementary metal oxide semiconductor 45 nm technology.
Berkeley’s Predictive Technology Model (PTM) is used to generate a fairly accurate
mathematical model and the SPICE data is implemented into the BSIM 4 version of the
Advanced Design Systems (ADS) program. The low noise design strategy is mainly based on
the analysis of high frequency CMOS operation. This LNA has two stages: the first stage is a
RL feedback amplifier with an inductive load, and the second stage is a RC feedback amplifier
with an inductive load. High frequency small signal MOSFET models with shunt-shunt feedback
are used to determine the input impedance, output impedance and gain equations governing
this circuit.
Simulation results of this two stage feedback amplifier demonstrate a gain of 19
dB over a 6 GHz bandwidth, high linearity, and a low noise figure — less than 2.4 dB. This is a
low voltage high current amplifier which requires a supply voltage of simply 0.5 V and has low

power consumption (~13.5 mW).
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CHAPTER 1
INTRODUCTION

CMOS ultra wide band systems have gained importance and great research interests
in recent years. With many System on Chip (SOC) designs developing rapidly in RF broadband
applications, low noise amplifier (LNA) designs have become much more challenging,
especially with miniaturized sub 100 nanometer gate length CMOS technologies. This is
because at these gate lengths, it is extremely difficult to accurately predict the behavior, the
physics behind the characteristics of operation of these infinitesimal MOSFETSs. Yet, this is of
high interest because of the low cost, smaller size and low noise capability. Also, small gate
lengths are capable of easily driving ultra high frequency amplifiers in the GHz range, if
designed accurately. MOSFETSs with a gate length of 90 nm or less have been known to have a
transition frequency up to 300 GHz or more [5].

Nevertheless, analog circuit design has always been a compromise between many
design factors. Not only is it difficult to model the transistors, but the behavior of passive
electronic components like resistors, inductors and capacitors built on monolithic integrated
circuits suffer massive stability problems when operated at these extremely high frequencies.
Monolithic transmission line designs come into picture as a solution, if not completely, to these
problems.

The mathematical equations used in this work to determine the fundamental device
physics quantities such as the surface potential and a few other device voltage/current
relationships are used directly from the BSIM v4 Manual [1]. This is because BSIM 4 is known
to have one of the most accurate mathematical predictions to the behavior of short channel
CMOS transistors. This is evident from the depth of mathematics involved in the set of
equations they have invented to define short channel MOSFETSs, and the large number of

parameters involved in these calculations that define a short channel MOSFET. Also, most of
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their parameters directly relate to the SPICE file parameters from the Berkeley’'s Predictive
Technology Model which is the main simulation model on which this 45 nm CMOS design is
based upon. So, an attempt was made to predict the device characteristics based on those
equations from BSIM to obtain fundamental quantities that define the 45 nm transistor, so that
upon verification of accuracy of these equations from simulation results, it would make these
equations valid to be later used in the actual circuit design. This procedure was required since
none of the conventional equations that define a MOSFET could be used here because of all
the dominant short channel effects that come into the picture.

The SPICE parameters used for the simulation model in this work; originally developed

at Arizona State University, is available at http:/ptm.asu.edu. This model is known as the

predictive technology model (PTM). The specific model used in this work is a 45 nm PTM model
for a metal gate, high-k process. The direct link to the specific parameter list is

http://ptm.asu.edu/modelcard/45nm_MGK.pm. This file is also printed in Appendix B. The

defining values of various SPICE parameters are thus available for mathematical calculations
through this SPICE file. Each and every parameter used in the mathematical calculations is
explained here for convenience. This information is available from reference [1] and the Agilent

ADS website.


http://ptm.asu.edu/
http://ptm.asu.edu/modelcard/45nm_MGK.pm

CHAPTER 2
MODELING OF FUNDAMENTAL PARAMETERS THAT DEFINE THE 45NM CMOS PROCESS

2.1 Surface Potential

The electrostatic potential at the dielectric-substrate interface of a MOSFET is defined as the
surface potential. The inversion phenomenon in MOSFETs occurs when this potential becomes

equal to twice the Fermi level. For a short channel MOSFET, the surface potential is given by

(11,

o, =04+

kg T ln[NDEP

]+PHIN
q

ni (2.1)
where,

PHIN = 0 is the non uniform vertical doping effect on surface potential [Appendix B].

NDEP = 6.5 x10"® cm?is the channel doping concentration at the depletion edge for zero body
bias [Appendix B].

kg —Boltzmann’s constant. At nominal room temperature of 300 K, KT/q = 25.85 mV, a well
known constant. The charge of an electron is g.

n; = 1.5 x1 0" cm is the intrinsic carrier concentration of silicon.

Substituting these values in equation (2.1) gives,

18
®. =04 +2585x1031n| 82X€ |, 0
s 15xe'

®,=0.914 V.



2.2 Threshold Voltage

The complete threshold voltage Vy, equation that accounts for all the short channel and

doping effects is given by [1],

LPEB
Vin = VTH0+I:(K1OX'VCDS_Vbseff -K1- VCDS) T+ _Kzovaseﬁ:|

I-eff
Koy 1+ EPEO 4 o, +(K3+K35-vbseﬁ)mi(q>s)
eff off T Wo
_los. DVTOW . DVTO (Vo ®,)

COSh[DVT 1W LeffWeff] 1 COSh(DVT'ILleﬁJ -1

tw t

- 0.5 (ETAO +ETAB: Vpgerr ) Vs

cosh(DSUBIIeff] -1

to

(2.21)
From Appendix B,
VTHO = 0.3423 V, where VTHO is the threshold voltage with substrate bias Vsg = 0.
K1 = 0.2 V0.5 is the first order body bias coefficient.
K2=K3=K3B=0
K2 is the second order body bias coefficient.
K83 is the narrow width coefficient.
In short channel devices, when the channel width is decreased to a small value, the depletion
region below the fringing fields become comparable to the depletion region formed by the
vertical field. The result is an increase in the threshold voltage. This is known as the narrow
width effect.
K3B is the body effect coefficient of K3.

LPEB = 0 m is the equivalent length of pocket implant accounting for the body bias.



Non-uniform lateral doping or pocket implant means that the doping concentration near the
source/drain regions is higher than that in the middle of the region, and the parameter LPEB
models this characteristic, if present.

TOXE = 0.9 x10® m is the electrical gate equivalent oxide thickness.

TOXM = 0.9 x10”° m is the oxide thickness at which parameters are extracted.

WO = 2.5 x10® m is the narrow width effect parameter.

DVTOW, DVT1W = 0 are the first and second coefficients that define the narrow width effect on
the threshold voltage for small channel lengths.

DVTO =1, DVT1 = 2, are the first and second coefficients that model short channel effects on
the threshold voltage.

ETAO = 0.0055, models the drain induced barrier lowering (DIBL) effect, the DIBL co-efficient in
the sub-threshold region.

DSUB = 0.078 is the exponent of the DIBL co-efficient ETAOQ, in the sub-threshold region.

ETAB = 0 V' is the body bias co-efficient for the sub-threshold DIBL effect.

DVTPO = 1 x 107° is the first co-efficient of drain induced Vy, shift due to long channel pocket

devices.
Now,
TOXE TOXE
Koy =K1.——— _ K, = . _
1ox TOXM =0.2 and 20x TOXM =0

Vs = 0 V substrate body bias since no body voltage is supplied to any transistor in the LNA.

The effective Vs voltage is given by [1],

Voseft = Vo + 0.5 |:(Vbs_ Vbc_61)+ \/((Vbs_ Vbc_61)2 —4084 Vi )}

This relation has no effect because the substrate voltage itself is zero.



2.2.1. Built In Potential

The built in potential of a MOSFET is given by [1],

Vhi =

q 2 (2.22)

kBTIn[NDEP-NSD]
n

NSD = 2.0x10% cm™ is the source/drain doping concentration.
NDEP = 6.5x10™"® cm™ is the channel doping concentration at the depletion edge for zero body

bias.

2

Vi =25.85mV xIn
(1.5x10% cm™3]

6.5x1o18-2.ox102°]

Vpi= 1.1167 V.
2.2.2. Characteristic Length

The characteristic length I, is modeled separately for each of the short channel effects
and included in the final equation for the threshold voltage.

2.2.2.1 Change In |, Due To Narrow Width Effect

The characteristic length due to the narrow width effect is given by [1],

[e, TOXE- X
oy = oS ——— 9% (1, DVT2W.V,
tw EPSROX ( o)

This parameter may be neglected because the term that corresponds to the narrow width effect
in the equation for the threshold voltage (2.21), the DVTOW = 0 from Appendix B.
2.2.2.2 Change In |y Due To Short Channel Effects (SCE)

The characteristic length modeled due to short channel effects is given by [1],

£.-TOXE- X
l, = =S " 7P (1,pVT2.V,
=\~ EpsRox ( bs) (2.23)

DVT2 = 0 is the body bias coefficient of the short channel effect on Vy, [Appendix B].

dep qNDEP (2.24)



_J2x11.68x(0.914—0)
% "\ 1.6x10"° x6.5xe™®

The permittivity of silicon €= 11.68 g5 = 103.47x10™ F/cm

Xdep = 13.48 nm.

