Tunable Filters and Interference Rejection System for
Interferer Suppression at RF and Microwave Bands

Laya Mohammadi

Dissertatiorsubmitted to the faculty of thérginia Polytechnic Institute and
State Universityn partial fulfilment of the requirenrgs for the degree of

Doctor of Philosophy

In

ElectricalEngineering

Kwang J. Koh
Sanjay Raman
DongS.Ha
Jeffrey H. Reed
Guo Q. Lu

August 9, 2016
Blacksburg, Virginia

Keywords: RF and microwave frequencies, baads filter bandstop filter,
interference rejection system

Copyright 2016



Tunable Filters and Interference Rejection System for
Interferer Suppression at RF and Microwave Bands

Laya Mohammadi

ABSTRACT

Contemporary wireless systems have advanced toward smart arfdmotibnal radios such as
softwaredefined or cognitive radios which access a wideband or multiband spectrum
dynamically. It is desirable for the wireless systems to have high frequency selectivity early in
the receiver chain at RF to relax the dynamrmge requirements of subsequent stages. However,
integration of high selectivity RF basmhss filters (BPFE) or bandstop filters (BSF)is
challenging because of limited quality factor (Q) of passive components in integrated circuit (IC)
technology [1].

This proposed research achieves the followings:

1. Developng, and demonstratingnnovative integrated barnghss filter that relaxes the
performance tradeoffs in conventional LC filters to maximally increase filter reconfigurability in
frequency tuning rareg (218 GHz), selectivity (Q=5~100) with superior dynamic range
(DR>100 dB) at RF to microwave frequency rafigje

2. Implementingactive notch filter system comprised of ee@hancement banghss filter (BPIF

and an alpass amplifierThe notch resporss synthesized by subtracting the BPF output from
the allpass output. In the proposed synthetic notch filters, the BPF is responsible for defining
selectivity while stogband attenuation is primarily dependent on the gain matching between the
BPF and dlpass amplifier. Thefore, notch attenuation ontrollable independently from the
bandwidth tuning, providing more operational flexibility. Furthéhe filter dynamic range is
optimized in the alpass amplifier independently from the selectivity conin the BPF,
resolving entrenched tradeoff between selectivity and dynamic range in activd3ilters

3. Demonstrating ite mode reonfigurable LC filter thatworks in either BPF or BSFfor a
flexible blocker filtering adaptive to the dynamic blockevieonments.

4. Implementing a novel feedbablased interference rejection system to improving the linearity

of the BPF for high Q cases, in which the BPF Q is set to a specific value and further increase in
Q is achieved using feedback gain. And finalhg second LC tank is added to increase the out

of band rejection in bangass characteristics.
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As many radiosoexist and interference environment becomes more hostile and dynamic, it is
critical to establish high frequency selectivity at the earliest possible stage in a receiver chain to
avoid desensitization with a minimal power penatistorically, bandpassfilters and banetop

fillers have been used to avoid the receiver desensitization, however, the design-of band
pass/banetop filters are more challenging at radio frequen@®s.

There are different type of RF filters includif@grenhanced LC filterand Npath filters. Q-
enhanced LC filters have been widely investigated for filtering blockers, but only with limited
system applications due ® narrow dynamic range (DRWhile, recently Npath filters are
gaining growing attention, a high selectivitgmes at the cost of system complexity and power
penalty thereof: due to the inherent array architecture driven by multiphase clocks, the dynamic
power dissipation in the J{dath filter will be proportional to the increase of the filter center
frequency (f§ claiming > 10 GdopmjectmdVover hO&Hor tinktance.f ¢
Therefore, designing echip RF filters are still challenging due to the strong tradeoff among
selectivity, dynamic range, and power consumption.

The main goal of this research isrealize a high performance -@hip filter which is capable of
mode switching between bandpass (BPF) and bandstop (BSF) for a flexible blocker filtering
adaptive to the dynamic blocker environments.
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Chapter 1: Introduction

As many radios coexist and interference environment becomes more hostile and dynamic, it is
critical to establisthigh frequency selectivity at the earliest possible stage in a recgiaan to

avoid desensitization with a minimal power pen{)¢[6]. Figure1.1 shows the block diagram

of the receiverin presence of the strong blocker. It should be mentionedithatideband
wireless receivers the ethip bandpass filter (BPF)which comes after the antenna may not
have enough tgnuation for strong blockerplocker power as high as 0 dBm) due to limited
tunability. This strong unwanted signal may saturate or desensitize the receiver due to either the
nonlinearity of subsequent blocks or intermodulation products.

