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Abstract

We measured drain current noipewer spectral density (PSD) 0.18 um metal oxide
semiconductor field effect transistgfMOSFET) udng integratedSilicon-Germanium $iGe
Heterojunction Bipolar TransistorHBT) low-noise transimpedance amplifie(TIA). This
measurement systeextends the noismeasuring capabilities beyd 2.5 GHz to detect the
white noise component beyond thé rdoise cornefrequency In this work, the corner é&quency
is approximately 2 GHzwhich comes from radio frequency (RF) thermal noise measurement
directly instead of theextensionline of 1/f mise at low frequencie®?SD of drain current
thermal noise is ithe range fronl3 10%? A%Hz to 5 10%2A?/Hz for drain current from 1mA
to 12 mA. Sparameters are measuredctdculatethe gain of device under test (DUand TIA

system.
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Chapter 1
Introduction

All semiconductor devices generate ndisatcaninterfere with weak signals whersed
in circuits. Therefore, it is important to find ways toeasurenoise There are several types of
fundamental noise present in semiconductor device: thermal fiacker noisealso calledl/f
noise, shot noise, generaticgcombination noise and burst noiséese noises vary with device
structure and operatingpnditions.Thermal noise and flicker noise are two major types of noise
in metal oxide semiconductoffield effect transistorf(MOSFET). The purpose o€hapterl is to
introduce these different types of noise, especthttghermal noise in MOSFET.

A typical drain currentnoise PSD versus frequency plotis shown in Figure
1.1Theoretically, a plot of drain current noise povspectral density versus frequency in-log
axes is a straight line with the stopf approximatelyl/f at low frequency and laorizontalline
at high frequencyThere is a corner at the intersection of these two lines which is valued from
several hertz to severgigahertz depending on device geometry, construction, andviditkssthe
development of semiconductor technology, the eofrequency becomes higher and higher [1].
Usually, 1/f noise is measured using time domain equipment [2], such as dynamic signal
analyzer. Since the drain current thermal noise is too weak to be measured directly, the main
method for thermal noise measment is based on measurement of noise parameters [3], such as
noise figure (NF)Chapter 2 gives background material floermalnoise measurement method.
The history ofthermalnoise measurement for MOSFES introduced Our noise measurement
system andasic working theory are describéche algorithm used here is specific for our test

system. Theon-chip Silicon-Germanium (SiGg Heterojunction Bipolar Transisto(HBT)



Transimpedance AmplifierT{A) used to amjly drain current noiseis introduced There are
several requirements for TIA to meet to be able to measure MOSFET drain current noise.
Chapter 3 desdres the process afioise measurement aadalysisof experimental result
The power spectral densitfPSD of drain current nois&sy and thermal noise factor, are
extracted We findthat Sy increases withgs at fixed Vps, It also increases witlps at fixedVes
as well as increases withgs at fixedVps. Thevalues ofnoise factor, from our extractiorare

consisentwith reported values iliteraturefor similar technologies

A

White Moise

Noise Spectral Density (Log)

-

1 Comer
Frequency

Frequency (Log)

Figure 1.1A typical plot of the drain current noise versus frequency iddggxes

Different types of fundamental noiseepresent in semiconductor devicéhermal noise,
flicker noise (1/f noise), generatiwacomination noise, shot noise and burst noise. Thermal
noise and shot noise are white noise. 1/f noisgin remains a mysterylhermal noise and 1/f
noise are the two major concerns for drain current noise measurement.

With channel length scalingnd the cater mobility improvementthe cutoff frequency

of MOSFET can go up to hundreds of gigah¢#z Hence, MOSFET are widely used in high



speed radio frequendyF integrated circug In these cirqits, drain currentnoise becomes a

critical issue.

1.1 ThermalNoise

Thermal noise is generated by random motion of free carriers in resistive materials. It is
present in all circuit elements containing resistance regardless of any applied voltage. In 1928,
J.B. Johnson was the first to prove that there is fluctgatnovement of charges in thermal
equilibrium[5]. In an ideal resist, thermal noise is independent of frequency. In other words,
the power spectral density is nearly constant throughout the frequency spectrum for a fixed

bandwidth.

