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09 January 2007 METHOD AND WIRELESS DEVICE EMPLOYING A
PREAMBLE TO INITIATE COMMUNICATIONS FIELD OF THE

INVENTION 5 This invention relates in general to communication

systems, and more specifically to a method and apparatus for progigﬁngary 2007
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communication. In such systems where the transmitter is normally active
or systems where the air interface includes scheduling information, this
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has occurred may significantly reduce the 20 battery life and thus
available service time of the mobile unit. Clearly a method and apparatus

are needed for |d é&/ BW'BEH” ﬁ%ﬁ;%%lred preferably in

atime and power eftricien manner glven requency ofisets between
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transmitter is normally active or systems where the air interface includes scheduling
information, this issue is readily resolved. However in systems using an asynchronous
protocol for communications, determining whether a communication is desired in an efficient
manner is still a significant problem. This problem is further exacerbated where the particular
frequency for the communications is unknown and by frequency mismatches between the
transmitter and receiver, particularly for battery life sensitive applications. The power
consumed in monitoring for an asynchronous communication from another device to
determine whether an attempt to communicate has occurred may significantly reduce the
battery life and thus available service time of the mobile unit. Clearly a method and

apparatus are needed for identifying when communications are desired, preferably in a time

and power efficient manner given frequency offsets between communications devices.
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detailed description below are incorporated in and form part of the

specification, serve to 5 further illustrate various embodiments and to

explain various principles and advantages all in accordance with the

present invention. FIG. 1 depicts, in a simplified and representatiyg vigiyary 2007

depiors, m an BN ERARIS bl '%?étﬁﬁtt?ﬁ}tvgh@% o miranaed
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in mo e detail, the FIG. 4. transmitter preamble sla
detait g SRR et ORI R A AL el G&s&wﬁ%ﬂ P e S ey
. od to detect essage identifier in a wireless. recgeiver

furtheg R N T e O A S R B B & afages o in

% deta d FIG. E epl (t:ts a further flow chart showing another portion
accor af’} BRSNS 6 ' more detail. 2 09 January 2007 DETAILED

CND N.OF PR FERR D EMBODIMENT | overwew resent
dISC osu S

cUFASIIPLHES AHANFHELRONE YEWoHE Htel] m ntsora

W|rele Ve ﬁqumc {nonnlc% '1%' More partlcularly various inventive concepts and
5? 88 S ?h&ds and apparatus for effectlvely identifying
an jnitiatio ab Lommunication message refera ronous
Cg%@mgrﬁ c{ SNUEIEO grlnecrﬁ%r !P mneﬁﬁ 8dCuR agram oq’l hfter arranged to

transmit a preamble signal.

FIG. 3 depicts, in an exemplary form, a block diagram of a wireless receiver arranged
to detect a preamble signal;

FIG. 4 illustrates a transmitter signal pattern and an associated receiver sampling
pattern;

FIG. 5 illustrates a transmitter signal pattern showing, in more detail, the FIG. 4
transmitter preamble slot and associated receiver sample collection timing.

FIG. 6 depicts a flow chart of a method to detect a message identifier in a wireless
receiver,;

FIG. 7 depicts a flow chart showing a portion of the flow chart of FIG. 6 in more
detail; and

FIG. 8 depicts a further flow chart showing another portion of the flow chart of FIG. 6

in more detail.
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radios, such as portable wireless communication devices, even when a
frequency mismatch exists between a receiver and a transmitter, are
discussed. The wireless communications devices of particular interest are
those using frequency shift keying and a frequency hopping protogqhnuary 2007
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commu% \@’d Ib%%glegs% a glﬁlrowde efficient identification of a preamble or specialized
preamble message thereby minimizing power drain. This is accomplished while providing a
frequency mismatch estimate for adjusting the communications device frequency to match
the transmitter originating the transmissions.

The instant disclosure is provided to further explain in an enabling fashion the best
modes of making and using various embodiments in accordance with the present invention.
The disclosure is further offered to enhance an understanding and appreciation for the
inventive principles and advantages thereof, rather than to limit in any manner the invention.
The invention is defined solely by the appended claims including any amendments made
during the pendency of this application and all equivalents of those claims as issued.

It is further understood that the use of relational terms, if any, such as first and

second, top and bottom, and the like are used solely to distinguish one from another entity or
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significant effort and many design choices motivated by, for example,
available time, current technology, and economic considerations, when
guided by the concepts and principles disclosed herein will be readily
capable of generating such software instructions and programs a(}gi]jﬁsary 2007
% minimal ex nmentatlon Therefore, in the jnterest of brevity and
cctony RS Aot Aoy R G TH s BRI S G BURBSBAR o orcer
accordance.to the present invention, further discussion of such software
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as'the frequency mismatch between the transmitter and recéiver. This
) frequen mismatch in part or.in combination,with other non-ideal
m|n|m|ﬁa 1on,0 anpé (B 81 oDbs! u[m ther%rmcHJIes and 8oncegts in accorgance to th%
characteristics in the wireless cornmunication device can resulf in misse
preser%ﬁn%%n F‘H”fﬁﬂ&@”iﬁp%&? éfg Fs,ﬁéﬁé‘é‘@gaf' "9 is |fé%9H%rr‘§>’er?I %‘eafﬁrﬁ‘iJé’ to the
carriers'in th Z ary range ‘can be as much as
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ofa M#é?&%%&%ﬁ&l&%t%ﬁ?%h&%nE#}Qﬁ‘t Wﬂ%&@%&%ﬁ&% gﬁfé%scribed. A wireless
communication device 100 is able to receive a signal 102 from a fixed transmitter 104 as well
as a signal 108 from another wireless communication device. The frequency of the received
signal 102, 108 is directly related to or determined by the frequency of a signal provided by a
signal source to the transmitters of the wireless communications devices 104, 106. This
frequency will likely be different from the frequency of a corresponding signal source in the
receiver of the wireless communication device 100. The difference between these two
frequencies translated to the nominal channel frequency or the frequency that the signal on
the channel is supposed to be at is called or referred to as the frequency mismatch between
the transmitter and receiver. This frequency mismatch in part or in combination with other
non-ideal characteristics in the wireless communication device can result in missed