1.1 Receiver interference problem

The possble approacho overcome the interference problesmto use either band pass filter
(BPF)with high selectivity to keep the desired signal and reject the unwantedobasd stop
filter (BSF) to reject the blocker. In either approach the receiver fodtshouldhave enough
attenuation for strong in band or out of band blockergprevent thereceiverfrom being
saturated and relax the following blocks

L

A
Tunable
BPHFBSF

Figurel.1: Block diagram of receivan presence fostrong blocker.

Although many researches have been donedifferent receiver block to improve the
performanceof RF blocks theuse ofRF filtersis still limited due totheir poor performancgr]-

[11]. The required osthip bandpass or bandtop filters should meet the system requirements
such as wideband frequency tuning, bandwidth tunidgpendent from frequency tuningigh

input compression point and therefore high dynamic range. In addition, it is necessary to have
variable gain and robustsgto large interfere.
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Figurel.2: RF and analog band pass filtadternativeg12].

Figure 1.2 showscommon structures for RF and analog filtedsl passive filters in either
microstrip or MEMS suffer from tradeoffs amongst selectivity, loss, and volume: the higher
selectivity, the more passband losses, and the larger volL@heT herefore, passive filtsrare

not a suitable option when high selgityi and variable gain is requiretlowever, active filters

are more feasible with RF requirements. The main active filter categories are as follows.

12 Active Filters

Usually the RF active filtersuffer from tradeoff between selectivity and dynamicnge: the

filter noise and linearity performances tend to be degraded when increasing the filter Q due to
higher noise and nonlinearity by the transistors in the active fikets:e filters utilizing active

RC orGm-C filters are low frequency approachedthough,Gm-C filters can operate in higher
frequencies than actiMRC filters, still their operation frequencies are mostly MHz or low GHz
range. Also, they have poor performance in terms of dynamic raBg& he main problem with

on chipLC filters is the limited quality factor of on chip inductor and capacitbrsorder to
achieve a high Q inductor, active inductor techniques have been widelyl@s¢HH].

13 Q-Enhanced LC Filters

Historically, @enhanced LC filters have been widely investigdte filtering blockers, but only

with limited system applications due tmarrow dynamic rangédbR) [16]-[21]. The filter noise

and linearity performances tend to degrade as filter Q increases due to transistors creating highe
noise and nonlinearity It is shown in 12] that the dynamic rangéDR) of the gmC filters
depend on 1/ while the DR of the @nhanced LC filters depesidn Q/Q? where Qs the

quality factor of orchip inductors. Therefore, in general -©@nhanced LC filters have higher
dynamic range than gi@ filters. Also, Qenhanced LC filters are better choices for high
frequency applicatiossince as frequency increases, their size decreases.



14 N-Path Filters

Recently, Npath filters are gaining growing attention and can achievgradelectivity (Q>50)

with relaxed compromise of dynamic ran@2]f[27]. However, the high performance comes at
the cost of system complexity and power penalty thereof: tHpatN filters require #N mixer
array and multphased LO driving circuitry digsating dynamic power proportional to the
increase of filter center frequency. For instance2#, [the power dissipation grows from 3.6
mW at 100 MHz to 43.2 mW at 1.2 GHz. The projected power dissipation at microwave range
(e.g. >10 GHz) could be prohilie for mobile terminals, let alone the difficulty in creating
precision multiphased LO signals at such high frequencies, likely limiting the application space
bel ow ~16s GHz range. F u-path raeay will @eatg LOmspwranat c h
hesitatng its application to sptsensitive defense systems. Also, it willdehallenging task to

add the function of BREO-BSF mode reconfigurability in the-path filters. Therefore, there is

still a compelling research need to resolve the intrinsic proldérperformance tradeoffs in
active filters and thus to provide more powvedficient, hardwareeconomic, and robust filtering
solution in addition to filteimode reconfigurability adaptive to blockers environment.

