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FULLY INTEGRATED TWO AXIS
SHOCK DETECTOR

BACKGROUND OF THE INVENTION
1. FIELD OF THE INVENTION

5 The present invention relates to the fiéld of motion sensing in
electromechanical assemblies and machines. More particularly, the invention
relates to shock sensing in the field of Hard Drive Assembly (HDA), such as

hard disk drives used in computer magnetic recording apparatus.
10 2. BACKGROUND ART

As portable personal compﬁters (PCs) such as laptop and notebook-
sized computers become ubiquitous, it has become important for HDA
designers to identify and eliminate the portable PCs' most common failure

15 causes to improve their reliability. Generally, portable computers are subject
to some types of failure which would not be a problem for desk top machines.
For example, portable computers can be dropped while being carried or
worked on, and components in the portable system can be damaged or

aippled. One of the leading failure causes for portable PCs is in the fragility of
20 the disk drive and its shock vulnerability.

Hard disks play an important part in delivering the same power and
functionality of desk top computers for portable personal computers. In disk
drives, a typical Hard Drive Assembly (HDA) comprises one or more rotatably

25 mounted disks having an extremely thixf:?nﬁn _ ?Qatmg deposited on the
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10 2. BACKGROUNG ART As portabl e personal conputers (PCs)

" such as | aptop and not ebook- si zed conputers becone ubiquitous, it has
become i nportant for HDA designers to identify and elimnate the
portable PCs' nost common failure 15 causes to inprove their reliability.
General ly, portable conputers are swubject to sonme types of failure

whi ch woul d not be a problem for desk top nachi nes. For exanpl e,
portabl e conputers can be dropped while deing carried or wor ked on, and
conponents in the portable system can be damaged or crippled. One of
the | eading failure causes for portable PCs is in the fragility of 20 the
disk drive and its shock vulnerability. Hard di sks play an

i nportant part _in delivering the same power and _functionality of desk
top conput er s digk suhstrate. | information ds gennspliy taad andwiitten from ‘hﬂ‘l‘#‘éédls, ks
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wherein a very small gap is maintained between the drive head and the disk,

and this makes the HDA especially vulnerable to shock damage. Since the
5 smaller this gap is, the more data a hard disk can store, small gap dimensions
are the norm for the hard disks.

Thus, in disk drive applications, it is important to protect Hard Drive

Assembly (HDA) from environmental shocks and hazards. Disk

' 10 manufacturers understand this problem and usually deal with it by shock
mounting the HDA. SHll, physical or mechanical impact can destroy the data
integrity or hardware integrity o.f. a hard disk. For example, when excessive
shocks severely damage or cripple hard disk drives, users are at potential risk
of not only having to replace the damaged drives but also losing valuable

15 database.

Whenever excessive shocks occur, therefore, writing to disk drives
smust be prohibited to maintain data integrity on.drives and prevent ahy
damages to the drives. A shock detector can be used for this purpose to sense
20 and detect excessive shocks, and signal an embedded microprocessor to stop
writing on disk drives.

Traditionally, the HDA shock detector is implemented with discrete
components including resistor and capacitor components. However, using a

25 number of discrete components not only compromises the performance of



2 di sk substrate. Information is generally read and witten fromthe
hard di sks by a read/wite head. An HDA typically has a very sensitive
architecture wherein a very small gap is nmintai ned between the drive
head and the di sk, and this nmakes the HDA especially vulnerable to
shock damage. Since the 5 smaller this gap is, the nore data a hard di sk
can store, snmall gap di nensions are the normfor the hard disks.
Thus, in disk drive applications, it is3nportant to protect Hard Drive
Assenbly (HDA) from environnmental shocks and hazards: Di sk 10 manufacturers
understand this problemand usually deal with it by shock mounting the
HDA. Still, physical or nechanical inpact can destroy the data
integrity or hardware integrity of a hard disk. For exanple, when excessive
shocks sever eldgteddomdecudtry for qust, dubalsd takesla fdiri anmount of board-spaceato pot ent i al
ol tabl e 55 facammrobdnt diert Compons. W BulATE Uhia indithed G2 O°1 1
due to various factors such as higher board cost and packaging cost. A bulkier
size could also mean that there is a greater possibility in the system that some

5 components would fail, and thus less overall system reliability.

Prior art RC-active filters also do not achieve steep attenuation of the
input signals below the half-power or -3 dB frequencies. Figure 1 showsa
typical prior art front-end filter implemented by using discrete components.

10 The filter has two reai poles and one transmission zero at zero frequency.
Shock sensor 101 and resistor 103 of 10 MQ are coupled in parallel via
capacitor 105 to the positive input terminal of amplifier 115. The positive
input terminal of amplifier 115 is also coupled via resistor 107 and bypass
capacitor 109 to a circuit reference point such as circuit ground. Capacitor 119

15 and resistor 117 are coupled between the output terminal of amplifier 115 and
the negative input terminal of amplifier 115 in parallel. The negative input
terminal of amplifier 115 is also coupled via resistor 111 and bypass capacitor
113 to a drcuit reference point such as circuit ground.

- 20 In Figure 1, the capaditor 105 provides AC-coupling for the shock signal
input and blocks out DC component. The filter circuit shown in Figure 1
provides sufficient rejection on DC component and a gain boost in the

passband. But the rejection on high-frequency components is not acceptable
for most HDA applications. To overcome this deficiency requires a higher-



Whenever excessive shocks occur, therefore, witing to disk drives
* be prohibited to maintain data integrity on drives and prevent any
darmages to the drives. A shock detector can be used for this purpose to
sense 20 and detect excessive shocks, and signal an enbedded m croprocessor
witing on disk drives. - . Traditionally, the HDA
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resi stor and capacitor conponents. However, using a 25 nunber of discrete
conponents not only conprom ses the performance of
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order filter, which can provide better high-frequency response characteristics.

However, this increases the cost and the board space.

Further, RC-active circuits utilizing operational amplifiers with
resistors and capacitors show unstable frequency response chamcteﬁsﬁa
because the filter characteristics are dependent on resistor and capacitor
values. To compound the problem, typical shock filter characteristics require
large-value resistors and capacitors to realize low-frequency poles and zeros,
which in turn occupy relatively large silicon space in integrated circuit
technology. Thus, prior art RC-active circuits are not suitable for monalithic
integration using, for example, CMOS technology, thereby making it difficult
to scale down the system. .Q

Furthermore, most prior art shock detectors are designed to detect only
one-axis shock for the sake of simplicity and low cost. While this method is
satisfactory for some applications, often it is not adequate or sufficient to
detect and compensate for excessive shocks and protect the hard disk drives.
A one-axis shock detector, for example, will not have a complete shock
detection since shock signal is detected only along one axis, and consequently
will result in lés accurate sensing of actual physical or mechanical shock than
desired. While less accurate shock sensing might be tolerable for desk top
computers and work stations, they can often cause critical damage or crippling

effect for many portable personal computers such as laptop computers.



detection circuitry for cost, but also takes a fair anmount of board space

to accommodat e di scret'e conponents. A bul kier board usually increases
costs due to various factors such as higher board cost and packagi ng
cost. A bul kier size could also nean that there is a greater
possibility in the systemthat some 5 conponents would fail, and thus |ess
overall systemreliability. Prior art RC-active filters also
do not achieve steep attenuation of the 5 input signals bel ow the

hal f - power or -3 dB frequencies. Figure 1 shows a typical prior art
front-end filter inplenmented by using discrete conponents. 10 The filter
has two real poles and one transm ssion zero at zero frequency. Shock

sensor 101 and resistor 103 of 10 Merr] are coupled in parallel via
capaci tor 105 to t hEopeyer.iif one were toidesignreatwaraxiashbél detectionSsysteme tposi ti ve
I nput termnal of anmplifier 115 is,  alsQ coupled yia resistor 107 and bypass
capaci tor 109 PS"%P%&’PE{?i dCcULAte Sensing Ysing, priay, ant Jé%"ﬁ‘i"r‘i?&l&”ﬁﬂbi}ﬁ&m' it

Capaci tor 119 %m@eﬁnﬁﬂ E{ﬁé?{ b% r %Fﬁa‘ég laﬁg tﬂg Emﬁgctts% wg{s'\}lprﬁearvre%é .einﬁl

of anplifier 115 and t he n€gative ut termnal of anp
paral l el . The negediofffiragatracy. Figuee Zishadws afcoangiticnak fullldave sectilfiep wiaupl ed

via resistorg 111 and BYPPSS GaRaci el by dischkd copingnsC ek o e
2, input signal VIN«x is coupled to X-axis full-wave rectifier 211, which is
coupled to summer 215 through resistor 219. The output of summer 215 is
coupled to LPF 1007, which outputs to Vout. VINYy is coupled to Y-axis full-
wave rectifier 213, which is also coupled to summer 215 through resistor 221.

10
Shock signals from two-axis need to be full-wave rectified individually
prior to being added tbgether since the shock can be in either positive or
negative direction of either axis. As shown in Figure 2, ccnventiohally, two
diodes are used to rectify the current in one direction. Not only is the
15 approach unsuitable for CMOS implementation, but also requires a fair
amount of silicon area. As discussed, a bulky design adds to costs and is not

suitable for portable computer applications.

- Thus, there is a need in the art to overcome the shortcomings of the
20 prior art HDA shock detector and provide a shock detector that can be
fabricatec.l in compact size by monolithic integration technology and still
deliver an improved and reliable shock sensing capability. The present
invention providés such fully integrated design for a two-axis HDA shock
detector.



20 In Figure 1, the capacitor 105 provides AC-coupling for the shock

si gnal I nput and bl ocks out DC conponent The filter circuit shown in
Figure 1 provi des sufficient rejection on DC conponent and a gain
boost in the passband. But the rejection on high-frequency conponents
I s not acceptable for nost HDA applications. To overcone this
deficiency requires a higher- i
4 order filter, which can provfdé better high-frequency response
characteristics. However, this increases the cost and the board space.
SUMMARY OF THE INVENTION

| The present invention discloses a fully integrated shock detector with
high-order filters, implemented in integrated drcuit technology. Filters are
5 integrated with an improved on-chip bias generator so that they can provide
stable, trimmable and/or programmable frequency responses with a
minimum number of external capacitors. Resistor elements are
implemented with MOSFETs (Metal Oxide Semiconductor Field Effect
Transistors), which are properly biased by an on-chip bias generator. The
10 invention also provides an improved full-wave rectifier, a summer that
sums signals from X-axis and Y-axis shock sensors, and an on-chip lowpass
filter. ',

The full-wave rectifier is implemented using an integrated circuit
15 technology and comprises an operational amplifier. The invention provides
dual full-wave rectifiers for X-axis and Y-axis shock sensing so that more
accurate and reliable shock detection can.be achieved. Input signals from X-
axis and Y-axis shock sensors are converted to current and provided to the
dual full-wave rectifiers. The currents thus full-wave rectified are summed
20 and lowpass filtered to generate an output signal, which is then fed to a -
comparator to produce a shock detection signal. Since the invention
integrates most of its system in monolithic dircuitry and requires only a few
external components, it is feasible and desirable to house the whole detection
circuitry with piezoceramic sensors in one package, thus redudng cost and
25 board space.



