BANDPASS SIGMA-DELTA MODULATOR WITH ANTI-RESONANCE
CANCELLATION Technical Field The present invention relates generally
to a bandpass sigma-delta modulator, and more particularly to a
bandpass sigma-delta modulator using an acoustic resonator or
micro-mechanical resonator. The present Invention also generally relates
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acoustic wave (BAW) resonators. Background Art Cellular telephone
systems have become very popular in many countries throughout the

world. Unfortunately, the specific standards adopted by different countries
are often different and cellular devices from one country will not be

operable within another system. Accordingly, completely different

handsets are necessary if a person is operating in two different countries
having different standards. As a result of this difficulty, there have been
sqreslgrtsdgyprovide a single device that is operable in different

countries having different standards. A technology known as
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Backdround Art

Celiutar telephone systems have become very popular in many countries
throughout the world. Unfortunately, the specific standards adoptied by different
countries are often different and cellular devices from ohe country will not be
operable within another system. Acéordingly, completely different handsets are
necessary if a person is operating in two different countries having different
standards.

As a result of this difficulty, there have been some efforts fo provide a
single device that is operable in different countries having different standards. A
technology known as software-defined radio (SDR) provides one solution to this
problem. In the SDR system, the entire band of RF or IF signal is digitized and
the channel is selected using a programmabie digital filter. Thus, the SDR can be
reconfigured through the softwars to syt different standards. However, this effort
has not been completely successful because it requires a high-speed AD
converter that must have not only high-speed, but also provide adequate

resolution. In the ideal SDR arrangement, the RF is directly digitized in the

receiver. It requires that the A/D converter have 3 speed in the gigahertz range,



promise in achieving the desired dynamic range. However, it Is only
achievable at a much lower frequency band. As the frequency increases,
circuit imperfections become dominant and degrade the dynamic range of
the A/D converter. At the gigahertz sampling frequency range, the highest
dynamic range for the reported bandpass sigma-delta modulator is 75 dB,
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arnd ]"s%becomes the output of the sigma-delta modulator. These signals
A Aed back to a DIA converter 4, and the resultant analog signal is
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the  respnance frequency, resugting in.a very high dynamic range.
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switch-cagaat r. However, none of these circuits have been successtul in
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also receives the input to the modulator. The difference between the input and
the feedback of the summation device produces an input to the resonator.

Figure 2 shows a typical output spectrum from a fourth order bandpass
sigma-delta modulator where the quantization noise is shaped away from the

_resonance frequency, resulting in a very high dynamic range. The depth of the
notch is related to the Q value of the resonator. The higher the Q value is, the
deeper the notch. The noise shaping is also dependent on the order of the
modulator. Higher order modulators provide better noise shaping and hence a
higher dynamic range.

Typically, the resonator is made of one of three different electronic circuits,
namely, a passive L-C tank, a transconductor-capacitor or a switch-capacitor.
However, none of these circuits have been successful in the situation described.
The first two circuits cannot achieve a high Q value due to parasitic losses and
noh-linearity. Typical Q values are around 10 and 40 for the integrated L-C tank



non-linearity. Typical Q values are around 10 and 40 for the integrated
L-C tank 2 with and without Q enhancement, respectively. The enhanced
Q value for the transconductor-capacitor resonator can be up to 300 at a
frequency of several hundred MHz. The switch-capacitor resonator is
restricted by its low resonant frequency (< 100 MHz) due to the slow
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minimum point 22 is the parallel resonance mode which occurs at the anti-
resonance frequency fa.