1.1.1 Drain Currenthermal Noise

Starting from van der Ziel (1964p], manydrain currentthermal noise modslare
developedIn 2002, Chen and Deen proposed their new model which considered the channel
length modulation (CLM) effedt7]. In 2005, Paasschens, Scholten & \angevelde provided
channel thermal noise model which considered velocity saturation effect and separated the
position and voltage dependence for the channel conducf8hc@&he noise factor, was
discussed in both7] and [B]. This noise factor wastroducedin one of the most prevalent

models for drain current noise PS8y, in long channel devicat strong inversion regiooy van

der Ziel [1}
So = 4KTg Wy, 1.1)
M W
where Q40 = “V—DDZ =nc oxr(\/GS - Vi), (12



vd
A [9(V)/ g,1%dV,
g= I’i/d o)/ Yo 0 ’ ~ 13

A [9(V,)/ doldV,

K is Boltzmann constantl is absolute temperatey . is thermalnoise factor,g,yis drain

source conductancevaluatedat drain-source voltage/,s = 0 V, W is channel width L is
channelength, m is channel mobility,C',, is oxide capacitance per unit ar&g, is gatesource

voltage andV; is threshold voltageg(x) is the conductance per unit lengthy(x) is the channel

potential at the pointy, is conductance at 30. The value of is 2/3 and 1 in the saturation and
triode regiongor long channel devigeespectively.

With technologyscaling C',, is increased/n is decreasedvhile the productniC' , is

increased4]. If VTvandVGS- V; are fixed, botly,,and Sy increase with reducing the physical

size of devicedf L is fixedfor a certain technologyncreasing/V can result in increasingg.

The parameter as a noise factor gefined [1] from equation (1.1) as

S
g_ id

=4 14
4KT, (14

Later, the, values arefoundhigher than 2/3n a short channefransistos working in the
saturation region [7-10]. Actually, ., values are different with different £miconductor
technologies 10]. . is widely used in literatures to demonstrate the enhanced channel thermal
noise in short channel transist@s show in Figure 1.2 The , range measured iour work is
from 0.2 to 0.53 at bias sets psfrom 0.18 V to 1 Vand Vssfrom 0.51 V to 0.64 V in 0.18m
technology.The bias sets we used are in moderate redioa.values of are from 1 to 2 at bias
sets \bs from 1.5V to 1.8V and ¥sfrom 1 to 1.8 in the same technology shown in Figure 1.2.

More comparisons arestiussed in section 3.2.
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1.1.2 Induced Gate Noise

Random fluctuations of the potential in the channel are coupled to the gate terminal

through the oxide capacitansading to induced potential fluctuations on the gBi@in noise

and gate noise are correlated in MOSFET with frequency dependence.

In van der Ziel modd]ll], PSD ofgatecurrentnoiseSgy is given by

whereb = 4/3, and the saturation gate conductarngeis:

S, =4KTbhg,

_ 4 w(C,W°

G~

45

O

(15)

(16)



whereg,, Is transconductance.
In saturation, therosscorrelation ofreducedyatecurrentnoiseanddrain current noises
given by[1],

—_. C WL
igly =iw q

4KT (17)

where i is the imaginary unifThe correlation coefficient between gate and drain current
fluctuations is i0.41].

The gateto-source capacitanaecrease when the channel length decreases. Hence, both
induced gate noise and its correlation with the channel thermal noise d¢tig¢agke origin of
this comparatively low coefficient is induced charge profile on the gate, and it will not occur in
short channel MOSFET12]. In 0.18um technology which isised in oumproject PSDs of the
channel noisgdrain current noise)induced gatecurrent noise, correlatiorof induced gate
currentnoiseand draincurrentnoise and crosgorrelationcoefficient are extracted [ and

shownin Figure 1.3.
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Figure 13 Channel noise, induced gate noise, correladiihese twaoises, and cross

correlationcoefficiert as a function of frequencies for devices with different channel lefitghs

1.2 Flicker Noise (1/fNoise)
Unlike other noisg there are many different pbanations of the origin dlicker noise or
1/f noise. There are two major models and concepts for 1/f nt8k€eThe first theory describes
the origin of 1/f as the random fluctuation of the number of carriers in the channel because of the
fluctuationsin the surface potentia]. PSD of the equivalent drain noise curr&qt can be

calculatedoy [4]

C' 2 WL f c gm (18)



where G =1 P Vs - Vi) (19)

in saturation regiorD ; is bias dependent quantitvhich increases with technologgaling cis
between 0.7~1.2 for-ohannel deviceThis modelobtains 1/f noise by superposing many
different spectra of generatiorcombination noiswith a specific statistical distributioof [13].
Free carriers are randomly trapped and relkayeraps located near the silicoride interface
causingnoise in drop current.