(1+0-0)

11.68-0.9x10°° m-13.48nm
= 3.9

ly =6.025 nm.
2.2.2.3 Change In |y Due To Drain Induced Barrier Lowering Effect (DIBL)

The characteristic length due to the DIBL effect is given by [1],

_ [eg TOXE- X 4o
‘0"\/ EPSROX (2.25)

where,

X 2(':siq)s
dep0 = m (2.26)

Since the body voltage is zero in SCE modeling, these equations are now similar to (2.23) and
(2.24). Therefore,
Xdepo = 13.48 nm.
o =6.025 nm.
2.2.2 .4 Effective Gate Length

The transistor effective gate length modeled to account for various effects is explained

below [1]
Left = Lgrawnt XL=2dL (2.27)
where,
XL =-20 e-9 m is the channel length offset due to the mask/etch effect.
LL LW LWL
dL =LINT+ [N + WLWN + | LCNyy LWN [1] (2.28)

From Appendix B,



LINT = 2.7x10° m is the channel length offset parameter.

LL = 0 is the co-efficient of length dependence for length offset.

LW = 0 is the co-efficient of width dependence for length offset.

LWL = 0 is the co-efficient of length and width cross term dependence for length offset.
LLN = 1 is the power of length dependence for length offset.

LWN = 1 is the power of width dependence for length offset.

Therefore, dL = 2.7x10° +0 +0 = 0 = 2.7x10”

Lesr = 45x107° = 20x10™° —(2.7x10)2, Lo = 19.6 nm.

Substituting all these values into equation (2.21),

Vy, = {0.3423 + (0.2 -4/0.914-0-0.2-40.914 |1+ 0__ O:I

19.6n

9
+/0.2- 1+@—1}/0.914V+(0+0) 0.9x10 ><0.914]

19.6n Wgi +2.6x10°°

-|05- 0 + 1 (1.1167 -0.914)

cosh{o x %:XWEffJ -1 cosh(Z x 19|.6n] -1
t

tw

- 0.5 (0.0055 +0)x 0.6

cosh| 0.078x 1260 ) 4
6.025n

Vin=0.28 VatVps =06V (2.28a)

2.3 The Drain Current

The drain current equation for the 45 nm CMOS in the linear/saturation region is given

by [1],

Ids — IdsO -NF 1+ 1 |I’{ VA J .(1_’_ Vds _Vdseff)(»]_i_ Vds _Vdseff}[.]_'_ Vds _Vdseff}
1+ m Com  \ Vasat VapisL Vapits Vascee

Vdseff




(2.29)
where, Ry is the bias dependent source/drain resistance model. To invoke the internal model,
rdsmod = 0, which assumes that the drain and the source regions are symmetrical in terms of

their doping profiles [Appendix B]. Rys (V) is defined as [1],

RDSWMIN + RDSW -| PRWB - [{/@, — Vpuor — /@, )+ 1
1+ PRWG - Vggper

)WR

Rys(V) = (2.30)

(1 X 106 ' Weffcj

From Appendix B,

RDSW = 105 Q (um)"* is the zero bias LDD (lightly doped drain) resistance per unit width for
rdsmod = 0.

WR = 1 is the channel width dependence parameter of LDD resistance.

RDSWMIN = 0 is the lightly doped source resistance per unit width.

PRWB = 0 is the body bias dependence of LDD resistance.

Wi is the effective drain/source diffusion width given by [1],

Wy =Mz 2 (o

WLC WWC WWLC
NF

| WLN + W WA + | WLNyy WWN (2.30a)

From Appendix B,

DWJ = 0 is the offset of the source/drain junction width.

WLC =WL =0

WLC is the coefficient of length dependence for the CV (calculated coefficients of variation)
channel width offset; WL is the coefficient of length dependence for width offset.

WWC =WW =0

WWC is the coefficient of width dependence for CV channel width offset; WW is the coefficient
of width dependence for width offset.

WWLC = WWL =0

WWLC is the coefficient of length and width cross term dependence for CV channel width

offset; WWL is the of length and width cross term dependence for width offset.

9



NF = 10 is the number of fingers.
Wrawn = 2250 nm is the drawn channel width.

Substituting above values in the equation (2.30a),

W 2250n_2_£0Jr 0 . 0 N 0 )

effcj = 10 LWEN )y WWN T | WENyy WWN

Weffcj =225 nm.

Substituting the above values into equation (2.30) gives,

1+0-V,

{0+105 -[o-(\/o.gm—o ~J0.914 )+ 1}

Ras(V) =
) (1x10° . 225x 100

Rgs(V) = 0.4666 mQ.
2.3.1 Unified Mobility Model
The mathematical relation for the effective mobility of electrons that incorporates the

short channel effects is given by [1],

uo
Mef = 5
Vgsteff +2V th Vgsteff +2V th (2.31)
1+(UA+UCVpget ) ————— [+UB| —
TOXE TOXE

From Appendix B,

mobmod = 0.

U0 = 0.02947 m?/V-s, is the low field mobility.

UA = -5x10"° m/V, is the coefficient of the first order mobility degradation due to the vertical
field.

UB = 1.7x10"® m?V? is the coefficient of the second order mobility degradation due to the
vertical field.

UC =0, is the coefficient of mobility degradation due to body bias effect.

Vgse is the effective gate voltage. Vggerr is the effective value of (Vgse-Vin) given by [1],

10



m* (Vo -V
nv, In{1 + exp[(gseth)}
nv,

V =

gsteff ) 2.32

20 (1 —-m *)(Vgse - Vth )_ Voff ( )

m*+nC,e - . [———>—exp| —
gNDEPe nv,

Vgse is given by [1],

Vgse = VFB+ @ +

qe NGATE - TOXE? 2EPSROX?(V,, — VFB - )
1+ -1 (2.32a)

EPSROX? qe NGATE - TOXE?
VFB =-1.058 V is the flat band voltage.
NGATE = 1 x10% cm™ is the poly silicon gate doping concentration.

Assuming Vgs = 0.5V, and substituting above values into equation (2.32a),

—16 23 -9 2
Vgse=_1_058+0_914+1.6x1o x11.68>;e ~(0.9><e )2 1, 2x39%05+1058-0914)
3.9 1.6x1079x11.68xe? -(o.gxe*g)2
Vgse = 0.499 V.
Voff is given by [1],
Voff' = VOFF + YOFFL (2.32b)
eff

VOFF =-0.13 V is the offset voltage in sub-threshold region for large W and L.
VOFFL = 0 V is the channel-length dependence of VOFF.

Substituting above values in equation (2.32b),

0

eff

Voff =-0.13 + =-0.13 V.

m* is given by [1],
= 0.5+ arctan(MINV)

MINV = 0.05 is the Ve fitting parameter for moderate inversion condition.

Substituting for MINV in the above equation,

11



m* = 0.5+ arctar11_r(0.05)

m* =0.515

_EPSROX-¢

o =~ TOXE oxe IS the effective gate oxide capacitance [1].

EPSROX = 3.9 is the gate dielectric constant relative to vacuum for silicon dioxide [Appendix B].

Substituting this value in the above equation,

3.9x103.414-10"

C =
0.9x10°°

oxe

Coxe = 38.36 x 107° F/um?

n is the sub threshold swing parameter given by [1],

Cep N Cdsc _Term+CIT

n=1+NFACTOR- 2.33
oxe Coxe ( )
where,
Cdsc _ Term = (CDSC + CDSCD - Vg + CDSCB - Ve )- 0'5L
cosh(DVT1 Ieff] 1 (1]
t

This term represents the coupling capacitance between drain/source to channel.
From Appendix B,

CDSC = 0 is the coupling capacitance between source/drain and channel.
CDSCD = 0 is the body bias sensitivity of CDSC.

CDSCB = 0 is the drain bias sensitivity of CDSC.

Hence the term,Cdsc _ Term=0.
CIT = 0 is the interface trap capacitance.
NFACTOR =1.9
From [Appendix B of [1],
K1=y, -2K2,/®, - VBM
S ¥ =K1
12



vo=0.2 V°°.

V2qeNSUB

Yo = C

oxe

NSUB = (Y2Coxe )2
2qgg

NSUB < (0.2 x 38.36x107"°

2x1.6x107"° x11.68

NSUB = 1.77 x 10" cm™,

W - ( 2x11.68 j
dep 1.6x10719 x1.77 x 10"

Wyep = 25.83nm

~11.68
dep ~ 95 83n

Caep = 4 fF/um?

Substituting these values in (2.33),

4x107" 0+0
n=1+1.9. T s
38.36x10°"  38.36x10”

n=1.198.

Replacing terms for their values in equation (2.32),

1.198x 25.85mx In{‘l + exp{o'51 5(0'499 - 0'2922)}

1.198x25.85m

Vgsteff =

0.515+1.198 38,36 105 \/ 2x0.914 exp[_ (1 —0.515)(0.499—0.2922)—(—0.13)}

16x107"°x6.5%x10"® x11.68 1.198x25.85m

Vgstert = 0.2577 V.