Figure 12 shows a typical equivalent circuit for a resonator. It includes a
static capacitance C, 23 which is connected in parallel fo a series circuit of
resistor R, 26, capacitor Cp, 25 and inductor Ly, 24. The static capacitance 23
alters the transfer function of the ideal resonator by introducing two transmission
zeros. In different applications, the presence of the anti-resonance may be
desirable, such as in filtering and making oscillators. However, in other situations,
it is not desirable such as in the sigma-delta modulator of Figure 1 discussed
above. The presence of anfi-resonance makes it difficult to realize the transfer
function of the modulator and therefore it is desirable that it be cancelled.
Likewise, in other modulators and in other situations, it may be desirable to cancel
the anti-resonance in order that the resonance peak is emphasized.



function of the modulator and therefore it is desirable that it be cancelled.
Likewise, in other modulators and in other situations, it may be desirable
to cancel the anti-resonance in order that the resonance peak is
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present invention provide a circuit having a resonator and a cancellation
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invention provide a capacitor which acts as the cancellation network for a
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Cifautidaintbets of the present invention provide a circuit for the cancellation of anti-
resonance in resonators.
Embodiments of the present invention provide a method for the cancellation of anti-

resonance in micro-mechanical and acoustic wave resonators.

Embodiments of the present invention provide a circuit for the cancellation of anti-

resonance and micro-mechanical and acoustic wave resonators.

Embodiments of the present invention provide a circuit having a resonator and a

cancellation network providing inputs to a subtractor.

Embodiments of the present invention provide a capacitor which acts as the
cancellation network for a resonator.
Embodiments of the present invention provide a method and circuit for the

cancellation of anti-resonance in micro-mechanical, SAW and BAW resonators.



cancellation of anti-resonance in micro-mechanical, SAW and BAW
resonators. 4 In a first aspect of the invention, there is provided a
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common input with a resonator and having an output which is subtracted
from the output of the resonator is provided to cancel the anti-resonance.
- BRIEF DESCRIPTION OF THE DRAWINGS A more complete
appreciation of the invention and many of the attendant advantages
thereof will be readily obtained as the same becomes better understood
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band pass sigma-delta modulator according to Figure 5. Figure 7 is a

block diagram of the second order bandpass sigma-delta modulator using
an acoustical resonator. Figure 8 is a graph of the output spectrum from a

second order bandgg i < ] § in, Eigure 7. Figure
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frHRRRTPIRY SeiRitarkdohs folswiie deiglind doseriptiasyiRaerrnsidered in
ciconthdotienpity thié resamateinying drawings, wherein:

Figure 1 is a block diagram of a prior art bandpass sigma-delta modulator,
Figure 2 is a graph of the output spectrum from a typical fourth order
modulator.
Figure 3 is a block diagram of & second order bandpass sigma-deita
modulator using a micro-mechanical resonafor according to the present invention.
Figure 4 is a graph of the output spectrum from the second order bandpass
sigma-delta modulaior of Figure 3.
Figure & block diagram of a fourth order bandpass sigma-delta modulator
using micro-mechanical resonators,
Figure 6 is a graph of the output spectrum from a fourth order bandpass
sigma-delta moduiator according to Figure 5.
Figure 7 is a block diagram of the second order bandpass sigma-delia
modulator using an acoustical resonator.
Figure 8 is a graph of the oufput spectrum from a second order bandpass
sigma-delta modutator shown in Figure 7.
Figure 9 is a block diagram of a fourth order bandpass sigma-delia
modulator using acoustical resonators. '
Figure 10 is a graph showing the output spectrum from a fourth order
bandpass sigma-delia modulator as shown in Figure 9,



Figure 13 Is a circuit diagram of a first embodiment of the present
invention; Figure 14 is a detailed circuit diagram of the embodiment shown
In Figure 13; Figure 15 is a detailed circuit diagram of the second
embodiment of the present invention; Figure 16 Is a graph of a frequency
response for a resonator according to the prior art; and Figure 17 is a
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frequengies. The qutput from the resonator is adjysted by gain stage G1,

6 an TG 2 oA SR ST SRR o P BN AT the
bisasrihirigniient which form the output of the modulator. The output is