At corner frequencythermal noise $ from equation(1.1) equals 1/f noise i$from

equation(1.8), so the cornerdquency f is calculatedby

corner?

1 K192
foomer = —= (1.10)
AKT @4 CPox WL
Substitutingequation (12) and (1.9) to (1.10)f .. canbe simplified to
K,mV. -V
comer=—ln§ s “Vr). (1.11)
L“4KTg
If (Ve-Vr)is fixed, f,,. increases with decreasing With technology scalingf..,... becomes

bigger and bigger.
The second theorattributesl/f noiseto the mobility[4]. Under this theoryPSD of the
equivalent drain noise curreistgiven by

K Ver 11

oxX

Sq

where U (woy is bias dependent quantitin this model,both lattice scattering and impuyit
scatteringare consideredit is assumed that only scattering on the silicon lattice gesetdte

noise.Similar to the first model, if ¥ and 4 are fixed, f increases with decreasing L.

corner



In our work, DUT is a NMOS with channel gth W =100° 3.2 ym wherel00 is gate
finger numberand channel length £ 0.18 m. The reported noise factorfor that technology
is approximately in theange from 2/3 to 2 for several bias set$7], [12] and [14].The corner

frequency we measured is approximately 2 GHz.



Chapter 2

Drain Current Noise Measurement Methods

As mentionedin Chapter 1, the corner frequency becomes higimel higher with the
development of semiconductor technology in MOSFET. To measure thermal noise which
dominates after 1/f corner frequency, the noise measurement should be taken in very high
frequency and it is up to several gigahertz for modern semictmdtechnologies. Another
difficulty is the thermal noise isoo weak to be measured directly on noise measurement
equipment.The main method for thermal noise measurement is based on measurement of noise
parameters [3], F or NF. From 1986, TIA is usedaalow noise amplifier (LNA) to boost the
drain currentnoise and improve the measurement accuracyAj@roximately one decade later,

TIA is integrated with DUT on chifor gallium arsenideGaAs netalsemiconductoffield effect
transistorMESFET[15] to redue the parasitic capacitance and inductarioeour project, SiGe
HBT TIA is integrated with a NMOS on chip to help with draurrentnoise measurement in

0.18um technology.

2.1 NoiseParameters Measurement System

Different from the1/f noisemeasurema, wherethe noise PS[2an be directlymeasued
using adynamicsignalanalyzerthe mainthermal noisenmeasurement method is measuring the
noise factor F (or noise figure NF in dB) and/or its vkelbwn noise parameters developed by
Haus et al. in [16]to evaluatéhe thermal noise characteristics. In [16], F (or NF) is presented as

amathematicaéquation

10



|2 Rn
opt G

NF=NF, +|Y,.-Y (2.1)

s
whereYs= Gs + IB s is the admittance of sourc&,op = Gopt + IB opt IS Optimized source
admittanceNFq,;n is minimum noise figure R, is equivalent noise resistagd his representation

is based on a noisy twaort network expended from Rothe and Dahlke in [17]. Haus @&t al.
impedancebased representati¢h6] demonstratethe dependence of noise factors on the source
admittances attached to the inpuatrt of the noisy twaport network.In the measurement, NF is
measured by Noise Figure Analyzer NFA for certaiyfirétly noiseparameters Nk, R, and

Yopt Can becalculatedfrom equation (2.1). Then these noise partrse are expressed as
functions of tweport network chairrepresentatio\, B, C and D[16]. Finally, drain current
noise can be acquired [22]. Under the theory athis two-port noise representati¢h6], many

noisemeasuremerdand extraction methods V&beerdeveloped [182].

|
PC
. . | |
Noise Figure
Analyzer Switch Controller Vst
I Analyzer
= | Tuner Controller PO(I)T 1 Pog 2
- il

. : Watfer Prober |

: , Bizls_s_lf’ur“ Iﬁl ’%Oﬂd __[Bias

< Teef—{ Tuner (2o unerf— Tee
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|E E' :
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=} (=
ogoo
OROQ

(m]
O

Input Probe

L .