Based on the brief review on active dil§, Qenhanced LC filterhiave higher DR than gi@

filters and lower power consumption thanpdth filters at RF and microwave frequencies.
Therefore, Qenhanced LC filters are the best candidate for high frequesadigation;however,

as mentioned in séion 1.3 the strong tradeoff between selectivity and dynamic range is the main
issue for this type of filters. Chapter 2, will analysegrfanced LC filter in more details and
the proposed techniques which improve the DR of the BPF significaititlye discussed.



Chapter 2: Q-Enhancement Tunable LC BandPass
Filters

This chapter introduces a newed@hanced LC filter topology which adopts both curemtd
voltagemode drivers for more operational flexibility in the lineamityise tradeoff space. By
applying a linear varactor control scheme in addition to a gain peaking technique enabled by a
dynamic negative resistance cell, the proposed LC filter achieves one of the best dynamic range
performancescompared with prior state of the art works.

2.1 Curr ent-Driven BPF vs VoltageDriven BPF

Figure2.1 shows two types of L&esonator based-@nhanced BPF topologies. For both cases, a
negative resistanceRp) is added to compensate a finite frequedependent L&@ank loss (R)
sothat the overall filter Q is not limited by th®& but is controllake by R. Each filter topology
has its unique opportunity in the RF design spabe. currenddriven BPF inFigure2.1(a) can
achieve larger signal gain with loweoise figure NF) than the voltagenode BPF at the cost of
lineaity degradation that will be particularly severe when the filter Q an&eases. Whereas,
in the voltagedriven BPF inFigure2.1(b) maximum signal gain is limited to unity regardless of
the filter Q as long as thé&, compenates the tank loss completely. Therefore, with little or no
suffering from the gaktdependent nonlinearity, linearity performance of the volédgesn BPF
will be less sensitive to the increase ofH@wever, output noise power by the LC tank and the
active negative resistance will be proportional to the increase, oégulting in asuboptimal NF
performanceompared with the

¥ 3dB

1

> freq

H ! - & BWH/Q
DS SR BPF G(RI/RX(CIL)2

R R + 1 A * 3dB
Ve LFc 3Rl 3r Vo™ ;/,,
! o —» € BWH/IQ
S, - BPF GRROX(CLY2

> freq

Figure2.1: LC-resonator based'®order bandpass filter (BPF) topologies: (a) curdnten BPF and (b) voltage
driven BPF. Rrepresents finite driving source resistance in each case.
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Figure 2.2: Switch-capacitor trad®eff between Q and tuning range, (a) Q of the swdapacitor versus switch
width, (b) Tuning ratio (G/Co) versus switch width.
currentmode BPF. In terms of selectivity, theusce resistance,Rin the voltagenode BPF is
added incrementally to the filter resistance, not limiting the filter Q. But tha e current
mode BPF will load the LC filter, potentially limiting the filter Q. In practice, however, by
increasing thestrength of the negative resistance, the limitation of thenRhe filter Q can be
eliminated. The proposed BPF shownFigure 2.9 utilizes both curreatand voltagedriven
structures so as to optimally leverage the distinctive merits of each topology depending on

system applications and requirements.

2.2 Varactor or Switch-Capacitor to Achieve 2:1 Frequency Tuning

To achieve 2 frequencytuningrange, the capacitance ratio should be at leastrdaddition to

the tuning ratio, quality factor of the capacitor is also important because lower Q needs more
negative resistance to compensate limited Q of the capacitor and tbguefeer dissipation,

noise and, nonlinearity increase.

The first and simplest approach for frequency tuning is a swdplacitor network[28].
However, switch parasitic will limit the tuning rangéigure 2.2 compares a varactor with a
switch-capacitor in terms of Q and tuning ratio for the same capacitance value. NMOS varactor
with 1 pF at 4 GHz which has more than 4:1 capacitance ratio, can achieve Q@b&in

same Q using switch cap, switch widshould increase (switch @asistance is inversely
proportional to the MOSFET width). As the switch width increagescreases at the cost of
higher parasitic which limits the tuning randgeégure 2.2 (a) showsthat theswitch width for

Q=43 should be at least 56@n. By setting W=56@Qm, the capacitance ratio when the switch is

on to the off state would be 2(Figure2.2 (b)), therefore 4:1 capacitance tuning is not possible
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using switch-capacitornetwork. The second option to obtain frequency tuning is varactor, in
which large capacitor tuning with high Q is possible. However, wNAHOS varactor
experiences shargransition fom accumulation to saturationFigure 2.3) it generates
nonlinearity, which is of the main nonlinear elarteein filter design and limitshe dynamic
range[29]. In section 2B, varactor nonlinearity is explained dthe proposed varactor control
technique to overcome the dynamic range problemehanced LC filterss discussed

