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invention relates to signma-delta nodul ators and, nore
particularly, to a single chip sigma-delta nodul ator
utilizing mcro electronmechanical system (MVEMS)
technol ogy and Bi CMOS technol ogy to provide a
flexible, low 15 power nodul ator. Background of the
I nvention [0002] There are two basic techni ques for
perform ng anal og-to-digital 20 conversion. An
anal og-to-digital converter (ADC) using the first
techni que, known as the Nyqui st rate technique,
%gnerates a digital signal directly in response to an
nal og i npy i an
anal og i nptt-$Lgh:
the Nyquist fre pe
frequency conponent of the input signal. The Nyqui st
rate ADC uses a series of precisely 25 matched
conponents to digitize the input signal. The
10 esol uti on and accur acy Hidld phide Invgefignst rat e ADC
depend on the matching of these conponents. However,
hi ghl y- preci se conponents are difficult to achieve in
confoeotj onal Thetpegemtmwantiinreldiot to gigrec éelmimgluladdds fiB)0®}e
An ADC usjng the second techni .. known as th .
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whose pul se density is a nmeasure of the voltage at the
1ADCewpmodulpips. si gma-delta  ADC i ncl udes a sigma-delta
nodul ator and a decimator. The nodul ator includes a WO
2004/ 095710 PCT/ US2004/ 004444 2 quantizer which
generates a digital olBapgksrowidgfithe liventi@sponse to a

filtered difference

[0002] There are two basic techniques for performing analog-to-digital

20 conversion. An analog-to-digital converter (ADC) using the first technique, known as
the Nyquist rate technique, generates a digital signal directly in response to an analog
input signal. The Nyquist rate ADC samples the analog input signal at twice the
frequency (known as the Nyquist frequency) of the highest expected frequency
component of the input signal. The Nyquist rate ADC uses a series of precisely-

25  matched components to digitize the input signal. The resolution and accuracy of the
Nyquist rate ADC depend on the matching of these components. However, highly-
precise components are difficult to achieve in conventional integrated circuit

processing.

30 [0003] An ADC using the second technique, known as the sigma-delia
technique, represents the analog input signal by generating a stream of digital samples
whose pulse density is a measure of the voltage at the ADC input. The sigma-delta

ADC includes a sigma-delta modulator and a decimator. The modulator includes a



bet ween the anal og i nput signal and a feedback signal.
The feedback signal is the digital output signa
WO e@anvyEnd ed to an anal og signal in a digital - POFERZNOW4444

converter (DAC). The nodulZator is oversanpl ed,

meani ng that the sanpling rate is above the 5 Nyqui st
rate. The deci mator resanples the output of the

nodul at or and provides an N-bit data word at the

Nyqui st rate. The sigma-delta techni que achi eves high
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ADC. Thus, if the out-of-band noise can be sufficiently filtered, the second-order
sigma-delta modulator has better performance. The necessary attenuation can be

25  achieved if the decimation filter is one order greater than the order of the modulator.
Further performance increases can be achieved using higher order modulators,

although higher order modulators tend to be more difficult to stabilize.

[0006] Typically, sigma-delta modulators are implemented by designing the

30  integrator either in the discrete-time domain (e.g., using switched-capacitor filters) or



3 in the continuous-tinme domain (e.g., using RC

transconductor-C, and LC filters). A drawback of
wale@anet7ee ti me nodul ators is that they are geneCEUB3004/004444

slower than their continuocus-tinme counterparts.

Conti nuous-ti me nodul ators, on the other hand,

typically are inplenmented with off chip inductors,

al t hough desi gns have been 5 attenpted using on-chip

i nductors. The on-chip inductor designs, however,
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Summary of the Invention

[0008] In the light of the foregoing, the invention relates to a sigma-delta

25  modulator that includes a substrate; at least one transconductance amplifier on the
substrate; at least one digital-to-analog converter (DAC) on the substrate; a plurality
of micro electro mechanical system (MEMS) switches on the substrate; and at least
one LC network on the substrate, wherein a center frequency of the modulator is

modified using at least one of the plurality MEMS switches.



