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ABSTRACT

Bulk-driven (BD) technique has been proposed to remedy the voltage swing limitation
problem in modern CMOS technology. However, challenges exist when the CMOS
technologies maow to the nanometescale. The goal of this research work is to develop
techniques to overcome certain challenges resulting from the scaling down of the CMOS
technologies. Furthermore, the results are applied to analyzesnaleo BD CMOS
circuits and develp novel high performance circuits.

The mixing mechanism of BD mixers is analyzedmprehensively for the first time,
using two different models tdemonstrate the importance of model selectidrich is one
of the challenging taskén scaling CMOS techwlogy. The mixing mechanismis
developed for differentBD mixer structures and differentocal oscillator [O)
waveformsusingthe squarelaw mode) anda compoundmixing product isfound Based
on this analysisincluding theshortchannel effects in nargcaleCMOS technologya
more advanced model is used to sttityoptimal bias condition for harmoniejection
(HR). Anovel design methotb suppress R is proposedor widebandapplications. Two
BD mixersare fabricatedn 65 nm CMOS technologyandthis design methodologis
verified by measurement results.

Nonlinearity analysis is another challenging subjectnamnescale CMOS circuits. A
detaileddistortion analysis of nanscale (65nm) BD andgatedriven (GD) CMOS RF
amplifier is completedising\olterra series.

In this work, it is found thathe effect of the nonlinear output conductance and the
crossterms amon® M PAT B must be includedh the analysis of the MOSFET at
nanoscales. The first threeorder \olterra kernels are computed; ahe closedform
expressions of the secondder and thirebrder harmaic distortion (HD) are derived,
which can provide more insight into the nonlinearity of nanscale amplifier.
Distortion-aware deign guidelines for nangcale CMOS amplifier are providedAn
ultra-compact current model is chosfem this quantitative analysigindit is modified in

this research to be adapteditmoscaleBD MOSFET.

Further,to suppress the thirdrder intermodulgon (IM3) product of differential BCRF

amplifier, a modified seconérder intermodulation (IM) injection technique is proposed
based on a systefavel nonlinearityanalysis usiny/lterraseries.
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CHAPTER 1 | NTRODUCTION

1.1 REVIEWOF BULK-DRIVEN CMOS TECHNOLOGY

1.1.1Scaling CMOS Technology

By making transistorand metal connectioamaller more circuits can be fabricated in
each waferwhich significantly reduces the cost a@omplementary metabxidel
semiconductofCMOY) circuits. Besidesnetal line width andchannellength of metal
oxide semiconductor fielgffect transisto(MOSFET), oxide gate thickness and power
supply voltage are also reducédso, the downscalectchannellength and channetidth
imply smaller capacitanceof circuits. These arebeneficial for the speed and power
consumption as indicated in the following equatidd$, which demonstrateshe
beneficialeffect of scalingon digital circuits besides thesducing cost
0 6w Q (L.1)
Y-, (1.2
where
P is the dynamic power consumption,

C is the capacitancén circuit,

W isthepower supplyoltage,
f is theoperation frequencyf thecircuit,

“Y is thecircuit delay,

andl is thecircuit current.

Moreover, the CMOS scaling is beneficial for systenchip (SOC) processwhich
integrates digital, radio frequency (RF) and analog pahs.cutoff frequency Q) of
CMOS, at which the current gain of transistor reduces toisgwemparable or even better

than that of I}V materials owing to the scalirdpwn feature size of MOSFHZ]. Also,
1



the flicker noiseconstant is improved with gatxide scalindg3].

CMOS technology scaling would contind@blel.1 shows he estimationand statisticef
the Intemational Technology Roadmap f&@emiconductorgITRS) about technology

scalingdown[4]-[6].

Tablel.1 ITRS high performance logiethnologyscaling down from 65m to8
nm (EOT:equivalentoxide thickness)

Year of Production 'I;]eoc dh;(():;g;/ EOT(nm) | Vpp (V)
2005 65 1.2 1.2
2007 45 11 11
2009 32 1.0 1.0
2011 22 0.9 1.0
2014 16 0.6 0.9
2016 11 0.5 0.9
2019 8 0.5 0.9

On the other hand, the threshold voltage of MOSF&T is scaled much slower
comparingto the power supply voltaggue to the limitation of the seireshold current
and hence the standby poveensumption [1]:

0 w0 O . (1.3)

When the drairsourcevoltagew 0%o, the subthresholdcurrentof nMOSFETcan be
written as[7], [8]:
0 —Agp—, (14)

where

0O nd®O Aob,



¢ is the subkthreshold slop factor,

Xis the thickness of the region in whighflows,

O is the diffusion constant for electrons,

0 s the equilibrium concentration of electrons in the substrate,
%o is the thermal voltage

andCis a constant.

Equation(1.4)indicates that the draisource currentO; in the subkthreshold region

increases withthe decrease ofo at the exponential rate. Therefor& cannot be
reduced at theamerate as the power supply voltaygp. The ratio betweerv andVpp
reaches 0.35 in 65nm CMOS technology, in some-idiravoltage circuits it is even as
high as 0.79]. Considering the noise floor stays at a relatively constant l&dwelhigh
ratio betveen w andVppimposes harsh voltage switighitation on gatedriven (GD)

analogcircuits

Figurel.l Cascade GD amplifier with current source load.

In thecascade GD amplifig.0] shown inFigurel.l, the voltage swing'YY at node X
is limited by the saturation voltage of the current souscedd ; and the gatsource

voltage ofM,: w



YY o w W f W W W o . (@5

In a 65nm CMOS technology, assumitige MOSFETsare identical with aspect ratio
of 7%, p 1O Gfp 1 & input DC voltage iswy pritt 6, and' O O pi !
which is realized by PMOS transistor with aspect rafidh o @ &g ® & Then the
simulatedYY 1@ X whichis only T g Pof the 1.2 V power supply. This voltage
swing problemis more serious inltra-low voltage applicationgl1], [12]. Similarly, the
input commormode range (ICMR) is alsseverelylimited in nanescaleGD circuits. A

74% ICMR reduction can be expected fror@5em process to 65 nmrocesq9]. In fact,

this harsh voltage swing limiian resulted from the high— ratio is experienced ball

other kinds of analog circuit topolodi3], [14].

1.1.2Bulk -driven Technology and Its Applications

To tackle theproblem mentioned in the previous sectjomany techniques have been
proposedincluding leveishifted devicd15], [16], weak inversion MOSFET17], [18],
self-cascode[19], [20], floating-gate [21], [22] and bulk-driven BD) MOSFET [23].
Each technique is usefulni certain applications; howevermang all the possible
techniques, BD MOSFET is one of the most popular low voltage design techwniiles
other techniques have obvious skorhings [9], [24]. For instance, DC voltage level
shifting requires extra componentonsumes mor@ower and it annot be applied to
every kind of circuits. Wak inversion MOSFETcannot work in high frequency
applications due to the small drain curre @nd transconductanc&)(). Seli-cascode
provides higher output swing; however, its input is still limitedhy threshold voltage
In deep submicromprocess, it is difficult for floatingyate device to store charge due to

the directtunnelinginduced leakage current.

4



BD MOSFET works in a depletion mode which allows negative, zero and small positive
bias voltageat the bulk termingR3], [25]-[28]. This technique increases tI@EMR as well
asthesignal swing, which cannot be realized®k technique at lowpp. BD techniques
exploit the bodyeffect of MOSFET, i.elp is controlled by the bulsource voltage/ss

The drainsource currenl; of NMOS in saturation region can be expressefiLis
O -6 -0 ©® p _o , (1.6)
where

is the mobility of electrons,

0 isthe gate oxide capacitance per area,
@ ) Is the aspect ratio of the transistor,

_is the channelength modulation factor,

and

O © [ Q¥ ® %, (1.7)
r is the bodyeffect coefficient,
@ is the threshold voltage at zero bgldurce voltage,

%o 1S the Fermi potential.



As shown in(1.6) and (1.7), variation ofVgscan alter the value ofo and hence the

value oflp.
L6 X 10°

V,  —— |
DD V T LI Gate-driven .:
- D 1k —— Bulk-driven ﬁ

~N :

<

I o /
| - /

V V i
© o5 N e |
-3 -2 -1 0 1
= Vgsor Vgs (V)

(@) (b)

Figurel.2 Comparing Ip of BD and GD nMOSFET. (a) NMOS simulatio
configuration (b)p versusVssor Vas

Figurel.2 shows the different ability o¥ss andVgsto controlthe channel conductivity.

To this purpose, & * @ 1 & NMOS is simulated in a configuration shownHRigure

1.2 (a). Here, Vpp =1 V; the bulk terminal is connected tthe source for the GD
configuration while Vgsis biased at 0.5 V for the BEonfigurationto form a conduction
inversion channel laye¥, is set to be half of the power supply, i.e. 0.5 V. Fiéigure

1.2 (b), it can be found that BD MOSFET has a depletion characteristic which allows
negative, zero and small positive bias voltagdile w must be greater thad to
generate’O in GD configuration (gnoring the sudthreshold current Therefore
comparing with the GD casa,larger ICMR and signal swing can be achieved which is a
valuable merit for lowvoltage nanescaleanalog CMOScircuits Also, gease note that
the forward bias voltagef the BD circuitshould be controlled not toxeeed theurn-on

voltage of the bullsource PN junction.



D b2

—0 Vout
VG

Figurel.3 Cascade BD amplifier with current source load.

Theincrease imsignal swing can be demonstrated furtheFigurel.3 [10]. The upper
limit of voltage swing™Y'Y at node X isset by & "Q& ©w § ho in which
® { isthe saturation voltage of the current souf@eto Is the turron voltage
of the bulksource junction of M The lower limit is the saturation voltage of
Miw  d

YY 4L o o ho AR (1.8)
Comparing(1.8) with (1.5), the voltage swing irFigure 1.3 is greaterroughly by a

thresholdvoltagew .
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Figurel.5 Tuning range of Q AT '8 interms ofVgdVas

Figure 1.4 shows thatVss can also modulatelp of BD current. The circuit under
simulation is the same as thatffurel.2. Bulk current'O  increases rapidly when
Vs approaches to the tuon voltage of the bubsource junctionwhich isaround 0.6 V.
In fact, whenw ™ w, O p 1t ! and in this research workp is controlled

not to exceed 0.3 V.

From transconductance point of view, it is also clear that BD MOSFET has wider signal

swing, as shown inFigure1.5 [10]. The circuit under simulation is the same as that of
8



Figurel.2. It should also be noted that the large reverse bias voltage over theobude
junction is not practical in lowvoltage applications. Moreover, the excessively large

reverse bias voltageawy cause reversely tuon of the PNunction

Also, the bulktransconductanc& is smaller than thdransconductanc€ when
@  ® , as shown inFigurel.5. "Q can be obtained by calculating the fiostler
derivative of(1.6) overw after substitling (1.7) into (1.6):
0
Q F— (2.9)
C C% W

"Q is about 0.20.4 of "Q [27]; and the slope ofQ is much smaller thanhat of
"Q as shown inFigure 1.5, thus BD MOSFET has smallerintrinsic gain and higher
linearity. The small’Q also implies the smaller cuafff frequency™Qand higher input

referred nois¢27], [29]:

O _ _ —0 (1.10

tave  p. (1.12)

where
0 is the bulksource parasitic capacitor,

0 is the bulk to deep-well capacitor,

c-
0%

is the input referred noise voltage of BD MOSFET,

c-
0%

is the input referred noise voltage of GD MOSFET,



[ is the thermal noise coefficient (should not be confused with the-bffelgt coefficient

in (1.7)).

Besides,as BD transistors are in different wells, it is mofreallengingto achieve tight

matching for BD circuit$30].

Although BD MOSFET has the problems mentioned apovéhe research back to late
1990 [25]-[28], it was proved that BD MOSFET can be used to design differential
amplifiers and current mirror with good performance. Since thelk terminalhas been
used as input signal terminal and BD technidu@ge beerapplied to design operationa
amplifiersand filters[11], [31]-[33], current mirrog/ current sourcef34]-[36], voltage
referenceg[37], [38], voltage controlledoscillatos [39]-[41] and mixes [42], [43].
Besides,instead ofworking as signal input terminabulk-terminalis also used as an
additional control terminal tower the threshold voltagd4], as well as tdbe embedded

in negative feedback to improve the circuit performance, such asbgasting and

linearization[45].

1.2 CHALLENGES IN ScCALING DowN CMOS TECHNOLOGY

As the feature size of CMOS is in the sL®0nm range, challenges are arisilgthis
section, some major challenges and corresponding solutions will be introduced. However,
thereis lack of solutions to certain challengesspecially for BD CMOS circuitsThis
research work will focus on some tife challengesand apply the research results to
analyze and develop techniquesetdend the application afanascaleBD circuits and
enhance their performance

A. Leakage Current

As gate oxide thickness, channeidgh, and threshold voltage are reduced, leakage current

in deepsubmicrometer device is considerably large. There are several kinds of leakage
10



currens have been identifiegt6], [47]:

1)

2)

3)

4)

5)

6)

PN JunctionReverseBias Current

The junctions between drain/soued well are reversely biased, causing PN junction
leakage currentThis leakage current has two main components: the minority carrier
diffusion/drift in the depletion region and the electioole pair generation in the

depletion region.

SubthresholdLeakageCurrent

The minority carrier concentration in weak inversiom( @ ) is not zero, hence
there is current in thehannelas the carriers may obtain enough energy to jump over
the sourcechannel potential barrieirhis kind of leakage depends oraig-induced
barrier lowering (DIBL), body effect, narrewidth effect (NWE), channel lengtnd

temperatureince these factors affect the threshaittagew .

Gate Oxide Tunneling Current
This leakage results frotle tunneling electrons between thebstrate and the gate
which is due to the reduced oxide thickness anddseltinghigh electric field It also

exits between the gate and gwurce/drairextension regions.

Injection of Hot Carriers
Electrons or holes may gain enough energy to cles$tSIiO; interface because the

electric field near the interface is high in shoneinnel MOSFET.

Gatelnduced Drain Leakage
The gatedrain region can be depleted from carriergh®y high electric field over the
region.Due to high field effect in thdrain junction, minority carriers are emitted in the

drain region undeeath the gate, causing leakage current flowing from drain to bulk.

Punchthrough

Punchthrough happens when the depletion regions at the-dudstrate junction and

11



the sourcesubstate junction merge due to the proximity of the drain and source and the
increase of the reverse bias voltage. Thecpdhrough will cause the increase of the

subthreshold current.

Leakage current can be controlled/reduced by both proaadscircuitlevel techniques.

On the proceskvel, constant field scaling in which both the voltages and the device
dimensions (both vertical and horizontal) are scaled by the same factor, Inembectric

field remains unchanged and the -satrier injection is controlledl], [46]. Also, the
leakage can be minimized by changing the doping profile, such as the retrograde doping
and the halo doping#3]. Further, to reduce thdirecttunneling gée leakage current
highe gat e dandé¢ esed whicltas achieve a certalBOT with a thicker
physical thickness than Si(x18].

To reduce leakage curremt digital circuits, transistor stackingnd high farnn gates
multiple® , dynamicw , power supply scalingnd channel length sizing were applied
[46], [47]. Adaptivewy multiplexer technique was proposted field-programmable gate
array(FPGA) to enhance the control on stireshold and gate leakagé7].

As MOS capacitor withhin oxide has the largest capacitance density comparing to
metatinsulatormetal (MIM) capacitor, metabxideemetal (MOM) capacitor and MOS
capacitor with thick oxide, it is preferable to save valuable chipianghasdocked loop

(PLL) design Howeverdue to the thin oxide, the leakage currefithe MOS capacitors in

a loop filter is more severe which degrades the jitter performance of PLL. Techniques have
been proposed to detect the leakage current, and to compensate it by-cattiagked

current surce[49]-[51].

PN junction leakagewhich is crucial in both higitemperature operation CMOS circuits
12



and in ultralow-power CMO<ircuits,can be compensated 8ypdeconnected MOSFET

or parasitic diodes in MOSFHb2], [53].

Furthermore, Isut down arcuit was proposed ifb4] to avoid leakage current occurrence

for low input voltage in BD operational transconductance amplifier (OTA).

B. PoorIntrinsic Gain

From the 250 nm to the 45 nm node, the intrinsic voltage gain of GD MOSEBET,
where™Q is transconductance and is output resistance, has decreased from 15 to 5 due
to the reduced [55], [56]. The intrinsic gain of BD MOSFET i¥2 i , where"Q is

the body transconductanc€omparing to that of GD MOSFETQ | "Q is used to
compare the ability of amplification between BD MOSFET and GD MOSFET.

For long channel MOSFETQ is about 0.20.4 of "Q [27]. For the shorthannel
MOSFET, to calculateQ and™Q , the mobility reduction andhe velocity saturation

have to be takeimto consideration. The expressions could be found in many refel@hces
[57]. They are complicated; especially when the effects of quantum mechanism and
nontuniform doping profiles are added. Therefore, it is convenient to simi@atg™Q
[9].In[9], 'Q and’Q of ntype MOSFET fromIBM 0.2 m, @O m,189m,1@® 0

and 65nm technologiesvere simulated and comparett was found thatQ j"Q from

0.25e m t om iSréduced by 63%; they are 0.38 and 0.12, respectigeljhas been
increased in new process generations owing to the reduced every process. However,

"Q has been almost coasit from one process to anothi@}. Thus'Q i of BD circuits

has beemeduced more than the intrinsic gain of Gxuits.

In order to increase the intrinsic gand improve the noise/ bandwidth performance -

and"Q -boost techniques have been propo3ée. basic idea is adding a feedback path to
13



increase theatio of output-current/inputvoltage[58]-[60]. For GD circuits, he inverting
gain stagen the feedback loogan be implemented by transisteedback[61], [62],
transformer coupled feedbadk3] and capacitor crossoupled feedbacK64], [65].
Similarly, feedbackasalso benemployed to increase étbulk-transconductance of BD

circuits[66], [29].

Cascode and activeascode are widely applied techniques to increase the output
impedance and hence boost the g&jn[7]. To adapt to low voltage design, cade and
activecascode in which the feedback is realized with BD amplifier have alsaisedior

BD circuits[36], [45], [67], [68]

C. Process Variation and Reliability

In the nanescale silicon processes suffer more severe variatiéss a result, circuit
performance exhibits wider variability and yield degrades in successive technology
generationg48], [69]. Process variations can be categorized as-die(dieto-die) and
intra-die (within-die) variation. The former has equalexff on deviceon a single chip,
while the latterefers to the variation from device to device within the same chip-digra
variation becomes more serious in natale CMOS technology, which can be further

classified into systematic variation and randvariation[48].

Efforts have been made to model the imd variations [70], [71].
Processvariationaware device librarieor digital circuitswere developed ifi72]. The
effect of intra/ interdie variation on timing can be reduced significamyychoosing the
logic structure and M, properly [47]. Mixed-signal circuit performance and yield
dependency on process variatamina 65 nm CMOS technology wasvestigatedn [73].
Variation /parasiticaware design methodologies fdeepsulmicrometer/ nanometer

analog/mixed-signal and RF circuits were proposed which can reduce the simulation runs
14



andthedesign iterationfs9], [74], [75], includingthe single iteration automatapproach,
the hybrid Monte Carlo and design of experiment©H) approach, and the corner
worstcasebasedapproachlLayout practice which can improve matchings summarized
in [48]. These design methodologies and layout practice are general and can also be applied

to nanescale BD circuitglesign.

D. ModelSelecton and Adaption

Although BD MOSFET has been applied to design analog/ RF circuits in numerous
literature there is fewworks focusingon analyzing the characteristicsa#cananoscale

BD circuits. In fact, most of the BD circuits reported were implemented in feature size of

t1 -scale. The exception is BD mixer which has been realized in 45 nm CMOS
technology[76]. Referencd9] examined the implications of scaling on BD MOSFET

and an opmized 90nm rype BD MOSFET was proposed by modifyihnghe devi ce 0
vertical dopingprofile and well structureHowever, there was rnoansistos/circuit-level

analysis been made take into consideration of the sftéctcaling In order to analyze

circuit correctly,first of all, a proper current model must be selected.

To accurately describe the characteristics of dragmicrometeror nanometer MOSFET,
several physial effects have to be includedtinmodel, such athe shortchannel(SCE)
and thenarrow width effect (NWE), the mobility degradation (MD), the velocity saturation
(VS), the channelength modulation (CLM)the drairinduced barrier lowering (DIBL)

and the sourcdrain parasitic resistance (SER)[77].