2.3 LC-Tank Nonlinearity

Varactor and negative resistance cells are two dominant nonlinear sources {arthar@ed LC

tank In this setion, first, the nonlinearity of a varactor is modeled with a truncated power series.
Then, a nonlinear passive feedback model has been degdopformalize the nonlinear
coefficients of the LC tank with the varactor and thereby to develop a close@xXpressioror

1-dB gain compression point g). Finally, the nonlinear feedback and mathematical models
are expanded by incorporating the nonlinear effect of the negative resistance to fully address the
Q-enhanced LC tank nonlinearity.

2.31 Nonlinearity in the Varactor

In general accumulation mode MOS varactdfgyre 2.3), when the control voltage of the
varactors passes the accumulation m@de), the varactorexperiences a sharp nonlinear
transition in the depletion mode (), causing a sever®nlinearity until the varactansaturates
to its low limit () [29]. To explore the nonlinearity of the MOS varactor, its nonlinear
varactance@y) has been modelled with a truncated power series around the DC quiescent point
(Vclpc=Vo), which is expressed as:

6 ® 6w Yo 6 6 Yo 6 Yo

v

, where W 0 Yo p
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varactor is replaced with the nonlinear varactance model develogéduire 2.3 around the output DC operating

point (VDC=VO). The IC tank loss contributed by tHimite losses from the inductor and varactor is collectively
representetly R,.

where DV is the AC component of the varactor output. Theia fixed linear capacitance
dependent on the DC operating point. The [E/V] and Gy [F/V?] are first and seconarder
nonlinear capacitive coefficients that can be extracted by taking frsd €®condorder
derivatives of the varactance with respect to the applied DC control voltage as shown in
Figure 2.3. The Gy1 hasalways negative value addressing monotonic decrease of capacitance
versus the incremental voltage vapoatof DV, whereas , experiences its polarity change in

the middle of the varactance excursion accounting for the quadratic capacitance variations before
and after the middle point iigure2.3. The incremental charge acrole nhonlinear capacitance

can be given as

Q0w 0 w Xw8 C

Consequently, the time varying current across the capacitance can be expressed as

R ) .. o
Qw or 0 W QQ—
Q. Q.. Q.
6 g0 — Ko —%Rd®
T 6 — Yo — Yo Y8 o

Thus, in AGwise the Gz becomes half andyz becomes a third ofstoriginal value.
2.3.2 Nonlinearity in the LC Tank

In the LC tank comprised of an inductor and nonlinear MOS varactagure2.4, the nonlinear

MOS varactance around its output DC is replaced with the nonlinear modebmkvéh (1). In

the equivalent circuit drive by a linear current source Figure 2.5, iN1 and f, represent the

2nd and 3rd order nonlinear currents, corresponding to the second and third terms inside the
parenthesis in (3)espectively. In a small signal approximation or weak nonlinearity, he C
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Figure2.5: Nonlinear feedback model of the LC tank: (a) transimpedance network model of the linear portion of the
current driven LC tank, and (b) nonlinear current feedback model of the nonlinear capacitances in the LC tank.

Cn1 and Gz would not change with a small enough disturbancepéf In sucha case, by
configuring a differential circuit, the 2nd order nonlinearity in (3) would be negligible and the
linear current can be approximateml OV/R,, at center frequencyTherefore, the peak voltage
magnitude that causes 1 dB compressidheatesonance frequency can be found as
o, T pY T _0

] © §0 UL D 8
. where 1 pi 06 “e® 1 YO8 T

This is valid when the varactor is biased in the flat regionsand in Figure 2.3. It is
noteworthy thatYe j; is inversely proportional to the Q, addressing the ingrained tradeoff
between selectivity and linegyriin varacor-tuned integrated LC filterdn the heavily nonlinear
region ¢egion in Figure 2.3), however, a small variation oV could cause substantial
changes othe coefficients of ¢ Cyi and Gy, invalidating the smalsignal approximation. In
this strong nonlinear circumstance, WBig; cancellation effect becomes lgg®minantand the

2" order nonlinearity can affect th& 8rder nonlinear distortion.