communications attempts. For example, this frequency mismatch for carriers in the 900 MHz
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5 encountered in direct communications scenarios is further exacerbated

since these communications are ordinarily entirely asynchronous. In
asynchronous communications the receiver has no indication when the
transmitter will attempt a communication. Another issue with 09 January 2007
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fanSmiters por able wireless commun Vices 106. The

e S S B BB e
and CM%E‘?(%%&%HHQH&‘? AHd”ﬁH(Yﬁ’é‘?%@%% 81%89#3}13586‘{1%? receiver. The concern for
battery life requires that special consideration is paid to minimize the length of time a
wireless receiver must be active when detecting an asynchronous communication as well as
minimizing the processing steps required to analyze an incoming signal for a message
identifier that indicates an asynchronous communication attempt has been made.

Mitigation of frequency offset, timing offset and power-efficient message identifier
detection are achieved when the wireless communication device and its component wireless
receiver are arranged to operate as described below. The wireless communication device 100
can be a typical cellular telephone or handset such as those available from manufacturers,
such as Motorola. One such handset, commonly referred to as the model i95, can
advantageously utilize the principles and concepts when enhanced as described in the

following disclosure. The essential elements of the transmitter of FIG. 2 can be used in both
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providers, such as Nextel Communications. Alternatively, the transmitter

200 is included in a 5 second portable wireless handset, wherein both

handsets are configured to communicate directly with one another in a

direct communication mode as noted above. Referring to FIG. 2, @@ January 2007

e R ML AR SR o o
erator 202, as nal sou

is commal] @@ﬂa@%ﬁna'??f RSB tre PRES il iﬁ‘w@ﬁ%@@”ﬂ&@i Enhanced
d Th 206. lud
Netwoz%épﬂﬁaeﬁ?&a%éagis el s S R o Y e
provida, i) e Rk %ﬁﬁﬁ% A oS amm%?téﬁs”aﬁ%re%b i fluded in a
dor bro the.transmitter 200. The lock
secony DRl RIS ek P i) DL R sE o e e S St hicate

dlrect[%z Wlﬁlﬁms of c taln en Iles such as the si n%jggenerfa%czr 202, control

irétnt 208 i 6 R RBIS ARG S B AR Gtted along
2“#“@5&%@@”@.5%. S R R yﬁ@?ﬁﬁ #agor?o
wans SRR o LR b e A SRR o
S|gnalo@ﬁqt @ZOf g)é'io‘ rJ%q Iguzr\églrﬁﬁ? %c%)‘rr%hgr%(?t I%?(lzj ly[gd e ||><§th 208, and
on au SRR RS fz‘%g A aﬁfﬁ s =
oSBT t%sigﬁl?ndgéﬂvﬁsﬁe‘é@%d;’éﬁaﬁ%m
|
t

audw%%%‘éﬁ@%%@% %@. B R S N g o e

signal LAR907 AT lig 78 328 (RS MR RP YA 8L I AR SRS 200,

roa an ant

The block diagram is depicted in this fashion for clarity. In alternative embodiments the
functions of certain entities, such as the signal generator 202, control circuit 208 and a
portion of the audio/data input may be included along with others in a signal processor 212.
The control circuit 208 is coupled to and controls the signal source 204 to set the carrier
frequency of the transmitter 200. The signal processor 212 outputs | and Q digital signal
pairs to drive the digital to analog (D/A) converters 214, 216. The analog outputs of the D/A
converters 214, 216 are combined in the mixers 218, 220 with an injection signal from a local

oscillator 222. The local oscillator is coupled directly to a mixer 218 and through a phase
shifter 224 that shifts the phase of the injection signal by 7t/2 radians to a mixer 220. The
outputs of the mixers 218, 220 are added in a summing circuit 226 and the combined output

is mixed onto or up converted to a radio frequency signal with a carrier frequency that is

established by the signal source 204. An RF filter 230 limits the sidebands and a final
6
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The components in the transmitter 200 and operation thereof are well

known and available, with the exception of the signal generator. The

signal source 204 may be a 5 fractional-N synthesizer. The mixers 218,

220, 228, filter 230, amplifier 232, digital to analog converters, 2189, AhGary 2007

shifter 224 and sum cir t 226 are ag rcial]ly available
Sl n R A e o o B b e
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* several devices from manufacturers such as Motorola Inc. The control
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showrﬁ% BPO\%”% ap%%%% éﬁglsggé}f?c{iﬂf& ?o the details provided below. Alternatively

the preamble can be provided at least in part by the signal processor.