nodi fied using at | east one of the plurality MEMS

swi tches. WD 2004/ 095710 PCT/ US2004/ 004444 4 [0009]
wa\eaitlogi7i@aspect of the invention relates to a PCT/US2004/004444

sigma-del ta nodul ator that 4includes a substrate; at

| east one transconductance anplifier on the substrate;

at least one digital-to-analog converter (DAC) on the

substrate; at |east one LC network on the substrate;

and at | east one MEMS vari abl e capacitor on the

subgbddt e, WARKEBEMhsHecPoAREHNOEntioh SEIMENIO Y sigmat-cl&ta modulator that
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bl ock di agram of a ji ggﬁ del t.a | Qg-to-digital
converter in accor S ﬁ—%ﬁ%ﬂg‘%@%&—?ﬁw D&nt of the

invention. 30 WO 2004/ 095710 PCT/ US2004/ 004444

[00011] Fig. 1 is a block diagram of a sigma-delta modulator in accordance

20 with an embodiment of the invention.

[00012] Fig. 2A is schematic diagram of a resonant LC network used in the

sigma-delta modulator in accordance with an embodiment of the invention.

25 [00013] Fig. 2B is schematic diagram of a resonant LC network used in the

sigma-delta modulator in accordance with another embodiment of the invention.

[00014] Fig. 3 is a block diagram of a sigma-delta analog-to-digital converter in
accordance with an embodiment of the invention.

30



5 Description of the Invention [00015] The follow ng

is a detailed description of the present invention
wowaoh/0937ed er ence to the attached drawi ngs, whePei/nSiookend444

reference nunerals will ref®er to like 5 elenents

t hroughout. [00016] Referring to Fig. 1, a fourth

order sigma-delta nodul ator 100 in accordance with an

enbodi ment of the present invention is illustrated. It

is noted that the fourth order nodulator 100 it is

merely exenplary and bigRghomsr thoMeentiender 10

nodul at ors may be i nplenmented w thout departing from

the scope of the present invention. Furthernore, for

th of rd . ri j+ B A :

(eﬁgéahﬂcloc&h%#gﬁgwgggﬁégggﬁgr cgnng%??%§§§&gﬁggg%%yWﬁh

shaeferdnne tohtke mtadhddatroyinds) @herdindike refplenteanmatalowillgfer to like

fiucq co nents and circuitry, however, would be

b 139" PRE " skilled in the art based on the
di scl osure herein. 15 [00017] The sigma-delta
nmodul at or 100 is i nplenented on a sem

80ndue§?r )
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104 recei ves anal og signals for conversion by the
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O
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anp¥Ipgl SgnafsiRAPOTBEOBRFOLME) 48 ISP EE & e pgdyiar Ll e
at ﬁ‘tﬂﬂéﬁéﬁ’@ﬁfdﬁ%?ﬁﬁﬁ c&ﬂ%ln'eﬁt‘s 8hd SRYitEORKRIVES wduMUetodgiBusio one
the ‘input termnal 104 to a current, which is
pr oskiliheldn the aat Hapedsm thedisrlesyrejhereét-i on 108. 25 [00018]
1The first sunmmng junction 108 also is electrically
%onnected to a first resonant LC network 110 and to a
firmoonpde 1lihe sibhn-delts sibdulesoiAris ingfemerttedborka setficonductor

w Il be discussed jn nore detail bel ow. ut put of .

t hesubptrage 1& ﬁﬁlﬁ%ﬁ_@: fPiHaEP s 3 @n-%egﬂ%ffﬂa’&@?"sﬁﬂ%gﬁaw- Aninput
CONRGGIEOI 4Qe@Rrel AR shal férlcBRaeARbiCha iR A8 mbidhebtor 100
114. The transconductance anplifier converts a voltage.

gentrdgitad fqg;n. tF]q.ée)qagg)&] amntq_n@a AR arrgo(ngtls.(lyowa) fgr rece1ving a
2(15: 3 L{::?enlrfﬁodﬁit%g&)@iéﬁl lﬁgyplye' c%ﬁlgec{eﬁ & S frRHAET029 The input
terminal 104 is electrically connected to a low noise amplifier (LNA) 106 on the

substrate. The LNA 106 is a transconductance amplifier and converts a voltage at the

input terminal 104 to a current, which is provided to a first summing junction 108.

25 [00018] The first summing junction 108 also is electrically connected to a first
resonant LC network 110 and to a first node 112. The first resonant LC network 110
will be discussed in more detail below. An output of the first summing junction 108
is electrically connected to an input of a transconductance amplifier 114. The
transconductance amplifier converts a voltage generated at the resonant LC network

30 110 to a current, which is provided to a second summing junction 116.