Yo | JQ | 3Q | JQ8 v

In the feedback modeDV can also be given as

Vo Qa1 0 0 Q3]
08 .. 8 .
0 Q]c Vo QTya) B8 o



In (6),d 1 can be approximated to (7) for each differeurrent.
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It should be mentioned that only the fundamental component of‘tbed®r IMD products will
be of concern. Thus, the tank impedance is approximateg, forRy. in (7). At resonance,
applying (7) to (6) results in

o, . 1 6 Y ., VoY ..
Yo QY ——Yo —Vo8 g
(6]V) o
By substituting thé/a in (6) with thepower series in (5the nonlinear coefficients;, a,, and
as under the feedbackan be found and the results are given inr({92) (seeAPPENDIX A for

more details).
Y 8 w

-8 p Tl
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In order to findY®w  (5) needs to be transformed to its Thevenin equivalent form which can be
done by replacing thig with vJ/R,, resulting in

Ya o 2 0 2 0 8
w | v | v | v pPC
Consequently, th¥w ;  will be found to be
Yoo i ooy MIRO 0 2 0 8
Wp € T[& T 3 s L’T‘) $ s p oo 6 po
Apparently, (13) will be reduced to (4) whén Tt It is also noteworthy thaven ifo T

Yo i will be limited to ¢T0 2% j 6§ still being affected by the"2order nonlinearity and
being traded with the filter Q. The eet spot where peadko;  will happen is around the bias
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Figure2.6: Nonlinear feedback model of thegphanced LC tank. It is assumed that unlike the varactor, the
negative resistance circuit would maintain a weak nonlinearity, preserving a small signal approximation. This allows
rejection of the second order nonlinearity using a differential circuit.

point where6 ¢0 0 . The verification ofthe mathematical model through CADENCE
simulations will be provided after completing the discussion by including the nonlinearity of a
negative resistance unit in the following section.

2.3.2 Nonlinearity in the Q-Enhanced LC Tank

Figure 2.6shows the nalinear feedback model of the LC tank of which loss is partially
compensated by a negative transconductoruitiro enhance the Q of the LC tank. The
nonlinearity of the negative transconductance is modelled using aténneg@ower seriesgm:
(-1/g.=-Ry) represents a linear transconductance supplying current proportidfiaitoothe LC
tank, and g, and g are the ¥ and ¥ order nonlinear coefficients accounting for the distortion
of the replenishing current. It is assumed that the transcondwotadd suffer from a weak
nonlinearity preserving small signal approximation over the cours¥uwobwing allowing
rejection of the even mode distortion by utilizing a differential circuit. Unlike varactor, this
should be a valid assumption for typical ferential active circuits under small signal
perturbation. Thereby, in general different@lenhanced LC tanks, the nonlinearity of the
negative transconductor will be dominated by the 3rd order nonlinear current which can be
modelled in parallel with thearactor nonlinarity in the feedback system kigure 2.6.

The net effect of th@onlinearity of the negative transconductor is the modification of the 3
order nonlinear coefficient in the feedback model. Thilgshe mathematic expressions made in
the previous section will holdy replacing these parameters,

P
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If we introduce a new power series to describe the nonlinearity oeduabéack system iRigure
2.6 as

Yo 1T 3Q 1 00 1 20 P X
Then,
I Y h Py
T 1 6°Y 5
ol P
L 0 6
f Y 8%— p C - Q 8 qm
o 60
Therefore, complet¥c,  including the nonlinearity of the negative resistance circuit will be
given as
Yo, eTmpTt DT—C)Y
¢ 8
™ ovo cO oQ
O30 p — = 8¢ p
L D 8 ad 6 1 6

2.3.3 Verification of the Nonlinear Models

The simulation schematic to verify the nonlinear mathematic models of (13) is illustrated in
Figure2.7. For plotting input 1dB compression point (U8) based on the theoreticajuation,

the nonlinear coefficients of the varactor need to be obtained from simulation. Therefore, the
effective capacitanceersusthe voltage across the varactor is plotted using Cadence and the
required coefficients are extracted by taking the firet aecond derivatives of the capacitance
with respect to its voltage. Hgsis then plotted by plugging the numbers from capacitance
characterization into equati¢h3. The value of Q is calcul ated
for the effective resistance and inductance of the,tesdpectiely. As can be observed from
Figure 2.7, the nonlinear modelling of the varactor is validated & @Hz, whichis one of the

target frequency bands of this work. It is noteworthy to mention the frequency in which IP
1gsreaches its maximum is very sensitive to the value @fa@d G, and depenslon how
accurately the coefficients are modelled; the frequency of perfect coeffiaieoellation varies.
However, the overall nonlinear behavior of the capacitance remains unchanged regsdrdless
characterization resolution.