_C

In operation, the transmitter 200 is arranged to transmit a preamble signal to wake up
target receivers where the transmitter 200 comprises the signal generator 202 for creating the
preamble signal. The preamble signal comprises a data sequence that is periodic over a
preamble period and repeated during a plurality of time periods or time slots. The transmitter
200 also comprises the signal source 204 that provides a signal that establishes the transmitter
operating frequency as a unique and predetermined frequency during each of the plurality of
time slots or periods. The transmitter further includes the transmitter circuit or apparatus 206
that is coupled and responsive to the signal source 204 to transmit the signal modulated by
the preamble signal during the plurality of time periods. The transmitter 200 is an element of

a two-way radio system. In one embodiment it may be a part of a standalone, fixed base unit

7
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arranged for direct portable-to-portable communications. The transmitter

200 and the herein described preamble signal are particularly applicable

to systems using continuous-phase frequency shift key (CPFSK)

modulation of a 5 carrier signal. Furthermore this type of carrier gagn@suary 2007
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ransmi tlng nthree’ frequencies in an exemplary system is that a

Ieas é{I)gn[(g%c ?:uar gr?aﬁl@ ai?a sz E%@ or am %nb?h?z%%"&ﬁ%\f%ﬁ&mmmn

402 shows the first three slots of data transmission. The first nominal 90 millisecond slot 404
is at frequency f1, after a brief pause, for example, 2.5 milliseconds for the transmitter to
change frequencies, a second nominal 90 millisecond transmission 406 is made at frequency
2. Following a similar brief pause, a third nominal 90 millisecond transmission 408 is made
at frequency f3. The frequencies f1, f2, and f3 are known by the transmitter 200 and by an
exemplary receiver 300. Third order diversity of the preamble detection system is achieved
when the frequencies f1, f2, and 3 are chosen to be sufficiently well spaced throughout the
available frequencies in the set of frequencies or hop set. As is known if the frequencies are
sufficiently different from each other cancellation of the signal at one frequency will not be
correlated to cancellation at another due to multi-path interference. Another goal of

transmitting on three frequencies in an exemplary system is that a receiver 300 monitoring
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explained further below. The choice of the preamble waveform or signal or
modulation is particularly relevant in an exemplary embodiment. The data
sequence of the preamble transmission is selected and 5 then adjusted, if
required, with a predetermined frequency offset so the preamble e@fwuary 2007

traverses an er.number of fuI eri ds when using phase shif .
the tf%%aﬁ%%wﬂli@?%a e e R o HN b GIERTLRe. F1G. 4 will be
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de duces th b
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shift keyed (FS aI can be written in terms o{ its,com Iex t{%Pand
tanSTAYIOHES O A f?r&@(@mqﬁ%ﬂn%@m@ e ones. The

mbol sequence, ForM -ary FSK, each e eme he dat ence
use of Y A moh ﬁ%“ﬁ%é%%ﬁ%ﬁ SR R T af@?ﬁ%‘i/
required that the dat | set foIIow this for at i.e., a non unlforn]
'”terpfFé'(ﬁ‘SéanscRW&é{?iat%ﬁ rﬂ%? \6@) QH%S%%W IR %{Hg}aéagl‘etﬂ%f%’ér}?ﬁa[”ay also be

FSK (CP h f th [
select%(zaﬂré gsugr’\/ H?ﬁ’g 5()?%5(% Slgn%llblzﬁoa\l/f/tcrgs%nc%r?elgtfaoﬁ # 0other

codewords for both time offset and frequency offset. A code set comprising a non-binary
cyclic Bose-Chaudhuri-Hocquenghem (BCH) code of odd length is such a code. The use of
BCH codes for coding data in a data transmission is common, but the use of such codes for
modulation where the code does not represent data as such, but is useful as a preamble signal
because of its low cross correlation is novel and especially advantageous.

A frequency shift keyed (FSK) signal can be written in terms of its complex baseband
envelope

s(t,u) =exp[j#(t,u)] Eq. 1
where u is the transmitted symbol sequence. For M-ary FSK, each element u; of the data
sequence is contained in the symbol set

U e[l-M,3-M,...M =3 M —1] Eq. 2
It is not required that the data symbol set follow this format, i.e., a non-uniform frequency
deviation may be chosen. In any case, the phase of a continuous-phase FSK (CPFSK) signal

at the end of the symbol period is given by
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o(iT, u) =tthY uki>_1 Eqg. 3 =0 where h is referred to as the modulation

index, and T is the symbol interval. In this expression the assumption is

that the preamble transmission begins at time t = 0 and, without loss of
generality, that the phase at time t = 0 is zero radians. 5 In a prefeg@ghuary 2007
embodiment, the preamble signal is generated by transmitting a known,

lepgth-N symBoLseqpsnce uo repeatedly thgoggh each of the
predeterminepreamble time slots. The change in phase over the

duration of one N-symbol interval is N-1 O(NT, uo) = tthZ uo , mod 2;T Eq.
whered isadfemekéongsltheomededatiodimes, el Tisetansydibde ingtiny All-drythis
sequence with h = 1 that will 10 have a phase change of O(NT, uo) = 7t
expressidratie adsienatigriisdhgttbeg peseeblatindnsmissidh hayesaptimed ch@dage, ofithout
O(NT, uo) = 2tt radians. Referring briefly to FIG. 5, a transmitter signal
loss opgtieralstyothiatgha phase atdiaik the (HEZedotragiansitter preamble slot and
associated receiver sample collection timing will be covered in the context
ofl theeprefemat disbogsinent Athexeaplde\sigredmigengrated oy @0sivifithg a known,
detailed to show a scenario in which a known preamble waveform that is
lengthpNraydibas sequesod tie depmateatydly dugiuegtbudfttie sletedrinikedywreamble time
preamble waveform, denoted as so(t) 502 has a duration of NT seconds,
slots. wiherehangethepbyselmied dinatimatiorset oneld-ayrildlisthevabieamble
detection interval, in symbols. The receiver 300 wakes up and collects

sa s of th iﬂgﬂal for a [%east an integer multiple of NT seconds, i.e., it
cd‘{n@%ﬁ lé(tge:figi,o ‘conqﬂ)?é /20 period of the prga“'n le signal. The
receiver 300 will be discussed in more detail in the discussion of FIG. 3.