Berkeleyshort-channelinsulaked-gatemodel (BSIM) [78] provides the highest accuracy
however, ithas a large number of parameters and is the most complex model which is
simulatiorroriented, not suitable for circuit analysis. Although some other more compact

models[79], which try to cover all the transistor regions of operation continuously, have
15



lessparameterthey arenot the best choice for the circuit analysis purpaisedue to the
number of parameters. Comparing with simulaterented model and compact model,
ultra-compact model which usually has less than ten parameters is more ideal to be applied
to analyze circuitUltra-compact model focuses on suplereshold or sulthreshold region,

instead of covering all the operational regiprig).

Modelscanalsobe selected according to the type of analyisesqualitative or quantitative
analysis.For qualitative analysissimple model can be used as long as it shows the
characteristic®f MOSFET in the targeting operatiomagionqualitatively accuratelyin
order to demonstrate the importance of model selectimixingmechanism of BD
mixer is analyzedisingthe squarelaw modée [1] in CHAPTER 2 Conventionally, the
frequency conversion of BD mixer &chieved byeitherthe multiplicationof the RF
signaland asquare wave alternating betweep and p [76], or by dealing with the
mixer asa nonlinear circuif80]. However, the former ignores the current modulation by
the local oscillator I(O) in BD structure and the latter overlooks the fact of transistor
switching and current commutating. linis work for the first time, the mixing
mechanism of BD mixelis developed comprehensively considering different circuit
topologies, and different LO waveforms and-fagositions, which can help researchers
understand BD mixers better. Furthermore, using dheae-law modé, a compound
mixing product which was not reported before is identified in BD mixer when siraisoid
LO is appliedtaking both the current modulation bye LO and the transistor switching

into consideration81].

Based orthe mixinganalysian Chapter 2an optimal gate bias isvestigatedurthemore
in nanascale BD mixerusing the model frorfB2], [83] that covers the suthiredold and
moderatanversion regiongn Chapter 3The optimal gate biasan be applied to suppress

harmonic mixing in widebad applicationsvhich issubstantiated by experimental results
16



[84]. Using the squartaw modé the existence of the optimal bias can be acknowledged
however,a more advanced current model is required to find the qualitatively precise value

of the optimabias.

Sakurai model [B] and its modificatiors [86], [87] which have a small number of
parameters are also suitable for qualitative analysis; however, they are lack of accuracy in
the subthreshold region and cannot predict the position of the optimaal for harmonic

mixing correctly.

For quantitative analysis, such as the numerical calculation of distortion osnale®8D
circuits, ultracompact modelwhich is numerically accurate for nagsoale MOSFET
must be chosen. Rafence[77] providessucha model which has ten parametensd is
accurate for nanscale MOSFET, however,it was originally proposed taGD digital
applicatiors, not optimized for bulidriven applicatios. In order to perform the
nonlinearity analysi®f BD circuits, this model isnodifiedin this workto adapt to BD
MOSFETand the parameters are fitted to the 65 nm technology used in this reegarch

shown in Chapter.4

E. Nonlinearity Analysis

Many BD analog/ radio frequency ER circuits have been presentadd more RF

circuits will be designed with BD technique because of the scalown feature size of
CMOS technolgy and the quest for high frequency applicasiofio adapt to RF
applications, thenonlinearity of BDMOSFET needs to be studied carefulMoreover,

the nonlineaty of GD MOSFET in nanacale also needs to beireestigated.
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nonlinearity of the transconductance.
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Figurel.7 Comparisonbetweenthe simulaéd HD, (a) and HDR (b) versusthe
source degeneration resistangk a nanascale GD amplifier and the
calculaed HD, which only includes the nonlinearity of th
transconductance.

There is no detailed nonlinearity analysis of BIDSFET published according to the
best of the auth@ knowledge Besidesfor the distortion analysis d&D CMOS circuits

in micrometer scale, theffect of the nonlinear output conductance/anthe crosgerms
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are often ignore@b7], [88], [89] However, it is found that this exclusion would cause

serious distortion calculation error in the analysis of dew@ scale CMOS technology

and the failure to predict the effect of the increasing of the overdrive voltage and the

source degeneration resince This can be demonstrated Figure 1.6 to Figure 1.9,

showing the vale of harmonic distortion (HDyf both GD and BD RF amplifian a 65

nm technoloy.
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From Figurel.6, it is clear that there is significant error between the simulated and the
calculatedsecondorder and thirebrder harmonic distortion (HDand HD) if only the
nonlinearity of the transcondtance is considered in the analytical calculation. The
calculation cannot even predict the trend of behavior of HD. It is also found that the
effect of the source degeneration resistancg @pends on the bias pointthis study
Under certain bias caiition, the increase of &Kcannot reduce HD monotonically, as
shown inFigurel.7. However, if the contribution from the nonlinear output conductance

and the crosgserms is excluded, the nonlinear term only from the transconductance is

reducing continuously with Ki.e. the value of—— ® and

@ . Please refer t¢4.27) for the definition of0 and 0 . Therefore,

for nanescale CMOS circuit, the effect of the nonlinear output conductance and the
crossterms must be include otherwise the distortion analysis is far frogingaccurate

based on which the linearization techniques are not practical.

Similar finding is made imanascaleBD amplifier as shown ifrigure1.8 andFigure1.9.
Figure1.8 shows substantial error exits if the nonlinearity of the output conductance and
the crosgerms are excludedn Figure 1.9 (a), taking only the nonlinearity from the

body-transconductance into consideration will overestimate the effeckt @nRHD, at
this bias pointNearly 20 dB reductionf ( $ -w ——— is expected if only

the nonlinearity from the bodlyansconductance is considered; however, only about 6 dB
reduction is obervedby simulation For HD;, simulation shows that at this bias condition,

Rs cannot be used to reduce kilbowever, calculationf the term thabnly includes the

nonlinearity of the bodyransconductanca.e. ® showsan

opposite change of Hwith Rs, as shown inFigure1.9 (b). Here ' O Y ; the

definiionof 0 and 0  isin(4.12).
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Figure1.10 IM3 suppressiomy the inphase IM injection in a 65nm BD differentia
amplifier.
In this study, he effect of the nonlinearoutput conductance and the crbssmsare
included in thedistortion analysis of nanscaleGD and BDMOSFET using Volterra
series[90], [91]. The first threeorder Volterra kernels are computed; and clefeeoh
expreswns of HD, and HD3 are derivedOwing to the modified current modehd the
including of the nonlineanutput conductance and the créssns these expressions give
good accuracy comparing with the simulation results, and can provide insight into the
norlinearity of nanescale amplifierThe distinct nonlinear characteristic§ nanaescale
MOSFET are unveiledAlso, distortionaware design guidelines for naneter CMOS

amplifier are provided.

Seconedorder intermodulation (IM) injection was proposed if92] to improve input
third-order intercept point (Il§). A squaring circuitwas used to generate the JM
injection. The phase shift of the Pvarising in the generation was considered as

detrimentalbased on the analysis of the cancellation of the ridér intermodulation
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(IM3) product using Taylor seriebecause the analysis using Taylor series did not include
the phase information of the signal and only the phase shift due to the parasitic
capacitance was discusséthwever, it isrealizedin this research work that the effect of

the IM, injection, which is inphase with the envelope of the ttame RF input is
severely limited in decaancescale CMOS technology, as shown iRigure 1.10. A
modified IM, injection technique is proposed in this study which is based on a
systemlevel analysis using Volterra series and can improve thesliBstantiallyof BD

differential amplifier implemented in 65 nm COMS technol§@f].

1.3ORGANIZATION OF THIS DISSERTATION

This dissertation aims tprovide solutions to the challenges of model selection and
adaption, and nonlinearity analysis; and apply the research rdeulmalyze the
characteristics of narscale BD circuits. Specifically, the mixing mechanism of BD
mixer and the nonlinearity d6D/BD amplifier are investigatedomprehensivelyEffort

was made to take into considerationtloé effects of the technologyscaling. Moreover,
based on the extensivkeoreticalanalysis,two techniques are proposed to improve the
performance of nanscale BDcircuits A novel technique to suppress harmonic mixing
in wideband BD mixer is presented. Alsa, modified IM, injection technique is

introduced to cancel the Wproduct of BD differential amplifier.

Chapter 2 introducethe devdopment of BD mixers. Furthegs an example of model
selection forthe qualitative analysisthe analysis abouthe mixing is performed for
different mixer structuresand different LO waveforms and féadl positionsbased orthe
squarelaw model The mixing mechanism of BD mixes developedcomprehensively

for the first time and a unique compounehixing product is identified when sinusoid LO

is applied Moreover, from the result of this analysis, the existence of the optimal bias

condition for harmonic mixing rejectiaiiMR) is realized.
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Chapter 3 presents a novel technique to suppress harmonic mixing of BD mixer in
widebandapplications. Irthis chapter, the method to reduce harmonic mixing is analyzed
by taking into consideratiothe scaling effects of nanescale CMOS technologylhe
optimal bias pointwhich has been acknowledged in ChapteirsZurther determined
more preciselyoy usinga mode] which is qualitatively accurate in the stiiveshold and
moderateinversion regionThis canfurther demonstrate the effect of modeleston to

adapt to the scaling CMO® novel design methodology improveHMR is proposed
based on the resudf this analysisTwo BD mixers are designed and fabricate®5 nm

CMOS technologyo verify thedevelopedanalysis and design methodology.

In Chapter 4,based on a current modelvhich is modified in this work to be
guantitatively accurate for narszale BD MOSFETthe distortion characteristicef BD

and GD RF amplifier are analyzedusing Volterra SeriesTo t he best of
knowledge, it is the first time to analyze tthistortion of nanescale BD RF amplifiefTo
adapt for decmanoscaleCMOS technology, the nonlinear output conductance and the
crossterms are included. iBtinct nonlinear characteristicsaare unveiled and
distortionaware design guidelines for nascaleCMOS amplifier are providedn order

to improve the linearity ohanaescale BDamplifier effectively, amodified 1M, injection
technique is proposefdr BD differential amplifierin Chapter 5 based ansysterdevel
analysis of the IM generationand cacellation process using \olterra Serieé

considerabléM 3 cancellation is achievedithout gaindecreas®r noise increase.

Chapter6 summarizes the originality ancbntributionof this research work. Also, the

future works are suggested.
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CHAPTER 2 THEORETICAL ANALYSIS OF BULK -DRIVEN MIXERS

2.11 NTRODUCTION

2.1.1Conventional GD active mixer

o) =1,€) 4,0)

—| Ms Ms |—
Vre(t)

o

-

@ (b)

Figure2.1 Conventional GD mixer: (a) singlebalanced Gilbert mixer; (
doublebalanced Gilbert mixer.

Mixer is anindispensablenodule intransceiversit convertsRF signal to intermediate

frequency (IF) inheterodyneeceivers or baseband signal in direct conversion receivers

(DCR). Reversely, in transmitters, mixer convert baseband or IF signal tgriiF. s

Conventional active mixer is based on Gilbert cell and called Gilbert mixer, which can be
classified as singkalanced and doublealanced [93]. Both of them have

transconductance stage {lh Figure2.1 (a); Ms and Ms in Figure2.1 (b)), switching
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stage (M and M, in Figure2.1 (a); My-M4 in Figure2.1 (b)), and load stagevhich is
omittedin Figure2.1. Besides, doublealanced mixer may have a tail currentirce 2lg

in Figure2.1 (b)) to improve commoimode rejection ratio (CMRR)As the switches
commuate current controlled by LO; this kind of mixer is also called

currentcommuatng mixer.

The mixing mechanism ofrgle-balanced GD mixer can be analyzed as followWByj.
First, the transconductance stageddnvert input RF voltage signal to current:

I = OmVir o
=0,V coswt, (2.2)
=1, cosmt
where "Q is the smalsignaltransconductancef M.

Second, the switching stage transistoy &hd M, are turned on/ ofélternatelyin each

half cycle of the LO signa) 6 , then the currenfQ o AT 8 6 can be expressed as:

RN K ¢ 241 o e 0

i, (t) =1 flo 216 , (2.2
o othet M off

C Bei X KAy g o

i,(t) =1 2f flo , (2.3)
i0 othetr M, off

where

‘Ois the bias current of M

"Q is the frequency of LO.

From(2.2) and(2.3), the differential output currer:
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=$ ° f fLO 2fLo ! (24)
g 0 gt £ 0 1 2 |
I 2.I:LO fLO

éIB _"-rf () gl_o )

where

Y 0 is a square wave signal alternating betwegmand p and having the same

frequencyas LQ which can be expanded by Fourier transformation:

SLo(t):%(sinWLOt %sin?a%t %sinS%t - (2.5)

Substitutg2.5) into (2.4), then:

o) = ﬂ 16S (1)
D

2 é. 1. . -

= sin,  we )t ZBin(3pw at (2.6)

p 3 t

2 e. 1. ‘

— 4 Sin(wy + —bin( 3 t -

o on gt wet SEin(3 gt
In (2.6), 1 1 and ] 1 are the mixing outputcorrespondingto the
up-conversion and the downtconversion, respectively.

a 1 hy 1 AT @il Tare thefimixing spur$ [93], which are the mixing
product between RF signahd the odebrder harmonics of LOTheyare interferences in
wideband applications. Theffects of themixing spurs would be rmvestigated in
Section3.1 Also, it is clear that thereare LO and its odd order harmonics in the
differential output of singldalanced GD mixemwhich may saturate the later stage in the

transceiver

For doublebalanced GD mixerHigure2.1 (b)), the output current is:
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iout(t) :|01(t) 'I 02¢)

=[i,®) 4,01 ) )] (27)

Durlngf— % M k 0,1 2---,M;and M are on, M and M, are off, then:

LO 2f
é. 1
}Iolle -'Elrf
1. _ 1.
lop =lg =y - 2.8
% 278 Sl (2.8
liol_loz :i:rf
f
. 2k+1 k 4 i
During ¢t ¢ k, 0, 1, 2---, M;and M are off, M, and M, are on, then:
2fLO LO
é 1
}Iolle 'E'n‘
. 1.
Hig=lg iy (2.9)
7 2
liol_ioz _ir-f
f

From(2.7), (2.8) and(2.9), the differential output current is:

§, X Xy g o
I :% flo 2f,
out
Lo X KA a0 2
I 2fLO fLO
=4S, (1) (210

2 e 1
:/—] Ifgsm o W)t Sln(3+% wt -
2 @ 1
/—)+”8s||n Lo MéF t+ Sn( 5t MﬁF)t
Comparing (2.6) and (2.10), there are no LO and its oddder harmonicsin the

differential output of doublsalancedGD mixer, however,there are alsdhe mixing
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spurs.Also, for (2.6) and(2.10), assuming the load tee'Y , the conversion gain (CG) of

both single and doubleébalanced GD mixer can be expressed as:
#'-"QY. (211

In fact, since the current through the load in dodd@anced mixer is twice as that in
singlebalanced mixed, the load has toHadvedto maintain the same voltage headroom.
Thus the CG of doublbalanced mixer is half that of singbalanced mixef93]. The
superioity of doublebalanced mixer is its rejection against the LO and its harmonics,
including the noise from the LO port. Also, doubialanced mixer has better linearity,
especially the higher inpuieferred secondrder intermodulatiomtercept point (1Ip) at

the price of higher inputeferred nois¢93].

Since the conventional GD mixer is composeof at least three stages: the
transconductance stage, theitchingstageas shown irFigure2.1 and a load stagé is
very difficult to achieve wide output voltage swing under lowpVAIso it is harder to

tradeoff among CG, noise and linearity under lowpWusing GD topology.
2.1.2Review of BD mixer

BD mixer was proposed if42], [43] using the singlebalanced and doublealanced
structure respectivelySince then, manworks have been published in titerature[76],

[80], [95]-[110].

In BD mixers, both gate terminal and bulk termin&kthe same transist@are exploited.
The RF and LO signal can be appliealtk and gate terminal, respectivedg shown in
Figure2.2 [43], [76], [95], [96] Also, the RF and LO signal can be appliedreggate and
bulk terminal, respectivelf6], [98], [99], as shown ifFigure2.3. Regardless of the way
signals are appliedhe same transistor works as transconductor to cothemput RF

signd to current as well as switchcontrolled by the large LO signal. Hencthe
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transconductance stage asditching stage inthe traditional GD Gilbert mixer are
combined intoa single stage by which a voltage headroomwodf is saved and the

conflict of low Vpp andvoltageswing is relieved.

Le(t)=5(1)—5(1) _ () =i,(1)—1,()

al |3® ) R |50
M Vee(t) M M M M M
1 2 1 2
+r—|L.| I I‘JI ] ’
Vio(t) Vio(t)
-3 , -4
@ (b)

Figure2.2 BD mixer with RF at bulk and LO at gate. (a) sinrgeanced BD mixer; (b)
doublebalanced BD mixer.
l ioz(t)

}s®

iout(t) =|ol(t) 'I 02¢)

iout(t):il(t) '|2¢) . l
Iy ()

0] 30 0] [0 o)
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vR:6—| * Vo) |— H—4|+
Vre(t
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Figure2.3 BD mixer with RF at gate and LO at bulk. (a) sirglanced BD mixer; (b)
doublebalanced BD mixer.

Whenthe RF signal is applied d@he gate, a higher conversion gain and lower noise can

be expecteds a result of the transconductaifee CG of 8 dB anainglesideband (SSB)
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noise figure (NF) of 12.7 dB was reported[105]; CG of 10 dB and SSB NF of 14dB
was reported if106], respectivelyln contrast, applying RF signal at bulk has advantage
of better linearity as the RF is converted to current by the-toatisconductance
"Q hwhich is only 0.20.4 of "Q and has a much smaller séopgainst the input voltage
as indicated irFigurel.4. IP;gg of ™ wdBm and 7dBm, IIRof 16.7 dBm and 18

dBm were reported i3], [95], respectively

In order to turnthe transistorson/off sufficiently, LO applied at bulk can be as large as

YA " 1[37], wA" [[45], evenp A " [[46] since asshown in(1.6) and (1.7) Ip is
less correlatedotVgs as & is proportionalto & . Such a large LO may excessively

forward bias the bulsourcejunction and causea considerablecurrent from drain to
substrate which may cause latehp. That is considered as a major problem when
applying LO at bulkin this research workherefore this chapter focuses the analysis of

BD mixers with LO at gate.

Efforts have been made to improve the performance of BD miedsetend their
applications Derivative superposition was used to improve the lineasifyen RF is
applied athe gate[109] (IIP3; of 6.38dBm); however, CG is sacrificed teeonly x&8 w
dB. The tail current sources usedto improve CMRR[100]-[102], but it is seldomused

in low voltage applications sincene more stage is stacked. Active load is chosen to
increase Cd42], [95], [100] further, doublebulk structure was proposed [B80] in
which both NMOS and PMOS are used to amplify and convert RFlsmifa signaland
has the higheseportedCG of ¢ ¢ " This structure will be illustrated further in Section
3.3 In [106], [107], the RF and LO signal are applieseparatelyto NMOS
transconductor and PMOS active load to enhance th&kEQsolation.Moreover, LO

injection at bulk has been used to dassymlharmonic mixer, which uses second or
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higher order of LO fofrequencyconversiorf108].

Wideband BD mixer has been presented76], [97]-[100]; the bandwidth can be as
wide as 20 GH#98], [99]. The highestvorking frequencyof CMOS BD mixer reported

to date isthe range ob1 to 65 GHZ97]; in this design, the parasitic capacitances were
compensated by a distributed mixer core eggbnat with a series line and a short stub

to promote the mixer toperatdan theV-band.

As stated before, BD mixers wengtroducedto adaptfor low voltagedesign; low power
supply voltage and low power consumption are the mosiinentadvantage of BD
mixer. Many designs were using 1 V power supMyp/power consumptiorcan be as
low as 0.8V/0.4 mW[102] and0.5 /0.6 mW/[105]. Althoughthe linearityis poor(lIP3
of ¢& pdBm), a CG of 13.2dB was achieved with only 0.11mW pogissipationat
0.6 VVpp [103], which is the smallest power consumption to dates advantage would

beapparenby comparingBD mixerswith GD ones.

Comparisos between BD and GD mixers which worked at @4z and5 GHz aremade
in Table2.1 and Table 2.2, respectively The remarkableadvantage oBD mixer isits
ability to be used in low voltage low pow@iVLP) applicationsAlthough in Table2.1,
there are two GD mixers working at LVLP. The mixef1i1] worked in sukthreshold
region to achieve LVLP; and the mixer [jhl2] used current bleeding to work in low
voltage; however, the linearity is severely limited. As showifable2.1, the tradeoff
between power supply and the lineanfyGD mixer is obvious ii112] since ifVpp was

increased to 1.6 V the linearity was improved substantially.