WO 2004/ 095710 PCT/ US2004/ 004444 6 [00019] The second
sunm ng junction 116 is electrically connected to a

W@ ewangs710 esonant LC network 118 and to a secopdr/nszmed/004444
120. An output of the secomd summing junction 116 is
electrically connected to the input of a driver
anplifier 122. 5 The output of the driver anplifier
122 is electrically connected to an input of a
conparator 124, and the output of the conparator 124
is electrically connected to a third node 126. The

conparator 124 conpares the output fromthe driv
angdPPP1¥r  17he sesord pruwies jupeiandd e indertitady Genmscid to a second
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i nput "of a first di gital -to-anal pg convert
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onnect to.th 1
S R e b R e
fi f§lbetridfly boRctdd a fHligh hddetib2.node 140 is el ectri cal ly

connected to the input of a third DAC 142 and to the
i nput of a fourth DAC 144. The output of the third DAC

14 ‘2[0'0E2@JI ect e fhdrbh nod® MES LRk AlyldbAnctRA MWithe ﬁlﬁﬁﬁoﬂazi@fst
and e output of the fourth DAC 144 is electrical

condigitdlec-atadog travérter SDAGH I, thedupunof 4 yesendrladdddelent &fbﬁb@
46. i s, f d
' acnn R B TSRS T Rl bt o

t heihbisécdhd h@deqlzo;l;ﬁﬁ teehiun of the snnd DAC 1B86s elécttidully donnected
feedback | oop 146" is formed by the first latch 130,

t hetostb?:g’ﬁﬂn‘f‘gtl&% 138 and the third DAC 142. A fourth
feedback loop 148 is forned by the first latch 130,

the second latch 138 and the fourth DAC  144. WO
20010085710 O ougRoo4hogaenddatch 138 is electrically connected to a fifth

20 node 140. The fifth node 140 is electrically connected to the input of a third DAC 142
and to the input of a fourth DAC 144. The output of the third DAC 142 is electrically
connected to the second node 120, and the output of the fourth DAC 144 is
electrically comnected to the first node 112. A first feedback loop 146 is formed by
the first latch 130 and the first DAC 134. A second feedback loop 148 is formed by

25  the first latch 130 and the second DAC 136. A third feedback loop 146’ is formed by
the first latch 130, the second latch 138 and the third DAC 142. A fourth feedback
loop 148’ is formed by the first latch 130, the second latch 138 and the fourth DAC

144,



7 [00022] The sigma-delta nodul ator 100 preferably

enpl oys m xed technol ogy, including Mcro Electro
workwhassreal System (MEMS) technol ogy and, for BREDP1084/004444

Bi CMOS technol ogy on a single substrate 102. In

particular, the resonant LC networks 110, 118 are

i npl emrent ed usi ng MEMS technol ogy, while the LNA 106,

the 5 transconductance anplifier 114, the driver

anplifier 122, the conparator 122, the |atches 130,
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response hereto. As nentioned above, the LNA 106 is
a.tﬂﬂmBCmdmwdctance anplifier and converts the voltage
élgnal (Vi,,) applied to the input of the LNA 106 to
current signal (11), which is provided at the output
of [0Dbe3ILNA. Tha opdieticardiaie sigemi-delth hevdubidr pes how mu he briefly
single ended to differential convers
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sunm ng junction 108 is
LNA 106isa transconductance amplifier and converts the voltage signal (Vin) applied

to the input of the LNA 106 to a current signal (I1), which is provided at the output of
the LNA. In one embodiment, the LNA performs a single ended to differential
conversion, which allows the modulator 100 to be fully differential, thus providing

25  good power supply rejection, common mode rejection, and the cancellation of second
order products. The output of the LNA 106 is provided to the positive input of the
first summing junction 108. The negative input of the first summing junction 108 is
provided a current signal (Iz) from the second DAC 136 and the fourth DAC 144. The
second DAC 136 and the fourth DAC 144 will be discussed in more detail below.