2iso feddignie o RNHbICR BHEGLENE, FIBHEL oL (s en B dRE6reling to
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ngr?'ée’r d'Hak T the summing circuit through gain stages G2, 7 and
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1.6 Referring now to the drawings, wherein like reference numerals designate
identical corresponding parts throughout the several views, and more particularly
to Figure 3 which shows a second order sigma-delta modulator using a micro-
mechanical resonator. The summing circult 1 adds the analog input fo fwo
outputs from two gain stages. The sum forming the output of the summing circuit
becomes the input fo the micro-mechanical resonator 2. The resonator
selectively passes the signal at its resonance frequency and attenuates signals at
other frequencies. The output from the resonator is adjusted by gain stage G1, 6
and fed to quantizer 3. The signal is quantized to form a series of binary bits as in
Figure 1 which form the output of the modulator. The output is also fed back as
an input to a pair of D/A converters, DAC1, 4, and DAC2, 5. The converters are
both one bit converters but have different output pulses. One is a return to zero
converter, whereas the other is a half returmn fo zero converter. As a result, they
have different fransfer functions in the frequency domain. The output of the
converters are analog sighals which are fed back to the summing clrcuit through
gain stages G2, 7 and G3, 8, The value of the gains in G1-G3 may be either
positive or negative and often the gains in the feedback path are negative so that
the feedback is subtracted from the input signal in a similar fashion to Figure 1.



Since the micro-mechanical resonator 2 is a second order system, the

bandpass modulator shown in Figure 3 is of the second order, and

provides second order noise-shaping as shown in Figure 4. This

modulator based on the micro-mechanical resonator is capable of

digitizing the analog input signal, but with a limited resolution. Better

resolygon c n be obtained using a fourth order. modu Il the
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G4, 11 and its output is applied to quantizer 3. The output of the quantizer is a
series of digital bits as described above and forms the output of the modulator.
This output is fed back fo two converters D/A converters 4 and § in a similar
fashion to Figure 3. However, in addition to the analog feadback signal being
applied to gain stages G2 and G3 as in Figure 3, they are also applied fo gain
stages G5, 12, and G6, 13 as inpufs fo the second sumring circuit 9. |

The output is the output of a fourth order bandpass sigma-delta rnodulator

having a digitized form of the input analog signal. By having fwo micro-

mechanical resonators in the loop, this device provides fourth order nolse-shaping
as shown in Figure 6. This fourth order modulator using two micro-mechanical
resonators is able to provide digitization of the analog signal with high resolution.

As in the embodiment of Figure 3, the gain stages can be either positive or
negative, and either gain or attenuation, as necessary.



resonators is able to provide digitization of the analog signal with high
resolution. As in the embodiment of Figure 3, the gain stages can be
either positive or negative, and either gain or attenuation, as necessary. 7
Another type of resonator which has superior performance to electronic
resonators are acoustic resonators. A surface acoustic wave (SAW)
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arf§oushe suatioataw ik 8rpRenel o Bindlantc diatishavatvioRigsre 5, but

sul¥eaciesudtRmdbs-RPY ratBeHRFCRRAIRI- b dRE SUHESH! Hince there
Lum ?\g loads Zjp, 29

ar o acoustic resonators in the loop, the modulator provides a fourth order
noise shaping as shown in Figure 10 and is therefore of fourth order, This fourth
order bandpass sigma-delta modulator using acoustic resonators is able fo
provide the digitization of the analog signal with a high resolution at high
frequency.

Figure 13 shows the system with anti-resonance canceliation. An input
sighal from the signal generator X, 34, is applied fo both resonator 27 and
cancellation network 28. The output of the cancellation network is subtracted
from the output of the resonator circuit in the subtractor 31. Lumped loads Zy, 29
and Zy, 30 are provided at the oufpuis of the resonator and canceliation network,
respectively. These consist of the input impedances of the subtractor as well as
parasitic impedances at the respective notes. Capacitor Cy, 33, is a lumped
parasitic capacitance at the input node.  The oufput of the subtractor X, 32,
provides a signal with the anti-resonance being removed from the usual resonator

output. This is accomplished as long as certain parameters of the cancellation
network assume the proper vaiues.