D (o=
tuner reference plane plaﬁe A plafle B
Microwave Bias Control e GPIB

Cable Cable Cable Cable

Figure 21 System configuration for radio frequency noise measurenj2®}s
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Figure 2.1is the system configuration for noise measurement in [22]. This system
consists of a noise sour@enoise figure analyzer (NFA), a vectwtwork analyze(VNA), low
noise amplifier (LNA), microwave impedance tunerpower supplyand other peripheral
componentssuch as PC, switches and bias téesy -factor or hot/colesource techniquf23],
the calibrated noise source generatdwo noise outputs with differentequivalent noise
temperatures, haemperaturéTo;) and cold temperature {Jy). Under the theory afnpedance
basedwo-port noise network [16the impedance of the network should adjiisie source tuner
and load tuner are useo provide different source admittances and to match the output of the
DUT for a maximum power transferespectively [23]These two tuners are controlled by tuner
controller in this systemLNA is usedto boost the weak noise signaldtiow the noisesignal
been measured by NERNA is to measure-farameters of the impedance tunga8d receiver

Sk which are defined in the following section and showFigure 2.2.

tuner reference plane noise reference plane

w
| A
1 Bl Y [Sr]
, Z,, | e h. | Z
- (o:\l" ns) ‘ IE'” M{I | Feor® e IE”’ m':'l (orTp)
‘ S21¢ 5221 S21r 5227

"
Impedance Tuner | |

Z(orTy) Z,, (orD;,)

Noise Source | Receiver

Figure 2.2Schematic diagram for the measurement system shownure2g[22].

Figure 2.2 is the schematic diagram for the measurement system shown in Figure 2.1.
This measurement system contains three parts: noise source, an impedance tuner and a receiver.

In the system calibration stage, a THRU line is placed between the input potmobes. Then,



noise reference plane in Figure 2.2 is corresponding to plane B in Figure 2.1. In other words, the
impedance tuner in Figure 2.2 contains all the components from tuner reference plane to plane B
in Figure 2.1 and the receiver in FigureZincludes LNA, NFA and the cable between them in
Figure 2.1. In the measurement stage, DUT takes the place of the THRU line. The noise
reference plane in Figure 2.2 is moved to plane A in Figure 2.1. All the components between
plane A and plane B in Fige 2.1 are included in receiver in Figure 2.2. Based on the noise

reference plane in Figure 2.2, the noise poweatd®ected by NFA is expressed by [22]

P, :%@KTSEf fDfRs+]i,, E | Z, ? +W QL+, Pl Z. P +2G_ R, - 2B, X,)] (2.2)

or

whereE f is noise bandwidthRs is source resistancés is source reaance Zs is source

impedance seen at the noise reference fflafe +i X o), uis input referred noise voltagé{],

I, is input referred noise currentl]], G iS correlation conductanceB. is correlation

un
susceptangeY . is complex correlation admittance (=cdo+ i B con) [17], Gy IS transducer

power gain of the receiveMse is effective source temperature experienced at the noise
reference planeAfter conversions step by stép [22], noise paramets NFin, Ry andY oy are
expressed using the parameters showequation (2). ThenNFmin, Ry and Y are represent

by chain parameters A, B, &hdD. At last, the drain current noise can daculated As the

main high frequency measurement mettbd noiseparametes measurement method is widely

used and there are lots of relative literatyfd&23]. However, drain current noise cannot be
measured directly using this method. Another method which can measured the drain current

noise directly is desibed in section 2.2.
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2.2NoisePSDMeasurementsing Discretel |A
Another method of noise measurement is to amplify drain current noise usinghaitewv
transimpedance amplifier TIp8,22,24. Figure 2.3showsthe setup used by Tedja in measuring

noiseof spectrum of MOSFET from a 11&n technology.

TRANSIMPEDANCE AMP
GATE & DRAIN -
BIAS CIRCUIT GAIN STAGE
SPECTRUM
ANALYTER
™ E——
3 BULK
/ | [_IDUT WELL BIAS
| CIRCUTT

Figure 2.3 Block diagram of the noise PSD measuremenipgad].