provided a current signal (12) fromthe second DAC 136
and the fourth DAC 144. The second DAC 136 and the
wo ecamods7TDAC 144 will be discussed in nore det aPCT/D81004004444
WO 2004/ 095710 PCT/ US2004/ 04444 8 The first sunm ng
junction 108 suns the two signals (one positive and
one negative) and provides the resultant signal to
the first resonant LC network 110. [00024] As will be
described in nore detail below, the first resonant LC
> Q%E Rk KR e it iR s e spaRia tdnbipéititdithd one negative)
i nductive conponents, which provide the ability to
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transfer function is |I= were "I" _is the output
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ju neﬁ]{lﬂlﬂ’l@ e prorvﬁ@d fo'Re ?&s‘ﬁ%liﬁaue BfEsePARI sulnvBng fiREtion 116.
nega |ve5 and  provides the resultant signal to the |
seCTHirchepaive irgnt oflflp> seeononknnEASUnSPn[ 106 dBPvidpthy purent Hgnal
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118 converts the current signal summe t th eco

S urhe A SEPRORPIED AR g BRI B At et o the
whi cholde R eSigiibe, | nput of the driver

anp i¥i%er 122. The driver anplifier 122 effectively is

a buffer anplifier that has a 25 predeterm ned gain
R
CONpaw6k 1t Balsy alctvdgevdriavie lcammtitivé endf infiictive conapegients. The second
resonant LC network 118 converts the current signal summed at the second summing
junction 116 into a voltage signal (V2), which is provided to the input of the driver
amplifier 122. The driver amplifier 122 effectively is a buffer amplifier that has a
25  predetermined gain “A” and facilitates scaling of the voltage signal provided to the
comparator 124. The comparator 124 compares the voltage level of the filtered and
gain adjusted analog signal (V3) from the driver amplifier 122 with a predetermined
reference voltage (Vi) at predetermined time intervals. The predetermined time

intervals are determined by the rate at which the comparator 124 is clocked. The

30  comparator 124 outputs a 1-bit digital signal (Vou) (e.g., a 1 bit quantizer) to the



gai n adjusted anal og signal (V3) fromthe driver
anplifier 122 with a predeterm ned reference voltage

W@ Yoefds7ad predetermned tine intervals. The PCT/US2004/004444
predetermned tine intervads are determ ned by the
rate at which the conparator 124 is cl ocked. The 30
conparator 124 outputs a 1l-bit digital signal (Vout)
(e.g., a1l bit quantizer) to the WO 2004/ 095710
PCT/ US2004/ 004444 9 output term nal 128 of the
m %&i{;ﬁi Rmih@028 Eh@xe Lidaifatod i 00. UBle 1SBit @il sepmefprtatsa

reference threshold that corresponds to the anal og .
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ouqﬁynmﬂﬁlyhe first latch 130 is a voltage signal (V4)
that is provided to the first DAC 134, the second DAC
9136 and the second latch 138. The first latch 130
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(15? rovi € second node 120
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out put of the conparator t o, prov tc
Vol lishd3q Y5y svehesrTeHIER] (), Whigh irdrdinde atzmgi bl
are driven, and introduces an additional half-cycle

delay (1.5 cycles total) in the conparator feedback
pat [000R&t i s Tbe memrtlatced% terlatshestthevaliage entpir @f thsgpogarator

A a0 ST QB PH AR s

Addidieanal isteidatds an écﬁh’@dﬂahlgali gycleidely (]aﬁl dycdescatall i ‘dilt ch

130, 138 and their use [ - del t ul

C ancqyg)afaé(urrfepdp@p pat thabis %pemte%égrﬁriﬂ%%gg a{@ gourtﬁt]j)[{Cs 142,
di S¢lOSM &1Rf of i HeEdhdi18tcH €36k that N eRIR@teA kigahl @y¥pendent jitter
reference in its entirety. [00028] The third DAC 142

condeayt sAdditonelaletedg eelating iafirst ansipegane lajgh e 13 8andpheiyusg in 2
8 %ﬁ%\e{mgtgl grﬁgdu?altl %ﬁ%&?oug@ Aluk! Patent NoV\"@ l féh6 155 tHerdioded of

which is herein incorporated by reference in its entirety.

[00028] The third DAC 142 converts the voltage signal from the second latch
138 to a switched current signal (I4~), which is provided to the second node 120.

25  Similarly, the fourth DAC 144 converts the voltage signal from the second latch 138
to a switched current signal (Io»), which is provided to the first node 112. Feedback
pulse shaping gains for each DAC 134, 136, 142, 144 are adjusted by tuning the DAC
switching currents to achieve a good noise shaping bebavior and to provide partial
compensation of time domain non-idealities.