For ex f&%@tgﬂﬁ%?ﬁ{éﬂ?i@z QLdhg ﬁbﬂ%hab\{rlg & AHAESAYPACE Mt will

through a CPFSK mo or resu mina embodiment, In a

have a\%‘é‘%&%ﬁ&?{&%i@ %r('ﬂq '\LIJI) é?z"?’éﬁians while any M-ary sequence with h = 2 will have

a phase change of ¢(NT,u,) = 27 radians.

Referring briefly to FIG. 5, a transmitter signal pattern showing in more detail the
FIG. 4 transmitter preamble slot and associated receiver sample collection timing will be
covered in the context of the current discussion. An exemplary preamble time slot 500 is
detailed to show a scenario in which a known preamble waveform that is periodic is
transmitted repeatedly throughout the slot. This known preamble waveform, denoted as So(t)
502 has a duration of NT seconds, where T is the symbol duration, in seconds, and N is the
preamble detection interval, in symbols. The receiver 300 wakes up and collects samples of
the signal for at least an integer multiple of NT seconds, i.e., it collects at least one complete
period of the preamble signal. The receiver 300 will be discussed in more detail in the
discussion of FIG. 3.

The repeated transmission of the length-N preamble data sequence uo through a

CPFSK modulator results, in a nominal embodiment, in a waveform with period NT. As will

10
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10 09 January 2007 be discussed shortly, from a receiver signal

processing point-of-view, it is desirable that the signal have period NT, as

illustrated in FIG. 5. Repeated transmission of a length-N data sequence

through a CPFSK modulator doesn't necessarily generate a sign@%'ﬁhuary 2007
nds. This was demonstrated in Eq 4 where. araI odd- I@ tﬂat the

SR P e e
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N data se ce through PFS nsmijtter 200
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R R e e o
mbodJQent ach0|c the Ien%ﬁsgt gblgpé:(? of the form

9/3208 seconds, an mtentlon equency equal to:

1/2cycle

.= = 177.777Hz Eq. 5
9/3200 seconds

This demonstrates one exemplary method of generating a preamble waveform with
period NT seconds by repeatedly transmitting an arbitrary length-N data sequence through a
CPFSK transmitter 200 with a small intentional frequency offset. As a result, a receiver 300
will be presented with a circular shift 504 of the transmitted preamble signal sy(t) 502, as
illustrated in FIG. 5.

In one embodiment a simple choice of the data sequence up is a sequence of the same
symbol repeated N times, resulting in a single-tone preamble signal. This is not a desirable
choice, since any spurious tone, etc., may false the receiver, and incorrectly wake it from a
power conservation mode. In another embodiment, a choice is the length-8 sequence of the
form

Up = [+D +D +D +D -D -D -D -D] Eq. 6
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=[+D +D +D +D -D -D -D -D] Eqg. 6 11 09 January 2007 which toggles
between two tone frequencies. The choice of the symbol value D should
be based on the hardware involved, and the frequency error that is
expected. For example, if Iarge Iocal oscillator errors are expectem Jandary 2007
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Referring to FIG. 3, an exemplary block diagram of a wireless receiver 300 arranged
to detect a preamble signal will be discussed and described. The wireless receiver 300 is a
component of the wireless communication devices 100, 106 and is comprised of one or more
components or elements that in practice can exhibit non-ideal characteristics such as
frequency instability. These non-ideal characteristics arise from the statistical nature and
variation of the components used in the construction of the wireless receiver 300,
environmental factors such as battery voltage level and temperature, and other unplanned
interactions among elements of a real receiver.

There are several impacts of variability on the wireless receiver. Among them may be
frequency variation. Frequency variation is often the result of the inherent variations of the
components comprising and surrounding a signal source and other factors such as

temperature and component changes with age. Frequency variation will cause a received
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components comprising and surrounding a signal source and other factors

such as 25 temperature and component changes with age. Frequency

variation will cause a received 12 09 January 2007 signal to be shifted
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of inactivity or reduced activity. The power conservation circuit 310 operates to reduce power
usage when the wireless receiver 300 is only monitoring for a preamble signal or the wireless
communication device 100 is in another low power mode. The controller 306 is coupled to a
memory 314 comprising volatile and non-volatile memory.
The receiver 302 receives a signal 316 comprising a preamble signal at antenna 318.
The received signal is shaped by a radio frequency filter 320 that operates to reject out of
band energy of the received signal and this signal is then amplified by an RF amplifier 322.
The signal is further processed at a mixer 324. A signal source 326 comprises a synthesizer
328 and voltage controller oscillator 330. The synthesizer 328 is referenced to oscillator (not
shown) that is typically specified to be stable within 5 ppm (parts per million). The

synthesizer 328 controls the frequency of the voltage controller oscillator 330 to produce an

injection signal 332 for combining with and down converting the received signal at the mixer
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depicted. The sampler comprises analog-to-digital converters 350 and 352.

The analog-to-digital converters produce | and Q outputs that are digital signals and
that are coupled or sent to the preamble detector 308 and the controller 306 or just the
controller 306 depending on the implementation configuration.