Further, RC-active circuits utilizing operational anplifiers with 5
"resistors and capacitors show unstable frequency response characteristics
because the filter characteristics are dependent on resistor and capacitor
val ues. To conpound the problem typical shock filter characteristics
require | arge-val ue resistors and capacitors to realize | owfrequency
pol es and zer os, which in turn occupy relatively large silicon space in
integrated circuit 10 technol ogy. Thus, Pprior art RC-active circuits are
not suitable for nmonolithic . i ntegration using, for exanple, CMOS
technol ogy, thereby making it difficult to scale down the system
Furthernore, nost prior art shock detectors are designed to detect only 15
one-axi s shock for the sake of sinplicity and | ow cost. Wile this nethod

is satisfactory for seiERPISLARNCLIS DAOSINA VYNGRt adequat e or
sufficient to detect and conpensate for excessive shocks and protect
the hard disk drives. A one-axi s shock detector, for exanple, wll not
have a conpl ete shgglkre 1 sholed & ¢fpiedl prio? aft FBNCINSHEANMPIEMERIe8 ByeasiRE | Y

al ong one axis, and consequently 20 will result in | ess accurate sensing of
actual physi cdiscrete companental shock t han desired. Wiile |less accurate
shock sensing m ght be tolerable for desk top conputers and work

stations, tshey can often cause critical damage or crippling
Figure 2 illustrates a conventional full-wave rectifier with a summer

and a lowpass filter(LPF).

Figure 3 shows a functional biock diagram of a two-axis shock detector

10 circuit according to the present invention.

Figure 4 shows frequency ;'esponse for an ideal front-end band pass
filter. -

15 Figures 5 shows frequency response for a practical front-end band pass
filter. |

Figure 6 shows a preferred embodiment of a bandpass filter according
to the present invention. -

Figure 7 shows frequency response of the bandpass filter constructed
according to the embodiment of Figure 6.

Figure 8 shows extended frequency response of the bandpass filter
25 constructed according to the embodiment of Figure 6.



effect for many portabl e personal conputers such as | aptop conputers.

5 However, if one were to design a two-axis shock detection
systemto provi de nore accurate sensing using prior art discrete
conponent system it woul d require even bigger board space and the
conpact size would have to be tyaded off for accuracy. Figure 2 shows a
conventional full-wave rectifier with 5 sumer and LPF i npl enented by

di screte conponents. Referring to Fi gur® 2, input signal VINX is
coupled to X-axis full-wave rectifier 211, which is coupl ed to sumrer
215 through resistor 219. The output of sunmmer 215 is coupled to LPF
1007, which outputs to Vout. VI-Ny is coupled to Y-axis full-

Figure 9 shows an embodiment of a front;end highpass filter according

to the present invention.

5 Figure 10 shows a preferred embodiment of 2 bias generator according
to the present invention.

Figure 11 shows an alternate embodiment of a bias generator according
to the present invention.
10
Figure 12 shows a preferred embodiment of a full-wave rectifier with a

summer and an LPF according to the present invention.



wave rectifier 213, which is also coupled to summer 215 through resistor
©221. 10 Shock signals fromtwo-axis need to be full-wave
rectified individually prior to being added together since the shock
can be in either positive or negative direction of either axis. As
shown in Figure 2, conventionally, two di odes are used to rectify the
current in one direction. Not only is the 15 approach unsuitable for CMOS
i npl ementation, but also requires a fairg anount of silicon area. As

di scussed, a bul ky design adds to costs and i s not suitable for
portabl e conputer applications. Thus, there is a need in the
art to overcone the shortcom ngs of the 20 prior art HDA shock detector and
provi de a shock detectaor_that can be fabrlcated I n_conpact size by
monol i t hi ¢ i ntegrati on REBCARSIRPESGRIPHS PRESEDLL INVENL D d and
reliabl e shock sensing capability. The present i nvent i on provi des such
fully integrated design for a two-axis HDA shock - detector.

A predsion HDA shock sense circuit is described. In the following

description, numerous sﬁecific details are set forth in order to provide a more
5 thorough understanding of the present invention. It will be apparent,

however, to one skilled in the art, that the present invention may be practiced

without these specific details. In other instances, well known features have

not been described in detail so as not to obscure the present invention.

10 Figure 3 shows a functional block diagram of a two-axis shock detector
circuit according to the present invention. Shock seénsors 301 and 307 are
implemented by piezoceramic eiemenbs mounted on an HDA. In response to
environmental shocks to the HDA, shock sensors 301 and 307 generate small
AC signals (typically, 0.5 millivolt/G) whose amplitudes are proportional to

15 the magnitude of shocks. The AC signals from the sensors are first provided
to bandpass filters 313 and 317 to be bandlimited. The bandlimited signals are
then full-wave-rectified by full-wave rectifiers 315 and 319 and summed

together by summing circuit 321.

20 The output of summing circuit 321 is then provided to a lowpass filter
323 to cut off its high-frequency components resulting from full-wave
rectification. A comparator 325 with a small amount of hysteresis compares
the filtered signal with a threshold Vth and generates a logic signal SD, which
signals that the HDA has suffered a shock whose magnitude is above a

25 predétermined threshold value. The system bounded by dotted lines 300 in



6 SUVMMARY OF THE | NVENTI ON The
* present invention discloses a fully integrated shock detector with
hi gh-order filters, inplenmented in integrated circuit technology. Filters
are 5 integrated with an inproved on-chip bias generator so that they can
provi de stable, trimmuable and/or programmabl e frequency responses wth
a m ni mum nunber of external capacitors. Resistor elenents are
i npl enented with MOSFETs (Metal Oxidel8em conductor Field Effect
Transi stors), which are properly biased by an on-chip bias generator. The
10 invention also provides an inproved full-wave rectifier, a sumer that
suns signals from X-axis and Y-axis shock sensors, and an on-chip | owpass
filter.
Figure 3 denotes & circuit integration comprising bandpass filters 313 and 317,
full-wave rectifiers 315 and 319, summing circuit 321, lowpass filter 323 and
comparator 325. Thus the logic signal SD is generated on block 300 and

provided on an output pin to the external world.

Key requirements for front-end bandpass filters such as 313 and 317 of
Figure 3 include: sufficient rejections on both DC and high-frequency |
components around 20 KHz; a gain boost for signals from 1 KHz to 2.5 I;Hz
Its ideal frequency response is depicted in Figure 4, and its practical frequency
10 response characteristics in Figure 5.

In Figure 4, it is shown ti\‘qt an ideal bandpass filter used in system 300
would have a constant gain in the bandpass between two cutoff frequencies of
1 KHz and 2.5 KHz, and the frequency response is attenuated beyond the
15 bandpass at kmek and higher frequencies. For practical bandpass filters, the
frequency response looks more similar to that of Figure S wherein the gain is
approximately constant in the bandpass of 1 KHz and 2.5 KHz.

Figure 6 shows a preferred embodiment of the invented bandpass filter.
20 The bandpass filter is realized by a highpass filter (HPF) 600 cascaded with a
lowpass filter (LPF) 602. In Figure 6, shock sensor 601 is coupled to an external
capacitor 603 (capacitance value of C1), which is coupled to the positive input
terminal of amplifier 606. The positive input terminal of amplifier 606 s also
coupled to reference voltage VR through an external resistor 605 (resistance
25 value of R1). On-chip resistor 609 (resistance value of R2) and an external



The full-wave rectifier is inplenented using an integrated circuit 15

t echnol ogy and conpri ses an operational anplifier. The invention provides

dual full-wave rectifiers for X-axis and Y-axis shock sensing so that nore
accurate and reliable shock detection can be achieved. Input signals from

X- axis and Y-axis shock sensors are converted to current and provided
to the dual full-wave rectifiers. The currents thus full-wave rectified
are sunmed 20 and lowpass filtered to gdanerate an output signal, which is
then fed to a conparator to produce a shock detection signal. Since the
I nvention I ntegrates nost of its systemin nonolithic circutry and
requires only a few external conponents, it is feasible and desirable
to house the whol e detection circuitry with piezoceram c sensors in one

package, t hus cipatitor 681 (capacitande &iubofiCd) seaoapled in series between reference
7 ' .

voltage VR and the negative input terminal of the amplifier 606, An on-chip
feedback resistor 607 (resistance value of R3) is coupled between the negative

input terminal and output terminal of the amplifier 606.

. The output terminal of the amplifier 606 is coupled to resistor 613

(resistance value of R4), which is coupled to node 623. Node 623 is coupled to
the negative input terminal of the amplifier 620 through resistor 619
(resistance value of R5). Node 623 is coupled to a dircuit reference point such

10 as circuit ground through capacitor 615 {capacitance value of C3). The
positive input terminal of the amplifier 620 is coupled to a circuit reference
point such as circuit ground. The output terminal of the amplifier 620 is
coupled to the negative input terminal of the amplifier 620 through capacitor
621 (capacitance value of C4), and coupled to node 623 through resistor 617

15 (resistance value of R6).

The non-inverting amplifiér 606 plus on-chip resistors 607 and 609 in-
conjunction with external components 603, 605 and 611 form RC-active
highpass filter (FIPF) 600 whose transfer functioh is derived as follows:

Hoer = [Tk ] Seome ]

Capacitor 603 and resistor 605 in the first part of HPF transfer function
realize one transmission zero at zero frequency and one pole at less than 1 Hz.