and Z12,30 are provided at the outputs of the resonator and cancellation
network, respectively. These consist of the input impedances of the
subtractor as well as parasitic impedances at the respective notes.
Capacitor Cin 33, is a lumped parasitic capacitance at the input node.
The output of the subtractor X0, 32, provides a signal with the

anti-reﬁﬁgnﬁagab?iaﬁdwmwed_wﬁ@ndbeau@@aloamf " ﬁ@mﬂ@tﬁmﬁﬂ@ﬂsﬂﬁe first
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188cR8d prRngakerCsistf-Rindhiggrianaampabitbe cancdiatipnthriwork is merely

adrangemenciheganaglatiaBoRaMONY IS IAHRY REMNAMNGE cR8ull RBch as
resonatoQr 2F7 includes the equjvalent circuit such as shown in Figure 12.
| FGMER oGS Zes ol Eoth B Ep Rntlderqaenee S 4ty frtpriled: it is

folioedogrgdmditiorfsiowiagneetidiom bR Met:RL2 and CL1 = CL2. The

presence of th siticeapagitance 33 at the input node has no effect
on the can%&ll%?&ﬁ%ﬁh?&nﬁ‘ri@b ar?(‘:é‘. When these specific

relationships are true, the output of the cancellation circuit is applied to

the subjfREting dapidb0b S Wil el IMRMeNGN Q22 MRS RARCRRETHAG no
t%}g{gut ut curve from the resonator. Thus, by matching the parameters of
t

I SANGRIRIRS PR EPEdISRrious parts of the resonator
part of theitciibsa Sigeaific madonsidpe the earcatitiontpetwotkavbieielation

fo the antizresonance signal. \When this is subtracted fr the output
SHRAR 1 BBUES R0 1R BT IRR oF SHEERL o i e the
thnfessaaabee gaarioptHbsiguativitiyet hawirihamgsmdtarsofans e b inwiching

tflﬁ@ﬁé%ﬁ%@}é"o?ﬂ%ﬁa&ﬁb@i%ﬂéﬁ LRI HEFRRIRSL LN RLR Yas of the

the resonator is then changed in the subtractor to produce an output such
isTERIAORREG Gty hisdh 2i8lg8als memaﬁ%{%@mﬁéen network which
follows the anti-resonance signal. When this is subtracied from the output of the
resonator; the anti-resonance part of the output is removed leaving the resonance
part of the signal without having any anti-resonance. Thus, the output signal
shown In Figure 16 which corresponds fo the output of the resonator is then
changed in the subtractor to produce an output such is shown in Figure 17 which
does not inciude an anti-resonance.
Figure15 shows a second embodiment where the lumped loads 29 and 30
are purely capacitive and thus, are indicated by capacitors Ci4,36, and C,37. In

this case, the anti-resonance canceliation can be achieved by the following simple
condition:

S _Ce

cLl CLZ

I this case, it is only necessary that the ratio of capacitors Cp to Cy¢ be
equal 1o that of Ce to Clo. In this situation, the result is similar to that of the first



Figurel6 shows a second embodiment where the lumped loads 29 and 30

are purely capacitive and thus, are indicated by capacitors C1.1,36, and
CL2,37. In this case, the anti-resonance cancellation can be achieved by

the following simple condition: CP C CLI CL2 In this case, it is only
necessary that the ratio of capacitors CP to CL1 be equal to that of Cc to
&hBotinkist shoatioim Hguresidtasdidutaritethn Bfreditstafcenodiment
shown i 1, deserbeindloues 182007 NUmEIoUS invention
additional modifications and variations of thé present invention” are
possibksiblgighlightiod thisoskormtthebingsis thisrtferefetelie badindestaod that