30



25 Simlarly, the fourth DAC 144 converts the vol tage

signal fromthe second |latch 138 to a sw tched
wa@oret7iei gnal (12"), which is provided to theCT/UsED4/004444

node 112. Feedback pul se dhapi ng gains for each DAC

134, 136, 142, 144 are adjusted by tuning the DAC

swtching currents to achieve a good noi se shapi ng

behavi or and to provide partial conpensation of tine

domai n non-idealities. 30 WO 2004/ 095710

PCTiobi§2804/ 0§14 AttrentShitfi Q028 lirst DA 184 @Atand utemmemfoutput of
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negat i ve [ nput of the first summ ng junction 108.
[00030] Referring nowto Fig. 2A, the first resonant
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owever hat ond res
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110 fidEe AR LEAAPORAND, of X hiBFhaS tHeREm
flrg%CHres Hgﬁgﬁ%@{%etmfk 110. 15 000310] The raesonante

LC petpuneit vallies dstbofingonesonest LvEnsvekild@hes f or

1éel ecting the L and C characteristics of the network
10. The MEMS switches, the inductors and the
CappuoBey s arkeraoimd Lo rmet\xhek sitbiatarpdreted RIEMPswWiEEs for

swtch _ provi des. several nt a

senfdesting thedrand i ¢ ﬁct(elétsttjzs ) ‘@x %8%]3& gl‘lhe %}EMS switches, the
tr afnishRMAd theichbai@§l 8% Yornled oR Mel subditagd 1022 AMANBISHWitchh
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28" e%%r?sﬁst&rsh,%rh &J’ Qdes). In particular, a MEMS switch has a very low insertion loss

(e.g., less than 0.2 dB at 45 GHz) and a high isolation when open (e.g., greater than 30

dB). In addition, the switch has a large frequency response and a large bandwidth

compared to semiconductor transistors and pin diodes. These advantages provide

enhanced performance and control when used in tunable filter designs. Additional
25  details relating to MEMS switches can be found in U.S. Patent No. 6,046,659, the

disclosure of which is herein incorporated by reference in its entirety.

[00032] The capacitance of the resonant LC network 110 may be continuously
adjusted by adding and/or removing capacitance from the circuit. In addition, the

30 inductance of the LC network 110 may be changed by adding and/or removing



dB). In addition, the switch has a | arge frequency
response and a | arge bandwi dth conpared to

W@ eowogiTduct or transi stors and pin di odes. TheBET/US2004/004444
advant ages provi de enhancd#l performance and contro
when used in tunable filter designs. Additional 25
details relating to MEMS switches can be found in U S
Patent No. 6,046,659, the disclosure of which is
herein incorporated by reference in its entirety.
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end of a 15 third capacitor 214. The other end of the
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has one end connected to the first terminal 200 and the other end connected to one end

of a second inductor 226. The other end of the second inductor is connected to the
second terminal 202. A sixth MEMS switch 228 has one end connected to the first
terminal 200 and the other end connected to one end of a third inductor 230. The

25  other end of the third inductor is connected to the second terminal 202.

[00035] It should be appreciated that while three MEMS-capacitors and three
MEMS-inductors are shown, more or fewer capacitors and/or inductors may be
implemented without departing from the scope of the invention. Furthermore, it is

30 noted that control lines to command each MEMS switch to “open” and “close” are not
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26 determined by the inductance of the first inductor 222. Additional capacitance may be

added by closing one of the open MEMS switches 208, 212. For example, if the
second MEMS switch 208 is closed, the total capacitance in the resonant LC network
110 is determined by adding the capacitance of the first capacitor 206 and the
capacitance of the second capacitor 210. Similarly, if the second and third MEMS

25  switches 208, 212 are closed, the total capacitance in the circuit is determined by
adding the capacitance of the first capacitor 206, the second capacitor 210 and the
third capacitor 214. Capacitance may be removed by opening any of the first three
MEMS switches 204, 208, 212.



capaci tance of the first capacitor 206 and the total
i nductance in the network 110 is 20 determ ned by the
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145 8 e Sl SV R R AR
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homg%g&mn&§ is not present. Instead, a MEMS vari abl e
capacitor 1s used to prOV|de a variable capacitance
to the network 110'. A MEMS variable capacitor can
tin t
2@ E@%Oﬂl nu %P sho 1%%% P%%&g% ﬁ1fat &ﬁ%a&lll}l ARAFENSALRHIE capacitor
232 is shown in the LC network 110°, multiple MEMS variable capacitors may be

implemented without departing from the scope of the invention.