From the comparisons, it is fourtkdat the tradeoff between gain and linearity of tiBg®D

mixers is similar to that ad&D mixers. In additionRF applied at bulk is more suitable for
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high linearity; however, the gain is limitefind also mise performance is the disadvantage

of BD mixer.

Table2.1 Comparison between GD and BD mixers working at 2.4 GHz.

GD mixers BD mixers
[111] [112] [112] [113]* [76] [80]* [95] [100]
Technology | ¢ 1| mpw il |me il | mpyl | tdl | od il | od i1 | My i
Voo (V) p ! P& pd (2] pg pg X X
CG (dB) p & pB® P} o [ 22 C v
NF, SSB(dB)| p & pR pa p X 21.2 G X NA pu
IP14g (dBm) ¢ @ ¢ C pp -8.98 po Co X NA
IIP3 (dB) B pp ) v8 @ NA NA Py v
Power (mW) ™ q T vg P8 @ X O T X ™ g
" Simulation

Table2.2 Comparison between GD and BD mixers working at 5 GHz.

GD mixers BD mixers
[114] [115] [96] [96]
Technology ™ i ™ gi ™ @i ™ @i
Voo (V) Y Py P P
CG(dB) s P& T p @
NF, SSB (dB) NA p (DSB) oX C o
IP145 (dBM) m NA 0B pT
IIP3 (dB) ® p& p & uvg
Power (mW) 8t u Ly Y P P

DSB: doublesideband
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2.1.3The Explanation of fiMixing o0 of BD Mixer in  Literature

Althoughin BD mixers, the transconductance stage and the switching stage are combined
into onetransistor stage, BD mixer can be atdassifiedas currenrcommuatng mixer

asthe conventional GD Gilbert mixer. Therefore, naturally, métgratureassumedhat

the frequency conversion is accomplished by multiplying the RF signal with the
squarewaveY 0. Hence, CG of BD mixer with RF at ggi76], [98], [100]and RF at

bulk [43], [76] were expressed as:

#' -QY (2.12)

#'  -QY (2.13)

respectively,where

Y isthe output resistance of BD mixer,

—originates from the firsbrder of Fourier transform 6¥ 0o .

But since many BD mixers do nbave the tail current sour@d have only one stage
which combines both of the tisconductor and the switchhe current of the transistors
would be changed by the LO signal whenythee on. This is a major difference frahe

traditional GD mixers. It seems not convincing to simalgsume BD mixers have the

same mixingnechanism athat ofGD mixer.

Some otheliteratureconsidered that since the threshold voltage is modulatededyF

or the LO signal the multiplication between LO and RF leads to the mixing behavior.
The expression of multiplication can be obtained by expanding the expression of
(1.7) using Taylor seriedn [80], [103], [105}[{107], only the multiplication between RF
and LO was reorganized as the mechanism of mixReference[103] has explicitly

consideredBD mixer asweakly nonlinear circuiasa small LOwas appliecat bulk.As

33



LO could belarge, the higher order of expansion using Taylor series was considered in
[95], [108]. Especially, a subarmonic mixer was designed based on the multiplinat
between RF and the seceadier of LO in[108]. Essentially, the multiplication arises
from the nonlinearity of the draisource current.Lets rewrite the expressions

of Qandw :

N -6 -0 w (2.14)

(2.15)

Perform Taylor series or2.(5), and thernsubstitute the Taylor expansion back(2dl4),

the multiplication can be seémthe following

(2.16)

¥ 0 -
v c " %oy %y

where

0 AT ® canbe RFand LO or LO and RF, respectively.

In [110], the mixer core was designed at the triode region and the MOSFET worked as
time-varying resistor controlled by the RF and LO signals; as a result, the drain current

includes a termwhich isthe product ofLO and RF signals.

However, when large LO is applied, the transistors in BD mixers would work as
transconductoand switches at the same time. It may not be conclusive to state that only
the nonlinearitycausesnixingin BD mixerwhile ignoring tle charateristic ofswitching

and current commutating.
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2.2 THEORETICAL  ANALYSIS OF AMIXING 0 MECHANISM OF BULK-DRIVEN

M IXERS
In this researchas an example of model selection for qualitative analylses,mixing
mecharsm is analyzedfor differentBD mixer topologies and different LO waveforms
and fedin positionsbased orthe squarelaw model The mixing mechanism of BD mixer
is developeccomprehensivelyor the first time and a unique compoumiking product

is identified when sinusoid LO is applied

First, the mixing mechanismf single/doublebalancedBD mixer with sinusoid/ square
wave LO at gateis analyzed using the squdesv current model, i.e(2.14). Later, BD

mixer with LO at bulk and BD mixewith tail current sourcare analyzed briefly.

2.2.1Single -balanced Bulk -driven Mixer s with LO at gate

(1) Sip @) p20)

VLO VLO
V..tV
/\/ M 1 BsI RF | M )
° + I B
VGS + Vio VGS + Vio

Figure2.4 Single-balanceBD mixer with sinusoid LCat gate.

A singlebalanced BD mixer is shown iRigure 2.4. The sinusoid LO signab
0 AT 0 oisapplied at the gate terminahd thenput signal0 6 Ao o is
applied at the bulk terminato andw are the gatsourceand bulksourceDC bias

voltage respectivey.
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Unlike GD mixer where the drain currei®@ can be assumed a&sdependent with LO
when the transistors are on, here the LO will chafgef the transistors after tumg them

on, thus the analyssartswith the DC transfer functian

Q 10 w (2.17)

where
ro-t6 -,
W W i C%o ) C%o .
As in the bulksource voltag® @ UL ,0 is a small signal, we caexpand
[ C% U C%o using Taylor Serieand omit the terms which order is higher
than one

[ ¢% O % [ C%k ® [ (%o ———— U (2.18)

Substituting(2.18) back intow , then:

Vin = Vino 'Q\IZ { Vs \',l@ f fz\/‘%( Vee)
t~ Ves

(2.19
:Vth "#( \'LRF)’
: 2x/ 2ff - VBS
where
WL © ! (% ® [ CY%. (2.20)
(2.20) is the quiescent threshold voltage under the bulk igs
Substituting(2.19) into (2.17), then:
. 2
x g 8
iD bzGS th a 2Ff -v VRF a
g 2\/ =TS 9 2 (2.21)
_ 8 o} 2b g & o} g
‘b%’es tha 257 v RF'&s Vihg 22 \?RI



As during— o6 ——, Q mh ph ¢E HRQ is the frequency of LOM; is on,

M, is off and U ®w -0 ,then:
iOUT =i D1
= b(VGS 'Vth q)2 -M(VGS V_thz) Vio Q-VLEJ
4 (2.22)
2b -V,
+ Q/GS 2 q)VRF + b g VLOVRF 5 g V'aRF‘
2«f2ff - VBS 2»\/2 '? ’VBs 4(2ff - VBS)
Similarly, during O —, Q mh ph ¢E , M; is on, M is off and
0 @ -0 ,the output currentis:
lour = too
= {b(VGS \“/t,q)2 é(VGS Vth_t) Vio L Ve
4 (2.23)
2b -V,
+ = il q) VRF b g VLOVRF b g \;RF]'
2\/2ff - Ves 2\/24 Vs 4(2ff - VBS)
Thus the output current in the full LO cycle is:
e 2 - 2
. p 2 b 206 V. b
lout :SLo(t) gb(VGs 'Vtha) _"Z VL02 E 2fGS Vth q) Ve _"_gz \;RF
S \/ ~ Vas 4(22’f - VBS) (2.24)
bg
+b(Vee VoV +—F——V,V
( GS th q) LO ZM LO"RF
From (224), the  mixing product 1 is obtained from

both———=0 0 and’Y o h

0 . In other words, the mixing product

comes from both the nonlinearity of the circuit and the fact that RF is multiplied with the

square wave alternating betweemp and p. The latter, i.elY 0 "y,

. ~
¥

implies that Q) 1 hQ offxFE is also at the differential output. Differing from
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other literature by properly choosing a current model and taking into consideration of
both current commutation and modulatiom this research acompound mixing
mechanism of BD mixer is identified his distinct of BD mixer is attributed to the

current modulatiofy the sinusoidLO.

Meanwhile, there are also LO and its emtder harmonics at the output as indicated in

(2.24). They are from the multiplication betweetY o andf w @

and—0 ; as well as fromf ® @ O . Moreover, there would bE]

g hQ offkiE at the output coming from the multiplication between

Y 0 and———0

Since———" Q i » assuming the output resistance of the BD mixef is, the

amplitude of the mixing product T 1 can be written as
—— "9 -————=0 0 'Y .Then CG can be written as:
€ bg g
CG= &e— e u 2.2
& Gnb,q 4m Ao EI'R” (2.25)
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iout(t) :i Dl(t) 'i D2¢)

-

VI:LO VI-_O

| VBS + VRF _I
| My _'| Mz ||
VGS + VJIr_O I_’ <-I VGS + VLO

l

Figure2.5 Single-balanceBD mixer withsquare wavé& O at gate.

In order to demonstrate the importance afrrent modulation due tthe LO, the

squarewave LO is also consideredf. an ideal square LO is applied gate which
amplitude i , in both half cycle of LOU w -0 @ which is a constant

value, then fron{2.21):

N 0 e O ——_—0 @ @—0 (2.26)

where

o ®p "Ohwhich is the DC draisource current in each LO cycle,

h

"Q hwhich is the bulktransconductance in each LO cycle.

Thus the output current in the full LO cycle is:

Q Y 00O QU —F0 . (2.27)

From (2.27), the mixing product 1 is obtainedby Y 0™Q 0 . In other

words, the mixing product comes from thultiplication between the RF signal atie
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square wave alternating betweemp and p, which isthe same athat of GD Gilbert
mixer. Also, similarly with GD singlebalanced mixer, there are LO and its axder

harmonics at the outputQ) g hQ oflxhE can still be foundn (2.27).

Thus CG in this case is:

2 .
CG= — gmbRout (2.28)
P
2.2.2Double -balanced Bulk -driven Mixer s with LO at gate

i01(t) iout(t) :iol(t) 'I oz(t) ioz(t)

V:o iDli iozi iiD3 LiD4 Vio

+ V r
/\J My Yoo fVer Ly mig) oo g e —nM/\J

Ves *+Vio L = by ‘-“V + Vv

Ves T Vio s TVio

Figure2.6 DoublebalancedD mixer with sinusoid LCat gate.

The subthreshold voltagew can be expanded using Taykeries andsimilar results

can be obtaineds(2.19) and(2.20).

When— o6 ——, Q mh ph ¢E , M;and M, are on, M and M; are off and
0 ®w -0 ,then:
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(2.29)

(2.30)

Thedifferentialoutput currentn thishalf LO cycle is

IOUT _|D1 '|D4

— 2b Q‘/Gs' Vth q) N b g (2_31)

Vee VioVre
fosz - VBS 2 ’: 'VBs

When 6 —, Q mh ph ¢cE , M, and M; are on, M and M, are off
and 0 @w -0 ,then:
Q 1 w W I w WpR L -V L
(2.32)
U - _!
Q 1T w w p T W WpR L -0 L
(2.33)
U — —

Thedifferentialoutput current in thikalf LO cycle is:

lour =lps ip2
26 Yo~ Vi o) L ba (2.34)
RF . Lo VRF*
2\/2ff - VBS 2\/2 7: 'VBs

From(2.31) and(2.34), the differential output current thefull LO cycle is:
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iol(ol. ou®) =1 a) ) lioz(t)

| iDll M lim V:O

v, ins
Ly g Voo Ve Ly, g d VoV L, T
VIO CEERE e 1 S vt
vig | ]

Figure2.7 DoublebalancedD mixer with square wavéO at gate.

QY 0 ——"0  —0 0 . (2.35)

Similar with singlebalanced BD mixer with sinusoid LO at gate as indicate(®.iv),

from (2.35), it is clear thatthe mixing product ] 1 is obtained from

both——=0 0 and’Y o iy . The compoundmixing mechanism

of BD mixer also exists in doubtbalanced BD mixer with sinusoid LO at gate.

The first term in (2.35), i.e."Y 0 "y , implies thatQ) 1 hQ

ofufxFE is also at the differential outputeanwhile,deferringfrom (2.24), there are no
LO and its odebrder harmonics at the outpuiQ] q hQ offxfE does not exist,

neither

Then the CG is:

CG= -gggm B9 A ?R, (2.36)
ép b,q 4m Ogul‘ .
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If an ideal square LO is applied at gate which amplitude isin both half cycle of LO

0 w -0 @ which is a constant value, then frggh21) the output current in

each half LO cycle can be expressed asahewing, respectively
Q N 7 Q, (2.37)
Q Q 1Q Q, (2.38)

Where Q@ ——" QL

Thus the output current is full LO cycle is:

QY Q. (2.39)

And the CG is:

50 -Q°Y . (2.40)

iout(t) zll(t) 'I 2¢ )
i, (t) | liz(t)

M ) \P
vl

VGS + VRF

Figure2.8 Singlebalanced BD mixer with LO at bulk.

2.2.3BD Mixer s with LO at Bulk

If the LO is applied at bulk, similar analysis can be conducted using Taylor series. Here,
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the analysis of singtbalanced structure, shownhigure2.8, is presented

W W [ C% U C%o in which te bulksource voltag® W

-0 .[ % U C%o can be expandedising Taylor Serigsas L is a

relatively large signal, more than eoeder should beonsidered. First, consider the half

LO cycle in which 0 w -0
0
e 0
g\/Zf'VBs :\pfﬁBS 0
2 0
: ) (2.41)
a a1, % a, ~o 07
g " 5V ® SV 0 ‘%eVLo o
°g /2 f Vg + ~ + 3 T
z 2(2f, - Vi) 8(2f, - Vi) 16( 27 Vq !
Q -
However, in order to derive the mixing product 71 , the terms which ordes
higher than one are omitted first, thus:
W w [ C%o w [ ¢%o ()/r: SU
®
o o (2.42)

(,;,)F] —_— —b

Substituting(2.42) into (2.17) and considering @w UL ,then:
i :i D1
2
= b(V Vi, q) & Z(VGS V-th() T,
Zb Vs~ thq)l b g 1\;
LO*

Vio Vioje Ty
"o vy, 2 zﬁ 4(2f - Vis) 4

ouT

(2.43)

Similarly, in the other half LO cycle, the output current is:
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lour =

= {b(V thq) Z-H(VGS Vth()\(?F bﬂ‘i

D2

Y TRIREY bg1,,
— == o Vio - Vio Vrr 4—g LO]
2 [2F, - Vg 2 /2 -VBS 4(2f, - Vys) 4
Thus, in full LO cycle, the output current is:
. e 2 b 1
lour = SLO(t) ,é(VGS Vthu) 2 {(VGS Vth-) Yr bﬂgF ﬁ'b_ LO
é 4(2f - V) 4 245
b Wos - thq) + bg .
i [2f -V 22 Vs Yo'
From (245, the mixing  product 1 1 is  obtained  from

both O O and”Y 0 w Wy U . Note thatgd ®w W j

"Qy, hence CG in this case is:

CG= .gggm +LpL ?R} (246)
ép ,q 4m ogur .

Besides, there are other frequency components at the output, such as LO and its

e ~

oddorder harmonics, 1 hQ ohixE and Q g hQ ohifE as
indicated in(2.45).

The frequency components due to the highbanoneorder terms in(2.41), i.e

VLO
+ ? 5 ...can be analyzed by substitute them i@d7) as

well. They can beitilized in sulbharmonic mixef108].

45



i () =i4t) 4 ,t) i, ()

imlM Jios

V..+V VBS+V-LO

My 7889 O Mz Mg T M
N | <-I|_I_|I->  d

N
Ves + Ve /\j Vs + Ve J\ Ves + Ve

Figure2.9 Doublebalanced BD mixer with LO at bulk.

For doublebalancedstructure the analysis is conducted by the same manner. Neglecting

the highetthanoneorder terms irthe Taylor expansion ofv , the outputcurrent and

CG can be written as:

. b g
lout :SLO(t) Z[J(VGS -Vthu) VY F—— VioWk> (2.47)
' 2 fof - Vis .
& 2
CG= -ég gm,q + b g

—— u 2.4
4\/m A_O EllRJt' ( 8)
Similarly, it can be found that if a squanave LO is apfied at the bulk, the compound

mixing mechanism does not exist.
2.2.4Bulk -driven Mixers with Tail Current Source

Tail current source can be added to dodid&anced BD mixerto improve the
commonmode rejection ratio (CMRR)105]. Doublebalanced BD mixers with tail

current source are shownhigure2.10with LO at gate and LO at bulk, respectively.

When a tail current source is connectibe, shape of LO does not affect the operation

point of M;-M, since once thg are turned on, the curreahd(body)transconductance of

them are decided by the tail current souf@esuming abrupt LO switchingThis is a
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fundamental difference. Hence, the output current of the two mixefgyime2.10 and

the CG are shown in the following expressions respectively:

Y 00, (2.49)
50 -Q Y , (2.50)
50 -QY . (2.51)

where "Q and "'Q are determined by the bias curregiO.

im(t)y ) =ia) ) li"zm
iDl

M e,
+ I - - +
Ves +Vio b erGs + V-LoL’l Ves +Vio

2lg
@)
iol(t) l J Iout(t) =1 ol(t) 1 02¢) l ioz(t)
iDll ‘l’iDA
e Mz Ma 1M
o i i I +
Vst Vie i r_ Vs V'RF-’l N Vs + Vie
? 2|B
(b)
Figure2.10 Doublebalanced BD mixer with tail current sour¢a) LO atgate; (b) LC

at bulk.
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2.3 CONCLUSION

In this chapter, the basic concept of the traditional GD mixer and the development of BD
mixer are reviewed The comparison between them demonstrates BBatmixer has

advantage in LVLP applications.

The squardaw model is enough to analyze the mixing mechanism of BD mixer
gualitatively A comprehensive analysis about different BD mixer topologséex
different LO waveforms and feith positions is compled which remedies the
insufficiency of thepreviousanalysis Moreover, br thefirst time, it isidentifiedthat BD
mixer with sinusoid LO has a compound mixing mechanism, i mixing
product 1 comes from both the nonlinearity of the cittcand the fact thathe

RF signalis multiplied with the square wave alternating betwegm and p. Thanks to

the selection of the squal@v model, the results of the analysis are concise and readily
interpretable.The application ofBD mixer can beextendedbased on thidinding as

demonstrated iICTHAPTER 3

The output current and CG expressions of BD mixer with sinusoid LO are summarized in

Table2.3.

Table2.3 Summarization of output current and G&pressions of BD mixer witl

sinusoid LO
Single-balanced Double-balanced
LO at gate LO at bulk LO at gate LO at bulk
Output
(2.29) (2.45) (2.35 (2.47)
current
CG (2.25) (2.46) (2.36) (2.48)
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BD mixer with tail current source or ideal square wave LO does not have this compound
mixing mechanism. Instead, the mixing produgct 1 comes from the
multiplication between theRF signal andthe square wave alternating betweep

and p.

The analysis in this chapter is based ondtpearelaw current model. In the next chapter,
shortchannel effects will be included in the reinvestigation of the mixmaghanism
focusing on theoptimal condition for harmonic mixing rejectipiy using a more
advanced model which is qualitatively accurate in the-teushold andmoderate

inversion regions
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CHAPTER 3 DESIGN BULK -DRIVEN MIXER  WITH HARMONIC

MIXING REJECTION ABILITY

3.11 NTRODUCTION

Wideband applications amommonplacan wireless communication. For instance, the
bandwidth of softwarelefined wireless receiver could be from 88Biz to 6 GHz or 100
MHz-5 GHz[116], [117]. In such wideband applications, the harmonics of one channel
could be inbandto othersignals which cannot be attenuated by antenna or low noise

amplifier (LNA).

For currentcommuating mixer, the wideband RF input will be multipliddy a square
wave alternating betweenp and p; as a result any interferences near the-amdigr
harmonics of the LO will be dowoonverted to théF bandor the baseband81], [118],

[119], as shown irFigure3.1. This is called harmonic mixing or spurious mixif®3].

/—"—-—____.