25 Capacitor 603 is used to provide AC-coupling for the shock signal input and



BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 shows a typical

prior art front-end filter inplenmented by using di screte conponents. 5
Figure 2 illustrates a conventional full-wave rectifier with a sumer

and a | owpass filter(LPF). Figure 3 shows a functional bl ock
di agram of a two-axis shock detector 10 circuit according to the present

I nventi on. Figure 4 shows frequency response for an ideal
front-end band pass filter. 15 12 Figures 5 shows frequency
response for a practical front-end band pass filter.

thus block out DC component of the shock signal. Resistor 605 is used to bias
the shock signal at a reference voltage VR. Resistors 607, 609 and capaditor 611
in the second part of HPF transfer function realize one transmission zero
around 100 Hz and one pole around 1 KHz. For high frequencies, HPF

5 provides a gain of g—{%&l

The invérting amplifier 620 with on-chip resistors 613, 617, 619 ax.ld
capacitors 615, 621 forms RC-active lowpass filter 602 whose transfer function
is derived as follows:

10
_ (R6/R4)
H e ILPF = T RECH(1+R6/R4)+(R6/F5)] + s2RERECICH

3

The RC components realize two complex-conjugate poles with -3 dB
frequency around 3 KHz and quality factor at Q=0.6. For low frequendcies, LPF
15 provides a gain of (Rg/Ry).

With ideal component values, the frequency response of the bandpasc
filter shown in Figure 6 would be as shown in Figure 7. Figure 8isan
extended frequency response diagram of Figure 7 As shown in Figure 8, the

20 filter provides a substantial gain boost of about 15 dB in passband between 1
KHz and 2.5 KHz and has a rejection band that rejects DC and high-frequency
components (over 20 KHz) by more than 30 dB (relative to components in the
passband). The gain boost in the selected passband is designed to provide
most sensitive shock detection capability around 1 KHz to 2.5 KHz of input

25 signal frequencies. Thus, the integrated high-order filter shown in Figure 6



Figure 6 shows a preferred enbodi nent of a bandpass filter according

t he present

t he bandpass filter constructed

6.

10

15

20

I nvention. 20 Figure 7 shows frequency response of
according to the enbodi nent of Figure

to

Figure 8 shows extended frequency response of the bandpass
filter 25 constructed according to-the enbodi nent of Figure 6.

13

providés better high frequency characteristics than prior art discrete
component filters such as shown in Figure 1 and yet requires a minimum

number of external capacitors and minimal increase in board space and cost.

Conventionally, on-chip resistors are implemented by polysilicon, p+
diffusion, n+ diffusion, or well, depending upon their applications. When

. resistors are implemented by polysilicon, or p+ diffusion, or n+ diffusion, or

well, they typically are subject to process variations and shows a wide range of
tolerance (more than +30%), thereby shifting the pole and zero locations of
the filters significantly. This makes filters with these types of resistors less
reliable than desired, and in some cases tmaccep;hble.

‘

Thus, to provide a reliable frequency response, a MOSFET, which is
biased in triode region as a linear resistor, is used to implement on-chip
resistors in the present invention. Ifs principle of operation is described
referring to Figure 9. Figure 9 {llustrates a highpass filter constructed
according to the present invention.

In Fig\ire 9, input Vm is eoupied to the positive input terminal of . _
amplifier 905 through capaditor 901. The positive input terminal of amplifier
905 is also coupled to reference voltage VR through resistor 903. The negative
input terminal of amplifier 905 is coupled to VR through a MOSFET 909 and
capacitor 907. MOSFETs Ma,1, Ma,2, ..., Ma,N-1 are serially connected between
the output terminal of amplifier 905 and the negative input terminal of



Figure 9 shows an enbodi nent of a front-end highpass filter accofdi ng

* to the present invention. 5 Figure 10 shows a preferred enbodi nent
of a bias generator according to the present invention.
Figure 11 shows an alternate enbodi nent of a bias generator according
to the present invention. 10 . Figure 12 shows a preferred
enbodi nent of a full-wave rectifier with a summer and an LPF according
to the present invention. 14

amplifier 905 with their gates commonly connected to node 913. The gate
termmal of MOSFET 909 is also coupled to node 913.

MOSFETs Mb,1, Mb,2, ..., Mb,y are serially connected between a
5 precision current source Ig and reference voltage VR with their gates
commonly connected to node 913. The precdision current source Igis also
coupled to the negative input terminal of amplifier 911. The non-inverting
input terminal of the amplifier 911 is coupled to a reference voltage equal to
(VR+Vy) as shown in Figure 9. The output terminal of the amplifier 911 is
10 coupled to node 913. The dotted lines in Figure 9 indicate an mtegrated
circuit chip boundary.
.
The current from the precision current source Ig, is forced through a
MOSFETs Mb,1, Mb,2, ..., Mb,N which are biased in triode region by a high-
15 gain amplifier 911. The equivalent resistance of the Mb,n is, therefore, the
voltage across Mb,n, which is forced to equal to Vx by the high-gain amplifier
911, divided by the current source Ig. The Mb,N is then mirrored to
unplement resistors such as resistors 607 or 609 shown i in Figure 6. The
system in Figure 9 achieves a stable frequency response since both Vx and Ip
20 are fairly stable over process and temperature variations. Also, either the
current source or Vy, and thus the frequency respdnse of the filter, can be
trimmed for further precision or programmed to adjust their values for
various HDA design requirements. |



9 DETAI LED DESCRI PTI ON OF THE PRESENT | NVENTI ON
A precision HDA shock sense circuit is described. In the follow ng
description, numerous specific details are set forth in order to provide a
nore 5 thorough understanding of the present invention. It will be

apparent, however, to one skilled in the art, that the present

I nvention may be practiced w t hout timese specific details. In other

i nstances, well known features have not been described in detail so as
not to obscure the present invention. 10 Figure 3 shows a
functional block diagramof a two-axis shock detector circuit according
to the present invention. Shock sensors 301 and 307 are I npl enment ed by

pi ezocerani c el enents ted on an HDA. .In response to,, envi r.onnent al
shocks to the HDA %P@%‘Wé?ﬁdﬁ“ﬁﬁdﬁmﬁ%ﬁﬁé tarhas adfpigly large volpage; o) s
(typically, O. it anltV B‘@' Wil d SHROEdY t he
magni t ude of s gﬁcng?é AC si gng'lqg\@?%lJ éé%&#ﬂgﬁgﬂﬁggﬂ ar edgfv?i?lg%on%%%%ded
to bandpass fivargmwititik teankirhl Foltogdsat the MOSFETsd . Theneoltage dbefficient can gnal s
are - then full :vya\{e-rectified.béagc ull -wave rectjfiers 315 and 319 and
sumred t oche minimizeds i MOSBET is biased ig_strong triode region and the voltages

5 across MOSFET are fimited within 200 millivolts from its operating point.
The HSPICE simulation has proved that the resistor values which are
implemented in this manner vary less than £10% and in most applications,
these are acceptable. For applications that require tighter tolerance of resistor
values, however, a circuit depicted in Figure 10 may be used to bias the

10 MOSFETs.

Figure 10 shows a diagrax;z of an improved bias generator according to
the piesent invention. In Figure 10, a current source Ig is coupled to the
posifive input terminal of amplifier 931, the negative input terminal of

15 which is coupled to (VR+Vy). NMOS transistors M1 and M3 are serially
coupled between VCC and GND. NMOS transistors M2 and M4 are also
serially coupled between VCC and GND. The output terminal of amplifier
931 is coupled to the gates of transistors M1 and M2 as bias voltage V. The
gate of M3 is coupled to the cutrent source Ip. PMOS transistors M5 and Mé

20 are connected in pafaliei between Ip and VR. VR is also coupled to the gate of
M4. The gate of transistor M5 is coupled to node 933. The gate of transistor
M6 is coupled to node 935. In this configuration shown in Figure 10,
transistors M1, M2, M3 and M4 are biased in saturation region while M5 and

M6 are biased in triode region as linear resistors.



20 The output of summing circuit 321 is then provided to a | owass

filter 323 to cut off its high-frequency conponents resulting from
full -wave rectification. A conparator 325 with a snmall anmount of

hyst eresi s conpares the filtered signal with a threshold Vth and
generates a logic signal SD, which - signals that the HDA has suffered a

shock whose magnitude is above a 25 predeterm ned threshold val ue. The
syst em bounded by dotted lines 300 in 16

10 Figure 3 denotes a circuit integration conpr|3|ng bandpass
filters 313 and 317, full -wave rectifiers 315 and 319, sunmm ng circuit
321, lowpass filter 323 and

Figure 10 comprises a PMOS resistor element enclosed in dotted lines.
Referring to Figure 10, the biased voltages for both M5 and M6 are such that
ti{e drain-to-source voltage drops of M5 and M§ are equal to Vi in the same
manner as in Figure 9. However, in this case, the biased voltages of
5 transistors M5 and M6 are also derived from their terminal voltages since M3
and M¢ are source followers with M1 and M2 as current source loads.- Thus
the circuit eliminatés the voltage dependency on terminal voltages of the
MOSFET resistor element to the first-order, thereby enhancing the reliability
of operation. When used as a resistor element in a circuit, for example to
10 replace resistor 607, 609, 613, 617, or 619 of Figure 6, the gates of the transistors
M3 and M4 are taken and used as two terminals of a resistor element.
.Q
Figure 11 shows an alternate embodiment of a bias generator according
to the present invention. In Figure 11, NMOS transistors M11 and M12 are
15 connected in parallel between Ig and VR. The output terminal of amplifier
941 is coupled to the gates of transistors M9 and M10 as bias voltage Vp. VRis
also coupled to the gate of M8. The gate of transistor M11 is coupled to node
945. The gate of transistor M12 is coupled to node 943. '

20 Referring to NMOS resistor element shown in Figure 11, the biased
_voltages for both M11 and M12 are such that thé drain-to-source voltage drops
of M11 and M12 are equal to Vy, as for PMOS resistor of Figure 10. The
NMOS resistor also eliminates the voltage dependency on terminal voltages
of the MOSPET resistor element to the first-order. When used as a resistor

25 element in a circuit, for example to replace resistor 607, 609, 613, 617, or 619 of



conparator 325. Thus the logic signal SD is generated on bl ock 300 and

- provided on an output pin to the external world. Key

requi renents for front-end bandpass filters such as 313 and 317 of

Figure 3 include: sufficient rejections on both DC and hi gh-frequency
conponents around 20 KHz; a gain boest for signals froml KHz to 2.5 KHz.
Its ideal frequency response is depicted in Figure 4, and its practical
frequency 10 response characteristics i? Fi gure 5. In Figure
4, it is shown that an ideal bandpass f fter used in syst em 300 woul d
have a constant gain in the bandpass between two cutoff frequencies of

1 KHz and 2.5 KHz, and the frequency response is attenuated beyond the 15
bandpass at | ower and hi gher frequencies. For practical bandpass filters,
t he f r equBiguye 6cthp@ates dfahk Brangistorssi7iandrMB aréd biken ahd kisegdiaeto wher ei n

the gain is approxi mately constant in the bandpass of 1 KHz and 2.5
KHz. termingls of acregistar pigmentsr of erred embodi nent of the invent ed
bandpass filter. 20 The bandpass fil.ter is realized by a highpass filter
(HPF) 600 cascaded with a | owpass filter (LPF) 602. In Figure 6, shock
sensor. 601 i s coupTlus, eithenPMOSeresistor or NMQSaesistor debditieciqbove canbe val ue
of Cl), which is coupled to the pasitive input termnal of anplifier

606. The pdki used altermatively on ingombingtion far rrecision esistor slement depending
on applications and IC process characteristics.