13



Substituting for Ve and other terms in equation (2.31)

e 0.02947
eff — 2
14 (_ 51010 4+ 0. VbseffI0.2577 +2x 052922j 17 10_13(0.2577 +2x 09;2922j
0.9x10™ 0.9x10™

Effective mobility per = 0.0149 m?/V-s.

Now Eg, is defined as the electric field at which carrier velocity becomes saturated. This is

given by [1],
E., - 2VSAT
Mefr

where, VSAT = 159550 m/s is the saturation velocity. Substituting these into above equation,

2x159550

sat = 00149
Esat = 21416107.38 V/m.
2.3.2 Determination of 4 ¢
lsso is the drain current excluding some of the short channel effects expressed in equation

(2.29). This is given by [1],

V.
WH Qo V.| 1——38
MeffYcho ds[ 2V, ]

] (2.34)

IdsO =
L[1 v Yo
Esat

where,

W = W given by [1],

w
W, = —drawn sy 2gw
NF

From Appendix B,

XW =0 is the channel width offset due to the mask/etch effect.
DWG = 0 is the coefficient of gate bias dependence of W .
DWB = 0 is the coefficient of body bias dependence of W .

WINT =5 nm.
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WW = WL = WWL = 0 are the coefficients of width/length and their cross dependencies on
width offset.

Substituting above values, W= 215 nm.

L = L¢x as defined earlier.

Qoo = Coxefr - Vgstert [1]

Quno = 9.8853 x10™ F/m?.

Vsteft + 2V¢
Vp =% [1] (2.35)
bulk
where
A0 -L o ]
Leff +21 XJ'Xdep 1
A ,k=11+F _doping- 2
ulk —oPing AGS.v Lo . BO 1+ KETA - Vpeer
M Lo + 2/XJ X ey W, +B1

(1]

F — doping =

From Appendix B,
LPEB = 0 is the lateral non uniform doping effect on K1.

Substituting for LPEB and rest of the previously defined values in this equation,

0
19.6n 7 _.09x107"

LIk N—— | _
240.914 -0 Wes + WO

F_doping = 0.5229.

1+

F_doping = x0.914

From Appendix B,
AGS =0 is the coefficient of V4 dependence of bulk charge effect.

A0 = 1 is the coefficient of channel length dependence of bulk charge effect.

15



BO = 0 is the bulk charge effect coefficient for channel width.
XJ =14 nm is the source/drain junction depth.

Substituting all values for Ay,

1.19.6n

19.6n+2414n-13.48n

1
19.6n 2 L0 1+KETA -0
19.6n +24/14n-13.48 n w

1-0-V, ‘
gsteff[ B +B1

Abulk =1.2177.

Now, substituting this in the equation (2.35),

v, _ 0:2577 +2x25.85m
b~ 1.2177

Vp =0.2540 V.

Substituting all these values in equation (2.34),

215nx 0.0149 . 9.8853 x 1073 x0.6{1— 0.6 }

Lo 2x0.2540
ds0 —
19.6n[1+ 0.6
21416107.38 < 45n

lgso = -108.198 uA. (2.35a)
The saturation Voltage Vs, is given by [1],

EsatL(Vgsteff + 2Vt)
AbquEsatL + Vgsteff + 2Vt

Vdsat -

here, L = Lyawn = 45 nm. Substituting for other known terms,

21416107.38x 45 x10°(0.2577 + 2x 25.85x 1073
12177 x 21416107.38 x 4510 ° + 02577 + 2 25.85x 10~

dsat =

Vgsat = 0.201 V.

Now, the effective V4sat is given by [1],

1
Vdseff = Vdsat - El:(vdsat - Vds - 6)+ \/(Vdsat - Vds - 6)2 +45- Vdsat }

16



Vet = 0.201 —%[(0.201 ~0.6-0.01)+/(0.201-0.6 —0.01 ? + 4x0.01x0.201 }

Vgs = 0.6 V, and 6 = 0.01 V is a model parameter.
Vgseff = 0.1961 V.

The effect of channel length modulation on drain current is modeled in the relation [1],

\Y, Ry -1 Vv
Com =ﬁ.F{1+PVAGE = ](H e ](Leff +%}% (2.36)
sat - eff dseff sat I

where,

e ,TOXE - XJ
it =\ ——c5~o— [1]
EPSROX

-9
”tlz\/11.68x0.9x10 X _ 6 1429 nm
3.9
F= L
J
1+FPROUT. Y=o [1]

Vgsteff + 2Vt

FPROUT =0.2 V/(m)o'5 is the effect of pocket implant on ROUT degradation [Appendix B].
Substituting this value in the above equation,

1

J19.6n
0.2577 + 2% 25.85m

F:
1+0.2x

F=1.

From Appendix B,

PCLM = 0.06 is a channel length modulation parameter.
PVAG = 1 x10? is the gate bias dependence of early voltage.

Substituting all these values in equation (2.36),

Cclm=$-1(1+10‘2"- 0.2577 J(1+0.4666nx—108.19&1 19604 0201 j 1

21416107.83x19.6n 0.9161 ' 21416107.8

Cum = 78.639.

17
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Now from [1],

Vacim = Ceim '(Vds - Vdsat) is the equation for early voltage when only the CLM is the physical
phenomenon taken into account.

Vacim = 78.639-(0.6 —0.201 ), Vacim = 31.376 V.

Vasat IS the early voltage at Vs = Vgsat given by [1],

AV
EsatLeff + Vdsat + 2RdsvsatCoereff Vgsteff . l:1 - 2 ngs:::ff fszat\/t :|

VAsat =

2
RysVsatCoueW e Apyic — 1+ i

A =1 is the non saturation effects modeling parameter for a pMOS transistor.

Substituting for all parameters in the above equation,

1.2177-0.201
2(0.2577+2-25.85m)

21416107.8x19.6n+0.201+2-0.4666m-159550-38.36-107'° - 215n -0.2577-{1—

VAsat =
0.4666m x159550x 38.36x1071° x 2150 x 1 .2177—1%

Vasat = 0.6207 V.

In equation (2.29) V, is given by [1],

Va = Vasat + Vacm = 31.9961 V.

Now Vapirs is the early voltage due to the drain induced threshold shift (DITS) effects given by
(11,

1
Viaorts = 55178

-F-[1+(1+PDITSL -L o )exp(PDITSD - V, )]

From Appendix B,

PDITS =0.1 V' is the impact of drain-induced Vy, shift on ROUT.

PDITSL = 2300000 m™ is the channel length dependence of drain-induced Vy, shift for ROUT.
PDITSD = 0.23 V' is the V4s dependence of drain-induced Vy, shift for ROUT.

Substituting these values in the above equation,

18



VapiTs = % -1-[1+(1+ 2300000 - 19.6n)exp(0.23 x 0.6)]

VADITS =2199V.

Vasge is the early voltage due to the substrate current effect given by [1],

Vds - Vdsat

1 PSCBE2 [ PSCBE1- IitIJ
= exp
VASCBE Leff

From Appendix B,

PSCBE1 = 2 x10° V/m is the first substrate current induced body effect parameter.

PSCBE2 =1 x 10" m/V is the second substrate current induced body effect parameter.

Substituting these values in the above equation,

1 _2x10° [ 1-107.6.1429n
Vascee  19.6n 0.6-0.201

VASCBE =98V.

VapieL is the early voltage due to DIBL effects given by [1],

Vi = Vgstetr +2V4 i Apuk Vasat _(1 + PUAG. Vaste J
8100t (1+PDIBLCB - Vigert )\ Apui Vasat + Vgsterr + 2V wilor

0 PDIBLC1

rout —
Where, Zcosh[DRolL:T-Lde -2
0

+PDIBLC2

From Appendix B,

DROUT = 0.5 is the channel length dependence of DIBL effect on ROUT.
PDIBLC1 = PDIBLC2 = 0.001 are the parameters for DIBL effects on ROUT.
PDIBLCB = -0.005 V" is the body bias coefficient of DIBL effect on ROUT.
Substituting these values in the above equation,

Brout = 0.001 +0.001 = 0.001346

2cosh 0.5x19.6n)
6.025n

PVAG = 10% is the gate-bias dependence of early voltage [Appendix B].

19
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Substituting the above values into equation (2.36) gives,

V. __ 0.2577+2x25.85m (. 1.2177x0.201 (141020 0.2577
ADIBL™0.001346 (1-0.005x0)|  1.2177x0.20+0.2577+2x 25.85m 21416107.8x19.6n

VADIBL =132.582V
Finally, substituting all of the above deduced parameter values into the main drain current
equation (2.29),

The drain current at Vg, = 0.6 Vand Vg = 0.5V is

Lo -108.198ux10 14 1 In 31.9961)| (, 0.6-0.1961) 0.6-0.1961) 1 0.6-0.1961)
ds 14 0.4666mx-108.198u 78.639 |\ 0.6207 132.582 21.99 9.8
0.1961

(2.38)
lys = 1.224 MA,

and the current to channel width ratio lys/W grawn = 0.54 mA/um.
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CHAPTER 3
VERIFICATION OF THE MODEL
To test the accuracy of the model equations used in chapter 2 that define 45 nm CMOS
transistors, the SPICE model file is uploaded to BSIM 4 version of the ADS (Advanced Design
Systems), and simulation results are observed to verify the theory. Following sections show the

simulation results and provide a comparison.