R Antenna and LNA bandwidth
’ l % % %
- —(0—
&

RF(f)

flLo 3fo 5flo 7o 0 IF(f)
LO(f)
Lt
Sioft —

1 —L
Nl K

Figure3.1 Harmonic mixing problem in wideband communication system.
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The interference coming from the harmonic mixing might even overwhelm the desired
signal. Tracking RF filter [120] and direct digital frequency synthesis driven
mixing-DAC [121] can be used to alleviate the interference due to the harmonic mixing.
An extenal tunable LC filter with aalibrationloop to track the centre frequency of each
channelwas presented if120]. High-Q filter, which is hard to be integrated is needed in
the tunable RF filer.However, they increase the circuit complexity and the power
consumption. Thus it is desirable that mixer itself is able to reject the harmonic mixing

rather than adding extra circuits.

Harmonic rejection mixer (HRM) has been proposed to reduce the spurious mixing
[122]-[129]. This technique as firstly proposed [b22], [123] rejects harmonics by
employing multiple mixing paths angoly-phaséamplitudequantized LO In order to
suppress high order harmonics of LO, more LO phases and mixing paths have to be
added[125]. The gan and phase of RF and LO have todaibrated to achieve a high
harmonicrejection (HR) [124]. Modifications have been made, suclitesorder scalable

HRM in which any particular harmonic of LO or multiple harmonics casupgpressed

[128]. HRM with programmable LO frequenayanreduce the primary clock sp&b27];

and HRM with improved design algorithroan precisely predict the performance and
result in better yield [126]. However, the circuit realization is still compleand

powerhungry

ClassB-like mixer based on a linear commutatiomas proposed inf118], [119].
Although this technique has small hardware and power consumption comparing with the
HRM with poly-phase LO, extra transistors are added and extra matching efforts have to

be made in layuat.

It should be noted that a multiplier can avoid the harmonic mixinglg@mgbhowever,
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comparing withhard switching mixer, its performance is inferior, especially the noise
performancd119]. In thischapter a methodology to design switchiiype BD mixer to
reject harmonic mixing in wideband applicatsaa proposedNo extra circuit is added at
all and it is designedavithout degrading other merit$iR ability of BD mixer is not

reported before to the besttoth e a knbwledge.6 s

In the following the optimal bias condition for R is analyzed irSection3.2 Based on

the qualitative analysisusing a current modelwhich includes the suthresholdand
moderateinversion regionsan optimal bias point igwvestigatedto improve the HR.
Although by using the squarlaw modé the existence of the optimal bias can be
acknowledged, a more advanced current model is required to find the qualitatively

precise alue of the optimal bias.

In section 3.3 two BD mixers are deigned to verify the analysis. Their ability of
suppressing harmonic mixing is examined carefuilySection 3.4. Also, the HR and
other performances are compared with those oHfRBs and theBD mixers reported in

recent yearsrespectively

3.20PTIMAL BIAS CONDITIONFOR HMR OF BD MIXER IN DECA-NANO - SCALE
PROCESS

Since doublébalanced BD mixer has bett¢O noise immunity and better linearity

performancd93], besideslifferential signal is superior than singé@ded signal in noise,

signal swing, distortion, and etfl], [94], in this research work, doubblalanced BD

mixer is chosen to be focused ,omhich is redrawn inFigure3.2. As stated inSection

1.1.2 and 2.1.2 since large LO signal at bulk may excessively forward bias the

bulk-source junction andven cause latetp problemtheLO is applied athe gate at the
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expense of lower conversion gain and higher noise.

Vio iD1 iDi D3 I
> I +
[\J Mll Vas * Vee Ves tVio lVBi+V§F l I:)K/I [ﬁ_j
= -
VestVio

AT

Figure3.2 Doublebalanced BD mixer with sinusoid L& gate

Based on the squataw current model, the output current can be written as:

" " STTO  0F Tr Lo
Q Y O ————VU ———0U U (31)
C%o W C C% W
where
p — 06 ——h'Q nh ph ¢E
Y O - _ . _ .This expression derives from the
p—— 0 ——hQ mh ph ¢E

nature of BD mixer with sinusoid LO signal in whitie LO not only commutates the

current but also modulates it when the transistors are on.

Since the harmonic mixing comes frotd 0 times theRF signal [118], [119], if
biagng the gatesourcevoltage, @ , to be equal to thquiescenthreshold voltagew
the harmonic mixing products will be suppressedin other words, if thequiescent

bulk-transconductanceQ S 11, the harmonic mixing can be
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suppressed.

However, for modern shedhannel transistors, the effect of dhibeshold current and
short channel effecust be taken into account. Thus it recessary to analyze the
optimal gatesource bias voltagdy using a more advanced current modehich

provides good accuracy in weak, moderate and strong invg83Hri83):

1 —, (3.2
where
O %l Ip Q
ro—i-
¢ is the rate of increase#f "Q with 0 in thesubthreshold region, i.e. the slope fagtor
%o Is thethermal voltage

| models the combineeklocity saturatiorand mobility degradation.

To simplify the analysisg and| are considered as constants.
Consideringw is a function ob  (see(1.7)), calculate the firsbrder derivative of

(32) over U when 0 @w and v w , ie. the quiescent

bulk-transconductanc® can be obtained as:

54
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Zbgtm%_l_e 2nf, éZn{

9
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a a Ves-Vina B0 & VesVug (
a&+2an fIna + > ogz g M laet™! '
x ® 0 & (
¢ ¢ e ¢ '

(3.3)

2
A Vos Ving @ Ves Ving

2b arg ’lad+e ™ oOe !
& 0

- ¢ -
é_ 2 VesVing (jZ(j é Vos-Ving ¢
&+2anfinad 4 ™ 0§ Q[2f -V, e ™
& e 0.0 ES
¢ ¢ - ¢

Let (3.3) to be equal to zero, i.ethe numerator 0{3.3) is zero. Considering thgate bias
is around the threshold voltage and LO is around, zeemumeratorcan be simplified to

h

p | &I 1p Q p | &Il Il¢c —— ™ (3.4)

Thusthe optimal gatesource bias voltage for harmonic mixing rejectian is

@ i W h Cé%OEQ— T& %o. (35)

As indicated in(3.5), the optimal gatsource bias voltage fahe HR is less than the

quiescent threshold voltagBy setting the gatsource biasoltage to ke equal tow  ,

the HR can beimproved. For PMOS transistor, similarly, it is proven thab

W p . If Sakurai mode]85] and itsmodifications[86], [87] are usedtheywill lead to an

incorrect valuew W f, as these models do not give a good approximationanear
below the threshold voltage; hence it is important to choose a proper model which is

accuate in the targeting operatioaegions.

Moreover, it should be noted that this ; does no apply to BD mixers with square
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wave LO signal. This is obvious frof@.39), which is rewritten here:

- h

Q Y O — (VI (3.6)

From (3.6), it is found that when the LO is square wave, HR cannot be achieved by the
optimd bias point because the sgearave LO only commutates the current rather than

modulating it.

The abovenalysis proves the existence@f ; H AOB A , for HR in BD mixer

using a sinusoid LO. This is also confirmed by measurement as will be siexivn

3.3CIRCUIT | MPLEMENTATION
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BsntVre VE'O

Figure3.4 Schematic ofthe doublebalancedloublebulk mixer.

In order to verify theheoreticalanalysis,two BD mixers are designed.hey area BD
mixer with resistor loacand adoublebulk mixer shown inFigure3.3 and Figure 3.4,

respectivelyThe RF input bandwidth is fro®50 MHz to 3 GHz andthe IF is 50MHz.
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w of the doublebalanced mixer with resistor load and the dottalék mixer is 1.2 V
and 1 Vrespectively

The BDmixer with resistor load employs the doulblglanced structure cassing of four
NMOS transistorsthe differential RF input signal and LO signal are fed into the bulk
terminal and the gate terminal, respectivéliirie dublebulk mixer consistof both
NMOS and PMOSransistors thatct asthe active load for each otherThis topology
was proposed ifB0]; differing from the original, here the RF and LO signals are fed at
the bulk and the gate, respectivdtycan be viewed as two BD mixers with curreeuse
technique, hence the budlkansconductancé& of both transistor quads are used to
increasethe CG. The bias voltage of the PMOS transistabs is provided bya
commonmode feedback (CMFB) circtitshown inFigure3.5, whichis used tanaintain

the output DC level atd j ¢. Also small bulksource bias voltages are appliedthe

two BD mixersto improve the conversion gaas predicted b{2.36).

Table3.1 Transistor size and resistor value of the doddallanced BD mixer

M1-M4 (60UM/240NM)2

Load resistor 700Y

Table3.2 Transistor size of the doublrilk BD mixer and the CMFB

M1-M4, M10-M11 25um/240nm
M5-M8, M12-M13 54um/240nm
MO (25um/240nm)2

- oLon Il - T~ BOSn

Figure3.5 CFMB circuit used in the doubleulk mixer.
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3.4EXPERIMENTAL RESULTS

5

e i e g

peres

e B e i

Figure3.6 Die-photo of the chip of the two BD mixers.

Figure3.6 depicts the digphoto of thechip of the two BD mixersit occupies an area of

0.85 mn.

In the measurement setting, two external baluns are used to ptbeiddgferential LO
and RF signalhich are generated from Agnt E4438C respectively. Also, a balun is
used to convert the differential IF to tlsengleended port of the spectrum analyzer
Agilent E4440A The testing setupfor the two mixers arshown inFigure3.7 and

Figure3.8, respectively
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Balun

Figure3.8 Testingsetup of the doubtbulk mixer.

3.4.1 Harmonic Rejection Ratio

(HRR)
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A. HRRperformance of the DoubBulk Mixer
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Figure3.9  3%order HRR with LO at 1 GHz: (a) HRR versygdwhere the measured data are obtained at |
dBm while the simulated data are obtained at LO=0 dBm; (b) HRR versus LO amplitude wil

measured data are obtained ‘@ o ¥!. while the simualted data are obtained @t

To prove the existencaw j , which is supposed to be less thab  , a 950 MHz

tone is used as the desired signal, and a tone at 2949 MHz is applied as the interference
which will be down converted to 51MHay the 3-order harmonic othe 1 GHz LO.

Both the desired signal and the inference ae A " [ The LO is 1 dBmFigure3.9 (a)

shows that whenO p X!, a maximal HRR of 41 dB is achieved. The of

NMOS is measured a€)@.2 m\, which is less than the quiescent threshold voltage of
NMOS of o p kp 6. Andthe & of PMOSis ¢ ¢& mV, which absolute value is less
thango 55 S ¢ wk 6. The optimal tested bias current is smaller than the simulated
value due to the process variation. The simulaedof NMOS and PMOS is 245mV and

266mV, respetively. Therefore both simulation and test can prolve existence of
W f  Wwhichisless thanw f . It should be noticed fronkigure3.9 (b) that if LO is

large enough to turn on/off the transistors, its amplitude has little effect on W
the LO variesfrom 1 dBm to 1.5 dBm, the variation of HRR is less thaa @B.

However, if it is too largethe slew rate of the waveform can be so high that its effect is
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closeto square wav§93] andhenceHRR is degraded. On the other hand, if LO is too
small (e.g. Y dBm) to turn on/off the transistors, HRR is increased as the mixer now is
reduced to a multiplieat the expense of reduced gain and degraded noise performance

For the following test,O p X! and LO amplitude pdBm, respectively.

To further demonstrate the effect of the optimal bias, signals at diffieegpiencies and

different amplitudes are tested. An 800 MHz tone and a R4198 tone are chosen to be

the desired signal and the interference; respectively, both of which the amplitude is
T wBm. LO is 850 MHz whichthe 3%-order harmonic will convert 249MHz to 51

MHz. It is clear fromFigure 3.10 to Figure 3.12 that the 8-HRR can be 42.17 dB

when'0 E @) ! . However, HRR would be degraded to 28209dB and27.77dB if

‘O ischangedtobd0 t! and 7! ; respectively.

s Mirl 188 MHz
Ref @ dEm Areen 18 dB -42.17 dB
Norm
Log
18
db/
1R
]
Marker a .
1000000 MHz
Lofv [-42.17 dB
WL $2 [
53 FC .
AR &
£0F): ) | | | |
FTun | L
St L il | | AN .l
[ |
Center 59,00 HHz Span 28 MHz
Res BH 1808 kHz UEH 138 kHz Sweep 1 ms (GA1 pts)

Figure3.10 IF spectrumwhen the'O p X 0 The RF input is800 MHz and B
interference is a&2499MHz while the LO is 850 MHz.
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Figure3.11 IF spectrumwhen the O T 11 0 The RF input is800 MHz and B
interference is a2499MHz while the LO is 850 MHz.
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Figure3.12 IF spectrumwhen the™© X' O The RF input is800 MHz and B
interference is a2499MHz while the LO is 850 MHz.
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As stated in Sectio.2, the optimal bias point does not apply to 8 mixer using
squarewave LO. This is verified irFigure3.13, which showsthat anonly 17.15 dB
39-HRR is obtainedvhen the mixer is biased @t X ! , which is the optimal valueThe

frequency setup is the same as thatigtire3.10to Figure3.12, while a square wave LO

of 1 dBm is appliednstead of a sinusoid LO

Ref @ dBm Atten 18 4B

a Mkrl 1.80 MHz

-17.15 dB

Morm
Log

18
dB/

Marker a

1.000000 MHz

W

LeAv [-17.15 dB

W1 52
33 FC

AA
£f:

FTun

Swp TR T | PO PP 0 .1 1 P T L A

I ul
Center 56.50 MHz Span 28 MHz
Res BH 186 kHz VEH 186 kHz Sweep 1 ms (681 pts)

Figure3.13 IF spectrum: the effect of squareave LO when)
input is 800 MHz and rainterference is at 2499 MHz while the LO is

MHz.

Figure 3.15 shows the measureshd simulatedHRRs at various LO frequencies. The
HRRs are measured to be better than 36 dB, 44 dB, 60 dB, and 62 dB f& tB8-3

™ and¥order LO harmonics; respectively.

be out of the RF band, thus they are not showsigare3.15.
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3 i i
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LO frequency (MHz )

Figure3.15 Measuredand simulated®-, 5", 7"-, and $-order HRR o
thedoublebulk mixer for various LO frequencies.

B. HRR performance of the DoulBalanced BD Mixer with Resistor Load

40 — —B— Measured
i | ==8-- Simulated

&
1

8

Harmonic Rejection Ratio (dB)
Harmonic Rejection Ratio (dB)

;) I S
304 —B— Measured |+
--&-- Simulated 0y
25 i i
-10 5 0 5
Ibias (A LO amplitude (dBm)
(@) (b)

Figure3.14 3% order HRR with LO at 1 GHz: (a) HRR versugswhere the measured/simulated
are obtained at LO=3 dBm; (b) HRR versus LO amplitude where the measured
obtained at 'O ¢ 11!, while the simualted data are obtained@& oT!.

For this testingthe desired signas set to be 950MHzandthe corresponding interference

is at 2949 MHzwhich will be down converted t81MHz bythe 3%-order harmonic othe
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1 GHz LQ Both the desired ghal and the inference arec ™ " [ Figure3.14(a) shows
that whenO ¢ 11!, a maximal HRR 029.5dB is achievedvhen LO is 3 dBmThe

@ of NMOS is measured d90.2 mV, which is less than the quiescent threshold voltage
of NMOS of o ¢ it 6. Figure 3.14 (b) shows that, isilar to Figure 3.9, if LO is large
enough to turn on/off the transistors, its antoole has little effect on HRRvhen theLO
changesrom 1 dBm to 2 dBm, the variation of HRR is less than 2.5 idBwever, if it

is too large, HRR is degraded. On the other hand, if LO is too small (g.gBm) to turn

the transistoron/off, HRR is increased as the mixer is reduced to a multigllgrough
when, / T1dBm, the maximum HRR i85.5dB , / p® dBm is chosen to achieve
a larger gain as shown in Secti8.2 For the following test,O ¢ 1f! and LO

amplitude p® dBm, respectively.
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Res BHW 39 kHz VYEW 39 kH= Sweep 3.2 ms (601 pts)

Figure3.16 IF spectrumwhen the'O ¢ 11 0 The RF input i950MHz and &
interference is a2949 MHz while the LO is 1 GHz.
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Figure3.17 IF spectrumwhen theO p 1 O The RF input i950MHz and a
interference is a949 MHz while the LO is 1 GHz.
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Figure3.18 IF spectrumwhen theO T U 0 The RF input i950MHz and &
interference is a2949 MHz while the LO is 1 GHz.
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Figure3.16 to Figure3.18 canfurther demonstrate thexistenceof the optimal biapoint

The frequencgetupis the same as that bfgure3.14, while the amplitudeof the desired
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signal and the interferenée 1 wBm. It is clearthat the $-HRR can be85.21dB when
‘O EOTm!. HowevertheHRR would be degraded to b&.23dB and 3.52dB if 'O

ischangedto b0 t! and &t! ; respectively.

Similarly, the optimal bias poit does not apply to the squamave LO. This is verified
againin Figure3.19, which showsnonly 22.21dB 3%-HRR when the mixer is biased at
¢ 11! which is the optimal value. The frequency setup is the same as tiguo$3.16 -

Figure3.18, while a squarevave LO of 15dBm is appliednstead of a sinusoid LO
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Res BH 393 kHz YBH 33 kHz Sweep 3.28 ms (601 prs)

Figure3.19 IF spectrum: the effect afquarewave LO when) ¢ 1f!.The RF
input is950 MHz and an interference is at 29Hz while the LO isl
GHz.

Figure 3.20 shows the measured HRRs at various LO frequencies. The HRRs are
measured to be better thas dB, 30 dB, 35 dB, and43 dB for the &-, 5", 7", and
9"order LO harmonics,; respectivel y. Ot her

the RF band, thus they are not shdveme
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Figure3.20 Measuredand simulated3®-, 5", 7"-, and §-order HRR of the
doublebalanced BOmixer for various LO freauencies.

In this section, the existence ab ; hwhich is predicted by the theoretical analysis to

be less thanw  , for HR in BD mixer using a sinusoid LO is substantiated. Moreover,

this HR is achieved robustlgecauseaf ‘O or the LO amplitude deviates from the
choservalue by p 1t bthe degradation of HRR less thar8 dB. Also, it is proven that

the optimal biasingor HR does not apply for squamave LO.
3.4.20ther Performances and Performance Comparison

First, the effect othe LO amplitude on the conversion gains of the two mixers are tested.
The RF frequency is 950 MHz and LO frequency is 1 GHz. Frgure3.21, the maximal
conversion gainef the doublebulk mixer and the BD mixer with resistor loack 14.5 dB

and 9.4 dBvhen LO is 2 dBm and 6 dBm, respectivétpwever, to achieve better HRRs,
LO amplitude is chosen to be 1 dBm and 1.5 dBm for the ddubllemixer and the BD

mixer with resistor load, respectively.
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Figure3.21 Convesion gain versus LO amplitude. The RF frequency is 950 N
and LO frequency is 1 GHz

The conversiomains of the two mixers at different RF frequenciessti@vn inFigure
3.22. Above 11.4 dB conversion gain is achieved for the debblke mixer; and for the
doublebalanced BD mixer, the conversion gain is above 1.%a@ure 3.23 and Figure

3.24 show the measured g and IIR; of the two mixers, respectively.
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Figure3.22 Conversion gain of the two mixers at different frequencies.
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Figure3.23 1IP1gg and IIR; of the doublebulk mixer at different frequencies.
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Figure3.24 1IP14g and IIR; of the doublebalanced mixer at different frequencies.

Table 3.3 shows the performance summary of the BD mixers with RF ingiGaiz and

LO at2.05 GHz.Compared with other switchirtype BD mixerswith RF at bulk except

for the harmonicejectionas it is not reported before to the bedt df e a knbwiedge,0 s
the BD mixes in this workachieve competitive performances @mversiongain, noise,
linearity and power consumptioincluding the buffer, the doubleulk mixer and the
doublebalanced BD mixer consume 5 mA and 8 mA current, respectively. The mixer cores

only consume 1.5 mA an8.5 mA current, respectivelyA figure of merit defined as

&1 - pmi ie—> in [100] is used for the@mparison

0]

Also, the HRR performance and other performance are compared with that of other HRMs
in Table3.4. HRRs are the worst caseser different frequenciesAlthough the %- and

5"_HRRs oftheHRMs in this workare less than that of the mixanhich havemuch more
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complex circuit implementan andhigherpower consumptiora good 7-, and §-HRR
are obtained without extra hardwaespecially for the doubleulk mixer The power

consumption of BD HRMs in this work is much smaller than tht 27] and[128].