The noise current at the drain naafehe DUT (or equivalently the input node aflA) is
dominated by thelrain current noisdn the noi® measurement stage, switchsSpen andhe
drain current noisdlows into a discreteTlA. Then he combinedvoltage from drain current
noiseand TIA noiseat theoutput of theTIA is further amplifiedby a gain stage. At last, the
resulting voltage wadetected by SA. In [24]he measured resutin SA is considered tbe the
drain current nois®SD multiplied bythe gain of the amplifiergollowing the DUT if the TIA
and the gairstage were noiselesBhe extra noise in the measurement system, sudieastse
from TIA, gain stage and biasing circuis remeasured when the DUIE tumed off. In the
system transfer function measuremstage,switch Sis closad and aknown signal fromSA is

fed into the DUT After subtracting the extrnaoise fromthe autput noise voltage spectral density

14



VSD, the output nois&SD is referred to the input of the DUWhich is called input referred
noise VSD(or called gate referred noise VSD in [R3ly dividing it by the overall gain or
transferfunction of the wholenoise measuremestystem.A typical input noise voltage spectral

density is showin Figure 2.4

V (v, 2/Af) (VIVHzZ)

Figure 2.4 A typical equivalent input noise VSD [24]

The equivalenPSDof inputvoltagenoise is given by [24]

V.2
n - aKTet + B 4 AKT(R,'+R.) (2.2)
Df m  fe
g O
wheree=g=%  R/'==™_R B is the flicker noise coefficient)is the power of the 1/f

noise term &1), R,'is the effective bulk noise resistand, is the bulk resistanceR,is the

resistance of the polsilicon gate and the gate interconne@tsis equaton also implies the gate

is AC shorted to ground during noise measurement, wieckessitatesonsideation of R, and

R, noiseas4KT(R,'+R.) . Sy can becalculatedby multiplying Vin® by gn’.
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One disadvamge of the noise measurement system in [24] is tthat50 Y source
resistance of SA is not consideredthe measuredverall gain or transfefunction At higher
frequencies, the 59 source resistance of SA cannot be neglected, as we will illustrate inelow
section 2.3 In our work, tle overall gain portion is optimized by using $arameters

measurement instead of the transfer function measurement in [24]

2.3NoisePSDMeasuremengystem Using IntegratedA on Chip

To reducethe parasitic capacitance and inductaribe noise PSD measurement system
is optimizedby integrating the TIA with DUT on chifl5]. In [15], bothGaAs MESFETDUT
and TIAare integrate@dn chipasshown in Figure 2.5The frequency range for this system is up
to 10 MHz and aample neasurd resultis shown in Figure 2.60ne contribution obur work is
showing the measured data in much higher frequency up to approximate 2.5 GHz um0.18

technology.

DUT + TIA on chip

B == TIA> —
[ L

r\j) f = l\ DUT

|

S 500
<

50Q

g
O |
|

L]

Gate Bias Drain Bias t51 51

Figure 2.9Noisemeasuremergystemusingintegratedl'lA on chip.
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Figure 26 A samplenoise powemeasured resulb].

2.3.1Noise MeastementSystem in the Thesis

SiGe HBTs are widely used tiesignlow noise amplifier 26]. In our project, we use a
new TIA which hasa bandwidth up t®.5 GHz toallow us to detect the white noise component
beyond the 1/f noise corner frequenég show in Figure 27, DUT and TIA are AC coupled
and the output impedance of the DUT plus resisin drain node is much larger than the
equivalent input impedance of Cc plus TIA pa, thatthe drain current noise currentcan
flow into the TIA and be ampli@id thereA voltage buffewith an output impedance of 50is
used to drive a 58 spectrum analyzer

The size of DUT is: W/L= 100 3.2 / 0.18um, where 100 is the number of gate figures
3.2um is thegate fingemwidth. Asdiscused insection 1.2the chosen size of DUT affects noise

measirement. With increasing the channel width, the thermal noise increases while 1/f noise

17



decreases. Hence the corner frequency decreasdsg the thermal noiseasier tomeasure.
However, the channel width cannot go to infinity. One important reasohatsthie output

impedance of DUT decreases witicreasinghe channel width

Vcc
Vbs Cr
| ]

Monitor

Port 2 Soect
pectrum
TIA I— I
Port 1 30 pF ouT Analyzer
IN
Rf
W/L=100x3.2/0.18 um ANV

DUT + TIA chip 25

Figure2.8 Die photo with DUT and TIA on chip
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Figure 2.8 shows one test die under microscope. Tiig circle on the rightcontains the
DUT and TIA in circuit. The circl®n the leftcontains thestandalondNMOS which is designed
to be the same structure as the NMOS in the circuit, and the size of the NMi@&Ssame as
DUT in circuit. Thestandalon&MOS is usedfor DC and RF characteristics.