[00041] A first end of the MEMS variable capacitor 232 is connected to the
25  first terminal 200. The other end of the MEMS variable capacitor is connected to the
second terminal 202. The capacitance of the MEMS variable capacitor 232 can be
continuously varied by adjusting an applied analog voltage (not shown). Thus, the
MEMS variable capacitor 232 allows the resonant frequency of the LC network 110
to be changed continuously, in a non-discrete manner, which allows the flexibility of

30 frequency hopping in non-discrete steps. -



capaci tance. 20 [00040] It should be appreciated that
while only one MEMS vari able capacitor 232 is shown
WO oottlogs7hC net work 110, rnultiple MEMS vari abl BCT/US2004/004444

capaci tors maybe inpl enentiéd wit hout departing from

the scope of the invention. [00041] A first end of the
MEMS vari abl e capacitor 232 is connected to the 25

first termnal 200. The other end of the MEMS variable
capacitor is connected to the second term nal 202.
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cir fd(yOElll] A d8L5RARSLLTE discussion, it will be appreciated by those skilled in the

20  art that the center frequency of the modulator 100 may be changed, for example, by
tuning the capacitance of the resonant LC networks 110, 118. Similarly, the tuning
range of the modulator may be changed, for example, by tuning the inductance of the
resonant LC networks 110, 118. The ability to tune the resonant LC networks permits
the modulator 100 to be used in frequency hopping receiver applications, e.g.,

25  applications that transmit and receive information over a frequency that changes or
“hops” from one of several frequencies. Furthermore, the use of high frequency
silicon technology, e.g., SiGe, will permit direct sampling at RF. Since the modulator
100 combines a down-conversion step and a digitization step into one function by
directly sampling the signal at the incoming RF frequency, one down-conversion step

30 is eliminated in RF receiver applications.
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allowing the modulator to receive an RF signal that is frequency hopping, or changing
frequency over time, by changing the resonant frequencies of the LC networks to
accommodate reception of these hopping frequencies, at some prescribed frequency
hopping rate. This allows the modulator essentially to track the incoming signal

25  frequency shifts over time.

[00047] Referring to Fig. 3, a sigma-delta ADC 250 is illustrated. A decimator
252 is coupled to the sigma-delta modulator 100 to form a complete sigma-delta ADC
250 on a single chip. For example, using SiGe BiCMOS technology, the 1-bit output

30 stream of the sigma-delta modulator 100 is electrically connected to an input of a



control 150 can be inplenmented to allow the
sigma-del ta nodul ator 100 to change 15 center
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mai ntain stability. In addilsion, the signma-delta
nodul ator 100 can take advantage of the digital
enhancenents to performas a fast frequency hopping
recei ver. These enhancenents include, for exanple,
varying the resonant frequencies of the LC networks
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digital deci mat or 252, which is forned on the sane

sub fb’o 10ZyR% ﬁ Pﬁzuﬁp %ﬁ%ﬂ@n‘[s 08e inTBRicAthBeel lledecBed in
decimator 252 1s electrically connected to an out put

t er détaiflit is @EWrstfod tthee theiigrenticteis nat ADEdZeTespPhdingly in scope, but
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theomeymﬁmH@p@ﬂagmﬁMo 5 Decimators are mell knom1|n
the art and wll not be discussed herein. [00040] The
co-integration of the decimtor 252 with the
sigma-delta nodulator 100 will mnimze the nunber of
chip-to-chip interconnects required, as well as
reduce the power |oss associated with chip-to-chip

i nterconnects. The transfer 10 of digital data from
the sigma-delta nodul ator 100 to the decimator 252 can
occur at rmaximumclock rate, e.g., 100% of the clock
rate, with | ow power consunption