Table3.3 Performance comparison wittther BD mixers with RF at bulk

Doublebulk | Doublebalanced

mixer BD mixer (6] [96] (801"

Frequency (GHz) 0.253 0.253 457 5.8 1.579
Gain (dB) 14.5 4.2 2T Tiay 22
SSB NF (dB) 31* 25 N/A 37 27
11P; (dBm) 32 6.2 C 15.3 -23
Power (mW) 15 4.2 2.8 1 0.73
Power Supply (V) 1 1.2 1 1 1.2
Technology (nm) 65 65 45 180 65
FOM 2.5 8 N/A X® p PP

* Simulated
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Table3.4

Performanceomparison with ther HRMs

Doublebulk | Doublebalanced
. . [127] (128 [119
mixer BD mixer
Circuit Multiple-phase LO| Multiple-phase LO | Two transistors
None None . N . L
Overhead generation circuit | generation circuit 2
Frequency
0.253 0.253 0.050.83 0.51.5 1-5
(GHz)
Gain (dB) 14.5 4.2 12 8 9
DSB NF
31* 25* 11 35 14
(dB)
1P (dBm) 3.2 6.2 5.4 o] 7.8
HRRS3 (dB) 36 25 72 55 45
HRR5 (dB) 44 30 71 58 40
HRR7 (dB) 60 35 67 51 40
HRR9 (dB) 62 43 N/A N/A 40
Power
15 4.2 67 17 4.8
(mW)
\oltage (V) 1 1.2 1.2 1 1.8
Technology
65 65 130 45 180
(nm)
FOM 2.5 2.4 3.31 52.5 22.1

* Simulated SSB NF

3.5 CONCLUSION

This chapterhas presented methodology to desighVLP BD mixer with harmonic
mixing rejection ability for the frequency dovaonversion in widebandystens. When

sinusoid LO is applied,raoptimal gate bias voltage can be found to achieve the maximal
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harmonic mixing reduction by minimizing threultiplication betweerthe Y 0 and the
input signal The existence of theptimal gate biadirst is found by analyzing BD mixer
using the squarlaw model; then it is further located more preciselyng to the selection
of a more advanced curemode| which is qualitatively accate in the targeting
operationregions Finally, the theoretical analysis igerified by chip fabrication and

measurement results.
Compared toother HRMs and BD mixers with RF at bulkthis techniquecan be

implemented easily without extra hardware or power consumption; meanwhile,

considerable HRRareachieved without compromigy other performances.
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CHAPTER 4 DISTORTION ANALYSIS OF NANO -SCALE RF

AMPLIFIER USING VOLTERRA SERIE S

4.11 NTRODUCTION

Because of the scalirdpwn feature size of CMOS technology and the quest for high
frequency applicationsnore RF circuits will be designesingBD techniqueTo adapt to

RF applications, the nonlinearity of BihdGD circuits needs to be studied cargful his

is a challenging topic of narecale CMOS circuitAlthough the distortion analysis of GD
CMOS circuits have been reportedliterature[83], [88], [89], [130]-[137], there is no
detailed nonlinearity analysis of BD circuits published accordingt he best of
knowledge Moreover, nany previous workabout GD CMOS neglected the effefthe
output conductanceandbr the crossterms among the controlling voltagedn this
research work, the distortisof BD RF amplifier with resistivesource degeneration and

GD RF amplifier with resistive degeneratioshown in Figure 4, are investigated

Vb Vb
R|_ RL
M, 1° Vour M, t°Vour
chl_l V1tV VG2+:/:|E
Rs 2Rs

(a) (b)
Figure4.1 Schematic of BD amplifier (a) and GD amplifier (b).
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including the effect of the nonlinear output conductance and thetemoss

A meticulous distortion analysis is performed which could givehesimsightinto the
nonlinearity of nanecaleBD/GD transistor which also is helpful to understand the

simulationresults

First, the firstthreeorder \olterra kernels are calculatesing Volterra series7], [138],

[139]. The closedform HD, and HDy expressions are deriveahd further calculated
based on an advanced current model suitable for-seale MOSFET77]. Although this
model is quantitatively accurate for nanscale CMOS technology,t was originally
proposed to digital applicatisnnot optimized foBD applicatiors. In order to perform the
guantitativenonlinearity analysis for BD circuits, this model is modified in this workeo
adapedto BD MOSFET and the parameters are fitted to the 65 nm technology used in this

researchTheanalytical calculatiortoincides well with the simulation results

Specifically, in this work, the nonlinear output conductance and the-tenoss among
0 ,andv are considered. The nonlinear output conductance is excluded in some
previous references about GD CMOS circy&8], [88], [89]. Although it is considered in

[130], they focused on the cause of deviation of the tbicter intercept point (Hp sweet

spot from the zera point, which is the thirdorder coefficient of tB nonlinear

transconductancé\s shall be proven later, the nonlinearity of the output conductance as
well as the crosterms play important roggn the distortion behavior of narszale CMOS
transistor In [135], [136], a weakly nonlinear model based mwlti-dimensionalTaylor

Series is presented, including the effect of the nonlinear output conductance and
chargestorage nonlinearity. However, some unique distortion behdwiand in this

researchs not reported if135], [136].
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4.1 1Introduction of Volterr a Series

Reference[57], [138], [139] elaborate how to apply \olterra series to analyze
nonlinearity ofanalog ICs\Volterra series describe the output of a nonlinear system as the
sum of the responseof a firstorder operator, a secowdder operator, a thirdrder
operator, and so gishown inFigure4.2. Each operatomwhich is called Volterr&ernel,

can be expressed in either the time domain or in the frequency domain. Volterra series are
suitable for weakly nonlinear systefor which the firstthreeorder kernelsare usually
enough to describié accuratelyDiffering from Taylor series\olterra series retain phase
information andhence areespecially useful for higfrequency analysis. It camot only

be applied to circuit level analysis, but also be used tesysevel analysis, such as
cascading of nonlinear circuits, distortion cancelling, and feedb@oke the Volterra
kernels of a system are known, its output can be found for any [B@lt Thus
essentially, using \olterra series to analyze COMS circuittas calculate the

first-threeorder kernels of the circuit.

> H,(t)

Y

I
=
N

x(t)

Y

I
=
R

Figure4.2 A nonlinear system characterized usifadterra series
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In thetime domain, amth-order \Volterraoperatorcan be expressed as:

( @6 _ E., QtRMEAM w6 t oo t Ewo T QfQr EQr, (41
which is annth-order convolution integralQ t it FE At is an nth-order \olterra
kernel.(4.1) indicates that the output ahnth-order \olterra operator can be obtained by

calculating then-dimensional convolution of tha-dimensional impulse response with

the input signal.

Then the complete output of a nonlinear system can be given as:
wo ( wo ( wdo ( wo E ( ®o . (4.2)
which is the sum of the respossef a firstorder operator, a secowdder operator, a

third-order operator, and so on.

Since the integrals for Hare convolutions, Volterra series can retain phase information of
nonlinear system wta Taylor series cannpandhence \olterra seriesan be applied to
analyze circuit with capacitors and inductors. This characteristic makes \olterra series
attractivefor high frequency analysis. If a system has no memory, then:

QtRERM nAEIAAY mhQ piiE fE, (4.3)
and \olterra series redud¢e power series

w6 B QmmMEMm® o. (4.4)

The frequency domain peesentation of \olterra kerné preferable ast is similar to
transfer function.The output ofnth-order \olterra operator can be expressed as the
multiplication of theLaplacetransforns of the nth-order Volterra kernel and the input.
The Laplace transform of tha@h-order \olterra kernel is called theh-order nonlinear
transfer function. Without confusion, the frequency domain expression of the kernel is

also called a \olterra kernel. The mdithensional Laplace transform of the kernel
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Q tht FE Rt is

0 i Ei E  QtRERM Q E of E Ot (4.5)
wherei , O "Q plthE ¢ is a complex number.
By letting ,, 1T in (4.5), the multidimensional Fourier transform can also be obtained.

Like the linear transfer function, theh-order nonlinear transfer function can be applied
to calculate thenth-order output. When a systerthat can be described by
up-to-threeorder  \olterra series is excited by two sinusoid signal
0 AT1Ooandd A1) 0o the output calculated in terms bblterra kernels has 18
responses at 13 different frequencies, including the linear respoff$@®-cder
harmonics, #/3-order intermodulation products, DC shiff®-8rder compression, and
3%order desensitizatiofp7], [140]. As this rese@h foauses on harmonic distortion (HD)
and intermodulatiordistortion (IM), the corresponding expressions in terms of \Volterra

kernels are summarized Tlable4.1 [57].

Thus\olterra kernelsmust beacquiredin orderto calculate the nonlinear responses. The

kernelscan beobtainedby a method ofinonlinear currentswhich can be summarized as

following[57], [93]:

1. Assume the inputagy 0 0 A1) O4 determine the linear mgsnse at each node
of the smalsignalequivalentcircuit of the nonlinear device.

2. Determine the secoratder nonlinear current sourse which depend on the

nonlinearity of the device and the control voltagdsch are obtained in Step 1.
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Table4.1 Linear response, harmonics and intermodulation products of a non

systemdescribedy the up-to-threeorder \Volterra kernels

Frequency of
Order Amplitude of response Type of responsg
response
1 T 6s0o s |
. linear
1 1 550 s
o o 2"%order
2 10 00630 QRY s | |
e e intermodulation
2 $ 1 s 500 QhQ s
products
P o v o
2 d c0 S0 rhor s 2"order
2 q Ps <0 " R s harmonics
C
o e
3 g ~6 6 S0 QI f AR ¢
0. . T~ 3% order
3 X 1 8 ?oos'O'Q]h'Q]hps
G intermodulation
° 1 ‘ 10 ° O AR 5 products
O v v me = e o
3 ¢ d % |-006%0 QhQhN s
0. . ¥ ey 5
3 a ga SO QO FQ Fo s harmonics

3. Set the origial input to zero and apply the nonlinear current sources in parallel with

the nonlinear device. Ignioig the nonlinearityagain calculatethe linear response at

each node using the linearized small signadwir

4. RepeaStep 2 an@ for higherorder responses.

This method will be elaborated more in Secdo®and Sectior.4.
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fiHamoniad method of kernel calculation can also be used to determine the kernels
however, it becomes rapidly complex as the number of nodes increases. Hence the

method offinonlinear curretd is preferabld93].

4.2 CURRENT MODEL USEDIN THIS RESEARCHAND PARAMETER FITTING

In order to accurately calculatiee distortion of nanescaleBD circuits,an ultra-compact
model which is numerically accurate for nesmale MOSFET must be chosemo
acarately describe the characteristics of deapmicrometer or nanscale MOSFET,
the modein [77] includesseveral physial effects such as the shedhannel (SCE) and the
narrow width effect (NWE), the mobility degradation (MD), the velocity saturgi$),
the channelength modulation (CLM), the draimduced barrier lowering (DIBL) and the

sourcedrain parasitic resistance (SER):

- Y O (4.6)
P
where
Q "d U ® p _0U ) , (4.7)
) 6 0 ® (4.8)
0 @ — - 0 -0 . (4.9)

0 and0 are used to linearly proportionally scale current and saturation voliageta
are used to describe the fractional power dependentigeaurrent andthe saturation
voltage on the overdrive voltag® @ ; body biasing (BB), DIBL, and WE are
described by adding corrective terms h- WeEQ into w ; the transistor width
is referred asis the multiple,” hof the minimal allowed widthY s used to describe

the impact ofS/D-PR, _ is the coefficient of CLM.

In order to perform thguantitativenonlinearity analysis for BD circuits, this model is
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modified to adapt to BD MOSFET and the parameters are fitted to the 65 nm technology
used in this researaince the modelasoriginally proposed to digital applicatisnnot
optimized for bulkdriven applicatios. One new parameter is added to enhance the

driving ability of the bulk terminal oriQ :

~

MM QL -0, (4.10)

~ ~

The parameter8 , 6 ,— h— h-— ,n,a, _and— are used as fitting parameters;
they are adjusted until an accurate fit is achieved in the strong inverstbsaturation
region, that is the region of interest, between the model andrth#ased data which is
obtained by the BSIM4 model provided by the foundinyorder to acquire accurateVl
characteristics, upp-threeorder derivativeof “Q over the bias voltages.e.0  are

also examinedPlease refer t¢4.12) for the definition of0

10 x x 10
S e
clulat _ |
gl (o) with A it }n/.Gs—O.G \Y; Koo (S) Kozo (V)
— X Without/ts ) D
< |
Es _
o[ | o
- AM _ 0 KN (SNZ) CSri\ImIUIﬁtee% '
' =0.55 V 030 clulat
> O \ith/i ,
3 | _ X Without/k ||
0 0.1 0.2 03 O 0.1 0.2 0.3
Vas (V) Ves (V)
(a (b)

Figure4.3 Comparison between the simulated and calculatéd and
O N AT®H )versusw .
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Figure 4.3 illustrates the result of the paramefigting by comparing ‘O and

O h AT ® ) of atransistoof wj O
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(@), ™ 6. In Figure 4.3 (b), ® @ 6 and ™ 6. It is found for the
original model iN77] that even if the calculated AT &  areclose to the simulated
values 'O and0  arestill underestimatedind if 'O and0  are adjusted to be close
to the simulated one®, AT @& deviatefrom the simulated value§hus — 0

is addedo the current model to adju® and0  without affectingd AT & .This
addedparametegives us one mordegreeof freedom to achieve accurate fitting of both
linear and nonlinear termi Figure 4.3 (b), the units of the (non)linear coefficients are
annotated besides their symbdismilar annotations can be found in Figure 4.4 (b) and

Figure 4.5 (b).

Figure4.4 (a) shows the drain curreff® versusw when w T® 6 . Figure4.4 (b)
showsv b A A versus w when p6and w 6. Figure 4.5
demonstrates the comparison@ and 0 h AT B ) versusw . In Figure4.5

(@), w 16. In Figure4.5 (b) w ™ 6 and w 6.

Although in the range ofo nOT® 6, O is still underestimated (as shown in
Figure4.3 (a), Figure4.4 (a), andFigure4.5 (a)) and 0 is a little overestimated (as
shown inFigure 4.3 (b)), the fitting parameters can give reasonable accuracy in the
calculation of distortions as demonstratedthis chapterThe modified current model
plays an important role in ¢hcalculation of distortiorOne of the goals of this research is
to achieve accurate mathematiexpressions of the distortions which can predict the
nonlinear behavior oBD/GD amplifier in nanometer scaldJsing thecurrent model in
which the parameteefitted to the CMOS technology, the bias voltagas be applied

as inputs ofthe expressions of distortiorsbtaired in Section4.3 and 4.4, and the

distortionscan be acquired as the outputs.

Furthermorethe nonlinear coefficient@nd their contributions to the distortionan be
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calculated which can be applied to analyze and interpret the behaviétDafand HD;,

as demonstrated in subsectiodd.2and4.4.2

4.3DISTORTION ANALYSISOF BULK-DRIVEN RF AMPLIFIER USING VOLTERRA
SERIES

4 .3.1Calculate the First -three -order Volterra Kernels

Drai :
(ﬁbd rfm @ <« g

Bulk
\CD I 1
LT PonDond 3.

Vit CbDNW dlbs SoUré' L @ L
- TGS
(a)
Chd ® }ain
Bulk\@ ”
X . A
Gin Il GngVQSCDmeVstgaa ni{Z,%InXCD % 3G
1l <
Chbon Cose O éurce i:i{2’3
TGS 'gmb
(b)

Figure4.6 (a) The snall-signal equivalent circuit alhe BD amplifier. (b) The arcuit
used for thesecond and thirdorder kernetomputation.

In this subsection, the first three Volterra kernelthefBD amplifier shown inFigure4.1
(a) are computedlhe firstorder kernel is obtainebly solving the linearized equivalent
of the original circuit i.e. the smalsignal equivalent circuitin Figure 4.6 ().

Higherorder kernels are computed based on the same linearized circuit, but with

different exciting nonlinear current souré®s, where the subscript ¢ 1 © indicates
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the ordemf the current soursethe subscriptw indicates the origin of the current source,

shown inFigure4.6 (b). For example,Q and‘Q  are the secondandthird-order

nonlinear current soursederiving from the bulkransconductance. Each of these
nonlinear current sources comes from a nonlinearity of the original cimcuittgure4.6,

"Q is the bulk transconductanc&is the output conductance, is the parasitic
bulk-to-deepnwell capacitor,0 is the parasitic bulto-drain capacitor, an@d is the
parasitic bulkto-source capacitorOis the source degeneration conductantas the
load conductanceand "O is the input source conductance. Althowgh ,6 , and

0 are nonlinear capacitors, the main source of nonlinearity BD dransistor comes

from the drain currentQ Q0 h) Ry , represented by dhreedimensional

up-to-third-orderTaylor serieg57]:

Q@ BV 2L L, (4.11)
where
PP pT Q . )
W when Mo e 1
A AADTO TD
0 i (4.12
> prT Q L
v P O—— whein e Tt
i aA v

a a & N phiohAT daREN 0.

Obviously, 0 M 0 "Q hand 0 "Q , which are the firsorder
coefficients of the nonlinear(bulk-)transconductance and the nonlinear output
conductance, respectivelyd h h0 h fand 0 h are secondand
third-order nonlinear coefficient only related to , 0 , and 0 , respectivelyOthers
are the coefficients of the cresams. For instance) and0 )  are the seconrd
and thirdorder nonlinear coefficients of the avdimensionalcrossterms between

andb . U is the thirdorder coefficientof the threedimensional crosterm among
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O ,0 , and 0 . Please note thab ® have negative sign irtheir
expressions because the currsatirces inFigure4.6 (a) and p) related tov  only
(including the nonlinear current sourgese from source to drain which is opposite to the
direction of other current sourcdgarticularly, in this workpesides the nonlinearity of

the (bulk-)transconductance, the nonlinearity of both the output conductance and the
two-/threedimensional crossterms among U , 0 , and U are taken into
considerationThese (non)linear coefficients are computéegach DC bias point based

on themodified current modethat is introduced in Sectich2

A. TheFirst-Order Kernels

Applying Kirchoffés current | &igure4.6Ka&), 1a) on
matrix equation(4.13) is obtained Here i is the frequency variabl& i , O i ,
and 'O i are the firstorder \Volterra kernels at node 1, 2, and 3, respectively, which

are reduced from the node voltages by letting p 6. Theyaresolved by usinghe
Cr amer 0s the solutmnsareanatling but the linear transfer funcgdnom the

input to each node.

'O 106 0 0 i 3 i D
Q i MM O D Q Q Q
Q i Q i D O Q Q "Q
o (4.13)
20 i Tt
0 i T

B. The Secondand Thirdorder Volterra Kernels
To acquire the secondnd thirdorder kernelsthe original inpuis setto zero andhenew

excitations, i.e. the seco#idhird-ordernonlinear current sourceQ in parallel with each

of the original nonlinear elemersre addedas indicated ifrigure4.6 (b).
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For conductance and transconductanice,seconérder currentsourcesare equal to the
secondordernonlinearcoefficient, multiplied by thequare of thérst-order kernel thaits
over the element itself @ontrols the nonlinearifyrespectivel\{57]. The expressions of

the seconarder nonlinear cuent sources can be summarizedrable 4.2 [57]. Here,

0O ando o are the secondrder nonlinear coefficient & (trans)conductance ard

crossterm of thetwo-dimensional conductanc& s the firstorder kernel that controls
a onedimensional nonlinearity or the first controlling kernel of a ‘mensional
conductance.O is the firstorder kernel of the second controllingpltage of a
two-dimensional conductancEor threedimensional conductangcsince it contains three
voltages at the same time, its order is at least thieace its secondorder nonlinear

current source is zero.