3.1 The Threshold Voltage

Simulation results for the threshold voltage with V4 = 0.6 V and Vg = 0.5 V is shown

below. These test conditions are similar to the ones used in the mathematical model.

1 be (] vAR

ne VAR1 v_De
DC Vds=0.6 +| SRC1

DC1 Vgs=0.5 — Vdo=Vds WV

VIO !
+| SRC2 }7
= wvdc=vga v
Ve ESIM4_NMOS
MOSFETS
Length=450-0
Width=2250e-9

I[p—

Figure 3.1 Circuit model set up in ADS with V45 = 0.6 V and V4 = 0.5V
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Figure 3.2 Threshold voltage is around 0.26 V as seen from the graph.
From equation (2.28a), the calculated value of the threshold voltage Vy, = 0.28 V, which is

consistent with the simulation data.

3.2 The Drain Current

Simulation results for the drain current with V4 = 0.6 V and Vg = 0.5 V is shown below.

15

<C

= m1

@ m1

= 05 Vds=0.600

= |_Probe1.i=1.028mA

D_|

- o ] '

0.0 0.2 04 06 0.8 1.0

Vds

Figure 3.3 Drain Current Simulation result, Ip = 1.02 mA
From equation (2.38), the calculated value of the drain current is Ip = 1.22 mA, which is
consistent with the simulation (Figure 3.2). These results show that this mathematical model is

sufficiently accurate to be used in the LNA circuit design.
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CHAPTER 4
LOW NOISE CMOS DESIGN CONSIDERATIONS
For MOSFETs in the saturation regime, the dominant noise sources are thermal noise
and flicker noise. However, flicker noise becomes negligible when MOSFETs are operated in
the GHz frequency range. This is explained in detail in section 4.2. The following sections define
the factors that affect the noise performance of a short channel MOSFET.

4.1 Thermal Noise

Thermal noise in electronic circuits exists because of the resistive nature of the devices.
In MOSFETS, the channel resistance is the main cause of the thermal noise. Fortunately, the
short channel transistors have a very low drain to source output resistance (less than 1kQ). This
is one of the reasons short channel CMOS technologies tend to have the lowest noise figures

[2] which is explained by the following equation,
w 2
P =140 vag(1-[cf) @.1)

wr is the transition frequency, y and & are bias dependent factors. As seen, the minimum noise
is inversely proportional to wr, which in turn is inversely related to L.s. Hence, short channel
CMOS transistors have the lowest noise figures.

Thermal noise in a MOSFET consists of drain current noise and induced gate current
noise as defined by [3].
4.1.1 Drain Current Noise

The drain current noise is defined as [3]
2 = 4KT Afygy,

where gq, is the drain output conductance under zero drain bias. The parameter y is a bias

dependent factor.
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4.1.2 Induced Gate Current Noise
The induced gate current noise is defined as [3]

22
wCgs

Gdo

i2 = 4KTATSQ | where Jg = ¢ (4.2)

Hence, induced gate current noise is proportional to the square of wC and dominates MOSFET
noise at high frequencies. The parameters 9, ¢ are bias dependent factors. This noise appears
due to local fluctuations created by capacitive coupling through the gate oxide layer [2].

4.2 Flicker Noise

Flicker noise in MOSFETSs is given by the relation [8],

2=k ar
i = )
where K is a device specific constant, a and b are constants. Flicker noise is inversely
proportional to the frequency of operation which makes its contribution significant only at low
frequencies.

4.3 Noise Reduction in Parallel MOSFETs

When a number of transistors are connected in parallel as shown in Figure 4.1, the

circuit tends to reduce the overall voltage noise of the amplifier.
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Figure 4.1 Small signal equivalent of two transistors connected in parallel

The instantaneous short circuit output current and the input referred noise voltage for such a

parallel combination of 2 circuits is given by [6]

N

(Vg + Vi )+ N(Rsll%jZinj

=1

+
Io(sc) =0n { R ”( R, j
S

V —
R; +Rgll
o

Ri
N N

R
N

nj

k¢]

S
J8

1

V.= \/4kTRSAf + %v,? +2pV. | .Rs +NI2R3

In this equation, N is the total number of parallel devices. V,; is the total voltage noise referred to

the amplifier input. If R is 0 in the voltage noise equation, then [6]

Vi
Vii = N (4.3)

Therefore, the larger the number of parallel devices, the lower is the noise voltage at the input

of the amplifier.
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For an amplifier with two stages, the overall amplifier noise figure is given by [7],

e F-1)
F=F+ e (4.4)

It is evident from the above equation that the first stage contributes the major portion of the
amplifier output noise figure, so paralleling multiple MOSFETSs in the first stage results in a
lower overall output noise figure.

Based on the analysis of the above noise sources in high frequency short channel
CMOS circuits, it can be concluded that the MOSFETs in an LNA should have the minimum
channel width that still gives the desired gain. This is because higher channel widths increase
Cgs Which is proportional to the induced gate current noise, a dominant source of noise in short
channel CMOS at GHz frequencies [equation (4.2)]. Also, a high quiescent current can be split
between many devices biased in parallel which further results in better noise figures (equation
4.3). Another important design technique is to reduce the number of resistors in the circuit as

much as possible to minimize direct thermal noise contribution from resistors.
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CHAPTER 5
LNA CIRCUIT ARCHITECTURE AND DESIGN

A new LNA architecture is proposed that includes all the low noise design factors
discussed in the previous chapter. Due to the low output impedance of short channel devices, it
is difficult to achieve high gain in a single stage. Therefore, two stages are designed where the
first stage is a series RL shunt-shunt feedback network (Figure 5.1 (a)) and the second stage is
a parallel RC shunt-shunt feedback network (Figure 5.3 (a)). Both stages have inductive loads.
Inductor loads require more chip area, but provide better noise figures by avoiding resistive
thermal noise in the circuit. The two stages are AC coupled through a capacitor.

The following sections show the schematic diagrams for each stage. High frequency
small signal MOSFET models with shunt-shunt feedback are used to determine the input
impedance, output impedance and gain equations governing these circuits (Figure 5.1 (b) and
(5.3 (b)). This is followed by estimation of values for all the circuit components. The amplifier is
then impedance matched to 50 ohms at both the input and output terminals over the desired
pass band using LC filter impedance matching technique. This amplifier circuit is simulated in
ADS and the feedback circuit components are then optimized from their calculated values to
stabilize the circuit for the bandwidth of interest. During simulation, parasitic RLC networks are
connected to both the supply voltage and the ground to include the parasitic effects of IC layout
design.

The aim is to achieve a voltage gain 20 log (S»4) of 20 dB (50 ohm impedance matched
at the input and output ports) a Noise Figure less than 4 dB, a bandwidth (BW) of 6 GHz
between 12 — 18 GHz, complete stable operation in this bandwidth, Sy and S,, less than -10 dB
in this bandwidth to reduce return loss, a power consumption of less than 15 mW with a power

supply of 0.5 V.

27



5.1 Biasing The Circuit

To bias this circuit, a resistive voltage divider is not implemented to avoid more resistors
in the circuit in order to minimize the thermal noise. A second choice is to bias the circuit with a
current mirror. Using a current mirror certainly stabilizes the bias point but increases the power
consumption of the amplifier. To overcome these drawbacks, a DC blocking capacitor is used in
the front end and the feedback network is used to provide the DC bias for the amplifier. This is
possible in the case of MOSFETSs, because the MOSFET gate acts as a capacitor and blocks
DC.

5.2 LNA Design: Stage |

The first stage series RL shunt-shunt feedback amplifier with inductive load is shown in
Figure 5.1(a). R is the source resistance, Rgq and Lg; are feedback elements, L, is the load
inductor. Body is connected to source, so body bias is zero. Figure 5.1(b) is the high frequency
small signal model for a NMOS. The equivalent miller capacitance Cy, is given by (1- Ay¢) Cgq,

where Cy is the gate to drain capacitance.
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Figure 5.1 (a) Circuit architecture for input stage (b) High frequency small signal NMOS model

5.2.1Shunt-Shunt RL Feedback

The feedback in Figure 5.1 (a) is clearly a shunt-shunt feedback connection. Therefore
this amplifier is modeled as a trans-resistance amplifier to simplify the analysis. From the
fundamental feedback theory as explained in [8], this circuit is modeled by determining the

feedback transfer function through admittance parameters.
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Figure 5.2 (a) Shunt-Shunt small signal feedback circuit (b) feedback network
A shunt- shunt network is a current feedback amplifier. Therefore the transfer function
of the feedback network is positive. But since the basic amplifier is an NMOS inverting amplifier,
this becomes a negative feedback amplifier. Also, Ci,s = C4s + Cr,. The complete small signal
model including feedback is given in Figure 5.2 (a).
The admittance parameters for the feedback circuit of Figure 5.2 (b) are,

i 1
Y11t =L

= when V, =0
Vi Rgq+slg
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i 1

=2 ' whenV,=0
Yaur Vo Rpq+slgy 1
Vigr = 1 = L when V; = 0 (5.1)

Vo Rgtsle
where f; is the feedback transfer function. When Kirchhoff’s voltage law (KVL) is applied to the

input and output loops of Figure 5.2(a),

Vv, = i{RSII{SS I(Rgq + SLgq )}J
in1

v, = i1 5 RS (RF1 + SLF1) (52)
$°LECinRs + S(CiniRrRs +Lr1)+ Rs +Rey

V01 = —gm1V1 {I'01| I(RF1 + SLF1 ) ISL1}

rg1SL1(Re1 +SLe1) } (5.3)

Voq = _gm1v1|:r01(s|_1 + RF1 + SLF1)+ (RF1 + SLF1)SL1

The trans-resistance amplifier gain a; is the open loop gain derived from equations (5.2) and

(5.3) given by,

1
a; = & = g {(Res + SLF1)”SL1}{R5”{SC (R + Ly )}}

I in

a, = -g SLiRs (Rey +5Ley (5.4)
1 " (sLq +Rey +SLeq JRsSCin (Rey +SLeq )+ Rs + (Req +Ley )] .