Figure 12 shows a drcuit that comprises two-axis full-wave rectifier
circuits, a summation circuit and a lowpass filter and is compatible with IC
10 monolithic technology. Figure 12 comprises an X-axis full-wave rectifier 950
and a Y-axis full-wave rectifier 952. In Figure 12, X-axis sensor signal VINx is
coupled to the negative input terminal of amplifier 951 through resistor R7a.
The positive input terminal of amplifier 951 is coupled to VR. MOS
transistors M16, M13, M14, M15 are serially connected between VCC and
15 ground. Current source I1 is coupled to the gate of NMOS transistor M13 and
the source of PMOS transistor M19, the drain of which is coupled to ground.
The source of PMOS transistor M14 is also coupled to the negative input
terminal of amplifier 951. The output of amplifier 951 is coupled to the gates
of PMOS transistors M14 and M. ' '
20
In Figure 12, VINy is coupled to the negative input terminal of
amplifier 953 through resistor R7b. The positive input terminal of amplifier
953 is coupled to VR. NMOS transistor M20 and PMOS transistor M21 are
serially connected. The drain of transistor M20 is coupled to the drain of
25 transistor M13. The drain of transistor M21 is coupled to the drain of



coupled to reference voltage V[err] through an external resistor 605
(resistance 25 ‘value of Rl). On-chip resistor 609 (resistance value of R2)

and an external capacitor 611 (capacitance val ue of C2)
are coupled in series between reference vol tage VR and the negative

i nput termnal of the anplifier 606. An on-chip f eedback resistor 607
(resistance value of R3) is coupled between the negative | nput term nal
and output termnal of the anplifier 696. 5 The out put term na
of the anplifier 606 is coupled to resistor 613 (resistance val ue of

R4), which is coupled to node 623. Node 623 i's coupled to

transistor M15. Current source 12 is coupled to the gate of NMOS transistor

M20 and the source of PMOS transistor M22, the drain of which is coupled to

gr;.mnd. The source of PMOS transistor M21 is also coupled to the negative

input terminal of amplifier 953. The output of amplifier 953 is coupled to the
$ gates of PMOS transistors M21 and M22.

The drain of NMOS transistor M15 is coupled to its gate, which is also
coupled to the gate of NMOS transistor M18. PMOS transistor M17 is coupled
between VCC and the gate of transistor M15. The gate of transistor M17 is

10 coupled to the gate of transistor M16. The drain of transistor M18 is coupled
to the negative input terminal of amplifier 955 through resistor 959 with its
source connected to ground. The positive input terminal of amplifier 955 is
coupled to reference voltage VR. Capacitor 957 {s coupled between ground
and the drain of transistor M18. Resistor 961 is coupled between the output

15 Vout of amplifier 955 and the drain of transistor M18. Capacitor 963 is
coupled between the output of amplifier 955 and the negative input terminal
of amplifier 955. |

~ Referring to Figure 12, the input voltage VINXx is first converted to a
20 current in either direction by a linear resistor R7a. When the input voltage
exceeds VR, a current will flow in the direction of VIN, towards R7a and
through M14. The output of amplifier 951 and thus the gate voltages of M14
and M19 are driven negative so that M14 and M19 are forced on. The gate
voltage of M13 is low enough so that M13 is turned off. This current thus



the negative input termnal of the anplifier 620 through resistor 619
(resistance value of R5). Node 623 is coupled to a circuit reference point
such 10 as circuit ground through capacitor 615 (capacitance val ue of C3).
The positive input termnal of the anplifier 620 is coupled to a
circuit reference poi nt such as circuit ground. The output term nal of
the anplifier 620 is coupled to the negative input termnal of the
anplifier 620 through capacitor 62119 capaci t ance val ue of C4), and
coupl ed to node 623 through resistor 617 15 (resistance val ue of R6).

The non-inverting anplifier 606 plus on-chip resistors 607 and 609 in
conjunction with external conponents 603, 605 and 611 form RC-active

P90 1110 )R R AR b e G bl 22
one pol ¢ 23”?‘2%29’?‘ﬁa’#‘%m"‘§§°9£§3€??‘§?‘% O e o Arovi de AC colpl i ng
for the shock signal input and
Conversely, when the input voitage is less than VR, a current will flow
5 through M13 towards VINy. The output of amplifier 951 and thus the gate
voltages of M14 and M19 become high enough so that M14 and M19 are
forced off and M13 is forced on. This current thus flows through M16 and is
mirrored into M17 and through M15. Transistors M16 and M17 constitute a
matched-pair current mirror in the same manner as M15 and M18.
10 Therefore, the X-axis full-wave rectifier 950 shown in Figure 12 generates a
¢urrent proportional to input voltage magnitude {VIN, | that flows through
M1S$ irrespective of whether the shock signal is in positive or negative
direction. |

15 The Y-axis full-wave rectifier 952 shown in Figure 12 operates in the
same manner and a current proportional to input voltage magnitude [VINy !
also flows through MIS These two currents from X-axis and Y-axis full-wave
rectifiers are added together at M15 and mirrored into M18 and into an
operational amplifier through an on-chip RC network, which forms a

20 lowpass filter to reject high-frequency components resulting from full-wave
rectification.

The lowpass filter is generally indicated in Figure 12 at LPF comprising
amplifier 955, resistors 959 and 961, and capacitors 957 and 963. The resistors
25 in the RC network can be.realized by MOSFETs biased in strong triode region



12 t hus bl ock out DC conponent of the shock signal. Resistor 605 is

used to bias the shock signal at a reference voltage VR Resistors 607,
609 and capacitor 611 in the second part of HPF transfer function
realize one transm ssion zero around 100 Hz and one pole around 1 KHz.
For high frequencies, HPF 5 provides a gain of [err]. The

inverting anplifier 620 with on-chip resistors 613, 617, 619 and
capacitors 615, 621 forns RC-active Igﬂpass filter 602 whose transfer
function Is derived as follows: 1

as described above. It is noted that the equivalent resistance value of
MOSFET resistor is determined by Vy and Is. By trimming and/or
programming differént values for Vy and Ig, the value of a MOSFET resistor
can be adjusted. Transistors M15, M1, Ml?,‘ and M18 in the preferred

5 embodiment of Figure 12 are typically operating in saturation region.

The present invention thus provides accurate and reliable shock
sensing capability built around 2 compact system design. As stated above,
The advantages of the invention are particularly valuable in HDA
10 applications for portable computers. The advantages of the present invéntion
are:
_ '
 High-order filter topology meets system requirements closely,
¢ Stable frequency response over temperature, supply voltage and
15 process variations,
« Minimum number of external bypass capacitors required,
* Trimmable/programmable frequency response.

Thus, an integrated circuit technology compatible two-axis shock
20 detector system which incorporates a compact integrated high-order filter has
been described.

Although the present invention describes and illustrates various
embodiments of resistors, rectifiers, and other circuits using MOSFETs, other

25 suitable FETs can also be used to realize the present invention. For example,



lerr] The RC conponents realize two conpl ex-conjugate poles with -3 dB
frequency around 3 KHz and quality factor at Q=0.6. For |ow frequencies,
LPF 15 provides a gain of (Rlerr]/Rerr]). Wth ideal conponent
val ues, the frequency response of the bandpass filter shown in Figure 6
woul d be as shown in Figure 7. Figure 8 is an ext ended frequency
response diagramof Figure 7. As shown in Figure 8, the 20 filter provides
a substantial gain boost of .about 15 dB 3y passband between 1 KHz and
2.5 KHz and has a rejection band that rejects DC and hi gh-frequency
conponents (over 20 KHz) by nore than 30 dB (relative to conponents in the
passband). The gain boost in the selected passband is designed to provide

nost sensitive é‘rﬁ]‘(g%ﬁ (}ﬁt ection capability around 1 KHz to 2.5 KHz of i nput
25 signal freqBRAtirag. %ﬁ‘éfe‘%%suqlit%gﬂmmihi@wlﬁ&ﬁséd int SlaceSHORAAL

Figure 6 film to form field effect transistors. Depending on design and cost
considerations, other insulator thin films are obviously available to form a

FET without departing from the scope of the present invention as defined in
S the appended claims,

It would also be apprediated by those skilled in the art that changes in
various details may be made without departing from the invention defined
in the appended claims. For example, N-type MOS transistors may be

10 replaced by P-type MOS transistors with appropriate changes in voltage
polarities, or vice versa. |

t

Thus, a precision HDA shock sense circuit has been described.



13 provi des better high frequency characteristics than prior art

di screte conponent filters such as shown in Fi l.and..yet..r ires a
m ni num.. _. nunber._ of external capacitors and nini IS GHEER$®SI BEBNORI d
space and cost . ' Oonventlonally, on-chi p resiBRRASEDRS €

i mpl erreng’ﬂﬂmmm)m" L di ffusion, n+ d

dependi n ﬂl’ u’ﬂﬂl cations. \aan resistors are | npl ement ed by

pol ysilicon, “ort p# di%f f usi on, or n+ diffusion, or well, they typically
are subject to process variations and shows a w de range of t ol erance

(nmore than [err]30%, thereby shifting the pole and zero | ocations of 10
the filters significantly. This nakes filters wth these types of resistors
| ess reliable than desired, and in_sQ cases unaccept abl e.

Thus, 'to provide a reliable frequencyEE@ggg%se, a MOSFET, which is

biased in triode region as a linear resistor, is used to inplenent on-chip

1. A drcuit for sensing current, said drcuit comprising:
a first bandpass filter with a resistor gnd a capacitor;
5 a first full-wave rectifier coupled to the bandpass filter;
a second bandpass filter with a second resistor and a second capacitor;
a second full-wave rectifier coupled to said second bandpass filter; and

a summation circuit coupled to said first and second bandpass filters.
10 2. The circuit of claim 1 is integrated on a single chip.

3. The circuit of claim 1 ﬁ;;ther comprising a lowpass filter coupled to

the summation. circuit.
15 4. The circuit of claim 1 wherein said resistor comprises FET transistors.