Table4.2 The general expressions of the secondkr nonlinear current sources

Type of nonlinearity Expressions of nonlinear current sources

(trans)conductance O O i O i

Two-dimensional

conductance

Yol hel

(only crossterms)

Threedimensional
conductance 0

(only crossterms)

Referring toTable4.2, the corresponding secondder nonlinear current sourcesHigure
46 (b) can be obtained.For exanple, the current sourceselated to the

bulk-transconductang¢he crosgerm between the bulkansconductancand the output
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conductancaregiven in (4.14) and(4.15) respectively:

Q b 0Oi ™Oi O°i Oi |, (4.14)

g e g, = {Kong" (s) Hi(s) gHg(s) H,(s)
+Kou8H, (s2) -Hy(s) gHe(s) H, (9}

(4.15)

The general expressions of the thimdler nonlinear current sources were also summarized

in [57], shown inTable 4.3. Here, 0 is the thirdorder nonlinear coétient of a

(trans)conductanca) o and v o are the thirebrder nonlinear coefficieatof the

crossterms of a twodimensional conductancey o o is the thirdorder nonlinear

coefficient of the crosgerm of a threalimensional condttance.© and O arethe
first- and seconarder kerned that controla onedimensional nonlinearity or the first
controlling kerned of a twodimensional conductancéO and 'O are the first and
secondorder kerned of the second controllingoltage of a two and threedimensional
conductance’lO andO arethe first and seconarder kerned of thethird controlling

voltageof athreedimensional conductance.
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Table4.3

The general expssions of thehird-order nonlinear currersources

Type of nonlinearity

Expressions of nonlinear current sources

Two-dimensional

(trans)conductance (SIO o i O ifi o i 0 if
0 i i H

P - -

—U i O inh O i Oih

O
0
0O i i A
conductance 0
(only crossterms) GV o O 1 O i O
O i 0O i 0O i O i O i OIi
o O i 'O i O i
o Q
O i Oi O O i Oi O i
. ) EU o o O i Oi 0O i
Threedimensional ¢
O i Oi O i O i Oi O
conductance
(only crossterms) o1 ol 0l O i Oi ©
O i Oi 0O i

For example, the thirdrder excitation ofhe bulktransconductands:

g, =Koso8H 4 (s1) -Hy(s) gHE(s) Hi(s) Hg(&) H( 9

Kozo{ gH 1 (Sl)
+gH, (s,) -H

+§H13 (33) B

(s) gHa(ss) +H(s 9
(s) gHe(s s) (s 9} g

(s) gre(s.s) -H(s9 g
g
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In (4.14)-(4.16), i , i ,andi are frequency variables. Thapplying KA. ateach of the
three nodes ifrigure4.6 (b) yieldsthe matrix equatior{4.17). Here, B " { indicates the
frequency dependencef the capacitors for secdn and thirdorder analysis.

'O | FEi RN clo representhe nth-order Volterra kernels at node k and thaeg

acquired by usintheCr amer 6s rul e.
A h h .
e i 06 6 6 i ® i ® "
1 1
] h R
1 Q i ® Q O i ® Q Q
¥ ﬁ o ;
u Q i D Q i D O QN O
- (4.17)
o m 1l
0 i i .. o q °a
20 i fEi A .
0 i W o o ® .
u 8 U

C. Harmonic and Intermodulation Products
As node 2in Figure 4.6 is the output nodethe second and thirdorder harmonic

distortions and intermodulation products carob&ined fronirable4.1.

($ — , (4.19)
(3 e (4.19)
) - W i : (4.20)
) - -6 h (4.21)

By solving the firstthreeorder kernels usinthemathematicatool Maple, the closediorm

harmonicdistortions and intermodulation products are obtained. However, they are several

pages long and not interpretable. demonstrate how the nonlinearity is affecteduby,

@ and'Y inFgure4.1(a), a superpositiofike-based analysis performedn ( $ and

( $ inthe next section) - and) - can be analyzed similarly
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4.3.2 Harmonic Distortion Analysis

In this sectio{ $ and( $ are aalyzed in the following two aspects: the effect of
w andw , and the effect ofY . In these two aspects, the behavior of harmonic distortion
shows different characteristics from that of GD transistor in longer chéangth
technology{88], [89]. All the analytical calculatiosarecarried outusing Maple and the
simulation is doneiang Cadencespectre with BSIM 4 model when the BD transistor is in
deep saturatioregion The BD amplifier is shown inFgure 4.1 (a) with @] 0

el jyd 1,°Y ¢ mmandd pd6ac (.U

A. Effectofw and w

For ( $ and( $, thereare three nonlinear elements deriving from the nonlinearity of
"Q Q0 b, i.e. the nonlinear bulkransconductance, the nonlinear output
conductance, and their creesmsbecausevhen“O was removed from the circuit, the
coefficients related t&# are also omitted since is constant for biasingPleaseefer

to AppendixA.1 for the complete Maple progranihe parasitic capacitors are removed
from the following expressions to emphasize the nonlineariti€éQ aofself. But they are

included in the analytical calculation. The clodedn equations fo( $ and( $ are:
($ ——— 6 — o0 —, (4.22

VA K K K
HD, =~ |00 _a Doa a2 Doz a3 003

4 O b O G
1 KeKoar — 2A KoK e " A Ky
9, +G. O 9% G G % G Gu
+ 3A7  KopoKou " 2K Kgozl_
9,+G. O % G Gn

(4.23)
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Figure4.7 (a) Analytical and simulated $ when w 16, and (b) the contributic
of each term and the sum of all the term@hia?2).
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Figure4.8 (a) Analytical and simulated $ when @ 16, and (b)the contributiol
of 0 ¥Q andthe sunof all of the terms ir{4.23).

620

in which 0 "Q T°Q 'O . In the analytical calculation, sinde  depends on the
bias voltages, for each bias poini, is recalculated.The parameters used for

calculation can be found in Append5. Figure4.7(a) shows that unlike GD transistor
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Figure4.10 (a) Simulated. $ versus bias currerat different bulk bias voltages; (k
Simulated effect of process variation ¢n$ versus bias current whe
W 6.

with longer channelength where( $ is reduced withdrgerVss[88], there isanoptimal
operation region fo{ $ of BD naro-scaletransistor in which( $ is below x wB.
Here,Vgs of M; is swept in deep inversion region to the edge of the triode refgigure
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4.7 (b) explains thisphenaneron: 0 ¥Q contributes less a¥gsincreaseswhich
implies that if the nonlinear output conductance and the teossare ignored( $ is a
decreasing function ofcs however,06 0 7FQ reducessignificantly whenw

L @ it 6, thusO0O is increased Moreover, the contribution o 0 TQ  cancels
thatof 0 0 ¥Q since they have the same sign and subtract eachiotf2?2).
The values of the two terms are equal arawnd U @ kp 6, hence there is an optimal
region of( $. In Figure4.8 (a), it can be concluded that increaswgs or equivalently
increasing’Q is not a valid method to decreaée$ for nanescale BD amplifier. First
ofall, 0 7Q cannot be reduced continuously by increaMggas shown ifFigure4.8
(b). In fact, none of the terms {A.23) is amonotonicdecreasing function &fcs. Many of
them present similar behavior as that of 7°Q , thus the total of them show the

characteristic shown iRigure4.8 (b) as wellay $.

FromFigure4.9 (a), it is found thatncreasingw , the optimal HR will occur at smaller
® . When® 16, minimal ( $ Ppd"atw L @k6 Whenw - T®6,
minimal OO0  YTtA"at®w U T 6 Also atcertaind ,e.g.® U o6 HD;

has an optimal region in terms af , shown inFigure4.9 (b).

It is worthy to further investigate the optim@l$ region because for a certain applications,
such as modern homodyne receivers, seavddrnonlinearitypemmes a major problem

as tre lowfrequencyspurcorrupts the zerdF output[93]. Theoptimal operatiorregion

could be exploited as a practical method to decré¢lhssecondordernonlinearity since
thelocationof this regiorremains almost constant in terms of bias cundr@nVgsvaries,

as shown irFigure4.10 (a). FromFigure4.10 (b), the optimal rgion will occur at larger or
smaller bias current if the process moves to FF or SS, respectively. However the variation
of the optimal bias current is small; and whHén =4.6mA, an HD around ) Q 6can

be achieved in all of the process corners.
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Forlonger channelength transistor, where the contributiortioé¢ output conductance and

the crosgerms can be ignored, the expression(as and ( $ would be reduced to
($ — — and( $ — — , both of which are inverge proportional to

@ o indeep inversion for longhannel device. Thug $ and( $ are decreasing
functiors of @w [88], [89]. However, since the value a» S depends on the
procesgelated parameters when the bias voltages are known,forsecale MOSFET, the
nonlinear output conductance and the ctessis must be taken into account because the
absolute value of their nonlinear coefficients are considerably large. Also, in shorter
channellength process, their values may increase furtrarexample, for a known bias
condition,9 SandQ Sare increasing functions of the chanteigth modulation
factor _; 9 Sis an increasing function of the DIBL facter  of the current model
used [77]. In this section, by including the ninear output conductance and the
crossterms, it is found that increasing is not ageneraly efficient solution to reduce

( $ and( $ of nanescaleBD MOSFET. Also, fo( $, there is an optimal operation
region. Unlikein longer channelength MOEET wherethe sweet spot of i moderate
inversion[83] is mainly owing to the zero  point, this optimal region of $ in deep
inversion isgeneratd by the cancellation effect. Without taking into account the nonlinear
output conductance, éloptimal region cannot be interpretéiche harmonic distortion of
GD transistor including the nonlinear output conductance isstlisiied in[131] and[132].
However, this region is not found [A31] asthe crosgerms are ignored anahly the
frequencyresponse is considered. Befnce[132] examines the harmonic distortion of
Silicon-or+insulator (SOI) MOSFET andl $ is related tdVgs, but the crosserm isstill
neglectedTheintermodulation product of CMOS transistor was analyzeld 33] using

Taylor series. The transconductance and the output conductance were identified as the
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dominant source of nonlinearity; however, the effect of the drysss was ignoredn

[135], [136], a weakly nonlinear model based on mdlthensional Taylor Sees is
presented, including the effect of the nonlinear output conductance and-staasge
nonlinearity however, theainique distortion behavior is not reportddheanalysisin [57]

providesan expressiorof the secondorder harmonic of the output e¢ant of a GD
amplifier including both the nonlinear output conductance andctbssterm, without
analyzing the possible cancellation. Also, it is stated that wheis low, only the
contribution of the nonlinear transconductance needs to be consitiereelver, in this
work, it is foundthat even ifo is low, the contributiomf0 ,and0  must be taken

into account for nanscaleBD MOSFET.

B. Effect of the Degeneration Conductance

Taking into account the degeneration conducta@ceas thesourceis notgrounded, the
coefficients related t®# must be considered, i.6.  whered T must be included
(Pleaserefer to Appendix A.2 for the complete Maple progran{.)$ and ( $ are
expressedin (4.24) and (4.25), respectively As there are more than 30 terms in the
complete( $ expression, we omit therossterms and the combination between the
crossterms and the independent nonlinearities for simplicity, as shoh25). Please

note that the croggerms andhe combinations also contribute to the ovefrall . And they

have to be included in the analytical calculation, e-g- ,

and . Again, the parasitic capacitors are removed

from the expressions to emphasize the effeCO&Also, let "Q to be zero to simplify the
expressions further (in calculatioQ is not zero.)

($
© P
¢ Q0oQ O 0

0 Qv M 0O O "Q 00 (4.24)
QMO0 O 0O 0 00U Q "0 "Q "0v
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(

‘0 "0 ‘0 0 QO 00

$
@ p
T Q00 Q N
MO Q Q 0O 0 MU O Q. Q"Q 0U

(4.25)
¢'0 Q 00 ¢Q O 0 U ¢'Q "0v
¢Q 0 Q 0 Q M O O 00 U
¢Q 0 Q 0 Q " 0L U TO0O O QU0 0
It is found that theeffect of "O depends orihe bias point because the value f is
determined byhebias voltages. Undeertainbias currerg, ( $ may not beeducedat all.
In Figure4.11, the degeneration resistance varies from to ) Tmywhen the transistor is
biased bya ¢& i ! current It is shown tha{ $ only can be reduced by less tha@ "

and( $ even isincreased by abayd " If the nonlinearity of the transconductance, the

output conductance, and the crtssns are ignored( $ and( $ are reduced to

-0 —— and-w , Which are approximately inverse

proportional to'Y . In this case,t is found that( $ would reduce from x A"
to wWA" and( $ would decrease from p wA"to ¢ mMA" by the calculation.
Thus, conventionally, the source degeneration resistor can red&eand ( $

significantly for amplifier with longer channé&ngth device. However, for nasszale BD
transistor, the contribution of the nonlinear output conductance ancbgstearms must be

taken into account.
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Figure4.11 Effect of 'Y : the analytical and simulated $ (a), and( $ (b) under
2.5mA bias current ando 6.
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Figure4120 AT R -relatedterms in (4.24) and the total of all the terms i
(4.24) versus'Y under 2.5mA bias current andb 6.

Figure 4.12 demonstrates the contribution of AT W -relatedternms in (4.24)
to( $.0 isreevaluated for eacty because of the different bias voltage at ev¥ry

value. Although0  contributes less as well known in long channel technology, the
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contribution of 0  -related termincrease significantly and counteract against the
reduction of0  -related termOther terms, such a8 h) h) -related terms are
decreasing, and  -related term is increasingith’Y . As their amplitude is small
comparing tothatob AT W -relatedterns, they arexcludedrom Figure4.12 for

clarity reasonThus ( $ reduces sloeras’Y increases( $ can be analyzed similarly

by examininghe contribution of each term (4.25). Although IS
decreasing function ol , manyotherterms are not monotondecreasing function oY .

" vlc . . “, . . . . v
For example, the value efm is positive and it is an increasing function\of

Sincethe effect of Y depends on the bias, the source degeneration is gehexally
effective way to impree ( $ and ( $ of nanescale BD amplifier, especially

considering the relatily low gainof BD amplifier.

C. Frequency Response

Figure4.13 shows the frequency respensf ( $ and ( $ when the circuit oFigure4.1
(a) is biased with 2.5 mA currerand @ 16 and without the degeneration resistor.
Figure 4.13 (a) shows tha{ $ and each of the threeontributions i.e. the nonlinear
bulk-transconductancehe output conductangeand the crosterm change uniformly
However, ( $ increases significantly at high frequenpgrtially due to the abrupt
increase of theontribution of the grelated terms and the cre&sms, shown irFigure
4.13 (b). Also, it is clear that at alfequenciesignoring the nonlineaconductancennd
the crosgerms would cause considerable ersorce the value of only /gny-related

terms is different from the value ¢f$ and( $ .
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Figure4.13 Simulatedand analtical ( $ (a) and( $ (b) versusfrequencywher
®w Tm6and O ¢l !,

4 4DISTORTION ANALYSISOF GATE-DRIVEN RF AMPLIFIER USING VOLTERRA
SERIES
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Figure4.14 (a) The small-signal equivalent circuit of th&D amplifier, and ) The
circuit used for thesecond and thirdorder kernetomputation.

From the analysis in Sectiof#.2, it is clear that the nonlinear conductance and the
crossterms play important roles in the distortion behaviornahescale BD CMOS
circuit. It would be interesting to study how they wouldaffect the nonlinearity
characteristic of GD nanscale amplifier, too. In this section, the distortion analysis is

performed on a GD amplifiewhich unveils some distinct nonlinearity characteristics.
4.4.1Calculate the First -three -order Volterra Kernels

The procedure of calculating the first three Volterra kernels of the GD amplifiégure
4.1(b) is similar to that of the BD amplifier iRigure4.1 (a). The first order kernels are
obtained from the small signal equivalent cirdaifigure4.14 (). Higher order kernels

are computed based on the same linearized circuit, but with different exciting nonlinear
current source®) , where the subscript ¢ 1 © indicatesthe order of the current
source, the subscriptw indicates the origin ofhe current sourceshown inFigure4.14

(b). For example,Q and‘Q are the secondand thirdorder nonlinear current
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source deriving from the transconductance. Each of these nonlinear current sources
comes from a nonlinearity of the original circuitn Figure 4.14, "Q is the
transcondu@nce, "Q is the output conductance) is the parasiticgateto-drain
capacitorand 0 is the parasitigateto-sourcecapacitor."Ois the source degeneration
conductance Ois the load conductancand "O is the input source conductandéhe

main source of nonlinearity of a transistor comes from the drain cuifent
QL since the capacitances of a transistor in saturation region are linear at an

operation frequency less tha@)j p mand do not contribute nonlinearit§3], [133]. The
bulk is connected tthe source for simplicity and the substrate leakage curseghored
since it contributes little distortion [88], [133]. Then 'Q can be epresented by a

two-dimensionalp-to-third-orderTaylor serieg57]:

Q BUO DU, (4.26)
in which
ppT Q
GEAT 27
a ¢ N pltlo AT de ™ 0
Obviously, 0 "Q , and U "Q, which are the firsorder coefficients of the

nonlinear transconductance and the nonlinear output conductance, respectively.
O R hand O R  are secondand thirdorder nonlinear coefficient only related

to 0 andU |, respectivelyOthers are the coefficients of the crésams. For instance,

O and U h) are the secondand thirdorder nonlinear coefficients of the
two-dimensionalkcrossterms between andu . Particularly, in this work, besides the
nonlinearity of theransconductance, the nonlinearity of both the output conductance and
the two-dimensionalcrossterms betweerd and v are taken into accounfhese

(non)linear coefficients are computed at each DC bias point based curir@ modein
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[77]. For GD application, the current is accurate enough witheut

A. The firstorder kernels.
Applying Kirchoffds current | RHgwed(lK(8,la) on e

matrix equation(4.28) is obtained Here i is the frequency variabl&® i ,O i ,
and 'O i are the firstorder \Volterra kernels at node 1, 2, and 3, respectively, which

are reduced from the node voltages by letting p . The solutionsare nothing but

the linear transfer functi@from the input to each node.

0 {08 8 [ 3 fes O i
Q idD M 0O idD Q Q 20 i
ni® Q (® 0 Q0 O i
(4.28)
0
Tt
Tt

B. The Secondand Thirdorder Volterra Kernels

The secondand thirdorder nonlinear current sources can be obtained referrifgltie
4.2 and Table4.3. For example, the current souraedated to the transconductance and
the crosgerm between the transconductance and the ouimuductanceare given in

(4.29) and(4.30), respectively:

Q o O0i ©Oi ©Oi ©Oi |, (4.29)

a0, = 51K B (5) M, (s) gHg(s) +,(9)
Ky (5) My (s) gr8(s) (9}

(4.30)

And the thirdorder excitation othe transconductancs
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|3gm_K3og_|]1(Sl) (31) ﬁHg(SZ) H(S) Fﬁ(g) H;(Q
28 (s) Hu(s) grB(s 9 H(s 9 g

(4.32)
t@H.(s) -Ho(s) gHe(ss) H(s9 @
+@H. (s) -Ho(s) gHE(s s) H(s 9} g
In (4.29)-(4.31),i ,i , andi are frequency variables. Then applying IKGn each of

the three nodes irrigure 4.14 (b), it yields matrix equation4.32). Here, B h

indicates thdrequency dependenaé the capacitors for secdnand thirdorder analysis.

'O | FEi RN clo, represents thath-order Volterra kernels at node k anéytare

acquired by usintheCr amer 6s rul e.

h h h R
"0 i 06 6 [ e i
11 I
11 ] h I
e e’ Q"0 i P RoRNe!
11 I
] o h P “ h P N N w1
u Q i D Q i D O "Q " O
. (4.32)
Tt -
. e (2% I
0 {fE 1 Qn
00 i FEi N 0
0 i f'E [ 11 Q n
uvsg U

Since inFigure4.14, the output node is still node 2, the HD and IM can be expressed

using(4.18)-(4.21) in terms of \Volterra kernel#\lso, asuperpositiodike-based analysis
on ( $ and( $ is performedin the next section) - and) - can be analyzed

similarly.

4.4.2Harmonic Distortion  Analysis
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Figure4.16 (a) Simulated effect of process variation or$ versus bias current, an
(b) simulated gain versubebiascurrent athedifferent process corners.