The loop gain is
T1 = a1f1
Substituting for f; from equation (5.1) and a4 from equation (5.4),

T, =g SL4R,(Rr; +sLey)
U™ 8Ly +Rey + 8L JRsSCing Ry + 8L )+ Rs + Ry + 5Ly

The overall feedback amplifier gain A4 is given by,
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_ a3
1+T, 1+aqf,

A

Substituting for T, from equation (5.5) and a; from equation (5.4) and rearranging the terms

gives,
2
ot LR (R +5L¢y)
m
A = (sLq +Rey +SLeq JRsSCing (R +5Leq )+ Rs + (Req + 5Ly )]
1 1+g { SL.R, (R + 5L ) }
m
(L4 +Res +SLeq JRsSCing (R +5Leq )+ Rs + (Rey +5Lry )]
2
A= gm1SL1Rs(RF1 +sley)
(L +Rpq + 5Ly JRsSCing (Req + L1 )+ Rs + (Res +SLeg [+ GiSL4R s (Req +5Lg1)
( 2 2 2)
A =— ImSL1RsRE1™ + 2ReqSLpg +8°Lgy
s? - 2RsCinLRe1 +RsCintkri’s® +RsCinRes®s + 2LpReys + SLeRs + LR
+8L1Rgy +8gmL1RsRe + Les’s® +RsLiCiniRe18% +LiLpss? + gmiliLpRss?
+RsL1CinL18® +Res (R +Rs)
Rs9m1 2 .2 3f 2
S SLRe” + 8% (2L L Req )+ 8% (L L
Ay =— Re1(Re +Rs)( ( ))

1+s

RSCin1RF12 +2LRey +LpRs +L4Rs + LRy + gl {RsREy
Rr1(Rei +Rs)

2| 2RsCiniL R +Lg? +RsL1CiniRey +L1kes + ImibileRs
Rr1(Rey +Rs)

+S

w

+S

RSCin1LF12 +RgL1CiniLgy
Rr1(Rey +Rs)

(5.6)

This is the overall trans-resistance gain of the amplifier. Hence the voltage gain for stage 1 is

given by,

Y, Y, i
2o _To1 1

Vo i vy

h 1

Since W R, from the small signal model,
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a1
Voltage gain A, :%:%:%
1 S ™

Substituting equation (5.6) for A, in the above equation, the voltage gain for stage | is given by,

¢(SL1RF12 +8%(2LpLiRey)+5° (LF12L1 ))

_ Re4 (RF1 +Rg )
Ay, = = 5 (5.7)
RsCiniRe1™ +2LgRey +LeRs +L41Rs +LiREs +gml RsR ]

Rei(Rer +Rs)

2| 2RsCintkriRe1 +Lr1” +RsLiCinRer +LiLes + gl LeRs
REq (RF1 +Rs)

B 2
RsCinlkr1” +RsL4Cinil
Rr1(Re; +Rs)

w

+S

The shunt connection always reduces the impedance. The input impedance is given by,

Zina
Zing = T, (5.8)

where Z,, is the basic amplifier input impedance. From Figure 5.2(a),

1

Zina = RlIRey +SLey )

in1

{ Rg(Res +5Ley) }

SZLF1Cin1RS + S(Cin1RF1RS + I-|=1)Jr Rs +Rgq

ina

Substituting equation (5.9) in the equation (5.8) gives,

{ Rs(Rpq +5SLg) }

82|—F1Cin1Rs + S(Cin1RF1RS +Lg )+ Rs +Rgy

Z =

inx

1+g SsLiRs(Res +5Lg)
™| (L +Rey +5Le1 JRsSCin (R + 8L )+ Rs + Ry + 5Ly )]

The input impedance of the feedback amplifier Z,,; excludes R, therefore

The input impedance of the circuit Figure 5.1(a) is given by,
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Zin = Rs + Zin1 (510)
In a similar way, the shunt connection at the output decreases the impedance as given by,

ZO1a

Z =
o1 1+T,

where Z,4, is the basic amplifier output impedance. From Figure 5.2 (a),

Zota = TollRey +SLgq JIsL

ro1SL4(Req + SL+)

Zow = (5.11)
® " rorlsLy + Rey + SLgy )+ (Req + SLeq L4
Substituting for Zy4 in equation (5.11),
ro18L4(Req +5SL¢1)
Zyr = ro1(SLq +Req +SLey )+ (Rey + 5L Jskg (5.12)

1+g SLiRs(Res +5L¢1)
™ (L4 +Re1 +SLeq [RsSCint (Req +8Ler)+ R + (R + 5L )

This is the output impedance for first stage of the amplifier, which is also the source impedance
for stage Il

5.3 LNA Design: Stage |l

The second stage is a parallel RC shunt-shunt feedback amplifier with inductive load [
Figure 5.3(a)]. The source impedance is Zy; which is the output impedance of stage I, Rg, and
Cr, are feedback elements and L, is the load inductor. The body is connected to the source, so
body bias is zero. Similar shunt-shunt feedback theory is applied to this stage as in stage I. It is
modeled as a trans-resistance amplifier. Figure 5.3(b) and (c) shows the small signal high

frequency model with feedback for stage II.
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Figure 5.3 (a) Circuit architecture for output stage (b) shunt-shunt small signal feedback circuit
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Figure 5.4 Feedback network
5.3.1Shunt-Shunt RC Feedback

The admittance parameters for the feedback circuit of Figure 5.4 are,

y”f:v__ ] when V, =0
! Rlel( J
SLr2
yzzf_\'li_ 1 ] whenV;=0
2 RFZII( c ]
SLr2
Vit =%=_+=f2 when V; =0 (5.13)
2 RFZII( J
F2

where f, is the feedback transfer function. Application of the KVL at the input and output loops in

Figure 5.3(b) gives,

1 1
=iy| Zyqll IIRE,
Vo |2{ 01 {SCinZ F2 [SCFZ J}J

Vo =i ZoRey
2 ?| ZoResSCra + ZoiRe2SCing + Zo1 + Rey

1 Jllst}
sCr

Ve, =g v Re2SLoroo (5.15)
02 m2V2 r02R|:2 + rOZSLZ + RF28L2r028CF2 + RFZSLZ

(5.14)

Voz = —gmzvz{rozuRFz”(
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The basic amplifier open loop gain, a,, derived from equations (5.14) and (5.15) is given by,

Voo 1 1 1
=202 _ _ Rl lIsL, 4 Zoqllk ——I1IRE, |
a, i) ng{[ F2 [SCFZ D s 2H 01 {ScinZ F2 (SCFZ

2
a5 = —Gmy Rea SkaZot (5.16)
" (RFZ +5L, +Rep8LoSCr N ZoRe2SCry + ZoRe25Ciny + Zoy + RFZ)
The loop gain
Ty = a5
T, = Im2Rr28L2Z01(Re2SCrp +1) (5.17)

(Rrz + 8L +Re28L5SCrp NZo1Rr2SCr2 + ZoiRp2SCinz + Zo1 +Re2)
The overall trans-resistance amplifier gain A; is given by,

_ 4@ 3
1+T, 1+a,f,

2

Substituting (5.16) and (5.17) in the above equation and rearranging the terms gives,

2
G Rr2"sL o2y,
m
(R +5L, +Re,SL,SCry )(ZO1RFZSCF2 +ZoiRe2SCinz + Zo1 +Re2)

A, =-
2 14 Im2Rr25L2Z01(Re25Crp +1)
(R +5L, +Rep8L,5Ck, )(ZO1RF2$CF2 +ZoiRe2SCinz + Zo1 +Re2)
A, =- szRF223L2201
(R + 8L +Re25L55Cr NZ01Rr2SCra + Z0Rr25Cinz + Zot +Re2 )+ ImaRr25L2Z01(Re25Cr +1)
SOmoRr2°L,Z
A, = m2RF2 L2401