11
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24 Q-Enhanced LC tank noise model

Figure2.8 (a) shows the main noise sources in theranced LC filter. To relax the linearty
noise tade off space, Qand Q are deriving the LC tank as a voltage mode and current,mode
respectively. Negative resistance is the main source of noiseemhgnced LC tanlkas the Q
increase, the negative resistance strength increases, thus noise inGteas@enhancd filter

NF can be expressed as

~pP P Q. l N
6 “O TU & 'Y O \I rQ -Y r Q Q
P 0" 1T
Y "
>r—
p O Y <6

In which k=k1/2R., re=1/gmn2, Gm=1/(rez+Rg), anda(gm3stdds3 iS the noise of the triode NMOS
in parallel with a resistor that ctvols the negative resistande (22) the first term is due the
matching resistor and the second term is due to the LC tank and dnvéneproposed filter,
noise due to Rand R are negligible, therefore 1jRind (1+k)/R are much smaller than other
terms and will notbe consideed furtherfor analysis. Current driver and variable resistor in
negative gm cell are dominant noise sources. Mite22) based othe gain and quality factor
of thefilter:

Y
0 p OY QYin% Co

In which R¢—=Ry||Rgm, and 1/2 is due to §0matching.
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Figure 2.8: (a) QEnhanced LC tank noise model including voltage drivel) @d current driver (§). (b) NF
versus Q of the filter for constant gain of 10 dB for simulation and eq. (26).
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Therefore, NF based on tgain andQ of the filter is
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Figure 2.8 (b) shows the NF versus Q in simulation using CADENCE with dBBICMOS

IBM H8P modelas well as the model ¢26). For noise analysis, the total gain of the filter is
consideredhs10 dB for all Q cases. Thdoge, as Q increases, the total tank resistance increases
so the R should increase to decrease the gaitheturrent mode driver and keep the total gain

of the filter constant. This generates more noise since by increasing Q, current driver path is
turning off gradually to keep the total gain of the filter constant.Figire 2.8 (b) shows, in

lower Q case simulation and (26) have dB difference due to NF approximation, but as Q
increases, negative resistance noise contribution is much higher than the terms which are
neglected so, theory matches the simulation very welldétfvation details for (22) and (26) are
shownin APPENDIXB.
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ol llll-|' IS > Table I. LC Tank Parameters
o | ; ‘A .." Frequency L (pH C(pP The Intrinsic LC Tank Q
s | ', ‘A/‘ ‘,' 24GHz 832 1361 1420
g o 48GHz 325 142 1424
10 | A 58GH 816GHz 125  07-3 1329
--@--816GHz

1 3 5 7 9 11 13 15 17
FrequencyGH2

Figure2.10: Intrinsic LC tank Q for 2.28.5 GHz, 48 GHz and 816 GHz designs
2.5 Bandpass Filter Design

In Figure 2.9, Qy, drivesthe LC filter tank in voltage mode with ~1% driving impedance
(Ibias=1.5 mA/path) while the degenerated variable gain transconductor composggarfdQ

Re drives thepassive filter network in currembode (hias=1 mA/path). The range of varistance
by Rs andtriode NMOS is 10~45Q . Decreasing Rmakes the current mode stronger, resulting
in betterNF. The R, however, can be set to its maximum when linearity is of primary concern.
Input matching is established with a resistor termination pf80q ), mainly for interface with

14
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Figure 2.11: Dual varactor inverse (DVI) control: (a) nonlinearity in typical single varactor control and (b) DVI
control to improve linearity of thearvactorThe var act o+weild OANEE L citrurre.
measurement equipment. The-&gQdriver buffers filter output with minimal loading effect on
the LC tank.In the proposed circuit, L and two varactorg &d G comprise the frequency
tunable LC tankTable Ishows the LC tank parameters for three different destgB<GHz, and
8-16 GHztunable frequency when including layout parasitiEigiure 2.10 shows theintrinsic

LC tank Qversus frequency which 4-20, 1424, and 129 over the frequenctuning rangeof
2.254.5 GHz, 48 GHz, and 8.6 GHz The base of ¢ is biased at ¥: andtherefore the diode
Qo setsan equal bias voltage acrosg Mdriving the M ;into deep triode region. Thus, a lower
filter Q than the intrisic LC tank Q can be obtained by controlling the MOS triode resistance in
parallel with the R (350q). The @ also provides bias current for the negative transconductor.