The schematic is shown in Fige 4.1 (b), withwj 0

andv

A. Effect of w

pd 6 ¢'O’0OdThe gain of the amplifier ipo& A 'when'Y

@ 1 & p TENQ, Y

mm

¢ T

For ( $ and( $, thereare three nonlinear elements deriving from the nonlinearity

of Q "QU M

i.e.

the nonlinear transconductance,
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conductance, and their creesms becauseO is removed from the circui{Pleaseaefer
to AppendixA.3 for the complete Maple prograniThe parasitic capacitors are removed
from the following expressions to emphasize the nonlinearitie€2afself. But they
are included in the analytical calculation. The cleg®dh equations for( $ and

(% are:
($ —— 6 — 0 —, (4.33)

(%

—— 60— 06— 00— (4.34)

in which 0 "QF"Q "O . In the analytical calculation, sinc@ depends on the
bias voltages, for each bias point, is recalculatedThe parameters used for calculation
can be found in Appendi&.6. Figure4.15 (a) shows that unlika transistor with longer
channellength where( $ is reduced withdrgerVss[89], there is aroptimal operation
region for ( $ of nanoescale transistor in which( $ is below x @B, which is
similar to that ofdecananoBD transistor Here, Vgs of M is swept in deep inversion
region to the edge of the triode regidfigure 4.15 (b) explainsthis phenomean:

0 TQ contributes less ad/gs increases which is the same of that in longer
channellength transistqgr however, ® 0 FQ s and © U FQ S increases
significantly whenw v Ttin6, thus ( $ is degraded. Moreovey 7'Q and

0 U TQ are almost equal when T (im6. Hence there is an optimategion
of ( $ around this bias point, since they have opjeosigns in(4.33). Also, it is worthy

to further investigate the optimdl $ region sincein a certain applications, such as
modern homodyne receivers, secamder harmonic distortion becomes a major problem

as the low frequencgpurcorrupts the zerdF output[93]. As the locationof this region
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remains almost constant in terms of bias curretien the process variation are
considered, as shown Figure4.16 (a), the optimal operatiorregion could be exploited
as a practical method to decreés$ . Moreover, this optimal $ is achieved without
compromisingthe gain of the amplifier as shown kgure4.16 (b) since the ratio of

‘QFT"Q "O does notvary much over this region

From Figure4.17 (a), it can be concluded that increasWigs or equivalently increasing

"Q is not a valid method to decreaée$ for nanescale GD amplifier. First of all,

© TQ sincreases continuousfyom o8 ® to X B as shown inFigure4.17

(b); however,in 0.1& mCMOS processthis term is a decreasirfgnction of Vgs [88].
Second whenow T Y6, D 0 FQ g U FQ sandwd O O TQ prf

"Q O sincreasesubstantiallyand become thenajor partsof ( $, hencethey are
chosen to bencludead in Figure4.17 (b); also, the last one has opposite sign against the

first two, thus the total of them.e. ( $, shows the characteristic shown gure4.17

(b).

% F F F r —6— Kao/Gm :
—©— Analytical | o 50| —B— (Ku/gm)x A NIRRT .
~~-100 - { =—&— Simulation | % 7 —s7— &Koa/gm)* A :
% 30 L + ffﬁKlaljoz /gm)x ......... -
NP ) NA x1(go+Gr)
™. > ! ob—— FF e
e 105 \>_/ ol
I - 10 ...............
-110
30 .................................

11316' 440 4%0 500 530 560 ) 5400 4i40 “:80 5:20 560
Vgs (mV) Vgs (mV)
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Figure4.17 (a)Analytical and simulate@l $, and (b)v 7Q , threeothermajor
contributionsand the sum of all the terms #h34).
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By taking into account the nonlinear output conductance andctbssterms, the
distortion analysis in this subsection indicates that, similahédBD case,biasing the
transistor at the highest possibherdrive voltagew @ is not an effective method to

improve HD and H; of GD decenano amplifiergenerally

B. Effect of the Degeneration Resistance
Taking into account the degeneration resistaric¢Please see Appendi.4 for the
complete Maple prograim ( $ and ( $ are expressed in4.35 and (4.36),

respectively

‘00 — — ., (435

‘00 — —
-

(4.36)

whereT ™Q'Yi Y Y i.
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Figure4.18 Effect of 'Y : (a) the analytical and simulate@ $ ; (b) The contribution
of each term irf4.35) to ( $ under3.2mA bias current

In (4.36), we omit the combinationdetweenthe crosgerms and the independent
nonlinearities for simplicity. Please note that the three combinations also contribute to the

overall ( $ . And they haveto be included in the analytical calculation,

i.e.

_I. )

and m . Again, the parasitic capacitors are

removed from the expressions to emphasize the effé¢t of

It is found thathe effect of'Y depends on the bias because the value ofdepends on
the bias voltagesUnder certain bias curren{, $ and ( $ cannot be reduced
monotonically. When the circuit in Figure 4.1 (b) is biased at 3.2nA and the
degeneration resistance varies fraom to p mm during which the gain is decreased
from p & A " to p8A " it is shownin Figure4.18 (a) that ( $ can be reduced by
about Y& A "with'Y  p my however, it would increasas'Y p mm Similarly, as
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the dominantermsin (4.36) to ( $ under3.2mA bias current

shown inFigure4.19 (a), ( $ can be reduced by arourm @A " with'Y ¢ ™)
but it starts increasing whelY ¢

If the nonlinearityof the output resistance and tbessterms are ignoredaking only

Y into consideration ( $ and( $ are reduced to -w ———— and

- , respectively, which are approximately inveise

proportional to*Y . This is well known for long channédngth deviceln Figure4.18 (b)

and Figure4.19 (b), the reason of thidiscrepancyof nanescaleMOSFET from long
channellengthdeviceis analyzed As demonstrated ikigure4.18 (b), the amplitude of

the U -related termis decreasing continuously; however, the sum of the three terms in
(4.35) becomes an increasing function whén p mm. FromFigure4.19 (b), it is found

that although the amplitude of the - and 0 -related term is monotonically reduced
by'Y , theamplitude of thev -, U -, and U -related terms is parabola, esjally

thev -related term becomes the major part wiven ¢ m} Thus, the total of all the
terms in( $ behavesasparabola and starte increasing wheiY ¢ ™ The other

terms in( $ , e.g. thev -related term, are also examined and their &oge is
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decreasing functiomf'Y and they areneglectedin Figure4.19 (b) for clarity reason

since they are only minor parts(#36).

As indicated in-w —— and - , and also

shown inFigure4.18 (b) andFigure4.19 (b), conventionally, the source degeneration
resistor can reducé $ and( $ signficantly for amplifier with longer channdéngth
device. However, for nanscale transistor, the contribution of the nonlinear output
resistanceand the crosterms must be taken into accouitt.can beconcludedthat,
generally, the source degeneratismot an effective way to improve $ and ( $ of

nanaescaleGD CMOSamplifier since its effect depends on the bias point

4.5 CONCLUSION

This chaptempresents the distortion analysisnanescale BDand GDRF amplifier using
\olterra seriesA current modelwhich is quantitatively accurate for nasocale CMOS but

not optimized for BD applicationss modified to be adaptead BD nanescale MOSFET.

This modified current model plays an important role in the analytical calculation and
interpretation of HD.The closedform ( $ and( $ expressionsare derived and can

give designersnore insighinto the nonlinearity.

For long channelength MOSFET amplifier, biasing the transistor at the highest possible
overdrive voltagew @ and adding degeneration igtance are two conventional
solutions to reducd $ and ( $ . However, for nanscale BD or GD amplifier,
generally,they are not efficient solutions to decrease the overall distortion due to the
contribution of the nonlinear output conductance, and t&stermsamongd , 0 , and

0
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The distortioraware design guidelisefor nanescale BDGD amplifier can be

summarized as the following.

First, nanescale CMOS RF circuit requires extensive distortion analysis. The output
conductance and the cre®sms must be included in the nonlinearity analysis of
nancscale MOEET, even if the gain is small. This ikustrated by the comparison

betweenthe calculatedand simulated HD, and the analysis of the contribution of the

dominant terms of HD.

Second, the tradeoff between power consumption and distortion does not apply in
nanoescale MOSFET. Instead, there is an optimal operation region for sected
nonlineaity, which could be applied in homodyne receivers whehe secondrder

nonlinearityis crucial.

Third, the source degeneration resistris not agenerally effective way to improve the

linearity sinceits effect depends on the biasing condition.

Linearization techniquesvhich are effective fonanescaleCMOS RF circuits should be
studied
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CHAPTER S AMODIFIEDIM > INJECTION TECHNIQUE TO CANCEL

IM 3 PRODUCT OF BD RF DIFFERENTIA L AMPLIFIER

5.11 NTRODUCTION

In this chapter, a modified IMinjection techniqueis proposed for a BD differential
amplifier to cancekhe IM3 product. The schematic of the BD differential amplifier is

shownin Figureb5.1.

Figure5.1 BD differential amplifier

For BD differential amplifier, simulation results also indicate that the effect of the
degeneration resistor depends on bias point due to the contributions of the nonlinear
output conductance and the créssms.Moreover, the tradeff between linearity 1ad
gain/noise is another concerAlso the tradeoff between power consumption and
distortion is not a favorable option in lepower design.
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Thus it is necessary to investigate techniques whicheffaatively and powewisely
linearize nanometer CMOBD circuits, especially fosuppressingMs product since it
causes crosstalk when an unwanted signal is present at a frequency close to the input
signal [93]. IM injection [92], [137], [141]-[144] can be used to cancel $Mproduct
because the injected BMcan be adjusted until satisfactoryimprovementis obtained
without affecting other performance. However, it has to be modificbetadapéd to
nanaescale CMOS technology. In thishapter a modified IM injection techniqueas
presentegwhich cansignificantlyimprovellPs of the differential BD amplifier irFigure

5.1.

5.2 THEORETICAL ANALYSIS OF THE  CANCELLATION OF THE THIRD - ORDER
| NTERMODULATION ~ PRODUCT

The geneation of IM, and the cancellation of IpMcan be analyzed on the systéawel
using Volterra series notation (sBmure5.2 and Figure5.3). In Figure5.2, 0 ] is
the input at frequengy . “O represents théth-order \olterra kernel othe nonlinear
systeml= \ A Fe. \ is thesystemof squaring circuit Mand M of which the inputs are
0 andU ,and the outpuss at the bulk of M. \ is the tail current sourcef M3 of the
differential pair M and M, which also acts asBD amplifierwith M; and M, as the load.
E is the differential pair of Mand M, with the load of Land R. 0 1 is the
injectediM,signal U 7 R h1 represents the Iyproduct at the differential output
at ¢S5 1 . The cancellation of IM product at ¢ 5 can be analyzed

similarly.

117



(b)

Figure5.2 (a) Generation of the injection signal by a squaring cirofiiMs-Ms, and
the tail current source yof the differential amplifier(b) Generation anc
cancellation of the IM product at the output of thdifferential pair M,
and M.

T Vg
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b
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Ve |_
" - f:&fz/"’lf )
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Figure5.3 BD differential amplifier with IM injection circuit
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The IM; signal U can be generated by a squaring circuitavid Ms [92], [137], [141]
andinjected byM; in Figure5.3, and the process can be shown a&igure5.2 (a).

0O ] andb 7 interactshrough the secondrder \Volterra kernel of the system of
\,i.e.®1 h71 .Theoutputis avoltage & 1  at the bulk of M. Then this
voltage istransferredo the drain of M by the firstorder Volterra kernel® 1

and 0 ] 1 is injected toe. The nonlinear effect of Mwill generate signal at
least one order higher, e.q. 1 ,ando] 1 . Most of these cannogenerate

C 1 by interacting with the fundamental tone through the second order nonlinearity
of the differential pair. Although the odorder nonlinearity of M can produce
component at] 1 , its amplitude is much smaller than that of the lirezaplified

component at] 1 , henceonly lineareffectof Mz is considered.

The squaring circuit alsoegerates IMsignal atd 1 AT d&bh 5 through 0.
But 5 1 would generate IMproductat¢ & 1 or ¢ 5 which are not
of interest. IM signal at; 5 or¢ 5 can also cause Ipat ¢ 5 ] and ¢S 1
however, it is difficult to control the phase shift of the high frequency compof@#ijts
and the phase shift of the injected signal plays an important rolesicdNRtellation as
shall be explaired Thus only the low frequency toné) is used andhe other

secondorder frequency components are filtered out byGz.

As shown inFigure5.2 (b), M; and M, can be viewed as a twoput systeme. One
input is at the bulk of Mand M, where the differential input signals and 0 are
fed at. The other ithe commonsourcenode where the IMsignal U is injected. The
IM3 output 0 17 h h is composed of two contributions. One is from the
third-order nonlinearity®1 h h71  which acts on the fundamental frequencies
from the bulk terminal The other is theombinationof the fundamental frequency from

the bulk and the IMinjected at the sourcthrough®1 1 h h. In summation,
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01 R h71 canbe written as:

b1 h hj
-1 h h] 01 01 0 7
(5.1)
© 1 h hOGT 1 071 hj
O 1 01 U ]
Note that the \olterra kernels are complex numbers;an be rewritten as:
01 h AT o ' a0
(5.2)
o1l 01 v 1 ,
where
@@ -61 h h1 (5.3)
YO ®1 1 A RO 1 O h (5.4)
S R R B AR IR (55)
© ® 1 h h. (5.6)
Using the IM injection signal to cancel the Wproduct, ieletc ' D m
then:
’ -0 . (5.7)
If the Volterra kernels are real or— -« ¢ “ then' 6%, U would be

suppressedompletelyand|1P; would be infinity. However, as this condition normally is
not satisfied especially for nanscaleCMOS, the nonlinearity coefficier®p S may
be large the imaginary part of the kernels cannot be ignored. Siaglor series was
used in[92], [137] which did notincludethe phase information, it was concluded9a]
that the third order intermodulation would benghatedentirely. Also, onlyparasitic

120



capacitance wasonsideredn [92], [137]; and thephaseshift introduced by the squaring
circuit was considered as unwantbdcauseonly the in-phaselM, was investigted to
cancelthe IM; product. Volterra series was used1d1]; however, the nature of complex
numberwas ignored thus the cancellation analysi$l#l] wasincomplete Taking the
phase of kernels of the main path into consideration ityection teclmique was
proposed if142], which it is possible to be used to cancel the fivbduct completely;
however, it is limited to mulistage circuits and the phase of the kernels oathéliary
amplifier was still neglectedt is propose in this workthatif the phase of the injected
signal can be adjusted, the §/buppression could be maximized. Changing the phase of
0 ] 1 by ?, consequently' can be expressed as:

! FOQ , (5.8)
For certain twetone spacing ] 1 h —and « are determined by the circuit
parameterswhich usually depends otine specifcations such as gain and naiséhe
phase of the injected IMsignal,?, provides one mordegree ofreedomto optimize the

IM 3 cancellation.

The generation and cancellation @] h h] can be analyzed similarly by

changing theorrespondindgrequency components Figure5.2 and(5.1):

01 h h7
-‘61 h hj L1 01 0
(5.9)
©1 1 h A1 7 01 h
O] U ] UL ]
Accordingly,(5.3) to (5.6) is changed as:
©Q -® R h1 (5.10)
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Yaho ® 1 h hd] 1 1 hy (5.11)
’ 1 1 ®1 Ay, (5.12

o ® 1 h h. (5.13)

Comparing(5.3)-(5.6) with (5.10)-(5.13), it is found that different amplitude and phade

the injected signal are required to achieve the madxmduction at ¢ 1 and

q 1 , respectivelylf the twotone spacing is small, the amplitude and the phase of
the IM; injection can be adjusted until satisfactory suppression is obtained at bgoth IM
frequenciesHowever, when the twtbnespacing increases, the asymmetry of [M15],

[146] will increase which can be a reason that limit the Jlhjection to narrow band

application.

In [143], [144], it was stated that thehase ofthe injectedIM, play a role in the
suppression effecthowever, since [143] still used power series to analyze the
cancellation process, the JMignal whichwasin phase with the envelope of the two
differential input was usedt was also stated if143] that different amplitude and phase
may be required tceliminate the IM product at ¢ 1 and ¢ 1,

respectively.

The injected IM would also cause component§ atand , by interactingwith the
fundamentaltones It was found in[92], while using Taylor series analysis, thae
amplitude of the generated termsjatand  was very small and theyere added
in-phase with thefundamentaloutput. Using \blterra series in thistudy it can be
realized that there could be a phase difference between the inducBd due b the
IM» injection and the fundamental tones from the differential pair alone. However, the

amplitude of the induced 7] is small. Hencehte effect of theinjection on gainis
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negigible as demonstrated by the simulation result of this work. In fact, the gain is
changed (increased) by 0.01dB after the iMectiony please se&able5.1. The induced

frequency component at is:

®1 1 hl Ad1 1 O1 h (5.14)

Its amplitude is at the same order of thlg induced by the IMinjection please seb.1)
and(5.9). By theway,0 1 h1 h7 is generated from the linear transfer of, Me.
'®, thusit can beinferred that the nonlinearity of Mhas negligible effect on the
performance since the nonlinear effect ofi¥much smaller than its linear transfieence

only thelinear effect of M is considered.

The noise from the squaring circuit is injected as a commodesignal thus the effect
onnoise figure (NF)s also ignorable when the input signal is moderEbe. injected IM
may leak to the output due the mismatdhthe differential pair; however, if the low
frequency beat is out of band of interest, it can be removed by gaggfilter following

theamplifier [93].

5.3CIRCUIT | MPLEMENTATION AND SIMULATION RESULTS

The BD differential amplifier with IM injection drcuit is shown inFigure 5.3. The
squaring circuit is composed of ;MMs which only consumesyp 1! curren; the
combination ofC; and R is the load the squaring circulls is the tail current source of the
differential pair ofM; andM,; also it injects the IMIsignalas a BD amplifierC, is an AC
coupling capacitowhich facilitates the bulk bias of M The differential pair M and M
employsinductor Ly as loadThe eplicit resistor R is added to modify the bandwidth and

make the amplifier more stable.
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Figure5.4 Simulated injected IMsignal and the twone input differential signal

(a) IM; signal is inrphase with the envelope of the two input tones;

IM, signal has about mphase difference from the envelope.
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The explicitvaractorC, is used here to filter out the high frequgmomponents at

5 hg ShAT & . Moreover, it can be used to adjust the phase of the injectesighal

at the difference of the two tones. In order to demonstrate the importance of phase
adjustment, IM is injected at the difference of the twimneswith and without phase
adjustmentseparatelyas indicated irFigure 5.4. Here, two ¢ TA " [input tones at 2

GHz and 2.00%5Hz are applied as the input of theplifier. The phase and amplitude of

the injected IM signal can be adjusted by changing the bias pail M;, and the valug

of Ry, Ci. As shown inFigure5.4, the two injected signals have almost equal ppakk

amplitudec® [ 6 but different phases.

The effect of IM suppression of the two injected 48ignal is indicated ifrigure5.5. With

¢ A" [input signals;the IM, signal which is inphase with the envelope of the
two-tone input signal can only reduce theslbutput product byr& A " And the best
reduction is achieved witthe IM, injectionof ¢® i 6 peakpeak amplitude. In contrast,
the IM; signal which has the same amplitude and altomtphase difference can decrease
the IMs product by about & A " as shown irFigure5.5. With p A " [two-tone input,
IM3 is suppressed by IMnjection with and without phase adjustment py@ A " and
¢® A", respectively. Before linearization, the 4IRf the differential amplifier is
p @A " [ Lineariang the circuit with inphase IM signal can increase Wby about
¢ A" The IM, with phase adjustment can linearize the amplifier much more and achieve
lIPzat ¢ @ A" 1ltis clear that phase adjustmentigcialto realize the IMcancellation
in nanoesale BD differential amplifier. The suppression is less with larger input signal
which may be due to the fact that higher order nonlinearity contributes to ghedbiuict

at larger input.
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Since the phase shift depends on the-tiove spacing 5 S , it is predictable that
the IM3 suppression woulslary under differentwo-tone spacing frequency, as shown in
Figure5.6 where the input signal power is¢ TA " | If a constant capacitor.Gs used,
the suppression is optimized to pe@A " at v- ( Of two-tone spacing; however, it
degrades to be® A " and @8tA " at p- ( Uand p ® ( Urespectively. In contrast,
the effect ofIM; injection without phase adjustment and degener&tios relatively
independentwith the two-tone spacing. The IMsuppression by source degeneration
2 p ™) is shown here to compare its linearization effect witat of IM, injection
technique. Although it can reduce 4Mroduct by aboutpA " which is better than I
injection without phase adjustment at the cost of gain remide comparing with the
optimal performance of IM injection with phase shift, the improvement is limited.
Moreover, as demonstrated in Sectib.2 the effect of2 depends on the bias poirt o
M; and M. Here, the bias is optimized to enhance the effe2t ofAt other bias points,

2 mayreduce IMeven less

Since the specification of the maximal ttane spacing differs from application to
application, the amount of phase shift ameihcethe value of G can be optimized
according to each application to achieve a considerabjesiipression in the whole
two-tone spacing rangen our design, avaractor C; is used to make the design
reconfigurable. The varactor is used as a knob to tunphhse shift of the injected M
signal to be the optimal value &, according to thecorresponding—A T %A at the
differenttwo-tone spacing. The maximal BMuppression at different twtone spacing
which is achieved by changing the control voltage ¢fisCshown inFigure 5.6. (The
equivalent capacitance varies from tdigher thanpg A " suppression can be achésl
from p- ( UWo prt- ( Utwo-tone spacing. In fact, the amplitude of the injecteg IM
signal is also affected by the varagtahich limits the maximal suppression can be

obtained The control voltage is & p® w; and the equivalent capacitance is
128



abouyx Tx& n O

To optimize the IM suppression performance, the conatageof the varactor should be
tuned to generate the progeraseshift. Figure5.7 shows the tuning ability of the varactor
when the input twdone signal power is ¢ TA " [and spacing i® - ( U It shows that at
T® 6 control voltage the maximal suppression can be achiestedhich the phase
difference ist 7t Also, abovep YA " IM; reduction can be realized even if the control
voltage deviates p Tt it 6 from the optimal valuavhile the phase difference is in the
rangeof ¢ YO Tt d. Moreover, thecontrol of thevaractoris robustwhen he effect of
process corners of SS, FF, FS and SF is considérgdre 5.8 shows that using the
nominal control voltage determined at TT corner, consiole IM; decrease can be

realized in each process corner.