- 2 2
SRr*Z01Crz + SReoL o +59maResl2Zo1 + ZoiRe2 +Re2” +RppZ1Cral 587
2 2 2
+5Rpy"Z01Cins +Rpp”Crolps? +5Z01Ly +8°Real 2Z01Crp +5°Z01CinoL 2CraRps

2 2 2
+5°RrZ01Cinsk » +5%9maRe2’L2Z01Crp +5°Rey*L2Z01Cry
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S{ngRFZLZZm ]

(201 + RFZ)

i 2 2

Re2"Z01Crp +Re2"Z01Cin2 + Zo1k 2 + Rl + gmaRegl 2204

| (Zo1 +Re2 R

2| Rp2Z01Cralp + RF22CF2L2 +Reol2Z01Cr2 +RE2Z01Cinglp + ngRF22LZZO1CF2
(201 +Rg2 )RFz

B 2 2 2

Re2"L2Z01Cro" +Z51Cingk 2CroRE

(201 +Rp, RFZ

w

+S

(5.18)
The equation (5.18) is the trans-resistance gain of the amplifier. Therefore the voltage gain for
stage 2 is given by,

v Y i
02 _ Vo2 12

Vo iy vy
i 1
But’ iz_
Vo Zyy
az
% A Z
Hence, Ay, =—2=_—2=_"0l_

Vo Zgr 1+ayf,

Substituting equation (5.18) for A, in the above equation, the voltage gain for stage Il is given

by,
s{ Im2Re2l 2 J
Ay = - (Zo1 +Re2)
B 2 2
1+s Re2"Z01Cr2 + R Z01Cing + Zoik 2 +Reolp +9maReol 2201
| (Zo1 +Re2 Re2

(201 +Rp; PFZ
B 2 2 2
Re2"L2Z01Cr" +Z51Cingk 2CraRE2
(Zo1 +RF2)RF2

2| ReaZp1Crolp + Re2”Crol s + Rl 2Z01Cra +RE2Z01Cinals + gm2RF22L2201CF2 1

w

+S

(5.19)
Total gain of the amplifier is A, = (A1) (Ay2).

The shunt connection at the output decreases the impedance as given by,
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ZOZa
1+T,

ZOZ =

where Z,, is the basic amplifier output impedance. From Figure 5.3 (b),

1
Zyoa = rpoll| Rl IIsL
02a = To2 [ F2 (SCFZ D 2

Substituting equation (5.19) for Zy, in the above equation,

RezsLlorg,

ro2RE2 +roaSLy +REaSLoMgpSCry +RepsL
Im2RF28L2Z01(Rr2SCr2 +1)
(Rez + 5L +Rp28L2SCrp Zo1Rr2SCr2 + Zo1Rp2SCinz + Zo1 +Re2)

1+

This is the output impedance of the amplifier.

5.4 Design of Amplifier Circuit Components

Given the complexity of the circuit gain equations (5.7 and 5.19) and the impedance
equations (5.4 and 5.20), simplification of the feedback theory is used in the design of an LNA
for the desired specifications. The voltage gain equation for each stage of the amplifier as

defined earlier can be approximated using feedback theory as shown below:

ar
Av1zm=ﬁ=R_s
vy Rg 1+af
If T1= af1 >>1,

a 1
then 1 =~ = (Rg +sL
Traf, T, (Req F1)

(RF1 + SLF1)
Rs
The gain is negative for an inverting amplifier. Similarly for stage 2,

Therefore, AV1 =- (5.21)

ap

Ay, _Vozzi_ Zo

2 vy, Zy 1+ayf,

If T,>>1,
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Then —22 =1 _ fg i
1+a,f, f, sCpy

V.
: ZO1

—Res
(Rr2SCr2 +1)Zo1

Therefore, A, = (5.22)

The desired power consumption is to be less than 15 mW using a 0.5 V power supply.
Therefore, the maximum current for the amplifier is given by,
Maximum Current = Total maximum Power Consumption / Supply Voltage
Therefore, the maximum current in the circuit has to be less than 30 mA. To achieve a voltage
gain of 20 dB, let the maximum total current in the amplifier be limited to 25 mA. Let the desired

voltage gain of the first stage be 13 dB and that of the second stage be 7 dB. Therefore,
Ay, in dB=antil 13 =4.46
v, in —anlogE =4,

7
A, in dB=antilog — | = 2.23
V2 g(ZOj

Taking the magnitude of equation (5.21),

\/(RF1 )2 + (WLF1 )2

Rs

Ay, | =4.46 = -

\/Av12R32 - R|=12
w

Lr =

Resistance R, is a feedback element which determines the stability of circuit operation along

with Lgq. Assuming Rg4 to be 220 Ohms for now, and the center frequency f. = 15 GHz,

 V4.46% x502 - 220

L
F 21 x15x10°

LF1 = 038I’1H

If say 10 NMOSFETs are connected in parallel with a total current in stage | being

limited to 16 mA, and 5 NMOSFETs are connected in parallel for stage Il with a total current of 9
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mA leading up to a total of 25 mA in the amplifier, each NMOS in the LNA has to be biased with
a quiescent current of 1.6 mA.

To operate in saturation, Vps should be > (Vgs — V). Because both stages have
inductor loads, the DC drop across these inductors are approximately zero. Because the MOS
input gate current is zero, the gate voltage is approximately the same as the drain voltage which
is approximately equal to 0.5 V. This ensures that the NMOS is always in the saturation region.
Using the mathematical model equations from chapter 2, the required channel width to bias
each NMOS to Ip = 1.6 mA is determined below.

All equations in chapter 2 use Vg4 = 0.5 V and Vg = 0.6 V. Therefore, all the equations that are

affected when V4 = 0.5V, are recalculated below:

Vi = 0.3423V+(0.2~\/0.914V—0 ~0.2v05.0.914 V ) [1+ 190(;“ -0
.onm

-9
+0.2.] J14 EPEO_ V/0.914V +(0+0) 0.9xe x0.914 V
19.6nm Wer +2.6xe7°m

-0.5- 0 + 1

h[ow]1 cosh(zx19-fnm}1

Itw t

(1.1167 V-0.914 V)

- 0.5 (0.0055+0v~"0)0.5

cosh| 0.078x 12:6n 1
6.025n

Vi =0.2913 V at Vps = 0.5 V.

1.198%x 25.85m

2x0.914 ex{_ (1-0.515)0.499-0.2913)— (-0.1 3)}
1.6x107"° x6.5x€'® x11.68 1.198x 25.85m

1.198x 25.85m><|n{1+ex;{0'51do'499_0'2913)}}

Vgsteff =

0.515+1.198x 38.36xe™1® J

Vgstert = 0.2095 V.
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0.02947

0.2095 +2x0.2913 _18( 0.2095 +2x0.2913 2
- +1.7xe -
09xe 09xe

Meff =

1+(—5xe’10 +0~Vbseﬁ{

Effective mobility pes = 0.0157 m?/V-s.

_ 2x159550
sat ™ 0.0157

Saturation electric field Eg,; = 20324840.76 V/Im.

\.  ___ 20324840.76x19.6n(0.2095 +2x 25.85m)
dsat ™ 1.2177 x 20324840.76 x 19.6n + 0.2095 + 2 x 25.85m

Vet = 0.1737 V.

The product of the last four terms in the equation for drain current (2.38) after simplification is
(1.0644) (1.003) (1.018) (1.041) = 1.13. Since this value is approximately equal to 1, if the
product of these four terms were substituted by 1 in the equation for drain current (2.38), drain
current becomes Ip = 1.08 mA, which is very close to the simulation result (I = 1.028 mA from
Figure 3.2). This simplification modifies the drain current equation (2.29) below:

|, = taso -NF
® 1+ Rdslds()

Vdseff

In the above equation, denominator = 1 from equation (2.38). Therefore,

Ids = Id:;O ‘NF
V
W“efochOVds[1 - Z\d/s
b
where, laso = v and NF = number of fingers
L[1+ds J
EsatL

\
lys oL | 1+ =28
ds0 [ E ]

Rearranging the above equation, W = sat

V,
Q. gV | 1— =38
Meffcho ds[ 2Vb]

For l4s =1.6mA and NF = 10,
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1.6m

I =
ds0 10

lyso = —0.16mA . (Sign in accordance with equation (2.35a))

0.5
20324840.76 x 45n

—0.16mx19.6n[1 +
Substituting, W =

0.0157x8.036 €3 x0.5(1— 05
2x0.2540

W =464.52nm

For NF=10 fingers, total W = (464.52) (10).

Therefore, W = 4645.2 nm for every NMOS in the circuit. Simulation results for this dimension of
the NMOS transistor yields a transconductance

g, =0.0117A/V

The input capacitance of the amplifier stage 1 is given by,

Cin =Cgs +Cpy

Cin =Cgs + (1_AV1)ng

For 10 transistors in parallel (Figure 6.3) for stage 1 of the amplifier,

Cin =10[Cqs + (1= Ays)Cqa]

In the saturation region, since the channel does not exist near the gate — drain interface,

ng :0

2
Cgs = (EJWLC oxe

Cys = @j 4645.2x107° x45x107° x38.36 x10~°

Cys =5.345x107"°F
Therefore, Ci, = Cyq x10 = 53.45x107"°F

The transconductance is given by,

Om = Wy '(Cgs +ng)
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Im

Therefore, f; :Z—(W)
TMCyqs + Cyq

Substituting g,, = 0.0117A/V equivalent of 10 parallel MOSFETSs in the above equation,

~0.0117x10
2m(53.45x107"% + 0

T

f; =348.34GHz is the transition frequency of the 45 nm NMOS transistor.