The controller 306 is also coupled to or includes the memory 314 that is used for
storing program instructions and configuration data 354, algorithms, such as correlation
routines 358, as well as waveform samples 356 or information corresponding thereto that is
used in the further processing of the received signal as well as a plurality of other routines
that will be obvious to one of ordinary skill but that are not relevant for our purposes. The

controller 306 is coupled to the signal source 326 and is operable to adjust the frequency of

the signal source 326 by a control signal 360.
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that will be obvious to one of ordinary skill but that are not relevant for our
purposes. The controller 306 is coupled to the signal source 326 and is
operable to adjust the frequency of the signal source 326 by a control

signal 360. 14 09 January 2007 The structural elements of the wieR@siary 2007
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DSP t!a%ﬁﬁ?&ﬂ@ﬂardware Is known in the art and can be accomplished by one of ordinary
skill in the art without undue experimentation given the discussion and explanations herein.
The power conservation circuit 310 may be implemented by a commercially available field
programmable gate array or in the DSP depending on the number of available controllable
outputs on the DSP and the power reduction requirements of the circuitry under control.

In operation, the wireless receiver 300 is arranged to detect a preamble signal, such as
the preamble described above and to exit a standby low power mode or the like when the
preamble is detected. The wireless receiver 300 comprises a receiver 302 for scanning,
asynchronously and sequentially during a wakeup time, a plurality of predetermined
frequencies for the preamble signal. Referring briefly to FIG. 4, the representative receiver
(Rx) sample timing 410 will be discussed. The receiver 302 collects three samples or sample

sequences at time interval 412, 414, and 416 at the three predetermined preamble frequencies,
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receiver 302 in at least one of the transmission periods.

Returning to FIG. 3, the wireless receiver 300 also comprises the sampler 304,
coupled to the receiver 302, for collecting a plurality of received sample sequences, with one
received sample sequence collected at each of the plurality of predetermined frequencies. In
one embodiment, the 3 time periods 412, 414, 416 are each 2.5 milliseconds (ms) long and
this corresponds to an integer number of periods of the preamble signal or waveform 502.
Note that the received signal or preamble signal when present in the digital receiver
embodiment is comprised of a sequence of samples, specifically 1/Q sample pairs taken over
the 2.5 ms window at a sampling rate of, preferably, 51,200 samples per second or 128 1/Q

sample pairs in each 2.5 ms time period or observation interval. Thus a received signal
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Note that the received signal or preamble signal when present in the

digital receiver embodiment is comprised of a sequence of samples,
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N symbols thus predetermined time period as shown above in the discussion related to Eq. 4

and Eq. 5.

Employing an optimum detection methodology requires that the preamble signal be
synchronized in both time and frequency with the wireless receiver 300.
The controller 306 is operable to estimate a frequency offset between one of the received
sample sequences and a nominal frequency of the signal source 326 by locating a peak of a
correlation of a magnitude squared value of a Fast Fourier Transform of the received sample
sequence and a magnitude squared value of a Fast Fourier Transform of an expected
preamble signal where the expected preamble is stored in the memory 356. This peak in the
correlation results in or provides a frequency offset or estimate that can be used to adjust the
received sample sequence according to the frequency offset to create an adjusted received

sample. Then a
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an expected preamble signal where the expected preamble is stored in

the memory 356. This peak in the correlation results in or provides a
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standat%tll—na?st Fourier Transform (FFT) techniques can be employed. In one exemplary
embodiment, the controller 306 first computes a zero-padded FFT of the received signal or
received sample sequence, and takes the magnitude-squared:
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1] 1 &t e
PO ==——Yre 1=04,..2N,N-1 Eq.7
=2 k;k q

S

This computation has a frequency resolution that is twice that of the standard non-zero-
padded FFT, where the frequency resolution of the standard FFT or DFT is equal to the
inverse of the observation interval or time period over which the sequence of samples are
collected. Where this time period is 2.5 msec the standard resolution is 400 Hz and using the
zero padded FFT this is improved to 200 Hz. It has been experimentally shown that doubling
the frequency resolution to 2NN; points over the actual samples collected during the sampling
period provides a dramatic performance improvement in the ad hoc frequency estimation.
The magnitude squared value of the expected preamble signal, including any

intentional frequency offset added at the transmitter, as described above, is pre-computed.

The length of this template matches the zero-padded length of the received signal, 2NNs.
18



10

15

20

inverse of the observation interval or time period over which the sequence

of samples are collected. Where this time period is 2.5 msec the standard
resolution is 400 Hz and using the zero padded FFT this is improved to
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preamble signal, including any intentional frequency offset added at the
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2NSN 1 Eq.,8 k=0 The matched filter correlation in the frequency domain

SGPIPISY. LG NBATR (mHimod2Nag) Lmax <gisma

Eq. 9 m=Gwhere Lmax is chosen according to a pre-dﬁetermine

frequency offset range based on system 5 parameters contributing to a
wheredxpg dtethosexancordingooenose-alétatnifed frequesttgyobifsetasgdtiased on system

estimated as: we = N frac argmax i [C f (I)] radians Eg. 10 NN where the
paramttersagrtrebdtohgriote sxpectedatiareth amy travpien oy oifbéth ThaxegaescE bffset is

the peak of the correlation in Eq. 9. One simplification of the correlation in
then eRguatidra® is 10 available. The data corresponding to the preamble signal

can be clipped to limit the number

A

@, NKI ofracargmaxl[Cf(I)] radians Eqg. 10

S

where the "fracargmax™ denotes the fractional argument of | which maximizes Cx(l) or the
peak of the correlation in Eq. 9. One simplification of the correlation in Equation 9 is
available. The data corresponding to the preamble signal can be clipped to limit the number
of non-zero elements thereby reducing the number of computations to estimate the frequency

offset as follows:
P.(I) if P(I) >,
Ps(l) = Eq. 11

0 ifR()<n,

where 7), is a predetermined threshold value. While this dramatically decreases the number of
computations, there is no noticeable degradation in the accuracy of the frequency offset
estimate, especially for the case of the 2-tone preamble.