In Figure 27, DC pad \£c is used to connect DC power supply for TIBC pad \bp is
used to connect DC power fdrain terminal of the DUTThere is a resistdRpp between Vp

and drain terminato avoid drain current noise flowut from Vpp pad. Because thaRpp

producesnoise in, rop =+/4KT/R,, , to ignore | rpp When measumg drain current noise

id=,/4KT@,4 » in, rooShould much less than,igvhich meansi< Wy . IS around 1, so
DD

Rop > >L In our work, g,4 Is in the range of 30 mS to 805 soi is approximately
Yaw Gus

from 10Y to 30Y. Hence, 2 K is a big enough valuter R,,. Since there is a resist®bp
between \bp and drain terminal, the value ofpyis much higher than the voltage applied to
drain terminallf R, is too largeVpp need to be very high tachievea certainVps which may
exceed the range of DC power supplytidy currentsource ps such as10 nA, is applied to DC
pad \bsto monitor the voltage actually applied to drain termingé.\DC pad \&sor AC pad IN
is used to connect power supply for the gaiteereis a 20 K resistorRg hiasbetween \s pad

and the gate terminal.
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VRg , bias

Rg.bias
=S Zin

— Om Vs

Figure 2.9Simplified equivalent circuit for noise fromgRgias

Consider the noise fromgBasas an equivalent voltage noise sourggwsin Figure 2.9,

the PSD of drain current noise foRy pias S ryniaCaN beCalculatedas

o

~

a _ o) az 0
Sd,Rgbias: gZ V2 Zm Q © 92 V2 Zm Q (23)

! m ias O m ias O
Rob éqin+Rg,bias+ Ro.p (i‘a?g,bias+

where Z, is equivalent input impedanegproximately 100/, g is the transconductance of the

DUT, and thesquareof equivalent input voltage fdg, g, ,ViangbiaS , IS given by
o 2 )
) az @
VZ L FAKTR 210 = 4KT (2.4)

in,Rgbias
g ,noise—+ ,noise

To ignoreS, Rabias V? in equation(2.4) should be much smaller thaKngL;O. gL;‘)and
! in,Rgbias g

m m

Z, . canbeacquiredoy DC measurement anddarameters measurement wharediscussed in

detail in AppendixA and B, respectivelySo we can choose a large enough value fg5.R
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Hence, the output power show on SA is the amplified drain current noise plesposigr of
TIA (TIA noise floor).

The TIA noise contribution to the output is first measured by turning the device off with
Vs and \pp both set to 0 (never setc¥=0 and use high ph, or device is damaged Ves and
Vpp are ramped up gradually by monitgg Vps and bs to desired valuenoisemeasurement is
madeby SA Subtracting the previously measured TIA noise contribution gives the desired
output noise contributed by DUT.he output power data saved from SA is in dBm uhd.
remove the TIA noise, bthe measured powgwhich include TIA noise power and total output
power data are convert to watt unit first, and then the TIA noise power is removed from all the
total output power leaving the amplified device noise po#éer subtracting the TIA nogs the
output power is converted back to dBm uwih example is shown for an active bias point of

Ves=0.51V and \bs=1V in Figure 2.10.

-75 v r . z z
- total output power
- total output power - TIA noise power
o 80 f ———T|A noise power
m
©
%’ -85k total output power;
3
o
o
"é_ -90 [total output power- TIA pow
S A
-95 k TIA noise power
-100 . v v v v
0 500 1000 1500 2000 2500 3000
Frequency (MHz)

Figure2.10 A typical autput power oamplified noise
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The output power decreases fre8 dBm at1l00 MHz to -92 dBm at 3 GHzN

0,n0isé

PSD of the output power, is then calculated and expressed in unit of dBm/Hz as follp28:[2
No,noise: 100910—" = Pout |dBm - 10|Oglo BW (25)

where BWis measuremertandwidth, ands determined byesolution bandwidth RBWh SA
settings[29]. Thevoltage spectral densitySD of amplified drain current noisé .. (V/VHz)

by converting power to voltage which is given by

No,noise
noise 5

Vo,noise: 10 10 Q0 (26)

whereZ, = 5 s th¥SA inputimpedanceFigure 2.11 and 22lare N andV,

0,Nnoise

for the

0,n0ise

same bias satgs=0.51V and \bs=1V as Figure 2.10.