The drain to body Cg4, capacitance of the stage 1, which is 0.8 fF as obtained by simulation is in
parallel with the input capacitance of the stage 2:

For 5 transistors in parallel (Figure 6.4) for stage 2 of the amplifier,

Cinz = 5 Cgs2 With Cyqp = 0 in the saturation region.

The width of each NMOS in stage 2 is the same as that of stage 1.

Therefore Cge, = Cge1 = 5.34 fF.

Hence the input capacitance of stage 2 is C;,, = 26.73 fF. This is in parallel with the feedback
capacitance Cg, of the amplifier stage 2.

At the operating point, simulation gives the magnitude of the output impedance of stage 1 at 15
GHz as Zy; ~ 45 Ohms. From equation (5.9),

Re,
Zo; '\/(Rszch )2 +1

([ ra ¥ 1
Rearranging, Cg, = {[L] —1}

Rraw |\ Zp1Av2

Aval =~

Assuming R, = 150 Ohmes,

1
1 150 Y %
Cro = 5 -1
150 -21-15%x10 45x2.23

CF2 = 784ﬂ:
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This capacitance acts like an equivalent miller capacitance in the feedback path and is amplified
by the stage 2 inverting amplifier gain.

Cm2 = (1-Av) Cr2

Therefore Cy,, = (1 — (-2.23)) 78.4fF = 253.23 fF.

Hence, the equivalent capacitance at the input of the amplifier stage 2, which acts a load
capacitor for the stage 1 is given by,

Cinz = Cmz + 5 Cysp = 253. 23 fF + 133.65 fF = 386.88 fF.

The value of the load inductor L, to cancel out this capacitance at 15 GHz is given by,

— 1 }2
21,
L, _L27cl
Cin2
1 2
L= _21T><15><109}
' 386.88x10°1°
L, =0.29 nH

The output capacitance of stage 2 is the equivalent miller capacitance from the feedback

capacitor Cg,. Hence, Coy = Cp = 253.23 fF. The load inductor of stage 2 is determined by,

1 T
21,
LZZ—_ c
Cout
1 2
L2=_2'|T><15><109}

253.23x107"°
L, = 0.44 nH.

5.5 Impedance Matching

Impedance matching is important to minimize signal reflections at the input and the
output ports of the amplifier. For the desired wide bandwidth of 6 GHz (12-18 GHz), it is very

difficult to model inductors and capacitors and get them to operate properly for the complete
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bandwidth of interest. A simple matching network is designed using conventional methods.
Some component values are optimized in ADS to achieve the desired results. Figures below
show the component values of these matching networks obtained using the “L” matching circuit
for which software is available at uta.edu [9]. The terminal impedances at the input and the

output of the amplifier at 15 GHz are obtained from the simulation results (Figures 5.5).

e e i
= (g =15 60GHz
e H‘“. S[1,10=0.T46/ 44,992
- ) impadance = Z0 * ({805 - (2, 104)

; X % 5
f:’ *, Hreg=1580GH:

'\:SQI.HM 562§ SE1105

g m padance = 20 * {-1_166 + [0453)
J' e L

. 'I'-. ol B =15, 600G H:

~p= | v

’ (2,250,550 1 152350
e AT \ vy o iinpesdance = 20 * (0209 + j0 225)

¥ II1
\ . [
\ ! Ifreq=1560GHz

.J'JI (1. 2)=0.004 | T 608
\ \ impadance = 20 * {1,049 - j0.007)

g (1 D000 b 1000002

Figure 5.5 S parameters of the unmatched amplifier network. Z,=50 ochms.
Figure 5.5 shows the plot of S parameters and the terminal impedances of the two port network
model of the amplifier at the center frequency f.= 15 GHz. From figure 5.5,
Input impedance of the two port network = 50 (0.885 —j2.104) = 44.25 — j105.2 Ohms.

Output impedance of the two port network = 50 (0.299 +j 0.225) = 14.95 +j 11.25 Ohms.
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BN C:\Users\NAHUSHA\DOWNLO~1\LMATCH~1.EXE

Two element matching circuit
TYPE IN LOHD IMPEDANCE TO BE MATCHED

IN CENTER FREQUEMCY (H=z>

]
44 _250@ OHHE RE = 5H.BEBA
15.9511 OHHE B2 = -—-138.785
169246E-89 H C2 = .764955E-13 F
.665179E-12 F L2 = A4M1E-B8 H
Two element matching circuit
TYPE IN LOAD IMPEDANCE TO BE MATCHED

(@)

B Ch\Users\NAHUSHA\DOWNLO ~ 14\ MATCH~1.EXE

Two element matching circuit

TYPE IM LOAD IMPEDANCE TO BE MATCHED
14.95 11.25

TYPE IN SOURCE RESISTAMCE

=15)
TYPE IM CENTER FREQUEMCY <Hz>
15e9

]
14.9588 OHHME RS = LO.8808
22.8918 OHMS nZ = -32.6548
-242881E-872 H G2 = -324924E-12 F
-4635%16E-12 F L2 = -346478E-87 H
Two element matching circuit
TYPE IN LOAD IMPEDANCE TO BE MATCHED

(b)
Figure 5.6 (a) Input Impedance matching (b) Output impedance matching
An additional Pi network (Figure 6.4) with an inductor of 0.26 nH and two capacitors of
400 fF is used to improve output impedance matching. These values are obtained by simulation

through trial and error method.
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CHAPTER 6
LNA SIMULATION IN ADS
The circuit is simulated in ADS with all the calculated component values and design
criteria explained in the previous chapter. The stability of both stages are obtained by optimizing
feedback elements to satisfy the Rollett stability criteria for unconditional stability [10] defined as

_1-[Suf 82l +[af 51

k
2|S12821|

(6.1)

The following diagrams show the step by step simulation results obtained by ADS. The
width of each NMOS is set to 4500 nm split into 10 fingers, and the circuit components are
optimized to achieve the desired results. As a result some of the passive elements are L4, L, =
0.22 nH, Rg; = 710 Ohms, Cg, = 40 fF with each NMOS driving a current of 1.8 mA.

A bandwidth of approximately 1.8 GHz from 14.4 — 16.6 GHz was achieved, although
the gain of the ampilifier is within 3 dB of its maximum value for the 6 GHz bandwidth from 12 —
18 GHz. The peak gain achieved is 19.2 dB centered at 15.4 GHz. The maximum noise figure in
the circuit is 2.2 dB at 18 GHz, with a noise figure of 1.5 dB at 15.4 GHz. The total current
consumption is nearly 27 mA, so the power consumption is 13.5 mW. The amplifier is

completely stable in the 12-18 GHz bandwidth.
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Figure 6.1 The effects of layout parasitics incorporated by equivalent RLC network connected to
both supply and ground

The RLC network in figure 6.2 accounts for the signal degradation and layout parasitic
effects that originate from the bonding pad connections of an IC. This network is used in the low

noise amplifier circuit as shown in figure 6.4.

% Lm0.22 nH

)

R1
R=710 Chm

-

=0.22 nH

s e e gk

FREE8 T, [
-
8

MOS BEIM4_NMOE  BSIMA_NMOS BEM WMOS BSIM4_NMDE B
MOERETA MOFETS MOSFETE MOFETT L] MOSFETI0
=5 =48 Lemgih—=d5e-2 Lwnjtr=ibe-8 Lengih=46e-2  Lem) =d5e-9  Lengt—d5e-5
h=400n8 Wik-4E00ed Wiir4500np Widie46ile?  Wihh=#00ed Wi Wiih=4600e8  Widi—4600e
a HE=10 H=1{a H=10 H=10 =10 HE=10 M=

Figure 6.2 LNA circuit stage |
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Figure 6.3 LNA circuit stage Il
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Figure 6.4 The complete LNA
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S-PARAMETERS

3

OPTIONS

[
[

‘StabFact
Options De 5 Param
Oplions1 D1 5P1 SlabFact
Temp=16.85 Start=10 GHz StabFacht
Tnom=25 Stop=20.0 GHz StabFact1=stab_fact(S)
V_RelTol= Step=100 MHz
V_AbsTol=
1_RelTal=
L_AbsTol=
GiveAllWamings=yes
MaxWarnings=10

e, A0 0!