M3 Suppression (dB)
() ®0UB JBJ4IP BseYd

10 : " - 20
0.3 0.4 0.5 0.6 0.7

Control voltage (V)

Figure5.7 IM3 suppression at 5 MHz tetene spacing under different varact
control voltagesand the corresponding phase difference between
injected IM, signal and the envelop of the tw@ne signals
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Figure5.9 shows that for a set 260in Monte Carlo simulation with mismatchdprocess
cornes, the mean value of IlPis ¢ @ @A " [when twetone signal at¢' ( @nd
¢8tm'v ( @re appliedwhichis an improvement of aboyt & A " compared with that of

the amplifier before linearization.

Table 5.1 summarizes the performance of the BD differential amplifier before and after
linearization using the varactor to accomplish the phase shift. It is indicated thatsthe 1P
improvement is achied at the price of only@8t Yy 7 power consumption increase and
without other performance sacrifice. The potential drawback of this technique is that in
order toacquiretuningability over large twetone spacing, the chip area has tinoeeased

as a lage varactor must be used.

Table5.1  Performancesummary of the BD differentiadmplifier

Before linearizatior After linearization

\oltage gain (dB) 8.36 8.37
IP1gs (dBm) 4.9 5.1
IP5 (dBm) 18.7 29.1
Input referred noise voltagé @10Q 3.53 3.53
Power Consumption (mW) 10.1 10.18
Supply Voltage (V) 1.2

Although this modified IM injection technique is tunable ovegy- ( Up m® ( U

two-tone spacing range, it is still limited to narrow baglications due to the practical
value of G and the IM asymmetrywhich would be worse for large twone spacing.

Other potential wideband linearization techniques, such asdpisttion [147]-[149],

noise/distortion cancellatiofl50]-[153], feedforward [154], [155] and usingnegative
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impedance[156], [157] could be futher studied to be used in nascale BD CMOS

circuits.

5.4 CONCLUSION

By analyzing theancellatiorproces®f IM3 on the systerfevel using Volterra series, it is
demonstratedhat the phase of the injected 4Nplays an important role in the WM

cancellation of nangcale BD differential amplifier.

Based on the theoretical analysigiohustmodified IM; injection technique fothe IM3
suppression of narscale BD differentiahmplifier is presentedvhich takes advantage of
varactor to produce a proper phase shift of the injectedsigghal. With only 0.08 mW
extra power consumption, greater than 7 dB ihfprovementan be expected for 1IMHz
to 10 MHz twotone spacing rangeonsidering the process corners. Moreover it is

achievedwithout gain lossior noise penalty.
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CHAPTER 6 CONCLUSION S AND FUTURE WORK

6.1 SUMMARY

1 CHAPTER 1
The effects of the sdalg of CMOS echnology are briefly discussedD
technology has been proposeddeal with the harsh voltage swing limitation
There are many challenges in modern nscale CMOS circuits; and this work
researches the model selectrandificationfor BD circuits, and the nonlinearity
of BD/ GD nanescaleRF amplifier Furthermorethe research resultse applied
to analyze the characteristiof nanescale BD circuits anddevelop design
techniques to extend the applicatioihnanascale BD circuits andnprove their

performance.

1 CHAPTER 2
First, the concepts about the conventional GD mixer, i.e. Gilbert mixer, is
reviewed, explaining how the frequency coni@rss accomplished. Second, the
origin and development of BD mixer is introduced. The advantage of BD mixer in
LVLP applications is obvious by comparing it with its GD counterparts. As it is
recognized that th@reviousexplanation about how BD mixer aaogplish the
frequency conversion is not conclusive, effort has been made to comprehensively
developthe mixing mechanism of BD mixer in different structudeg using the
squardlaw mode] including single/doublebalanced BD mixer with
sinusoid/squaravave LO applied at either gate or bulk terminal, and BD mixer
with tail current sourceOwing to the simplicity of the squataw model, the
results of the analysis are concise and readily interpretabledistinct
characteristic of BD mixer with sinusoid LOgsial is found, i.e. it has a

compound mixing mechanism: the mixing product comes from both the
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nonlinearity of the circuit and the fact that RF is multiplied with the square wave
alternating between p and p. This compound mixing product derives from

the fact that the transistors work as switches and transcondsitotdtaneously
When they are turned on, the current is not only modulated by the RF signal, but

also controlled by the LO signal.

CHAPTER 3

Based on the analysis made @HAPTER 2 it is found that it is possible to
suppress the harmonic mixinghich is a problem in wideband applications by
properly biasing the BD mixerd.his optimal gate biafirst is found by analing

BD mixer using the squadlaw model; thenn CHAPTER 3 it is further deduced
that the optimal gate bias is a value below the quiescent threshold voltage by
taking into account the short channel effects and thethseldhold current of
modern nanecale CMOS technology.e. by selectinga more advanced current
model which is qualitatively accate in the targeting operatioagions.Two BD
mixers are designeand fabricated to verify the theoretical analysis. It is proved
that considerable HMR is achieved by following the design methodology without
sacrificing other performance. The existerened the qualitative valuef the

optimal gate biaaresubstantiatetdy theexperimental results.

CHAPTER4

Nonlinearity analysis is another challenging topic in racaleCMOS. \olterra
series are popularly applied to analyze tbalinearity of CMOS circuit owing to

its advantage in retaining phase information. The basic principles of \Volterra series
and Volerra kernels are introduced, as well as the method to calculate Volterra
kernels. The firsthreeorder Volterra kernels dfoth BD and GD RF amplifielis

nanascale technologyre calculated by following this methodhd& nonlinear
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output conductance, and the crtsgnsamongd , U ,and0 are taken into
considerationTheclosedform ( $ and( $ expressionsrederived which can

give designersnore insightinto the nonlinearityand are helpful to interpret the
simulation results. The distinct distortion behavior of raoaleCMOS BD/GD

RF amplifier is illustrated and explained by both simulation data and analytical
calculation. The distortioraware design guidelisefor nancescale BDGD
amplifier are providedA current model is modified for BD MOSFET in order to

calculate tle distortion accurately.

CHAPTER 5

To improve the IIR of BD differential amplifier, a modified IMinjection method

is proposegwhich utilizes the controlled phase shifttbe IM, at low frequency.

By analyzing the generain and cancellation of IMusing \Volterra series on the
system level, it is realized thatproperphase shift of the injected IMs beneficial

for maximizing the IM reduction. Simulation results show that this method can
greatly improve the IIPof the nanascale BD differential amplifier without gain

decrease or noise penalty.

6.2 THE ORIGINAL CONTRIBUTION S OF THIS RESEARCH W ORK

The original contributiosof this thesisaresummarized as followingvhich can improve

the performanceand/or extend theapplicdion of BD circuits in nanecale CMOS

technology

1 To demonstrate the importance of proper model selectioncongprehensive

analysis about different BD mixer topologiesd different LO waveforms and
fed-in positions isperformed by using the sgrelaw model, whichremedythe
shortage of the former analysithe concise results of the analysis can be readily

interpreted owing to the selection of the sqtiare model.
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For the first time, the compound miximgechanism of BD mixer is identified. Thi
compound mixingnechanism is proved for BD mixer with sinusoid LO signal and
without tail current source, which is the most comiyarsed structure in LVLP

applications.

Based on the theoretical analysis including thetbobshold conduction, it is fodn
that an optimal biasing conditicexits for HMR of BD mixer with sinusoid LO
signal and without tail current sourCkhis isanew application of BD mixethat is
substantiated by measurement resultsis analysiss accomplished bysing a
model| which is qualitatively accurate in the stiweshold region it also

demonstrates the importance of model selection.

Using \olterra series, a comprehensive distortion analysis of-s@eBD/GD
RF amplifier is accomplished by including thenlinear output aoductance, and
the crosgermsamongy , U , and 0 , while oneor both of them were

commonlyexcluded in the nonlinearity analysis of longer channel CMOS c#rcuit

The closedform ( $ and( $ expressionsare derivedvhich not only coincide
well with simulation results, but also unveil and explain some distinct distortion
behavior of nanscale CMOS amplifierTo calculate the HD accurately, a
guantitatively accurate current model for nawaleMOSFET is modified to &

adapted to BD application.

It is demonstrated that it is crucial to include th&put conductance, and the
crosstermsinto the nonlinear analysis of nasoale CMOS circuit. They are
significant to demonstratewhy the tradeoff between power consumpti@and
distortion generallydoes not apply inhe case ohanescale MOSFETand why

there is an optimal operation region for seconder nonlinearityAlso, they are
important to understand why the effect of the source degeneration resistor becomes

biasdependent.
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1 By using Volterra series which contain the phase informatioanalyze the IM
cancellaion, it is proved that the phase shift of the injectedisls to be controlled
and utilizedo realize the maximum IMsuppression; otherwise tpherformancef

IM, injection is limited.

1 Based on the analysis, the modified:liMjection technique iproposedvhich can
improve the IIR of the nanascaleBD differential amplifierconsiderablywithout

gainor noise penaltyl'he IM; injection circuit only consumed4 JA current.

6.3 SUGGESTIONS ABOUT THE FUTURE W ORK

This research workoverson the functionality and new application of BD mixer, the
distortion analysiand the linearization technique of RF amplifiemianaescaleCMOS
technologylt would be interestg to further study the nonlinearity of BD mixé&ithough
the nonlinearityof the GD Gilbert mixehas been elaborated [B2], [156], [158], [159],

BD mixer may have distinct nonlinedrehaviordue to its characteristicSince mixer is
time-varying circuit, ime-varying \Volterra series andhé¢ current model modified in this

work mightbe appliedor the quantitative analysis

One disadvantage of BD circuits is its relatively large noise. Noise analysis and
compensation techniques of BD circuits shée befurther stuied. For examplethe roise
analysisof BD mixers and the comparison tife noise between BD and GD mix@he

latter was reported if156],[160]-[161]) can be another interesting research tdpiorder

to analye the noise of nancescale BD circuitsaccurately the noise mechanism in
nanescale CMOS shouldbe included such as thgate leakage curremtnd the flicker

noise hence, the noise model and the noise expression should be modified accordingly.

Some wideband linearizatiotechniqueswhich are effective for nanscale BD circuits

can be furtheinvestigated The existent techniqueer GD circuits as postistortion
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[147]-[149], noise/distortion cancellation [15[1]53], feedforward [154], [155] and using
negative impedase [156], [157] may need to be modified according to the feature of
nanescaleBD CMOS. These techniquasight be re-studiedby using Volterra series and
including the effects of the nonlinear output conductance and theteross \Volterra
series with @ebyshev expansiorfd62] can be employed when analyzing circuits with

large input signal, such as power amplifiers.

An n-type BD MOSFET must reside in a tripheell structure. Only in this way, the input
signal at the bulk terminal is not connectedhe buk terminal of another BD MOSFET
via the common substrate. However, the trpll structurerequires a much larger area
due tothe minimal welto-well space requiremenMoreover, the parasitic capacitor
between pwvell and deep +well may degrade the circuit performanceherefore, a
modified layout technique for BD circuit is desirabiehich can reduce the area and the
parasitic capacitoDeep trench isolation can be applied to improve the layout efficiency

[9]; however a techniqu&hich does not require special process is more preferable.

BD and GD techniques can b@pliedat the same time, i.e. dynamic threshold voltage
MOSFET (DTMOS)in which the bulk is connected to the gate. DTMOS has been used to
increase ICMR of analog cuds under low supply voltage [163]. However, most of its
applications were reported in micrgnale CMOS technology. In order toibgplemented
successfully in nanscale CMOS technology, its charadd#cs, such as nonlinearity and

noise, need to be stied first.

Moreover,BD technique might be combined with other LVLP circuit techniques, such as
floating-gate or quasiloating-gate. A BD quasifloating gate current mirror has been
reported in[164], which works under supply voltage as la® w @ ). These

combined techniques can be further explorelet@pplied tatherLVLP circuits, such as
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amplifiers and OTAs
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APPENDIX A

1. Maple program used to obtain the HD expressions of BD amphiitaout the source

degeneratio resistor

# First order Volterra Kernels

# Matrix as the denominator

Gin—i—s-<C1 +C2) —s~C2
Al =

gmb—s'C2 gO+GL+s-C2
detAl := LinearAlgebral Determinant](Al) :

# Matrix of numerator 1

G =56,
0 g, + GL + s-C2

Bl :=

detBl := LinearAlgebral Determinant](B1) :

# Matrix of numerator 2

Gin + s-(Cl + CZ) Gin
El ==

gmb - S.CZ 0

detEl := LinearAlgebral Determinant](E1) :

# Calculate the kernels

detBl
= S_’(det/u) '

detEl
s—| ——— |
detAl

=
I

1:_
2

# Second order Volterra Kernels

I 2gmy = Kzgmb'(o - Hll(x))'(o - Hl](y)) :

INL2go = Kzgo'(le(X) — 0)-(H1 (v) — 0) :

. 1
lNI,ngbgo - 5 ( K2

)

gmbgo (
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#Matrix of the denominator

- Gin—i-(x—i-y)'(Cl—I—CZ) -(x+)-C,
g8, — (x+¥)C g, +6 +(x+y)C,

detA2 = LinearAlgebral Determinant](AZ2) :

#Matrix of numerator 1

0 -(x+y)-C,

oy ~ INLogo — INLzgmbeo 8o T 6 T (X ¥)-G,

detB2 := LinearAlgebral Determinant](BZ2) :

#Matrix of numerator 2

Gin—i-(x—i-y)‘(Cl—i-CZ) 0

8y, — (X 5)-G, INL2gmb — INL2g0 T INL2gmbgo

detE2 := LinearAlgebral Determinant](EZ2) :

#calculate the kernels

detB2
H, = — |
p =6y = [detAZj
detE2
sz = (% Y)_)[ detAZ) ’

# Third order Volterra Kernels

T\ = Kggmb-(o—Hll(a))'(O—Hll(b))-(O—Hl (c)) + %K2gmb.((o—}111(a)).(o
(b)) (0~

— 1, (b c)) + (O—Hl( )( L (a c))—;(O—Hl (c))-(O—Hzl(a, b))) :

1 1 1

. 2
N30 = K3go~(H12(a) -0 -(le(b) — 0)’(H12(c) — 0) + §~K2go'(H12(a)-H22(b, c)
+H1 (b)-H2 (a, c) +H1 (c)-H2 (a, b)) :
2 2 2 2
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et = %-Kzgmbgo-((—Hll(a)-Hz (b, c)) + (—Hl (5)4, (& c)) + (—HI (c)-H, (a

1 2

2
-K32 gmbgo-((—Hll(a))-( —Hll(b))-le(c) +

b)) + (—HZ (a b)-H, (c)) + (—Hl(a, 0)-H, Eb) + (_Hz (b, C)'le(a))ng
-H (b)-( —H (c)\-H (a) ~|—l-K :
1 1 ) 1 )]){ 33 (

#Matrix of the denominator

5 Gin+(a+b+c)~(C1+C2) -(a+b+c)C
g, (a+b+c)C g +6 +(at+b+c)C

detA3 := LinearAlgebra[ Determinant](A3) :

#Matrix of numerator 1

0 -(a+b+c)C,
B3 =

IN3gnb — INL3go — INL3anbgo 8o T 6 T (at+b+c)G

detB3 := LinearAlgebral Determinant](B3) :

#Matrix of numerator 2

. G,y + (a+btc)(C +G) 0

gy — (atb+c)G INL3gmb — INL3go — INL3gmbgo

detE3 := (Gin +(a+b+ c)-(C1 + CZ) ) '(jNLBgmb — jNLBgo — jNLngbgo) :

#calculate the kernels

detE3) .
detA3 )~

H3 = (a, b, c)—>(
2

1

First ==V, -‘H (s)] :
1in 9

1
S d= —-
econ 5

2

2 .
Vin"H 2(5, s)| :

1.3 )
Third = 4-Vin-‘H32(S, s, s)|:

#Calculate harmonic distortion
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V2 H32(s, S, S)
HD3 == —=.
3 4 H, (s)
2
v H22(s, s)
HD2 == —*.
2 H, (s)
2

2. Maple program used to obtain tH® expressions of BD amplifier including the source

degeneration resistor.

# First order Volterra Kernels

# Matrix as the denominator

Gin+(C1+C2+C3)'s —S‘C2 —s~C3
Al = gmb o S‘CZ go + GL + S'CZ _gmb o go_gm
8, — 5l "8, sC+0s+eg, e g,

detAl = LinearAlgebral Determinant](Al) :

# Matrix of numerator 1

Gin —s~C2 —s~C3
Bl = 0 go+GL+S.C2 _gmb_go_gm
0 -8, s-CS+GS+gmb+go+gm

detBl := LinearAlgebral Determinant](B1) :

# Matrix of numerator 2

Gin+(C1+C2+C3)-s Gin —s-C3
El :== 8 S'Cg 0 T8 T 80 T 8y
—gmb—s~C3 0 s-C3+GS+gmb+gO+gm

detEl := LinearAlgebra[ Determinant](E1) :

#Matrix of numerator 3
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Gin+(C1+C2+C3)-s —S'C2
Fl = gmb—S‘C2 gO+GL+s'C2
_gmb_ S'CB _go

detF1 := LinearAlgebral Determinant](F1) :

# Calculate the kernels

H o= g [ detBlY
I detAl ) -

— oo detEl
L detAl

o= S_)(detFl) :

=
I

13 detAl

# Second order VolterraKernels

g ogmy =
gmb

G,

in

0
0

INL2go 7= K2go'(H1 (x) _HIL(X)).(HI (v) —H, (y)) :

. 1
INL2gmbgo 5'( K

—th ()Y (B

gmbgo

(x) —ng(x))) :

1
\/Lnggmb - 5 ( K gmgmb (

()

#Matrix of the denominator
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A2
= HGin+(Cl +C2+C3)'<X+Y), -(x+y)-C, —(X+y)-C3],
(8 —(x+9)C g, +6 + (x+1)C -8, —8 —8]

(]

[—gb—(x+y)-C3, -8, (X+y)-C3+GS+gmb+go+gm]]:

jul

detA2 := LinearAlgebral Determinant](A2) :
#Matrix of numerator 1
HO (x+y)- (X+y)-C3,
[ N2gnb ~ INL2go — INL2gn™ INL2gmbgo — INL2gngo — NL2gmemyy 8o T 0L T (X + )Gy
8., & gm],
[_ Iy ogmb T Ini2go T Inogn T Iniognbgo T INi2gmgo T INLogmgny ~8y (X )G+ Gy
+g,te + gmH :

detB2 := LinearAlgebral Determinant](B2) :
#Matrix of numerator 2
=[G HEHGHG) (x#9): 0 -+ G)
[gmb — G Ay ey T Iniogo ~ INi2gn” INL2gmbgo  INL2gmgo — INL2gment ~ Sinb
—8,— gm],
[_gmb ~ G iy T Inisge T Inogn T Iizgmbgo T N 2emgo T IN2gmgny (X
y)-C3 +G6+g, T+ gmH :
detE2 := LinearAlgebral Determinant](E2) :
# Matrix of numerator 3
F2 = HGin +(Cl + C2 + C3) '(X-l- y), -(x+ y)~C2, 0],
[gmb — (A 0)C g, 6 A (X H V)G o T Tnisgo T INi2gn” INL2gmbgo
- iNLnggo a iNLnggmb]’
[_gmb — G 8 e T Tvioge T Ivisen T Inizgmbgo T INe2gmgo

+ lNLnggmb] ] :

detF2 := LinearAlgebral Determinant](F2) :
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# Third order Volterra Kernels
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] 1]
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