-130

-132

134

Power spectral density (dBm/Hz)

-146

-148

-150 . . . - .
0 0.5 1 15 2 25 3
Frequency (Hz)

Figure 211 A typical output power spectral densdfoutput power
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Figure2.12 A typical output VSD
Consider the noise measurement system in Figufeas an equivalent input referred

noise voltage source  ..added to a noiseless circuit as shown in Figure 2/13,. has been

acquiredabove The drain current noise id redatto V, .. by

Vo,noise = Id Qtotal (27)

whereZ,.., = Z;n Phurer ZraiS TIA gain A« iS buffer voltage gain To getZ,,, an input

voltagesignalVi, which is largeenoughto ignoreid is added tanput port of the network shown

in Figure 2.13. The output voltage of the test signali¥ given by
Vout :\/in Cgm C"ztotal' (28)
Usingequivalent(2.7) and (2.8), amput referred noisgoltageV,, ,....can bedefinedas

\%

V = o,noise. 29
in,noise & ( )

V.

in
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Such thatid = g,V;, .o SO the next question is to fin\éfl‘. In [24], a spectrum analyzer is

n

used. This however cannot account for theYs58ource resistance, which is nugligible for
high frequency, where ;Zis only 100Y in Figure B.17. We solve this problem using-S

parameters measurement. ThpedBameters can be converted tgparametersvhich we can use

to find Vout as below.

in

Vecc
Voo
Cr
L ]
Port 2 Vo,noise
ouT
Port 1 TIA Vout test
Vin.noise
IN 50
Vin test
Rf —
NV

DUT + TIA chip

Figure 213 Noise measurement system equivalent circuit

In I
L —
+ +
Vin Vi [Y] V2 Zo

Figure 2.8 Equivalent two ports network
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Consider a two port network as show Figure 214, and apply an input test voltage, vV
with a Z, load thecurrentat port 2 } is given by [30]
1L, =YV, +Y,V, (2.10)
whereV; andV, arethe voltags at port 1 and ZespectivelyY -parameter¥ ,; andY ,can be

calculated from $arameters bf27]

-2
Yy = i po— 821~ - (2.113
Zo 1+S.Ll 1+822 l 812821

_i'\ 1+511~ - 1- Szz~+812521

Yo = o o (2.11b)
Z; 1+S; " 1+S,;1 S8,
- _V, _ s . Vour .
Substitutingl , = S V... =V, andV,, =V, into equation (210), % iS obtainedas
Vou _V Y, Z
out — "2 — _ 2170 (212)

V, V, 1+Y,Z

fromV has

0,n0ise

andS-parametes. V.

0,noise

Usingequation (2.9) to (2.12)ve cancalculateV,, .
beenacquiredfrom noisespectrummeasurement discussed above atahdard ofwafer S-
parametersneasurement is discussed in AppendiVB, ..(V/ \/E) at biasVgs= 0.51V and
Vps = 1V is ploted in Figure 2.15V, ... decreasesrom 100 MHz to 2 GHz, and then it

becomes independent foéquencyfrom 2 GHz to 3 GHz.
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Figure 2.5 A typical V,, ... V/ VHZ) vs frequency
Thedrain current noise PSDg&annow be calculatedirom gatereferred noise voltage
Vin.noise DY
S = (InVinnoisd (213

SgatVes=0.51V and Vbs= 1V isshown in Figure 2.56.
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Figure 2.5 A typical SqA%Hz) vs fregency.

From Figure 2.6, we can see the corner frequency for our DUT is around 2 §fiat
lower frequencies is nearfyroportionalto 1/f. Sy of the thermal noiseomponenteyond 1/f
corner frequeey is 1.&10%% A%Hz. When frequency is higher than 2.5 GHg, increases a
little near 3 GHz. The possible reason is the poor performance oinTi#at frequencyange
which is discussed in section 3.2.2.

Since noise factoy is widely used in literatures to demonstrate the enhanced channel
thermal noise in short channel transist@ger extracting G, the noise factoy is derivedusing

equation(1.3). For bias seV¥ss=0.51V and \bs= 1V, . isshownin Figure2.17.
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Figure2.17 Noise factor, versus frequency
2.3.2 SiGe HBT TIA

To use TIA as the low noise amplifier, thgstem must satisfy two requirements to make
sure the device noise can be resolved from other ngjife¢ause thahe device noise is not the
only noise source in the measurement system. The first requirement is that the amplified noise of
the device must be greater than the input noise of the spectrum analyzer which is the SA noise
floor. The second requirement is that the equivalent input noise amplifier which is th&@lA
noise floor must be less than the device noise.