Using the frequency offset estimate of Eq. 10 the received sample sequence is
corrected for frequency offset:

X, =re 1 k=01,..,NN-1 Eq. 12
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of non-zero elements thereby reducing the number of computations to

estimate the frequency offset as follows: P(l) if P(1)>77s PS(I) = Eq. 11

15 0ifP (1) 5 gs where 77, is a predetermined threshold value. While this
dramatically decreases the number of computations, there is no 09 January 2007
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A Fast Fourier Transform is used to compute the Discrete Fourier Transform of the frequency

corrected signal {x}:

X, =D xe |=01..,N,N-1 Eq. 14

k=0
Thus, computing an inverse Discrete Fourier Transform of the product of a Discrete Fourier
Transform of the adjusted received sample and a conjugate Discrete Fourier Transform of the
data corresponding to the preamble signal gives the circular time-domain correlation of the
two:

1 NN J',%i:
c,=—— » S/ X k=0L..,N,N-1 Eq. 15
NN

By insuring that the preamble signal is periodic over the proper time frame, it enables the use
of a circular correlation over time, which is efficiently calculated using the DFT. The fact
that the correlation may start on any point in the signal allows correlation of N symbols with

the minimum receiver “on” time, reducing the battery requirements for preamble detection.
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corrected signal {xk}: 2mtd N,N-1 JN,N X, = yxke 1=0,1,...,NSN-1 Eq. 14

k=0 Thus, computing an inverse Discrete Fourier Transform of the product

of a Discrete Fourier Transform of the adjusted received sample and a
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a wide-band noise metric defined as: Cl = max k ck Eq. 16 NSN 5 This
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Parseval S relatlonN N2N N-11N,N-111P(D=Y Irk 12,

Sl S
> P(D-———— SRS Eq. 17
1=0 k=0

the normalization factor is defined as the relevant power in the received samples, accounting

for the frequency offset of the received samples:

I,
P,=>PR() Eqg. 18

I=h
If all the energy is used, the metrics get small when the signal-to-noise ratio is low so this
allows use of a high threshold, avoiding problems in distinguishing undesired signals
received at high signal-to-noise ratios.
In an embodiment where the preamble signal is modulated with a BCH code set the
only requirement for threshold testing is:

C, > n,P Eq. 19

n

where 7, is a pre-determined threshold based on system implementation criteria and

experimental results. The low cross correlation between undesired codes is relied upon to
reduce false detections.

In another embodiment, the controller 306 is operable to compare the correlation
result to a second threshold value corresponding to a narrowband noise metric when, for
example, the preamble signal comprises a plurality of tones. This extra test reduces false

detections on narrowband signals. A narrowband metric in such an embodiment may be:
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FIG. 4, a transmitter signal pattern and an associated receiver sampling pattern has
been discussed in some detail above. In review, a transmitter 200 is arranged for sending a
preamble signal as part of a transmission sequence 402. The transmission sequence is
divided into equal time slots where the signal at each time slot is broadcast at a different
frequency. In the exemplary case discussed, the identical preamble signal is broadcast
during the first three 90 millisecond time slots 404, 406, 408 of a transmission at known
frequencies f1, f2 and f3. Other applications are easily envisioned where the duration of time
slots vary and the number dedicated to the preamble may change based on frequency band,
criticality of the message being sent and environmental considerations.

A wireless receiver 300 is arranged to operate in conjunction with the transmitter 200.
The wireless receiver monitors a channel as represented by the diagram 410. The wireless
receiver wakes briefly to monitor each of the three frequencies f1 412, f2 414 and f3 416 used
for preamble transmission. The receiver wake up period, in this exemplary case, 80
milliseconds is chosen so the timing of the monitoring processes in the receiver are offset
from the timing of the transmitter sequence to improve the likelihood the receiver will
capture at least one good sample of the preamble signal at one of the three sampling periods.

Referring to FIG. 5, a transmitter signal pattern showing a detail of the FIG. 4

transmitter preamble slot and associated receiver sample collection timing will be reviewed.
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narrowband metric requires that C1 >_ zj2C2 Eq. 21 5 where 172 is a

second pre-determined threshold that is implementation specific and

based on system configuration and environmental factors. FIG. 4, a

transmitter signal pattern and an associated receiver sampling pa]ge.ngmba@ 2007
il above. In review, ans itter 200 i

d )
As Qe AR SRR L YIS Ui SeSaRLY BT dqEr e signa
so(t) 3 ﬁﬁé@o(?fé' Ee et o d o /é?ftt%ﬁtndtms the

thee lar se discussed, the Jdentl Ele Si
numb O A AT G RGBT Ao AL B Hets et

B o g v e

d ed h bl h f
for on R Bl e e S S el et ‘t?ﬁé?‘éﬁons
| d i ith
G e T T e R S R e A A N i e
pream e e el 56 TSR AR AR d TP AT B3 oo s
oot unJESIERED T doselve Vgggﬁug 'gguﬁtt this eg RRRLETE e st
tarelretclsaelitver ereofs fro fhe o a
S at he LR

le.signal t of the three sampli eriods. Referrin FIG. 5
sequeﬁttaﬂx gu {pg?astlfé aﬁ“ﬁa'e?ﬁ%ﬁ&v&%ngvé’p@egfg%% megsl(tjre uengl orére message

detai e ransmitt
le slof and assac | ated receiver sample collection timing will he
cent 0 AR U K e AR BT Ve s
0

B
frequencies. The wireless receiver 300 collects each of the plurality of received sample
sequences for one cycle of the message identifier, wherein the message identifier comprises a
periodic signal that traverses an integer multiple of periods over a time period for collecting
each of the plurality of received sample sequences.