5. The circuit of claim 4 wherein said FET resistor comprises:
a first FET (Field Effect Transistor) and a second FET coupled in series; '
_ a third FET and a fourth FET coupled in series;
20 a fifth FET and a sixth FET coupled in parallel between gates of the first

FET and the third FET;

a bias voltage coupled to gates of the second FET and the fourth FET;

a gate of the fifth FET coupled to a terminal of the channel of the
second FET;

ect Has Been Replaced
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15 resistors in the present invention. Its principle of operation is

descri bed referring to Figure 9. Figure 9 illustrates a highpass filter
constructed—--_according to the present invention. re
9, input V[err] is C(ﬁrgﬁo the positive input terﬁifss T HAS, ENner
905 throgg ,’ﬂ"mwﬁﬂ The positive input term nat % 905
Is al so ce vol tage \gerr] t hrough resistor 903. The '
negative |nput "tefm hal of anpllf er 905 is coupled to V[err] through a
MOSFET 909 and capacitor 907. MOSPETs Ma,1,Mn,2, ..., Ma, N1 are
serially connected between . the out put term' nal of anplifier 905 and the
negative input termnal of

14

a gate of the sixth FET coupled to a terminal of the channel of the
fourth FET; and ~
a gate of the first FET and a gate of the third FET being used as resistor

terminais.

6. The drcuit of claim 1 whex:ei:x said first full-wave rectifier circuit
comprises:
a current source;
an airtpliﬁer, a negative input terminal of the amplifier is coupled to a
10 supply voltage;
an input signal coupled to a positive input terminal of the amplifier;
a first FET and a second FET coupled in series between a first node and
a second node; .
a third FET coupled between the cuuarent source and ground;
15 a gate of the first FET is coupled to the current source;
an output terminal of the amplifier is coupled to gates of the second
and third FET.

7. The drcuit of claim é wherein said second full-wave rectifier circuit
20 comprises: -
a second current source;
a second amplifier, a negative input terminal of the second amplifier is
coupled to said first supply voltage;

a second input signal coupled to a positive input terminal of the

25 second amplifier;

This Sheet Has Been Rept
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a}rpl ifier 905 wth their gates comonly connected t THST® 5 e
termnal of MOSFET 909 is also coupled to node 913. HAS
Mo, 1, Mo, 2, ——Nbre_r—r] are serially connected between 5 %Frpééﬂgﬂon current

source |[er [!l‘ m voI tage VR with their gates commonry™
€ negat Iw

connected 't recision current source I[err] is also
coupled to esinput termnal of anplifier 911. The non-inverting
input termnal of the anplifier 911 i 4coupled to a reference vol tage equal

to (VR+V[err]) as shown in Figure 9. The output term nal of the
anplifier 911 is 10 coupled to node 913. The dotted lines in Figure 9

i ndi cate an integrated circuit chip boundary. The current
fromthe preC|S|on current source I[err], is forced through a MOSFETs
M, 1, Mo, 2 , Mo, NmeﬁaéémwlwmsmSMmgemtﬁmfgmm@ gai n
arrplifier 911. “Wgaﬁecl'\m% re5|stance of the Mon is, therefore, the
vol t age across TCAOP% forced to equal to Vx by the high-gain
anplifier 911, ﬂsmﬂ@r%ﬁa@&m&%wuha%uhlieﬁegamem& ;s then
mrrored to I npl ement resi'stor such as resistors 607 or 9 shdwn in

Figure 6. The S/ gite of ithe ﬁq&rmmhpbddethese@bde:uﬁenqmcy response
since both Yferr] and I err 20 .are, fairl st e.,over process a

t enper at ur evar i atﬂihg paliof the perond a Pg%efé‘hf"‘% ?gﬁ] and
thus the frequgﬂﬁwqjmm.of the filter, can be

8. The circuit of claim 7 further comprising a current mirror circuit
comprising:
10 a seventh FET, a terminal of the channel of the seventh FET coupled to
said first node, a gaée of the seventh FET coupled to said first node;
an eighth FET, a terminaisof the channel of the eighth FET coupled to
said second node, a gate of the eighth FET c.oupled to said second node; and
a ninth FET, a terminal of the channel of the ninth FET coupled to the
15 gate of the eighth FET.

9- The circuit of claim 8 further comprising a lowpass filter comprising:
a third amplifier, a positive input terminal of said third amplifier
coupled to said first supply voltage;

20 a second resistor and a second capacitor coupled in parallel bétwéen a
negative input terminal of said third amplifier and an output of said third
amplifier; and

a tenth FET coupled between the negative input terminal of said third
amplifier and ground, a gate of the tenth FET is coupled to the gate of the

25 eighth FET. '

il
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trimred for further precision or programed to adjust their values for
vari ous HDA desi gn requi renents.

15 A'-NBSFE'I"BT_ased in triode region as
| arge vol tage "'.. In other words, the res§stor

and 609 W”L“ﬁ yvmththetermnal vol t a

The vol tage csan* be mnimzed if MOSFET is biased in strong
tri ode region*and the voltages 5 across2MOSFET are limted within [err]200

mllivolts fromits operating point. The HSPI CE sinul ati on has proved
that the resistor values which are I npl emented in this manner vary |ess
than [err] 10% and in nost applications, t hese are acceptable. For

applications that require tighter tol erance of resistor

10. The circuit of claim 1 wherein said bandpass filter comprises:
a lowpass filter; and
a highpass filter comprising:
5 an amplifier, a positive input terminal of the amplifier coupled
to an input signal;

a first plurality of FETs coupled in series between a negative
input terminal and an output terminal of the amplifier;

an FET coupled between a first supply voltage and the negative

10 input terminal of the amplifier;

a current source;

a second amp!iﬁer,.a positive input terminal of the second
amplifier coupled to a second supply voltage, a negative input terminal
of the second amplifier coupled to the current source;

15 a second plurality of FET's coupled in series between the current
source and the first voltage supply; and

gates of said FET and said first and second plurality of FETs
coupled to an output terminal of the second amplifier. |

20 11. A drcuit for sensing current, said circuit comprising:
a first full-wave rectifier;
a summation circuit coupled to said first and second full-wave
rectifiers for summing outputs of the first and second full—waﬁ rectifiers; and
a bandpass filter coupled to the first full-wave rectifier, said bandpass
25 filter comprising:

This Sheet Has Been Reﬂlaced
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val ues, however, a circuit depicted in Figure 10 may be used to bias the 10
MOSFETSs. Figure 10 shows a diagram of an inproved bias

generator accordi-fg-to _____the present invention. In¢E [ BNt
source | [err]m@ oumd to the positive input ter Wﬁéﬁﬁ@ﬁﬁﬁﬁ“{ 11

Ay

931, the neg naI of 15 .which is cougl ed t8 errl).
NMOS tranS|s e seriallyg coupl ed between VCC and GND
NMOS transistors M and ﬁﬂ are al so serially coupl ed between VCC and
G\D. The output term nal of anplifier 931 is coupled to the gates of
transistors ML and M2 as bias voltage V[err]. The gate of MB is coupled
to the current source I[err] PMOS transistors Mo and M6 20 are connected
in parallel between I[ ﬁﬁf Vlerr]. VR is also coupled to the gate of

MA. The gate of transis e coupled to node 933. The gate of

transi stor MB is cawah‘e@rkeul\gled% A gnkl\?'nhﬁéw said PRdtSEcthbiddinghown i n

Fi gure 10, transistors are biased in saturation

region while Mo and VG afiestifETowd d second F8F cowpledrinasries; near resi stors.
25
a third FET and a fourth FET coupled in series;
5 a fifth FET and a sixth FET coupled in paraliel between

gates of the first FET and the third FET;
a bias voltage coupled to gates of the second FET and the
fourth FET;
' a gate of the fifth FET coupled to a terminal of the channel
10 of the second FET;
a gate of the sixth FET coupled to a terminal of the
channel of the foutih FET; and
a gate of the first FET and a gate of the third FET being
used as resistor terminals.
15,
12. The circuit of claim 11 wherein said first full-wave rectifier
.comprises:
a current source; :
a second amplifier, a negative input terminal of the second amplifier is
20 coﬁpled toa supplj voltage;
an input signal coupled to a positivé input terminal of the second
amplifier;
a first FET and a second FET coupled in series between a first node and -
a second node;

25 a third FET coupled between thé current source and ground;

r
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dotted |i nes.

and M6 are_such_that_.____the drain-to-source voltag }ql’r EﬁHh@B‘g@ﬁ M6 are

equal to V[err] in the sane manner as in Figureg. g i Hi s

case, the bimamwsﬂﬂ“m transistors M and Lxdd from
m

their ter

and M2 as cufrent “solircé | dads.

Figure 10 conprises a PMOS resistor elenment enclosed in
Referring to Figure 10, the biased voltages for both M

ar}dl M4 are source followers with M.
Thus the circuit elimnate the voltage

dependency on term nal voltages of the MOSFET resistor elenment to the

first-order,

t hereby enhancing the reliability of operation. Wen used

as a resistor elenent in a circuit, for exanple to 10 repl ace resistor 607,

609, 613, 617,

are taken and used® &t
Figure 11 shows anggbi;

or 619 of FEi thegt s of the transistors MB and M4
te,af sHg EipsFRT/ IS cufpled o ieciprent saHsRi
afes GRils N9

%ﬁﬁ%&?&&na PhSs

ut Eﬂt
to the present mvenu? In Figure 11, N transi st tﬁflfl and ML2 are 15
connected i n peoadiad thid#ET |[err]. and VR The out put term nal of

anplifier

5

10

15

20

25

13. The circuit of claim 12 further comprising a second bandpass filter
and a second full-wave rectifier coupled to said second bandpass filter, said
second full-wave rectifier comprising:

a second current source;

a third amplifier, a negative input terminal of the third amplifier
coupled to a second supply voltage;

a second input signal coupled to a positive input terminal of the third
amplifier; | .‘

a fourth FET and a fifth FET coupled in series between the first node
and the second node; ‘ '

a sixth FET coupled between the second current source and ground;

a gate of the fourth FET is coupled to the second current source;

an output terminal of the third amplifier is coupled to gates of the fifth
and sixth FET.