= PwrGain
-
Pin=-10 Zopt - PwrGain
RFfreq=155 GHz Zopt Zin PwrGaini
Zopt1 Zim PwrGaln1=pwr_galn(S,FortZ1,PortZ2)

Zopt=zopl(SaptRorz1) ZIn1=zIn{S11,Fortz1)

Figure 6.5 Simulation setup in ADS

m1i
frag=1540GHz
dB{5{2,11=19.114
Max

E m1

dB{SZ 1R

1] n w 13 14 B 18 v 13 1% o

fraq, GHZ

Figure 6.6 LNA Gain S, in dB
Figure 6.6 shows a plot with a voltage gain of the amplifier in dB in the frequency range

of 12-18 GHz. The peak gain is 19.11 dB at the center frequency 15.4 GHz.
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20 ma
freq=15.60GHzZ
nf{2)=1.664

)
1

freq, GHz

Figure 6.7 LNA noise figure in dB
Figure 6.7 shows a plot of the noise figure in dB measured at the output of the low
noise amplifier for the frequency range of 12 to 18 GHz.

150

145

1.40—

1.35—-

StabFact1

130

1254

freq, GHz

Figure 6.8 Stability Factor K >1
Figure 6.8 shows a plot of stability factor of the amplifier. From the above figure, It
can be seen that stability factor is greater than 1 in the complete bandwidth of interest (12-18

GHz) and therefore satifies Rollett stability criteria (6.1).
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Figure 6.9 Input impedance
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i
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real(Zopt1)
(]
i

frag, GHz
Figure 6.10 Output impedance
The input and the output impedance variations with the frequency of operation are
plotted in figures (6.9) and (6.10). The impedance is matched to 50 ohms at the input and the

output of the amplifier using an L matching network (figure 5.4).
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Figure 6.11 Input voltage reflection co-efficient Sq4 in dB
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Figure 6.12 Output voltage reflection co-efficient S,, in dB
Figures (6.11) and (6.12) show the variation of input and output voltage reflection

coefficients versus frequency. The parameters S;1 and S,, are below -10 dB for a bandwidth of

1.8 GHz from 14.40 to 16.20 GHz, so this frequency range has a negligible return loss.
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frag DC1_Probatl
0.0000 Hz 27.07 ma,

Figure 6.13 Total Current consumption by the LNA
From figure (6.13), it can be seen that the total DC current consumed by the low noise amplifier
is 27.02 mA. Therefore, total power consumption = (0.5 V) (27 mA) = 13.5 mW, where 0.5V is

the value of the power supply voltage.

i
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|

TRAN.Vout, mV
TRAN.Vin, mV
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Figure 6.14 Transient analysis
Figure 6.14 shows a plot of the input and the output AC voltage waveforms. V,, is the input

voltage in mV and V, is the output voltage in mV.
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Figure 6.15 1 dB compression point simulation setup

m1

0

mT
J freq=15.50GHz

dBm(HB2.HB.Vout)=-1.439

-20

-40 ]

60|

"% SN R 0 Y 0 e S
10 20 30 4 50 60 70 80
freq, GHz

m3
indep(m3)=-18.000
plot_vs(dBm(HB1.HB.Vout[1]), HB1.HB.Pin)=-0.168

m2
indep(m2)=-18.000
plot_vs(linear, Pin)=1.007

outpwr[1] inpwr{1]

-1.687 -19.702

dBm(HB1.HB.Vout[1])
linear

[&ela] Gain=dBm(HB1.HB.Vout[1])-HB1.HB.Pin
[Zelg] linear=Gain[0[+HB1.HB.Pin

compression=m3-m2

indep(compression)

compression

-18.000

-1.175

Pin
HB1.HB.Pin

Figure 6.16 1 dB compression point and Harmonic analysis results
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In the figure 6.16, the harmonic balance analysis shows the output power of the LNA decreases

with the increase in the frequency of operation. Also, the 1 dB compression point for this LNA

occurs when the input signal power is -18 dB. 1 dB compression point is defined as the input

power at which the amplifier output power decreases by 1 dB.
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CHAPTER 7
CONCLUSIONS

A new two stage RL/RC feedback LNA architecture with parallel MOSFETs was
defined, modeled and simulated with state-of-the-art standard 45 nm CMOS technology. A
voltage gain of about 19 dB was well established in the frequency range 12 — 18 GHz, with a
noise figure of about 2.2 dB. This LNA is capable of proper operation with a very low supply
voltage of only 0.5 V. Mathematical predictions were fairly accurate and were verified with
closely matched simulation results. The parasitic effects that come into the picture during layout
design are taken into account (Figure 6.1) in the simulation by including RLC parasitic networks
between the supply, circuit and the ground. To obtain an idea of the circuit performance
degradation due to the layout parasitic effects, the simulation of the amplifier without the
parasitic networks is presented in Appendix C.

A simple Impedance matching technique was used to match the amplifier terminals to
the loads and the network elements were optimized to provide the best possible matching. The
voltage reflection coefficients S;1 and S,, are below -10 dB in the frequency range of 14.4 to
16.2 GHz. So, there is a minimal voltage reflection for about a bandwidth of 1.8 GHz around the
center frequency f. = 15 GHz. The two stage low noise amplifier is unconditionally stable over

the complete 6 GHz bandwidth of interest and about 10 GHz around the center frequency.
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APPENDIX A

INDUCTOR LAYOUT DESIGN TECHNIQUES THAT

ENSURE THEIR PROPER OPERATION

AT GHZ FREQUENCIES
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One of the most challenging aspects of ultra wide band high frequency circuit and
layout design is to make sure that the on chip inductors operate properly for the complete
bandwidth of interest. The inductance value of an inductor used in a circuit plays an important
role in determining the suitable layout design technique which ensures its proper operation in
ultra wide band systems. The proper operation of other passive components in the circuit is
important as well. In the GHz frequency range, it becomes more difficult to predict the proper
operation of passive circuit elements.

All the feedback and load inductors used in this LNA are close to 0.22 nH. Inductors of
this value can operate properly up to 60 GHz, when millimeter wave stacked inductor layout
design techniques are implemented as described in [17]. This shows a comparison between
different inductance values and their variation against frequency in the GHz range. It is also
evident from this publication that the designed and measured values are close to within 10% for

stacked inductor layout designs when measured at 40 GHz.
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APPENDIX B

THE PREDICTIVE TECHNOLOGY MODEL NMOS 45 NM SPICE PARAMETER LIST
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* PTM 45nm Metal Gate / High-E

Jmodel  nmos

mmos level=54

+verzion = 4.0 binunit = 1 paramchk= 1 mobmod = 0
+capmod = 2 igemod =1 igbmod =1 geomod = 1
+diomod =1 rdsmod =0 rbodymod= 1 rgatemod= 1
+permod = 1 acngsmod= 0 trngsmod= 0

+tnom =27 toxe = 9e-010 toxp = §.5e-010 toxm = Se-010
+drox = 2.5e-010 epsrox 3.9 wint = Le-009 lint = 2.7e-009
+11 =10 wl =10 1ln =1 wln =1

+1w =0 W =0 lwn =1 WWn =1

+1wl =10 wwl =0 xpart =10 toxref = Se-010
+dleig = 2.7e-009

+vtho = 0.3423 kl =0.2 k2 =0 k3 =0

+k3b =0 w0 = 2.5e-006 dvtl =1 dvtl =2

+dvt2 =10 dvtlw =10 dvtlw =10 dvtzw =10

+d=ub = 0.078 minv = 0.05 voffl =10 dvtpld = le-010
Hdvtpl = 0.1 1pe0 =10 lpeb =10 x]i = 1.4e-008
+ngate = le+023 ndep = 6.5e+018 nsd = Z2e+020 phin =10

+cdsc =10 cdseck =10 cdsed =10 cit =0

+voff = -0.13 nfactor = 1.9 etal = 0.0055 etab =0

+vib = -1.058 ul = 0.02947 ua = -5e-010 ub = 1.7e-018
+uc =10 vaat = 159550 al =1 ags =10

+al =0 al =1 <] =10 bl =0

+keta =0.04 dwg =10 dwb =10 pclm = 0.06
+pdiblel = 0.001 pdible2 = 0.001 pdiblek = -0,005 drout = 0.5
‘pvag = le-020 delta = 0.01 packel = 2.0e4009 pacbe2 = 1e-007
+fprout = 0.2 pdits = 0.01 pditsd = 0.23 pditsl = 2300000
+rsh =3 rdsw = 105 raw = 52.5 rdw = 52.5
+rdswmin = 0 rdwmin 0 rawmin = 0 pIWg =10

+prwh =10 WL =1 alphal = 0.074 alphal = 0.005
+betal = 30 agidl = 0,0002 bgidl = 2.1e+00% cgidl = 0.0002
+egidl = 0.8 aigbacc = 0.012 bigbacc = 0.0028 cigbacc = 0.002
+nighacc = 1 aigbinv = 0.014 bighinv = 0.004 cigbinv = 0.004
+eigbinv = 1.1 nighinv = 3 aige = 0.018029 bigec = 0.0029
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APPENDIX C

SIMULATION OUTPUTS OF THE LNA WITHOUT THE RLC PARASITIC NETWORKS
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Figure C.1 Voltage gain of the LNA without the RLC parasitic networks.
From the figure C.1, the voltage gain has a relatively flat response (wider bandwidth at the

maximum voltage gain) when compared to figure 6.6.
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Figure C.2 The stability factor and the noise figure without the RLC parasitic networks.
From the figure C.2, the LNA seems to have better stability and noise figure as compared the

figures 6.7 and 6.8.
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