At 604 a frequency offset is estimated and the received sample is adjusted according
to the frequency offset. See description of FIG. 7 as well as the discussions above..

At 606, a correlation is performed between data corresponding to the message
identifier and data corresponding to a first received sample sequence to provide a correlation
result. The correlation result is compared to a threshold value to determine when or whether
the message identifier has been detected. Preferably, the first received sample sequence is
adjusted according to the frequency offset to create an adjusted received sample sequence and
a circular time-domain correlation between the data corresponding to the message identifier

and data corresponding to the adjusted received sample sequence is performed to give the
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number of symbols/preamble period. A corresponding receiver will sample

the preamble signal for an integer number of preamble periods. In one
embodiment, the receiver samples 5 for only NT seconds 504 to minimize

the power drain of the wireless receiver 300. Referring to FIG. 6 edflwwuary 2007
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exemplary case, the pea hitdde < are FSeGire {ime-
plurality of predetermined frequencies are a selected and appropriate distance apart.

When the message identifier is detected, the Yes branch at 608 is followed to 614.
The wireless receiver 300 is wakened for further processing from a reduced power
consumption state. A signal source will be adjusted according to the frequency offset to
compensate for a mismatch between the nominal frequency of the wireless receiver 300 and
the frequency of the received sample sequence. When fully operational, that is, when the
wireless receiver 300 is at full power, it will further refine the frequency offset estimates,
make appropriate adjustments and proceed to sample the remaining slots in the frequency
hopping sequence for the rest of the transmitted message.

After the message is received, the receiver is returned to the reduced power state and
put in wait state 618, in the exemplary case, 80 milliseconds. Processing is then begun again

at 600.
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domain correlation is compared to a threshold value to determine when

the message identifier has been detected. In one embodiment, a

wideband noise metric, as detailed above, is used when the message

identifier is either a plurality of tones or a code set. In the case witergathvary 2007
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correlation is computed 702 (Ref. Eq. 9) and the frequency offset is then calculated 704 (Ref.
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Eq. 10). The calculated frequency offset is used to adjust the received waveform 706 (Ref.
Eq. 12) and in later calculations to determine the time offset of the received signal following
at 606.

Referring to FIG. 8, a flow chart showing more detail for the flow chart of FIG. 6 is
discussed and described. Following from 604, the frequency-adjusted received waveform
sample is operated on to determine a time offset of the received signal. The frequency-
adjusted received sample sequence is transformed using a Discrete Fourier Transform to
create a transformed sequence 800.

At 802 the transformed sequence is multiplied with the conjugate Discrete Fourier
Transform of the data corresponding to the message identifier, creating a product sequence.

An inverse Discrete Fourier Transform of the product sequence is computed, thereby creating
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If at 610, the sampling plan has been exhausted, that is three samples

taken at each of the three periods in the exemplary case, the Yes branch

is taken, the receiver is returned to the reduced power state and put in

wait state 618 in the exemplary case, 80 milliseconds. Processing rtoery 2007
FIG. 7, a flow chart showing mor
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608 transformed using a Discrete Fourier Transform to create a transformed
" sequence 800. At 802 the transformed sequence is muItipIied with the
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hopping CPFSK coding for asynchronous communication. Using the novel application of the
algorithms and techniques for preamble signal design and detection the goals of faster valid
preamble detection and reduced power consumption are achieved. Moreover, a number of
adjustments made to the system ensure that the computationally intensive mathematics can be
performed in the time allowed using the equipment at hand. Such adjustments and innovative
combinations include but are not limited to: adjusting the preamble modulation to ensure
periodicity over the proper time period and mod 2 z radians in a phase shift system such that
a circular time-domain correlation can be applied for a minimum length of time in the
receiver using a minimal received sample, zero-padding to achieve better frequency offset
calculations and limiting the number of non-zero elements of data corresponding to the
expected preamble signal to reduce the number of calculations required for frequency offset

calculation. In this last example, calculations are reduced by as much as a factor of 13 in
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09 January 2007 a circular time-domain correlation of the adjusted

received sample sequence with the message identifier (Ref. Eq. 15). The
Discrete Fourier Transform is computed using a Fast Fourier Transform

and the inverse Discrete Fourier Transform is computed using an0giyeigery 2007
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accordance with the breadth to which they are fairly, legally, and equitably entitled.

What is claimed is:
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26 09 January 2007 some representative embodiments. The use of a
predetermined, restricted number of hop frequencies for preamble signal
transmission further reduces the burden on the receiver and if chosen
according to the environment, increases the system diversity withogeegprelry 2007
to preamble detection. 5 This di:gﬂsﬁéﬁés intended to explain how to
fashion and use various embodi IN~accordance with the invention
rather than to limit the true, intended, and fair scope and spirit thereof.
The foregoing description is not intended to be exhaustive or to limit the
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Witeless receiver to detect a message identifier
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Samrﬁ'e“?‘rn%r}ﬁ [BGRME ﬁo%ar%‘ Rt REHFRSRRPUSRIE D ARG WHen the message

identifier has been detected.

2. The method of claim 1 wherein the scanning is performed at a number of wakeup
times resulting in diversity gain when the plurality of predetermined frequencies are a

selected distance apart.

3. The method of claim 1 further comprising:
waking the wireless receiver for further processing from a reduced power

consumption state when the message identifier has been detected.