25.1 Dual Varactor Inverse (DVI) Control

The varactor nonlinearity is a major nonlinear source in the LC fekhown inFigure2.11(a),

when the controboltage of an accumulatiemode MOS varactor passes the accumulatiode

(), the varactor experiences a sharp nonlinear transition in the depletion mggdeausing a
severenonlinearity until the varactance saturates to its low limit)( The expressio of the
nonlinear varactance ifigure 2.11 (a) is an approximatiomsing a truncated power series
around the operating point;,@& a linear capacitance where charge)(@cumulates linearly,
creating a linear time varying aent (=G-dV//dt) for a given control voltage ¥ Cyi and G,
represent nonlinear capacitance coefficients dependent on the first and second order of applied
control voltage and therefore generdtéahd 3*-order nonlinear currents, respectively.

For dfferential LC tank, the nonlinearitgausedby Cy; will be negligible and it is critical to
suppresLy;, to linearizethe LC tank. To achieve this, a dual varadgtorerse (DVI) control
scheme is proposed as showrfigure2.11 (b). The polarityof Cy, changs approximately in
the middle of the varactance range. In th¥| control when main varactor voltage deviates
from the middle point, theontrol voltage of theauxiliary varactor Ca, movesin the opposite
directionso that G, of the two varactors can be cancelled out in the heavily nonlinear region.
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Figure2.12: IP.;45 improvementvith dynamic resistance by MOSFET size optimization

The main varactor size (or varactance rangebaf, v in Figure2.11 (b)) needs to be larger than
the auxiliary varactor size (or varactance rangB®@f » in Figure2.11 (b)) to achieve the target
tuning rangeln this design, a 3:1 size ratia<1/3 in Figure2.11 (b)) is used for the main and
auxiliary varactorsFurthermorepy optimizing the control voltages .Ig can be improved by
more than 10 dB at 3 GHz in simulation

25.2 LC-Resonator with Dynamic Negative Resistance

The negative resistance needs to be variable to get Q tunability. However, the direct control of R
will induce different loading capacitance to the LC resonator, cafi@qgency driftdepending

on the R change. This @dependent frequency error can be minimized by isoldtiagltuning
element from the LC tank. lRigure2.9, Qssand R (200q) produce a fixed negativesistance

and isolates the variable negative resistance cell composegsdR@ 4 0 0 dv} 4 framtice

LC tank.

When the LC resonator output swing is large enough thend drive M3 4 toward dep triode
region and the MOS resistance is no longer a ssigilal static resistance but a laigignal
dynamic resistance which depends thie output signal swingFigure 2.12 shows that by
optimizing the sizeof Mz sand R, it is possible to change the dynamic resistance and increase
gain peaking to achieve higher compression point. Si2¢M®S is chosen 20 um to obtain ~
1dB of gain peakingrigure2.13 (a) shows the change in negative resistarsctha output swing
increases.When the negative resistance increases, the total tank resistance will ingrease
therefore, output gain increases dhd resultinggain peaking improves power handling of the
filter (Figure2.13 (b)).
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Figure 2.13: (a) Dynamic negative resistancersas output voltage swingp) Total tank resistance versus output
voltage swing

@

Figure2.14: (a) Linearized variable negative gm cell. (b) Variable negative resistance usind\tkia® in parallel
with a resistor. (¢) Variable negative resistance using curranteso

After the compression point,s@ and Qg start to deviate from the forwasttive region,
decreasing the dynamic resistanégg(re 2.13 (b)). The composite negative transconductor
together with the variable RC enablestd3>100 of Q control range over the entire target
frequency band with stable circuit operation in simulation. The fixed negative resistance unit
consumes 2 mA and the variable negative transconductor takes/ per path from 3.3 V
supply depending on ¢hQ control.