SWithi o] h I@é}gﬁ%@e Ims, ' ' :
gﬁ‘ﬁéﬂ@oﬁﬁﬁisﬁ@é a;%s peci icac:?)%l gﬁg’critb“g% ‘ﬁg%ﬁr%(gﬂ g%ﬁl%léj r%f;ticed
Rthesvisadhayas spedinplisirpaibpedorma®@inio receive an input signal and
provide a first output signal at a first output; a cancellation network to
receive said input signal and provide a second output signal at a second
output ; a subtractor having a positive input coupled to said first output
and a negative input coupled to said second output to combine said first
and second output signals and cancel at least a portion of an
anti-resonance from said first output signal; and a first load and a second
load coupled to said first output and said second output, respectively. 2. A
system according to claim 1, further comprising an input capacitance
coupled to an input of said resonator and an input of said cancellation
network. 3. A system according to claim 1, wherein said cancellation
network includes a
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capacitor coupled between an input of said cancellation network and said
second output. 4. A system according to claim 3, wherein said capacitor
of said cancellation network comprises a capacitance substantially equal
to a static capacitance of said resonator and wherein parameters of said
first load and of said second load are substantially equal. 5. A system
according to claim 4, wherein said first load includes a first load capacitor
CLAIMEd said second load includes a second load capacitor, and wherein
c i S id fi apacitor and said second load capacitor
1 a%ﬁ gsgtg&gsgtﬁtlsg%% @%u‘%ﬁ%ﬁ%&ﬁ‘system according to claim 4, wherein said
fisstesatateltdaseelivet avat prdsiignab g G aipyisto adfisadiripiidegnal at a first
c}utpuﬁecond load resistor and wherein resistances of said first load resistor
and said second load resistor are substantially equal. 7. A system
aBcHBRRY A UMPIwOllHereasalm Frid DAY RN S0A PFRYIAS mageond output

signaCaPadiioARbedisecond load includes only a second load capacitor,
wherein a ratio of a static capacitance of the resonator to the first load

cApaHITAEISn LARMRAIR RARIYS alRRiS aHE'ESpaLitEAlL raheoutput and a

negatPeadalifiosopiveriotatie seeidlleadpgapasitesndoihkesdigtest and second
acc_ordin% to"%aim 1, wherein said resonator includes a series circuit of a

OUtP Yl S1GR7 5 A I SARF Hnd e BaRa At WRE & 38 FREHES AROfH ALY rirgd first

outputesigmall corthected to an input of said resonator and a second terminal
connected to said first opiput of said resonatpy. and wherein sai
AR T B SRR R S T A sesanp cvtout
respesbviely.circuit between said first terminal and said second terminal. 9. A
method comprising: receiving an input signal at an input of a resonator,
the resonator having a resonator output coupled to a first load; receiving
2. the $vBLRSIGeabatd g iitpoladhalcdHobatisoNdsing s danokramstitance

coupled to an input of said resonator and an input of said cancellation network.

3. A system according to claim 1, wherein said cancellation network includes a
capacitor coupled between an input of said cancellation network and said second

output.

4. A system according to claim 3, wherein said capacitor of said cancellation
network comprises a capacitance substantially equal to a static capacitance of said
resonator and wherein parameters of said first load and of said second load are
substantially equal.

5. A system according to claim 4, wherein said first load includes a first load
capacitor and said second load inciudes a second load capacitor, and wherein
capacitances of said first load capacitor and said second load capacitor are
substantially equal.
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circuit having a cancellation circuit output coupled to a second load; and
applying, via a subtractor, a first output signal from the cancellation circuit
output to a second output signal from the resonator output to remove an
anti-resonance portion from the second output signal. 10. The method of
claim 9, wherein receiving the input signal at the input of the cancellation

6. cicBHBMARRY RRitngiREInpudighaimasaitidiat fadcisiedss a first load
resistbaviHa %ﬁ%%@é&%subﬁtﬁn#ﬁﬂﬁwaﬂy &la@cﬁ{@ti(\tdélpaﬁéﬂﬁﬁﬁ and wherein
. associated wijth the resonator. 12 11. A wireless aratus comprising; ,
SISt B [5TeL80e 0 ACe Al AP SR o 61 i Lostantialy

equalcoupled to the radio, wherein the resonator system comprises: a
resonator configured to output a signal, wherein the signal is filtered

around a resonance frequency; and a cancellation network coupled to the
7.  résepstemn acdadinfytred|tomedn ovieenainasditiesh dved ipoltidasobtie a first load
capac%%‘pé'ﬁ 'gga g%@c?@e@éatm%lﬁ%sﬁéngﬂ Fa né%h%%éﬁ%ﬁ&s wherein a ratio
apparatus of claim 11, wherein the resonator system furthier comprises a
of a skediondapaciiarmecolfhel texheaioipia dhendngstmatorapdeiteinitheubstantially