14. The circuit of claim 13 further comprising a current mirror circuit
comprising:

a seventh FET, a terminal of the channel of the seventh FET coupled to
said first node, a gate of the seventh FET coupled to said first node;

an eighth FET, a terminal of the channel of the eighth FET coupled to
said second node, a gate of the eighth FET coupled to said second node; and

79081,2040
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941 is coupled to the gates of transistors M and MLO as bias voltage
Mlerr]. Vlerr}-+s——arso. coupled to the gate of MB. The gate of

transi stor ML1 | Q node 945. The gate g '
coupl ed t émﬂm Referring to NMOS re}iTBtSBHEL EHABtREENO
Fi gure 11, *voltages for both ML1 and ML2 arREP$ACADt hat

drain-to- source voltage dr ops of ML1 and ML2 are
PMOS resistor of Figure 10. The NM2B resi stor also elimnates the

vol tage dependency on term nal voltages of the MOSFET resistor el enent
to the first-order. Wen used as a resistor 25 elenent in a circuit, for
exanpl e to repl ace resistor 607, 609, 613, 617, or 619 of

17 a ninth FET, a terminal of the channel of the ninth FET coupled to the
gate of the eighth FET.

for

1S. The circuit of claim 14 further comprising a lowpass filter
5 comprising:
a fourth amplifier, a bositive input terminal of said fourth amplifier
coupled to said first supply voltage;
a resistor and 2 capacitor coupled in parallel between a negative input
terminal and ar output of said fourth amplifier; and
10 a tenth FET coupled between the negative input terminal of said fourth
amplifier and ground, a gate of the tenth FET coupled to the gate of the eighth
FET. B
16. The circuit of claim 15 is integrated on 2 single chip.
15 . | .
17. A circuit for sensing current, said circuit comprising:
a bandpass filter comprising:
an amplifier;
an FET resistor coupled to said amplifier;
20 a first full-wave rectifier coupled to said bandpass filter, said first full-
wave rectifier comprising:
a current source;
a second amplifier, a negative input terminal of the

second amplifier coupled to a supply voltage;

This Sheet Has Been Re Iaced
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Figure 6, the gateé of the transistors M/ and MB are taken and used as two
termnals of a resistor elenent. Thus, either PI\/DS r esi stor or
NMOS resi st or describe d"tTVE‘ can be 5 used altern By nat i on

for precisi nt - dependi ng on app Dr ocess
character| sﬂmmml 'ﬂ m Fi gure 12 shows a ci cwt fREi%IIAGEBrrprl Ses
Wo- axi s fuII-vvaveLrec a summa

Iovvpass filter and is corrpatl bl e W|th IC 10 nonolithic technol ogy Fi gure
12 conprises an X-axis full-wave rectifier 950 and a Y-axis full-wave
rectifier 952. In Figure 12, X-axis sensor signal VINerr] is coupl ed
to the negative input termnal of anplifier 951 through resistor R7a.

The positive input termnal of anplifier 951 is cougl ed to VR
transi stors M6, M3, M4, ®BInpwEsigaatcgupledtofpesi \dﬂmﬁé‘é’ﬁ“&)@k?fam 15

ground. Current source sy:or‘k ﬁ%pd to the gate of NMOS transistor ML3 and
the source of PMOS transistor ‘the drain of which is coupled to ground.
The source of PMOS transi st QifMIFET éndih 86cohd FETEEbupled eserieg Bétwednianput
termnal of anplifier 951. The output of anplifier 951 is coupled to the

gat es of PMOS tr andfirst pede andia serongdpwdep0 In Figure 12,
VINLerr] i % coupled to the 'letﬂﬂk' J:o%'!'éd ﬁweﬂ?ll\e gt];rrent source and
ground;

a gate of the first FET coupled to the current source;
an output terminal of the second amplifier coupled to
gates of the second and third FET;
10 a second bandpass filter comprising:
a third amplifier; |
a second FET resisior coupled to said third amplifier;
a second full-wave rectifier coupled to said second bandpass filter, said
second full-wave rectifier comprising:
15 a second current source;
| " a fourth amplifier, a negative input terminal of the fourth
amplifier coupled to said first voltage supply; .
a second input signal coupled to a positive input mmal
of the fourth amplifier;
20 a fourth FET and a fifth FET coupled in series between the
first node and the second node;
a sixth FET coupled between the second current source
and ground;
a gate of the fourth FET coupled to the second current

25 source;
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anplifier 953 through resistor R7b. The positive input term nal of

anmplifier 953 is coupled to VR NMOS transistor M0 and PMOS transi stor
I\/Ql are —se%i—aH—y—eeﬂﬂee%ed The drai n of trans fled to
transi sto ain of trang é&rﬁ‘.’ﬁ%\“ﬁ (Ettgml ed to

th
w:ngr?t growul“umuuu u'gcluule 12 is c%&ol ed to the gat SE:f NMOS transi stor

MO and the source of PMXS transistor the drain of which is coupled to
ground. The source of PMOS transistor M1 is also coupled.to the negative

i nput termnal of anplifier 953. The output of anplifier 953 is coupled to
the 5 gates of PMOS transistors M21 and M22.

an output terminal of the fourth amplifier coupled to
gates of the fifth and sixth FET; and
a summation circuit coupled to said first and second full-wave

rectifiers for summing outputs of the first and second full-wave rectifiers.

18. The circuit of daim. 17 wherein said FET resistor comprising:
a seventh FET (Field Effect Transistor) and an eighth FET coupled in
series;
a ninth FET and a tenth FET coupled in series;
10 a eleventh FET and a twelfth FET coupled in parallel between gates of
the seventh FET and the ninth FET;
a bias voltage éoupled to ‘gates of the eighth FET and the tenth FET;
a gate of the eleventh FET coupled to a terminal of the channel of the
eighth FET;
15 a gate of the twelfth FET coupled to a terminal of the channel of the
tenth FET; and
" a gate of the seventh FET and a gate of the ninth FET being used as
resistor terminals. |

20 19. The circuit of claim 18 further comprising a current mirror circuit
coupled to the summation circuit wherein a current proportional to an
oufput of the summation circuit is provided as an output from the current

mirror circuit.
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.The drain of NMOS transistor ML5 is coupled.to its gate, which is also
coupled to the gate of NMOS transistor ML8. PMOS transistor ML7 is coupled
between VCC and the gate of transistor ML5. The gate of transistor M7 is

10 coupl ed t nsistor ML6. The drain il BREEEHAS BEEY | S
coupl ed mfl muﬂm:{m “mrnput termnal of anplifier 95gdhceggh
resistor 95 Sm s source connected to groundi.lhewpostitre—trmput

term nal of arrpl ifier 955 is coupl et o reference voltage VR Capacitor
957 is coupl ed between ground and the drain of transistor ML8. Resistor
961 is coupled between the output 15 Vout of anplifier 955 and the drain of
transi stor ML8. Capacitor 963 is coupl ed between the out put of

anplifier 955 and I, er.m nal of anplifier 955.
Referring to Fi gurgalg gﬁ“"t ﬁ&/ﬁ%ﬂ&@WWHG??WM@@bmkéd to a
20 current in teithtontplitrafcthi @Grreit Midrb N &fduif €SI Stor R7a. Wien the input
vol t age exceeds VR, a current will flowin the direction of VIN err]
towards R7a and t hrough ML4. The output of anplifier 951 and thus the
gate vol tages of dr| ven negative so that M4 and ML9
are forced on. Th(l\a/gga-{he c‘?cw\/":}mc?aé ‘%ﬁf&fai‘%dPﬁﬁ/%Gghpso that ML3 is
turned of f.5This current thus
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19 flows through VIN err], M4 and ML5. M5 is di ode-connected and
thus mrrors the sanme anmount of the current flow ng through ML8.
Conversely, when the input voltage is less than VR, a current will flow 5
through ML3 towards VIN err]. The output of anplifier 951 and thus the gate
vol tages of ML4 and ML9 becone high enough so that ML4 and ML9 are

forced off and ML3 is forced on. This current thus flows through M6 and is
mrrored into M7 and through ML5. Traggi stors M6 and ML7 constitute a

mat ched-pair current mrror in the sane manner as M5 and ML8. 10
Therefore, the X-axis full-wave rectifier 950 shown in Figure 12 generates
a current proporti onFIULLY INTEGRATEDaFWOJAXIS] err] that flows
t hr ough ML5 irrespective oSHOCEKDBEECTORSsignal is in positive or

negative di rection.
ABSTRACT OF THE INVENTION

The present invention dis;iases a fully integrated predsion HDA shock
sense circuit with high-order filters implemented in integrated circuit
5 technology. Filtets are integrated with an improved on-chip bias generator so
that they can provide stable, trimmable and/or programmable frequency
responses with a minimum number of external capacitors. The invention
provides dual full-wave rectifiers for X-axis and Y-axis shock sensing so that
more accurate and refiable shock detection can be achieved. Input signals
10 from X-axis and Y-axis shock sensors are converted to current and provided to
the dual full-wave rectifiers. The currents thus full-wave rectified are
summed and lowpass filtered to generabe an output signal, which is then fed
to a comparator to produce a shock detection logic signal.

Figure 3



15 The Y-axis full-wave rectifier 952 shown in Figure 12 operates i'n

t he sanme manner and a current proportional to input voltage magnitude
VIN err] al so flows through ML5. These two currents from X-axis and
Y-axis full-wave rectifiers are added together at M5 and mirrored into
ML8 and into an operational anpli-fier through an on-chip RC network,
which forns a 20 | owpass filter to reject_high-frequency conponents
resulting fromfull-wave rectificattédhd The | owpass filter
is generally indicated in Figure 12 at LPF conprising anplifier 955,

resistors 959 and 961, and capacitors 957 and 963. The resistors. 25 in the
RC network can be realized by MOSFETs biased in strong triode region
20

101 | , +—‘— \ -

Shock
Sensor

r 8
103 210M ‘
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as described above. It is noted that the equival ent resistance val ue of
MOSFET resistor is determned by V[err] and I[err]. By trimmng and/or
programm ng different values for V[err] and I[err], the value of a MOSFET
resi stor can be adjusted. Transistors M5, ML6, ML7, and ML8 in the
preferred 5 enbodinment of Figure 12 are typically operating in saturation
regi on. The present invention t hus provi des accurate and
reliable shock sensing capability b? around a conpact system design.
As stated above, The advant ages of ﬁe invention are particularly

val uable in HDA 10 applications for portable conmputers. The advant ages of
the present invention ar e: * H gh-order filter topol ogy
nmeets systemrequirenents cﬁbsely, * Stable frequency response
over tenperature, supply:%oPtage and 15 process vari ations,

*

M ni mum nunber of extefned pass capacitors required,
Tr i mrabl e/ pr ogr ammabl e fru?qu,ngy response.