2.5.3 NF-Linearity Tradeoff in Q -Enhanced LC Tank

As mentionedn section2.5.2 to achieve higher Ghanintrinsic LC tank Q, variable negative
resistance is requiredrigure 2.14 shows two ways to change negative resistaicgb) the
negative resistance changes using a triode NMOS in parallel witksRlescribed in LC
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Figure 2.15: Chip photogaph, (a) 2.281.5 GHz size 0.7x0.68 nf{b) 48 GHz 0.7x0.68 mm(c) 8-16 GHz
0.6x0.58 mnt, including pads.

resonator with dynamic resistance, by appropriate sizing of NMOS, the dynamic negative
resistance is obtained which improves by 2-3 dB with introducing gain peaking. In terms

of noise, Eg. (22) shows the noise contribution from triode NMOS whick{gigs*+0as3), IS
considerable and increases the NF By @B. However, if the negative resistance is changed
using a current source, there is no peaking and therefgge Weuld degrade by-3 dB, while

NF will improve bythe same factor. This design @ptimized for maximum linearity, so the
triode NMOS in parallel with a resistor is utilized to improve linearity in linearized negative g
cell.

2.6 Experimental Results

The proposed basipassfilter is designed and implemented at three different frecuéands
using 0.13mm SiGe BICMOS technology (1P7My/f2=180/220 GHz). Since the filters are
pseudedifferential circuits, highly symmetric layouts are striven for differential matching. The
chip photographs fos-band,C-band and xKu banddesigns are shown iRigure 2.15. The
silicon chips are measured after differential SOLT calibration with GSSG probes (calibration
step: ~3 MHz). 18@legree hybrid couplers are used at the input and output, for-sindésl
interface with measurement equiprhebhe BPF measurements confirm that filker Q can be
increased from less than 5 up to 100 over the entire frequency bands by controllirgatick R
Ry in Figure2.9, with stable circuit operation @actor > 1. For 24 GHz design, the measured
DC current range$3-20 mA from 3.45 V supply voltage, depending on the Q control. For 4
GhHz filter, the DC current i$7-21 mA from 3.3 V supply voltage. For86 GHz filter, the DC
current is15-26 mA from 345V supply voltage.

Filter center frequency with varactor control, 2:1 can be tunedmenisly for all measured
chips. Figure 2.16 (a), (b), and (c) show measured bass filter frequency tuning
characteristics with 0.25 GHz afdb GHz step for the-Band,C-band,and X-Ku bands design,
respectively. In this case, the BPF gains are adjustable fr@® @B for all measured
frequencies.
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Figure2.16: Measured frequency tuning chaexistic for (a) 2.254.5 GHz, (b) 48 GHz, and (c) 46 GHz.
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Figure2.17: Measured bandwidth tuning characteristic for (a) 22ZGHz, (b) 48 GHz, and (c) 86 GHz.

Figure 216 shows the normalized,Sresponse. Note that actual orchip system integration,
the input and output 5 termination may not be necessafjen without 56W matching loss,
filter voltage gain could be 12 dB higher than the measurerf&nire 2.17displays measured
BPF responses for different BPF Q settirags3.25 GHz irFig 2.17(a), at 6 GHz irFig 2.17(b)
and at 12 GHz irFigure 2.17(c). As mentioned, the resistive -§0 termination establishes
wideband input and output matching: meaduf; and $, is better than-10 dB for all
measurmentfrequencies Kigure 2.18). Since the BPF section is isolated by emittdiowers
from the input and output, the bandwidth control or frequency tuning in the B&$~rubt alter
the impedance matching performance.

Figure 2.19 (a) shows more than 8 dB improvement gfidBy the DVI control together with

the negative resistance gain peaking technique (0.4 dB peaking), compared with conventional
single varactor conttoMinimum gain ranges from 0 dB at Q=3 to ~20 dB at Q=Ks0seen in

Figure 2.19 (bpne can observe GCL6 dB gain peaking at high input power for virtually all high

Q cases (Q>30), enhancing the power handling capability of the fdjere\eals typcal filter
tradeoffs amongst gain, linearity, and NF at Q=40 (fc=3.25 GHz): when gain increases from 8 to
20 dB, NF improves from 18 dB to 11 dB at the cost afjgRlecreamg from 5 dBm to-7 dBm.
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