In both triode and saturation regions of the MOSFET, the noise amplifier should be
driven in a large resistances region presented by the DUT. In the saturation region of MOSFET,
MOSFET works like a high resistance current source at output terminal. This phenomenon
requires that the amplifier following the MOSFET has a low equivalent input current noise.

In our work, SA noise floor is the noise measurement result for only SAhandable
between output probe and SA. TIA noise floor is the noise measurement result when T turn

off. NMOS device (DUT) amplified noise is measured when both DUT and TIA are biased.
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Figure2.18 A typical autputPSDof NMOS + TIA system, TIA noisddor and SA noise floor
versus frequency
As shown in Figure 2.8, the TIA satisfesall the design requirements described above.
Comparing theNMOS biased and SA noise floor curyege see hie amplified noise of the
deviceis greater tharBA noise floor.Comparing theNMOS biasedand TIA noisefloor curves,

we knowthat theTIA noise flooris less than theamplifieddevice noise.
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Figure 2.19 Power spectral density of output power with/without TIA noise effect.
Comparing PSD of output power with or withtoT A noise effect in Figure 2.19, we can
see the TIA noise has significant effect at higher frequencies. So the TIA noise power should be
removed from the total output power to get accurate drain current noise pefsge measuring

the drain noise chacteristics, the-V curve of this TIAshown in Figure 220is measured when

the DUT is turred off.
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Figure 220 Measured-V curve of TIA with DUT biased off
Figure 220 shows this TIA turrson at \bc= 1.5V andthe IcecVcc behavs like a resisr
atVee > 2.5V. A Vee =4.25 Vis used in this work.

From equation (2.8%,.,,, can be calculated by

V
Ztotal = i - (2 14)
Vin gm

10

TIA Gain (Q)
3‘-’

M

10 10°
Frequency(Hz)

Figure 221 A typical Z,,,,, vs frequency.

tota
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Figure 221 showsthetotal gainversus frequesy at Vgs= 0.51V and \ps= 1V. Gain is
constant belov2 GHz drops to half values at 3 GHz, indicef a 3 dB bandwidttof 2.6 GHz.

The noiseness in the lower frequency range normally shroe S-parametersi-rom total gain

and measured TIA and bufferise voltag&/, ;. , PSD ofthe TIA and buffer current noise,, 5,

Jtia !

S.. , Is obtainedas

V2
Sia = i'I2'IA,B :—ZOZ'“a (2.15)

total
For VGS=0.55V, VDS=1VS,, is shown in Figure 2.22.S,, is 63 10%* A%Hz for frequency
lower than 1 GHzand it increases to 2802 A%Hz from 1 GHz to 3 GHzComparing Figure

2.22 and Figure 2.16, we can deat Sqis smaller thar§,, when frequency is higher than 2

GHz, which indicateshe noise from TIA is nonegligible at high frequencies in drain current

noise measurement.
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Figure 222 A typical S;, and & vs frequency.
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Chapter 3
NoiseMeasurementand Data Analysis
After boosting the noise though TIA, the output power of the noiséoeaneasured by
spectrum analyzer (SADrain current noise is extracted from the measured and calculated
NMOS + TIA system parameters datdoise factor, is calculated from measured Sid in the

white noise range of the measured drain current noise spectru

3.1 Noise Measurement

Figure3.1a and Figure 3.18how henoisemeasurement equipment setiged in our lab.
On the left is aHP 4155 semiconductor analyzevhich we use to characterize DEV|
transconductanceng output resistancBo,, as well 8 to supplypowerto bothDUT terminals
andVcc of TIA. Themetal box in front of the probe statiadapts BNC connectors of the cables
from the DC biasing probes to the special SMU cable connettoesoutput power of amplified
drain current noise is mgared using a PSA serigsectral analyzershown on the rightAt the
TIA output, a bias tee is used between the Téatputand SA to block DC and pass ABs
described in Appendix A and Appendix B, the measurement syster toegltange during DC

measureent and Sparameters measurement.
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Figure3.1laDrain current noise measuremsgstemsetup

Figure3.1b Drain current noise measuremsgstemdiagram
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