[ 00049] While particular enbodi nents of the invention
have been described in detail, it is understood that
WO b@4iopszemt i on is not |limted correspondi ngly POT/SSTHO€)04444
but 15 includes all changed7 nodifications and
equi valents coming within the spirit and terns of the
cl ai ns appended hereto. WO 2004/ 095710
PCT/ US2004/ 004444 17 CLAIM5S What is clained is: 1. A
sigma-del ta nodul ator (100), conprising: a substrate
(102); at |east one trans? ance anplifier (114)
on the substrate; at |east one digital-to-anal og
converter (DAC) (134,136, 142,144) on the substrate; a
WEI ural.i t of mcro electro nmechani cal system ( MEVS)
it ‘HE‘§ S204 208, 212, 220, 224, 228) on the
SUDSt I atigima2Bkh AbalIABSL 0ONGshgt Wor k (110, 118) on
the substrate, wherein acenter frequency of the
si gma- deﬁﬂ&)s‘mi@l(ﬂloal or is nodified using at |east one
of the T of
claim1, gﬁ%edl ﬁ%{l e at m%@@ﬁ%}ﬁ% (ﬁl:t%l gg%ﬂl%&?cﬁcl udes
a pl ur al attlgasoéne digiphordnelog cOR@Ber (D:P(E) (2314136, 14 d 44 hven the
center g equency of the nodulator is nodified by
addi ngS HE enovi ng at |east one of the plurality of
capaci t o glutdligdfirhierolelectrd aledRiicallybef (MENMSRSitchea 204, 208,
the pluralit of MEMS switches. 3. The device of
cl ai me212 0, 224, gpoaithe WhEras adast one LC net wor k
i ncl Udesaﬁeasp$ﬂérL% h&%o&f(limg%%ﬁﬁl% S(lg&%te %%@Delnzagéaﬁer
and a tuning range of the nodul ator by
addi ngiramehcy efithe |srgg1aadelth eadtlatonis nmdlﬁddelsmg @t ]@hﬂt pye offthe
i nduct fr th C network using at | east one of
the pl ?51?% W% fR5swi t ches. 4. The device of
claims 1-3, wherein the at |east one transconduct ance
anplifier and _the at IeasLeatqe DAC

udin g Bredoinee pddmols gy rein t east one L%’ netW(r)T& mcqec{é:s a plurality of
capacitors (206, 210, 214), and the center frequency of the modulator is modified
by adding and removing at least one of the plurality of capacitors from the LC

network using at least one of the plurality of MEMS switches.

3. The device of claims 1 or 2, wherein the at least one LC network includes a
plurality of inductors (222, 226, 230), and a tuning range of the modulator is
modified by adding and removing at least one of the plurality of inductors from

the LC network using at least one of the plurality of MEMS switches.

4. The device of claims 1-3, wherein the at least one transconductance amplifier and

the at least one DAC are implemented using BiCMOS technology.

5. The device of claims 1-4, further comprising a digital adaptive control system

(150).



5. The device of clains 1-4, further conprising a

digital adaptive control system (150). WD 2004/095710
w2004/ 004444 18 6. The devi ce of cl ai m BCT/US2004/004444

wherein the digital adaptive control system adjusts at

| east one | oop paraneter to maintain stability of the

sigma-del ta nodulator. 7. The device of clains 5 or 6,

wherein the digital adaptive control system adjusts

the center frequency of the nodul ator. 8. The device

lai m 7, in the .center ] ' i ys:
R R R e e
devi Cendlbog pahiiBterlto Snainkie sabilityt dTehesdignadeal thatulator.

nodul ator perforns direct sanpling at radio
frequencies. 10. The device of clains 1-9, further

879 P iRk BYi@ JreWidhO% §€6, HiRietd theiglidiMNAptivd O6ntiol System adjusts the
river anplifier (122), a conparator (124), and at

| east center ftegeany pflBOomod@8Ypr. 11. The device of clains

1-10, wherein the sigma-delta nodul ator is inplenented
using a differential architecture. 12. The devi ce of

cd. ai NEhd dédvige dfulairh &1 whareip thesiengr fequieiynnddustddas Bpp Gom one of
t he sub%trate wherein the decimator is operatively

coupl @@WYRAL BAURRACS( 128) of the sigma delta

nodul at or .

9. The device of claims 1-8, wherein the sigma-delta modulator performs direct

sampling at radio frequencies.

10.  The device of claims 1-9, further comprising a low noise amplifier (LNA) (106), a
driver amplifier (122), a comparator (124), and at least one latch (130, 138).

11.  The device of claims 1-10, wherein the sigma-delta modulator is implemented

using a differential architecture.

12.  The device of claims 1-11, further comprising a decimator (252) on the substrate,
wherein the decimator is operatively coupled to an output (128) of the sigma delta

modulator.