I

FIGURE 2
(Prior Art)
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Thus, an integrated circuit technol ogy conpati bl e two-axis shock 20
detector system which incorporates a conpact integrated high-order filter
has been descri bed. : Al t hough the present invention
describes and illustrates various enbodi nents of resistors, rectifiers,
and other circuits using MOSFETs, other 25 suitable FETs can al so be used

to realize the present invention, For e%ﬂﬂﬂie’
21 other thin filmmaterials sucHas silicon nitride can be used in
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filmto formfield effect transistors. Depending on design and cost
"considerations, other insulator thin filns are obviously available to form

a FET wi thout departing fromthe scope of the present invention as
defined in 5 the appended cl ai ns. It would al so be
appreci ated by those skilled in the-art that changes in various details
may be made without departing fromthe invention defined in the '
appended cl ai rs. For exanple, N ype Mo&/dPansi stor s may be 10 replaced by
P-type MOS transistors with appropriate changes in voltage pol arities,
or vice versa. Thus, a precision HDA shock sense circuit has
been descragped.
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CLAI M5 1. A circuit for sensing current, said circuit

‘conpri sing: a first bandpass filter with a resistor and a
capaci tor; a first full-wave rectifier coupled to the bandpass
filter; a second bandpass filter with a second resistor and a
second capacitor; a second f.ull-wave rectifier coupled to said
second bandpass filter; and a sunnﬁhion circuit coupled to said
first and second bandpass filters erein said circuit is
integrated on a single chip. 2. A circuit for sensing current,
said circuit conprising: a first bandpass filter with a resistor
and a capacitor; a first full-wave rectifier coupled to the
bandpass filter; a second bandpass filter with a second resi stor
and a second capacitor; a second full-wave rectifier coupled to
sai d second bandpass filter; and a sunmation circuit coupled to
said first and second bandpass filters wherein said resistor
conprises FET transistors. 3. The circuit of claim2 wherein
said FET resistor conprises: a first FET (Field Effect Transistor)
and a second EEL.coupl.ed.ln.selighi...........a.third FET and a fourth FET
coupl ed in sgries; i
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a fifth and a sixth FET coupled in parallel between gates of the first FET
“and the third FET; a bias voltage coupled to gates of the second FET

and the fourth FET, a gate of the fifth FET coupled to a term nal of
t he channel of the second FET; a gate of the sixth FET

coupled to a termnal of the channel~ of the fourth FET; and a gate
of the first FET and a gate of the thi I 1l(:)ET bei ng used as resistor

term nal s. 4. A circuit for‘sensing current, said circuit
conpri si ng:
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.a first bandpass filter with a resistor and a capacitor; a first
full-wave rectifier coupled to the bandpass filter; a second
bandpass filter with a second resistor and a second capacitor; a
second full-wave rectifier coupled to said second bandpass filter; and

a summation circuit coupled to said first and second bandpass filters
wherein said first full-wave rectifier circuit conprises: a current
sour ce; an anplifier, a negativeZi/dfut termnal of the anplifier is
coupled to a supply voltage; an input signal coupled to a positive
input termnal of the anplifier; a first FET and a second FET
coupled in series between a first node and a second node; athird
FET coupl ed between the current source and ground; : a gate of the
first FET is coupled to the current source; an out put termnal of
the anplifier is coupled to gates of the second and third PET. . 5.
The circuit of claim4 wherein said second full-wave rectifier circuit
conpri ses: a second current source; a second anplifier} a
negative input tegnjnal of the second anplifier is coupled to said fiirst
supply woltage > a s@&ond input signal cqnpled to a positive |Gput
tern1na| of the s§cpnd-+ !
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~amplifier; ) a fourth FET and a fifth FET coupled in series

between the first node and the second node; a sixth FET coupl ed

bet ween the second current source and ground, a gate of the fourth
FET is coupled to the second current source; an out put term nal of
the second anplifier is coupled to gates of the fifth and sixth FET.

6. The circuit of claim5 further gongyising a current mrror circuit
conpri si ng: a seventh FET, a termnal of the channel of the seventh
FET coupled to said first node, a gate of the seventh FET coupled to said
first node; an eighth FET, a term nal of the channel of the eighth

PET coupled to
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.said second'hode, a gate of the eighth FET coupled to said second node; and
a ninth FET, a term nal of the channel of the ninth FET coupled to the gate

of the eighth FET. 7. The circuit of claim 6 further
conprising a |lowpass filter conprising: athird anmplifier, a
positive input termnal of said third anplifier coupled to said first
supply voltage; a second resistgyignd a second capacitor coupled in
paral |l el between a negative input termnal of said third anplifier and an
output of said third anplifier; and a tenth FET coupl ed between the

negative input termnal of said third anplifier and ground, a gate of the
tenth FET is coupled to the gate of the eighth FET.
25
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8. A circuit for sensing current, said circuit conprising: a

first bandpass filter wwth a resistor and a capacitor; a first
full -wave rectifier coupled to the bandpass filter; a second
bandpass filter with a second resistor and a second capacitor; a

second full-wave rectifier coupled to said second bandpass filter; and
a sunmation circuit coupled to said'ﬂlfﬁ/fgmisecond bandpass filters
wherein said bandpass filter conprises: a lowpass filter; and

a highpass filter conprising: an anplifier, a positive input
termnal of the anplifier coupled to an input signal; a first
plurality of FETs coupled in series between a negative input term nal and
an output termnal of the anplifier; an FET coupl ed between a first
supply voltage and the negative input term nal of the anplifier; a
current source; a second anplifier, a positive Wt termnal of the
second anplifier coupled to a seton PpTy VO €, a nhegative input
term nal of the second anplifier coudh& CifizeNt source; a
second plurality of FETs coupled in se S jbetwegn the current source and
the first voltage supply; and gdtes of said FET and said first and
second plurality of FETs coupl ed tog out put terjm nal of the second
anplifier. i "

n

X-axis Full-wave Rectifier 950
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FIGURE 12

---------- sese csear £ y senny

Y-axis Full-wave Rectifier 952 &




9. A circuit for sensing current, said ciftcult..conprising:

first full-wave recti fier: a sunmatio cﬁ%ﬂ"ﬁi&ﬂﬂé‘dﬁﬂi‘&m GGfl r et
and second full-wave rectifier for summing o t@ﬂ@cmﬁ‘ ronhe@stid st tapdgskon
full -wave a bangpass ¥ il¥tHsictgupl:gdgtbIEhe phedal
full -wave”lﬁm I"'" mwm ﬂl]bandpass filter co Erawya(s) rpugsd . to paged..z 4N
anplifier;* ¢ L drdsistor coupled to said dBpvsktar, si@-.gﬂ rg%s{a@d ,,,,,
conpri si ng: a first FET and ET coupled in series; a

1. A circuit for sensing current, said circuit comprising:

a first bandpass filter with a resistor and a capacitor;

a first full-wave rectifier coupled to the bandpass filter;

a second bandpass filter with a second resistor and a second capacitor;
a second full-wave rectifier coupled to said second bandpass filter; and
a Mﬁon circuit coupled to said first and second bandpass filters

»

wherein said circuit is integrated on a single chip.

2. A circuit for sensing current, said circuit comprising:

a first bandpass filter with a resistor and a capacitor;

a first full-wave rectifier coupled to the bandpass filter;

a second bandpass filter with a second resistor and a second capacitor;
a second full-wave rectifier coupled to said second bandpass filter; and
a summation circuit coupled to said first and second bandpass filters
wherein said resistor comprises FET transistors. |

3. The circuit of claim 2 wherein said FET resistor comprises:

a first FET (Field Effect Transistor) and a second FET coupled in series;

a third FET and a fourth FET coupled in series;

a fifth and a sixth FET coupled in paralle]l between gates of the first FET
and the third FET;

a bias voltage coupled to gates of the second FET and the fourth FET;

a gate of the fifth FET coupled to a terminal of the chanpel of the second
FET;




a fifth FET and a sixth FET coupled in parallel between gates of the first
FET and the third FET; a bias voltage coupled to gates—of—the-second
FET and the fourth FET; a gate of the fifth | a

term nal of the channel of the second FiT; ajﬂ”ﬂzmlm#mmﬂ FET
coupled to a termnal of the channel of the fourth ;c x s oA gate
of the first FET and a gate of the third FET bei ng used as resistor

term nal s. 10. The circuit of claim9 wherein said first full-wave
rectifier conprises: a current source; _ a second anplifier,
a negative input Lent sfahe Sl PETOGMIRE 16 F Mrhdiha lof e CHARMIM thefcRrRUPP! ¥
vol t age; an 1 nput signal coupled to a positive input termnal of the
second anpl i B3} ;and a first FET and a second FET coupled in series
between a first node, and. a npde; . Led. FET coupl ed bet ween
the current Sourcgggp?dor}gtpﬁﬁﬁfﬁ)ldan&)agateofthethn%lsﬁi"i:emgusecfgspeswgor
terminals.

4. A circuit for sensing current, said circuit comprising:

a first bandpass filter with a resistor and a capacitor;

a first full-wave rectifier coupled to the bandpass filter;

a second bandpass filter with a second resistor and a second capacitor; |

a second full-wave rectifier coupled to said second bandpass filter; and

a summation circuit coupled to said first and second bandpass filters

wherein said first full-wave rectifier circuit comprises:

a current source;

an amplifier, a negative input terminal of the amplifier is coupled to a
supply voltage;

an input signal coupled to a positive input terminal of the amplifier;

a first FET and a second FET coupled in series between a first node and
a second node;

a third FET coupled between the current source and ground;

a gate of the first FET is coupled to the current source;

an output terminal of the amplifier is coupled to gates of the second and
third FET.

5. The circuit of claim 4 wherein said second full-wave rectifier
circuit comprises:

a second current source;

a second amplifier, a negative input terminal of the second amplifier is
coupled to said first supply voltage;

a second input signal coupled to a positive input terminal of the second

amplifier;
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.a gate of the first FET is coupled to the current source;” — ~——am out put

termnal of the second anplifier is coupled to gat and
third FET. 11. The circuit of clai-m10 lmm m"mm m[‘l
second bandpass filter and a second f @4 -wave rectifiar coupl

second bandpass filter, said second full-wave rectifier conprising:

a second current source; athird anplifier, a negative input

termnal of the h%ﬁrﬁlmhh&'aw%ﬁblé&x@seﬁ‘éﬂét%&vﬂié' -
a second input signal coupled to a positive input termnal of the third

anplifier; thesecondanddegrth FET and a fifth FET coupl ed in series between -
the first node and.t con FET ¢ | ed, bet ween t he
second current s&ﬂ’%ﬂ% Wéenthese?néﬁl {]so[uﬁcee Hn‘lt’ET i's
coupled to the sggafdofofit Toltth FBITiS @oupled to the second current source;
an output terminal of the second amplifier is coupled to gates of the fifth
and sixth FET.