equaifsﬁp‘&ndréﬁﬁo&a{ﬂéiﬁ iAHed & RRSSINGSIRGL RUBRVERORER second ioad

requency. 13. The wireless apparatus of claim 11, wherein the resonator
capagésne of a micro-mechanical resonator; an acoustic resonator, or a
surface acoustic wave resonator. 14. The wireless apparatus of claim 11,

wherein the resonator system further comprises a_capacitor coupled to _
8. polPHRYFHEBNAESPEHRANE ca\illationV MEFRIBIR I presRIRLRN iifsiifdes a series

circuicapaciaiiseitodhangsaoatandnd dapfmreclatiorineiearsedds Eheuit has a first
.wireless agparatus of claim 11, wherein the cancellation network has one
termigal copaeeiiE BRI FbRRSON ABFAGHR SRECRAJH TR tapnected to
said faltheupsorsftieaitp tesiiitaier cancelatimeinf faidardbopsomaatpoadioted G static
The wireles aCPParatu§ of clam 11 Wherein.the_[ebsqnator se/sgan ,
capacitor connecied In parallel with said series circuit between said first terminal and

said second terminal.

9. A method comprising:

receiving an input signali at an input of a resonator, the resonator having a
resonator output coupled to a first load;

receiving the input signal at an input of a canceliation circuit, the cancellation
circuit having a cancellation circuit output coupled to a second load; and

applying, via a subtractor, a first oufput signal from the cancellation circuit output

to a second output signal from the resonator ocutput to remove an anti-resonance
portion from the second output signal.

10.  The method of claim 9, wherein receiving the input signal at the input of the
cancellation circuit comprises receiving the input signal at an input of a capacitor

having a capacitance substantially equally to a static capacitance associated with the
resonator.

12



further comprises a first load coupled to the output of the resonator and a
second load coupled to the output of the cancellation network 12a
Bandpass Sigma-Delta Modulator With Anti-Resonance Cancellation
Abstract A bandpass sigma-delta modulator using acoustic resonators or
micro-mechanical resonators. In order to improve resolution at high

. BqUERIERS 2REGTRMHS (CUBRHRINY: In order to improve resolution at high

fracaensigga seelRlifctRsan aless SHANE @igAaEhaical resonators are
utilized in %ﬁi%{%delta 0 ulaﬁobg?s ead of electronic resonators. The

QTR G R RGP BRISE 0 5 R B AsaRERTRIoL P ISR
comgigamation device. In fourth order devices, the feed back is to two
ion devices i ies. Such a sigmasdelt dulator i ble i
SoHicaRL Al S Sus rP t SEsh HrRLR e e =
resowdm@mfmhérmugndy and high- resolut_ion A/D conve_rsion is required. A
Caé‘%%'hacté‘ﬁ%\t%%!ém%rSéﬂg»Yeed%e Qt.léé%%"é{%‘ﬁcﬁaé'%ﬁhgﬁé‘&o remove an

resonator. An anti-resonance cancellation circuit removes
anti-restegoe aechoiorh e aiplisignabicegenatsie theprsddanse sigmell
which is subtracted from the output of the resonator. The cancellation

circuit includes a capacitor which is matched to the static capacitance of

12, thEReubieiese aprRasies of clarddoMdiorain dneairsanalon Tystro kuateer
compHeadnalehetdrigatRa®r coupled to the output of the resonator, wherein the

second resonator is configured to pass the signal at the resonance frequency.

13.  The wireless apparatus of claim 11, wherein the resonator is one of a
micro-mechanical resonator; an acoustic resonator, or a surface acoustic wave
resonator.

14.  The wireless apparatus of claim 11, wherein the resonator system
further comprises a capacitor coupled to both the resonator and the cancellation

network to provide an input capacitance to the resonator and the cancellation network.

156.  The wireless apparatus of claim 11, wherein the cancellation network has one or
more parameters matched to one or more corresponding parameters of the resonator
to facilitate cancellation of the anti-resonance portion.

16.  The wireless apparatus of claim 11, wherein the resonator system

further comprises a first load coupled to the output of the resonator and a second load
coupled to the output of the cancellation network

12a