4, The method of claim 1 wherein the collecting further comprises:
collecting each of the plurality of received sample sequences for one cycle of the

message identifier, wherein the message identifier comprises a periodic signal that traverses
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plurality of predetermined frequencies; performing a correlation between

data corresponding to the message identifier and 10 data corresponding

to a first received sample sequence to provide a correlation result; and
comparing the correlation result to a threshold value to determined@bgtuary 2007

._.the message .identifier has been detected. 2. The method of claim 1 :
an inGGRETEATNE CLARG REAUTTRAE 408 ARG SPUr el ST ke plurality of
. resulting in diversity gain when the plurality of predetermined frequencies
recelvgp:}sgmgiqégf&@rbqg ance apart. 3. The method of claim 1 further
comprising: waking the wireless receiver for further processing from a

reduced power 20 consumption state when the message identifier has
od of claim 1 wherein the collecting further
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S
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corresponding to the first received sample sequence. 10 6. The method of
claim 5 further comprising: adjusting a signal source according to the

frc—l‘_ﬂuenc% 0 s]et to ¢ Bc-msate for a. mismatch between the nominal
6. € metho %1 clalm)#'? rther comlprlsmgg.
frequency ot the wireless receiver and the frequency of the

adjusting a signal source according to the frequency offset to compensate for a
mismatch between the nominal frequency of the wireless receiver and the frequency of the

first received sample sequence.

7. The method of claim 5 wherein the performing a correlation further comprises:
adjusting the first received sample sequence according to the frequency offset to
create an adjusted received sample sequence; and
performing a circular time-domain correlation between the data corresponding to the
message identifier and data corresponding to the adjusted received sample sequence to give

the correlation result.

8. The method of claim 7 wherein the performing a circular time-domain correlation
further comprises:
transforming the adjusted received sample sequence using a Discrete Fourier

Transform to create a transformed sequence; and
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first received sample sequence. 15 7. The method of claim 5 wherein the

performing a correlation further comprises: adjusting the first received

sample sequence according to the frequency offset to create an adjusted

received sample sequence and performing a circular time-domai@9 January 2007
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id tﬁroduct sequence, and computing an inverse Discrete Fourier Transform
1aentiyethe product sequence, thereby creating a circular time-domain
correlation of the adjusted received sample sequence with the message 5

identifier. 9. The method of claim 1 wherein the comparing the correlation
uIt fur rises ,comparing a peak nltu es uareﬂd f .
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further comprises:

10.  The method of claim 9 wherein the threshold value comprises:
a wideband noise metric, when the message identifier comprises one of a plurality of

tones and a code set.

11.  The method of claim 10 wherein the threshold value further comprises:
a narrowband noise metric, when the message identifier comprises a plurality of

tones.

12. A wireless receiver arranged to detect a preamble signal to exit a standby low power
mode, the wireless receiver comprising:

a receiver for scanning, asynchronously and sequentially during a wakeup time and
irrespective of signal strength, a plurality of predetermined frequencies for the preamble

signal;
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a narrowband noise metric, when the message identifier comprises a
plurality of tones. 12. A wireless receiver arranged to detect a preamble
signal to exit a standby low power 20 mode, the wireless receiver
comprising: a receiver for scanning, asynchronously and sequenti@l§anuary 2007
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reless r ce'l}/er cq Ia'{m 12 wherein the sampler is operable to collect

pream\géecﬁl%qa% Sp GFal )e/ &F Fg(:eived sample sequences for a predetermined

time period, and wherein the preamble signal is periodic over an integer
multiple of periods over the predetermined time period. 20 15. The

WERISERARSE L REF YR YO TIRRNG SRR s urther operable to

13.
a power conservation circuit coupled to the controller operable to reduce the power
consumption of the wireless receiver until notified by the controller that the preamble signal

has been detected.

14.  The wireless receiver of claim 12 wherein the sampler is operable to collect each of
the plurality of received sample sequences for a predetermined time period, and wherein the
preamble signal is periodic over an integer multiple of periods over the predetermined time

period.

15.  The wireless receiver of claim 12 wherein the controller is further operable to:
estimate a frequency offset between the first received sample sequence and a nominal

frequency of the signal source as a peak of a correlation of a magnitude squared value of a

Fast Fourier Transform of the first received sample sequence and a magnitude squared value

of a Fast Fourier Transform of an expected preamble signal;
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estimate a frequency offset between the first received sample sequence

and a nominal frequency of the signal source as a peak of a correlation of

a magnitude squared value of a Fast Fourier Transform of the first

received sample sequence and a magnitude squared value of a B&sénuary 2007

Fourier Transf f ted ble signal; 31 09 J 2007
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sample sequence resulting in a frequency resolution greater than a
reciprocal of the time period for the collecting the first received sample
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19. The wireless receiver of claim 15 wherein the controller is further

operable to

17.  The wireless receiver of claim 15 wherein the circular time-domain correlation further
comprises:

computing an inverse Discrete Fourier Transform of the product of a Discrete Fourier
Transform of the adjusted first received sample and a conjugate Discrete Fourier Transform

of the data corresponding to the preamble signal.

18.  The wireless receiver of claim 15 wherein the data corresponding to the preamble
signal are clipped to limit the number of non-zero elements thereby reducing the number of

computations to estimate the frequency offset.
19.  The wireless receiver of claim 15 wherein the controller is further operable to

compare the correlation result to a first threshold value corresponding to a wide-band noise

metric.
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compare the correlation result to a first threshold value corresponding to a
wide-band noise metric. 32 09 January 2007 20. The wireless receiver of
claim 19 wherein the controller is further operable to compare the
correlation result to a second threshold value corresponding to a 09 January 2007
narrowband noise metric when the preamble signal comprises a plyralit
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compare the correlation result to a second threshold value corresponding to a narrowband

noise metric when the preamble signal comprises a plurality of tones.
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