6. ‘ The circuit of claim 5 further comprising a current mirror circuit
comprising: |

a seveﬂth FET, a terminal of the channel of the seventh FET coupled to
said first node, a gate of the seventh FET coupled to said first node;

an eighth FET, a terminal of the channel of the eighth FET coupled to
said second node, a gate of the eighth FET coupled to said second node; and

a ninth FET, a terminal of the channel of the ninth FET coupled to the
gate of the eighth FET.

7. The circuit of claim 6 further comprising a lowpass filter
comprising:

a third amplifier, a positive input terminal of said third amplifier coupled
to said first supply voltage;

a second resistor and a second capacitor coupled in parailel between a
negative input terminal of said third amplifier and an output of said third
amplifier; and

a tenth FET coupled between the negative input terminal of said third
amplifier and ground, a gate of the tenth FET is coupled to the gate of the eighth
FET.
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-an output termnal of the third anplifier is coupled.to. gates of the fifth
and sixth FET. 12. The circuit of claim11l further conprising a

current mrror circuit conprising: a sevenummu"iwmw of the
channel of the seventh PET coupled to 2&id first ”

seventh FET coupled to said first node; an ei ghth FET, & t*erm nal of
the channel of the eighth FET coupl ed to said second node, a gate of the

ei ghth FET coupl egl to i %60 %E"F%?'gald Clﬁcmé com a ninth FET,

a termnal of the channel of the ni coupl e Pflﬁe gate of the
ei ght h FET. a first bandpass filter with a resistor and a capacitor;

a first full-wave rectifier coupled to the bandpass filter;

a second bandpass filter with a second resistor and a second capacitor;

a second full-wave rectifier coupled to said second bandpass filter; and

a summatijon circuit coupled to said first and second bandpass filters

whefein said bandpass filter comprises:

a lowpass filter; and

a highpass filter comprising: i

an amplifier, a positive input terminal of the amplifier coupled to an input
signal;

a first plurality of FETs coupled in series between a negative input
terminal and an output terminal of the amplifier;

an FET coupled between a first supply voltage and the negative input
terminal of the amplifier;

a current source;

a second amplifier, a positive input terminal of the second amplifier
coupled to a second supply voltage, a negative input terminal of the second
amplifier coupled to the current source;

a second plurality of FETs coupled in series between the current source
and the first voltage supply; and

gates of said FET and said first and second plurality of FETs coupled to
an output terminal of the second amplifier.

9. A circuit for sensing current, said circuit comprising:

a first full-wave rectifier;

a summatijon circuit coupled to said first and second full-wave rectifier for
summing outputs of the first and second full-wave rectifiers; and

a bandpass filter coupled to the first full-wave rectifier, said bandpass
filter comprising: o
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~13. The circuit of claim 12 further conprising a |owass filter

conpri si ng: a fourth anplifier, a positive-input-termnal of said
fourth anplifier coupled to said fi r st suppl y- vol t age; a reS| stor
and a capacitor coupled in parallel beléween a negamm and
an output of said fourth anplifier; and m! between
the negative input termnal of said fourth anplifier and "a Jrofnd* a gate
of the tenth FET coupled to the gate of the eighth FET. 14. The
circuit of claim13 is integrated on a single chip. 15. A
circuit for sensiangmplifieent, said circuit conpri sing: a bandpass
filter conprising: |, n,anpl.ifier: . . FET resistor coupled to
said anplifier; ¥ resistor goqlﬁecg{on?a@ F"’RA@%"’ P%t%‘&@’? CRIBPITBRF t 0 sai d bandpass
filter, said fi r%tﬁ&yi:m‘ ail\Poettid PEToupRITh sériddy. a current
sour ce; a second anplifier, a negative input termnal of the second
anmplifier a third FET and a fourth FET coupled in series;
a fifth FET and a sixth FET coupled in paralle] between gates of the first
FET and the third FET;

a bias voltage coupled to gates of the second FET and the fourth FET;

a gate of the fifth FET coupled to a terminal of the channe] of the second
FET; |

a gate of the sixth FET coupled to a terminal of the channel of the fourth
FET; and

a gate of the first FET and a gate of the third FET being used as resistor
terminals.

10. The circuit of claim 9 wherein said first full-wave rectifier
comprises:

a current source;

a second amplifier, a negative input terminal of the second amplifier is
coupled to a supply voltage;

an input signal coupled to a positive input terminal of the second
amplifier;

a first FET and a second FET coupled in series between a first node and
a second node;

a third FET coupled between the current source and ground;
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_coupled to a supply vol tage; _— L 29

an i nput signal coupled to a positive input term nal of t he second

anplifier; a first FET and a second FET coup uwm ween a
first node and a second node; 2% hird FET co

current source and ground; a gate of the first FET ‘tolpl &d to the
current source; an output termnal of the second anplifier coupled

to gates of the geg“a@tgi;] 3.1 F;I fg&pledtothe cBrieRCRtkebandpass filter
Ir

conpri si ng: a second FET resistor coupled
to said third amahldntptt;termmal ofahesmndl dmpliﬁetveis'@oupiedltélgtescmﬁmieed to

sai d secondsgc%rﬁgpa%asmifr&%ﬁ., sai d

11.  The circuit of claim 10 further comprising a second bandpass filter
and a second full-wave rectifier coupled to said second bandpass filter, said
second full-wave rectifier comprising:

a se;:ond current source;

a third amplifier, a negative input terminal of the third amplifier coupled
to a second supply voltage;

a second input signal coupled to a positive input terminal of the third

amplifier;
a fourth FET and a fifth FET coupled in series between the first node and
the second node; F 1

a sixth FET coupled getvieen the second current source and ground;

a gate of the fourth FET is coupled to the second current source;

an output terminal of the third amplifier is coupled to gates of the fifth
and sixth FET.

12.  The circuit of claim 11 further comprising a current mirror circuit
comprising:

a seventh FET, a terminal of the channel of the seventh FET coupled to
said first node, a gate of the seventh FET coupled to said first node;

an eighth FET, a terminal of the channel of the eighth FET coupled to
said second node, a gate of the eighth FET coupled to said second node; and
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second full-wave rectifier conprising: a second current source;
a fourth anplifier, a negative input term nal of--the fourth anplifier
coupled to said first voltage supply; a second i nput signal coupled

to a positive input ternminal of the fowst h'arrplifiu uuw,uuumumrth PET
and a fifth FET coupled in series between the fir & ' econd

node; a sixth PET coupl ed between the second current' sdurte and

gr ound; a gate of the fourth FET coupled to the second current

sour ce; an output termnal of the fourth anplifier

coupl ed to gates ahiith&ET,fd teraicl of fiehchahfie]l ofrthe ninth FETaccuphedsioi the Ci rcui't

coupled to Sgalttgo];‘lﬂgcséi E%dpﬁﬁcond full-wave rectifiers

13.  The circuit of claim 12 further comprising a lowpass filter
comprising:

a fgurth amplifier, a positive input terminal of said fourth amplifier
coupled to said first supply voltage;

a resistor and a capacitor coupled in parallel between a negative input
terminal and an output of said fourth amplifier; and
a tenth FET coupled between the negative input terminal of said fourth
amplifier and a ground, a gate of the tenth FET coupled to the gate of the eighth
FET.

14.  The circuit of claim 13 is integrated on a single chip.

15. A circuit for sensing current, said circuit comprising:

a bandpass filter comprising:

an amplifier;

an FET resistor coupled to said amplifier;

a first full-wave rectifier coupled to said bandpass filter, said first full-
wave rectifier comprising:

a current source;

a second amplifier, a negative input terminal of the second amplifier
coupled to a supply voltage;
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.for summ ng outputs of the first and second full-wave rectifiers.

16. The circuit of claim15 wherein said PET resistar_conprising:

a seventh FET (Field Effect Transistor) and an ht h FET "(':"otrp’red in
series; a ninth FET and a tenth2§ET coupl@

el eventh FET and a twelfth FET coupled in parall of the
seventh FET and the ninth FET; a bias vol tage céupP at es of
the eighth FET and the tenth FET; a gate of the el eventh FET coupl ed
to a termnal of the channel of the eighth FET; a gate of the

twel fth FET couplad ifmt asigres ndoapledofo ahpositiven ivgiut ctérrhingl o€ ndhd debdnd and
a gate of the seventh FET and a gate of the ninth FET being used as

resi stor terymplifies; The ci rcwt of claim 16 further

conprising a currgegie 'Fﬂ‘fﬁ{df Sﬂdiz i Sl t

wherein a current proportlona to an out ut ?e:H%e sunmatlon e rcwt is
provi ded as asecond mode;f rom the current mrror circuit.

a third FET coupled between the current source and ground,

a gate of the first FET coupled to the current source;

an output terminal of the second amplifier coupled to gates of the second
and third FET; _

a second bandpass filter comprising:

a third amplifier;

a second FET resistor coupled to said third amplifier;

a second full-wave rectifier coupled to said second bandpass filter, said
second full-wave rectifier comprising:

a second current source;

a fourth amplifier, a negative input terminal of the fourth amplifier
coupled to said first voltage supply;

a second input signal coupled to a positive input terminal of the fourth
amplifier;

a fourth FET and a fifth FET coupled in series between the first node and
the second node;

a sixth FET coupled between the second current source and ground;

a gate of the fourth FET coupled to the second current source;
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18. The circuit of claim 17 further conprising a | owpass
19.

Cfilter coupled to the output of the current mrror circuit.

The circuit of claim18 is integrated on a single chipr-———-_

o

an output terminal of the fourth amplifier coupled to gates of the fifth and
sixth FET; and
a summation circuit coupled to said first and second full-wave rectifiers

30

for summing outputs of the first and second full-wave rectifiers.

16.  The circuit of claim 15 wherein said FET resistor comprising:

a seventh FET (Field Effect Transistor) and an eighth FET coupled in
series; .

a ninth FET and a tenth FET coupled in series;

a eleventh FET and a twelfth FET coupled in parallel between gates of
the seventh FET and the ninth FET;

a bias voltage coupled to gates of the eighth FET and the tenth FET;

a gate of the eleventh FET coupled to a terminal of the channel of the
eighth FET;

a gate of the twelfth FET coupled to a terminal of the channel of the tenth
FET; and

a gate of the seventh FET and a gate of the ninth FET being used as
resistor terminals.

17.  The circuit of claim 16 further comprising a current mirror circuit
coupled to the summation circuit wherein a current proportional to an output of
the summation circuit is provided as an output from the current mirror circuit.
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. gy,

The circuit of claim 17 further comprising a lowpass filter coupled
to the output of the current mirror circuit,

18.

19.  The circuit of claim 18 is integrated on a single chip.
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